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Preface

This proceedings issue, Developments in Strategic Materials, contains a collection
of 28 papers presented during the 32nd International Conference on Advanced Ce-
ramics and Composites, Daytona Beach, FL, January 27-February 1, 2008. Papers
arc included from five symposia as listed below

Geopolymers

Basic Science of Multifunctional Materials
Science of Ceramic Interfaces

Materials for Solid State Lighting

The first paper provides an overview on developments in oxynitride glasses.
This paper was presented by Stuart Hampshire, University of Limerick, during the
plenary session of the conference.

The editors thank the assistance of all the organizers and session chairs and to
the authors and reviewers for their contribution and hard work. The successful in-
ternational gathering of geopolymer researchers was directly due to the generous fi-
nancial support for speakers, provided by the US Air Force Office of Scientific Re-
search (AFOSR) through Dr. Joan Fuller, Program Director of Ceramic and
Non-Metallic Materials, Directorate of Aerospace and Materials Science.

Hua-Tay Lin Edwin Garcia

Oak Ridge National Laboratory Purdue University
Kunihito Koumoto lvar E. Reimanis

Nagova University Colorado School of Mines
Waltraud M. Kriven David P. Norton

University of lllinois at Urbana-Champaign University of Florida
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Introduction

Organized by the Engineering Ceramics Division (ECD) in conjunction with the
Basic Science Division (BSD) of The American Ceramic Society (ACerS), the
32nd International Conference on Advanced Ceramics and Composites (ICACC)
was held on January 27 to February 1, 2008, in Daytona Beach, Florida. 2008 was
the second year that the meeting venue changed from Cocoa Beach, where ICACC
was originated in January 1977 and was fostered to establish a meeting that is today
the most preeminent international conference on advanced ceramics and composites

The 32nd ICACC hosted 1,247 attendees from 40 countries and 724 presenta-
tions on topics ranging from ceramic nanomaterials to structural reliability of ce-
ramic components, demonstrating the linkage between materials science develop-
ments at the atomic level and macro level structural applications. The conference
was organized into the following symposia and focuscd sessions:

Symposium 1 Mechanical Behavior and Structural Design of
Monolithic and Composite Ceramics

Symposium 2 Advanced Ceramic Coatings for Structural, Environmental,
and Functional Applications

Symposium 3 5th International Symposium on Solid Oxide Fuel Cells
(SOFC): Materials, Science, and Technology

Symposium 4 Ceramic Armor

Symposium 5 Next Generation Bioceramics

Symposium 6 2nd International Symposium on Thermoelectric Matenials for
Power Conversion Applications

Symposium 7 2nd International Symposium on Nanostructured Materials
and Nanotechnology: Devclopment and Applications

Symposium 8 Advanced Processing & Manufacturing Technologies for

Structural & Multifunctional Materials and Systems (APMT):
An International Symposium in Honor of Prof. Yoshinari
Miyamoto

Symposium 9 Porous Ceramics: Novel Developments and Applications

Xi



Symposium 10 Basic Science of Multifunctional Ceramics
Symposium 11 Science of Ceramic Interfaces: An International Symposium

Memorializing Dr. Rowland M. Cannon

Focused Session 1~ Geopolymers
Focused Scssion 2 Materials for Sohid State Lighting

Pecr reviewed papers were divided into nine issues of the 2008 Ceramic Engi-

neering & Science Proceedings (CESP); Volume 29, Issues 2-10, as outlined be-

low:

Mechanical Properties and Processing of Ceramic Binary, Ternary and Com-
posite Systems, Vol. 29, Is 2 (includes papers from symposium 1}

Corrosion, Wear, Fatigue, and Reliability of Ceramics, Vol. 29, Is 3 (includes
papers from symposium 1)

Advanced Ceramic Coatings and Interfaces 111, Vol. 29, Is 4 (includes papers
from symposium 2)

Advances in Solid Oxide Fuel Cells 1V, Vol. 29, Is 5 (includes papers from
symposium 3)

Advances in Ceramic Armor [V, Vol. 29, Is 6 (includes papers from sympo-
sium 4)

Advances in Bioceramics and Porous Ceramics, Vol. 29, Is 7 (includes papers
from symposia 5 and 9)

Nanostructured Materials and Nanotechnology 11, Vol. 29, Is 8 (includes pa-
pers from symposium 7)

Advanced Processing and Manufacturing Technologies for Structural and
Multifunctional Materials 11, Vol. 29, Is 9 (includes papers from symposium
8)

Developments in Strategic Materials, Vol. 29, Is 10 (includes papers from
symposia 6, 10, and 11, and focused sessions 1 and 2)

The organization of the Daytona Beach meeting and the publication of these pro-

ceedings were possible thanks to the professional staff of ACerS and the tircless
dedication of many ECD and BSD members. We would especially like to express
our sincere thanks to the symposia organizers, session chairs, presenters and confer-
ence attendecs, for their efforts and enthusiastic participation in the vibrant and cut-
ting-edge conference.

ACerS and the ECD invite you to attend the 33rd International Conference on

Advanced Ceramics and Composites (http://www.ceramics.org/daytona2009) Janu-
ary 18-23, 2009 in Daytona Beach, Florida.

Tatsuki Oun and ANpDREw A. WERESZCZAK. Volume Editors
July 2008

xii
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DEVELOPMENTS IN OXYNITRIDE GLASSES: FORMATION, PROPERTIES AND
CRYSTALLIZATION

Stuart Hampshire
Materials and Surface Science Institute
University of Limerick, Limerick, Ireland

ABSTRACT

- Oxynitride glasses are effectively alumino-silicates in which nitrogen substitutes for
oxygen in the glass network. They are found at triple point junctions and as intergranular films in
silicon nitride based ceramics. The properties of silicon nitride, especially fracture behaviour and
creep resistance at high temperatures are influenced by the glass chemistry, particularly the
concentrations of modifyer, usually Y or a rare earth (RE) ion, and Al, and their volume fractions
within the ceramic. This paper provides an overview of the preparation of M-Si-Al-O-N glasses
and outlines the effects of composition on properties. As nitrogen substitutes for oxygen,
increases are observed in glass transition (T;) and dilatometric softening (Ty) temperatures,
viscosities, elastic moduli and microhardness. If changes are made to the cation ratios or
different rare earth elements are substituted, properties can be modified. The effects of these
changes on mechanical properties of silicon nitride based ceramics are discussed.

This paper also outlines new research on M-Si-Al-O-N-F glasses. It was found that
fluorine expands the glass forming region in the Ca-Sialon system and facilitates the solution of
nitrogen into glass melts. T, and Ty, decreased with increasing fluorine substitution levels, whilst
increasing nitrogen substitution resulted in increases in values for these thermal properties.
Nitrogen substitution for oxygen caused increases in Young’s modulus and microhardness
whereas these two properties were virtually unaffected by fluorine substitution for oxygen.

Oxynitride glasses may be crystallized to form glass-ceramics containing oxynitride
phases and a brief outline is presented.

INTRODUCTION

Oxynitride glasses were first discovered as intergranular phases in silicon nitride based
ceramics'” in which the composition, particularly Al content as well as N content, and volume
fraction of such glass phases determine the properties of the silicon nitride. Oxynitride glasses
can be formed when a nitrogen containing compound, such as Si;N4 (or AIN), dissolves in either
a silicate or alumino-silicate liquid at ~1600-1700°C which then cools to form a M-Si-O-N or M-
Si-AI-O-N glass (M is usually a di-valent [Mg, Ca] or tri-valent [Y, Ln] cation). In particular, the
chemistry of these oxynitride glasses has been shown to control high temperature mechanical
properties and ambient fracture behaviour of silicon nitride based ceramics'™. The desire to
understand the nature of these grain boundary phases has resulted in a number of investigations
on oxynitride glass formation and properties™'?

EXPERIMENTAL PROCEDURE

The extent of the glass forming re7gions in various M-Si-Al-O-N systems (M = Mg, Y,
Ca, etc.) has been studied previously’’® and represented using the Jinecke prism with
compositions expressed in equivalent percent (e/0) of cations and anions™ instead of atoms or
gram-atoms. One equivalent of any element always reacts with one equivalent of any other
element or species. For a system containing three types of cations, A, B and C with valencies of
Va, Vg, and v, respectively, then:
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Equivalent concentration of A = (va [A]V( va [A] + va[B] + vc[C]).
where [A), [B] and [C] are, respectively, the atomic concentrations of A, B and C, in this case,
Si". A" and the metal cation, M, with its normal valency.

If the system also contains two types of anions, C and D with valencies v¢ and vp,
respectively, then:

Equivalent concentration of C = (v¢ [C]/( v¢ [C] + vp[D]),
where [C] and [D] are. respectively. the atomic concentrations of C and D, i.e. 0" and N™.

Fig. 1 shows the glass forming region in the Y-Si-Al-O-N system which was studied by
exploring glass formation as a function of Y:Si:Al ratio on vertical planes in the Jinecke prism
representing different O:N ratios. The region is seen to expand initially as nitrogen is introduced
and then diminishes when more than 10 e/o N is incorporated until the solubility limit for
nitrogen is exceeded at ~28 e/o N.

Preparation of glasses involves mixing appropriate quantities of silica. alumina, the
modifying oxide and silicon nitride powders by wet ball milling in isopropanol for 24 hours,
using sialon milling media, followed by evaporation of the alcohol before pressing into pellets.
Batches of 50-60g are melted in boron nitride lined graphite crucibles at 1700-1725°C for lh
under 0.1MPa nitrogen pressure in a vertical tube furnace, after which the melt is poured into a
preheated graphite mould. The glass is annealed at a temperature close to the glass transition
temperature (T) for one hour to remove stresses and slowly cooled.

Bulk densities were measured by the Archimedes principle using distilled water as the
working fluid. X-ray analysis was used to confirm that the glasses were totally amorphous.
Scanning electron microscopy allowed confirmation of this and assessment of homogeneity.

Differential thermal analysis (DTA) was carried out in order to measure the glass
transition temperature, T,, which is observed as the onset point of the endothermic drift on the
DTA curve, corresponding to the beginning of the transition range.

The viscosity results presented were obtained from a high temperature “deformation-
under-load” (compressive creep) test on cylinders of 10 mm diameter in air between 750 and
1000°C. These have also been compared with results from three point bending tests (bars of
dimensions: 25mm x 4mm (width) x 3mm (height) with a span of 21 mm. Viscosity, 1, is
derived from the relationships between (i) the stress/strain relations in an elastic solid and

4YN
/’f\
//’ : 7 \\\

A"
/ :{ N\ L 4AIN e o e iJN-l
/ ‘—_Y,ej-_.j,o. ; s /'{5;? -
Ty 2 &7
f,: .-"J-/ . A b///e'am
/- ST N BT 40,510, eutectic
2AL0, 3Si0,

Fig. 1 Glass forming region of the Y-Si-Al-O-N system on cooling from 1700°C™>’
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(i1) those that relate to a viscous fluid:

N =0/ [2(1+v)é] )
where © and £ are the applied stress and the creep rate on the outer tensile fibre and v is Poisson’s
ratio (taken as 0.5). The resuits from both types of test show good agreement™”'2.

RESULTS AND DISCUSSION

EFFECTS OF NITROGEN ON PROPERTIES

The first systematic studies on the effect of replacing oxygen by nitrogen on properties of
oxynitride glasses with fixed cation compositions were reported by Drew, Hampshire and Jack™’.
Fig. 2 shows that for all Ca-, Mg-, Nd- and Y- Si-Al-O-N glasses with a fixed cation composition
(in e/o) of 28Y: 568i: 16Al (standard cation composition), incorporation of nitrogen resulted in
increases in glass transition temperature (Ty). They also reported that nitrogen increases
microhardness, viscosity, resistance to devitrification. refractive index, dielectric constant and
a.c. conductivity. In a more extensive study of the Y-Si-Al-O-N system®, it was confirmed that
glass transition temperature (T,). viscosity, microhardness and elastic moduli all increase
systematically while coefficient of thermal expansion (CTE) decreases with increasing
nitrogen:oxygen ratio for different series of glasses.

As shown in Fig. 3, values of Young’'s modulus increase by 15 to 25% as ~17-20 e/o N is
substituted for oxygen at fixed cation ratios®®. The coefficient of thermal expansion (o) was
found to decrease as N content increased” at fixed Y:Si:Al ratios.

Fig. 4 shows the effects of nitrogen content on viscosity for a series of glasses' with
composition (in €/0) of 28Y:568i:16A1:(100-x)O:xN (x=0, S, 10, 18). It can be seen that viscosity
increases by much more than 2 orders of magnitude as 18 e/o oxygen is replaced by nitrogen.
Similar trends have been reported for other Y-Si-Al-O-N glasses with different cation ratios'>.

Tg (°C)

0 5 10 15 20 25
N content (e/o)

Fig. 2. Effect of N content (e/0) on the glass transition temperature, T,, of Mg-, Ca-, Nd- and Y-
Si-Al-O-N glasses with fixed M:Si:Al: ratio = 28:56:16 (after ref. 5).

Developments in Strategic Materials - 5§
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160 3
20Y:658K:25A1 .°”
150 | e
28Y:5681:16A1
{whter rel. 8}
L
20 25

N content (e/o)

Fig. 3. Effect of N (¢/0) on Young’s modulus (E) for glasses with fixed Y:Si:Al ratios
(data from refs. 8 and 9).

14

1020°C

8 PR T S WS SN VUMD T T T N SN SV S S S S W S I
0 5 10 15 20

Nitrogen content (e/o)

Fig. 4 Effect of N (e/0) on viscosity for glass with fixed Y:Si:Al ratio = 28:56:16 at 950
and 1020 °C (data from ref. 13).

All of these increases in properties are known to be due to the increased cross-linking
within the glass structure as 2-coordinated bridging oxygen atoms are replaced by 3-coordinated
nitrogen atoms™ . In certain cases, some nitrogen atoms may be bonded to less than three Si
atoms, as in:

(i) =Si N -Si=
or

(i) =Si-N”

The local charge on the so-called “non-bridging” nitrogen ions is balanced by the
presence of interstitial modifying cations (Y. etc.) in their local environment. In the case of
silicate glasses. non-bridging oxygen atoms replace bridging oxygen atoms at high modifier
contents. In (i) above, while the N atom links two silicon atoms rather than three, it still
effectively "bridges" the network ions.

6 - Developments in Strategic Materials
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EFFECTS OF LANTHANIDE CATIONS ON PROPERTIES

Fig. 5 demonstrates the effects of different rare earth lanthanide cations on viscosity of
Ln-Si-Al-O-N glasses'® with fixed cation ratio of 28Ln:56Si:16Al. Viscosity changes by ~3
orders of magnitude in the series: Eu<Ce<Sm<Y<Dy <Ho<Er. As found also for other properties,
viscosity increases almost linearly with increase in cation field strength, CFS (where CFS = viY,
v is valency and r is ionic radius) of the Ln ion. Viscosities of Ln-Si-Al-O-N liquids, containing
Sm, Ce, Eu, where the ionic radii are larger than that of Y, are less than those of the equivalent
Y-Si-Al-O-N liquids and this will have implications for easier densification of silicon nitride
ceramics. However, there will also be consequences for high temperature properties, particularly
creep resistance. Liquids and glasses containing Ln cations with ionic radii smaller than Y (Lu,
Er, Ho, Dy) have been shown to have higher viscosities than the Y-containing glasses and, in
silicon nitride these particular cations will form grain boundary glasses with higher softening
temperatures and, hence, better creep resistance.

17
16 1
o{, w ©
15 Nk ®
a5 8 3
£ 14 :’ A - .
. x
8 . " ot
3 A *o o‘ +
a B “ x °
: AV
L 12 . .
o2
» Y
1 . Lot
10 + + + + + +
650 700 750 800 850 900 950 1

Fig. S Effects of Ln cation on viscosity of glasses with cation ratio (in e/0) of
28Ln:568i:16Al (Ln =Y, Eu, Ce, Sm, Dy, Er, Ho; fixed N = 17 e/o).

The effects on properties of changes in grain boundary glass chemistry, as a result of changes in

sintering additives to silicon nitride, can be summarised as follows'>":

@) As up to 20 e/o N is substituted for oxygen at a fixed cation ratio, viscosity increases by
>2 orders of magnitude.

(ii)  Atafixed N content, increasing the Y:Al ratio of the glass results in further increases in
viscosity.

(iii)  Changing the rare earth cation from a larger ion, such as La or Ce, to a smaller cation,
such as Er or Lu, increases viscosity by a further 3 orders of magnitude.

Overall, a change of almost 6 orders of magnitude in viscosity can be achieved by increasing N

and modifying the cation ratio and the type of rare earth ion. The implications for silicon nitride

ceramics are that intergranular glasses containing more N and less Al and smaller RE cations will

provide enhanced creep resistance.

CRYSTALLIZATION OF OXYNITRIDE GLASSES

The glass-ceramic transformations in a glass of composition (in /o)
28Y:56Si:16A1:830:17N  have been studied'®> using both classical and differential thermal

Developments in Strategic Materials - 7
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analysis techniques and these two methods were found to be in close agreement. Optimum
nucleation and crystallisation temperatures were determined in relation to the glass transition
temperature. The major crystalline phases present are mixtures of different forms of yttrium di-
silicate and silicon oxynitride. Bulk nucleation was observed to be the dominant nucleation
mechanism. The activation energy for the crystallisation process was found to be 834kJ}/mol.

For a glass of composition (in e/0) 35Y:45Si:20A1:770:23N, crystallization® results in
formation of B-phase'® (Y;SiAlO,N), Iw-phase (YSi3Al(O,N)'*) and wollastonite (YSiO;N)
at temperatures below 1200°C while a-yttrium di-silicate (Y,Si>07), apatite (Y,Si30:;N) and
YAG (Y;ALO;) are formed at higher temperatures. At relatively low heat treatment
temperatures of ~950-1100°C, the nucleation and growth of N-wollastonite (YSiO;N) and the
intermediate phases B and 1w are kinetically favoured over that of the more stable equilibrium
phases YAG and Si;N,O. Further studies on the crystallisation of B and Iw phases in these Y-Si-
Al-O-N glasses have been reported'™'®. The properties of the glass-ceramics exceed those of the
parent glasses with values of elastic modulus greater than 200GPa.

PREPARATION AND PROPERTIES OF OXYFLUORONITRIDE GLASSES

Current work has explored a new generation of oxynitride glasses containing fluorine and
aims to develop an initial understanding of the effects of composition on glass formation,
structure and properties. Fig. 6 shows the glass forming region found for the Ca-Si-Al-O-N-F
system'® with 20 e/o N and 5 e/o F at 1650°C. In the surrounding regions the different crystalline
phases observed are also shown. All glasses were dense except for a region of Si-rich
compositions where porous glasses were observed.

In the porous glass area of Fig. 6, there are bubbles on the surface in addition to the
bubbles (pores) within the bulk of the glasses which is due to SiF4 loss. Formation of SiFy is
favored perhaps due to high Si:F ratios (>3) and low Al (6-15 e/0) and Ca (13-25 e/o) contents. In
some areas of this glass forming region inhomogeneous and phase separated glasses were found.
Effectively, fluorine extends glass formation in the previously known Ca-Si-Al-O-N system. The
effect of fluorine addition on the structure of silicate or aluminosilicate glasses has been
previously invetsigated” and it has been shown that fluorine can bond to silicon as Si-F, to Al as
Al-F, and to Ca as Ca-F. Fluorine loss occurs under conditions where Si-F bonds are favoured.
The bonding of fluorine to Al prevents fluorine loss as SiF,; from the glass melt and explains the
reduction in the glass transition temperature®.

The liquidus temperatures for these oxyfluoronitride compositions were compared with
data for Ca-Si-Al-O glasses and it was found that the addition of both nitrogen and fluorine
reduces the liquidus temperatures of the high silica and alumina compositions by 100-250°C. At
higher Ca contents, much greater reductions in liquidus temperatures of about 800°C were found.
Fluorine also facilitates the solution of higher amounts of nitrogen (up to 40 e/o N) into glasses
compared with the Ca-Si-Al-O-N system'. Fluorine has the effect of lowering glass transition
temperature in these glasses but has no effect on the elastic modulus or microhardness®'.

CONCLUSIONS

Oxynitride glasses which occur as intergranular amorphous phases in silicon nitride
ceramics have been studied to assess the effects of composition on properties such as viscosity
which increases by more nearly three orders of magnitude as 18 ¢/o N is substituted for oxygen.
Viscosity generally increases as more Si or Y is substituted for Al but this is a smaller effect than
that of nitrogen. A further increase in viscosity of two to three orders of magnitude is achieved by
substituting smaller rare earth cations in place of larger ones. The implications for silicon nitride
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Fig. 6. The glass forming region at 1650°C found in the Ca-Si-Al-O-N-F system at 20 e/o N and
5 e/o F and the adjacent crystalline regions (after ref. 19).

ceramics are that intergranular glasses containing more N and less Al and smaller RE cations will
provide enhanced creep resistance.

A new generation of oxynitride glasses containing fluorine have also been investigated.
The glass forming region in the Ca-Si-Al-O-N-F system at 20 eq.% N and 5 eq.% F is larger than
the glass forming region at 20 eq.% N in the Ca-Si-Al-O-N system. Fluorine expands the range of
glass formation in this oxynitride system. Considerable reduction of liquidus temperatures by
about 800°C at higher calcium contents occurs. Fluorine facilitates the solution of much higher
amounts of nitrogen into the melt than are possible in the Ca-Si-Al-O-N system.
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ABSTRACT

Chemical, structural and transport properties of a series of In,O; based samples with
germanium doping (from 0 to 15 atom%) have been studied. X-ray diffraction and scanning
electron microscopy studies show that the sofubility limit of Ge in In,O5 is very small and that
additions of more than about 0.5 atom% Ge lead to the presence of In;Ge,O; inclusions. The
electrical conductivity is strongly enhanced by Ge doping with best values exceeding 1200 S.cm™
at room temperature. On the other hand, the thermopower decreases with Ge addition, but the
thermoelectric power factor remains higher than that of undoped In;03 and is close to | mW.m™ K2
at 1100K in In; 935Geggi50;. The thermal conductivity is strongly reduced by Ge additions. The
dimensionless figure of merit ZT reaches 0.1 at 1273K in InO; and exceeds 0.45 at 1273K in
composite compounds with nominal composition Iny.yGexO;.

INTRODUCTION

In the past decade, a great effort of research has been devoted to the development of novel
materials for applications in thermoelectric energy conversion (see for example ref. 1).
Thermoelectric generation systems can directly convert heat energy into electrical power without
moving parts or carbon dioxide production. The efficiency of a thermoelectric material used for
power generation increases with the so-called dimensionless figure of merit ZT defined as ZT =
$?To/A, where S is the Seebeck coefficient or thermopower, 6 the electrical conductivity, and A the
thermal conductivity. The thermal conductivity can be divided into two parts, the first one A;,
originating from the heat carrying phonons, and the second one A which is linked to the electrical
conductivity by the Wiedmann-Franz law (valid for metallic-like conductivity) Age=LoT0 Wwith Lo
the Lorentz number 2.45.10® V2.K% Compared with conventional thermoelectric materials (see for
example ref. 2), which are mainly intermetallic compounds, oxides are very suitable for high
temperature applications due to their high chemical stability under air. Several families of n-type
oxide materials have been studied up to now, but all of them exhibit rather poor thermoelectric
performances even in single crystals, with best ZT values hardly exceeding 0.3-0.35 at 900-1000°C
[3-5] in Al-doped ZnO or textured (ZnO),In;05. As InyO; based compounds are known to exhibit
very good electrical conductivity and are widely used as transparent conducting oxides (TCO) (see
for example ref. 6), we decided to investigate the thermoelectric properties of In,O; with Ge
doping.

EXPERIMENTAL

All samples, belonging to the In,Ge O3 series, were prepared using a standard solid
reaction route. Starting powders, In;O3; (Neyco, 99.99 %) and GeO, (Alfa Aesar, 99.99%), were
weighed in stoechiometric amounts and ground together by ball milling using agate balls and vial.
The resulting powders were pressed uniaxially under 300 MPa, using polyvinyl alcohol binder to
form parallelepipedic 2x3x12 mm® or cylindrical 220x3 mm samples. Then they were sintered at
1300°C during 48h under air on platinum foils to avoid any contamination from the alumina
crucible. X-ray powder diffraction (XRD) was employed for structural characterization using a
Philips X’Pert Pro diffractometer with X’Celerator using Cu-K, radiation in a 20 range 10°-90°,
The XRD patterns were analyzed using the Rietveld method with the help of the FullProf software
[7]. The scanning electron microscopy (SEM) observations were made using a FEG Zeiss Supra 55.
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The cationic compositions were determined by energy dispersive X-ray spectroscopy (EDX)
EDAX. The electrical conductivity and thermopower were measured simultaneously using a
ULVAC-ZEM3 device between 50°C and 800°C under helium. The thermal conductivity was
obtained at 26°C, 300°C, 800°C and 1000°C from the product of the geometrical density, the heat
capacity and the thermal diffusivity from a Netzsch model 457 MicroFlash laser flash apparatus.

RESULTS AND DISCUSSION

The thermal treatment presented above leads to well crystallized samples. Figure | shows
the XRD patterns of the samples with different Ge contents. Several reflexions can be observed that
corresponds to the In;Ge,0O; phase for x20.015.

«In_ Ge O,
*
~X=03 % | AT e R N
——— =0.2 ‘ A A A, A A J_AA — i
x=0.1 L N ¥ N .l..
. x=008 4 . 4 N
x=0.06 1 s A [, W
x=004 L S NN .
x=0.02 1 I U NS, TN
— x=0.015 l A A A I
. x=0.01 1 . A .1AA
R x=0.006 1 A a_ K A .lu
— x=0004 s JUN N
x=0.002 1 P N W
| x=0 A JL A A A Jl A i Lu_k_..‘.._m“
' T T r T T T T 1 T T Y U v ! v ! ’
0 10 20 30 40 50 60 70 80

26

Figure 1: XRD patterns for the samples with different Ge contents.

Figure 2 shows the Rietveld refinement of a sample with nominal composition In; yGeg10s.
All Bragg peaks can be indexed taking into account a mixture of Inz0; (S.G. la-3 [8]) as main phase
and In:Ge;05 (S.G. C2/m [9]) as secondary phase. No systematic evolution of the lattice parameter
a occurs when the germanium fraction increases despite the very different ionic radii of In(+11T) and
Ge(+1V) [10], and the fractions of In,Ge;O; determined using Rietveld refinement of the X-ray
diffraction patterns are very close to those expected without substitution (see inset of figure 2).
Therefore, either Ge does not substitute in In,Os either the solubility limit is very small. This result
is confirmed by SEM observations coupled to EDX analyses (Figure 3), which show the presence
of InyGe>07 inclusions as a secondary phase (dark grains) and which does not ailow to evidence the
presence of germanium in the main phase within the detection limit of EDX spectroscopy. in the
following discussions, In (Ge,O; will thus refer to a composite compound constituted of an Iny.
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s§GesO; phase (8 being too small to be detected) with In;Ge,O; inclusions. As can be seen in the
SEM image, part of the In;Ge;0; inclusions form crown-like agglomerates inducing some porosity.
Therefore, the presence of In;Ge;O7 inclusions has a negative effect on the samples densification:
the geometrical density decreases from 91% with x=0 to 82% with x=0.2 and 74% with x=0.3 (see
figure 4). This effect on the densification probably originates from both the formation of the crown-
like agglomerates, which might be linked to the ball-milling process which does not iead to a good
mixing of the precursors, and from a decrease of the grain boundaries mobility that prevents a good
filling of the initial porosity of the green pellets.
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Figure 2: XRD pattern and Rietveld refinement for a sample with nominal composition In; ¢Geo 0.
Inset: In;Ge>Q; fraction determined from rietveld refinement as a function of the noniinal
germanium fraction. The dashed curve corresponds to the theoretical InyGe ;0 fraction assuming
that no substitution occurs.
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Figure 3: SEM micrographies for a sample
with nominal composition In; sGeg20;.
Crown-like In;Ge>O- agglomerates (grey
phase) can be ohserved for different

magnetizations.
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Figure 4: Influence of the germanium fraction on the geometrical density of the sumples.
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Figure 5 shows the temperature dependence of the electrical resistivity in the series with
nominal composition Iny.«Gex0;. All samples exhibit a metallic behavior with the electrical
resistivity increasing with temperature except the composite In; 3Geg20;. The influence of the
germanium fraction on the electrical resistivity at 1000K is shown in figure 6. Starting from
undoped in;O3 with p ~ 25 mQ.cm at 1000K, a very small addition of germanium, of the order 0.1
atom% (x=0.002), leads to a strong decrease of the electrical resistivity, by a factor of 5. Further
additions lead to a decrease of the resistivity with a minimum reached at x=0.015 with
p ~ 1.5 mQ.cm at 1000K. It is noteworthy that this latter value is very close to the best electrical
conductivities observed in bulk In;O; based compounds (see for example [11] and ref. therein).
Further additions lead to a slow increase of the resistivity. Therefore, we can propose that the
solubility limit for Ge in In;O3 may be close to x=0.01-0.015 and that there is most probably a
doping effect due to the substitution of Ge(+1V) for In(+11I) which would lead to an increase of the
electrons concentration in the system.

The behavior of the thermopower is similar (see Fig. 7). All samples are n-type with the
absolute value of the thermopower increasing with temperature, which is consistent with the metal-
like behavior of the electrical resistivity. The influence of the germanium fraction on the
thermopower at 1000K is shown in figure 6. Starting from undoped In;Os with S ~ 225 pV.K™' at
1000K, a very small addition of germanium leads to a decrease of the thermopower, which reaches
a constant value S ~ -110 pV.K™' when the germanium fraction exceeds x=0.015.
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Figure 5: Temperature dependence of the electrical resistivity in the series
with nominal composition In; xGe,O;.
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Figure 6: Influence of the germanium fraction on the electrical resistivity (filled symbols) and the
thermopower (open symbols) at 1000K. Be careful to the break in the x-coordinate.
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Thus, whereas the XRD and SEM studies show that the solubility of germanium in In;0; is
very small or even null, the decrease of the electrical resistivity and of the absolute value of the
thermopower suggests strongly that small Ge fractions substitute for In leading to an increase of the
electrons concentration. Then the increase of the electrical resistivity after the minimum may be
connected to the increasing fraction of highly resistive InGeO; phase or to the decreasing density.
In,Ge,0; being highly resistive, the presence of inclusions hardly influences the thermopower
values that remain constant above the solubility limit. Indeed, it has been shown that small
inclusions of a highly resistive phase into a conductive matrix do not influence the magnititude of
the thermopower which is mainly linked to the matrix [12].
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Figure 8 shows the temperature dependence of the power factor S‘G calculated using the
measured electrical resistivity and thermopower. The power factor increases with increasing
temperature in the whole temperature range for all samples. It appears that Ge doping is very
efficient to enhance the thermoelectric properties at high temperature. Starting from undoped In:0;
with PF ~ 2.2.10* W.m™.K"' above 1000K, a very small addition of germanium, of the order
x=0.002-0.006, leads to a strong increase of the power factor, by a factor of 4 approximately.
Further additions of germanium, higher than x=0.02, lead to a slow decrease of the power factor,
which is linked to the increase of the electrical resistivity. However, this decrease could probably be
moderated by achieving a better densification of the samples.
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Figure 8: Temperature dependence of the power factor 876 in the series with nominal composition
In z.,Ge,O 3.

Figure 8 shows the influence of the germanium fraction on the thermal conductivity.
Whatever the germanium content, the thermal conductivity decreases with increasing temperature
as it is exemplified in the inset of figure 9 in the case of Ge = 0.06. At room temperature, the
influence of the germanium additions is very important, with A decreasing from about 10 W.m™ K"
in undoped In;O; to 3.3 wW.m' K in the composite In; sGeo20s. This trend is the same at higher
temperature aithough the magnitude of the thermal conductivity decrease is smaller. It is
noteworthy that A is smaller in highly substituted samples than in the undoped one although the
electrical resistivity is smaller too. The total thermal conductivity can be divided into two parts, one
originating from the charge carriers and linked to the electrical conductivity by the Wiedmann-
Franz law, and the other one originating from the heat carrying phonons. Figure 10 shows the
calculated electronic and lattice part of the thermal conductivity at 1273K as a function of the
germanium fraction. Starting from undoped In,O; where the main part of the thermal conductivity
is due to the phonons, small additions of Ge lead to a strong increase of the electronic part, which is
linked to the strong decrease of the electrical resistivity due to germanium doping. Further additions
of germanium above the solubility limit lead to a slow decrease of the electronic part due to the
slow increase of the electrical resistivity. The lattice part of the thermal conductivity monotically
decreases from about 3 W.m'.K"' in undoped In2O; to about 0.6 w.m' K in the composite
In; 3Geo 20s.
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Figure 9: Influence of the germanium fraction on the thermal conductivity in the series with
nominal composition InyGe.Qs. Inset: Temperature dependence of the thermal conductivity of the
composite In; 94Geq 060s.

The efficiency of a thermoelectric material is linked to the dimensionless figure of merit
ZT=S’6T/\. Assuming that the Wiedmann-Franz law is valid in this system, the figure of merit is
directly linked to the electronic and lattice part of the thermal conductivity according to the relation:

Therefore, ZT is maximized when the ratio of the electronic part of the thermal conductivity
to its lattice part is maximized. The inset of the figure 9 shows the influence of the germanium
fraction on the ratio Acio/AL. In undoped In,Os, the thermal conductivity is dominated by its lattice
part. The first increase of Aeeo/A for low germanium fractions is mainly linked to the decrease of
the electrical resistivity. The ratio exhibits a local maximum for a germanium fraction that
corresponds to the solubility limit. However, it is noteworthy that Ace/Ay increases when x
increases for high germanium fractions, although the electrical conductivity (and therefore Acicc)
decreases. It means that the germanium additions are more effective in decreasing the phonons
mean free path that the charge carriers mobility and are therefore suitable for improving the
thermoetectric efficiency. Nevertheless, as the presence of In,Ge,O7 and the increase of porosity
due to the crown-like agglomerates formation are strongly linked, it is not possible to determine
whether this effect on the thermal conductivity mainly originates from the inclusions or from the
pores. One way of separating these two possible contributions would be to study fully densified
samples with well dispersed inclusions by using a different synthesis path that could induce a better
mixing of the In,O; and GeO- precursors.
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Figure 11: Calculated dimensionless figure of merit ZT as a function of the germanium fraction in
the series with nominal composition In;.,GeO3.

Figure 11 shows the calculated dimensionless figure of merit ZT as a function of the
germanium fraction in the series with nominal composition In,..Ge.Os. ZT increases with the
increasing temperature for all compositions. High temperature ZT outreaches 0.1 in In;O;, which is
higher than in undoped ZnO [4] and almost one third of the values of the best n-type thermoelectric
oxides. The figure of merit is strongly enhanced by Ge additions, with ZT=0.46 at 1273K in the
composite In; §Geo20;. This value is higher than that of the best previously reported bulk n-type
oxides.

Based on our results, even if unquestionable responses have not been given to explain the
influence of Ge additions on the transport properties, one can speculate that a small percentage of
In** has been substituted by Ge** in the In;O;s phase, increasing the electrons concentration. With
the view to modify the carriers concentration in the material, sintering treatments at 1350°C and
1400°C have been performed and thermoelectric properties compared to the samples sintered at
1300°C.

Figure 12a and 12b show the influence of the germanium fraction on, respectively, the
electrical resistivity and the thermopower at 1000K according to different sintering temperatures.
The decrease of the thermopower follows the decrease of the electrical resistivity which tends to
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indicate that the carriers concentration is significantly increased by increasing the sintering
temperature. This result confirms, as it is well reported in the literature [13, 14], that the intrinsic
donor concentration in InyO; (i.e. oxygen vacancies) can vary strongly and the electron
concentration and mobility can differ from a sample to another, depending on the preparation
method and purity. In the present case, on can believe that the solubility of Ge in In;O; has been
modified and/or that the oxygen vacancies concentration was increased. Neutron diffraction
experiments are planned in the next months to check, if possible, the oxygen content, and SIMS
measurements (Secondary Ion Mass Spectroscopy) are underway to quantify the Ge content in
InyO5 grains.

Based on electrical resistivity and thermopower measurements, the power factor has been
calculated (figure 13). It appears that this latter is unchanged since the decrease of the thermopower
is balanced by an increase of the electrical conductivity. It remains now to measure the thermal
conductivity to estimate how its lattice and electron parts are changed by modifying the process
conditions.
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Figure 12: Influence of the germanium fraction (x) on (a) the electrical resistivity and (b) the
thermopower at 1000K according to the sintering temperature.
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Figure 13: Influence of the germanium fraction (x) on the power factor $26 according to the
sintering temperature.
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CONCLUSIONS

We have shown that Ge-doped In;O3 is a very promising thermoelectric oxide. Although the
germanium solubility limit is very small, the electrical resistivity is strongly decreased by the
doping, leading to high power factors, close to 1 mW.m K" around 1100K. As the thermal
conductivity of undoped In;O3 is small at high temperature, the dimensionless figure of merit ZT is
quite high, reaching 0.1. Moreover, further Ge additions appear to be very effective for decreasing
the lattice thermal conductivity, with A being lower than 2 W.m' K" in the composite Iny §Geg 03
at high temperature. This low thermal conductivity, coupled with high power factors, leads to very
promising thermoelectric figures of merit with ZT > 0.45 in the composite In; §Geg20; at 1273 K.
This high values make these materials suitable for high temperature energy conversion in
thermoelectric modules.
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ABSTRACT

In order to face the forthcoming energy crisis, search for alternative power sources is
extensively growing. Of interest is the recovery of waste heat from either plants or thermal engines.
Thermoelectric devices are reliable candidates as they contain no moving parts and require no
maintenance. However, conventional materials such as bismuth telluride are not stable enough at high
temperature. Although the ZT figure of merit still remains less than unity, intermetallic compounds
seem promising, but transition metal oxides are expected to be more stable in air at high temperature.

In a first part chemical bonding in transition metal oxides and its relationship with crystal and
electronic structures is discussed.

The main part of the paper is devoted to alkali cobaltites ACoO; and the following questions
are considered.

How are chemical properties, crystal structure, magnetic and electrical behavior changing with
the nature of the A alkali metal?

Up to which extent ordering of alkali atoms influences the electronic properties?

Comparing lithium, sodium and potassium cobaltites raises another question: why metallic
phases can either show an enhanced conventional Pauli type behavior or a Curie-Weiss behavior
denoting spin polarization? How does the strength of electronic correlations depend on the nature of
the alkali metal?

Finally the case of delafossite-type oxides is briefly reviewed.

INTRODUCTION

According to a conventional approach, achieving large power factors requires a low carrier
density and a large electronic mobility. This is the case for most of the thermoelectric materials
commercially available nowadays, such as bismuth telluride.

However, Terasaki ef al. ' pointed out that some layered cobaltites of general formula Na,CoO,
(x=0.5) investigated more than twenty years ago by a Bordeaux groupz‘ %4 had a power factor of the
same order of magnitude as Bi;Te; whereas the carrier density is much larger than in heavily doped
semiconductors. In transition metal oxides, the conduction band that generally originates from d-
orbitals is relatively narrow. Nevertheless highly conducting oxides such as tungsten bronzes Na,WOs,
RuO; or even 2D PdCrO, with electrical conductivities nearly as large as those of elemental good
conductors such as copper or silver do exist.

As oxides are generally stable in air at high temperatures, which in most cases are conditions in
which waste heat can be converted into electricity using thermoelectric generators, in the present paper
we review the properties of various families of conducting oxides in the scope of their relevance to
thermoelectric generation.

The specificity of the Co®" ions (3d°) that can exhibit three different electronic configurations
(S=0, S=1 and S=2) in oxides, depending on the interplay of exchange and crystal field energies, is
also considered. ’
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BASIC CONSIDERATIONS

A large figure of merit ZT=(o’o/k)T where a is the thermoelectric power, o the electrical
conductivity, k the thermal conductivity and T the absolute temperature requires a small value of the
thermal conductivity. In the above expression of ZT, k=k.+xp, where ¢ and ph subscripts indicate the
electron and lattice contributions. respectively. Decreasing x,, brings back to usual strategies
consisting in substitutions for heavier elements, creating disorder and introducing rattling atoms, which
can be more or less easily applied to oxides. On the other hand, in conventional metals ¢ and k. cannot
be varied independently as they are linked by the Wiedemann-Franz law (k./o=(n’ky*/3¢*)T), which
leads to a required minimum value of the Seebeck coefficient for achieving a given ZT value :
a>156(2T)"uvK.

Large values of o can be theoretically and practically achieved in semiconducting oxides the
electrical conductivity of which is thermally activated. However, at this point it is important to
distinguish between the two main families of semiconducting oxides: on one hand, there are the so-
called band-type semiconductors in which carriers are excited into states where they occupy Bloch
states and can move with a given mean free path. On the other hand there are mixed valent oxides in
which the metal-metal interaction (direct or through oxygen) is so weak that in the ground state carriers
are trapped and can only hop from site to site thanks to a thermal activation.

In both cases the electrical conductivity increases exponentially with temperature contributing
to a larger ZT at higher temperature, which is appropriate for waste heat recovery.

In the first case:

o=epungexp(-AEy/kaT)
where  is the carrier mobility near the band edge. ny is the effective density of state that varies as T>?
(assuming a parabolic E(k) dispersion) and other quantities have their usual meaning.

In the second case the carrier density is assumed temperature independent whereas the mobility

is linked to the diffusion coefficient, Dy, by the Einstein relation (u=eDg/knT). which results in:
o=e’ng(Dy/kpT)exp(-AE,/kpT).

Very often the T dependence of the pre-exponential term is hidden by the stronger dependence of the

exponential term.

While in both cases the temperature dependence of o lets expect a strong improvement of ZT at
high temperature, the behavior of the thermoelectric power is extremely different. In the first case the
absolute value of o decreases with temperature jo| « (kp/e)(AE./knT), which thwarts the effect of
increasing o all the more so a is squared in ZT.

On the contrary, for hopping transport, |t increases with temperature and tends to a constant
value at high temperature given by the well-known Heikes formula:

foa[=|(-k/e}in{[(1-c)/c]*B}.
Heikes formula can simply be derived considering that, as T-—>c0, o is given by the entropy per carrier.
The first factor in the logarithm where c=n/N corresponds to the distribution entropy of n electrons
over N sites. The second factor, B, includes the spin and orbital degeneracies **.

The case of metallic oxides is considered in another section.

THE METAL-OXYGEN CHEMICAL BONDING

Crystal structure

The metal-oxygen bond is iono-covalent. The ionic character accounts for the structural
features in the sense that most of the oxide crystal structures can be described as a close packing of
oxygen atoms the octahedral and/or tetrahedral vacancies of which are occupied by metallic atoms. For
instance, in the rocksalt-type structure of CoO — where the packing sequence of oxygen layers is -
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ABCABC- -, all the octahedral vacancies are occupied by Co atoms. In the so-called o-NaFeO,
structure of LiCo0,, the octahedral vacancies are occupied by both Co and Li ions in an ordered way
giving rise to a packing of CoQ, layers linked by alkali layers (figure 1). For all the intercalation
oxides used in Li batteries a basic feature of the structure is the CoO; layers. These layers are also the
basic units of thermoelectric cobaltites.

When the size of the alkali element or the occupancy rate varies, the type of oxygen layer
packing may change and the alkali site is no longer octahedral, but prismatic. This is described in more
detail below.

¥ g g it
ot o ¥ o ol w .
& ::' 23 o .de i;{tﬁ

Figure 1. Close packing of oxygen atoms in the rocksalt structure of CoO (Co atoms are represented by
the smaller and darker spheres, and the vertical direction corresponds to the [111] direction of the
cubic (cfc) unit cell), on the left hand side, and in LiCoO; (Li atoms are shown as white small spheres),
on the right hand side.

Perovskites can also be described as a packing of AO; layers in which one oxygen atom is
replaced by a metal A atom. Depending whether the packing is ...ABCABC... or ...ABAB... one gets
the cubic 3R or the hexagonal 2H polytype. Replacing three other oxygen atoms by an A’ metal gives
another type of layers. Combining both types of layers allows predicting a lot of new structures’.

Electronic structure

The covalent character of the metal-oxygen bonding accounts well for the electronic structure
that can be derived from the metal-oxygen-metal interactions. First, molecular orbitals can be formed
between the metallic atom and the surrounding oxygen atoms; then they broaden into bands through
the translation symmetry. The classical example of cubic tungsten bronzes is shown in figure 2.

Sometimes direct metal-metal interactions play also a part but they develop in low dimensional
sub-systems such as pairs, trimers, chains or layers.

The same principles apply to most of the mixed valent systems of bronze type including the
thermoelectric layered cobaltites.

For x>0.3 sodium tungsten bronzes are metallic, showing a Pauli type paramagnetism and a
small thermoelectric power as conventiona! metals making them inapproPriate for thermoelectric
generation. Actually, for an electronic configuration between d’ and d' electronic correlations
generally are weak and no enhancement of the thermelectric power, as well as of the specific heat and
magnetic susceptibility can be expected.

The above tungsten bronze example illustrates how a partly occupied d-shell may lead to a
metallic state. Actually this is a necessary condition but not a sufficient condition for observing a
metallic state. A non metallic state can result from various effects such as:
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Figure 2: In Na,WOQ; tungsten bronzes. corner sharing WO octahedra form a 3D network like in
ABO; cubic perovskite. W-O-W interactions lead to the band structure shown on the right hand side.
The A site is partially occupied by sodium atoms (red/large circle). Tonization of sodium provides x
electron/formula unit to the 7* conduction band *,

- band splitting, opening a band gap at the Fermi level as in the Peierls-type dimerization. Such
instabilities are announced by a nesting vector connecting two different parts of the Fermi surface.

- electron-electron interactions accounting for Mott-Hubbard insulators as the U intra-atomic
Coulomb repulsion overcomes the bandwidth,

- electron-phonon interactions.

- disorder, including a random distribution of inserted or substituted atoms in a crystalline
network and leading to Anderson localization.

The Co(III) ion

A unique feature of the Co®* jons (3d%) is the existence of three different electronic
configurations (S=0, S=1 and S=2) in oxides, depending on the interplay of exchange and crystal field
energies. The most investigated case is that of Co-atoms located in octahedra that are more or less
clongated (Dyy, symmetry) (figure 3).

Cobaltites with this site symmetry such as those with a perovskite structure have never a very
large thermopower and a large conductivity simultaneously.

- (x?-y?)
(2%
1rr:t : IA
’\n 4 (xy)
L xzv2)

8=2 S=0 S=t

oh D‘h
2 z
I %

Figure 3: Co®" electronic configurations in Oy and Dy, symmetries.

free ion

In lamellar cobaltites such as those discussed below where CoOg edge sharing octahedra form a
triangular network that implies a Dyq distortion, it is more convenient to choose the 3-fold symmetry
axis as the quantization axis. With respect to the usual real d orbitals, a set of five d orbitals is the
following ° (coefficients are given for the undistorted Oy, symmetry):
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\/l/3dx2_y2 +42/3dy;  (ew)
Jl/3dx),—J2/3dyz (ep2)

dpo o (a1
253da_ 2 -V173dy @)

\/2/3d,(y +\/1/3dyz (e?)

A drawing of €'y and e"; orbitals is shown in figure 4.

Figure 4. Drawing of the ¢'; (left hand side) and ¢'; (right hand side) orbitals for the two perpendicular
axis orientations shown on the very left '°.

For a regular octahedron, the two degenerate e, orbitals are less stable than the three degenerate
a,, ¢'; and €'; orbitals. As the octahedron is compressed along the three-fold axis, the two e; and the
two €' orbitals remain degerate, but the a, orbital is shifted upwards as illustrated in figure 5 ''. This
result cannot be obtained using a simple point charge model as easily as in the case of the Duy
symmetry. The reason is that symmetry now allows hybridization of e’ and eg orbitals 2

o ——  ——ele)
Nttt
. ﬁ<n a,
& h ey
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Figure 5: Orbital splitting for a low spin d° ion located in an octahedron compressed along a 3-fold
axis.

2D ALKALI COBALTITES A,CoO; (x=0.6; A= Li. Na, K)

Crystal structures: main features and nomenclature

As reminded above, the possible structures can be classified according to the packing of oxygen
layers that can be labeled by the letters 4, B and C.

When the packing is of the .. 4B-CA-BC... type, the so-called a-NaFeO; structure is obtained.
The alkali site is octahedral and the structural type is denoted O3 according to the nomenclature
introduced by Delmas er al." (the figure refers to the number of MO, sheets within the corresponding
hexagonal cell). A monoclinic distortion of the unit cell is noted by a prime superscript (e. g. 0'3).

When the packing is of the ...4B-B4-A4B... type or of the .. AB-BA-AC-CA... type the alkali site
is prismatic and the structure type is denoted P2 or P3. respectively,. These two possibilities of
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stacking also exist for the delafossite family (A=Cu, Ag, Pd. Pt). giving rise to the so-called 2H and 3R
polytypes, respectively. The main difference with respect to alkali metallates is the linear twofold
coordination of monovalent copper or silver and that non-stoichiometric occupancy of the A site has
never been reported.

The prismatic sites are not exactly identical in the P2 and P3 structures. In P2 an alkali atom
can have either two, or six M nearest neighbors depending whether the prism is sharing faces (in which
case the site will be labeled Ay) or edges (site labeled A.) with the closest MO octahedra (figure 6). In
Ay site an alkali ion undergoes a stronger electrostatic repulsion from the neighboring cobalt ions than
for A. sites. Therefore a general trend would be occupying mainly the A, sites. However A™-A"
repulsions must also be taken into account. Then. in order to maximize the A-A average distances both
type of sites can be occupied and the alkali ion can be shifted away from the ideal position at the prism
center.

In P3 structure type. a single possibility exists as the prism is sharing a face with an octaheron
of one adjacent oxygen double layer and edges with three octahedra of the other adjacent layer. We
shall use a 1 subscript for labeling oxygen atoms (Oy) belonging to a face common to alkali and Co
polyhedra and a e subscript for oxygen atoms (O,) belonging to a common edge.

Figure 6. Various sites occupied by alkali ions in lamellar cobaltites. From left to right: the so-called
A, and Ag sites encountered in the P2 structure type. the alkali site in the P3 structure type. and the
twotold linear site of monovalent copper (or silver) in the delafossite type structure.

Comparing the crystal structures

For Lip¢Co0,, the symmetry is rhombohedral (lattice parameters of the hexagonal cell:
a=2.810 A and c= 14,287 A) and the space group is R-3m. The stacking of the layers is of O3 type.
The cobalt-oxygen distance amounts to 1.896 A.

Nay ¢Co0, exhibits a monoclinic distortion (space group: C2/m) that remains weak. In fact,
angle is 106.07° against 106.55° for an undistorted hexagonal cell and the ratio a/N3b is close to 1.001.
This distortion likely results from an ordering of sodium ions and vacancies’. However, the nature of
this ordering has still not been determined.

Sodium ions occupy a prismatic site of A type that is sharing three edges and one face with
octaedra of the two sandwiching C'oO; layers. Sodium ion is strongly shifted from the prism center
with Na-O distances ranging from 2.225 to 2.664 A. Na-O distances also differ depending on whether
the oxygen atoms are Jocated on a face (Or type) or an edge (O, type) common to a CoOg octahedron
and a NaOg prism. The average Na-Or distance (2.448 A) is larger than the average Na-O. distance
(2.383 A). A shift along the z axis can be attributed to a Na-Co coulomb repulsion stronger in the case
of a common face than in that of common edges.

The coulomb repulsion between nearest neighboring Na* ions determines the arrangement of
sodium ions in the (a.b) plane : shifts along x and y axis permit a lowering of the coulomb repulsion
thanks to an increase of the average distance separating Na” ions.
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The unit cell of KqsCoO: is hexagonal (space group P6y/mmc, a=2.843 A et ¢ = 12.350 A).
The structure is of P2 type and Co-O distances are equal to 1.902 A. Potassium ions are distributed in
two prismatic sites, Ky et K., with a ratio 1:2. As in the case of sodium based P2 phases with x < 0.74”,
K. atoms occupy 6h positions strongly shifted from the prism center in order to minimize the
electrostatic repulsion.

Increasing the cation size, through substituting potassium for lithium, results in an increase of
the CoO; slab spacing and alkali-oxygen distances are in good agreement with the sum of ionic radii.
The 2D character of the structure is then expected to increase going from potassium to lithium
cobaltites.

A second effect of this alkali substitution is an increase of the magnitude of the Dsq distortion
of the CoOg octahedra that are compressed along their 3-fold axis (that is taken parallel to the z axis).
This distortion can be measured considering the value of the 8 angle between the 3-fold (z) axis and
the direction of the Co-O bonds. Keeping a pure hexagonal symmetry, 8 angle depends on the Co-Co
distance (equal to the a lattice constant) and on the Co-O distance:

0= Arcsin(-l—iim].
Co-0

For a regular octahedron (Oy symmetry), d¢o.o = \/ZXdC(,C(, athen 0 = 54.74°,

When the alkali rate remains close to 0.6 the Co-O distance does not vary much and remains
close to 1.90 A, in agreement with the sum of ionic radii, whereas the Co-Co distance significantly
increases passing from lithium to potassium, mainly due to steric effects, and, as a result 9 angle
increases. The simultaneous increase of both the 8-value and the slab spacing involves only a very
weak change in the O-O distance corresponding to a edge shared by two CoOs octahedra (2.547 A for
Li compound and 2.528 A for the K compound). Keeping constant this contact distance explains the
large change of the a lattice constant of the hexagonal cell of delafossite type oxides A'MO; (A'=Cu,
Ag) with the size of the trivalent M element'™ '°. When x decreases, 0 increases, which accounts for
the fact that dc,.o decreases more rapidly than dcoc, as the Co(+IV) rate increases.

Alkali ordering

Whether the alkali atoms are ordered or randomly distributed within their planar sublattice is a
permanent issue widely debated. Although a few experimental evidences of long range ordering, either
commensurate or incommensurate, have been given using neutron or electron diffraction, most of the
reported works are devoted to theoretical considerations using various method of calculation'” %1%, To
our knowledge, the first direct evidence through usual X-ray diffraction of potassium ordering was
given for K4Co704 n

The ordered K4Co070,4 phase has been prepared using the same experimental conditions as
random KosCo00,. Actually, investigating the effect of thermodynamic as well as kinetic parameters
did not allow us to determine precisely the conditions appropriate for a reproducible synthesis of the
one or the other. Their compositions are very close (x=0.57 vs. 0.61) and the evolution of K,O is
making complex the control of the alkali rate in the final product.

In the X-ray diffraction pattern, main peaks are indexed assuming a P2 type structure (space
group P63/mmc, ap=2.841(1) A and ¢ = 12.370). A Rietveld refinement assuming a random
distribution of potassium atoms in the two K (2b) et K. (6h) prismatic sites leads to a potassium rate
x ~ 0.59, which is close to the value measured by ICP-AES (x ~ 0.62).

All the peaks, including those not taken into account with the basic P2 hexagonal cell, can be
indexed in tze space group P63/m using an hexagonal supercell with ag = ao.N7 (as = 7517 A and
cs=12.371 A).
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The ordered distribution of potassium atoms is shown in figure 7. Both K. and K; positions are
fully occupied. The first one corresponds to a prism that is only sharing edges with neighboring CoOs
octahedra whereas the second one is sharing its bases with faces of the two CoOs octahedra.
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Figure 7. Ordered distribution of potassium atoms in K;Co;0,4. Light spheres represent the atoms
occupying Ky sites and dark spheres the atoms in K. site (see text).

Cobalt atoms are occupying two different positions. For the first one. the six Col-O distances
are identical (1.899 A). The ColO, octahedron is sharing, along the c-axis, two faces with K,O¢
prisms. It shows a D3y symmetry and a large value of the 6 angle (60.68°) that denotes a strong
compression along the z-axis of the ColOs octahedra. The surrounding of the Co2 site is more
complex with three different Co2-O distances ranging from 1.876 to 1.919 A. The average value of the
6 angle (59.37°) is closer to that found for the disordered phase, Ko C0O,.

Magnetic properties

The temperature dependence of the magnetic properties strongly differs from one compound to
the other.as shown in figure 8.

Excepted for Ky ¢CoO,, a paramagnetic behavior (in the sense of a magnetization proportional
to the field) is observed, at least above 2 K. Two different types of temperature dependence of the
magnetic susceptibility were found. One is of Curie-Weiss (CW) type for the lithium and sodium
cobaltites whereas the other is of Pauli type for the two potassium compounds.

For the Li and Na cobaltites the magnetic data can be fitted with a CW law including a
temperature independent term: y=C/(T-8,)+yo. The Curie constant (C) and Weiss temperature (6;) are
given in table 1.

Table T : Curie-Weiss parameters and TP contribution for Liy §CoO; and Nag¢CoOs.
C 3}

X P

Phase (emwmol)  (emu.K/mol) (K)
Lig6C00- 334x10° 0.017 378
Nag¢Co0; 276x10°° 0.145 -142

For the sodium compound the Curie constant is in fairly good agreement with the spin only
value expected for a rate of 0.4 spins S=1/2 (0.152). Most of the authors agree to consider that Co* is
in a low spin (LS) state in this oxide family. Then, the C-value suggests that all the Co* holes either
localized or itinerant are contributing to C. However the large value of the TIP is difficult to explain
even after subtracting the second order contribution of LS Co®" (see below). The large negative value
of 8, generally ascribed to strong predominant antiferromagnetic interactions does not well agree with
a simple Fermi liquid picture of fully polarized carriers.
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The case of lithium is also puzzling. The CW contribution is much weaker with respect to TIP.
This suggests a very small concentration of localized moments or spin polarized carriers. Another
possibility is the presence of traces of a magnetic impurity. The TIP would then be due to classical
paired charge carriers.

Both potassium phases have a magnetic susceptibility almost temperature independent
(figure. 8) that can involve the following contributions :

X = XdiatXvvtAPauti

where y4ia is the diamagnetic contribution of the ion close shells, qvv is th second order orbital
contribution from Co**(LS) ions and Ypauti 15 the classical Pauli type contribution from itinerant spins.
Usually y4ia is calculated from tabulated theoretical values®'. The %vv contribution can be evaluated to
about 150x10° (emuCGS) per Co™* ion®, 2. The resulting Pauli contribution would then evaluates to
about 400x10° cm*/mol (emuCGS) for both K4Co7014 and Ko¢CoO;. Such a large enhancement of
Pauli paramagnetic susceptibility is generally ascribed to electron-electron correlations and, in the
scope of a Fermi liquid behavior, can be modeled by an effective mass increase.
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Figure 8. Temperature dependence of the magnetic susceptibility for AgsCoO; (A=Li, Na, K). Data for
Nayp 31Co0; are also shown.

Specific heat capacity

Sommerfeld coefficient y, has been determined modeling lattice vibrations with a Debye model,
between 1.8 and 10K : Cg=yT+BT3 . The coefficient § depends on atom number (np) and on Debye
temperature (Op): p=(12n /5)(nD/®D3). Variation of Cp/T as a function of T is plotted in figure 9.
Values of y and ©p are listed in table II. For calculating ®p, np has been taken equal to the total atom
number in a A,CoO; molecular unit, i. e. np=3.6.

For the lithium phase, C,/T steeply increases below ca. 15K. Such a behavior could result from
a Schottky anomaly the origin of which is still unknown 4 and data for T<2K would be useful. In this

C':I(’T) oy 4 BT +Co£f’ exp(T, /T)

T' (exp(T, /T)+1)
Large values of y (table II) can be interpreted in terms of an effective mass enhancement resulting from
electronic correlations.

case Cp/T can be modeled by:
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Table I1. Sommerfeld coefficient (y) and Debye temperature (®p) determined at low temperature for
A.Co0; (A=Li, Na, K and x=0.6).

2}
Phase Y ) v
(J/mol.K") (K)
Lip61Co02 16.6x107 501
Nay 2C00; 26.1x107 562
Ko.61C003 9.0x103 401
K4Co7014 8.8x107 404
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Figure 9. Specific heat capacity for alkali cobaltites with x=0.6. Solid line represents the fitting of the
data assuming an usual Debye approximation for lattice vibrations. For the lithium compound doted
line corresponds to a model including a Schottky anomaly.

Electrical resistivity

Electrical resistivity (p) measurements do not evidence any change of the scattering mechanism
upon heating for the Li and Na cobaltites, as the T-dependence of the resistivity is more or less linear
in the whole temperature range suggesting that phonon scattering dominates down to 4K or that much
more complex effects whose discussion is out of the scope of the present paper are involved (figure
10). :

On the contrary both K cobaltites, ordered K4Co70,4 and random Kg¢Co0O>, show a change
from a temperature independent scattering mechanism to a classical phonon scattering as expected for
any metallic phase in which a departure from the periodicity of the potential energy gives rise to a
dominant elastic scattering at low temperature. For K4C07014 it could originate from uncontrolled
impurities, a residual disorder in K-atom distribution or randomly distributed oxygen vacancies.

However, the change in the dp/dT slope at low temperature could also originate from electron-
electron collisions expected in highly correlated systems according to the process known as Baber
scattering? and reviewed by Mott®® that predicts a T? dependence of p at low temperature. The
electrical resistivity of K4C0,0)4 is plotted against squared temperature in figure 11 showing a straight
line at least up to 100K.
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Figure 10. Temperature dependence of the electrical resistivity of alkali cobaltites with x=0.6.
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Figure 11. Showing the T? dependence of the electrical resistivity of K4C070,4 for 4<T<100 K.

Thermoelectric power

Temperature dependence of Seebeck coefficient for Li. Na and K cobaltites with an x-value
near 0.6 are compared in figure 12. It tends to become linear above ca. 100K with a slope similar for
all the samples.

Such a behavior can be compared to the one expected for a metal from Mott formula ¥’

. 7k T{alogo(E)}
3 e OE gk,
Assuming, in the neighborhood of the Fermi level, o(E)=const. E*, gives:
o kT
3 eE,

For spherical Fermi surfaces (E=constk’) and forgetting the wave vector (k) dependency of the
scattering process, x=3/2. Obviously, the slope do/dT is strongly enhanced with respect to the free

X.
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electron gas, which can be attributed to electronic correlations with an effective mass of charge carriers
much larger than the electron mass. Such a behavior is in agreement with specific heat measurements
and magnetic susceptibility data. It is also in agreement with the usual narrowness of d-bands in
transition metal oxides and the 2D character of the crystal structure. While the da/dT slopes are similar
for the four compounds, at least for T>100K, the TEP values at room temperature are very different. It
is much larger in the case of sodium, which has been ascribed to the spin entropy of the carriers™, in
agreement with the Curie-Weiss behavior of the oxide. It is much lower for the Li and K cobaltites the
thermopower of which becomes negative at low temperature. Such a behavior raises the question of the
contribution of two types of carriers. Actually the t;, levels are split into two bands that could overlap
at the Fermi level. Calculations of the band structure including accurately correlation effects are
required to better understand the behavior. Another qualitative interpretation could be found in the
already mentioned spin entropy contribution to the Seebeck coefficient. This contribution is not
expected in the case of KgsCoO; as a Pauli type magnetic susceptibility is observed, suggesting that
most of the electrons are paired. On the contrary, the effect should be strong for the Na compound that
exhibits a Curie-Weiss paramagnetic behavior.
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Figure 12. Temperature dependence of the thermoelectric power for selected alkali layered cobaltites
with x=0.6.

PHASE TRANSITION IN P'3-Na,Co0> (x~0.6)

The P’3-Na,CoO; (x ~ 0.62) cobaltite undergoes a first order phase transition near T, =350 K
as shown by the temperature dependence of X-ray diffraction diagrams (figure 13). Below T, the unit
cell is monoclinic (Space group: C2/m). Above T, the monoclinic cell is reversibly converted into a
rhombohedral cell (Space group: R3m). The crystatlographic change mainly affects the Na-atom site
symmetry and distribution. In both forms, the Na ions are shifted along the c-axis as described above.
In the high temperature form the site is more symmetric, with a 3-fold axis parallel to z-axis.

Temperature dependence of the heat capacity, magnetic susceptibility and electrical resistivity
measured upon cooling are given in figure 14. Correlation between phase transition as revealed from
XRD data and changes in electrical resistivity behavior are still not well understood. Actually,
comparing temperature dependence of the electrical resistivity upon cooling and heating reveals an
hysteretic behavior and a partial irreversibilty that was not immediately found from the XRD study.
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Figure 14. Temperature dependence of the specific heat capacity (a). magnetic susceptibility (b) and
electrical resistivity (c) for NagsCo0O;. Solid lines correspond to fits with the models mentioned in the
text.

“Na MAS-NMR spectroscopy has been used to investigate changes in the environment and in
the distribution of the sodium cations occurring by raising the temperature. The gradual suppression of
the second order quadrupolar interactions has been ascribed to a site exchange mechanism.
Neighboring Na-sites are similar, but oriented up and down. which results in opposite V. components
of the gradrupolar field. When the exchange frequency reaches the characteristic time of NMR the
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signal is averaged”. Whether this effect is directly coupled with the structural transition observed by
XRD is still an open question.

DELAFOSSITE OXIDES

In the structure of A’MO, delafossite type oxide the trivalent element occupy octahedral sites
sharing edges and forming layers analogous to those found in the 2D cobaltites (figure 15). The
monovalent A’-element is copper or silver. It occupies a 2-fold linear site so that the structure can also
be described as a close packing of dumbbelis parallel to the z-axis. The twofold linear coordination of
the A’ d'? element is well explained by the hybridization of (n-1)d; (n=3, 4) with ns orbitals™.

The sequence of oxygen layers can be A4BB or AABBCC leading to two polytypes denoted 2H
and 3R. The size of the M element can vary in a large range from aluminum to lanthanum resulting in
a a-parameter of the hexagonal cell varying from 2.8 to 3.8 A. whereas the c-parameter remains more
or less constant. This is explained by the MM electrostatic repulsion through the octahedron common
edges®'. For large enough values of the a-parameter (that corresponds to A’-A’ distances) intercalation
of oxygen atoms is possible and can reach very large rates even leading to an oxidation number of
copper larger than 2+.

Figure 15. Structure of the 3R-delafossite CuFeO,. Large spheres are copper atoms. small spheres are
oxygen atoms. Iron atoms are located at the center of the compressed octahedra.

Most of the delafossite oxides (A'= Cu. Ag) are insulators or semiconductors. However, when
A’ is Pd or Pt, they are metallic with a very large electrical conductivity in the (a.b) planesz. PdCrO; is
a unique example of an oxide where monovalent palladium is found. Actually, the excess electron is
itinerant and the chemical stability of the oxide is linked to its highly metallic character. The
hybridized (n-1)d,-ns orbital presents a large expansion perpendicularly to the z-axis (that is parallel to
the ¢ axis of the hexagonal unit cell) allowing an important overlap in the A’ plane. This result
suggests that, in semiconducting delafossites, the carriers should move in the A’ plane. Investigation of
p-type CuFeO; single crystals supported this idea whereas the opposite seems to hold in the case of n-
type CuFeO,*. While it appears relativelg easy creating holes in the A’ layers attempts to dope them
with electrons often result in metallic Cu” precipitation. For instance, CuFe;.(V,0; solid solutions are
no longer stable for x values larger than about 0.67°". Beyond this value Cu” and VO, coexist with the
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border phase. Recently chromium copper delafossites and nickel-doped iron delafossites appeared as
interesting candidates for thermoelectric generation®®,

CONCLUSION

Transport properties of transition metal oxides spread over a very broad range from dielectrics
to metallic conductors as conductive as the best metallic elements such as copper or silver. In between
a large vatiety of semi-conducting behavior can be found. Among them highly correlated metallic or
semi-conducting oxides such as layered cobaltites have drawn attention as interesting candidates for
thermoelectric generation, for more than ten years. Despite extensive studies during that time some
basic questions regarding the origin of a large thermopower value remain open.

Reviewing the electronic properties of transition metal oxides leads to think that it could be
rather difficult to reach large ZT values and even to reach large power factor values in bulk materials.
Therefore devices using bulk oxides would hardly compete with conventional cooling systems for
large scale house equipment. However, we believe that environment compatible oxides can be found
for the recovery of waste heat provided that their relatively low efficiency is balanced by a large
availability and a low cost.
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ABSTRACT

In order to control the orientation distribution of polycrystalline cobaltites with misfit
layered structure, thermo-mechanical treatments consisting of high temperature uniaxial
compression deformation and heat treatments are examined on Bi, sPbysSr;;Y5C0:0s5and
Ca;Co405. The materials were produced by the usual sintering method. High temperature
compression deformation was carried out in air at high temperatures where the activation of slip
deformation together with the other complementary deformation mechanisms such as grain
boundary sliding and dynamic recrystallization are expected. After the deformation,
measurements of density, texture and resistivity, and microstructure observation were performed.
The density increases by the deformation up to a true strain of -1.0 in both oxides. No further
densification was observed by the deformation above -1.0 in strain. The formation of a (001)
texture (compression plane) is found after the deformation. The texture sharpens monotonously
with an increase in strain. The sharpening continues above -1.0 in true strain, indicating that the
texture formation can be attributed to the plastic deformation of the oxides. In some cases the
maximum pole density for (001) becomes more than eleven times as high as that of the as
sintered material. It is experimentally confirmed that the resistivity can be reduced below one
tenth of that of the as sintered material by the densification and the texture development
originating from the high temperature compression deformation.

INTRODUCTION

Some oxides containing two-dimensional CoO; conductive layers, so called the cobaltites
with misfit layered structure, have attracted attentions as candidates for the high temperature
thermoelectric materials. The common feature of this kind of cobaltites is the high in-plane
electric conductivity in (001) of CoO; layer. Therefore, how to control the orientation of (001) is
one of the key issues for the practical use of this kind of thermoelectric materials. The
importance of orientation control for the layered cobaltites has been noticed out by many
researchers, and hence various methods have been examined; reactive templated grain growth [1},
hot pressing [2], magnetic texturation [3], sinter-forging {4] and thermoforging [5] have been
proposed. Many of these methods are designed on the basis of the rotation of oxide platelets by
the application of pressure before and/or during the sintering.

141



Deformation and Texture Behaviors of Co-Oxides with Misfit Structure

In the field of metallurgical engineering, various methods have been developed to
control textures. Two basic textures are known; deformation and recrystallization textures. Since
no texture appears after the recrystallization of materials without texture in the deformed state, it
can be said that the essential process for the texture development is the deformation. Plastic
deformation of oxide is, however, generally difficult because of brittleness due to high Peierls
potential at room temperature. High temperature deformation is attractive to overcome the
difficulty, because dislocations can be activated with the help of thermal energy and recovery
during deformation might be effective to avoid the inhomogeneous deformation. In addition,
activation of deformation mechanisms other than dislocation movement, such as grain boundary
sliding and dynamic recrystallization is expected; these mechanisms may work as
complementary mechanisms when the number of independent slip systems is insufficient for the
deformation of polycrystalline oxides.

Based on this consideration, the behaviors of deformation and texture development in
Bi; sPbg sSr; 7Y05C0;00.5 have been investigated [6]. Although one of the authors found that
Bi; sPbg 5Sr25Y5C0,00.5 shows a good feature as a thermoelectric material [7], the material
investigated in this study is somewhat Sr-deficient. It was expected that the deficiency of Sr ions
might create a large amount of ionic vacancies that make high temperature deformation easier. In
the previous reports [6], it was confirmed experimentally that Bi; sPbg sSry 7Y 5C0209.5 could be
plastically deformed at high temperatures, resulting in the development of a sharp texture as well
as the large reduction in resistivity.

In this study, detailed examination on the deformation behavior, texture development and
the change in thermoelectric properties are performed on Bi, sPbg sSr 7Y0.5C0204.5. Effectiveness
of high temperature deformation was examined also on Ca;Co409 which has a misfit layered
structure different from Bi, sPby sSr; ;Yos C0,09.5.

EXPERIMENTAL PROCEDURE

Bi) sPbg sSr; 7Y05C0,005 was produced by two methods. One is the conventional
sintering method using element oxide powders, Bi;O3, PbO,, Sr,COs, Y03 and Co304 (4N). The
mixture has been calcined in air at 1063 K for 12 h. After grinding, the calcined powder was
pressed into pellets at room temperature (cold press), and finally sintered in air at 1113 K for 24
h. The other method for producing bulk Bi;sPbgsSry7Y05C0209.5 starts with the powder
synthesized by the citrate method’. The average powder size was approximately 10pm. The
powder has been also cold pressed into pellets. The final sintering condition is the same as that of
the conventional sintering method. Two sizes of the sintered specimens were used, i.e., ¢8
mmx16.5 mm and ¢ 11 mmx16.5 mm, depending on the amount of final strains. The powder
diffractions measured by Cu Ka. X-ray (XRD) at room temperature for the two oxides produced
by the different methods showed the identical patterns.

High temperature compression deformation was carried out in air at 1113 K using the
Instron type testing machine. The deformation temperature was determined referring to the result
of the thermal analysis; it is found out that the melting temperature of this oxide is about 1190 K.
The strain rates and final true strains are in the range between 1.0x10%s" and 1.0x10™s™, and
from -0.47 to -2.2, respectively. The bulk Ca3;CosOy was produced by sintering the powder
synthesized by the citrate method. The compression deformation was conducted at 1153K in the
case of Ca;Co40y.

* The powder was produced by the citrate method in Seimichemical Co., Ltd.
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The microstructure was examined by scanning electron microscopy. The specimens
were cooled immediately after the compression, in order to prevent the microstructure from the
changing after the deformation. Texture measurements have been performed by the Schulz
reflection method using Ni filtered Cu Ka radiation. Based on the reflected X-ray intensity, the
(001) pole figure is constructed. The measurements of four-probe dc resistivity and Seebeck
coefficient were carried out as a function of temperature over a range of 100 K - 1073 K during
both heating and cooling runs in air. In order to investigate the effect of the strain on the
densification, density is measured at various strains. Strain transient dip tests was conducted on
Bi, sPbg sSr 7Y05C0,09.5 in air by the compression creep testing machine to examine the
deformation mechanism at high temperatures [8]. The stresses employed in the tests are 10MPa
and 25MPa.

RESULTS and DISCUSSION
Deformation behavior of Bi; sPbg sSry 7Y.5C0,05

Figure 1 shows the true stress-true strain curves for the deformation at 1113K. In this
case, strain rate is changed from 1.0x10%s" to 2.0x10”%s” (solid line) and to 1.0x107s™ (dotted
line) at a strain of 0.9 (In this paper, the absolute value of compression true strain is used.). It is
seen that the stress increases monotonously up to a strain of 0.9. The change in strain rates
results in the sudden decrease in stress; the stress after the strain rate reduction varies depending
on the strain rate after the strain rate change. After the sudden decrease due to the strain rate
change, the stress increases again with an increase in strain. The stress-strain curve is smooth.
This suggests that the deformation proceeds smoothly up to the large strain such as 2.0. In order
to understand the stress increase with an increase in strain, density change during the
deformation is investigated. Figure 2 shows the result on density measurement, which is given as
a function of true strain. It is seen that the density increases monotonously with an increase in
true strain up to about one of the absolute value of true strain. No further densification was
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Fig. 1 True stress-true strain curve including the strain
rate change at a true strain of 0.9. Initial strain
rate is 1.0 X 10457,
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observed by the deformation above 1.0 in strain. This indicates that the stress increase in true
stress-true strain curve might be attributable to the densification to some extent up to the true
strain 1.0. But the further increase in stress should not be attributed to the densification. Since no
lubricant was used for the compression test in this study, it is not clear whether the increase in
stress with an increase in strain originates from the friction between the specimen and the
compression rod and/or work hardening accompanying plastic deformation caused by dislocation
motion. However, the sudden decrease in stress by the strain rate change shown in Fig. 1
suggests that the stress increase is the work hardening. In the strain transient dip test, stoppage of

Fig. 3 Microstructure after deformation up to strains of (a) 0.9 and (b) 2.0.
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deformation after the reduction in stress from 25MPa to 10MPa was found. This indicates the
existence of internal stress, namely contribution of dislocation motion to the deformation. Figure
3 shows the microstructure observed at the cross section after the deformation up to (a) 0.90 and
(b) 2.0. The compression was made from the direction indicated by the arrows. Since the
observed surfaces are produced by fracture, the shapes of crystal grains are not clearly seen.
However, it is suggested that the aspect ratio (width/height ratio) of crystals grains in (b) is larger
than that in (a); crystal grains might be plastically deformed. From these various experimental
evidences, it was concluded that work hardening contributes to the increase in stress shown in
Fig. 1.

Texture of Bi; sPbp.sSr; 7Y0.5C0,04_5

Figure 4 shows an example of pole figure showing the distribution of (001) after the
deformation up to a strain of 0.9. Pole densities are projected onto the compression plane. Mean
pole density is used as a unit to draw contours. The pole density is distributed concentric circular,
indicating a formation of a fiber texture. The area of high pole density exists close to the center
of the (001) pole figure, namely (001) aligns paraliel to the compression plane. The maximum
pole density is 4.7 in this case. In order to study the effect of strain on the texture formation, the
maximum pole densities are examined as a function of strain in Fig. 5. It is seen that the
maximum pole density increases monotonously with an increase in strain up to a strain of about
2. The texture still sharpens above 1.0 in strain, where densification is complete.
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Fig. 4 (001) pole figure of a specimen deformed at 1113K with
a strain rate of 1.5X 10-%s"! up to a strain of 0.9.

As well known, texture develops when translation occurs along the specific crystal plane.
The main component of the texture varies depending on the translation plane and direction, and
the deformation mode (constraints for the deformation). In the case of compression deformation,
the basic process is the rotation of the translation plane parallel to the compression plane. As for
the present oxide, two possibilities are considered as the translation process. One is
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the mutual sliding between oxide powder particles along (001). Another possibility is the plastic
deformation by the activation of crystal slip system having (001) as a slip plane. Several
researchers reported that some oxide powders are platelet shape and (001) is the surface of the
platelet. Application of stress generates the mutual slide of platelets, resulting in the oriented
state. In the case of Bi, sPbpsSr) 7Y 5C0209.5 powder, SEM observation showed that powders are
not platelet but spherical shape. As already discussed before, results on the effect of strain rate
change given in Fig. 2, fracture surface observation given by Fig. 3 suggest that the plastic
deformation occurs in the present oxide.

Figure 6 shows the crystal structure of Bi; sPbg sSr; 7Y 5C0209-5. Oxide layers of Sr (Y)
and Bi (Pb) exist between CoO; conductive layers. As easily found from the figure, the same

kind of atoms neighbors in [110] and [110] directions. This means that the magnitude of Burgers
vector of the perfect dislocations is small on this plane. Thus it is expected that (001){110] and
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Fig. 5 Effect of strain on the development of (001) texture
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Fig. 6 Crystal structure of Bi, ;Pb, ;Sr, ;Y :C0,0, 5
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(001) [110] might be slip systems of this oxide.

Thermoelectric properties of Bi; sPbg.sSt1 7Y0sC0209_5

Figure 7 shows the temperature and texture dependences of resistivity. The resistivity at &
= (0 is close to the values of the (x = 0.5, y = 0.7) specimen in the BizxPb,Sr3.,Y,C0,09.5 system
[7]. This indicates that Sr-deficiency is mostly compensated by oxygen vacancies, not by hole-
doping. It is seen that the resistivity decreases remarkably as the strain increases. The resistivity
becomes about 60% of the as sintered state by the deformation up to a strain of 0.47. Up to this
strain, drastic increase in density occurs, while texture development is not extensive. Hence the
decrease in resistivity can be attributed to the densification. Deformation up to a strain of 1.9
results in the decrease in resistivity to about one tenth of the as sintered state. The decrease in
resistivity continues strains above 1.0. Since densification completes at about 1.0 in strain, this
means that texture sharpening due to the plastic deformation by the activation of (001) slip
system is effective to the improvement in resistivity. The resistivity of the specimen deformed up
to a strain of 1.9 is measured at the temperatures from 100K to 973K. It is found that the
temperature increase slightly increases the resistivity.

It was found that the thermopower decreased with an increase in strain, namely the
texture sharpening. The change in thertmopower, however was within 10%. Thermopower of the
specimen deformed up to € =1.9 at 973K was 160pV/K. Since the resistivity at this temperature
is 23mQcm and thermal conductivity is reported as 10mWem 'K on the oxide with the similar
composition, the dimensionless figure of merit ZT at 973K was estimated as 0.11.
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Fig. 7 Effects of texture and temperature on resistivity
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Behaviors of Ca3;Co404

In the present study, two kinds of cobaltites with misfit layered structure are investigated.
The difference between the two oxides is the structure between CoO, conductive layers. In the
case of Bi; sPbgsSr; 7Y0.5C0:0¢_5, four oxide layers including Bi (Pb) and Sr (Y) exist between
CoO; conductive layers as shown in Fig. 6, while there are three oxide layers in Ca;C040y. In
both oxides, the distance between the same atoms is long in ¢ direction, and that in (001) plane is
short. Therefore, it is considered that (001) slip is also activated and (001) texture is formed in
C83C0409.

It was found that Ca;Co409 could be deformed at 1153K without heavy cracks up to a
strain of 1.3. In the case of BijsPbosSr7Y0sC0205, the compression deformation was
performed at 1113K, which is close to its melting temperature. As for the deformation
temperature, 1153K is far from the melting temperature of Ca;Co4Og. Nevertheless, large
amount of deformation was possible in this oxide although small cracks were seen after the
deformation.

Density measurements showed that the density increases up to a strain of 1.0 and no
further densification was observed. Then, orientation distribution was examined. Figure 8 shows
the (001) pole figure after the deformation up to 0.50 in true strain. Pole densities are projected
onto the compression plane. Mean pole density is used as a unit. Pole density distribution is
similar to Fig. 4; the maximum pole density appears at the center of the pole figure. That is, the
(001) texture is constructed. Maximum pole density was 4.8 in this case. It was experimentally
found that texture sharpens with an increase in strain similar to the case of
Bi, sPbg sS1; 7Y 5C0205_s. Result of resistivity measurement is given in Fig. 9. The measurement
was conducted in the temperature ranging from 573K to 1073K. Resistivity decreases with an
increase in temperature. The lowest value is about 2mQcm at 1073K. This value is close to the
reported data on a single crystal. Thus it can be said that the high temperature compression is

4.0

@

Fig. 8 (001) pole figure for Ca,Co,O, after the
deformation up to 0.50 in true strain
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Fig. 9 Temperature dependence of resistivity in
Ca,Co,0, after the deformation up to 1.1.

effective to improve the thermoelectric property of cobaltites with misfit layered structure by
developing the sharp (001) texture.

CONCLUSIONS

In order to improve thermoelectric property of cobaltites with misfit layered structure by
texture control, possibility of high temperature plastic deformation method is experimentally
examined on Bi; sPby sSr; 7Y 5C0,0¢.5and Ca;Co40s. As given below, it is shown that the high
temperature deformation is promising to reduce resistivity by texture formation. Major results
are summarized as follows.

(1) At high temperatures, large amount of compression deformation is possible to the bulk
Bi; sPbg sS1; 7Y05C0209.sand CasCo409 produced by sintering. The maximum strains at
present for Bij sPbg sSr; 7Y¢.5C0209.5and Ca;Co409 are 2.2 at 1113K and 1.3 at 1153K in true
strain, respectively.

(2) The densification and texture development proceed simultaneously by compression
deformation. It is experimentally confirmed that densification completes at a true strain of
about 1.0 in both oxides, while texture develops up to a strain of 22 in
Bi; sPbg sSr; 7Y 05C0,09.5 and up to a strain of 1.3 in Ca3Co40o.

(3) Strain rate change during compression deformation of Bi; sPbg sSry 7Y 5C0,0s.5 results in the
change in flow stress. Microstructure observation on the cross section of
Bi; sPbo sSry 7Y0.5C0,09.5 indicates the shape change of crystal grains. Furthermore, texture
develops after the completion of densification in Bi; sPbg sSry 7Y 5C0209.5and Ca3Co040s.
These experimental evidences suggest that the oxides are plastically deformed and
deformation textures are constructed.

(4) Resistivity becomes smaller than one tenth of the as sintered oxide by the deformation up to a
true strain of 1.9 in Bi; sPbysSr) 7Y 5sC0:095. No large change by compression deformation
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is seen in thermopower. The thermopower is kept about 160uVK™" up to 973K. The value of
dimensionless figure of merit is 0.11 at 973K. Textured Ca;Co409 polycrystal shows the
resistivity close to the reported value on a single crystal.
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ABSTRACT

Thermoelectric modules composed of eight pairs of p-type Ca,Bi,,Co,0, (Co-349) and n-
type CaMn, Mo, 0, (Mn-113) legs were constructed using Ag electrodes and paste
including the Mn-113 powder. Dimensions of both oxide legs were 5 mm wide and thick and
4.5 mm high. An alumina plate was used as a substrate, and there was no alumina plate on the
other side of the modules. When the substrate side was heated, the module can generate up to
1.9 V and 2.3 W of open circuit voltage (V,) and maximum power (P,_), respectively, at a
hot-side temperature at the surface of the substrate of 973 K and a temperature differential of
675 K in air. Because of cracking in the Mn-113 legs, actual internal resistance is about 1.6
times higher than the calculated one. In order to improve the mechanical properties,
Ca,,Yb, MnO,/Ag composites were prepared. The sintered composites cousisted of two
phases of Ca,,Yb, MnO, and metallic Ag from the X-ray diffraction analysis. The scanning
electron microscopic observation indicated that the Ag particles with diameter smaller than
5um were homogeneously dispersed in Ca,,Yb, MnO, matrix for all the composites. Bending
strength &, of the composite including Ag by 18.8 wt.% was 251 MPa, which was 2 times
larger value than that of the monolithic Ca,,Yb, MnO, bulk.

0l

1. INTRODUCTION

In view of global energy and environmental problems, research and development have
been promoted in the field of thermoelectric power generation as a means of recovering vast
amounts of waste heat emitted by automobiles, factories, and similar sources. Waste heat
from such the sources offers a high-quality energy source equal to about 70 % of total primary
energy, but is difficult to reclaim due to its source amounts being small and widely dispersed.
Thermoelectric generation systems offer the only viable method of overcoming these
problems by converting heat energy directly into electrical energy irrespective of source size
and without the use of moving parts or production of environmentally deleterious wastes. The
requirements placed on materials needed for this task, however, are not easily satisfied. Not
only must they possess high conversion efficiency, but must also be composed of non-toxic
and abundantly available elements having high chemical stability in air even at temperatures
higher than 800 K. Oxide compounds have attracted attention as promising thermoelectric
materials because of their potential to overcome the above-mentioned problems [1-7].
Recently, fabrication and power generation of thermoelectric modules consisting of p-type
Ca,Co,0, (Co-349) and n-type LaNiO, (Ni-113) or CaMnO, (Mn-113) legs have been
reported (8, 9].

Although thermoelectric properties of materials composing the modules should be
enhanced, high chemical and mechanical durability of the materials and contact resistance and
strength at the junctions are also very important in practical use of the modules. The Mn-113
bulk shows higher dimensionless figure of merit ZT (=S'T/px; S: Seebeck coefficient, T:
absolute temperature, p: electrical resistivity, and x: thermal conductivity) than Ni-113 one.
Especially, a polycrystalline sample of Ca,,Yb, MnO, was found to exhibit a moderate ZT of
0.16 at 973 K in air [10]. We found, however, that the Mn-113 legs in the modules broke after
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the power generation test due to thermal stress, which was attributed to the large difference of
thermal expansion coefficient between the Ag electrode and Mn-113 legs, and low
mechanical strength of the Mn-113 legs. One possible approach to overcome this problem is
to enhance the mechanical properties of the Mn-113 sintered ceramics. There are some
matcrial designs to strengthen and toughen ceramics by using composite techniques;
incorporating particles, whiskers or platelet reinforcement, and precipitation secondary phases
[11, 12). Among them, ceramic composites having ductile metal dispersion was reported to
show excellent mechanical properties such as hardness, Young’s modulus, bending strength
and toughness [13, 14]. In this paper, after making problems on thermoelectric modules
composed of oxide legs clear, mechanical properties of oxide-melt composites will be
discussed.

2. THERMOELECTRIC MODULES
2.1. EXPERIMENTAL ,

Modules fabricated in this study are composed of Ca,,Bi, ,Co,0, (Co-349) and
CaMn, , Mo, .0, (Mn-113) for the p- and n-type legs, respectively. The Co-349 powder was
prepared by solid-state reaction at 1123 K for 10 h in air. As starting materials, CaCO,, Co,0,
and Bi,0, powders were used and mixed thoroughly in the stoichiometric composition. The
Co-349 bulks were prepared using a hot-pressing technique. The obtained Co-349 powder
was hot-pressed for 20 h in air under a uniaxial pressure of 10 MPa at 1123 K to make density
and grain alignment high. Preparation of the Mn-113 was started using CaCO,, Mn,O, and
MoO, powders. These powders were mixed well and treated at 1273 K for 12 h in.air. The
powder was densified using a cold isostatic pressing (CIP) technique for 3 h under about 150
MPa. After the CIP process, the precursor pellets were sintered at 1473 K 12 h in air. The
Mn-113 bulks can be densified well by CIP and sintering under the atmospheric pressure even
without hot-pressing. Both bulks were cut to provide leg elements with a cross-sectional area
of 5.0 mm x 5.0 mm and length of 4.5 mm.

Elcctrodes were formed on one side of surface of an alumina plate (36.0 mm x 34.0 mm x
1.0 mm thick) using Ag paste including Mn-113 powder by 3 wt.% and Ag sheets with a
thickness of 50 um. An alumina platc was used for one side of the modulc as a substrate. On
the other hand, no substrate was used for the other side. This structure is effective to prevent
the contact between oxide legs and Ag electrodes from peeling by the deformation of the
module. For connection between the oxide legs and electrodes, Ag paste including the Mn-
113 powder was used as an adhesive paste because of low contact resistance between oxide
legs and Ag electrodes [9]. This oxide/Ag composed paste was applied by screen printing on
the Ag electrodes. The eight pairs of p- and n-type oxide legs were put on them alternatively.
The precursor module was solidified at 1123 K under a uniaxial pressure of 6.4 MPa for 3 h
in air. The perfect Co-349/Mn-113 module is shown in Figurce 1.

Figure | A thermoelectric module composed of eight pairs of Co-349/Mn-113 legs.
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2.2. EVALUATION OF POWER GENERATION AND DURABILITY

The module was put between a plate shape furnace and a cooling jacket and heated at
373-1273 K of the furnace temperature and cooled by water circulation of 298 K (Figure 2).
Hot-side temperature (7,) was measured using a thermo-couple put on the surface of the
substrate. Cold-side temperature (T,) corresponds to that of the surface of the cooling jacket.
Measurement of the power generation, in which current-voltage lines and current-power
curves, was carried out in air by changing load resistance using an electronic load system
(E.L.S). Internal resistance R, of the module corresponded to the slope of the current-voltage
lines.

alumina substrate

lead wires

water jacket
module

Figure 2 Measurement of power generation from the thermoelectric module

Durability against heating-cooling cycles was investigated for the 15 pieces of modules.
The clectrical furnace temperaturc was sct at 523 K and on the other side of the modulces was
cooled by walter circulation at 293 K. After heating for 7 h with continuous power generation,
the modules were cooled down to room temperature. This heating-cooling cycle was carried
out 4-times. R, of thc modulcs was mcasured using a standard DC four terminal mcthod
before and after the heating-cooling cycles.

2.3. RESULTS AND DISCUSSION
The module can generate up to 1.9 V and 2.3 W of open circuit voltage V, corresponding
to the tangent of the current-voltage line and maximum power P__, respectively at T, of 973

K and AT of 675 K. On the other hand, these values calculated from S and p of both p- and n-
type bulks rcach about 2.0 V and 3.8 W at thc same temperature condition (Figure 3).

2.5 4.0

2.[)-7 P %

Voltage (V)

Current (A)

Figure 3  Measured (closed symbol) and calculated (open symbol) power generation
characters of eight pairs Co-349/Mn-113 module at 7, and AT of 973K and 675 K,
respectively. Solid and broken lines are guides for eyes.
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The R, values calculated from resistivity of both p- and n-type bulks are as low as 0.2-0.25
Q and lower than the *measured one of the virgin modules. Although measured R, (R,,) is
higher than the calculated R, (R,) by about 20 % at temperaturcs lower than 500 K of the
heater temperature, the increasing percentage of R, increases suddenly and reaches 70 % for
the Co-349/Mn-113 module (Fig. 4). Mcanwhile, in the Co-349/Ni-113 modulc composcd of
eight pairs the increasing percentage of R,, from R, is less than 20 % whole through
temperature region. Although no destruction is observed in the Co-349/Ni-113 modules,
many cracks are observed in the Mn-113 legs after power generation.
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Figure 4  Increasing percentage of R, of measured one (R,,)) from calculated one (R ). Lines
are guides for cyes.

Figure 5 (a) shows the destruction of the module. All destruction happened in the Mn-113
legs. A reason of this destruction is the differential of thermal expansion coefficient between
the alumina substrate. All broken points are not the junctions but in horizontal direction
within | mm height of the Mn-113 legs from the surface of the alumina subsirate. Therefore,
the destruction of the Mn-113 legs leads to the remarkable enhancement in R, by heating the
substrate (Fig. 5 (b)). The mechanical strength of the Mn-{13 bulks is necessary to be
improved.

(b) {s

Mn-113 leg L
‘ -
Pt ®
A -
it d
X -"“"""“-"-k
M

: Ag
alumina plate -
I 00

Figure 5 Destruction of the Mn-113 legs in the module after power generation (a) and a
scanning electron microscopic (SEM) image of cross-sectional area around the junction
between the Mn-113 leg and Ag (b)
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Durability against heating-cooling cycles of the 15 pieces of modules was evaluated. R,
was increased after the cycles (Fig. 6). Because S modules (module number 4, 7, 8, 14 and 15)
were broken after the cycles completely, R, could not be measured. Considering high R, even
at lower heater temperature than 523 K, the destruction of the n-type legs seems to start
before T, reaching at 523 K and extend with increasing temperature.

300
before cycles
after cycles
250
=
200
150

I'2 34567 80I101112131415
Module number
Figure 6 R, of the modules before and after the heating-cooling cycles. R, for the module
number 4, 7, 8, 14 and 15 could not be measured after the cycles because of complete
destruction

3. MECHANICAL PROPERTIES OF MONOLITHIC OXIDE BULKS
3.1. EXPERIMENTAL

The Co-349 and Mn-1 13 bulk samples for the investigation of mechanical properties were
prepared in the same conditions as mentioned above, but without CIP. The bulks were cut into
dimensions of 4.0 mm wide, 3.0 mm thick, and 40.0 mm long for three-point bending test and
5.0 mm wide, 5.0 mm thick, and 10.0 mm long for thermal expansion coefficient.

Linear thermal expansion coefficient @ was measured using a differential dilatometer
(Thermo plus TMA8310, RIGAKU) at 323-1073 K in air. Three-point bending test was
carried out at room temperature, the loading speed was 0.5 mm/min and span length was 30.0
mm (Auto graph AG-20kNG, SHIMADZU) as shown in Fig. 7. In the case of Co-349 bulks,
measurement was performed in the loading direction perpendicular and parallel to the hot-

pressing axis.
L.oading speed
(0.5 mm/min)

/ b

O/Span length (30 mm)

Figure 7 A schematic picture of three-point bending test
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Bulk density of the samples was measured by the Archimedean method. Powder density
was determined by the picometric method in He gas atmosphere. Relative density for the
oxide bulks were calculated using these densities.

3.2. RESULTS AND DISCUSSION

To investigate the cause of the destruction of the Mn-113 legs in the modules, « and
three-point bending strength o, were investigated. The o values for the Co-349 bulks are
lowcr than those for the Mn-113 and Ni-113 ones and closcr to the alumina plates (Fig. 8 (a)).
Thermal expansion coefficient increases with temperature for all samples. Differential
between thermoelectric oxide bulks and alumina plate is shown in Fig. 8 (b). For the Co-349
and Ni-113bulks, the differential from the alumina plate tend to decrease with increasing
temperature. On the other hand, it increases for the Mn-113 bulk. This seems one of the
reasons for the destruction of Mn-113 legs. The g, values, however, are comparable between
Ni-113 and Mn-113 bulks. The diflerence in @ is not an immediate reason for the destruction.

15[t Mo 113 b
13 .c.' 6 '...f\;l 13
o -
=~ ..O"GBO ‘N-113 - £ 5¢ $g0°° °83<:»°cvool.1
v 111 g8*® ¥4 Ni-113
g ® ec® =
= O ®sngveve®’ Co-349 = 3 e, .
~ 3 a®es PP
8 Lesecte N2 R SN ¥T
7 Joeee*® " alumina plate 1+
! | . ;
5 0 | ,
300 500 700 900 1100 1300 500 700 900 1100 1300
Temperature (K) Temperature (K)

Figare 8  Temperature dependence of o for Co-349, Mn-113, Ni-113 bulks, and alumina
plate of the substrate (a). Temperature dependence of differential of a (4a) between
thermoelectric oxide bulks and alumina plate (b).

g, of the Co-349, Mn-113 bulks, and the alumina plates are shown in Fig. 9. This strength
corresponds to the maximum load in the load-displacement curve. At this load, the initial
cracking happens. The alumina substrates show the highest o, Anisotropy of g; is observed in
the Co-349 bulks. The strength in the casc of loading dircction parallel to the hot-pressing
axis is higher than perpendicular to the hot-pressing axis. ¢, of the Mn-113 bulk is lower than
that of the Co-349 and Ni-113 bulks. This low o, is one of the main reasons for the destruction
of thc Mn-113 legs only.

The refative density of the Mn-113 bulks is lower than the other oxide bulks (Fig. 10).
This low density is a reason for the weak oy for the Mn-113 bulks. Scanning electron
microscopic (SEM) images for the three kinds of oxide bulks are shown in Fig. 11. Many
large porcs arc obscrved in the Mn-113 bulks clearly. More densification is necessary to
enhance gy in the Mn-113 bulks. In the SEM images, the Co-349 and Ni-113 bulks are seen as
“aggregates of small grains”, but Mn-113 grains are grown much more than the other oxide
bulks. Such the microstructure in the Mn-113 bulks allows the cracks to run easily. It has been
not clear whether cracking happens in the Co-349 and Ni-113 legs in the modulcs after power
generation. Even if it happens, however, the extension of cracks is prevented by the
microstructure as seen in Fig. 11. Namely, fracture toughness Ky of these bulks is better than
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the Mn-113 bulk. gy and K¢ for the Mn-113 bulk should be improved by densification and
microstructure.

400'
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Figure9  Three-point bending strength & of (a) alumina plates, (b) Co-349 (loading
direction parallel to hot-pressing axis), (c) Co-349 (loading direction perpendicular to hop-
pressing axis), (d) Mn-113, and (e) Ni-113 bulks.
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Figure 10 Relative density of Co-349, Mn-113, and Ni-113 bulks

4. MECHANICAL PROPERTIES OF CaMnOs/Ag COMPOSITES
4.1. EXPERIMENTAL

Ca,,Yb, MnO, powder was synthesized by a conventional solid-state reaction. The
appropriate amounts of CaCO, Mn,0,, and Yb,0, were mixed well and calcined at 1273 K for
15 h and then at 1523 K for 12 h in air with an intermediate grinding. The Ca, ,Yb, MnO /Ag
composites were prepared by wet milling various amounts of Ag,0 (0, §, 10, and 20 wt. %)
with the Ca,,Yb, MnO, powder in an agate pot using ethyl alcohol and agate balls for 24 h.
After sintering, the composites included 0, 4.7, 9.4, and 18.8 wt.% of Ag formed by
decomposition of Ag,0. Mixed slurries were dried and milled for 12 h. Green pellets were
prepared under a uniaxial pressure of 40 MPa and then fired at 1523 K for 2 h in air. The bulk
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density was calculated based on the weight and dimension of each sample. The powder
density was measured using a pycnometer. The crystallographic structure was analyzed by
powder X-ray diffraction (XRD) at room temperature using Cu-K, radiation. Microscopic
structure of the composites was observed by SEM observation. The K, values were evaluated
at room temperature by the indentation fracture technique using a Vickers indenter and the
relationship proposed by Niihara [15]. o, was measured on the bar-shaped specimens by a
three-point bending method at room temperature. The loading speed was 0.1 mm/min and
span length was 10.0 mm.

Figurc 11 SEM imagcs for Co-349, Mn-113, and Ni-113 bulks

4.2. MECHANICAL PROPERTIES

The Ag content dependence of the relative density for Ca,,Yb, MnO./Ag composites
is shown in Fig. 12. The powder density increases with increasing Ag content. Relative
density of the composites sintered at 1673 K is above 95 %. Their brittleness, however, made
the composites difficult to form the shapes for the various measurements. Therefore, although
the relative density was around 85 %, the composites sintered at 1523 K were used for
measurement ol mechanical properties.

The XRD patterns of all the composites arc shown in Fig. 13. The starting Ag,0 was
completely reduced to metallic Ag after sintering at (523 K. No secondary phases and solid
solutions between Ca,,Yb, MnO, and Ag were detected. Obvious change in the orthorhombic
Mn-113 latticc paramcters was not observed in all the composites. Figure 14 shows SEM
photographs of the polished surface for the composites including Ag by 0 (a) and 18.8 wt.%
(b), respectively. The bright dots in Fig. 14 correspond to the metallic Ag and are
homogeneously dispersed in the Ca,,Yb, MnO, matrix. The particle size of Ag grew with
increasing Ag content. The average particle size of the dispersed Ag was 0.8, 1.6, and 3.9 um
for 4.7, 9.4, 18.8 wt.% compositcs, respectively.
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Figure 12 Ag content dependence of relative density for Ca, Yb, MnO /Ag composites
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Figure 13 XRD patterns of monolithic Ca,,Yb, MnO, (a), 4.7 wt.% (b), 9.4 wt.% (c), and
18.8 wt.% (d) composites

Figure 14 SEM photographs of monolithic Ca,,Yb, MnO, (a) and 18.8 wt.% composite (b)
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Figure 15 shows the Ag content dependence of K. The K. values increase with
increasing Ag content and reaches maximum value of 2.2 MPa m' for the 9.4 wt.%
composite and then slightly decreases at 18.8 wt.% of the Ag content.
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Figure 15 Ag content dependence of the fracture toughness K, for Ca,,Yb, MnO/Ag
composites

The improvement mechanism of K, seems to be the plastic stretching of metallic
inclusions by bridging and deflecting the growing crack in ceramic/metal composites [16, 17].
As the crack reached the ceramic/metal interface, the difference in the deformation ability
between the ductile particles and the brittle matrix causcs the crack to be blunted locally.
However, the size of Ag particles becomes larger beyond a critical value, this effect would be
small. Thus, thc K, of Ca,, Yb, MnO/Ag composites had the maximum valuc duc to the Ag
particle exceeding the critical size between 9.4 and 18.8 wt.% of the Ag content.

Figure 16 shows the Ag content dependence of g, for the composites. Generally the g
values of brittle materials are related K, .and the length of an initial crack c as indicated by the
following eq. 1 [18],

Kl('

I
—_— I
e ()

where Y is a dimensionless geomctrical paramcter. g, of 6.6 wt.% composite becomes
comparable to that of the p-type Ca, Bi, Co,O, bulk and increases by about 25 % than that of
the monolithic Ca,,Yb, MnO, bulk. Although the relative density is independent of the Ag
content, g, is increased by incorporation of Ag. The improvement in g, seems to be autributed
to the enhancement of K, .. Morcover although K, slightly decreases at higher Ag content than
9.4 wt.%, o still increases up to 18.8 wt.%. The improvement of g, is possibly attributed to
the change of the parameter ¢ in the eq. 1. In general, ¢ is proportional to the grain size in
dense polycrystalline materials. This means that the strength increased when the grain size
became fine. Thus, the increased o, of the composites is attributed to the refinement of the
grains in the region between 9.4 and 18.8 wt.% of the Ag content.

0’/.:
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Figure 16  Ag content dependence of g, for Ca,,Yb, MnO/Ag composites

5. CONCLUSION

Thermoelectric modules consisting of eight pairs of p-type Co-349 and n-type Mn-113
legs have been fabricated. The module can gencrate up to V, and P, 1.9 V and 23 W,
respectively at a hot-side temperaturc at the surface of the substrate of 973 K and a
temperature differential of 675 K in air. R, of this module is 0.4 Q which is about 1.6 times
higher than the calculated one from resistivity of both p and n-type legs. This is due to the
destruction of the Mn-113 legs. This is due to low fracture strength and toughness.

These mechanical properties of the Mn-113 bulk are improved by incorporation of Ag
particles. The particle size is within 5 pum. The K,.values increase with increasing Ag content
and reach maximum valuc of 2.2 MPa m'* at 9.4 wt.% of Ag content and then slightly
decrease in higher Ag content. The o, value of the 18.8 wt.% composite is higher than that of
monolithic Ca,,Yb, MnO, bulk by 2 times. The increase in ¢ is attributed to the refinement of
the matrix grains and improvement of K, by incorporation of Ag particles.
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ABSTRACT

Thermoelectric properties of ZnO ceramics are largely influenced by the mobility variation
because of the formation of a double Schottky barrier at the grain boundary. It was demonstrated that
magnetic texturing enabled fabrication of highly c-axis oriented ceramics with orientation degree of 100
MRD (MRD: multiples of random distribution). This effectively enhanced Hall mobility by 80% along
the ab-plane. Such a well-conducting grain boundary possessed periodic structures, which was
confirmed by edge-on HRTEM images. On the contrary, Hall mobility along the c-axis was identical
with that of randomly oriented ceramics. Segregation of Al at the grain boundary is thought to be
responsible for the low mobility along the c-axis.

INTRODUCTION

Heat inadvertently emitted from facilities is anindication of ineffectively used energy.
Thermoelectric devices enable conversion of such heat into electric energy, which enhances the energy
efficiency of the system. Since electric power increases with the square of the temperature difference in
thermoelectric devices, high temperature durability is considered an advantage for thermoelectric
materials. Oxides have advantages in application to this purpose.

Among n-type thermoelectric oxides, Al-ZnO shows high performance [1] which originates in
its high mobility [2-4]. However, the mobility of polycrystalline ZnO is only half that of a single crystal
[2,5]. This reduction in mobility is caused by the potential barrier at the grain boundary [6,7] and the
anisotropic nature of mobility between a and ¢ axes [4]. The later effect is dominant below 200 K, where
mobility of the a-axis is two times higher than that of the c-axis.

It is reported that the mobility of ZnO ceramics strongly depends on doping amount: the higher
the doping amount, the higher the mobility [1)]. This fact implies two effects of aluminum: as an electron
donor and as a suppressor of potential barriers at the grain boundary. Nevertheless, the potential barrier
may still exist at near the solubility limit of Al, degrading the mobility of ceramics.

Because of the above influence of the grain boundary on electric transport of ZnO ceramics, the
control of the grain boundary is key to improving the mobility. Sato et al. clarified the relation between
atomic structure at the grain boundary and electric property across the grain boundary using ZnO
bicrystals [8]. They revealed that the atomic structure at the grain boundary strongly influenced the
formation of the potential barrier: incoherent boundary structure led to the formation of high potential
barrier due to the strong segregation of dopant.

Thus the impact of the grain boundary on the mobility should be understood in order to bring
out the potential of ZnO ceramics. This work reports the variation in mobility by magnetic texturing and
carrier concentration, and correlates mobility with grain boundary structure.

EXPERIMENT
Magnetic texturing is based on the alignment of particles in a under magnetic field, where
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particles are suspended in the liquid phase. The driving force of the alignment is the anisotropy in the
magnetic susceptibility of the crystals [9]. Disturbances of the particle alignment are Brownian motion,
convection of liquid phase, and capillary force during the drying process. The former two issues can be
solved by adequate temperature control, and the last is solved by quenching the state of particles by
gelation, using the so-called gelcasting process. Detailed procedures are as follows. Starting powders of
ZnO (Hakusui Tech Co., Japan) and y-Al;O; (Sumitomo Chemical, Japan) were weighed to have a
composition of Zng ¢gAlp 020. A water-based gelcasting [10] was used in this study. The slurry was cast
into a Teflon mold at room temperature, and placed in a 10 T magnetic field (TM-10VH10, Toshiba,
Japan). In the magnetic field. the mold was rotated with a speed of 30 rpm. The rotational axis was
perpendicular to the magnetic flux. Such rotation results in c-axis orientation, while a-axis orientation is
achieved without the rotation [11]. Gelation was initiated within 10 min by adjusting the amount of
catalyst after casting.

After gelation was completed, the samples were demolded and then dried in a
humidity-controlled chamber at room temperature. The dry green bodies were then placed in a furnace to
remove organic substances. The green bodies were heated at 848 K for 30 min in air at heating and
cooling rates of 0.5 K/min. After cold isostatic pressing at 196 MPa, the green bodies were placed into an
AlLOj crucible. To suppress zinc evaporation at high temperatures, the powder bed technique was
adopted. Then sintering at 1673 K for 10 h was carried out.

In order to control the carrier concentration precisely, oxygen partial pressure was varied during
the sintering procedure. Oxygen partial pressure was monitored by ZrO, sensor and controlled by the gas
flow of oxygen and nitrogen. Oxygen partial pressure was varied from 10' to 10° Pa,

Electric conductivity was measured by the DC four-probe method. Seebeck coefficient was
measured by the static DC method. Both measurements were simultaneously carried out by a
commercially available system (ZEM, ULVAC-Riko, Japan) in He atmosphere of 10 kPa. Carrier
concentration and mobility were analyzed by DC Hall measurement at room temperature (Resitest8300,
Toyo Corporation. Japan). Next, platinum electrodes were deposited by sputtering for the van der Pauw
method. The I-V characteristics of these contacts showed a linear relation. The applied magnetic field
was 0.75 T during measurement and reversed polarity measurement was carried out to cancel the voitage
offset.

Pole figures were measured in reflection geometry on an X-ray diffractometer (RINT2550,
Rigaku, Japan) equipped with a pole figure goniometer. Measurements were performed on polished
surfaces of both magnetically processed and randomly oriented specimens for (0002) peak. The
measurements were carried out in the range of azimuthal angle of 0°<f<360° (2.5° steps) and polar angle
of 0°<t<75° (2.5° steps). The normal direction of the specimen was set to be parallel to the rotational
axis during magnetic texturing.

The microstructure of sintered specimens was observed by transmission electron microscopy
(TEM, 3000F, JEOL, Japan). TEM foils were prepared using the standard technique for preparing thin
ceramic foils: cutting, grinding, dimpling, and Ar-ion thinning. An energy dispersive X-ray spectroscopy
(EDS) was also utilized for elemental analyses of grain boundaries.

RESULTS AND DISCUSSION

Because ZnO has a wurtzite structure (hexagonal structure), the properties have anisotropy
between the a- and c-axes, and they are isotropic along the ab-plane. Therefore, a c-axis oriented
specimen is identical with a single crystal if the grain boundary effect is negligible. In this sense, c-axis
orientation is preferable to enhance the conductivity of ceramics. Figure 1 shows the pole figure of
(0002), indicating the c-axis orientation of the specimen. Notic that the specimen possesses an
intensively high degree of orientation of 100 MRD. (MRD: multiples of random distribution) Such a
high degree of orientation can hardly be obtained by other texturing processes.
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Figure 1 Pole figure of (0002) measured for Figme 2 Carrier concentration (n) as a function
magnetic textured zinc oxide. of oxygen partial pressure (Poy).

Table 1. Electric properties of c-axis oriented and randomly oriented ZnQO ceramics.

n(lem’] - # [em*/Vs) o[S/em] Suv/K]
Along a-b plane 9.2x16" 88.4 133§ 96
Along ¢ axis 93 43.2 718 -97
Randomly oriented 9.5 49.3 750 -96

The electric properties of c-axis oriented zinc oxide are summarized in Table 1. The results of
randomly oriented zinc oxide with the same composition are also shown as a control. The carrier
concentration of each specimen was almost the same. which was slightly higher than the reported value
of 7x10" cm™ [5). A remarkable difference can be seen in the mobility. The mobility was enhanced 1.8
times above than that of the control. which resulted in an increase in conductivity. On the contrary, the
Seebeck coeficient did not differ much owing to similar carrier concentrations.

Figure 2 indicates the dependence of carrier concentration on the oxygen partial pressure of the
sintering procedure. Carrier concentration steadily decreased with an increase in oxygen partial pressure.
Since the increase in carrier concentration is owing to the formation of oxygen vacancy, the mean free
path of the carrier may be reduced by this defect, leading to a decrease in mobility with an increase in
carrier concentration. Such a tendency is significant regarding mobility along the ab-plane. On the
contrary, the mobility of randomly oriented ZnO showed the opposite tendency as shown in Fig. 3.
Srikant et al. also reported the enhancement of mobility with increase in carrier concentration below the
carrier concentration of 3x10'% cm™, and explained the behavior by existence of a double Schottky
barrier at the grain boundary [6].

Based on the double Schottky barrier model. the height of potential barrier (®) and its effect on
mobility (x) are described as follows.

v,L eV '{ e¢) eN’
H=—"ex exp - — o=
V n kT kT 8ee,n

.

I

Here. e is the electric charge. N; density of trap at grain boundary, € relative dielectric constant, & the
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() showing steeper slope for ah-plane than that
for randomly oriented ceramics.

dielectric constant in vacuum. n carrier concentration in grain. v, thermal velocity of the electron, L
length of specimen. ¥ applied voltage to the specimen, n, the number of grain boundaries along L, k the
Boltzmann constant, and T absolute temperature {7]. From Eq. (1), the dependence of mobility on carrier
concentration is given as:

dlny _e®@

dinn kT %))

Based on the slope of In(y) vs In(n) (0.79). the potential height, e® is estimated to be 20 meV.

The temperature dependence of conductivity is shown in Fig. 4. A remarkable difference in the
slope can be seen between conductivity of the ab-plane and that of a randomly oriented specimen. The
difference in activation energy between them was found to be 17 meV, in reasonable agreement with the
height of the potential barrier estimated from Eq. 2.

Figure 5 shows edge-on HRTEM images of the grain boundary along the ab-plane. There is no
intergranular phase and the two adjacent grains are directly bonded at the atomic level. Tilt angle of the
grains, that is, the angle made by the [1T00] of both grains, ranges between 13 and 16.5° in this grain
boundary. Corresponding to the tilt angle, several periodic structures were observed as shown in Fig.5
(b)-(d). For instance. Fig.5 (d) shows the tilting angle of 16.5° which is close to that of the ¥49 boundary
[81. It is reported that the £49 boundary of zinc oxide is composed of three different structural units.
These structural units align periodically in order to minimize grain boundary energy. Since such coherent
grain boundaries are energetically stable, the segregation amount of impurities is expected to be lower
than that of the incoherent grain boundary, which is the normal boundary structure in randomly oriented
ceramics. Energy dispersive X-ray spectroscopy analysis of the grain boundary showed the impurity
level was lower than a detection limit of 0.5 at%.

On the other hand, segregation of aluminum at grain boundary was observed at an incoherent
grain boundary as shown in Fig.6. The arrows in the figure indicate the c-axis direction, thus the grain
boundary inclines to the c-axis: moreover ab-planes are slightly twisted at this site. Because of this
geometrical configuration. coherency of the grain boundary is much lower than that of the grain
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Figure 5 Grain boundary structure of magnetic textured zinc oxide. indicating periodic structures of
grain boundary due to high orientation degree.
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Figure 6 EDS results of incoherent grain boundary. indicating aluminum segregation at the boundary.

boundary shown in Fig.5. This low coherency probably causes the segregation of aluminum. In addition,
the detected amount of aluminum at the grain boundary was higher than that of the grain interior, and
lower than that of spinel phase (ZnAl,0,). Sato et al. reported that praseodymium. the well known
additive causing the formation of a double Schottky barrier, segregated at the grain boundary, and the
amount of segregation was much influenced by the structure of the grain boundary [8]. It is believed that
aluminum also behaves similarly. One uncertainty is the origin of the interface state which traps the
electron from the grain interior. Since aluminum is a trivalent cation. aluminum itself may not act as
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acceptor. The valency of praseodymium is also three, and the origin of a double Schottky barrier by this
additive is explained by the formation of zinc vacancy [8]. In the case of aluminum, the vacancy of zinc
can be created similarly in order to maintain charge neutrality. Localization of carrier near the zinc
vacancy may cause the formation of the double Schottky barrier. In fact, addition of aluminum increased
the trap density at the grain boundary in ZnO varistors. This phenomenon was observed by deep level
transient spectroscopy [12], suggesting an unfavorable effect of Al segregation on the conductivity of
ZnO ceramics.

SUMMARY

The present study has been explored the influence of the grain boundary on the conductivity of
Al-ZnO ceramics. In the randomly oriented ceramics, the formation of a double Schottky barrier at the
grain boundary caused reduction in mobility, which was confirmed by the activation energy of
conductivity and dependence of mobility on carrier concentration. Here, the potential height of the
Schottky barrier was estimated to be 17-20 meV. Observation of grain boundary structure by HRTEM
and compositional analysis by EDS revealed segregation of Al was responsible for the formation of the
double Schottky barrier. Magnetic texturing was effective to avoid such segregation, leading to high
mobility of 80-90 cm?/(Vs).
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ABSTRACT

We are currently developing a low-cost and high-efficiency Bi-Te thermoelectric module for
power generation. This module is aimed at heat recovery at temperatures of 423 K or less. Though the
total amount of waste heat energy below 423 K is considerably large, it is not utilized because of its
low density. In addition, the utilization of such low-density energy is considered economically unviable.
Therefore, our objective is to enhance the thermoelectric efficiency and improve the cost performance
of the module. One of the methods to improve the cost performance is to achieve long-term operation
without maintenance through enhanced module reliability. This necessitates evaluation of the
thermomechanical integrity of the thermoelectric module. This paper describes analytical and
experimental studies on the mechanical aspects of the integrity of the thermoelectric module against
thermal stress and/or heat-cycle damage.

To estimate the reliability of the thermoelectric module, three-dimensional elastic-plastic finite
element analysis (FEM) was performed, and heat-cycle tests were conducted with a heat-cycle testing
machine for thermoelectric modules, which was developed in this study. The analytical and
experimental results indicated the design concept for the mechanical aspects of the structural integrity
of the thermoelectric module.

INTRODUCTION

In order to mitigate global warming, which may have serious consequences for the global
environment, targets for reductions in emissions of greenhouse gases that cause climate change were
established for developed countries in the Kyoto Protocol at COP3 (the Third Session of the
Conference of the Parties to the United Nations Framework Convention on Climate Change). Recently,
various attempts have been made to reduce greenhouse gas emissions, such as by converting
fossii-fuel-based energy into other forms of energy or through effective utilization of waste heat.
Meanwhile, although the total amount of waste heat or unutilized energy below 423 K is considerable,
it is not recovered because of its low density'. In addition, the utilization of such low-density energy is
not considered to be economically viable. Several industrial equipments emit large amounts of
low-temperature heat below 423 K, but most of this waste heat still remains unused. This research was
conducted aiming at the utilization of such unutilized energy from industrial infrastructure.
In this research, one of our objectives was to enhance the thermoelectric efficiency of thermoelectric
materials and modules’. The thermoelectric materials developed in this study were bismuth telluride
(Bi-Te)-based alloys doped with Se and Sb. The materials were cast by the Bridgman method. by
which directionally solidified (DS) thermoelectric elements could be prepared. High-efficiency
thermoelements could be obtained as a result of close control of the microstructure and improvements
in the proportions of doping elements®. The developed thermoelectric module is shown in Figure 1.
The module is of the skeleton type and consists of Bi-Te thermoelements of the p-type and n-type.
electrodes of Al and Mo formed by atmospheric plasma spraying (APS) coating, and mold resin®>.

Another objective was to achieve long-term operation without maintenance by achieving
enhanced module reliability, because reliability is an important issue for applying the modules to actual
industrial equipment. The failure or malfunction of the thermoelectric module should not influence the
functioning of the equipment while the equipment is in operation. Additionally. it is also important to
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Figure 1. Thermoelectric module and its schematic configuration.

achieve long-term operation without maintenance for a reduced life-cycle cost.

In this paper, in order to discuss the concept of structural design for increased module integrity,
numerical analyses were performed to evaluate the behavior of thermal stress and strain on the
developed thermoelectric modules, and heat-cycle tests were conducted with a heat-cycle testing
machine. In addition, the application of a thermoelectric power generation system for the utilization of
unutilized energy is reported.

EXPERIMENTAL DETAILS

Finite Eement Mthod Aalysis

To evaluate the stress and strain state of a Bi-Te thermoelectric module subjected to variable
thermal conditions, thernmomechanical elastic-plastic finite element method (FEM) analyses were
conducted using the MARC 2005 code. As shown in Figure 1. the module consists of Bi-Te elements
of the p-type and n-type. a Mo coating on the elements acting as a diffusion barrier, an Al coating as
the electrode layer, and mold resin. A total of 18 couples of p-type/n-type thermoelements are placed in
the module. In this study. a couple of thermoelements and an entire module were modeled to evaluate
the local strain and macroscopic stress behavior, respectively, as shown in Figures 2-(a) and (b). The
finite element mesh used for the calculation consisted of 4320 isotropic three-dimensional 8-node
hexahedron elements for the local model and 80784 elements for the complete model. The elements at

Electrode of Al

Electrode of Al

Electrode of Mo

I'hermoelements Y
I'hermoelements

(a) Model of a couple of thermoelements (b) Model of entire module
Figure 2. Cross-sectional illustration of FE model.
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Figure 3. Mechanical boundary conditions showing cross-sectional illustration.

the interfaces of each component were 0.05 mm thick. The initial temperature of all the finite elements
was set to 298 K, which simulates room temperature. The hot side was then varied to 398 K while the
cold side was maintained at 298 K. The mechanical boundary conditions for the thermomechanical
analyses are shown in Figure 3. The elastic modulus, Poisson’s ratio, heat expansion coefficient, and
plasticity data are listed in Tables I and 1I.

Table I. Material Properties for FEM Analysis

Elastic modulus (GPa)| Poisson’s ratio | Thermal expansion coefficient (10* /K)
Bi-Te 73.3 0.32 15.1
Al coating 84.0 037 23.9
Mo coating 317 0.29 5.1
Resin 1.9 0.40 60.0

Table I1. Plasticity Data for FEM Analysis

Al coating Mo coating
Plastic strain (%) | Stress (MPa) | Plastic strain (%) | Stress (MPa
0.0 3.1 0.0 444
4.8 15.5 4.8 61.2

Heat-cycle Test

In this study, a heat-cycle testing machine for thermoelectric modules was developed. This
testing machine can simulate the actual operating conditions. It has a mechanism to supply heat in
cycles to the upper surface of the module while concurrently cooling the lower surface. During the
tests, the hot side of the module was loaded with continuous heat cycling from 323 K to 403 K, while
the cold side was maintained at 298 K. The modules were also compressed at 1| MPa to represent the
actual operating conditions. The testing machine can detect changes in the internal resistance of the
thermoelectric module accompanied by crack growth. The thermoelectric module employed for the
heat-cycle tests was a 40 x 40 mm module composed of 18 couples of directionally solidified
thermoelectric elements. These modules were polished into three types of modules with electrode
coating thicknesses of 300 pm, 400 yum, and 480 um. The target number of cycles was defined as
3,000 cycles. Furthermore, the test was interrupted arbitrarily when a module did not fail after 3,000
cycles. Then, the region of failure was observed by an optical microscope.

RESULTS AND DISCUSSION

Thermal Stress and Strain Estimation
Although the temperature variation in the thermoelectric module is not very extensive. the
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multilayer structure of the module may induce thermal shear strain owing to the differences in local
thermal expansion among the individual materials, as shown in Figure 4-(a). On the other hand, as the
module has a temperature difference between the hot and cold sides. thermal stresses caused by
macroscopic thermal deformation may also occur. as shown in Figure 4-(b). Therefore, numerical
analyses were carried out to estimate the distribution of (a) the thermal strain caused by the differences
in local thermal expansion and (b) the thermal stress caused by macroscopic thermal deformation.

Electrode of Al(23.9 x 10/K)

Electrode of Mo(5.1 x 10%/K)  Electrode of Al
r— - Electrode of Mo -
il L \ Hot side
crmeell SR O e /
e | [— — 1Y /’ é
*
/) 7 -l
Resin 7 GRS / } Macroscopic
L deformation
Thermoelements Cold side
(a) Differences in local thermal expansion (b) Macroscopic thermal deformation

Figure 4. Illustration showing local strain and macroscopic deformation.

Thermal Strain Caused by Differences in Local Thermal Expansion

To estimate the occurrence of thermal strain caused by differences in local thermal expansion,
as shown in Figure 4-(a). thermomechanical FEM analysis was performed with the model of a couple
of thermoelements. The FEM analysis revealed that shear strain appeared dominantly. Figures 5-(a)
and (b) show contour maps of the shear strain obtained from the FEM analysis. The contour map in
Figure 5-(a) shows that the shear strain in the ZX-direction distributes in the vicinity of the hot side of
the thermoelements. Figure 5-(b) shows that the shear strain in the YZ-direction distributes in the
vicinity of the interface between the Al coating and the Mo coating. The numerical values in the
figures are the totals of the plastic strain and elastic strain. The maximum values of shear strain at (A)
and (B) are 0.57% and 0.90%, respectively. This result suggests the necessity for reduction of the strain
at (B). To evaluate the configurational parameters affecting the thermal strain, sensitivity analysis was
carried out by varying the thickness of the electrode coating. As shown in Figure 6, decreasing the
thickness of the Al coating was found to be effective in reducing the strain at (B).

Z  Shear strain (%) in a direction of ZX Z Shear strain (%) in a direction of YZ
‘)‘ i

X _ _—0.43

Iy & =090

Vi

Al coating
7 &1 .

s &

Mo coating

Thermoele ment
(a) Contour map in the vicinity of Point (A) (b) Contour map in the vicinity of Point (B)
Figure 5. Contour maps of the shear strain obtained from the elastic-plastic FEM analysis.

72 - Developments in Strategic Materials



Evaluation on Thermo-Mechanical Integrity of Thermoelectric Module for Heat Recovery

g 12

E

(=]

a.

5 10

=

R

# ‘

g 08 /
2

v

§ 0.6

f 200 400 600 800

Thickness of Al coating, pm

Figure 6. Variation in thermal shear strain accompanied by variation in thickness of Al electrode
coating.

Thermal Stress Caused by Macroscopic Thermal Deformation

To estimate the occurrence of thermal stress caused by macroscopic thermal deformation, as
shown in Figure 4-(b), thermomechanical FEM analysis was performed with the model of the entire
module; the result of heat transfer analysis is shown in Figure 7. This figure shows that the
temperatures of the thermoelements change almost linearly from 298 K to 398 K. Subsequently,
elastic-plastic thermomechanical analysis was carried out based on the temperature distribution
obtained from the heat transfer analysis. In this analysis, we focused on the thermal stress on the
electrode coating caused by the macroscopic thermal deformation; the results shown in Figure 8 reveal
that the thermal stress appears in the vicinity of the center of the electrode coating. As such stress is
caused by the macroscopic bending deformation of the whole module, it is expected that the thermal
stress can be reduced by increasing the thickness of the electrode coating.

Electrode of Al and Mo coaling

i et L3 | ;

Thermoe lement e
Figure 7. Result of heat transfer analysis using model Figure 8. Result of thermomechanical
of entire module showing temperature distribution. analysis of mode! of entire module

showing stress distribution.

Direction of Structural Design for Thermoelectric Module

The results described above are summarized in Table TI1. It shows that (a) the design direction
for reducing the thermal strain caused by the differences in local thermal expansion and (b) the design
direction for reducing the thermal stress caused by macroscopic thermal deformation are in conflict
with each other. Therefore, experimental verification is necessary to identify the area in which the
module is damaged and how this damage occurs.
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Table 111. Summarized Result of Suggested Design for Reduction of Stress and Strain

Direction for reduction of

C f d Expected hol fd .
ause of damage xpected morphology of damage strain ot stress
(a) Thermal strain caused by differences Delamination or interlayer crack | Decreasing the thickness of
in local thermal expansion propagation of electrode coating | the electrode coating

(b) Thermal stress caused by macroscopic Crack propagarion in the centeral | Increasing the thickness of
thermal deformation part of electrode coating the electrode coating

Heat-cycle Estimation for Thermoelectric Module

A heat-cycle testing machine was developed to verify the effect of the thickness of the
electrode coating. A photograph of the developed testing machine and its schematic configuration are
shown in Figure 9. It has a mechanism to supply a heat cycle to the upper surface of the module while
concurrently cooling the lower surface. The modules can also be compressed by a spring load to
simulate the actual operating conditions. The compression load is detected and verified with a load cell.
The testing machine can also detect changes in the internal resistance of the thermoelectric module
accompanied by crack growth. These features are appropriate to estimate the heat-cycle properties of
modules for power generation.

Compressive loading

Spherical washer

Heater

Thermolectric module
~ Cooling Water

Load cell

Heat cycke unit
Figure 9. Photograph and schematic illustration of the developed heat-cycle testing machine.

Heat-cycle tests on the thermoelectric modules were carried out with the developed heat-cycle
testing machine. Since the thickness of the electrode coating was found to be a significant design
parameter for enhancement of reliability as described. three kinds of modules with different electrode
coating thickness of 300 pm, 400 pm, and 480 pm were prepared for the heat-cycle test.

Figure 10 shows the result for the module with the 300-um electrode coating. The internal
resistance was elevated at 1200 cycles, following which failure occurred. Microscopic observation
revealed that failure was induced by a crack that propagated at the center of the electrode coating. as
shown in Figure 11. This corresponds well to the area where the stress appeared. as shown in Figure 8.
Therefore, it is suggested that the failure was induced by the cyclic bending of the electrode coating
caused by the macroscopic thermal deformation.

As shown in Table III, the thermal stress due to macroscopic thermal deformation could be
reduced by increasing the thickness of the electrode coating. This is also convenient from the electrical
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Figure 10. Result of heat-cycle test in the module with a 300-um electrode coating showing the

changes in internal resistance.

Figure 11. Microscopic observation of crack propagation at the center of the electrode coating.

design standpoint as the increased thickness of the electrode coating will also decrease the electrical
resistance of the electrode.

Table IV shows the results of the heat-cycle tests on the modules with electrode thicknesses of
300 pm, 400 pm, and 480 um; the table also shows that the heat-cycle lives of the modules with
400-um and 480-um electrodes were both greater than 3,000 cycles. Thus, it is clarified that the
objective of 3,000 cycles in heat-cycle life was achieved due to the effect of increasing the electrode
thickness. This result also indicates that such analytical and experimental estimation processes are
effective in increasing the structural integrity of thermoelectric module.

Table IV. Results of Heat-cycle Test

Thickness of
Module No.| electrode coating | Broken or not broken | Number of cycles
pm
1 300 Broken 1200
2 400 Not broken 3800
3 480 Not broken 3900
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CONCLUSION

In order to expand the practical applications of thermoelectric systems in ind
infrastructure, it is essential for thermoelectric modules to have long-life integrity. In this st
structural design method for the development of reliable thermoelectric modules was develop
experimental verification of the heat cycle was carried out.

The analytical and experimental results indicated the following design concepts f
mechanical aspects of the structural integrity of the skeleton-type thermoelectric module:
(1) In order to reduce the thermal strain caused by the differences in local thermal expansioi
effective to decrease the thickness of the Al electrode coating. And for the reduction of the I
stress caused by macroscopic thermal deformation, it is effective to increase the thickness
electrode coating.
(2) A heat-cycle testing machine was developed in order to simulate the actual operating cond
The experimental results revealed that the integrity of the module could be enhanced by the dev:
design concept obtained from the analytical examinations, and the objective of 3,000 cy«
heat-cycle life was achieved.
(3) It was revealed that the analytical and experimental estimation processes discussed in this stu
effective for increasing the structural integrity of thermoelectric modules.
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ABSTRACT

Transport properties of two type-l clathrate compounds Sn,P,,Br, and Sn,,Zn,P,Br, are
investigated. These are non-conventional clathrate phases formed by cationic framework sequestering
anionic guest. The crystal structure as well as resistivity, thermal conductivity, Seebeck coefficient and
Hall measurement for both compounds is reported. Their potential for thermoelectric application is
also discussed.

INTRODUCTION

In pursuit of alternative, environmentally friendly energy sources and solid state refrigeration,
thermoelectric materials are of interest. Any effective thermoelectric material should have a high
electrical conductivity, 0. a large Seebeck coefficient, S, and low thermal conductivity, x, on the

appropriate temperature of operation. The dimensionless figure of merit is defined as

_ S*oT
X

zT m

and is a measure of the thermoelectric properties of a material. The theoretical value of this figure of
merit is not limited, and could go up to infinity, however, the practical upper limit for the past thirty
years has been Z7 ~ 1. and only recently exceeds unity!’ in bulk materials. Equation (1) shows that
the value of ZT could be maximized either by increasing the power factor $°c or decreasing the total
thermal conductivity x =, +x,, or both. Here x, and &, are the lattice and electron contributions to

the thermal conductivity, respectively.

—

Arbitrary units

Insulators Semiconductors Metals

Figure 1. Optimizing a thermoelectric material.

However, these parameters are interrelated and their optimization is not a simple matter. From the
Wiedemann-Franz law. K, /o =3/2(k,/e)’T. we see that the ratio between the x, and ¢ is essentially
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constant at a given temperature. Therefore, decreasing one property decreases the other. Also, for
typical materials an increase in & will lead to a decrease in S (see Figure 1). From this simple analysis
a good thermoelectric material should be a semiconductor due to the fact that the maximum power
factor may be established for a particular carrier concentration.

The “phonon glass electron crystal” (PGEC) concept introduced by Slack identifies a range of
crystal structures potentially relevant for thermoelectric applications'®. A cage-like structure
sequestering guest atoms is a mode! structure. The guest atoms can “rattle”™ around their equilibrium
positions inside the atomic “cages” thereby creating disorder. This leads to a suppression of the
thermal conductivity from this effective phonon scattering mechanism'®. A class of materials known as
type-l clathrates has such a structure. Typically clathrates contain cationic alkali. alkaline-earth or
europium guest atoms. But the two compounds that are considered here have cationic framework
sequestering anions as guests.

Figure 2. A polyhedral presentation of the crystal structure of a type-1I clathrate. Pentagonal
dodecahedra are drawn in the center, and tetrakaidecahedra are on the left.
Reprinted from [12]. Copyright 2000, American Physical Society.

The term clathrate was first introduced by Powell® in 1948 to identify organic inclusion compounds.
and expanded on gas hydrates by Paulingm. Shortly after, inter-metallic compounds having the crystal
structure of the chlorine hydrates were discovered'. They have a cubic unit cell with space group
Pm3n. Two kinds of building blocks participate in the unit cell structure, dodecahedron and
tetrakaidecahedron. as shown in Figure 2.

SYNTHESIS AND CRYSTAL STRUCTURE

Two samples of tin-clathrates with stoichiometry Sn,,P,.Br, and Sn.,Zn.P,,Br, were sent by
Dr. Andrei Shevelkov from the Moscow Sate University in Russia. The following materials were used
for synthesis'?: Metallic tin (Reakhim 99.99% ), Red phosphorus (Reakhim 97%) were purified, Tin
(ID) and Tin (IV) bromide were synthesized. Samples with overall Sn,,P,,.Br. 1, (x=0.1,2.3,4.5.6.7.8)
composition were prepared by heating the respective stoichiometric mixtures of tin, red phosphorus.
tin (IV) iodide and tin (IT) bromide in sealed silica tubes under vacuum at 725 K for 5 days. The
samples were then reground and heated again at 675 K for another 14 days. and then furnace-cooled to
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room temperature. The compound Sn,Zn,P,Br, was prepared by heating the respective

stoichiometric mixtures of tin, red phosphorus and tin (IV) bromide in sealed silica tubes under
vacuum at 773 K for 5 to days. The samples were then reground and heated in sealed ampoules at 573
K for another 14 days, followed by slow cooling to room temperature.

Fragments of the crystal structures of both compounds are shown on Figure 3. These are not
conventiona! Zintl phases. formed by cationic framework hosting anions inside the two different
polyhedra.

Zn(33)

Figure 3. Fragments of the crystal structure of a) Sn,,P,,,Br, and b) Sn,,Zn,P,,Br,
Sn(31.) large white spheres; Sn(32), large light gray spheres; P, small gray spheres;
Zn, large dark gray spheres; Br, large black spheres.

Reprinted from [2] with permission from Elsevier Science.

The bromine atoms can occupy two distinct sites, Br(1) and Br(2), both inside the polyhedra that form
the crystal structure of Sn,,P,,.Bry (Fig. 3a). The pentagonal dodecahedra sequester the Br(1) atoms,

and tetrakaidecahedra sequester Br(2) atoms. The Br(1) atom is surrounded by 20 atoms. 12Sn+8P
forming a pentagonal dodecahedron, and the Br(2) atom is surrounded by 24 atoms 12Sn+12P
forming a tetrakaidecahedron. The two kinds of phosphorus atoms P(1) and P(2) occupy 6¢ and /6§
sites. respectively, while the Sn atoms occupy 24k. This site splits into two positions occupied by
Sn(31) and Sn(32). Sn (31) is tetrahedraly bonded with 3 phosphorus atoms and one tin atom Sn(32).
Sn(32) has two phosphorus and one tin neighbor in the first coordination sphere plus three more distant
Sn(32) atoms in the second coordination sphere.

The framework of the compound Sn,;Zn,P,,Br, is composed of Sn, Zn and P, the Br being

encapsulated inside the polyhedra. This compound is vacancy-free on the framework sites since there
are 46 atoms that form the framework. Tt crystallizes in the cubic system, with lattice parameter
a=10.7449 A. Again, there are two bromine sites Br(1) and Br(2) encapsulated in a 20-vertex
dodecahedron, and 24-vertex tetrakaidecahedron, respectively (Fig. 3b). The closest distance from the
bromine to the framework is 3.55 A. Br(2) atoms show high and anisotropic Atomic Displacement
Parameters’. The unique metal site Sn(3) splits into two closely lying atomic positions set at Sn(31)
and Sn(32). Each Sn(32) atom forms two bonds with P(2)-atoms and one Sn(31)- Sn(32) bond. The
P(2) atom forms one homonuclear P(2)-P(2) bond, further surrounded with three metal atoms Sn(31)
or Sn(32) forming a distorted tetrahedron. The P(1) atom is surrounded by 4 metal atoms forming
almost regular tetrahedron. The sites at which atoms are located are as follows: Br(1) at 2a, Br(2) at
6d, P(1) at 6¢. P(2) at 16i and Sn and Zn atoms at 24k. Some of the inter-atomic distances are: P(1)-
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Sn(31) - 2.458 A; P(1)-Sn(32) - 2.554 A; P(1)-Zn(33) - 2.422 A; Sn(31)-Sn(32) - 2.548 A; Sn(32)-
Zn(33) - 2.570 A.

EXPERIMENTAL PROCEDURE

The two specimens were densified for transport measurements by hot pressing at 450 °C and
422 MPa for two hours. The polycrystalline pellets were cut into parallelepipeds of size 2x2x 5 mm®
using a wire saw to reduce the surface damages. Steady state Seebeck coefficient, thermal conductivity
as well as four probe resistivity measurements were performed using a radiation-shielded vacuum
probe in a custom-designed closed-cycle refrigerator'6. To measure the temperature gradient, a
differential thermocouple was employed. 0.001 in. copper wires were used as voltage probes. Hall
measurements were carried out at room temperature employing a 2 T electromagnet, using pellets cut
in parallelepipeds of size 2x0.5xSmm’ at successive positive and negative magnetic fields to
eliminate voltage probes misalignments.

RESULTS AND DISCUSION

Fig. 4 shows the resistivity, p, versus temperature for Sn,,P,,;Br,. p increases slowly with
temperature in the temperature interval 12-55 K, then decreases rapidly with increasing temperature in
the temperature interval 55-100 K and continues to decrease up to room temperature, reaching a value
of 15mQ-cm at room temperature. The maximum value of the resistivity is 5.4x10' mQ-cm at 55
K.

Resmwerty (md-cm
s

™ Tw mm m e m w ™

Tempecsture (K}

Resistivity (mQ-cm)

.
o} ® ¢ o0 060 0 0 0

0 50 100 150 21‘1) 250 300
Temperature {K)
Figure 4. Resistivity versus temperature for Sn, P, .Br,.

p for Sn,,Zn,P,,Br, increases with increasing the temperature in the temperature interval 10-200 K,

reaching a peak 6.6x10° mQ2 - cm at 200K, and then continuously decrease up to 2.6x10° mQ-cm at
room temperature.
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Figure 5. Resistivity versus temperature for Sn,Zn,P,,Br,.
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Figure 6. Seebeck coefficient versus temperature for Sn,,P,,,Br, .

As shown in Figure 6, S continuously increases with temperature throughout the whole temperature
interval and is positive. S has a room temperature value of 40uV/K.
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Figure 7. Seebeck coefficient versus temperature for Sn,Zn,P,,Br,

S for Sn,Zn,P,,Br, increases throughout the entire temperature range (Fig.7) reaching a room
temperature value of 40pV/K.
Simultaneous view of the thermal conductivities for both compounds is given on Fig. 8
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Figure 8. Thermal conductivities for Sn,,P,, ;Br, and Sn,,Zn,P,,Br,

x shows typical dielectric behavior. The room temperature values of x are 1.6 Wm'K ' for
Sn,,P,.Br, and 1.3Wm'K ' for Sn,Zn,P,,Br,. This value is similar to that for the commercially

used thermoelectric alloys based on Bi,Te,. The maximum values for x are 3.6 Wm'K 'for

Sn,,P,,Br, and 2.1 Wm'K ' for Sn,,Zn,P,,Br, . The thermal conductivity for Sn,,Zn,P,,Br, is lower

throughout the whole temperature range, which implies that Zn produces atloy scattering which further
SUppresses x.
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Room temperature ZT values for both compounds are 0.03 for Sn,,P,,Br, and 0.0001 for
Sn,,Zn,P,,Br,. x for the latter compound is lower than for the first one, but the resistivity is 2 orders

of magnitude greater throughout the largest part of the temperature range. This implies that the
presence of Zn in Sn,,Zn,P,,Br; also causes scattering of the charge carriers thereby reducing o

greatly.
The Hall measurements yielded carrier concentration of 1.6x10% cm™ for Sn,,P, By, and

3.4x10" em™ for Sn,,Zn,P,,Br,.

CONCLUSION )
Transport properties for two non-conventional Zintl compounds Sn,P,,B, and

Sn,,Zn,P,,Br, were investigated. These compounds contain cationic framework sequestering anionic
atoms. Presence of additional Zn atom in Sn;Zn,P,,Br, leads to effective phonon scattering and
lowering of x. The low carrier concentration for Sn,,Zn,P,,Br, gives rise to its resistivity compared
with the lower resistivity and higher carrier concentration for Sn,,P,,Br, . However, the ZT values for
both compounds are insufficient for significant thermoelectric applications.
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ABSTRACT

This paper focuses on the electrical conductivity and dielectric properties of HCI doped polyaniline
under various heat-treatment temperatures. Using differential scanning calorimetry (DSC), FT-IR
spectra, and X-ray diffraction (XRD), it is discovered that PANI-HCI appears an excellent electrical
conductivity below 120°C: as the temperature rises to 160°C, its electrical conductivity drops sharply
and is almost like a diclectric. Furthermore, PANI-IICI demonstrates an excellent diclectric constant
below 100°C and a loss tangent tan(8;) between 0.35 and 0.49, when the temperature increases to 140°
C, the dielectric constant decreases rapidly and the loss tangent falls below 0.1, HCI volatilization and
changes in the molecular chain also have a distinct influence on the conductivity and dielectric
propertics.

INTRODUTION

Polyaniline (PANTI) is one of the most widely studied conducting polymers due to its relatively high
conductivity and easy of processing. Antistatic materials, electromagnetic shielding, rechargeable
battery electrodes, electrochromic devices and electrocatalysis are parts of the potential application list
131 Although the temperature during synthesizing, doping and drying of PANI is usually lower than
100°C, higher temperatures (over 100° C) are inevitable during machining and processing of PANT and
other macromolecule materials. For example, some scientists blend PANI with PVCZ ABSC nylonC:
thermoplastic polyester and so on in order to mitigate the problem of contour machining of PANI. The
temperature sometimes exceeds 200°C or even approaches 300° C when these composites are machined
in the process of extrusion, injection and compression **!, Therefore, it is important to investigate the
impact of high temperature on PANI’s structure, composition and conductivity.

In this paper, we present both theoretical and experimental observations on electrical conductivity
and dielectric properties of 11Cl doped polyaniline under different heat-treatment temperatures.
Differential scanning calorimetry (DSC), FT-IR spectra and X-ray diffraction (XRD) werce used to study
structural transformations and phase transition.

BRIEF DESCRIPTION OF THE EXPERIMENT

The synthesis of polyaniline (PAN1I) was carried out by chemical oxidative polymerization of a
0.1M solution of anilinc in an organic protonic acid medium. The acid used was hydrochloric acid (HCT)
0.1M. Ammonium persulphate as the oxidant with 1:1 molar ratio to HCl in an acid solution was used
for the present study. The oxidant was added very slowly to the reaction vessel containing aniline and
hydrochloric acid solution kept at 0° C. The solution was stirred for 2h. This reaction mixture was then
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stirred continuously for 24 hours. and then filtered. The dark blue salt form of HCl doped polyaniline
was collected and washed in distilled water and acetone four times, respectively, until the filtrate
became coloriess. This PANI-TICI was first separated into six cqual parts, and cach portion was dricd at
a different temperature: 60°C, 80°C, 100°C, 120°C, 140°C, 160° C, under forced air convection for 24
hours. Each purified and dried PANI-HC1 was powdered in a mortar and blended with silastic in a mass
ratio of 1:1. Once thoroughly homogenized, Fig 1, the mixture - was compression molded into plates of
20 mm =100 mm to study its electrical conductivity and dielectric properties.

Fig 1. Scanning electron microscopic (SEM) images of PANI-HCI

These SEM photos prove that its components are mixed well. PANI-HCI powder covered with
silastic is dispersed (the granular component) evenly over the entire area of the matrix. As a result of
phasc separation, PANT-HCI pathways arc created, which, in some cases, is responsible for the
conductivity of these composites.

RESULTS AND ANALYSIS
Temperaturc Tmpact on Electrical Conductivity of PANI-HCI

The impact of different heat-treatment temperatures on electric conductivity of PANI-HCI is shown
in Fig 2. Because there is such a large range of conductivity values, the ordinate has been converted to
non-dimensional form and plotted in log format in which the following transformation is used:

o(1"C)
o(60° ()

log;y{ }

As can be scen from the plot, the electrical conductivity of PANI-HCI is almost constant provided
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the temperature is below 100°C. However, once the temperature reaches 120°C, the log of the
non-dimensionalized electrical conductivity drops to 10", As the heat treatment temperature further
increases beyond 120° C, a rapid decrease in electrical conductivity is observed. Compared with 60°C,
this log plot decreases 5 and 7 fold at 140° C and 160° C, respectively. At 160°C, it exhibits a
nondimensional conductivity of almost 1.47x107.

1
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log,, {m}
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Fig 2. Temperature impact on electric conductivity of PANI-HCI

Heat Treatment Temperature Impact on Dielectric Properties of PANI-HC

The dielectric constant is a measure of the ability of a polymer to store a charge from an applied
electromagnetic field and then transmit that energy. It is also determined by molecular structure,
vibration, and polarization. Fig 3 shows the components of dielectric constant & and £ as a function
of heat treatment temperature and frequency for PANI-HCI. At 60°C and 100°C, Fig 3 also suggests
that £ and £ decrease with frequency, However, both £ and £ are relatively constant above
140°C. At lower heat-treatment temperatures, the decrease of £ and £ may be related to charge
transport via small mobile polarons involving pair-wise charges of polarons and bipolarons in the
“unprotonated™ amorphous portions of the bulk emeraldine base polymer *! . This mechanism is
illustrated in Fig 4 in which the HCI is dedoped at higher temperatures leading to the sharp reduction of
the number of charges. This causes a decrease in polarization which lowers the variation of £, and £, .
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Fig 4. Mechanism of charge-lowering of HCI dedoped from PANI

The frequency dependence of tan(8;) in Fig 5 shows relatively strong dependence on temperature in
the range of 2-8Gl iz, but there is no substantial change in tan(5.) above 8GHz. Changes at higher
frequencies could be a result of extreme disorder present that lo Calizes charge leading to severe
pinning of polarons, thus restricting their contribution at higher frequencies. Also, Fig 5 suggests that
PANI-HCI presents an excellent diclectric property below 100°C and loss angle of tangent tan(3,) is
between 0.35 and 0.49. As temperature increases to 140° C, the dielectric property drops so sharply that
tan(8;) is below 0.1. For under certain frequency, tan(5;) is tightly related to its structure. The higher the
heat-treatment temperature, the less the molecular polarization; and the smaller is the degree of
polarization, the lower the loss tangent 11 Also, when the heat-treatment temperature is much too high,
the crystal lattice and molecular chains of polyaniline are destroyed so that the electrical conductivity
decreases leading to a rapid lowering of tan(5).
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Fig 5. Temperature impact on loss tangent tan(5,) of the complex dielectric constant of PANI-HCl in the
range of 2~18GHz
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DSC Analysis
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Fig 6. Temperature impact on DSC of PANI-HCI

Differential scanning calorimetry (DSC) is most commonly used to determine thermal transition
temperatures such as glass transition, melting, cross-linking reaction, and decomposition. Fig 6 shows
the DSC measurement results of PANI-HCI under different heat-treatment temperatures. Two
endothermic peaks at 100° C and 260° C were observed. Based on work previously reported, PANI-HCI
has discernable moisture content ™!, Therefore, the first endothermic peak is most likely attributed to the
moisturc cvaporation and perhaps outgassing of unknown small molccules, but these changes have
negligible influence on electrical conductivity of PANI-HCI. The second endothermic peak at 260°C
indicates that the dopant has come out from the polymer backbone. Polyanilines have suitable structures
that facilitate solitonic, polaronic and bipolaronic conformation when doped with HCI. Unlike all other
conducting polymers, the conductivity of polyaniline depends on two variables: (i) the degree of
oxidation of PANI and (ii) the degree of protonation of the material 1% The bipolarons formed during
the doping process are unstable with respect to a spontaneous internal redox reaction, leading to the
formation of polarons (radical cations). Atso in the protonic acid doping process, the number of
electrons associated with the polymer chain remains the same; hence, the conduction is mostly due to
polaronic hopping "'*'?!. However. the dedopant of HCI greatly reduces the degree of protonation and
conjugation. Fig 6 also shows that there is another ecndothermic peak at 160°C. We consider the
endothermic peak to be duc to a cross-linking reaction !'* " and decomposition. The mcchanism of
cross-linking reaction of PANI-HCI is shown in Fig 7.
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FT-IR Analysis
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Fig 7. Mcchanism of cross-linking reaction of PANI-HCI

The principal absorption bands observed in the FT-IR spectra of PANI-TICI is shown in Fig 8. In the
range 250-4000cm™*, the five absorption bands represent the C=C stretching vibration of quinoid ring(

C=C stretching vibration of benzenoid ringCC-N stretching vibrationCN=Q=N deformation and

C-N stretching, respectively '\, Bands of 60°C at 1570cm™ and 1489cm™’ are the characteristic bands

of nitrogen quinoid and benzenoid ring and are present in the doped polymer matrix. The peak at

1570cm™ and 1489cm™' is shifted to 1589cm’ and 1504cm™’ when the heat-treatment temperature rises
to 160° C and the intensity of thesc bands decreases significantly. These imply that at a higher

transmittance—

160C
60C
A . . . ; . A
500 1000 1500 2000 2660 3000 3500 4000

wavenumber(tm-1)
Fig 8. Tempcrature impact on the FT-IR spectra of PANI-HCI
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heat-treatiment temperature, the dopant moiety H™ attached 1o polymer backbone is completely removed
leading to the destruction of the conjugation and the metallic polaron band transitions in the polymer
matrix. The dedoping of TICI results in the decrease of clectrical conductivity. The finding that
1589/1504=1.056>1570/1489=1.054 indicates that thc polymer gets converted from quinoid form to
benzenoid form, which was not expected. Also, the quinoid form is more stable than benzenoid form at
higher heat treat temperatures. We also believe that since our heat-treatment was not conducted under
vacuum, there was thermal oxidation leading to an increase of the quinoid form. The mechanism of
oxidation of PANI is shown in Fig 9.

Pal
wns©=wv\ +H20-—-—OT—> AMN=C>=Q + NHpwv
2
AT
VN NH +Hzo_____>o ANAN; O ~ NH;3
?

Fig 9. Oxidation of PANI

XRD Analysis
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Fig 10. Heat treatment temperature impact on XR1D} spectra of PANI-HC

The X-ray diffraction pattern of PANI-HC! film of different heat-treatment temperatures is shown
in Fig 10. From 60° C 1o 120°C, the diffraction peaks which appcar at 261 -8.5°, 15.0°,20.6°, and 25.3°
indicate the partly crystallization of PANI-HCI. The absence of any peak above 120°C suggests the
amorphous structure of the film. However, the presence of very small peaks in the diffract graph
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indicates the presence of a mixed state of polycrystalline and amorphous structure of the film. We
assume that the decreasing crystallization is mostly due to the removal of the HCI at higher
tcmpcratures.

CONCLUSION

Electrical conductivity and dielectric properties under different heat-treatment temperatures of HCI
doped polyaniline are studied and the experimental conclusions are listed as follow:
(1) PANI PANI-HC! appears an excellent efectrical conductivity below 120°C; as the temperature rises
to 160° C, its clectrical conductivity drops sharply and is almost like a diclectric.
(2) PANI-HCI indicates an excelient dielectric property below 100°C and the loss angle is between 0.35
and 0.49. When the temperature increases to 140°C, the dielectric property is reduced greatly and tan(5,)
below 0.1.
(3) HCI volatilization and changes in the molecular chain also have a distinct influence on the
conductivity and diclectric propertics.
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PREPARATION OF CERAMIC FOAMS FROM METAKAOLIN-BASED GEOPOLYMER GELS
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ABSTRACT

The average pore diameter of hardened K;0+A1;0324Si0,¢11H,0 geopolymer gel was measured by
standard porosimetry techniques and determined to be extremely small (6.8 nm in diameter). On
heating the geopolymer, significant capillary pressure (> 21 MPa) was expected due to vaporization of
water from small pores. These capillary forces were enough to cause cracking and failure of
monolithic geopolymer bodies. To avoid this problem, foaming agents, including spherical Al powder
and hydrogen peroxide, were added to the geopolymer paste to engineer controlled porosity into the
material and to shorten the diffusion distance for entrapped water to leave the samples. In order to
contro! the internal pressure, the mixed pastes were cast into sealed metal dies and cured at elevated
temperatures. Armoloy® coating on steel dies was found to be effective at improving the mold life
and preventing geopolymer from sticking to the mold after curing. Foamed samples made using 0.5
and 1.5 wt% H,0; and curing at 200°C for 7 h, had good machinability and high compressive strengths
(44-77 MPa), but did not produce crack-free ceramics on heating. Mercury intrusion porosimetry and
SEM results suggested that these samples did not obtain a percolating network of porosity due to
hydrogen peroxide addition. Samples made using 60 wt% spherical Al as a foaming agent had pores
of irregular shape with a larger pore size distribution, and were successfully converted to crack-free
ceramics on heating. The Al foamed samples appeared to have attained a percolating pore network
and exhibited minimal shrinkage on heating.

INTRODUCTION

Upon drying, pressure gradients develop within geopolymers that give rise to capillary forces,
which in many cases, are sufficient to induce both microscopic and macroscopic cracking in
geopolymers. Perera et al.! found that rapid drying, even in the presence of controlled humidly,
typically led to cracking due to water loss. The dryout cracking problem can be reduced substantially
in fly ash-based geopolymer systems due to the low water demand® ? and reinforcing properties of fly
ash. However, in the interest of better compositional control, enhanced reactivity, and higher purity,
metakaolin is often used instead of fly ash, despite its higher cost. Unfortunately, metakaolin has a
much higher water demand compared to fly ash due to its plate-like particle shape and higher specific
surface area. Much of the additional water which is required to mix the metakaolin-based geopolymer
exists as “free” water after curing, which can be easily removed on heating below 150°C.*

Avoiding this cracking problem is even more important in refractory applications or in
situations where the formation of a ceramic on heating is desired. Metakaolin-based geopolymers are
typically used in these situations, since refractory phases such as leucite (KAISi,O6) or pollucite
(CsAlSi;Og) can be formed on heating. For example, heating of K;0°Al,0;248i0,¢11H,0 composition
geopolymer results in high shrinkage’ and the formation of a leucite glass-ceramic above 1000°C.}

One method of preventing cracking during drying and thermal conversion of a geopolymer into

a glass-ceramic is to limit the diffusion distance that water must travel from the interior of the
geopolymer to the solid/vapor interface. By engineering porosity into a geopolymer (i.e. making a
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geopolymer foam), the diffusion distance can be sufficiently limited, such that the geopolymers will
not fail upon drying and thermal conversion. As shown in Figure 1, by adding porosity, one can
reduce dma,. the maximum distance that entrapped water must travel from the interior of the
geopolymer to the solid/vapor interface for both a solid (Figure 1a) and foamed material (Figure 1b).

(a)

XX

Figure 1. Cartoon showing the minimum distance that entrapped water must diffuse to leave the
interior of the geopolymer for a solid sample (a). foam (b).

Conventionally, porous or aerated cements are produced by the addition of zinc or aluminum to
a cement paste. which react to evolve hydrogen gas. Careful control of the curing conditions is
required to create desirable pore morphologies. Porous cements can also be produced by generating
foam separately from the cement paste using foaming agents in a pressurized vessel.® The pre-made
foam is then mixed with the cement paste prior to casting.

In principle. geopolymer foam could be produced by the addition of hydrogen peroxide (H20;)
or Al to a geopolymer paste and allowing the added foaming agent to decompose in a sealed vessel.”
H>0; decomposes into water and oxygen gas while the Al addition leads to the formation of hydrogen
gas according to equations (1) and (2). The decomposition of H,O; is very fast due to the high pH.’
The reaction of Al in alkali solution is also very fast, and will consume OH" as part of the reaction.* '°
As the foaming agents decompose. unfilled volume within the container and air entrapped within the
geopolymer paste will become pressurized. The size of the resulting pores will be inversely
proportional to the pressure following the Young-Laplace Equation (3):

H,0; 2 2H,0 + 0, (D
2Al + 6H;0 + 2KOH -> 2K[Al(OH),] + 3H, )
AP = 2 v/ radius 3)

where Yis the surface energy of the liquid vapor interface and is equal to 7.29 x 107 J/m? for water.
By adjusting the amount of foaming agent added, the pressure applied, and the free volume within the
container, both the pore size and total porosity within the geopolymer foam could be controlled.

In this study, foams were made by adding Al or hydrogen peroxide (H>O;) to
K:0°Al,04+4Si0221 1H;0 composition geopolymer paste and curing in pressure-sealed containers.
The hardened samples were then characterized using scanning electron microscopy (SEM). X-ray
analysis, mercury intrusion porosimetry, pycnometry, and compressive testing. Additionally, samples
were heated to 1200°C for 3 h in order to test for the possibility of crack-free thermal conversion.
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Experimental Procedures

Alkali-silicate solutions were prepared by dissolving Cab-O-Sil® fumed silica (Cabot Corp.,
Wheaton, IL) into solutions of potassium hydroxide and deionized water. MetaMax® metakaolin
powder (Engelhard Corporation, Iselin, NJ) was then mixed with the alkali-silicate solutions using a
dispersion mixer to form the geopolymer paste. Given that the addition of porosity is generally
expected to reduce strength, a geopolymer mixture which was capable of attaining a high compressive
strength was desired. Geopolymers with a Si/Al ratio near 2 are known to have a superior compressive
strength and a higher degree of microstructural density compared to lower silica composition (Si/Al <
l.40).5‘ 14 Therefore, the geopolymer composition was chosen as K;0+Al;0344Si03¢11H,O. In
addition, K;0+A1,0;44Si0,°1 1H,O geopolymers are known to convert to refractory leucite (KAISizOs)
glass-ceramics on heating above 1000°C.°

H,0, geopolymer foamed samples were made by dropping hydrogen peroxide solution (Lab
grade H,0,, 30 wt%, Fisher Scientific) into the mixed geopolymer paste according to Table . The
addition of the 30 wt% H,0; solution caused the overall water content of the geopolymer to increase
as is shown in the Table I. After mixing, samples were vibrated into an 8.89 c¢cm internal diameter
cylindrical steel die. Enough paste was added to the die to form a 2.54 cm thick cylinder. Teflon
discs, which were 5 mm thick and had a diameter slightly larger than the steel die, were placed above
the geopolymer paste to ensure an air-tight seal. Prior to its use, the steel die was coated with
Armoloy® (Armoloy Corporation, Dekaib, IL) to improve the mold lifetime and prevent geopolymer
from sticking to the mold after curing. Samples were cured at 200°C and an initial pressure of ~1.5
MPa using a hydraulic uniaxial press for 7 h. Heat was applied to the sample by wrapping a Si heating
tape (FluidX Equipment, Salt Lake City, UT) around the die. During the course of curing, the pressure
increased to as high as ~12.8 MPa for the KGP-1.5HP sample due to gas pressure buildup. The
sample was allowed to cool prior to removal from the mold.

Table 1. Hydrogen Peroxide (H,0,) Geopolymer Foam Sample Composition
Sample name wt% H,0, | Resultant
added KzO'XHzO
KGP (contro] sample) 0.0 x=11.00

KGP-0.5HP 0.5 x=11.42
KGP-1.0HP 1.0 x=11.85
KGP-1.5HP 1.5 x=12.28

All of the H;0, foamed samples tested were adequately removed from the Armoloy® coated
steel die. The Cr-based Armoloy® coating was effective at preventing geopolymer adhesion and was
easy to clean after use, thus extending mold life. In previous attempts to form H,O, geopolymer foams
in uncoated steel vessels or in polypropylene containers, the geopolymer adhered strongly to the
container walls, and the force required during extraction caused fracture of the sample. Curing was
carried out at 200°C in this work, to ensure that gases created from dissolution of foaming agents were
allowed to escape prior to mold removal. In samples cured at lower temperature, pressure pockets
created within pores due to H,O, decomposition caused the samples to violently explode after removal
from the mold.

Compression testing of H,O, samples was carried out in accordance with ASTM C773-88.

Cylindrical samples were core drilled from the larger 8.89 cm diameter x 2.54 cm high cylinders after
removal from the mold and lathed to a final dimension of 1.27 cm diameter x 2.54 cm high. Samples
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KGP and KGP-1.0HP were not tested as they failed on cutting. In order to test the ability to thermally
convert the samples into a ceramic, an additional 1.27 cm diameter x 2.54 cm high cylinder was cut
from each sample and was heated to 1200°C for 3 h at a heating and cooling rate of 5°C per minute.

Additional foamed geopolymer samples were prepared by adding 3.0-5.0 pm sized spherical
aluminum powder (Alfa Aesar, Ward Hill, MA) to the geopolymer paste. Multiple attempts were
made to fabricate samples using the Armoloy® coated, cylindrical steel die, as was done for the H,0,
samples. However, the samples failed by delamination cracking after mold removal. The cracks ran
perpendicular to the pressing direction and caused the geopolymer body to crack into a series of layers.
However, crack-free samples were prepared by mixing 60 wt% Al powder into geopolymer paste and
vibrating into a 12.7 x 4.1 x 3.1 cm rectangular steel die and curing at 200°C for 12 h. The initial
pressure on the sample was 4 MPa but increased to 12 MPa after curing for 24 hours. The sample was
allowed to cool prior to removal from the mold. In order to test the thermal conversion of sample to a
ceramic, 10 g sections were cut from the larger bar and were heated to 1200°C for 3 h at 5°C per
minute heating and cooling rate.

Microstructure analysis of sample fracture surfaces was performed using a Hitachi S-4700 high
resolution SEM. Samples were mounted on Al stubs using carbon tape and were subsequently sputter
coated with ~6 nm of a Auw/Pd alloy to facilitate imaging. X-ray diffraction patterns were collected
using a Rigaku D-Max II X-ray powder diffractometer (Rigakw/USA Inc., Danvers, MA) equipped
with a Cu Ko source (A = 0.1540598 nm) and a single crystal monochromator in the diffracted beam
path was used to acquire XRD patterns in Bragg-Brentano geometry over a 20 range of 5-75° with a
step size of 0.02°. Prior to X-ray analysis, all samples were ground to powders and sieved to 325 mesh
(<44 um). X-ray patterns were subsequently examined using Jade 7 software (Minerals Data Inc..
Livermore, CA).

MIP results were collected using a Micromeritics Autopore I MIP from 0 - 60,000 psi on
single solid fracture pieces. Samples were dried at 100°C for 10 h prior to analysis. A penctrometer
sample holder was used to hold the samples and was calibrated prior to measurement. For
comparative purposes, the KGP control sample was also sent to Porotech, Inc (Woodbridge, Ontario,
Canada) for standard porosimetry analysis using methane as a wetting liquid. This method, the full
details of which are given elsewhere,'™"” allows one to measure smaller pore sizes (~] nm) compared
with MIP (~3 nm).

Pycnometry analysis was done using a Micromeritics Accupyc 1330 pycnometer on both H,0,
and Al foamed samples in order to calculate the apparent density and compare with MIP results. Solid
fracture pieces (3-4 g) of each sample were selected for analysis. A total of 10 runs were collected for
each sample using He gas. Additionally, dilatometer results were collected for the 60 wi% Al foamed
sample and the KGP control sample using a Netzsch DIL 402E. Data was collected at a heating rate of
5°C/min to 1205 °C in air on cylindrical samples (6.35 mm diameter x 25.4 mm height).

RESULTS AND DISCUSSION
H,0; Geopolymer Foamed Samples
Similar to conventional cements, geopolymers are expected to contain a variety of pores

including air bubbles (mm size range) not removed on vibration. capillary pores from interparticle
spaces which are filled by formation of hydrated geopolymer phase on curing, and gel pores within the
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geopolymer gel structure.'® As shown in Figure 2a, the unfoamed control sample attained a dense,

macropore-free microstructure. It is believed that the application of ~1.5 MPa of initial pressure was
sufficient to remove large entrapped air bubbles often seen in cast samples.

The resultant pore size of foamed samples increased with the amount of H,0, added as shown
by SEM results in Figures. 2b-d. The largest pores were obtained in the KGP-1.5HP sample and
ranged in size between 20-80 pm. Samples KGP-0.5HP and KGP-1.0HP had pore diameters ranging
in size from approximately 5-50 um. Regardless of the amount of H,0, added. it did not appear that a
percofating pore network was obtained from SEM analysis.

Figure 2. SEM micrographs at 130x magnification for H>O» foamed fracture surfaces for samples (a)
KGP (control sample) (b) KGP-0.5HP (c) KGP-1.0HP and (d) KGP-1.5HP.

The addition of 1.5 wt% of the H,O; solution was the upper limit possible for reproducible
processing. Above this value. the viscosity of the resultant geopolymer mixture was too low and
geopolymer paste was spewed from the mold once pressure was applied. This was due to the fact that
a 30 wi% solution of H,0» was added to the geopolymer slurry. In order to add 1 wt% of H,0,, a total
of 3.33 wt% of H,0; solution had to be added. which caused the water content of the geopolymer paste
to increase. The resultant increase in the K;O+xH,O ratio with H,O, addition is given in Table I. The
pore size is also expected to depend on the amount of water present as bubbles will be more able to
expand in a less viscous fluid. Larger pores are more likely to form by agglomeration of smaller pores
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when the amount of H;0O, added is high. This may be why KGP-1.5HP had the largest pore size
distribution.

Examination of capillary and gel pores using high magnification SEM is shown in Figures 3a-b
for KGP-1.5HP. The geopolymer structure was different within the pores compared to matrix regions
surrounding the pores. In the matrix area, the geopolymer consisted of fine precipitates (~10-15 nm)
and remnant unreacted metakaolin. typical of what is seen for unfoamed K;0+Al1;0;44Si0,°11H,0
composition geopolymers.” The area within pores had a similar precipitate structure, but was much
more porous. As this sample was cured. the pressure increased from an initial setting of 1.5 MPa to
nearly 12.8 MPa due to gas evolution. This increased porosity at pore/gel interfaces could be due to
the high internal pressure created within the pores or to the local higher water content. It was unclear
from the SEM analysis how deep this increased porous region extended from the pore interface.
Because of this. it was believed that a porous percolating network may have been achieved.

Figure 3. High magnification (60.000x) SEM micrographs for KGP-1.5HP H,0; foamed sample
showing (a) matrix area in between pores and (b) area within a pore.

In order to test for the possibility of percolation, mercury intrusion porosimetry (MIP) analysis
was conducted on the H,0, foamed samples. The results of this analysis are given in Table 11 and
Figures 4a-b. As shown in Figure 5, the KGP control sample was also submitted for standard contact
porosimetry analysis'>"'? using methane as a wetting liquid. This technique afforded higher resolution
detection capability (~1 nm) compared with MIP (~3 nm).

MIP results suggested that percolation was not achieved in these systems due to the larger
pores created by H,O, addition. However, the critical pore diameter. defined as the pore width
corresponding to the highest rate of mercury intrusion per change in pressure,'® increased from 9.1 to
14 nm with increasing H>O; addition. This is shown by the steeply increasing cumulative intrusion
volume between 0.1-0.01 pm pore diameter in Figure 4a as well as the peak of the differential
intrusion volume vs. pore diameter in Figure 4b. Sample KGP-1.5 had a sharp increase in cumulative
intrusion volume near 30 pm (6 psi of pressure) which was believed to be due to cracking of the
sample rather than percolation of 30 pm sized pores. As a consistency check, an additional KGP-1.5
sample was run using MIP. On this second run, the sample had a sharp increase in intrusion volume at
even lower pressure (~ 1 psi). This confirmed the suspicion that the sample was cracking rather than
being percolated with mercury.
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Table 11. H;O; Foamed Geopolymer Results for Compressive, MIP, and pycnometry analysis

Sample name | Compressive | Total Pore | Total porc | Bulk | Apparent | Apparent density

strength Area volume | density | density (glem’y
(Mpa)' (mg) | (mlig)® | (gfem’) | (g/om’)’

KGP (control) | Cracked (0) 110.56 0.241 1.38 2.07 2.197 £ 0.004
KGP-0.5HP | 77.32+7.92 79.81 0.305 1.23 1.97 2.21210.002
KGP-1.0HP cracked 50.89 0.173 1.29 1.66 2.204 £0.003
KGP-1.5HP | 49.51 £4.52 42.77 0.358 1.09 1.78 2.214 £ 0.004

For the compression tests a total of 7 samples were tested for KGP-0.5HP and 6 for KGP-1.0HP
fAs determined from MIP analysis
*As determined from pycnometry analysis, standard deviation given (£ for a total of 10 runs)
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Figure 4. MIP results for H;0, foamed samples showing (a) cumulative intrusion vol vs. pore
diameter and (b) differential intrusion volume vs. pore diameter.

It was not clear if percolation was achieved at the critical pore size between 0.1-0.01 um pore
diameter as the observed behavior could be due to fracture or cracking on dryout. Moscou ef al.?’
found that MIP results for highly porous silicates were unreliable due to sample damage. In
interpreting the critical pore size, it is also important to recognize the “ink-bottle” effect in MIP
measurements.'® In cementitious materials such as geopolymers, there is no guarantee that each pore
is connected to the sample surface or to other pores. As the mercury pressure is increased, it will be
forced into narrow openings which can appear to be fine pores. Large air pockets can be initially filled
with mercury, and will subsequently fracture when the pressure is high enough. In this regard. the
pressure at which this occurs may represent the mechanical integrity of the geopolymer pore network.
This is consistent with the critical pore size trend observed for the H,0, sample. The geopolymer is
expected' 4to be weaker with increasing H,O, due to larger pores and a higher water content in the initial
mixture.

As shown in the Table 11, the apparent density estimated from the pycnometry data does not
change much with increasing H,O, addition, and is collectively higher than the value predicted from
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MIP analysis. The He gas used in pycnometry is capable of infiltrating much smaller pores and
therefore gives a better representation of apparent density compared to MIP. There is no guarantee
that all of the pores will be infiltrated by Hg in MIP analysis, which in this case, resulted in inaccurate
density estimates. For example, with increasing H,O;, there will be more inaccessible isolated pores,
which will cause the MIP to predict a lower apparent density.

03
Table 1II. MIP and Standard Porosimetry
Results for KGP Control Sample
3
E Measured Value Standard MIP
g 02; Porosimetry
3 Analysis (SPA)
z Average Pore
§ Diameter 6.74 8.70
€ (nm)
@ 011 Total Porosity
% %) 41.06 33.23
2 Total Pore Area
E
3 (cmz/g) 274.69 110.56
Skeletal Density <
00 (gfem ) 2.05 2.07

006 005 004 003 002 001
Pore Diameter (um)
Figure 5. Standard porosimetry analysis (SPA) results for sample KGP (control sample) using the
standard contact porosimetry technique with methane as a wetting liquid.'*""? Calculated values for
MIP and SPA are also shown within Table TIT on the right for the KGP control sample.

As a consistency check, samples were also run using standard porosimetry analysis (SPA) as
shown in Figure 5. Using SPA. a smaller average pore size. higher total porosity. and higher pore area
was obtained due to the improved ability to examine pores down fo I nm. An average pore size of
6.74 nm was determined from SPA and was representative of the pore structure of the geopolymer gel.
Given the high value for total porosity of 41.06 %, it is possible that unfoamed geopolymers have a
percolating network of gel pores. However, in water permeability tests on Ca-based cement pastes, the
porosity percolation threshold was found to be more related to the pore size distribution rather than the
overall porosity.? In samples with finer pores. the permeability was lower. Regardless of whether or
not percolation is achieved in geopolymer, both the control and H,O, foamed samples were unable to
withstand thermal conversion and cracked on heating. It is believed that this is primarily due to the
very small intrinsic pore size within the gel. which leads to extremely high capillary pressure > 2x10’
Pa according to equation 1.

Although the H,O, samples could not be converted to ceramics. samples KGP-0.5HP and
KGP-1.5HP had excellent machinability and high compressive strength (Table II). KGP-0.5HP, in
particular, had a compressive strength of 77.3 + 7.9 MPa, which is comparable to that found for non-
porous geopolymer of a similar composition.'""* Therefore, the H,0, based geopolymer foams still
show potential as lightweight, high-strength materials which can be utilized at standard temperatures.
Al Geopolymer Foamed Samples
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A similar procedure was used to fabricate geopolymer foams using Al as a foaming agent. A
variety of samples were fabricated using different Al loadings. However. only samples loaded with 60
wt% Al were successfully converted to ceramics on heating. As shown in Figure 6a, 60 wt%
polydisperse Al powder was added to the geopolymer. It was confirmed from SEM (Figure 6b) and
XRD (Figure 7a), that not all of this powder was consumed during curing. The partially dissolved Al
particles were no longer spherical in shape after being partially consumed as shown in Figure 6b.

Figure 6. SEM micrographs for Al powder (a) before and (b) after addition to the geopolymer. The Al
particles were partially dissolved after being exposed to the alkaline conditions of the geopolymer
paste.

It may be possible to optimize the amount of Al added. Al particle size as well as curing
conditions, to ensure that it is completely dissolved prior to geopolymer setting. However, given that
samples were cured at 200°C, this led to fast geopolymerization kinetics, and rapid setting. It was
therefore unlikely that there would be adequate time for complete dissolution, diffusion and
homogenization under these conditions. As was stated previously. in samples cured at lower
temperatures, entrapped. pressurized gas remained in pores after mold removal. and caused
catastrophic failure of the samples.

Given that Al dissolution consumes OH™ as shown in equation 2, there was concem that this
may hinder geopolymer formation. However, as shown in Fig. 6b, the geopolymer appears to have
formed the typical structure expected for this composition, and consisted of a fine precipitate structure
and remnant metakaolin. [t is expected that the fast reaction kinetics at 200°C caused the geopolymer
to set before OH™ consumption could lead to a significant drop in the pH.

SEM micrographs for the as-set sample are shown in Figures 8a-d. The resulting geopolymer
appeared to be dense to the naked eye; no pores were visible. SEM examination revealed a highly
porous microstructure, with pores of various sizes and shapes. High resolution examination of porous
regions (Figures 8c-d) revealed that “flower-shaped” crystallites formed. In areas where Al dissolved.
the local content of Al was likely to be higher compared to the bulk composition. Combined with the
high curing temperature, this may have favored the formation of these crystallites, which are most
likely hydrated zeolites. Similar results have been found for hydrothermal treatment of fly ash in
KOH. ¥ Trace crystalline peaks for these phase(s) were observed near 20° 20 in XRD as shown in
Figure 7a. The three large peaks in Figure 7a were due to remnant Al.
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Figure 7. XRD results for Al-foamed geopolymer (a) after hardening and (b) after heating to 1200°C
(5°C per minute heating and cooling rate). In the as-set state, Al metal (PDF #98-000-0062) was
present along with trace crystalline phase(s). Afier heating, Al,O; (PDF #00-010-0173). Si metal
(PDF #04-004-5099). AIN (PDF #00-025-1133), and remnant Al metal (PDF #98-000-0062) were
observed.

To test the possibility of percolation, MIP results were also collected for the Al foamed
samples and are shown in Table IV and Fig. 9. Although the overall intrusion volume was low, the Hg
was able to infiltrate the Al foamed sample at a lower pressure than for the H,O, samples. As shown
in Fig 9b, there does not appear to be a characteristic pore size in which infiltration occurred. Rather,
infiltration occurred over a range of pressures corresponding to pores over the 0.01-1.00 pm diameter
size range. Given that only part of the sample was infiltrated. the apparent density estimated from MIP
is less that that determined from pycnometry analysis.

The Al foams did not crack after heating to 1200°C for 3 h. XRD results, shown in Figure 9,
showed the presence of Al,O;, Si metal, AIN, and a small amount of remnant Al after being heated. It
is expected that on heating, the Al reacted with SiO; to form Al,O; and Si metal. Dilatometry results
suggest that both the Al-foamed and geopolymer control sample have a fair amount of shrinkage over
the 100-300°C due to loss of free and chemically bound water.® although it is less for the foam (Fig.
10). Over the 300-800°C range. there is little shrinkage in either material. However, above 800°C. the
geopolymer has significant shrinkage while the foam actually expands a little. The shrinkage in the
geopolymer is expected to be related to viscous sintering. densification, and leucite crystallization

106 - Developments in Strategic Materials



Preparation of Ceramic Foams from Metakaolin-Based Geopolymer Gels

above 1000°C.* * The expansion in the foam may be due to the variety of new phases formed on
heating (A1,O;, Si metal. and AIN). The microstructure of the heated ceramic retained its porous
structure (Figure 10a), but contained crystallites of varying size and shape which were visible at higher
magnifications (Figures 10b-d).

Figure 8. SEM micrographs of an Al-foamed geopolymer fabricated under pressure at (a) 130x. (b)
600x. (c) 2000x. and (d) 25.000x magnification showing zeolitic crystallites.

Table 1V. Al Foamed Geopolymer Results for MIP and pycnometry analysis

Sample name Total | Totalpore | Bulk | Apparent Apparent
Pore volume | density | density density
Area (mligl® | (glem™? | (grem®) (g/em’)*
(m/p)’
Al foamed geopolymer 0.785 0.018 1.5574 | 1.6023 | 2.291 £ 0.003

¥As determined from MIP analysis

¥As determined from pycnometry analysis, standard deviation given ( for a total of 10 runs)
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Figure 9. MIP results for Al foamed sample showing (a) cumulative intrusion vol vs. pore diameter
and (b) differential intrusion volume vs. pore diameter.
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Figure 10. Dilatometer results for unfomed geopolymer (control sample) compared to the 60 wt% Al
foamed samples. Samples were heated at 5°C/min up to 1205°C in air.
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Figure 11. SEM micrographs of an Al-reinforced geopolymer after heating to 1200°C for 3 h at (a)
300x, (b) 5000%, (c) 40.000x, and (d) 50,000x.

CONCLUSIONS

High strength geopolymer foams were produced by adding H,O, or Al foaming agents to
geopolymer paste and curing at high-temperature (T = 200°C) in sealed containers. The use of H,0;
produced foams with spherical, non-percolating pores. which could not be converted to a ceramics on
heating without cracking. However, unheated H,0; foams had high compressive strengths of 77.3 £
7.9 MPa and 49.5 + 4.5 MPa for 0.5 wt% and 1.5 wt% H,O, added systems respectively. These
materials show potential as lightweight. high-strength materials which can be used in non-refractory
applications. Foams made from polydisperse (3.0-5.0 pm) spherical Al powder had pores of varying
sizes and shapes. The use of 60 wt% Al powder produced foam of sufficient porosity and was
subsequently converted to a monolithic ceramic on heating. Remnant Al, which was not completely
consumed during curing, reacted with SiO; on heating to form Al,O; and Si.
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ABSTRACT

Metakaolinite-based geopolymer composites containing about 10 wt% of TiO, powders
were prepared directly by a mixing of metakaolinite, sodium silicate solution (water glass) and
TiO, powders. Prepared materials in form of layers on steel plates were investigated by XRD,
SEM, BET and BJH (Barrett-Joiner-Halenda) methods. In all cases the TiO, powders are to
different extents encapsulated in the geopolymer matrix. All studied materials, including the
initial geopolymer matrix free of synthetic TiO,, exhibited photocatalytic properties.

INTRODUCTION

Surfaces that exhibit photocatalytic character are able to oxidize or decompose
substances which come from the outside into contact with them. These photocatalytic layers are
usually based on the common semiconductor - titanium dioxide.’® There are general methods
for preparing these photocatalytic layers:

a) The active component of a photocatalyst is applied or coated onto the surface of a
substrate using organic binders. These binders are usually organic polymers, such as
polyviny alcohol (PvOH), copolyamides (PA6/12), polyvinyl acetates (PvAc), polyvinyl
pyrrolidone (PvPy) etc. The photocatalysts react with the binder itself to oxidize or
decompose it. Moreover, coated films are formed even on the surface of the
photocatalyst, thus reducing the active surface area of the catalyst with respect to its
surroundings. In this context the processes taking place at the catalyst, governed by
diffusion, are decelerated.

b) More efficient methods involve the deposition of photocatalytic layers directly on the
surface of a substrate. These methods are based on plasma or flame spray coating
processes. However, the resulting layers are usually significantly reduced in their surface
area and sophisticated techniques or equipment are needed. Other methods exist based
on the preparation of photocatalytic layers “in situ of the surface” using either spraying
or coat dipping of the substrates directly into TiCl; or TIOSO4 solutions. However, the
durability of these prepared layers is doubtful due to limited mechanical stickiness of the
coating on the substrate.

¢) Frequently techniques are used in which nanoparticles of the active component are
immobilized on support materials in the form of films prepared by sol-gel methods.
However, in this case the resulting thin layers are relatively expensive due to the price of
initial compounds.

The present work describes a comparatively simple and cheap method for the preparation of
photocatalytic layers based on TiO; pigments in a geopolymer matrix.*
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anions (sodium silicate solution) and metakaolinite mixed “in situ” with TiO, powders at room
temperature.

Chemicals and raw materials )

Sodium silicate solution - water glass, supplied by Koma ltd, Praha, Czech Republic, of
analytical composition: 27 wt% SiO,, 9.2 wt% NaO, density 1.38 g/cm3 , content of Fe:03 < 1
wt%.

Metakaolinite, product MEFISTO KOS, supplied by Ceské Lupkové Zavody Corp.,
Nové Straseci, Czech Republic, analytical composition: 40.7 wt% AlO3, 57.7 wt% SiO;, 0.53
wi% TiO, and 0.58 wt% Fe,0s.

TiO> powders: /) commercially available standard TiO, product P 25, supplied by
Degussa, GmbH, Essen, Germany, i) samples 1710 and TiT 144, represent laboratory products
of Institute of Inorganic Chemistry, AV CR, v.v.i., Czech Republic. TiT 144 represents a pure
anatase TiO,, 1710 represents kaolin modified by anatase TiO:.

All the above products were used without any other treatment.

Characterization methods

Surface of the samples was determined by BET and the pore volume was determined by
BJH (Barrett-Joiner-Halenda), for both methods based on gas adsorption instrument Coulter SA
3100 was used.

X-ray powder diffraction patterns (XRD) were obtained by Siemens D5005 and Philips
RW instruments using CuKa radiation (40kV, 30mA) and a diffracted beam monochromator.

SEM (scanning electron microscopy) studies were obtained by Philips XL30 CP
microscope at 80 kV, HRTEM data (transmission electron microscopy) were obtained by JEOL
JEM 3010 at 300 kV.

Preparation procedure

An initial geopolymer suspension was prepared by mixing of 100 g of water glass, 50 g
of metakaolinite in well stirred 0.5 liter vessel for 1 hour at ambient temperature.

Photocatalytic materials were prepared by mixing of 20 g of above geopolymer
suspension with 2 g of the corresponding TiO, powder and 10 g of water. The mixtures were
stirred for next | h at ambient temperature. For a reason of comparison, a “blind” pure
geopolymer layer was prepared by diluting of 20 g of the geopolymer suspension with 10 g of
water.

Prepared suspensions were deposited on steel plates 1 50x100 mm by a common painting
technique. After drying of the plates for 12 hours at ambient temperature, the layers were cured
at 180°C for 4 hour. A typical loading of dried photocatalytic layers on the steel plates was 10 +
2 mg of per cm’. A final calculated composition: i) initial geopolymer material — 64.5 wt% SiO,,
23.4 wt% Al0Os, 10.6 wt% Na,O and 1.5 wt% of Fe,Os, molar ratios: Si/Al =2.3, AI/Na= 14,
ii) photocatalytic materials — 59 wt% SiO,, 21 wt% ALOs;, 9.5 wit% Na0, 1.45 wi% of Fe,O;,
molar ratios: S/Al =2.3, Al/Na = 1.4, Si/Ti = 4.3 (calculated on 100% TiO,).

Photocatalytic characterization

Photocatalytic properties of the prepared layers were investigated in an original gas
phase, flat plate photoreactor, using butane as a model volatile organic compound for the
photodegradation process. The photoreactor was coupled on line with a detector of butane and
CO,. A UV light source, low-pressure 7 W lamp operating at A = 254 nm, was placed along the
longer axis of the plate. The calculated UV intensity was 3.10°® Einstein s™'.
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RESULTS AND DISCUSSION
‘T'he morphology and surface characteristics of initial TiQ; powders arc shown in Figure

P25 TiT 144

BET: 60 m%/g BET: 540 m’/g
BI: 0.22 cm’/g BIH: 0.43 cm’/g
Figure 1. Initial photocatalytic TiO; powders P 25 and TiT 144

While P 25 and TiT 144 samples represent more or less aggregated spherical
nanoparticles, the samplc 1710 exhibited non regular particles derived from the tabular particles
of the kaolin substratc, as scen in Figure 2.

Initial kaolin Kaolin particle treated by anatase, TiO;
T

BET: 24 m%g BET: 740 m%/g
BIH: 0.08 cm’/g BIH: 0.54 cm’/g
Figure 2. Photocatalytic powder - sample 1710, initial and kaolin modified by TiO,

The morphology and XRD characterization of the initial geopolymer matrix are shown
in Figures 3 and 4. SEM figurcs, Figure 3, show expected glass - like structurc obviously
containing metakaolinite relicts. Homogeneity of the layer is defected by impurities of quartz
grains, Beside of the quartz RXD pattern, Figure 4, reveals traces of illite and confirmed
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amorphous character of geopolymer matrix. Layer exhibits the lowest value of surface area,
about 1m*/g. compared with the all studicd matcrials. (This valuc of the surface arca holds for a
given dilution of the initial geopolymer suspension. sce cxperimental part. With increasing
dilution of the geopolymer suspension significantly increase the values of the surface area of the
resulting layers, however, significantly decrease durability of these layers on given substrates.)
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Figure 3. SEM micrographs of the initial geopolymer matrix having a specific surface area 1
m?/g (as measurcd by BET) and pore volume 0.006 cm’/g (as measurcd by BJH).
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Figure 4. XRD characteristic of the initial geopolymer matrix

Photocatalytic material with TiO, - standard P 25- is characterized in Figures S and 6.
Compared with the initial matrix the layer apparently does not exhibit any TiO; particles at a
given level of magnification, Figure 5. Introduction of about 10 wt% of TiO> powder P 25 with a
relatively high value of surface area 60 m” and porosity 0.22 cm¥/g, increased the surface area of
the resulting layer only to a value of 1.4 m%g. (comparc it with the valuc of the surface arca of
the initial matrix of 1 m%g). This indicates that the TiQ, powder was encapsulated in the
geopolymer matrix. In addition to metakailonite impurities, (quartz and illite). the XRD pattern,
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Figure 6, indicates anatase and rutille in the approximate ratio 4/1 which is a typical for the
Degusa product.
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Figurc 5. SEM mlcrographs of the geopolymer matrix with TiO; - sta.ndard P 25 - having a specific
surface area 1.4 m?/g (as measured by BET) and pore volume 0.008 cm’ 3/g (as measured by BJH).
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Figure 6. XRD characteristic of the geopolymer matrix with TiO; - standard P 25
Photocatalytic material based on Til" 144 is shown in Figure 7. The layer exhibited the

highest values of surface area and porosity of the all studies materials. The XRD pattern, Figure
8. confirmed the presence of purc anatase.
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Figure 7. SEM micrographs of the geopolymer matrix with TiO; - Ti'l' 144 - having a specific
surface area 5.9 m%/g (as measured by BET) and pore volume 0.03 cm*/g (as measured by BJH).
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Figure 8. XRD characteristic of the geopolymer matrix with TiO; - TiT 144

Characteristics of photocatalytic material based on 1710 are shown in Figure 9. The
XRD pattern, Figure 10, indicates the presence of pure anatase and kaolinite that were used for
preparation of the powder. In spite of the fact that the initial powder exhibited the highest value
of surface area of 740 mz/g. the value of the surface area of the resulting layer did not exceed
1.5 m%g, (for a given dilution of the geopolymer suspension used). This confirmed a high
cfficicncy of geopolymer matrix to wet the above combined photocatalytic powder.
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Figure 9. SEM mlcrographq of the geopolymer matrix with TiO; — 17]0 havmg a specific
surface area 1.5 m%/g (as measured by BET) and pore volume 0.007 cm’ */g (as measured by BJH).
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Figure 10. XRD characteristics of the gcopolymer matrix with TiO, - 1710

Photocatalytic characterization

Plates with photocatalytic layers were characterized in a gas phase flat reactor. A typical
experimental run of the decomposition of butane is shown on Figure 11. A decrease in the
concentration of butane represents a reaction of pseudo-first order with respect to the initial
concentration of butane (0.3 mol%), which is characterized by a constant of the velocity k at
constant temperaturc and relative humidity. Tab. 1. shows average valucs of k that were
calculated from 2-3 experimental runs. The photocatalytic activities of the layers correlate with
the values of their surface areas. The observed activity of the initial geopolymer matrix could be
explained by a relatively high content of natural metal oxides like TiO; and Fe;Os in the
metakaolinite used.

In all cases the values of k decreased with the number of photocatalytic experiments,
typically 15-20% decrease in the value ol k between the first and the second runs was observed.
Similarly 5-10% decrease between the second and the third runs occurred. This deactivation can
be explained rather by deposition of carbon residual impurities originating from the
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decomposition of butane than by any changes in structure of the photocatalysts resulting from
UV irradiation, This was concluded afler a long term experiment in which the layers were
almost 80 hours UV cxposed without the prescnce of organic compound, and only negligible
changes in their photocatalytic activities were found. On the other hand. a decrease of the
photocatalytic activities in the prepared materials after two months of free ageing at ambient
temperature and humidity in the laboratory was found, see Tab. 1. This ageing effect could be
explained probably by a contamination of the TiO2 nanoparticlcs by impuritics originating from
the matrix. Aftcr the two month period the ageing was apparently stopped.
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Figure 11. Kinetics of the degradation of butane on photocatalytic material-

1710
Tab. 1.
Geopolymer matrix P25 TiT 144 1710
BET {m*/g] 1 1.4 5.9 1.5
k10’ [min] 0.2 14 69 47
£ 10° {min']™ 0.2 12 63 35
FOOTNOTES

:}’alues of surface area of the corresponding layers.
””Freshly” prepared photocatalylic materials characterized within one week.
Matcrial aged for two month at ambicnt temperature and humidity.

CONCLUSION

In the present work the preparation, characterization and photocatalytic properties of
geopolymer layers with photocatalytic TiO> powders have been studied. Results show that all
studied materials, including initial gecopolymer matrix, exhibited photocatalytic activitics that
correlate with the values of their surface area. All prepared photocatalytic materials however
exhibited significantly enhanced photocatalytic activity compared with that of geopolymer
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matrix free of TiO,. In all cases the photocatalytic activities decreased to some extent with the
number of experimental runs and with ageing of the photocatalytic material.
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ABSTRACT

Particle size is the effective diameter of a particle as measured by sedimentation, sieving, or
micrometric methods. Particle sizes are expressed as classes with specific, effective diameter class
limits. The broad classes are clay (< 2um), silt (2 — 20 pm dust fragments), and sand (over 20 pm). The
physical behavior of a soil is influenced by the size and percentage composition of the size classes.
Particle size is important for most soil interpretations, for determination of soil hydrologic qualities,
and for soil classification. Physical properties of the soil are influenced by the amounts of total sand
and of the various sand fractions present in the soil. Sand particles, because of their size, have a direct
impact on the porosity of the clay. This influences other properties, such as saturated hydraulic
conductivity, available water capacity, water intake rates, aeration, and compressibility related to plant
growth and engineering uses. Soil properties and application depend on many factors such as: raw clay
row, mineralogical constitution, quantity and category of accessory minerals, purity and chemical
composition, as well as physical and thermal properties. The aim of this study is to determine mineral
and chemical composition of 0.063mm sieve residues at a few localities in Serbia. Depending on a
quality, clay is used as a raw material in brick or ceramic industry. Sand content is measured in the
laboratory by the wet sieving method. Mineralogical composition of samples is determined using
optical and XRF methods. Certain fragments are deeper examined with methods used. Results obtained
enabled raw clay samples characterization at 4 different locations in Serbia. This way more soil
profound evaluation is gained.

INTRODUCTION

Clay deposits are abundant in Serbia. Some of those deposits provide high quality raw material
for the ceramic industry, production of facade bricks, roof tiles and blocks'. 0.063 mm sieve residue
samples of clays presented in this paper originate from clay deposits adequate for the brick industry.
These deposits are "A", "B", "C" and "D". Sieved 0.063 mm residues of clays from deposits "A", "B",
"C" and "D" clays have been completely examined and arc being used for production of various bricks.

EXPERIMENTAL PROCEDURES

Experimental procedures includes chemical and mineralogical (from macroscopic to
microscopic scale) examination of 0.063 sieve residue samples from clay deposits marked as A, B, C
and D.

RESULT AND DISCUSSION

The results of examination of 0.063 sieve residue samples show certain differences. Results of
chemical and mineralogical examinations are presented in sample descriptions in this section. Samples
Al and A2 from deposit "A” are characterized by high SiO, and A1,0; contents and low CaO content,
as shown in Table 1. Table 1 also shows high contents of the same oxides in samples D1 and D2. In
samples C! and C2, the content of SiO; is a bit lower than in previous samples, but CaO content is
slightly raised. Samples B1 and B2 have significantly different main oxide contents. The contents of
SiO; and CaO in them are almost equal. Carbonate fragments in these samples are more frequent,
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especially loess nodules (Calcium — carbonate type residues contain mostly calcite, limestone, loess
nodules, bivalves and gastropods fragments )(Figure 3.). Figure 4.shows increased presence of silicate,
quartz fragments, and also of carbonate fragments. DEPOSIT A - Sample Al - White-yellow sample
size up to 18 mm contains coarse sand, sand and dust fractions. Sand fraction is present in less
quantity, and it is rich in quartz with little carbonates. Dust fraction present is rich in quartz, mica and
accessory minerals. Particle dimensions vary from 0.063 to 18 mm. Reaction with 5 % HCl is
moderate. DEPOSIT A - Sample A2 - Yellow colored sample consists of coarse fraction with up to 4
mm size. Sand fraction is also present, and contains quartz, little carbonates, mice and accessory
minerals. Dust fraction consists of quartz, mica and accessory minerals. Particles dimension is from
0.063 to 4 mm. Reaction with 5 % HCI is weak. DEPOSIT B - Sample B1- Sample is a brown-like
soil. Coarse and sand fractions are present, made of loess nodules up to 10 mm of magnitude. Sand
fraction consists also of loess nodules, quartz and some accessory minerals. The dust fraction contains
loess (this is type connection for sedimentary brick- petrological) nodules, quartz, a little bit of mica.
Particle dimensions is from 0.063 to 10 mm. Reaction with 5 % HCI is turbulent. DEPOSIT B -
Sample B2 - White-yellow sample contains coarse sand, sand and dust fractions. The coarse sand
fraction consists of alevrolitic particles of size up to 22 mm. The sand fraction is made of loess
nodules, macrofloral fragments, quartz and accessory (accessory minerals are following minerals. as
rutile, turmaline, magnetite, etc.) minerals. Dust fraction consists of loess nodules, quartz, mica and
accessory minerals. Particle dimensions vary from 0.063 to 22 mm. Reaction with 5 % HCI is
turbulent. DEPOSIT C - Sample C1 -Yellow-gray colored sample has fragments up to 7 mm.The sand
fraction consists of alevrolitic-like particles, loess nodules, quartz, ferrous-alevrolitic fragments,
limonite grains, mica and accessory minerals. Particle dimensions vary from 0.063 to 7 mm. Reaction
with § % HCI is turbulent. DEPOSIT C - Sample C2 - Sample is yellow-gray and consist of a coarse
fraction with particle sizes up to 9 mm. Sand fraction contains alevrolitic-like, ferrous - alevrolitic
fragments, quartz, little limestone, limonite grains, macrofloral particles and mica. The dust fraction
contains alevrolitic-like fragments, mica and accessory minerals. Particle dimensions vary from 0.063
to 9 mm. Reaction with 5 % HCI is moderate. DEPOSIT D - Sample D1 - Brown-gray sample has a
small quantity of coarse fraction up to 3 mm. This fraction consists of metallic minerals, limonite
grains and quartz. Sand fraction contains quartz, alevrolitic fragments, macrofloral fragments, limonite
grains and accessory minerals (with a high content of metallic minerals). The dust fraction contains
quartz, alevrolitic fragments, limonite grains, mica and accessory metallic minerals. Particle
dimensions vary from 0.063 to 3 mm. The sample does not react with addition of 5 % HCl. DEPOSIT
D - Sample D2 - Brown-gray sample contains mostly 22 mm grains, with other grains from 2 to 6 mm.
The sand fraction consists of quartz, alevrolitic fragments. macrofloral segments, limonite fragments
and accessory minerals with metallic minerals included. The sample does not react with addition of 5
% HCI.

Table I. Chemical compositions sample of Deposits A, B, C and D (wt-%)

Deposit A Deposit B Deposit C Deposit D

Al A2 B1 B2 Cl c2 Dt D2

Si0, 87.46 85.89 38.76 47.74 69.93 61.47 76.53 71.12

CaO 1.33 1.33 30.35 23.34 3.00 5.33 1.17 1.67

Al,O4 5.15 7.57 242 2.72 12.65 15.53 11.29 11.22

MgO 0.36 0.24 0.96 1.44 1.20 1.92 0.48 1.56

MnO 0.020 0.022 0.080 0.152 0.060 0.040 0.042 0.215

Fe 03 0.59 0.83 1.54 0.95 3.08 4.51 1.30 5.22

LOl 1.41 1.27 25.39 20.81 2.27 6.41 1.43 2.86
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Figure 5. Macro view of Sample C1 Figure 6. Macro view of Sample C2
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Figure 7. Macro view of Sample D1 Figure 8. Macro view of Sample D2

Macro views of different sieve residues are presented on Figs. 1 to 8. Pictures are obtained by digital
camera. Original size of photographed components is 0.063mm - 20 mm.

Aside from the mentioned minerals, in some samples alevrolitic fragments, metallic minerals.
macrofloral fragments and other accessory minerals also occurred. Figure 9 shows microscopic views
of siliceous component — mineral quartz. Figure10 shows microscopic view of loess nodules. Figure 11
shows microscopic view of metallic minerals.

Figure 9. Micro view of quartz -
Microscopic analysis in transmitted light®
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Figure 10. Micro view of loess nodules
Microscopic analysis in transmitted light?

Figure 11. Micro view of metallic minerals
Microscopic analysis in transmitted light ?

CONCLUSION

The results obtained by macroscopic and microscopic identification of 0.063 mm sieved
residues have shown significant differences in their mineral composition and content, visual
appearance and mass percent of the residue in the sample. The samples have generally shown two
composition types: a) silicate and b) calcium-carbonate. Silicate type residues most often contain
quartz. micas and other silicate mineral fragments. Calcium-carbonate type residues contain mostly
loess nodules, calcite and limestone.
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ABSTRACT

The paper covers the results of theoretical studies and practical experience of manufacturing
intumescing inorganic materials in a system: Na,0 — Al,O3 — SiO; — H,O due to a target synthesis of
zeolite-like hydration products of the heulandites group capable to swell at low temperatures (below
300 celcium degrees). The principles of compositional build-up of reactive mixes made with alkaline
cementations materials and fillers to provide the production of intumescing fire resistant coating with
required service properties that are environmentally friendly are discussed. The processing parameters
have been selected and the results are brought on commercial scale. The results of commercial scale
production are discussed.

INTRODUCTION

Securing the safety conditions for the use of civil and industrial buildings envisages taking
action to increase the fire resistance of the buildings. Recently, along with traditionally used inorganic
fireproof materials — the brickwork, plaster - also the thin-layer coatings and paints have been widely
applied. They increase the fire resistance of the structure and do not increase its weight. The most
effective fireproof coatings are the bloating coatings capable of enlarging their volume by 15-20 times
and increasing the fire resistance durability of the metal constructions for more than one hour.

Nowadays the bloating materials on the basis of organic components — carbamide pitch,
phenol-formaldehyde pitch and others are widely used. They are characterized with fireproof
parameters that correspond to normative documents and have high bloating ability. An essential
drawback of the defined materials is their polymeric base that creates certain environmental problems
at the moment of fire, thus, leading to creating a lot of smoke and exhausting toxic gases that inflict
irreparable harm to peoples’ health.

Eliminating of the said drawbacks is possible by way of utilization of mineral coatings that
contain chemically bound water which can be discharged under relatively low heating temperatures.
Owing to the fact that bloating of the inorganic substances due to water discharge in the most
environmentally safe process. It is reasonable to use materials such as pearlite, vermiculite and
hydromica that contain chemically bound water, structurally bound water and zeolitically bound water
.

The use of the minerals such as pearlite, vermiculite and hydromica is also known in the
context of obtaining organic bloating fireproof coatings; at that the said materials either perform the
function of filling materials [2-4] without influencing the bloating process, or take part in the bloating
process through the discharge of chemically bound water together with organic gasifesers (carbamide
pitch, phenol-formaldehyde pitch) {5-6].

Experience was gained in using sodium water glass to obtain the bloating materials including
the fireproof materials [2, 7]. By the bloating nature the liquid glass materials are divided into thermal
bloating materials and materials that are bloated as result of chemical interaction between the glass and
the special additives. However, these materials have a number defects i.e. limited water resistance and
insufficient durability. The elimination of such defects is possible by injecting hardeners into the liquid
glass that would facilitate formation of the hydro silicate and hydro alumino silicate phases that leads
to the formation of durable composite material having special properties.

Numerous works by the Scientific Research Institute for Binding Materials (SRIBM) [8-18]
have proved the opportunity to perform direct synthesis of the whole range of alkaline hydro alumino
silicates that are substitutes to the natural materials - vermiculite and hydromica — contained in the
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products of artificial stone hydration. Research into the hydration of such phases has demonstrated that
at the higher temperatures the hydrate substances are crystallized into waterless substances [8]. Their
composition depending on the temperature may be presented by the whole range of the synthetic
minerals having the following structural formula: R,O Al,0;(2-6)Si0; {11, 13].

Therefore, the development of inorganic bloating materials is based on the purposeful
formation inside the alkaline binding hardeners of the zeolite-like new formations having certain
composition and structure and capable of dehydration at relatively low temperatures (up to 300°C) and
increase the volume by dozens times.

The purpose of this work is to study properties of the bloating alkaline aluminum silicate
materials in the system Na,0-Al0;-nSiO;-mH;0, and to investigate the opportunity to control their
parameters depending on composition of the substance and the technology for obtaining it.

THEORETICAL PREMISES OF THE RESEARCH

It is clear from published work [19, 20] that zeolitization occurs as a result of reactinge silica
and alumino silicate constituents in the solutions of alkaline or alkaline earth metals at a temperature
of 100-300°C and pressure of 0.1- 0.4MPa. The type of the zeolite being formed will depend on natural
component compositions and the steam liquid. Figure 1 shows the diagram of the cryotallization field
of natural zeolites, depending on the conditions of the hydrothermal processing as well as upon the gel
composition.
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Figure 1. Diagram of the zeolite crystallization fields

From the Diagram of the zeolite crystallization fields one can see that with increase in
temperature and gel compositions (Si0,/Al0;=2-4) one can observe the formation of the low
temperature Na—zeolites (analcite, gmelenite, nytrolite) which are being crystallized through the
formation of the zeolite nuclei in the liquid phase. With the increase in the ratio of SiO,/Al,O; to 4 and
higher, the higher silica content zeolite of modernite group is created.

According to the data of reference [21] zeolites may be heated above the dehydration
temperature without destroying their crystalline structure. As the SiO»/ALO; ratio in zeolite is higher
the destroying of crystalline structure occurs at higher temperatures. The thermal stability of the
zeolites is displayed with the parameters as follows: (a) the higher the SiO,/AL,O; ratio in zeolite, the
higher is the temperature when the crystalline structure is destroyed and its thermal resistance raises;
(b) availability of Na" and K* exchange cations in zeolites raises their stability as compared with their
calcium varieties;(c) the skeletal topology — the dimensions of T-O-T angles in the skeleton —
isothermal rings are steadier than the rings having equal number of tetrahedural. From the above
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referenced it is clear that under the influence of the temperature factor, destructive changes occur in the
oxygen alumino silicate framework without destroying the integrity of the crystalline structure that
brings the dehydration product amorphous state, thus creating waterless alumino silicates. These hydro
aluminum silicates include zeolite-like new formations of heulandite-types (desmine, epistilbite,
laumontite etc.) of the general formula Mexu[ALSi,Ox+y,]ZH20, the bloating properties of which are
provided through availability inside of their wide porous channels of 10 and more water molecules.
Water is kept inside the zeolite structure thanks to Van-der-Vaals® forces and is being removed from
the channels at relatively low temperatures.

RESULTS
Physical and chemical research to the aluminum silicate compositions

It was defined by the research in references [13, 16, 17] that in the process of interactions in the
Na,0-ALO;-Si0;-H,0 system under certain conditions, the content of zeolite-like dehydration
products, new formations of heulandite types are formed. They are capable of bloating at low
temperatures (up 300°C). The binding compositions within the system Na,O-Al,03-(2-10)Si0,-25H,0
were studied. They were made with the use of metakaolin, the sodium soluble glass (Ms=2.8; p=1400
kg/m*), micro silica and alkali Na;O. Analysis of the former research {12, 14-16] has shown that in the
system being studied it is possible to perform the synthesis of zeolite content hydro alumino silicates in
the ratio SiO; /Al,O; =4.7-11.4, which may increase in volume by 7-13 times when influenced by
relatively low temperatures from 150 to 350°C.

The content of new formations of the alumino silicate compositions were studied with the
methods of physical and chemical analysis including X-ray, DTA (different thermal analysis), IRS
(infrared spectroscopy) and electron microscopy.

Thus, at hydration of the composition Na,0-Al,0;-68i0,25H,0, the hardening products are
represented by: heulandite Najy-Al,-Si7043-6H,0
(d/n=0.489:0.356:0.307:0.280:0.266:0.243: 0 227:0.201:0.166 nm) and the residue of metakaolin that
has not reacted (Figure 2, curve 1).

Based on infrared spectroscopy (Figure 3, curve 1) the occurrence of heulandite shall be
proved by the existence of absorption peaks in the area 420-500 cm ' (428; 441; 528), that related to
deformation fluctuations TO,, the absorption stripes in 650-820 cm’ (652 665; 687; 706; 725; 822)
correspond to the valent fluctuation tetrahedra TO4. The position of these peaks is influenced by the
ratio Si/Al in the zeolite framework: as the content of tetrahedral coordinated atoms Al which are
shifted into the low frequency range. On the DTA curve (Figure 4, curve 1) the appearance of the
heulandite is proved by the endothermic effect at the temperature 300-350°C. The therma gravimetric
curve (Figure 2, curve 3) points to the stepped decomposition of the heulandite at the temperature
range 250-300°C. In the range of temperatures 110-150°C water is discharged slowly. However, at the
temperature 200°C the-dehydration speed increases sharply, when the mass loss makes 16.5 wt %.
After burning the composition at 500°C (Figure 1, curve 2), the amorphization of the structure is
observed. The heulandite peaks can hardly be fixed; it is the diffractional reflections of metakaolin that
remain. The mass loss after the second burn makes 3.6 wt % (Figure 3, curve 1).

Developments in Strategic Materials - 131



Fireproof Coatings on the Basis of Alkaline Aluminum Silicate Systems
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Figure 2. X-ray diffractometry of the hydration products (curves 1, 3, 5) and dehydration

products (curves 2, 4, 6) of binding compositions Na,O-Al;03-68i0,-25H,0 (curves 1, 2);
Na;0-AL03-8510,-25H,0 (curves 3, 4). NayO-Al,03-108i02:25H,0 (curves 5. 6)
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Figure 3. Infra red (IR) spectroscopy of dehydration products of the binding compositions
Na;0-A1,03-65i0,25H,0 (curve 1); Na,0-Al;0;-85i0,-25H,0 (curve 2);
Na20~A1203-IOSiOz-25H20 (curve 3)
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Figure 4. Derivative spectroscopy of the alumino silicates compositions:
NazO'AhO}'GSiOz'ZSHzO (l), NaZO-AIZOfSSiOz'ZSHzO (2),
N820A1203]0810225H20 (3)
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The curve (Figure 3. curve 1) points to the stepped decomposition of the heulandite at the
temperature range of 250-300°C. In the temperature range of 110-150°C the water is discharged
slowly, however, at the temperature of 200°C the dehydration speed increases sharply: at that the mass
loss makes 16.5 wt %.

According to scanning electron microscopy (Fig. 5) at the relatively insufficient enlargement of
100x, the structure of the bloated material on the basis of alumino silicate composition
Nay0-Al,03-68i10,-25H,0 may be defined as cellular, with evenly occurring porosity.

With the picture enlargement by x1000-x5000 inside the material structure, one can observe
regularly repeated framework elements including also zeolite microregions.

A :
- w &

Figure 5. SEM Electron micrographs of stone surface chip based on the composition
Na,0-Al,0,-65i0,-25H,0 after the bloating at the temperature of 500°C with
enlargement: (a) -x100; (b) -x1000: (c) -x2500; (d) -x5000
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The resulting structure obtained on the basis of synthetic zeolite of heulandite content
(Nay0-Al,0;-6S8i0,-25H,0). is by its characteristic similar to the structure obtained by the natural
zeolite of the monthmorillonite and the liquid glass (Fig. 6). The difference in the degree of the
crystallization of the structures obtained on the basis of natural and synthetic zeolites can clearly be
seen when comparing the electronic photos (Fig. 5. 6) at the enlargement of x5000. In so doing, the
structure formed in the process of dehydration of the composition based on natural zeolite, which is
represented by widely brimmed fiber-like elements. However, the structure obtained on the basis of
synthetic zeolite NayO-Al,03-6S5i0,-25H,0. is composed of mainly amorphized elements, set up the
same manner as the in the structures formed by natural zeolites and this is due to low degree of
crystallization. However, despite the fact that the indicated differences in the structures remain similar,
in the composition based on the dehydration of the synthetic zeolite, one can observe the presence of
zeolite microregions evenly concentrated over the skeleton of the bloated material.

Figure 6. SEM Electron micrographs of stone surface chip based on the composition based
on natural zeolite (clinoptilolite) and sodium water glass after the bloating at the
temperature 500°C with enlargement: (a) -x100: (b) -x1000; (c) -x2500; (d) -x5000
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At the hydration of the composition Na,0-A1,0;-85i0,-25H,0, the hydrate new formations are
presented by (Figure 2, curve 3): - Na-modernite (d/n=0.421:0.407:0.356:0.332:0.315:0.283:0.199
nm), and the residual metakaolin (d/n=0.407:0.356:0.349:0.338 nm).

The DTA data prove the availability of Na-modernite residual metakaolin in the content of the
composition product hydration. Based on the data of thermal gravimetrical analysis TGA (Figure 4,
curve 2) the mass loss observed during the burning at 500°C, makes 16.7 wt % - and corresponds to
data published in references [20, 21] concerning changing the mordenite mass at dehydration.

After burning the composition at 500°C one can observe amorphization of the metal structure.
According to the X-ray data (Figure 2, curve 4) in the content of burned products the mordenite residue
was fixed (d/n=0.407:0.356:0.338:0.282:0.199 nm). The mass loss of the samples does not exceed 2.5
wt % (Figure 4, curve 2), which indicates almost complete discharge of the zeolite water when bloating
t the composition Na,0-Al,0;-8Si0,-25H,0.

While hydrating composition Na,O-A1,05-10810,-25H,0. the content of the new formations is
represented by mainly modernite, moreover, its quantity is much higher than in hydrating of the
composition Na,0-Al,0;-8Si0,-25H,0 (Figure 1, curve 5). According to DTA data (Figure 4, curve 3)
dehydration occurs steadily in the range of temperature range 20-400°C, the mass loss based on the
thermal gravimetrical analysis, makes 13 wt %. After burning the composition at a temperature of
500°C (Figure 1, curve 6), as in the previous case (Figure 5, curve 4), the content of the dehydration
products is represented by amorphized substance that contains an insufficient quantity of modemite
(d/n=0.404:0.336:0.28:0.191 nm). Under TGA data (Figure 4, curve 3) the mass loss after the repeated
burn makes 4.8 wt %. Therefore, the set of physical and chemical analysis methods have confirmed the
assumption of the possible synthesis in the content of the hydration products within the alkali alumino
silicate system Na;O-Al,03-(2-10)Si0,-25H,0 of the zeolite-like heulandite group. The latter is
capable of dehydration at relatively low temperatures with partial amorphization of the structure.

Influence of technological factors on bloating ratio of the alumino silicate compositions

The binding mixtures in the system Na,O-Al,0;-(6-8)Si0,-25H,0 can be used to prepare the
fireproof bloating compositions that are applied to various surfaces such as metal, concrete, brick,
wood. The research of the bloating degree of the compositions was performed based on the change of
surface bloating factor that is calculated as correlation of the thickness (height) of the coating bloated
in a furnace at a temperature of 500°C, and the thickness of the initial coating (that was hardening
under normal conditions or drying at the temperature 50-80°C). The fireproof bloating coating was
obtained by mixing alumino silicate binding composition over 5 minutes in the “Hobort” type mixer
(two composition was kept this composition previously in the closed vessel for no less than one hour
and then the filling material — silica- and other additives were added to have the composition defined
for this particular experiment. It was better to use the prepared mixture over 15-30 min. Previous
testing of the coatings for bloating ability which is an indirect index of fire resistance was done
according to the Bartel methodology [22] (Figure 7).

The temperature of the flame was measured by a platinum and platinum rhodium thermocouple,
and the temperature of the metal plate was measured by a chrome aluminum thermocouple. Heating of
the surface was performed by the open fire (spot influence) from the coating side fixing the
temperature on the reverse side of the metal plate within 1 hour. For the purpose of studying the
influence of temperature and interval of bloating upon the factor of bloating by the alumino silica
composition the studied reacting mixtures were optimized with the use of the bifactorial three level
method of experiment planning. The selected variable factors were the bloating temperature (T, °C)
and interval (T, min) of bloating the coating applies to the metal plate [18)]. Analysis of the research
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results shows that the composition Nay;O-Al,03-7Si0523H,0 had the highest bloating factor (17.83)
(Figure 8 (b)).

Figure 7. Diagram of Bartel unit: 1) the fireproof bloating coating; 2) metal plate of 3 mm
thickness; 3) heat isolating plate; 4) thermocouple; 5) millivoltmeter; 6) torch flame
(temperature 1000-1200°C); 7) source of flame (petrol torch). 1a and 1b —thickness
and form of flame distribution prior to bloating; 6a and 6b — after bloating of the
surface
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Figure 8. Diagram showing modification of the bloating factor depending on
The temperature and time of exposure of the composition:
a) Nay0O-Al,05-6510,-20H,0;
b) Na;O-ALL,0;-78i0,-23H,0;
C) Nazo-A1203'8Si02-26,5H20.
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Isolines of bloating factor are shifted towards the right comer of the factor space which is
limited on the X, axis by bloating temperature ranging from 410 to 475°C. and on the X, — axis is
limited by the time of exposure at the given temperature from 15 to 18 min. The composition
Na;0-Al,0;-8810,-26.5H,0 had a somewhat lesser bloating factor — 10.54 (Figure 8, c). Isolines of the
bloating factor are concentrated in the central part of the figure which is limited on the X, axis by
temperature from 360 to 410°C, and on the X, — is limited with time of exposure from 14 to 17 min.
The different picture of isoline concentration for the bloating ratio has the composition
Na;O-AL0;-6Si0,-20H,0 (Figure 8, a). In this case no clear optimal range for the bloating factor is
‘observed. As the temperature and time of exposure increases, the value of the bloating factor increases.
The maximum value of the bloating factor — 13.29 is observed after the burning at a temperature of
500°C and time of exposure - 20 min.

This composition will be the most applicable to be used as the basis for obtaining a fire-
resistant bloating material. while Na,O-A1,0;3-(7-8)Si0;-20H,0 composition would be used to obtain a
fire- resistant bloating filling material. :

During the work performance, the research was undertaken to improve the quality of the
bloated alumino silicate coating that would lead to increase in the bloating ratio, strengthening of the
bloated layer, increase of the adhesion of coating to metal etc. It was determined that the number of
binding materials applied was a dominating parameter influencing the factor of composition bloating
and the quality of the coating [23].

On a metal plate previously cleaned from dirt and grease, the alkaline alumino silicate binding
composition was applied - Na,O-A1,03-(6-7)Si0,-(20-23)H;0. Each subsequent layer was applied after
natural drying of the previous layer under ambient temperature not higher than 20£2°C. The plate
protected by the coating was bloated inside the laboratory furnace at a temperature of 500°C for 15-20
min. The value of the bloating factor was calculated according to the above referenced methodology.
The resulting influence on the number of the layers applied is given in Table L.

Table 1. Modification of the Surface Bloating Factor Depending on the Number of Layers

_Applied
Content of the reactive Number of coating layers
mixture of the binding 1 5 3 3 3
material
Na;0-Al0;-65i0,-20H,0 35 24 18.8 17.7 10,2
Na,0-Al;03-7Si0,-23H,0 39 254 20,6 19.4 10,9

The data obtained indicated that, on one hand, the bloating degree decreased in proportion to
the number of the layers applied (due to increasing their mass). On the other hand, the more layers of
the coating were applied, the higher was the durability of holding it onto the substrate, with the
structure of the bloated coating becoming cellular (i.e effect of layer-by-layer bloating wais observed).

As the number of the applied layers increased the internal space was being filled because each
layer bloated independently and the layers adhered to each other with a number of interlayer
partitions. This strengthened the bloated layer, prevented the tunnel effect at fire and fast heating of the
protected surface. While bloating the 4-5- layer coating the cut of the bloated material had a stratified
structure of quite low thermal conductivity, as compared to the single-layer coating. The ratio of
oxides SiO2/Al;0; did not influence sufficiently the value of the bloating factor that differs by 7-8%
from that value of composition having the ratio of SiO2/Al0;=6 and 7.

Therefore the results of determining of the bloating degree for alkaline alumino silicate content,
in combination with the created cellular structure of the material give the grounds to say that it is
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reasonable to apply 3 to 4 layers of the protected coating onto the metal substrate that would make it
possible to obtain a required coating structure having a bloating factor of 17-20.

The authors suggested applying three layers of the alumino silicate coatings onto the metal
plate mechanically — using the pneumatic spray, such that the thickness of the coating decreased
significantly — up to 2 mm and also adhesive capacity the coating is increased.

Apart for the described factors influencing the bloating degree for the silica-alumina
composition of the optimized composition of Na,0-Al,0;-7Si0,-23H,0 it should be mentioned about
the additive-modifiers significantly influence the bloating degree. Each of those additives controls
certain property of the basic composition. It was noticed that the nature of the modifying additive —
micro silica SiO,, added at the stage of basic composition design that facilitates control over the
oxygen ratio SiO,/Al,0; may also influence the value of the bloating factor. The research was done on
the single — layer coatings applied to metal plate and bloated at temperature of 500°C within 15-20
min. The results of the coatings tests are shown in Table II.

Table I1. Modification of the Surface Bloating Factor Depending on the Type of Microsilica Spheres in
the Composition of the Binding Substance Na,O-A1,0;-78i0,-23H,0

Type of Microsilica Spheres Bloating factor
Model 1 39.0
Model 2 33.0 .
Model 3 112.5
Model 4 13.5

The obtained data make it possible to set forth that the application of the microsilica spheres
(model 3) would be preferable, as it enables one to obtain coatings with the highest bloating factor.

The variety of the experimental data testifies to different activity of the studied substances as
well as to various degrees of their dispersion. The larger is the specific surface area of the micro silica
the more actively it is interacting with the other components of the alkaline silica alumina binding
material creating micro nuclei of zeolite-like phases of the heulandite group. On the other hand,
microsilica spheres obtained from the industrial waste has certain characteristics, in other words, it
contains certain additives, vitrified parts etc. that may influence their reactive capacity. It is a known
fact that by introducing additive-modifiers of different composition it is possible to control material
properties and adjust them as required. This method was used for the study of the alkaline alumino
silicate materials’ ability to be used in the conditions of fire on metal surfaces. It was noticed that in
the process of applying the binding material onto the vertical metal surface the problem occurs of
coating sliding from the protected surface under its own weight. To eliminate this shortcoming the
experiments were undertaken by modifying the alkaline alumino silicate binding material with
inorganic additives that would increase the hardening ability of the coating and its adhesion without
lowering the value of the bloating factor. The additives were introduced into the binding composition
Na;O-AlL0;-7810,-23H,0 in the amount of 10 wt % of the composition mass.

The coating was applied to the vertically placed metal surface with a palette knife to be
hardened naturally (at a temperature of 20£2°C and humidity of 60-70%). The bloating was carried out
in a laboratory furnace at a temperature of 500°C within 15-20 min. The results of coating tests are
given in Table H1.
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Table I1I. Characteristics of the Bloated Coatings Depending on the Type of Additive
Type of additive Hardening time, min Value of the bloating factor

NaHCO; (baking soda) 10-15 sec 11-12
Sodium tetraborate 30 18-20

5% soda + 5% sodium 15-20 12-14
tetraborate

Portland cement M400 3-5sec 1-1,5
Blast furnace slag 35-45 sec 6-7
(Mariupol)

CaCO; 30-40 23-24

No additive 55-60 24-25

The analysis of the data obtained allows one to set out a number of additives that can be used
to accelerate hardening in the alkaline alumino silicate binding material. They are also used to support
the surface of the vertically placed metal plate at the same time they do not cause a decrease the degree
of bloating significantly. These additives include calcium carbonate and the mixture of sodium
tetraborate and sodium bicarbonate. The other additives (Portland cement, slag and sodium
bicarbonate) cause accelerated setting up of the compositions (makes it impossible to apply it to large
area) and lower the value of the bloating factor (due to the chemical interaction of the additive with the
unbound water glass of the alkaline alumino silicate binding material. The completed research made it
possible to set up the principles for compositional building of environmentally safe, bloating coatings
based on alkaline alumino silicate binding material, and identify optimal technological parameters for
their preparation and application.

CONCLUSIONS

1. The main patterns were set up to obtain the bloated compositions in the system Na,OAl,O3(6-
10)Si0225H;0 on the basis of natural and anthropogenic raw materials, using physical and
chemical research methods of X-ray, DTA (different thermal analysis), IRS (infrared spectroscopy)
and scanning electron microscopy SEM. The hypothesis was confirmed concern the synthesis in the
content of the hydration products of the alumino silicate compositions and the zeolite-like new
formations of heulandite group. It was demonstrated that the maximum value of the bloating factor
(15-20) for the compositions is achieved at molar oxides ratios in the mixture SiO»/Al;O; equal to
6-7. Na;O/Al;05=1-1.3 and H,0/ Al,0;=22-25.

2. The fundamentals of the technology were developed to obtain fireproof bloating coatings based on
optimal reacting mixtures. The properties of the developed bloating coatings were studied with
application of the mathematical methods of experiment planning. Research was done on the
influence of technological parameters on the value of the bloating factor. It was determined that the
most meaningful technological factors to obtain materials having the highest value of the bloating
factor (Fy=17) shall be the time for endurance of the composition prior to applying the coating (15-
18 minutes), the number of the layers of the coating applied onto the substrate (3-4 layers), as well
as the method of applying the coating onto the substrate (e.g.by pneumatic spray).

3. The study was undertaken to research the influence of different microsilica sphere additives on the
degree of bloating of the alumino silicate composition Na,O-Al,03-7Si0,-23H, 0, (optimal content).
It was determined that the size of the specific surface area and availability of the glassy particles
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influence its reacting capacity and facilitate obtaining materials having high bloating ability (Fy
>30...35).

4. Additives or modifiers were selected (calcium carbonate and a mixture of sodium tetraborate
sodium bicarbonate) to improve the technological properties of the fireproof swelling coatings, on
the basis of alkaline alumino silicate systems of optimal composition Na,O-ALO;-78i0,-23H;0,
which increased the speed of hardening and adhesion of the coating, without lowering the value of
the bloating factor.
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ABSTRACT

A non-destructive process. using ultrasonic techniques, for evaluating the elastic
properties of a material is applied to a series of metakaolin based geopolymers with Si:Al ratios
ranging from 1.49 to 6.4. This study evaluates the speed of sound of both a shear and
longitudinal ultrasonic wave for each sample as well as the density’s relationship to the Si:Al
ratio. The trends observed for the Poison’s ratio, elastic modulus, and speeds of sound showed a
discontinuity around a Si:Al ratio of 3.1:1 supposedly due to the chemical changes between the
poly(sialate-siloxo) (PSS) and poly(sialate-disiloxo) (PSDS) regions. Within the PSS region, the
elastic modulus and Poison’s ratio decreased linearly as the Si:Al ratio was increased. The trends
within the PSDS region were discontinuous from the previous trends but not enough data was
collected to sufficiently describe them.

INTRODUCTION

Developing non-destructive testing methods for geopolymers has become necessary to
effectively identify the mechanical properties without destroying the samples to allow for
cheaper and repeatable studies to be performed. Determining a definitive value for such
properties can be very difficult because of the numerous variations that can go into the synthesis
of a geopolymer such as chemical ratios, curing regiment, particle size, and impurities {1,2].
Previous research has shown that studying the compressive strength is not an effective method of
material characterization because the presence of porosities will lead to large deviations due to
the destructive nature of the tests [3].

The use of ultrasound for a wide range of mechanical testing has already been deeply
explored and theories about the relationship of the speed of sound and the elastic properties have
been proposed and tested. The aim of this work is to use this ultrasonic technique to evaluate a
method of determining the elastic modulus and Poisson’s ratio for a geopolymeric material. This
procedure is completely non-destructive, allowing for samples to be tested and retested. A range
of metakaolin based geopolymer samples will be evaluated to determine both elastic properties
over a range of Si:Al ratios.

THEORY

As an ultrasonic wave propagates through its medium, it causes small sinusoidal
displacements of molecules which induce strains. If the displacements could be measured
accurately, determining the elastic properties would be a straightforward approach of applying
Hooke’s Law. With ultrasound however, it is just as convenient to know the speed of sound
through a material to determine these same elastic properties. The rate at which a material can
deform will determine the rate at which sound can propagate. To calculate the Poisson’s ratio
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and elastic modulus, the longitudinal and shear speeds of sound are measured which represent
the propagation velocity of the longitudinal and shear waves through the elastic medium.
Assuming that the pores are randomly oriented, uniformly distributed, and that the binder
material behaves isotropically, the relationships between the elastic properties and the speed of
sound have previously been shown as [4,5,6] :
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Where p is the density of the propagating material, C, is the speed of sound of the longitudinal
wave and C; is the speed of sound of the shear wave. The elastic properties are given by the
elastic modulus, E, and Poisson’s ratio, v. Solving these equations to isolate the elastic properties
will yield:
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The speed of sound of a material is simply determined by the thickness of a material

divided by the time necessary for a sound wave to propagate through it. Therefore, determining
the speed of sound is a matter of measuring the time of flight of an ultrasonic beam through a
material as well as the thickness of the propagating material. Measuring the thickness of a solid
material is a straightforward procedure. However, measuring the time of flight can sometimes be
difficult due to frequency dependant variations of the ultrasonic properties of a material.
Mechanical waves traveling through a viscoelastic medium will lose energy due to attenuation
which is a frequency dependant phenomenon [6, 7]. Additionally, most materials experience
some degree of velocity dispersion where the speed of sound also changes as a function of
frequency [6,7]. Since ultrasonic transducers generate signals with a distribution of different
frequencies centered around some central frequency, the frequency dependant phenomena of
dispersion and attenuation can lead to a distorting of the signal as is demonstrated in Figure 1.
The signal shown in Figure 1(a) was transmitted through only water which has negligible effects
of attenuation and dispersion. The signal shown in Figure 1(b) was imaged through a
geopolymer sample and a deformation of the signal is visable along with the addition of noise
from the signal. As can be seen, the profile of the waveform has been altered between the two
cases. This alteration can make choosing the location for the time of flight difficult, especially if
additional noise is present in the signal.
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Figure 1: Ultrasonic signals (a) as sent by the transducer through water and (b) as received after
attenuation through a geopolymer sample.

The frequency dependant nature of the material properties can be used to determine the
speed of sound in spite of the distortion. A Wigner-Ville transform was used to transform the
signal in the time domain into a time frequency distribution [8]. This method was chosen over a
short time Fourier transform because it is capable of determining the time and frequency nature
of a rapidly changing signal, without the use of a windowing function which can be difficult to
use do to tradeoffs between resolution of the time and frequency. Instead the Wigner-Ville
transform was used to determine the time of flight for discrete frequencies within the bandwidth
of the transducer used. These times of flight were then used to evaluate separate phase velocities.
or in other words, determine the speed of sound related to each of the chosen frequencies.

The phase velocities are insuffieient for determining the elastic properties using the
technique described earlier. In order to use the speed of sound to determine the elastic properties,
the group velocity, which is the velocity with which the wave packet actually travels. must first
be evaluated. The group velocity is commonly defined as:

Jw

Cp = 5
s (5
where ¢, represents the phase velocity, o is the angular frequency, and k is the wavenumber.
This equation is also commonly written in the form:
cﬂ
- = 6
e, “
c, do

where ¢, represents the group velocity. Once the average group velocity is determined for each
sample, the elastic properties can be evaluated.

SAMPLE PREPERATION

Seven groups of samples consisting of at least three specimens each were manufactured
for the purpose of this study. In order to reduce the variables of the experiments, the curing
regiments, manufacturing processes, and chemical compositions were kept consistent between
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the different samples so that the only distinguishing characteristic between each sample would be
the Si:Al ratio. Each sample was distinguished using the corresponding Si:Al ratio, which were
1.49,1.51,1.9,2.2,3.1,4.1,and 6.4.

The geopolymer samples were prepared by reacting commercially available metakaolin
purchased by the BASF Corporation under the trade name MetaMax and reagent grade silica
purchased from Fischer Scientific with a sodium based alkali solution. The chemical
composition of the metakaolin and silica, provided by their respective distributors, is given in
Table 1. The activating solution consisted of one part of 15 molal NaOH solution in water and
two parts sodium silicate. The source materials were then stirred into this solution to create the
geopolymeric gel. Different Si:Al ratios were obtained by altering the concentration of
metakaolin and reagent grade silica added to the activating solution. After mixing each set of
samples, the geopolymer gel was cast into 50 mm cubic molds and vibrated for 10 minutes to
remove entrapped air bubbles. After vibrating, each mold was sealed with wax paper and
allowed to oven cure for 24 hours at 65°C and then sit at room temperature for an additional 24
hours before being removed from the mold.

Table I: Concentration of compounds found in Metamax used in this study
Compound  SiO; ALO; Na,0 K,O0 TiO, Fe,0; CaD MgO P,O; SO; LOI*

Metamax %
Concentration

53.0 438 023 019 170 043 0.02 003 0.03 003 046

When using ultrasonic testing methods, it is important that the surface faces transmitting
and/or reflecting the ultrasonic signal be parallel with one another. ASTM standard E 494-95
prescribes a minimum included angle of 2° between these sides [9]. The original casted samples
were well within this tolerance from retaining the shape of their mold. These original samples
were used for analysis of the longitudinal speed of sound; however the shear mode had a much
higher rate of attenuation and required that the samples be cut thinner to approximately 10 mm.
After cutting each sample they were ground flat and CMM equipment was used to verify that all
samples were within the geometric tolerances.

EXPERIMENTAL SETUP

Two methods of determining the speed of sound were used for this procedure. The shear
waves were generated and recorded using a 2.25MHz transducer in a pulse echo setup, where a
single transducer is used to both generate and record a signal. This requires the signal to
propagate through a material reflect off of the back wall and then propagate back to the same
transducer where the signal is recorded. The type of shear transducer used requires that the
transducer be placed in contact with one side of the sample. In order to transmit the wave into the
material, a coupling agent must be used. For this procedure a shear wave coupling gel was
applied to each sample and spread out so as to create a thin film. Due to the geometries of this
setup, the speed of sound of a shear wave is determined by:

2d
Co="> )

where d is the thickness of the material and t is the time of flight recorded by the transducer.
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The longitudinal speed of sound was measured using a through transmission setup. In this
set up two transducers, both with a bandwidth centered around 2.5MHz, were aligned with one
another in a water tank. A sample is measured by placing it in between the two transducers as in
Figure 2 so that a signal could be sent through the sample using the water in the tank as a
coupling medium between the transducers and the sample. Due to the geometries of this setup,
the speed of sound of a longitudinal wave is determined by:

C, =__d_....___ (6)

., + 4

e Culo

where ti0 is the time of flight without the sample and Ciao is the longitudinal speed of sound
through water. The speed of sound through water is calculated as function of the water
temperature as was determined by [10].

. /'*:N)}))))}})}))))))))))))))))?)))}})}(;:\%\
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Figure 2: Ultrasonic transducer setup for through transmission tests of geopolymer samples
RESULTS

Speed of Sound Measurements:

After each sample was measured for thickness and scanned in both shear and longitudinal
modes, the group speed of sound was determined for each Si:Al sample. The values for the
average speed of sound for each sample are provided in Table 11 and Figure 3. In each case, the
maximum speed of sound occurred at the lowest Si:Al ratio of 1.49 and decreased with an
inverse relationship to the Si:Al ratio.

Table I1: Average speeds of sound for each geopolymer sample.
Si:Al Ratio 1.49 1.52 19 22 3.1 4.1 6.4
Longitudinal Velocity [m/s] 2632.3 25795 2469.2 23936  2350.0 18841 19231
Shear Velocity [m/s] 15754 15366.7 1513.1 1494.3 1554.2 1156.6 1321
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Figure 3: Average speed of sound for each geopolymer sample.

Porosity and Density Measurements:

The density of each sample was measured using the Archimedean principle. However,
because the voids caused by porosities cannot transmit ultrasound, the pore contribution to the
density was discounted to determine the binder density for each sample. Using microscopy
techniques, the percent pore volume, by area, and the average pore diameter were determined for
each Si:Al sample batch. Assuming that the porosities occur homogenously, this percent pore
volume can be applied to the entire volume. Therefore, the binder density is given by:

p sample
1—%PoreVolume

0

% bincter =

The average pore diameter and percent pore volume measurements collected are
presented in Figures 4 and 5. Tt was observed that the average pore diameter had a tendency to
decrease as the Si:Al ratio increased. However, the percent pore volume appeared to behave
sporadically as a function of the Si:Al ratio. The likely cause of this apparently random behavior
is due to entrapped air bubbles within the geopolymer binder from the casting process. The
workability of the geopolymers were observed to have a decreased workability during casting at
lower Si:Al ratios. This could cause more air to become trapped within the binder leading to the
high standard deviations shown in the average pore diameter plot, Figure 6, as well as the
apparently sporadic high values in the percent pore volume plot. Figure7.
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Figure 4: Average pore diameter variations with respect to the sample Si:Al ratio.
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Figure 5: Percent pore volume variations with respect to the sample Si:Al ratio.

The density for the entire sample as well as just the binder were also determined and

presented here in Figure 6. It can clearly be seen that the density increases as the Si:Al ratio is
increased
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Figure 6: Sample density, determined using the Archimedean principle, and binder density, the
density of the geopolymer discounting the porosity, for each Si:Al ratio.

Elastic Properties:

The elastic modulus and Poisson’s ratio shown in Figures 7 and 8 and provided in Table
111 were determined for each Si: Al ratio using the speeds of sound and binder densities found
above. The elastic modulus of the first five generally decreases as the Si:Al ratio is increased.
This decreasing trend has been demonstrated previously by Duxson et at [11] to be an effect of
additional silica molecules actually hindering the reaction at Si:Al ratios above 1.65 and leading
to a degradation of the mechanical properties. However, there is a discontinuity between these
samples and the two highest Si:Al samples. This discontinuity happens to occur around the
transition between the poly(sialate-siloxo) (PSS) geopolymers and the poly(sialate-disiloxo)
(PSDS) geopolymers marked with a dotted line in Figures 7 and 8. The terms PSS and PSDS
were coined by Davidovits, [12] to describe the chemical formation of geopolymers, where PSS
geopolymers contain Si:Al ratio approximately between 2.0 and 3.0 and the PSDS geopolymers
contain Si:Al ratios above 3.0.

The values measured for the Poisson’s ratio ranged between 0.22 and 0.05 and also tend

to decreases as the Si:Al ratio increases. Furthermore, similar to the elastic properties, the
Poisson’s ratio also experienced a discontinuity in its trend between the PSS and PSDS regions.

Table HI: Elastic properties for each set of samples by Si:Al.

Si:Al Ratio: 149 152 1.9 22 3.1 4.1 6.4

Elastic Modulus
(GPa)

Poisson's Ratio 0221 0.208 0.199 0.181 0.111 0.198 0.053

9.14 887 811 831 819 508 575
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Figure 7: The elastic modulus as a function of Si:Al ratio.
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Figure 8: Poisson’s ratio as a function of Si:Al ratio.
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CONCLUSIONS

The use of ultrasound to measure the elasticity of a material is.a technique that has been
well documented in the past and can be adequately applied to geopolymer materials. However,
because of attenuation concerns, geopolymer samples meant for ultrasonic testing are required to
be manufactured very thin, at or under 10 mm, to ensure that a quality signal can propagate
through the material.

Using these techniques, this study has corroborated the previous work of Duxson et al,
[11] which showed that a maximum of the elastic modulus was observed near a Si:Al ratio of
1.6, after which the elastic modulus tends to gradually decrease if not remain at that value.
However, after a PSDS geopolymer matrix is created, the elastic modulus of the material begins
to have rapid increases as the Si:Al ratio is increased. This increase in the elasticity of these
geopolymers is coupled with a rapidly decaying Poisson’s ratio indicating that the geopolymer
binder becomes extremely brittle with increasing Si:Al ratio.
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ABSTRACT

Bi-axial four point flexural and compressive strength tests were used for the assessment of
mechanical properties of geopolymer material-based, calcined kaolin and kaolinitic clays. Various
activating solutions which consist in the mixture of potassium and sodium hydroxide, water and
sodium silicate were designed and tested. Six specimens, over a wide number of investigated
compositions, were selected with SiO,/AL,0; varying from 1:1 to 3:1. The compositions 1:1 and 2:1
were obtained by using two different grades of kaolin as raw materials (standard and sand-rich), while
the 3:1 was obtained by adding required amounts of silica to either kaolin or kaolinitic clay. All the
samples were prepared by slip casting, using density (=1.5 g/cm®) as indicator of the optimum viscosity
for shaping geopolymer pastes, and cured at room temperature for different periods.

The bi-axial four points flexural strength values vary from 13 to 21 MPa while the compressive
strength vary from 45 to 67 MPa, being essentially influenced by curing time, SiO,/AlO; and
K,0/Na,0O/H,0 ratios. Increasing the SiO»/ALO; ratio from 1:1 to 3:1, the mechanical properties
increase but longer setting and curing times were required. Low Si0,/Al,0s ratio results the appearance
of micro cracks and deformations during curing. The flexural and compressive behaviour of the
specimens studied were directly correlated to the porosity, density and the final product microstructure.
The chemical behaviour of the six compositions is discussed with respect to basic dissolution-
hydrolysis-polycondensation processes that occur in Na;0-K;0-Al,0;-SiO; systems.

INTRODUCTION

The formation of [M,(Al02)x(Si0,),.MOH.H,0] gel, which essentially relies on the extent of
dissolution of alumino-silicates materials, is a dominant step in geopolymerisation. The gel then
diffuses outward from the particle surface into larger interstitial spaces between the particles, with
precipitation of gel and concurrent dissolution of new solid. When the gel phase hardens, the separate
alumino-silicate particles are therefore bound together with the gel which acts as binder'. Authors™?
described the reaction process of the gel formation indicating that Al-Si solid particles in alkaline
solution lead to the formation of monomer (OSi(OH); + ANOH)y . The successive reactions between
these monomers and alkali ions and water result in the formation of dimer; and with concentrated
silicate anion addition, the tetramer, pentamer, hexamer, octamer, nonamer, ... and their compounds
will appear®. Geopolymers are then formed with tightly packed polycrystalline structure so as to give
better mechanical properties.

The reaction mechanism involves the dissolution of Al and Si in the alkali medium,
transportation of dissolved species, followed by polycondensation, forming a 3D network of alumino-
silicate structure. Condensation occurs between alumino-silicate species or silicate species themselves,
depending on the concentration of Si in the system. When Si/Al > 1, the silicate species formed as a
result of hydrolysis of SiO,, tend to condense among themselves to form oligometric silicates which
condense with Al(OH),- forming rigid 3D geopolymenc structures™®”. Typically, better strength
behavior are obtained for mixtures with SiO,/Al,0; ratios in the range of 1 65-2.10 with a Na,0/Si0O,
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ratio near 1. Higher amounts of hydroxyl ions facilitate the dissociation of different silicate and
aluminate species, thus promoting further polymerization®. NaOH promtotes Na" ions with strong pair
formation (better dissolution) of silicate oligomers. KOH promotes K* that favors the formation of
larger silicate oligomers with which Al(OH),- prefers to bind. Therefore in KOH solutions more
geopolymer precursors exist resulting thus in better setting and stronger compressive strength since K*
would promote a high degree of condensation’. It was found that by combining NaOH and KOH,
highly dissolved and cross linked samples of geopolymer materials can be obtained. The multiple alkali
sources can act in a synergistic way to promote samples of optimal characteristics™.

High-performance materials for construction, adhesives, coatings, hydroceramics and an ever-
growing range of niche applications are produced by the reaction sequence described above. The
mechanical strength result in rapid solidification within hours and rapid early strength development.
The strength for these materials is believed to originate from the strong chemical bonding in the
alumino-silicate gel formed, as well as the physical and chemical reactions occurring between the
geopolymer gel, un- or partly reacted phases, and particulate aggregates. The compressive strength of
geopolymer materials depends on a number of factors including gel phase strength, the ratio of gel
phase/undissolved Al-Si particles sizes, the distribution and the hardness of the undissolved Al-Si
particles the amorphous nature of geopolymers or the degree of crglstallinity as well as the surface
reaction between the gel phase and the undissolved Al-Si particies '* . After geopolymerisation, the
undissolved particles remain bonded in the matrix, so that the hardness of the minerals correlates
positively with the final compressive strength''. The significance of the SV/Al ratio during alkaline
dissolution of the individual minerals indicates that compressive strength is acquired by complex
reactions between the mineral surface, alumino-silicate and the concentrated sodium silicate solution.

The curing regime has a very important impact on the mechanical strength of geopolymer
materials since it directly influences the rate of reactions that take place during geopolymerisation.
geoolymer materials of the Na,O-K,0-Al,0;-SiO; system contain a relatively large amount of water in
open pores available for evaporation, which would not result in capillary strain. This may account for
the low temperature of dimensional stability''. When the freely evaporate water is removed from pores.
the surface area of the gel structure increases as water is liberated from the surface of the gel and small
pores resulting in shrinkage are observed. The gel contraction may be correlated with the reduction in
surface area'”. This fact indicates that during curing rapid drying should be avoided.

In this work, the assessment of the of the degree of dissolution and polycondensation phenomena
is used to evaluate the packing behavior by using the compressive and bi-axial four point flexural
strength values. Both measurements are in turn indicative of the structural and densification behavior
which are dependent on the bonding and interlocking developed during geopolymerisation.

MATERIALS AND EXPERIMENTAL PROCEDURE
Materials

Metakaolin was used as the principal source of alumino-silicate. The choice was based on the fact
that it is the cheapest and alumino-silicate that presents a good degree of purity. Metakaolin improves
mechanical strength and reduces the transport of water and salts in the final product'’. Metakaolin is
important in the production of geopolymer materials for applications as adhesives, coatings and
hydroceramics'’. Two metakaolins were produced by the calcination at 700°C of two different kaolins
for 4h. MK 1 was obtained from a standard kaolin with Si0O/Al;03 = 1.2 with very low amount of
impurities. MK2 was obtained from a kaolinitic clay with SiO»/AL,O; = 1.5, with 2.5 wt% of K,0, 1%
of Fe;0; and 0.5% of Ti0,. 35 wt% concentrated solutions of NaOH and KOH (Aldrich, reagent grade)
were used for all the experiments. The sodium silicate sodium had SiO,/Na;O molar ratio of 3.1 (Table

D).
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Table 1. Chemical composition (wt%) of the starting raw materials used to prepare geopolymers.
Reactant Si0, AlLO; | Na,O K70 | Fey0O; | TiO; | Supplier
Na silicate 27.00 8.71 Aco Sil

Verona, Italy
Standard kaolin 44,37 [36.12 |0.10 0.82 1097 1.52 | Ceramic  Co,
Italy
Kaolinitc clay 51.67 |[3445 {021 2.50 | 1.01 0.50 | Ceramic  Co.
Italy

Geopolymer preparation

Solution of sodium hydroxide-potassium hydroxide-sodium silicate was prepared by volumetric
mixing the reactant in the proportion 2:1:3. The solution was then agitated for homogenization for 5
min. The solution was used to dissolved six samples of geopolymers with Si0»/AlL,0; ratios of 1.0, 1.2,
1.5, 1.65, 2.1 and 3.0 (samples GPM1 to GPMG, respectively) (Table II). Samples with SiO/AL O,
ratio less to | did not give good results in terms of mechanical properties and were not considered for
the rest of the study. Geopolymer materials were prepared by adding metakaolin to the respective
solutions in the volume propomon of liquid:solid = 2:3. The mixtures were ball milled to the paste
apparent density of = 1.5 g/em’.

The composition GPMS with Si0,/Al,05 ratio = 2.1 has been chosen among the others for further
testing due to its mechanical strength. This basic composition received different proportions of water
representing respectively 2.5, 5, 7.5, 10, 12.5 and 15% of total volume of the geopolymer paste (Table
I). The viscous pastes obtained were poured in different moulds:

- Samples with 40 mm of diameter x 10 mm thickness (for four-point bending tests);
- Samples with 40 mm of diameter x 80 mm thickness (for compressive strength tests).

Table I1. Geopolymers compositions in the Na,0-K,0-AL;03-Si0; system.

Compositions Si0,/AL O3 Na,0/K,0 Liquid:Solid ratio
GPM1 1.00 2:1 2:3
GPM2 1.20 2:1 2:3
GPM3 1.50 2:1 2:3
GPM4 1.65 2:1 2:3
GPMS5 2.10 2:1 2:3
GPM6 3.00 2:1 2:3

Biaxial bending strength tests: The piston-on-three-ball test

For the execution of the test a load is applied to the specimen centre by a right circular cylinder of
hardened steel. The test specimen is a disk. with an average diameter of 40 mm and of suitable
thickness. It is supported on three ball bearings with a diameter of 2.67 mm and positioned at 120°C
relative to each other on a circle (9.5 mm diameter).

The specimens were loaded centrally at a rate of 3 mm/min, using a spherical indenter with a
diameter of 1.66 mm. The testing machine used was of the type MTS 810, USA. The biaxial flexure
strength of each disc was calculated according to the equation'*:
3P(l+u) a, (-v) b
T ————{1+2In— >t s { Za}RZ] oy
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where P is the load, r the thickness. a the radius of the circle of the support points, b the radius of the
region of uniform loading at the centre, R the radius of the discs. and v Poisson’s ratio.
Substituting values for a, b and the typical Poisson’s ratio of brittle materials = 0.23, the
equation of the maximum strength becomes:

54
R

0, = .30;1;(5.ss+ ) )

Compressive strength

The compressive strength was determined by using the same testing machine as for bi-axial four
point flexural strength with modification of loading configuration. The end surface of specimens were
polished flat and parallei to avoid the requirement for capping. The cylinders and prisms were centered
in the compression-testing machine and loaded to complete failure. The compressive strength was
calcutated by dividing the maximum load (N) at failure by the average cross-sectional area (md).

All the values presented in the current work were an average of ten samples, with error reported as
standard deviation from the mean.

RESULTS AND DISCUSSION
The role of silica/alumina content

Figures 1 (a and b) shows the influence of Si02/Al;0; ratio on the bi-axial four point flexural and
compressive strength of geopolymer materials based Nay0-Ky0-AlL0;-Si0; system. Passing from
GPM1 to GPMS3, i.e. for ratio values of SiOy/AlO; = 1 to 2.1, the compressive strength increases
linearly to its maximum value. before decreasing again at the highest 8i0,/Al;0; ratio value of 3.0. The
bi-axial four point flexural strength reaches its maximum at GPM4 passing from 8 MPa for GPMI to
about 20 MPa for SiO,/Al,0; ratios of 1.65 (after 21 days curing time).
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Figure 1. Influence of SiO»/Al,O5 ratio on the compressive (a) and bi-axial four point flexural (b)
strength of geopolymer materials based K;0-Na,0-Si0:-A1,03.

It can also be observed from Figure 1 that as SiO,/AlO; increases, the difference in the
mechanical properties with time is more important, that is to say that when the SiO2/Al,0O; increases
the time necessary to reach complete geopolymerisation increases. GPM 1, with Si0,/Al,0; ratio of 1.0,
achieved the maximum compressive strength after 14 days, while GPMS5. with SiO/ALOs ratio of 2.1,
present 30 MPa at as compressive strength after 7 days, 56 MPa after 14 days and 68 MPa after 21
days.
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These observations indicate that there is a correlation between the Si0,/Al;05 ratio and the rate
of geoplymerization and hence to the mechanical properties of the geoplymers. This indicates that
reactions of polycondensation and hardening take more time when silica content is increased. The
sialate (silicon-oxo-aluminate) network consists of SiO4 and AlO, tetrahedra linked alternatively by
sharing all oxygens. Polysialates are chain and ring polymers with bridging oxygens and their empiric
formula is often related as M,,(~(Si0;)z-AlO,),.wH,O where z is 1, 2 or 3 and M the monovalent cation
such as Na' or K" in the case under study, » the degree of polycondensation'’.

For the samples with SiO»/Al,O; ratio value near to, | the lowest mechanical properties have been
observed together with micro-fissures in a thick fragile layer formed at the surface. Such a surface
layer, which has been identified to be high alkali content, can result from the migration of alkali ions
wichi counterbalanced the charge of a number of free AlO, tetrahedra. These AlO, units are weakly
linked to the network of sialate with as principal consequence the poor mechanical behavior. The
increase of Si0,/Al,O; ratio in fact ameliorated the distribution of monomers of SiO; and AlQ; in the
network contributing to increase the bonds in the structure, as well as the packing of polycrystalline
structure and by the way the mechanical strength (Figure 1 and 4).

The standard deviation of the bi-axial four point and compressive strength is about 5 MPa (Table
HI) which is indicative on the interval of variation of mechanical strength of geopolymer materials
which do not have stoichiometric composition and comprise mixtures of amorphous to semicrystalline
structure and crystalline aluminosilicate particles'®.

Table I1I. Mechanical properties of the geopolymers in the Na,0-K,0-AlL,03-Si0; system.

Compressive strength (MPa) Bi-axial four point flexural strength (MPa)

7 days 14 days 21 days 7 days 14 days 21 days
GPM1 9,1+4,2 145+4,4 14,5 +4,2 4,1+4,8 6,9+4,0 74+4,1
GPM2 11,7+ 4,9 20,9+ 4,0 25,6+4,8 5,5+4,7 12,0+ 4,6 14,2+4,3
GPM3 20,0+4,7 37,6+4,8 39,7+4,5 6,9+4,.2 14,7+4,7 17,9+ 4,1
GPM4 21,3+4,1 437+4,9 46,2443 84143 19,6+4,5 20,7+4,2
GPMS 29,8+4,5 58,5+5,0 68,0+4,4 75.4,9 178+4,4 20,0+4,5
GPM6 21,9+4,6 37,1448 41,5+4,6 7.2+49 169+4,8 18,1 +4,7

Considering the empirical formula of geopolymer M,(-(Si0;)z-AlO,),.wH;0, the role of water
during the production cycle of geopolymer materials is important. Under alkaline conditions, alumino-
silicates are transformed into extremely reactive materials and it is generally believed that the
dissolution process is initiated by the presence of hydroxyl ions with the formation of
[M(A1O2)«(Si0,),nMOH mH,0] gel which is essentially linked to the extent of the dissolution itself. It
was in our objective to study the influence of water content on the mechanical properties of
geopolymer materials using the composition GPM5 with SiO2/ALO; ratio of 2.1 corresponding to the
maximum mechanical properties. In Figure 2, the water progressively added to a basic composition of
geopolymer did not substantially changed density and water absorption, being the first around 1.5-1.6
g/em’ and the second approximately 22-24 %.
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Figure 2. Influence of initial water added (%vol) on water absorption and bulk density of
geopolymer based on Nay0-K,0-A1,03-8i0; .

It has been observed that the amount of water strongly affects the viscosity of the paste giving the
possibility to optimize the mechanical properties or ameliorate the characteristics of products such as
pores dimensions and distribution. With insufficient amounts of water in the geopolymer compositions,
they present very high viscosity with products showing large open pores. These large and open pores
(Figure 3a) are failure precursors during mechanical tests and they are responsible for the poor
mechanical properties of final products. By adding 5.0 to 7.5 vol% of water, the geopolymers obtained
show better homogeneous microstructure with lower porosity (number and dimensions) than those
obtained at lower water content, as an example 2.5 vol% in Figure 3b.
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Figure 3. Micrographs of geopolymers GPMS5 (Si0,/Al;0; = 2.1) with 2.5 vol% (a) and 7.5 vol%
(b) water content; showing larger open pores source cracks (a) when no sufficient water is used for the
appropriate viscosity of gel responsible for the better densification (b).

These compositions also showed the better mechanical strength (bi-axial four point flexural and
compressive strength), as it can been observed in the Figure 4.
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Figure 4. Influence of initial water added (vol%) on the bi-axial flexural (a) and compressive (b)
strength of geopolymer GPMS (SiO2/Al,05 = 2.1).

The better mechanical properties of geopolymers obtained with a water content between 5 and 7.5
vol% together with the lower water absorption (22%) and relatively high density (1.61 g/cm3) are
indicative for the higher degree of reactivity and polycondensation. Time of hardening strongly affects
the values of these properties, being almost linear for flexural strength while for compressive strength
after 14 days almost complete geopolymerization is reached.

In the Figures 5 and 6 it can be observed that products of these compositions show better
densification.

Developments in Strategic Materials - 161



Bi-Axial Four Points Flexural and Compressive Strength of Geopolymer Materials

Figure S. Micrographs of samples of geopolymer GPMS5 with 7.5% water added showing fractured
specimens after mechanical test with no cracks (a) and with intergranular cracks (b).

Ly Jopm 1
Figure 6. Etched surface of samples of Fig. 5(a) showing unreacted quartz grains (see arrow).

When the added water is in excess of 10 vol%, the viscosity of the geopolymer gel is progressively
modified and the products obtained gradually loose their good mechanical properties. The strength is
believed to originate from the strong chemical bonds in the alumina silicate gel formed, as well as the
physical and chemical reactions occurring between the geopolymer gel, non or partly reacted phases,
and particulate aggregates.

The process of geopolymerisation involves leaching, diffusion, condensation and hardening steps.
These steps generally need time to go through and the difference in mechanical properties (Figure 4) of
Na;0-K;0-Al,03-Si0, geopolymer system with time is sufficient to understand the long term of these
types of reactions. As indicated in Figure 1. the reaction velocity as well as hardening process decrease
with time. Relatively faster during the first week. the progressively decrease during the second and
third weeks of curing. Through microstructural investigations, it has been observed that the ratio of
Si0,/AlL0; influence the homogeneity of the Na,0-K,0-A1,0;-Si0; geopolymers which in turn affects
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the bi-axial four point and compressive strengths that can be optimized by controlling the quality
(viscosity, density, ...) of geolpolymer gel formed.

CONCLUSIONS

Geopolymer materials of the Na,0-K,0-Al,03-SiO, system were studied. The influence of
Si0,/Al,0; ratio and the water content of geopolymer gel were used to investigate on the bi-axial four
point flexural and compressive strength behavior of obtained products which were cold cured after slip
casting. It was observed that:

The bi-axial four point flexural and compressive strength of geopolymer material-based K,O-
Na,0-Si0,-Al,0 systems are strongly depending on the SiO/AlL;O; ratio: increasing the ratio from 1.0,
the mechanical properties increases up to 2.1, point at which the increase in SiO; content decreases the
mechanical properties. This behavior was ascribed to the influence of these ratios on the distribution of
SiO4 and AlQ; monomers during the polycondensation and the impact on the hardening of bonds
formed.

The geopolymirisation process was found to be positive in the cold environment of curing even if in
this case the reaction process take a long time.

The water content of geopolymer gels can be used to monitor the viscosity and density which are
very important for the optimization of the final characteristics of geopolymer materials.

The respective values of 20 MPa and 68 MPa of bi-axial four point flexural and compressive
strength of the obtained geopolymer materials of the Na,0-K,0-Al,03-SiO; system are indicative for
the possible applications of these materials with advantageous characteristics.
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ABSTRACT

This work concerns the use of fly ash (coming from the power station at Megalopolis. Greece). as
raw material for the synthesis of geopolymers and it is part of a research project concerning the
exploitation of Greek minerals and by-products in geopolymer technology.

The experimental part comprises two parts: i) the dissolution of fly ash in alkaline media and the
investigation of the effect of the alkali ion (K or Na), the concentrauon of the solution (2. 5 and 10M)
and time (5, 10 and 24 hours) on the dissolution rate of AI" and Si"* and ii) the synthesis of fly ash
based geopolymers and the investigation of the effect of curing conditions (T= 50, 70 and 90 °C, t= 24,
48 and 72 hours) and the Si/Al ratio (Si/Al= 1.75-4.5) on the development of the compressive strength.
The dissolution rate of the studied fly ash, in alkaline media, shows that this material can be considered
as potential raw material for geopolymerization. The optimal curing conditions are 48 hours at 70 °C.
The increase in curing time leads to the decrease of compressive strength, while the increase in curing
temperature causes a slight increase in compressive strength but it also favors the surface cracking of
the specimens. The compressive strength of geopolymers is found to depend systematically on the
Si/Al ratio. with the maximum being 45.5+2 MPa for a Si/Al ratio of 2.5

INTRODUCTION

The need for construction materials that possess improved fire-resisting properties led professor
Joseph Davidovits to the synthesis of new materials which he named geopolymers '. These materials
have excellent mechanical properties and high resistance to thermal and chemical attack. while their
synthesis is based on the activation of aluminosilicate materials by an alkali metal hydroxide and an
alkali metal salt and their transformation into a three-dimensional inorganic amorphous structure . The
synthesis and chemical composition of geopolymers are similar to those of zeolites, but their
microstructure is amorphous to semi-crystalline.

Theoretically, any aluminosilicate material can undergo geopolymerisation under certam
circumstances. Prevmus works have reported the formation of geopolymers from natural minerals *
calcined clays *”, industrial by-products *!! or a combination of them '**¢.

The fom]ation of geopolymers involves a chemical reaction between an aluminosilicate material
and sodium silicate solution in a highly alkaline environment. The exact mechanism of this reaction is
not yet fully understood, but it is believed to be a surface reaction consisting of four main stages: (1)
the dissolution of solid reactants in an alkaline solution releasing Si and Al species. (2) the diffusion of
the dissolved species through the solution, (3) the polycondensation of the Al and Si complexes with
the added silicate solution and the formation of a gel and (4) the hardening of the gel that results to the
final polymeric product. Stages (2) to (4) cannot be monitored since the procedures cannot be stopped
and the products cannot be isolated. According to Hua Xu and Van Deventer * the mechanism of
geopolymerisation is represented schematically according to Eqs.(1) and (2):
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o(8i,0,,AL0,) + S0, + 4nH,0 + NaOH o (KOH) ~+ N~ X"+ n(OH),-5i-0-A1-0-Si-(OH),
(SA1 mamriets) |
(OH), )

(Geopolymer precurvor)

Lt
«om,-ss-o.Alrosuox)a NaOH or (KOH) — (Nn‘J(’)-(-s'l-O-AlI'-O-s'i-o-) + 40

(©OR), (', (‘, ? )
(Goopolymer backbone)

As indicated by the proposed mechanism of geopolymerisation, the presence of dissolved Si and Al
species is necessary for the progress of the reaction. so the Si/Al molar ratio of starting materials is
crucial since it causes significant structural differences which determine the final properties of
geopolymers '"'°. Low Si/Al molar ratio leads to the creation of a three-dimensional framework while
high Si/Al ratio (>15) gives a polymeric character to the geopolymer !. Yet, the amount of Si and Al
species in the gel, therefore the Si/Al ratio, depend not only on their presence in the starting materials
but also on their dissolution from the aluminosilicate framework of raw materials. So. the extent of
dissolution of the starting materials is of high significance for geopolymerisation.

Another factor that influences the properties of the produced geopolymers is the curing conditions,
since the synthesis of geopolymers depends on the temperature of polycondensation and the time that
the formatted gel remains in this temperature. In low temperatures amorphous or glassy structures are
formed resulting in poor chemical properties. Temperatures from 35 °C to 85 °C lead to the formation
of amorphous to semi-crystalline structures that possess good physical, thermal and mechanical
properties, while curing in temperatures higher than 100 °C results in semi-crystalline structures that
have excellent properties °?'.

Fly ash is an industrial by-product, coming from power-supply plants, that causes deposit
problems. Due to its high content in silica and alumina, fly ash can be used as raw material for
geopolymer synthesis. This work concerns the use of fly ash (coming from the power station at
Megalopolis. Greece). as raw material for the synthesis of geopolymers and it is part of a research
project concerning the exploitation of Greek minerals and by-products in geopolymer technology.

EXPERIMENTAL

The experimental part comprises two stages:

i) The dissolution of fly ash in alkaline media and the investigation of the effect of the alkali ion (K or
Na), the concentration of the solution (2, 5 and 10 M) and time (5, 10 and 24 hours) on the dissolution
rate of Al'* and Si*"

ii) The synthesis of fly ash based geopolymers and the investigation of the effect of curing conditions
(T=50, 70 and 90 °C, t= 24, 48 and 72 hours) and the Si/Al ratio (Si/Al= 1.75-4.5) on the development
of the compressive strength.

Fly ash comes from the power station at Megalopolis, Greece and its chemical composition is
presented in Table 1. This material consists mainly of quartz (SiO;) and feldspars (NaAlSi;Oz) while
anhydrite, gehlenite, maghemite and calcite are found in smaller quantities. Fly ash was previously
ground and its mean particle size (dsp) was approximately 10 pm. This is the typical fineness of fly ash
used in construction technology (as main constituent in blended cements).

The leaching of fly ash was conducted by mixing 0.5 (£ 0.0001) g of solid with 20 ml of alkaline
solution for certain hours under continuous stirring. The variables studied are the kind of alkali metal
(K, Na), the concentration of the alkaline solution (2, 5 and 10M) and the time of dissolution (5, 10 and
24 h). After filtering, the liquid part is diluted to 250 ml, the pH is adjusted to pH<I by adding
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concentrated HCl acid and AAS is used in order to determine the Al and Si concentration. The solid
part is examined by means of XRD in order to evaluate the effect of Si and Al leaching on the structure
of the starting material.

Table 1. Chemical composition of Hellenic fly ash (% w/w)
Si0; | ALO; | Fe;0; | CaO | MpO | KO [SO; (L.OL
47.86 {23.54 {7.15 10.56 | 2.28 [1.58 [2.50 [4.30

For the determination of the optimal curing conditions an aqueous activation solution containing
sodium silicate and sodium hydroxide was used. Geopolymer samples were prepared according to the
following molar ratios: Si/Al =1.9, H,0/Na,O = 12.19, Na,O/S8i0; = 0.27 and mygjigs/Myiquic= 2.4,
forming a homogenous slurry. This is a typical composition reported by other authors zi‘.'zz_ After
mechanical mixing, the slurry was transferred to moulds which were mildly vibrated. Then the moulds
were left for two hours at ambient temperature before they were cured in laboratory oven at 50 °C, 70
°C and 90 °C for 24, 48 and 72 hours. After cooling the specimens were transferred to sealed vessels
and their compressive strength was measured after 7 days.

The last part of the experimental involves the investigation of the effect of Si/Al molar ratio on
the development of compressive strength. The Si/Al ratio of Hellenic fly ash is 1.75. Sodium silicate
solutions were prepared by dissolving amorphous silica in sodium hydroxide solutions so that the final
Si/Al ratios would be from 1.75 to 3.0. Due to the high amount of the additional silica needed for Si/Al
ratios from 3.5 to 4.5, the sodium silicate solutions were prepared by mixing commercial silica
solutions containing 30% and 50% w/w silica with sodium hydroxide solutions. In all cases
Aly03/Na;0=1 and the activation solutions were stored for a minimum of 24 hours prior to use. All
geopolymer samples were synthesized using the same procedure and cured at the optimal curing
conditions that were determined previously. Finally, the samples were examined by means of XRD and
FTIR.

X-ray powder diffraction patterns were obtained using a Siemens D-5000 diffractometer, CuK,,
radiation (A= 1.5405A), operating at 40kV, 30mA. The IR measurements were carried out using a
Fourier Transform IR (FT-IR) spectrophotometer (Perkin Elmer 880). The FTIR spectra in the
wavenumber range from 400 to 4000 cm™ were obtained using the KBr technique. The pellets were
prepared2 by pressing a mixture of the sample and died KBr (sample: KBr approximately 1:200) at 8
tons cm™.

RESULTS AND DISCUSSION

Extent of dissolution- characterization of solid residue

Tables II and III present the concentration of Al and Si in the NaOH and KOH solutions,
respectively, in relation to the time of leaching and the alkalinity of the leaching solution. These values
are the measured concentrations, after the leaching of 0.5 g of fly ash and the dilution of filtered liquid
to 250 ml.

Table II. Extend of Al and Si dissolution in NaOH solutions

Alkalinity (M) 2 5 10

Time (h) 5 10 24 5 10. 24 5 10 24
Al (ppm) 457 | 27.74 | 4261 | 19.83 | 24.18 | 45.62 | 14.02 | 30.00 | 46.89
Si (ppm) 12.04 | 53.29 | 70.59 | 16.41 | 54.21 | 78.34 | 23.30 | 57.66 | 87.65
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Table 111. Extent of Al and Si dissolution in KOH solutions in relation to time and alkalinity

Alkalinity (M) 2 5 10

Time (h) 5 10 24 5 10 24 5 10 24
Al (ppm) 2.68 20.13 | 2091 541 19.78 | 29.82 5.35 25.68 | 41.40
Si (ppm) 7.22 33.97 | 23.78 | 10.06 | 10.10 | 54.33 | 10.71 | 58.81 | 75.64

Figures 1 and 2 present the % dissolved Al and Si afier leaching. for 24 hours, in 10 M NaOH and
10 M KOH, respectively. As it is seen, although the fly ash consists of more than one -and not all
amorphous- aluminosilicate phases. it appears to have a considerable solubility and therefore it is a
potential raw material for geopolymerisation. As it has been previously reported, the thermal treatment
of materials improves their reactivity, especially if their crystalline structure is modified in order to

store energy 2%

Dissolved Si (%)

Akalinity (M)

Figure 1. Dissolved Si (% w/w) in relation to alkalinity and alkali ion

Dissolved Al (%)

Alkalinity

Figure 2. Dissolved Al (% w/w) in relation to alkalinity and alkali ion

According to Figures 1 and 2, Si and Al seem to have a synchronized leaching behaviour in both
alkaline solutions. This indicates that Si and Al are probably dissolved in some kind of linked form, at
least in concentrated atkaline solutions. Other researchers have also reported a simultaneous leaching
of Al and Si in the case of pure minera) phases >*. In the case of NaOH the increase of alkalinity has a
slight effect on the dissolution of Al and Si. while in the case of KOH, the dissolution of both elements
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is proportional to the alkalinity of the solution. This may indicate that, in case of NaOH, equilibrium
between dissolved species and solid is obtained at low alkalinity. The dissolution rate of Al and Si is
higher in NaOH than in KOH. The same effect was also observed by other researchers and was
associated with the smaller size of the Na* which can better stabilize the silicate monomers and
dimmers in the solution, increasing in this way the dissolution rate of fly ash >°.

Figure 3 presents the XRD patterns of fly ash and its solid residue after leaching in 10 M NaOH for
24 h. As it is seen the solid residue contains mainly quartz while the other crystalline phases of fly ash
were almost completely dissolved.
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Figure 3. XRD patterns of fly ash (a) and solid residue after leaching in NaOH 10 M for 24 h (b).
1: quartz, 2: feldspars, 3: anhydrite, 4: gehlenite, 5: maghemite

Optimisation of curing conditions

Figure 4 presents the 7-day compressive strength of fly ash based geopolymers after curing at 50,
70 and 90 °C for 24, 48 and 72 hours. As it is seen the optimal curing time is 48 hours. The negative
effect of longer curing time was also reported by other authors **. The increase of curing temperature
from 50°C to 70°C induces a significant increase of the geopolymer compressive strength. Curing at
higher temperature results in a slight increase of compressive strength, but causes the formation of
surface cracking confirming that some water needs to be retained in the geopolymeric network in order
to avoid cracking and maintain structural integrity.

Effect of Si/Al ratio

Figure 5 shows the ultimate compressive strength of the geopolymers in relation to the Si/Al ratio
in the raw mixture. The specimens were cured at 70 °C for 48 days. All values presented are the
average of three measurements with error reported as standard deviation. As it is seen, the increase of
Si/Al ratio from 1.7 to 2.5 almost doubles the compressive strength. Further increase of the Si/Al ratio
has a negative effect on the development of the compressive strength. The same trend has been
reported in the case of metakaolin-based geopolymers 2?7, It is thought that the initial increase of the
Si content results in the formation of larger geopolymeric networks with higher structural integrity.
However, the further increase of soluble Si content may inhibit the dissolution of fly ash by shifting the
dissolution reaction to the left, leaving unreacted material and affecting the microstructure of the
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geopolymer. It must be noted that the geopolymers with Si/Al 4.0 and 4.5 required higher amounts of
water in order to obtain a homogenous slurry and this is probably the reason for the very low
compressive strength.
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Figure 4. Compressive strength of geopolymers in relation to curing time and temperature
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Figure 5. Compressive strength of geopolymers in relation to the Si/Al ratio

Figure 6 presents the XRD patterns of the geopolymers in relation to the Si/Al matio. In the
samples with Si/Al ratio higher than 2. the only crystalline phases are quartz and unreacted feldspars.
while hydroxysodalite and faujasite are detected in the sample with Si/Al ratios 1.7 and 2.0.
respectively. The formation of zeolitic phases in geopolymers with low Si/Al ratios has been also
reported by other authors™. In samples with Si/Al ratio higher than 2, there was no formation of
zeolitic phases. It seems that the increase in the Si content in the activation solution favors the
formation of more disorded structures.
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Figure 6. XRD patterns of geopolymers in relation to Si/Al ratio (*:hydroxysodalite, #: faujasite)

Figure 7 shows the FTIR spectra of fly ash and the prepared geopolymers in relation to the Si/Al
ratio. The spectrum of fly ash is broad and relatively featureless, due to the glassy nature and
heterogeneity of this material. The main aluminosilicate phases in fly ash (both crystalline and
amorphous) have overlapped peaks in the region 800-1300 cm™. This broad hump is the main feature
in both the fly ash and geopolymer spectra and is associated with the Si-O-T (T: tetrahedral Si or Al)
asymmetric stretching vibrations. As it is seen in Figure 7, the maximum of this hump. in the case of
fly ash, is around 1110 cm™, while in the case of geopolymers this band becomes narrower and shifts
to lower wavenumbers. As the Si/Al ratio in geopolymers increases, this peak shifts progressively to
higher wavenumbers (1000, 1011, 1025 and 1050 cm’ for 1.7, 2.5, 3.5 and 4.5 ratios, respectively).
The position of this band gives an indication of the length and angle of the bonds in a silicate network.
For amorphous silica, this peak occurs at approximately 1100 cm™. The shift of this band to lower
wavenumbers, in the case of geopolymers, indicates an increase in the substitution of tetrahedral Al in
the geopolymeric network. As the Si/Al ratio increases, the peak shifts back to higher wavenumbers
due to the higher Si/Al ratio in the binder. Any peaks in the region 630-760 cm™' generally correspond
to units such as the aluminosilicate ring and cage structures and indicate the presence of crystalline
zeolitic phases. The vibrations at approximately 740 and 650 cm™, in the geopolymer with Si/Al=1.7.
indicates the presence of hydroxysodalite. In the geopolymers with higher Si/Al ratios there are not any
distinct peaks in the zeolite region. These observations confirm the XRD measurements and are in
agreement with the relative literature 2%°,
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Figure 7. FTIR spectra of fly ash and geopolymers
CONCLUSIONS

The following conclusions can be drawn from the present study:

Q
Q

Q

Fly ash coming from Megalopolis, Greece is a promising raw material for geopolymer synthesis
The dissolution of fly ash is higher in NaOH than in KOH, while Si and Al seem to have a
synchronized leaching behaviour in both alkaline solutions

The optimal curing conditions are 48 hours at 70 °C. The increase of curing time leads to the
decrease in compressive strength, while the increase of the curing temperature causes a slight
increase in the compressive strength but it also favors the surface cracking of the specimens.

The compressive strength of geopolymers is found to depend systematically on the Si/Al ratio,
with the maximum being 45.5+2 MPa for a Si/Al ratio of 2.5
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ROLE OF OXIDE RATIOS ON ENGINEERING PERFORMANCE OF FLY-ASH GEOPOLYMER
BINDER SYSTEMS

Kwesi Sagoe—Crentsil
CSIRO Materials Science and Engineering
PO Box 56, Highett, Victoria 3190, Australia

ABSTRACT

This study examines specific roles of various constituent oxides on the hydrolysis and
condensation reactions that underpin engineering performance of Geopolymer binder systems. Fly-ash
Geopolymer systems characterised by high Si/Al ratios, i.e., SiO2/ALO; > 3, provides an ideal system
for this form of analysis given its widespread consideration for emerging mainstream engineering
applications. Specific emphasis is placed on the roles of silica and alkali species present in the
feedstock material and their impact on mechanical properties such as strength development.

It is noted that alongside other chemical variables discussed for fly-ash based Geopolymer
systems, high alkali content (Na,O/Al,0; = 1.0) systems are shown to be characterised by high
strength, low porosity and dense microstructures. Such properties may be correspondingly achieved
with high silica and low alumina contents (Si0,/Al;O; = 3.5-3.8), beyond which strength deterioration
can occur. The observed synthesis parameters suggest potential beneficial and novel applications for a
variety of fly-ash sources as raw feedstock material for building product and civil construction
applications.

INTRODUCTION

The properties of Geopolymer binder systems are largely controlled by the reaction chemistry
of SiQ;, ALO; and other minor oxides present in its highly alkaline environment. It is these
characteristic properties, notably the high compressive and tensile strengths, thermal performance and
acid resistance properties compared to equivalent Ordinary Portland cement (OPC) systems that have
generated interest in Geopolymer systems in recent vears.> Clearly, the factors controlling
geopolymer binder performance hinge on materials selection and process route adopted for
geopolymer synthesis. In particular, the type and chemical composition of oxide components of the
feedstock material — typically fly ash or metakaolin, and concentration of alkali silicate activator, water
content. and cure conditions*’ play a major role in both microstructure development and tailoring of
engineering properties of the Geopolymer binder product.

As noted by several researchers®’ the basic mechanisms of the geoplymerisation reaction
involves an initial dissolution step in which Al and Si ions are released in the alkali medium.
Transport and hydrolysis of dissolved species are followed by a polycondensation step, forming 3-D
network of silico-aluminate structures. According to Davidovits', these structures can be of three types:
Poly (sialate) (-Si-O-Al-O-), Poly (sialate-siloxo) (Si-O-Al-0-Si-0), and Poly (sialate-disiloxo) (Si-O-
Al-0-8i-0-8i-0).

The chemical processes governing polymerisation reactions of Al;O3 and SiO; in these systems
are largely controlled by stability of the respectlve speciated phases. X-ray diffraction (XRD) analysis
shows geopolymers to be largely amorphous®® although there is Pubhshed evidence of occurrence of
nanocrystalline particles, within the geopolymer matrix structure. Correspondmgly, in the alkaline
aqueous solutions of geopolymers, aluminium is presem mostly as monomeric aluminate ions
(A](OH)“) 213 Thus all the aluminium present in solution is in 1V-fold coordination irrespective of the
coordination of the aluminium in the precursor. Silicon, by contrast, forms a vanety of oligomeric ions
pamcularly at high concentrations and high SiO#M;O (M = Na, K) ratios." Swaddle and co-
workers'? list 25 such silicate oligomers in linear, cyclic and three dimensional forms.
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Unlike the well understood roles of oxide components comprising the hydrated gel phases
present in Ca0-AlL0;-Si0, systems i.e.. Portland and pozzolanic cements, the equivalent
contributions of oxide components governing ?olymerisation reactions and, hence, geopolymer
properties are now only beginning to emerge.'>'® Accordingly, the reaction pathways required to
achieve desired engineering performance of geopolymer systems is becoming increasingly important.
Especially so, since the properties of geopolymer systems are particularly dependent on reaction
chemistry given its characteristic multiphase structure. While aspects of physical and chemical
property relationships of generic geopolymer systems have been investigated, 7 the need exists to
extend such studies to cover raw materials selection, process conditions through to large scale
production issues.

This study draws on experimental and theoretical studies to examine the relationships between
chemical formulation, microstructure and mechanical properties of selected fly-ash based geopolymer
systems to explore the effects of feedstock oxide compositional limits and mineralogy. Analysis of the
compressive strength development characteristics of fly ash formulations provides a basic index to
assess the interrelationships of key oxide componments and their implications on geopolymer
performance.

EXPERIMENTAL

Geopolymer mixtures were prepared from fly ash, alkali silicate solution, alkali hydroxide and
distilled water. The Class F fly ash, used was mostly amorphous, however it also contained
approximately 10% quartz, 20% mullite and 5% ferrite spinel, with the majority of particles passing
the 45um sieve; supplied by Pozzolanic Enterprises, Australia. The composition by weight percent of
oxides is: 47.9% SiO,. 29.79% AlLO;, 13.93% Fe;0;, 3.29% CaO with minor amounts of other oxides.

The alkali silicate solution was supplied by PQ Australia and had the following composition:
sodium silicate (8.9 wt% Nay0, 28.7 wt% SiO,, and 62.5 wt% H,0). Several geopolymer formulations
were prepared with the varying proportions of ingredients selected to allow the effect of alkali and
silica contents to be assessed; ccolloidal silica (Ludox HS-40) provided supplementary silica in
formulations.

Sample preparation involved initial mixing of alkali hydroxide, alkali silicate solution and fly
ash. After mixing samples were immediately poured into preheated moulds which were then sealed.
Samples were cured at 85°C for 2 hours, after which they were demoulded and cooled in a refrigerator
to arrest reaction kinetics. Compressive strengths were measured on 25.4 mm cubes. A minimum of
two(usually three) were tested for each formulation, and at times increased to six cubes to obtain
acceptable standard deviation on measurements Compressive strength testing was performed using
Baldwin testing apparatus. SEM was performed on fractured surfaces on a Philips XL30FEG field
emission SEM with all images representing averaged parts of samples.

The chemical composition of formulated geopolymer systems with varying Si loading described
in this study may be nominally represented as: xNa,0-3Si0,-Al,0;-10H;0 with the Na,O/Al,0; values
of x = 06, 08, 1.0 and 12. A second series of mixtures with a composition of
Nay0-3Si0,-Al,0;-10H,0 and Si0,/Al, 05 ratio equivalent to y = 2.7, 3.0, 3.5 and 3.9, is also reported.
Analysis of the effects of molar concentrations of Na,O and SiO, were performed with reference to
microstructural and compressive strength testing. The latter series with a compositional ratio range of
Si05/ALO; = 2.7 to 3.9, differed in the proportion of silica added in solution compared to that added as
solid fly ash.
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RESULTS
Effect of alkali content

The microstructure of geopolymer systems of varying Na,O/Al,0; (0.6 and 1.2) are shown in Fig
1. The basic structure consists of dense gel phase of rounded growths with bridging between them (Fig.
1). As observed in Fig 1, the respective gel phase matrices not only varied in densification but also the
amount of bridging material between spherical particles. Therefore, the samples may be viewed as
composites comprising of gel phase and partially reacted and unreacted spherical fly ash particles.

(a) ®

Fig 1. Microstructures of samples containing different alkali fevels.'® (a) Na,O/ALO; = 0.6
(b) Na,O/ALO; = 1. 2. Scale bar represents 50 pm

The strength of the unreacted particles and the interfaces between them and the geopolymer
matrix can be expected to have a significant bearing on the overall strength of the material. In general,
the microstructures of geopolymer samples appear similar to images previously published for these
materials.™'” Despite the range of compressive strengths observed for various formulations, only minor
differences exist in the respective microstructures. A slight decrease in the number of unreacted
particles and an increase in the size of spherical-shaped particles with increasing alkali content
Na,O/Al,0; = 0.6 through to 1.2 was evident as seen from Fig 1.

The compressive strengths at 24hrs after steam cure at 85°C for 2hrs, show a progressive
increase for samples with Na;O/ALO; = 0.6, 0.8 and 1.0 then a decrease at ratios of 1.2, as shown in
Fig 2. As the role of the alkali in geopolymers is partially to balance the charge of the aluminate groups
in the tectosilicate, it is not unexpected to find that the compressive strength goes through a maximum
when the alkali and alumina concentrations are equal. The other role of alkali in the system is to
increase the solubility of the aluminosilicate. as indicated akin to alkali attack of silicate shown in
Equation 1.

In alkaline media (e.g. containing sodium ions) a conventional silica depolymerisation reaction
likely occurs, with any excess NaOH tending to disrupt internal Si-O-Si links of the silica tetrahedron
after the acidic hydroxyl groups at the surface of the silica have been neutralized, as indicated by:

$i-0-Si + 2NaOH = Si-O-Na'+ Na™-0-Si + H;0 )
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Fig 2. Effect of varying alkali concentrations i.e. Na,0/AL,0; = 0.6, 0.8, 1.0, 1.2 on compressive
strength (tested 24hrs after Steam cure at 85°C for 2hrs)

Effect of silica content

The microstructures of geopolymer systems with SiOy/AlO; = 2.7 and 3.9 are shown in Fig 3.
Mixtures of varying Si contents were produced to determine the effect of the silica concentration on
the structure and strength of geopolymers represented by; Na,O-vSi0,-A1,03-10H,0 [y = 2.7, 3.0. 3.5
and 3.9]. The fineness of the texture and the density of the geopolymer increases greatly from
Si0,/ALO; = 2.7 to 3.9. The images reveal higher silica samples contain more unreacted particles, and
also that crystals have grown on a number of the unreacted fly ash particles, particularly in the higher
silica mixture.

(@) (b)

Fig 3. High magnification images of geopolymers containing different amounts of silica (a)
Si0x/ALO; = 2.7 (b) and Si0»/Al;,0;3 =3.9. Scale bar represents 1 pm.

From the corresponding compressive strength at 24hrs (after Steam cure at 85°C for 2hrs) plots
of Fig 4, it can be observed that the difference in strengths observed between Si02/Al0; = 3.0 and 3.5
was greater than that between ratios of 2.7 and 3.0 or 3.5 and 3.9, as would be expected given the range
of silica concentrations. Also, the compressive strengths of the Si series of samples followed expected
trends in the microstructure, i.e. the densest, finest grained samples being also the strongest as shown
in Fig 4.
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Fig 4. Effect of varying silica content on compressive strength of geopolymer systems

Compared to previous observations for varying alkali levels, the corresponding change in
strength with silica content is rather dramatic. In particular, the small change (11%) from SiO/ALO; =
3.5 t0 3.9 gave a 62% strength increase as shown in Fig 4. Specimens with SiO,/AlL O3 = 2.7 3.0 3.5
and 3.9 showed trends of increasing strength with increased silica concentration in agreement with
expectations based on microstructures of the respective geopolymers.

Effect of alumina content

Varying the alumina concentrations ranging from A10:/Nay0=0.7 to 1.1 show that low alumina
formulation give strong and dense microstructures. The microstructure of low Al geopolymer
compositions typically shows a large proportion of unreacted particles and crystallinity. These two
factors could be expected to weaken the system, as the strength is likely to be derived from the
amorphous gel rather than crystalline or unreacted components. This may counteract the effect of the
extra strength given to the binding phase by its density and fine grain. At an alumina concentration
around 'téhat of Al,03/Na,0=0.9, a strength maximum is reported between these two counteracting
factors.

The Al component of geopolymers mostly govemns condensation processes during synthesis.
Thus, the Si/Al ratio in geopolymer systems has an important influence on the structure and
mechanical properties. A higher Al content assists in condensation occurring more feasibly, and tends
to lead to a denser network structure due to the removal of more hydroxyl groups. Other researchers
such as Palomo e al.'® showed that Al solubility is generally much higher than Si under alkaline
conditions. thus aluminate anions are likely to react with silicate species from alkaline silicate
solutions. Fig 5 below shows the setting time characteristics of geopolymer systems with varying
Si0y/ AL O3 content.

As shown by previous analysis, [AKOH)] species largely regulate the condensation
reaction rate and, consequently, setting rates. The concentration of aluminate species in solution such
as [AOH)] can be adjusted by varying pH value of the solution. Hence lower pH solutions may
result in lower concentration of [AI(OH)s] species and longer setting time.

19.20
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Fig 5. Setting time characteristics of geopolymer systems with varying Si0,/Al,Os content

Effect of water content

The effect of varying the water content of fly ash inorganic polymers has not been widely
reported in the past. For instance, formulations with a water/fly ash ratio of 0.34 achieve around twice
the strength of equivalent ratio of 0.75 for various alkali concentrations has been reported. to

The compressive strengths of geopolymer formulations based on water to ﬂy ash mass ratios
varying from 0.15 to 0.57 suggest that the lower water content, the stronger the mix.'® However, there
are practical limitations to low water contents. In practice. it is these limitations which would limit the
strength that could be achieved by water reduction. Low water content greatly raises the viscosity of
the liquid component reducing dispersal and case of mixing. Effectively. trends in compressive
strength indicate lower water content formulations give relatively higher strengths, a finding that
logically follows the trend in porosity.

Essentially higher water content geopolymers generally set slowest. This is partly because more
time is available for mobility of ions in the system as the solids dissolve. This provides a possible
reason for observed low level of unreacted material. A porosity increase is to be expected, as there will
be more water-filled pores in the product with increase in water content akin to high water/binder ratio
in hydraulic cement systems. The practical importance of the viscosity of geopolymer formulations
has been commented upon previously by other authors.!*!?

Alternatively, increasing overall liquids/solids (L/S) to improve mix workability but keeping the
relative proportions of the liquid com ?onents fixed should not significantly alter compressive
strengths. However, Silverstrim et al?' found that the strength of inorganic polymer mortars
substantially increased with increasing proportions of activator. Palomo ef al.'® on the other hand
found that there was little difference between formulations with 20% and 23% activator (L/S = 0.25
and 0.30). While these proportions are fairly similar, the data of Silverstrim et a/.2! implies that such
small increments would make a measurable difference.

Effect of pH

The alkalinity of the activator governs the rate of condensation between aluminate and silicate
species, besides such factors as temperature and the nature of the feedstock as shown previously by
calorimetric results®. However. the highly alkaline nature of the mixtures. with initial pH in excess of
13.9 makes silicate and aluminosilicate oligomeric ions less stable than at pH<12."} Phair er al, 2
found that geopolymer condensation was favoured in conditions of high pH in which most of the
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dissolved silicon was monomeric. By comparison, zeolitic reactions which have similar chemistries to

geopolymers are also formed in conditions favouring monomeric or small oligomeric silicate ions.

However the speciation of aluminosilicate solutions at high pH and high silica concentration is not still
.23

evolving.

Effect of Si/Al ratio

Considering the facts that aluminium component of geopolymer mixtures tends to dissolve more
easily than the silicon component, '®** it is plausible that more A(OH)4* species and relatively less Si
species are available for condensation in the system with low SiO)/Al;O; ratios. Therefore
condensation is more likely to occur between aluminate and silicate species producing poly (sialate)
polymer structures. With increasing Si content, more silicate species are available for condensation
and reaction between silicate species, resulting oligomeric silicates, becomes dominant. And further
condensation between oligomeric silicates and aluminates result in a rigid 3D net works of poly
(sialate-siloxo), and poly (sialate-disiloxo) 3-D rigid polymeric structures.

DISCUSSION

The mixing stage of proportioned solid and liquid feedstock components of geopolymer
systems initiate an immediate dissolution process. Depending on the pH regime and oxide
concentrations, the resultant species in the liquid phase may comprise monomeric [AI(OH)4]",
[SiO(OH);]*” and [SiO(OH);]” or similar. !'?* These subsequently condense with each other. It should
be noted that the condensation between Al and Si species occurs more readily due to the characteristic
high activity of species such as [A(OH)s]". For [SiO(OH);]™ and [SiOz(OH),J*, although the latter
species is more capable of condensing with [AI(OH)4]" since there exists a larger attraction, they are
likely to produce only small aluminosilicate oligomers as discussed by Weng ef al®® The above
discussions are summarised in the synthesis pathway as given below:

1. At the onset of mixing, solid aluminosilicate components dissolve releasing aluminate and
silicate ions into solution, with concurrent hydrolysis reactions of dissolved ions

2. The aluminate and silicate species subsequently begin the condensation process, initially
giving aluminosilicate monomers and perhaps oligomers. These ions further condense with one
another to produce a gel phase while the mixture starts to set.

3. Condensation reactions continue within the gel phase with the silicate/aluminate ions
continuing to dissolve from the solid and onset of initial hardening.

4. Re-dissolution of the gel and precipitation of less soluble and more stable aluminosilicate
species may occur while the Geopolymer hardens completely as condensation reactions rapidly
escalates.

5. Over a long period of time, the condensation reactions continue but at a decreasing rate. The
rigidity of the gel and reduced free water greatly reduce the rate of dissolution of the original
aluminosilicate solid.

The variety of complex microstructures that characterise Geopolymer systems depends on selected
mix composition. It is apparent that there is a maximum SiO,/Al,O; ratio which is favourable in
producing high strength geopolymers. Accordingly, the most favourable 8i0,/Al,0; molar ratio for
geopolymer strength is about 3.8. For this, Na,O/Al,O; ratio is about unity.

Given that aluminate anions for the reaction are solely derived from the dissolution of mineral
oxides under alkaline conditions, monomeric {Al(OH)4]™ ions are probably the only aluminate species
existing under high alkaline conditions.* On the other hand, silicate species come from both soluble
alkaline silicates and the dissolution of mineral oxides. In the specific case of fly ash systems, the
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silicate species from the dissolution of particles are difficult to predict because the hydrolysis process
of amorphous silica is kinetically dependent on various factors, such as the activity of the particles,
temperature, time, and the concentration and pH value of alkaline silicate solutions.

Higher Al composition also suggests that condensation occurs more feasibly, and leads to a
denser network structure due to the removal of more hydroxyl groups. Therefore, as expected,
geopolymers composed of a higher Al component may be brittle, and have high hardness. Moreover,
geopolymers with a low Al component will be better binders since more hydroxyl groups exist in the
structure, resulting in improved bond characteristics primarily from existing hydrogen bonds. These
observations suggest that the condensation process in these systems occurs in two stages: (a) quick
condensation between aluminate and silicate species; followed by (b) a stow condensation stage solely
involving silicate species.”’

Silicon solubility, on the other hand, is generally much less than aluminium under alkaline
conditions. Thus, aluminate anions are likely to react with silicate species from alkaline silicate
solutions. Alkaline (mainly Na and K) silicate solutions used in the production of geopolymers,
typically have high SiO, concentrations above 5M, and M>0/SiO; ratios of 0.66~0.83 by the addition
of NaOH. These alkaline silicate solutions have a high content of polymeric silicate species, as
demonstrated by Barbosa ef al.® Therefore, the condensation in geopolymers will likely occur between
monomeric [AI{(OH),4]” and a variety of silicate species, including monomers and oligomers.

Compressive strengths in general can be related to both composition and microstructure in a
logical way. These general observations and their implications on feedstock material selection may be
best understood by examining the fundamental dissolution and condensation reactions occurring
during synthesis. Compared with hydration reactions in ordinary Portland cements, condensation in
geopolymers appears to be more complex due to the existence of a variety of oligomeric silicate
species. The process may be further complicated by the overlap of dissolution processes, hydrolysis
and condensation reactions, which regulates the speciation conditions for condensation. In this context,
the continuously changing environment of concentration of various species and the pH value of the
liquid phase also remains critical.

CONCLUSIONS

Observations described in this study broadly follow expected theoretical correlations between
geopolymer mix composition, microstructure and strength. It is observed that high strength
formulations are characterised by low porosity and dense, fine grained microstructures. Such
structures are found in geopolymers with high alkali contents (Na,O/A1,O; = 1.0). High silica and low
alumina contents (SiO,/Al,0; = 3.5-3.8) also produced this structure. The observed synthesis
parameters suggest potential beneficial mix design methods can be adopted for different raw feedstock
materials to produce a variety of building product and civil construction applications.

Setting time of geopolymer formations is mainly controlled by the amount of Al available for

the reaction while increasing SiO,/ALO; ratio leads to longer setting times. Correspondingly, high
Si0,/Al,O; ratios are responsible for the high strength gains at later stages.
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ABSTRACT
In recent years increasing work has been done towards the development of cementitious

materials based on aluminosilicates, with the goal of an environmentally conscious alternative to
ordinary Portland cement. Aluminosilicates such as metakaolin, fly-ashes or blast furnace slags are
currently being used as raw materials for alkaline activation, providing products of high mechanical
strength and enhanced durability. Until now no research has been pursued using volcanic ashes as an
aluminosilicate source for alkali activation. Volcanic ashes are abundant in certain parts of the world,
as a consequence of past and present volcanic activity. These materials seem to offer an interesting
potential for alkaline activation when one considers not only their unique chemical composition and
fineness but also thermal history. In this work ash samples from North Dakota and the Cape Verde
Islands are utilized for alkaline activation. The resultant material is characterized, studied and tested
under different conditions.

Keywords: - alkaline activation, volcanic ash, geopolymerization

1. INTRODUCTION

Environmental issues put some urgency in changing several aspects of current industrial
practice. Up to recent years, the exploitation of natural resources has continued with practices based
on the idea of an inexhaustible supply and there has been little concern for the impact that these
practices could impart to the well being of present and future generations. The cement industry faces
serious criticism, partially because of their necessary involvement with quarrying which permanently
disturbs the surrounding area and also for the hazardous emission of COx to the atmosphere [1]. It is
estimated that every year, the Portland cement industry is responsible for more than 1.5 billion tons of
CO;. Therefore, research is being carried out with the goal of the development of alternative binding
systems that could overcome these disadvantages. Alkaline activation is a rediscovered technique
which promotes chemical reactions among the main oxides in an aluminosilicate (SiO;, Al,03, Na,O
and K,0O) under strong alkaline conditions, giving place to final products that present high mechanical
strength and chemical stability [2].

Aluminosilicates are decidedly abundant, since they represent more than 75% of the solid
inorganic compounds of the terrestrial crust. The level of calcium content of aluminosilicates is
generally very low, therefore, they do not release CO, during the heating and curing processes. The
calcination temperature is generally much lower than the one necessary for producing clinker, thus a
substantial saving in energy is achieved. Moreover. the thermal treatments provoke a release of
constituent water so that the final products are generally amorphous. This particular state of disorder
is vulnerable to chemical combination with other species.

The use of aluminosilicates like coal-ash or slag generally presents a major advantage: - they
are produced as waste in other industrial processes and are considered residues, not involving any
spending of energy or any special treatment before the alkaline activation. By using industria) by-
products, the industry and the environment gains are two fold, a reduction of the need for disposal of
industrial waste, and the needed for quarrying of new raw materials [3]. In what concerns to the use of
volcanic ashes (most of them aged for thousands of years) one could think that this material is ready
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to use. Yet, after that long period of time it is expected that a great part of the volcanic ashes are
partially re-hydrated. If this is the case, a thermal treatment could be necessary.

In this work the activation of two different volcanic ashes. from the USA and the Islands of
Cape Verde is studied. First the chemical composition was determined by atomic absorption. Both
materials were characterized by means of XRD (X'Pert Pro, detector X'Celerator CuKa) and Infra-
Red Spectroscopy (FTIR Unicam Research Series). Samples were tested for mechanical trength.
Results of alkaline activation are discussed.

2. EXPERIMENTAL
2.1 Materials
This work studied two sets of volcanic ashes: - one from Linton, North Dakota, United Sates

of America (USA), ranging in age from 7 to 20 million years believed to have originated from
volcanoes in south-central and western Montana, as well as northern Wyoming. That tuff is thought
to be the result of single or related air fall events that likely deposited a thin layer of volcanic dust
across a wide area. In turn this volcanic dust was transported by wind and rain into streams and
redeposited in local basins as thick tuffs. Because of this process, an inch or less of volcanic dust
may result in 20 feet or more of tuff. The second material under study came from the Cape Verde
island of Santo Antdo (CV), the western most island of the archipelago. This yellowish volcanic ash,
locally named “pozzolan of Cape Verde”, is being sold to cement factories abroad. The chemical
compositions of USA and CV ashes are presented in Table 1.

Table 1 — Chemical composition of USA and CV ashes in wit%
Oxides Si02 A|203 FC)O; CaO MgO NaZO Kzo TiOZ MnO PzOz Lol
USA [68.89 1544 286 205 134 255 313 031 006 0.12 151
CV_ 15432 2165 255 139 108 868 608 021 022 020 3.42

The Cape Verde ashes are very alkaline, considering the mutual action of sodium and
potassium oxides. Therefore, attention has to be given during the activation to guard against the
possibility of excess of Na® and K* ions on the paste to avoid the occurrence of efflorescence. Most
of the compositions included granitic sand from a local quarry, in a two to one proportion with the
ashes. The alkaline activator was prepared by a two to one mixture of sodium silicate (Soda Solvay
D-40, analytical grade) and sodium hydroxide solution of 20 molal concentration.

2.2 Methods and Techniques

Initially, both materials were ground in a Retsch Ball Mill and sieved through a 125pm mesh
in order to make them homogeneous. The North Dakota Ashes and Pozzolans of Cape Verde were
activated under several conditions: - (i) direct (ii) direct with chemical correction (iii) calcination and
direct activation (iv) calcination and chemical correction. The correction of alumina and sodium
content was made with sludge from a water treatment plant (rich in aluminium hydroxide) and sodium
carbonate. The calcination of both ashes, with the aim of preparing the species for activation, was
obtained in an oven at 800°C during 2 hours.

The overall conditions of mixing were the same for all experiments: - the paste obtained in
every experiment, after being mixed and homogenized for 5 minutes in a lab mixer (Controls 65-
L0006/A) was poured into prismatic plastic moulds (4 cm x 4 cm x 16 cm) and compacted on a
vibrating table. Three samples for each experiment were considered. Different ratios of
binder/aggregate, liquid/solid components and curing conditions were evaluated. After curing, the
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samples were tested in flexure ( three point bending) and compression in a Seidner 15-250 machine -
until failure. Only the samples that gave better mechanical results are reported.

3. RESULT
3.1 Characterization

XRD spectra of the materials (raw and calcined) is shown on Figures 1 and 2. The spectra
shows a common visible sign of amorphism (between 10 and 38° 26), despite several crystalline
phases which were mainly albite (A), quartz (mullite and cristobalite) (Q), dicktite (D) in USA ashes,
and phillipsite (P) and chabbazite (C), two well known zeolites in CV ashes. The USA ashes present a
smaller amount of the crystalline phases and a well defined amorphism hallo, even in the raw
material. The Cape Verde ashes because of the re-hydration process over a long time, present the
previous zeolite forms. After calcination these forms were observed to almost fully disappear because
of the evaporation of constituent water.
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Fig. 1 — XRD spectrum of USA ashes

P Cape Verde raw
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Fig. 2 - XRD spectrum of CV ashes

Figures 3 and 4 present the FTIR spectra for both ashes before calcination. These spectra
confirm the presence of the OH groups at the band of 3500 cm™' due to the water of re-hydration. The
peak near the 1000 cm’' corresponds to asymmetrical stretching of Si-O-Si and Al-O-Si bonds, while
the peaks in the lower wavenumbers correspond to symmetrical stretching of the same bonds [4]. In
both cases, the spectrum is similar to the one found in aluminosilicates, as can be expected from their
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chemical composition and nature of the material. However, a more detailed study particularly in the
far infrared region is required for further identification of these bands.
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Fig. 3 - FTIR spectrum of USA ashes
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Fig. 4 - FTIR spectrum of CV ashes

3.2 Mechanical Results

The samples prepared with raw ashes (USA and CV) did not harden under any curing condition,
consequently, a calcination process was necessary to adequate the species for activation. Two sets of
compositions were studied: - (i) direct formulations without correction of chemical composition and
(ii) formulations where silica, alumina and sodium corrections were introduced. Sodium was corrected
using sodium carbonate (SC), but silica, and alumina contents were corrected via the use of glass
powder (GP) and calcined sludge recovered from a water treatment plant (SWT) respectively. Table 2
presents the results and compositions of the first set of experiments. The mechanical results are the
average of three samples. These samples were cured at 65°C for 48 hours with a 98% relative
humidity.

When tested in flexure the samples showed a partially wet fracture. For this reason, all samples
were dried at room temperature for 24 hours before testing. The second set of tests included the
addition of calcined sludge, sodium carbonate and glass powder to modify the SiO,/ Al,O;3,
Na,0/Si0; and Na,O/Al,0; theoretical ratios. Tables 3 and 4 present the composition and the
mechanical results obtained after these corrections.
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Ashes (g) | Sand (g) | Activator (g) | Flexure (MPa) Cotzl&rlgon
USA 100 200 85 242 3.81
Ccv 100 200 75 1.10 2.98

Table 3 — Final theoretical ratios in wt% afier addition of correctors

SlOz /Ale} NazO/SiOz Nazo/Alz()}
USA 5.98 0.32 1.93
Cv 5.86 0.32 1.84

Table 4 — Activated calcined ashes with chemical corrections. Composition and mechanical results

Ashes SWT Sand | Activator | Flexure | Compression
GP(g) | SC(g
® | ® ® W | @ | @ |opa)| (Mpy
USA 140 30 - 30 400 170 5.06 8.96
Cv 120 8 36 18 380 140 3.21 8.20

4. CONCLUSIONS

Both types of ashes, from the plains of North Dakota and from the Island of Santo Antdo in
Cape Verde are of the volcanic origin and have the potential for alkaline activation. In both cases, a
heat treatment to remove the water of re-hydration was necessary to improve the mechanical
strength. Strength was further improved by the addition of chemical corrector such as sodium
carbonate, the sludge from a water treatment plant, which is rich in Alumina and recycled glass
powder. Mechanical tests showed that compressive strength for both samples is very similar, however,
the flexural strength in the USA ashes is remarkable. This strength represents 56% of the compressive
strength. It seems, from our observations, that curing is a very important process in this type of
materials. Afier 48 hours under 65°C the samples were not dried completely, therefore, it was
necessary to let them dry at room temperature for a day before testing. Preliminary observations show
that the mechanical strength can be improved by curing for 72 hours at 95 °C, but this requires further
study.

This preliminary study shows that it is possible to make a cementitious material by the alkaline
activation of volcanic ashes. However, further studies and larger samples are necessary to clarify
some aspects connected with curing conditions that have emerged during this research, as well as to
further characterize the mechanical properties and failure modes. One last word of caution for future
researches with these materials. Some volcanic ashes might contain Erionite, a mineral who might
provoke cancer in humans. For this reason, an analysis to detect the presence of this mineral is
necessary before attempting any work with volcanic ashes.
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ABSTRACT

Small amounts (1-5 mole%) of TiO; and CaTiO; were added to the giant dielectric constant
ceramic CaCu3TisO12 (CCTO) in the attempt to lower dielectric loss without sacrificing high
permittivity. The undoped and doped ceramics had similar microstructures consisting of primarily
large grains in the range of 35 to 40 microns. Doping CCTO with TiO, lead to an increase in the
dissipation factor of CaCu;TisO1, from 0.049 to a high of 0.078, while its permittivity increased from
43949 to 77585. Doping with CaTiO; followed a similar trend as the tan § increased to a high of 0.303
and the dielectric constant at 1 kHz increased to a high of 75687. Doping at these levels also led to a
50% drop in electrical breakdown voltage.

INTRODUCTION

In its development of the all-electric ship the US Navy has made significant outlays in the
technology of power electronics. Passive components, especially filter capacitors, remain a limiting
factor in power converter design. This is due to their low volumetric efficiency which causes them to
be responsible for occupying 50 to 60% of the volume associated with today’s state-of-the-art power
converter. The ideal ceramic filter capacitor would consist of a high dielectric ceramic with good
stability over a range of temperatures and frequencies. Commercial dielectric oxides such as BaTiO;
typically sacrifice high permittivity for temperature stability. Recently, a new dielectric oxide,
CaCu3Tis0;, has been uncovered with the potential to have high permittivity (single crystal dielectric
constant is 80,000) that is stable over a wide range of temperatures and frequencies.'? Also the
material can be engineered into an internal barrier layer capacitive-like (IBLC) dielectric via one-step
processing in air® at modest sintering temperatures of 1050 to 1100°C and it is environmentally-
friendly since CCTO is a lead-free dielectric.

However, the dielectric loss properties of CaCu;Ti4O;2 have to be improved if this material is
going to be used commercially. Dissipation factors as low as 0.05 to 0.06 (20°C, 10 kHz) have been
reported for undoped CaCu;TisOy but are very sensitive to temperature.> At temperatures as low as
40°C dielectric loss values begin to climb leading to losses that exceed 0.10 before 60°C is reached.***
To improve CCTO’s dielectric loss properties the nature of the giant permittivity of CaCu;TisO,; has
to be fully comprehended. The consensus of most researchers is that the high permittivity of
CaCu;TisOs2 is extrinsic in nature and is the result of the formation of insulating layers around
semiconducting grains. This creates an electrically inhomogeneous material that is similar to internal
barrier layer capacitors (IBLCs)." However, the exact nature of the insulating boundaries and
semiconducting grains is still under scientific debate. Electrical measurements show that the insulating
boundaries are electrostatic potential barriers that can be best described using a double Schottky barrier
(DSB) model.*'"" The electrical properties of electrocereamics that contain these type of DSB barriers
can be very sensitive to the presence of dopants and oxygen.'™"® Electrical measurements show that
the grains are n-semiconductors,' but why the grains are semiconducting is unclear. Li er al.'* believe
that cation nonstoichiometry occurs during processing resulting in the replacement of Ti ions on Cu
ion sites. They believe that small increases in Ti ion concentration as low as 0.0001 can account for
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the measured semiconductivity in CCTO grains. Researchers have added TiO, and CaTiOs in amounts
of 10% or higher and have shown that it leads to dramatic reductions in dielectric loss."*""® However, it
also results in substantial 75% decreases in permittivity too. At the moment, no research has been
reported on the addition of small additions of TiO, or CaTiO; which according to Li’s model'® may
have significant impact on the dielectric and electrical properties of CCTO. This paper reports on the
attempt to decrease the loss of CCTO ceramics by doping them with small amounts of TiO; and
CaTiO;. The effects of doping on the resultant microstructure, dielectric properties, and electrical
breakdown of CaCu;TisO,; are reported.

EXPERIMENTAL PROCEDURE

CaCu;TisOy; was prepared using ceramic solid state reaction processing techniques.
Stoichiometric amounts of CaCOQj; (99.98%), CuO (99.5%) and TiO; (99.5%) were mixed by blending
the precursor powders into a purified water solution containing a dispersant (Tamol 901) and a
surfactant (Triton CF-10). The resultant slurries were then attrition-milled for 1 h and dried at 90°C.
The standard processed powder, STD, was calcined at 900°C for 4 h and then 945°C for 4 h. After the
final calcination the STD powders were attrition-milled for 1 h to produce finer powders. The titania-
doped powders, T, were fabricated by mixing various amounts of titania with the calcined STD powder
(0.95 mole% (95T), 1.9 mole% (190T) and 2.8 mole% (280T)). The CaTiO;-doped powders, C, were
made by mixing various amounts of CaTiO; with the calcined STD powder (0.95 mole% (95C), 1.35
mole% (135C), 2.7 mole% (270C), and 5.4 mole% (540C)). A 2% PVA binder solution was mixed
with the powders and they were sieved to eliminate large agglomerates. The dried powder was
uniaxially pressed into discs typically 13 mm in diameter and | mm in thickness. The discs were then
placed on platinum foil and sintered in air for three hours at 1100°C.

Material characterization was done on the discs and powders after each processing step. XRD
was used to monitor phase evolution for the various mixed powders and resultant discs.
Microstructural characterization was done on the fracture surfaces using scanning electron microscopy
(SEM). To measure the dielectric properties, sintered pellets were ground and polished to achieve flat
and parallel surfaces onto which palladium-gold electrodes were sputtered. The capacitance and
dielectric loss of each sample were measured as a function of temperature (-50 to 100 °C) and
frequency (100 Hz to 100 KHz) using an integrated, computer-controlled system in combination with a
Hewlett-Packard 4284A LCR meter. Electrical breakdown was measured on samples typically 1 mm
in thickness with gold electrodes at an applied rate of voltage of 500 volts per second.

RESULTS and DISCUSION

Effect of Ti-Doping on the Microstructure and Dielectric Properties of CaCu;TisOy

Ti-doping had a mixed effect on the microstructure of CCTO. The microstructure of undoped
CCTO was bimodal consisting of pockets of small grains distributed randomly throughout a matrix of
coarser grains (see Fig. 1a). The average grain size of the large grain was 37 microns (see Table I)
while the smalier grains were typically 2 to 4 microns in size and occupied less than 5 vol%.
Fractographs indicated that the fracture was basically transgranular and showed evidence of a possible
very thin submicron grain boundary phase (see Fig. 1b). The only overt evidence of a second phase
observed to be present was a Cu-rich phase whose presence was always detected in the mix of the
smaller grains (see Fig. 1c). Ti-doping did not lead to the presence of any other overt second phases
cither as detected by XRD or SEM. However, higher resolution techniques like TEM need to be used
to clarify the nature of the grain boundaries and the presence and nature of second phases. Ti-doping
did lead to mixed results in microstructure and transgranular fracture (see Fig. 1). The average grain
size of 190T and 280T had similar values (Table I) but at the 99% confidence level the 95T CCTO had
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Fig. 1 SEM fractographs of undoped CCTO (a-c) and CCTO doped with TiO;,- (d) 95T, (e) 190T, and
(f) 280T. Fig. (a) and (c-f) are back-scattered SEM micrographs.

Developments in Strategic Materials - 195



Microstructure and Electrical Properties of Giant Dielectric Constant Ceramic CaCu;Ti 04,

a grain size that was 15% smaller. [t is unclear how doping with titania at this level could reduce the
grain size but not at the higher dopants levels. The only other major difference between all the
samples was that the 280T sample fractured in a very flat, highly transgranular mode which is often
indicative of a stronger grain boundary (see Fig. 1f).

Table 1. Effect of Doping on Grain Size, Dielectric, and Electrical Properties of CaCu;Ti3012

Sample | Grain Size (um) | Permittivity (1 kHz) | Dissipation Factor | Breakdown Voltage (V/mm)
STD 37 (9 43939 0.049 1100

95T 31(10) 49100 0.060 750

190T 139D 48249 0.049 740

280T | 40(10) 77585 0.078 520

95C 32(8) 65000 0.193 415

135C {35(9) 70683 0.303 400

270C  140(10) 75687 0.231 450

540C_ | 38(9) 67420 0.287 950

(xx) is the standard deviation of the measured grain size

However, doping CCTO with titania did have an effect on the dielectric properties. Though the
trends were mixed, adding titania to CCTO increased its dielectric constant (20°C- 1 kHz) from 43939
to 77585 for the 280T sample (see Table 1 and Fig. 2). It also led to an increase in the dissipation
factor as it increased from 0.049 for the undoped sample to 0.078 for the 280T sample. The 190T
sample was an anomaly in regards to dielectric properties as the permittivity and dielectric loss both
decreased in value as compared to the 95T. However, this result provided clues to what the effect of
doping with small amounts of titania has on the CaCu;TisO1, system. The dielectric constant in an
IBLC or material with a Schottky barrier layer can be represented as'®

€=¢ep (d/tg) )

where g3 is the permittivity of the boundary or barrier layer, d can be approximated by the grain size.
and tg is the thickness of the boundary or barrier layer. Since the dielectric loss is very similar for the
STD and 190T sample, at both 20 and 80°C, they should have similar values of €s. Grain sizes are
similar for the two samples so that means that the effective barrier or boundary thickness for the Ti-
doped system must have decreased. This would also explain the increase in permittivity for the other
two samples (95T and 280T). The dielectric data also provides other clues to the effect of Ti-doping.
In an IBLC the approximation for the loss tangent is'® '

tan 8 = 1/(0RzC) + wR,C @

where o is the angular frequency, Ry is the resistance of the boundary layer, R, is the resistance of the
semiconducting grains, and C is the capacitance. This means that the low frequency loss is dominated
by Rgp while higher frequency loss is dominated by R,. Looking at Fig. 2 it can be determined for 95T
and 280T that the change in loss from the STD ceramic at 100 Hz is 3 to 4 fold while at 100 kHz the
change in loss is only 1.1 to 1.5. This implies that Ti-doping effects Rgy, causing the grain boundaries
to be more conductive resulting in higher dielectric losses. How the presence of extra Ti ions affects
the nature of the boundary or barrier layer is unknown. It is well known that Ti segregates to the grain
boundaries in BaTiO; and SrTiO; ceramics.?’ Also Ti has been measured by STEM analysis to
segregate to the grain boundaries in CCTO ceramics.”' Electrical measurements by Zang ef al. ® have
shown that Schottky barriers exist in CCTO. They and Marques e al.” postulate that the barrier layer
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consists of adsorbed oxygen atoms. Since Ti is a known oxygen getter it is possible that the presence
of extra Ti segregating to the boundary changes the chemistry of the barrier layer and leads to less
adsorbed oxygen. This would lead to a thinner boundary or barrier layer and a lower barrier height.
From |-V measurements on SrTiO; and impedance spectroscopy (1S) on Ti-doped CCTO, barrier
heights and R,y has been directly linked with changes in permittivity and dielectric loss so that lower
barrier heights lead to a decrease in Rgp which leads to higher permittivity and higher loss which is
what we observe in the Ti-doped CCTO samples.”'®
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Fig. 2 Temperature dependence at 1 kHz of the dielectric constant and dissipation factor of undoped
CCTO (STD) and TiO;-doped CCTO (95T, 190T. and 280T).

Effect of CaTiO;-Doping on the Microstructure and Dielectric Properties of CaCu;TisO12
CaTiO;-doping led to results that were very similar in nature to the effects that titania-doping
had on the microstructure of CCTO. Again the sample with the least amount of CaTiO;. 95C, showed
a 15% reduction in grain size (see Table I) while the other CaTiO;-doped samples had grain sizes
similar to that of the STD sample (see Fig. 3). Also the CaTiO3-doped samples tended to fracture in a
more transgranular fracture as compared to the undoped sample with the 270C sample showing the
flattest fracture (Fig 3- ¢ vs. d). XRD and SEM picked up no evidence of any second phases but their
presence can not be ruled out until higher resolution TEM analysis is done on these ceramics too.
Doping with CaTiO; led to mixed results in its effect on the dielectric properties of
CaCu;TiyOy,. All the doped samples had significantly higher dielectric constants (see Table I and Fig.
4) as the permittivity increased by 75% from 43939 to 75687 when doped with 2.7 mole% CaTiOs;.
All the samples showed significant increases in dielectric loss as the tan 8 increased 6 fold going from
0.049 to 0.303 when doped with 1.35 mole% CaTiO;. Again there were anomalies present in the data.
The 270C data showed a significant drop in dissipation factor (see Table 1) which was counter to the
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trend of the rest of the data, while the 540C showed a drop in dielectric constant which was counter to
the trend of increasing permittivity with increasing doping amounts of CaTiO;. These results indicate
that there may be possible different mechanisms or etfects that small amounts of CaTiO; have on the
defect chemistry of the semiconducting grains and insulating boundaries in CCTO dielectrics.
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Fig. 3 SEM fractographs of undoped CCTO doped with CaTiOs- (a) 95C, (b) 135C, (c) 270C, (d)
540C. Fig. (a) and (b) are back-scattered SEM micrographs.

In CCTO ceramics doped with large amounts of CaTiO; (x> 0.1. Ca,Cu3Tis+Oy), the addition
of CaTiO; led to 75% drops in permittivity and an order of magnitude drop in tan 8. The
researchers attributed the drop in dielectric constant due to the formation of CaTiO; in CCTO. Since
CaTiO; is a low loss (tan § =0.001) dielectric of 180 that is used to lower dielectric loss and the
temperature dependence of loss in titanates it is not unexpected a composite containing CaTiO; would
have lower permittivity and dielectric loss.**** However, as shown from the data in Table I this is not
the case for when small amounts of CaTiO; were added to CCTO, which resulted in the opposite
general trend of higher permittivity and higher losses as compared to the undoped material. Similar to
Ti-doped CCTO, detailed examination of the dielectric spectra (Fig. 4) reveals that the changes in loss
as compared to the undoped sample versus the doped sample are greater at 100 Hz then at 100k Hz
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(i.e. for 135C- 33 fold (100 Hz) vs. 2.5 fold at (100 kHz)). This shows that the addition of small
amounts of CaTiO; is lowering Rgy,. This is in contrast to Yan ef al.' who showed using IS that large
CaTiO; additions increased the resistance of the boundary layers. It is postulated that with low
amounts of added CaTiOs, that CaTiO; is segregating to the boundary layer. This is quite feasible as
Ti, Ca, and CaTiO; have been reported to segregate to the grain boundaries.?'?%?" There it can react
with the boundary layer changing its chemistry and defect nature to make the effective boundary layer
thinner and less insulative which leads to a higher dielectric constant and higher losses as seen for 95C
and 135C. In the case of 540C it is possible that the segregation has reached its saturation limit and
CaTiO; is now forming as a second phase. Since the dielectric constant of CaTiO; is much lower than
CCTO (43939 vs. 180)>* and the permittivity is much lower too (0.0490 vs. 0.001)** it is expected by
the rules of mixture that the resultant doped-CCTO would start to see a decrease in its permittivity and
tan & as compared to 135C.
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Fig. 4 Temperature dependence at 1 kHz of the dielectric constant and dissipation factor of undoped
CCTO (STD) and CaTiO;-doped CCTO (95C, 135C, 270C, and 540C).

Effect of Doping on the Electrical Breakdown Voltage of CaCu;Ti4O;

High breakdown voltage (E,) is a desirable characteristic for a capacitive material.
Commercial ferroelectric BaTiO;-based capacitor materials have high breakdown voltages in the range
of 30 kV/cm.?® However, varistors and IBLCs have a much lower E;, due to the presence of Schottky
barriers. Typical values for varistors range from 400 for TiO»-based varistors to 1300 V/cm for ZnO
and SnO;-based varistors.?”>! For a SrTiO;-based IBLC E, has been measured to range from 200 to
400 Viem.” For CCTO materials there has been no thorough study on its breakdown voltage but there
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is scattered data available in the literature. Breakdown voltages for undoped CCTO have been
reported to be 400, 600, 1300, and 1300 v/iem.****" However, Ej, is sensitive to processing as the
breakdown voltage drops from 1300 to 300 V/cm due to a 10-fold increase in grain size and E,
increases from 400 to 570 V/cm when heat-treated in flowing oxygen.'*** Table I data indicates that
the breakdown voltage for CCTO is sensitive to doping. In the samples doped with TiO, E, drops
from 1100 V/cm for the undoped dielectric to as low as 520 V/cm for the 280T sample. As discussed
earlier it was postulated that Ti doping leads to effectively a thinner boundary layer which leads to a
lower boundary energy and a less insulative boundary layer. This should result in a lower Ey because
Chung et al.*® have done IS research on Sc-doped CCTO and have shown a direct correlation between
changes in Rgp and Es.

Doping with CaTiO; also lowered the breakdown voltage for CCTO. However, the data trend
was mixed in a similar fashion as the dielectric data was (see Table 1). The E, dropped from 1100 for
the STD sample to a low of 400 for the 135C sample and started to increase with further doping to a
value of 950 for 540C. As postulated for the dielectric data it is believed that the doping CCTO at the
lower amounts of CaTiO; led to a decrease in Ry, and as discussed above this would lead to lower
electrical breakdown voltages as observed for 95C and 135C. However, when doped with 5.4 mole%
CaTiOs it was believed that CaTiO; started to develop as a second phase at the grain boundaries. This
could lead to the observed increase in E, for 540T because a 1 part CaCu;TisO;:2 part CaTiO;
composite saw a dramatic increase in E}, to 6500 V/em due to the large amounts of CaTiO; present in
the composite.?®

CONCLUSIONS

Unlike the results of reduced loss and permittivity reported for doping CCTO with large
amounts of TiO, and CaTiO;, addition of small amounts of these dopants led to higher dissipation
factors and higher dielectric constants. Instead of 10-fold reduction of tan & the dissipation factors
were increased from about 0.05 to a high of 0.08 for the Ti-doped material and 0.3 for the CaTiO;-
doped material. This increase in tan 8 was accompanied by a 75% increase in permittivity as the
dielectric constant increased from about 44000 to 77000 for both doped-materials. Analysis of the
dielectric spectra indicated that doping led to a decrease in the resistivity of the insulative boundary
layers. It also indicated that the effective thickness of the layers was narrower. These results can also
account for the 50% drop in electrical voltage breakdown from doping CCTO dielectrics with TiO; or
CaTiO;.  Impedance spectroscopy and TEM analysis are needed to shed further insight on the
complex role of these dopants at low levels. With this information the nature of the boundary layers
should be clearer which will allow for material engineering CCTO in order to obtain low-loss CCTO
dielectrics without sacrificing the giant permittivity of CaCu;TisO1.
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ABSTRACT

Various approaches have been adopted to modify properties of pure compound for potential
options as lead free, high k memory material. In the present study, small amounts of co-doping La and
Ga on the A and B site of BaTiO; respectively, resulting in a solid solution of the type Bai.iLaxTi;.
3xGayO; have been investigated. The compounds have been prepared by conventional solid-state
reaction. The X-ray Diffraction (XRD) of calcined powder shows the presence of tetragonal (P4/mmm)
phase only. The XRD data has been analyzed using the FULLPROF Rietveld refinement package. The
sintered pellets have been characterized by dielectric spectroscopy between room temperature and
200"C. The resulting compounds exhibit a remarkable decrease in Curie temperature as well as a
significant enhancement in the dielectric constant.

The high temperature x-ray diffraction (HTXRD) of few compositions having higher
diffuseness have been performed. The tetragonal phase persists over a wide range of temperature, and
tetragonality decreases steadily with increase in temperature. which corroborates with the observed
diffuse phase transition.

INTRODUCTION

The simpler crystallographic structure of ferroelectric perovskites is continually being explored
since the discovery of BaTiQ;. Pure BaTiO; exhibits a ferroelectric to paraelectric transition at 120°C
accompanied by a sudden change in dielectric constant and a crystallographic transformation from
tetragonal to the Cubic phase. The properties are modified by various dopants; the widely investigated
dopants are Sn.'? Sr. * La,*® Zr, "* Ce, ** Ca, Pb. and Y.'*"* A majority of the doped material exhibit a
diffuse phase transition or relaxor behavior. The high-k materials exhibiting diffuse phase transition
are of great interest for memory applications as well as the various EIS (Electronic industry standards)
capacitors. We have recently reviewed a literature on the pure and doped BaTi0;.'

The diffuse phase transition is characterized by a deviation from Curie-Weiss (CW) law and a
transition occurs over a temperature range rather than at an unique temperature. Unlike BaTiO;, the
transition is not followed by a sudden change in dielectric constant. The various explanations provided
in literature for the diffuse phase transition are compositional inhomogenity. formation of polar nano
domains and inter- and intra-grain stresses. Also, the diminished enthalpy is believed to result in non-
vanishing thermodynamic probability of existence of the ferroelectric phase over a wide temperature
range around the transition temperature. All these explanations are not mutually exclusive and
possible existence of the ferroelectric phase over a range of temperature is believed to cause
diffuseness of the transition. The present work is an attempt to investigate the experimental evidence of
the crystallographic changes in materials exhibiting a diffuse transition.

In the present investigation we synthesized a family of compositions synthesized by using ball
mill, which helped achieve a densification in excess of 95%. We further studied these compositions
using HTXRD to observe the crystallographic changes. The materials in this investigation exhibited a
highly diffuse transition and HTXRD confirmed that the transition temperature reflected in Dielectric
constant and temperature plot (Tma) does not corresponds to the crystallographic phase transition and
tetragonality exist well above T,
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EXPERIMENTAL

Nominal compositions of the type Bay.3xLayxTi1.3:GasO3 for x=0.002, 0.004, 0.006, 0.008 and
0.01 were synthesized by conventional solid-state reaction. Stoichiometric amounts of the starting
materials were mixed in a ball-mill with zirconia as a grinding media. The powder was calcined at
1100°C for 12h, followed by repetitive stages of ball milling and calcinations. The powder was
characterized by X-Ray diffraction. The lattice parameters were extracted using the FULLPROF least
square refinement software.'” Further, the calcined powder was characterized by HTXRD between
room temperature and 200 °C.

The calcined powder was ball-milled, dried, pelletized using a 10mm diameter tungsten carbide
die and sintered at 1350°C for 4 h. The dielectric measurements were recorded in the temperature range
between room temperature and 300°C at different frequencies using a HP impedance analyzer
(41924).

RESULTS AND DISCUSSION

The XRD patterns for all the compositions in Figures ! [(a)-(d)] exhibit a single phase. The
least square fit of the pattem assigned using P4/mmm symmetry in FULLPROF yield the lattice
parameters. The tetragonality (c/a) is plotted in Figure 2; the tetragonality decreases with increase in
dopant concentration. The change in tetrgonality is consistent with the corresponding change in
tolerance factor. The dielectric constant as a function of temperature, at a constant frequency (10 KHz)
for all compositions are plotted in Figure 3.

Intensity (a.u.)
L— Sp—
-
-
>

A l | A A A~
ge -
88 I— :| g8 % 2R
A o  —
2 30 “ 50 ) 70

Figure 1. XRD pattern for Ba,.3xLayTi;.3xGasO3 compositions.

The transition temperature decreases from 135°C to 40°C in going from x = 0 (BaTiO;) to x =
0.008 (see Table I); in good agreement with corresponding decrease in tetragonality (Figure 2). The
transition temperature for x=0.01 composition is below room temperature. The data for dielectric
constant at room temperature and T.. at a constant frequency 10 KHz for all compositions is provided
in Table I.
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Figure 2. Variation in tetragonality as a function of dopant concentration (x).
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Figure 3. Dielectric constant at 10KHz as a function of temperature for all the compositions.

The diffuseness of the transition increases with increase in dopant concentration, this may be
observed qualitatively in Figure 3. Further, the normalized dielectric constant as a function of
normalized temperature is plotted in Figure 4; the diffuseness increases with increase in dopant
concentration. The compositions exhibited a deviation from the C-W law. Therefore, the modified C-
W law provided below (eqn 1) is used for further analysis '*
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In eqn 1, C and v are constants, and &mx is the maximum dielectric constant at transition temperature
Twsx. The constant y varies between 1 (normatl ferroelectric) and 2 (refaxor). The constant y represents
the slope of graph between log (1/€-1/ema) and log (T-Tma) and is an indicator of diffuseness of
transition. The constant y increases with increase in dopant concentration (see Table 1): this leads us to
the same conclusion that the diffusivity increases in going from x = 0.002 to 0.008.
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Figure 4. Plot of normalized dielectric constant at 10 KHz as a function of normalized temperature.

Figure 5. Image quality map for x=0.004 composition.

The representative OIM plots is exhibited in Figure 5, none of the compositions exhibit
preferred orientation. The data points below the confidence index value of 0.1 are excluded from the
analysis. The grain size decreases from ~100 pm for pure BaTiO; to ~2 pm for the x=0.008
composition. In general. the average grain size obtained from OIM data decreases with increase in
dopant concentration. However. the grain size increases for x=0.004 (20 pm). this results in a higher
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dielectric constant relative to that for the x=0.002 (5 pm) compositions (see Table ). The latter
composition exhibits higher grain average misorientation, indicating incomplete sintering and hence a
finer grain size relative to x=0.004 composition. However, grain average misorientations for all other
samples are within the accuracy of the OIM. Satisfactory data could not be recorded for x=0.01
composition. as smaller grain size is possibly comparable to electron-beam spot diameter, resulting in
higher overlap of diffraction patterns and weak patterns.

The tetrgonality decreases with the increase in dopant concentration. However, the composition
x=0.01 exhibit the tetragonal splitting at room temperature, although its transition temperature is below
room temperature. This established an existence of tetragonal phase above T in the compositions
exhibiting diffuse phase transition. Further. in order to interpret crystallographic changes, HTXRD
experiments were performed between room temperature and 250 °C. The tetragonal (301)-(310) peak
splitting at a higher angle (~75°) was observed qualitatively, prior to a rigorous Rietveld analysis. The
tetragonal splitting disappered for pure BaTiO; abruptly at Tr.x, unlike doped compositions.

The changes in volume and lattice parameter as a function of temperature are plotted in Figure
6. Pure BaTiO; exhibits a sharp change in volume at T\, unlike doped compositions. However, the
change in lattice parameters for x=0.006 and 0.008 are continuous and the structure is tetragonal well
above Tmax(see Figure 6): this corroborates with the observed diffuse phase transition and a higher y
(see Table I). The higher value of y represents the deviation from C-W law and is indicative of
formation of polar domains. The wider difference between the crystallographic transition temperature
(established from HTXRD) and Tnay is proportional to the value of y, namely the diffuseness of the
transition. The present investigation establishes the existence of ferroelectric phase at temperatures
well above T and is an experimental evidence of the existence of tetragonality above T« for
materials exhibiting diffuse phase transition. The present investigation corroborates with our earlier
work on doped BaTiOs,' which includes investigation with two complimentary techniques namely
High temperature Raman spectroscopy and XRD.

Table I. Transition temperature and dielectric constant for all the Ba,.3Laz,Ti;.3,Ga4, O3 compositions.

X Trax | €at Tm ¢ at RT A
0.002 | 115 | 9449 2182 | 1.08
0.004 | 95 12150 2945 1
0.006 , 80 5422 3810 | 1.5
0.008 | 50 4532 4272 | 1.7

0.01 - - 2914 -
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Figure 6. Image quality map for x=0.004 composition.

CONCLUSIONS

In the present investigation, the changes in dielectric properties as a result of co-doping
extremely small amounts of La and Ga in barium titanate are addressed. The doping results in an
increase in the ease of transition, the transition persists over a wide temperature range and hence the
diffuseness.

The La and Ga co-doped compositions meet highly demanding material characteristics,
including a high dielectric constant at room temperature, a small change in dielectric constant in
vicinity of room temperature, low frequency dispersion as well as a high resistivity. This appears to be
the first BaTiQ; based compound at such a low doping level exhibiting high diffuseness and a high
dielectric constant.

The present investigation is experimental evidence that the transition observed in dielectric
constant as a function of temperature does not correspond to a crystallographic phase change. The
existence of ferroelectric phase at higher temperature explains the observed diffuseness.
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ABSTRACT

Key parameters that affect the densification of pure TiB; were being determined. The pure
TiB; powders used in the determination of the key parameters were obtained from commercial sources.
Taguchi methods were used to study the significant factors in achieving high green density from
pressed TiB; pellets. The results of the study showed that pressing pressure and powder dryness
account for ~66% of the factors that effect TiB, green density. A confirmation study confirmed that
the optimal configuration of the factors studied was pressing with a dual action configuration at 20,000
psi with powder that was not dried. Pressed samples were fired between 1800 - 2100°C using a
reducing atmosphere. Preliminary results indicated that densification of these materials may begin at
1800°C. Samples that were fired at 1800°C showed evidence of early densification stages while
samples fired at 2100°C showed varying degrees of densification.

INTRODUCTION

Titanium diboride (TiB;) is the most stable form of all Ti — B compounds but is not found in
nature. Traditionally, TiB; is produced using carbothermal reduction of TiO; and B,0:."! The
powders are then generally formed and sintered simultaneously using hot pressing. Alternatively, the
powders may be formed by pressing and pre-sintering to provide some structural strength and then hot
isostatically pressing (HIP’ing) to full density. The second approach allows for the possibility of
machining the pre-sintered part before its final densification.!'!

Properties of Technical Ceramics

As a technical ceramic, TiB; has a high compressive strength, high oxidation resistance, high
hardness, and a high melting point.>**! However, TiB; is unique among ceramics because of its
thermal conductivity, electrical conductivity, and fracture toughness properties in comparison with
other ceramics as shown in Table 1.!"47]

1. Property Comparison Chart for Selected Technical Ceramics!"*”!
Property TiB, ALO; SiC
Density (g/cm’) 4.52 3.99 3.19
Compressive Strength (MPa) | 3388 — 3736 | 2470 -2730 3047 — 3360
Hardness Vickers (GPa) 15-36 15-20 23-26
Fracture Toughness
(MPa*m'?) 6.7-8.0 5.7-63 4.28-4.72
Electrical Resistivity 21 22 1x10° -
(uobm*cm) 899-17 | 1x10° - 1x10 3.16x10'°
Thermal Conductivity
(W/m*K) 24-26 28.8-31.2 90-110
Melting Point (°C) 2916 —3045 | 2004 — 2096 2151 - 2249

® Calculated using the composite rule of mixtures.
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Material Uses

The properties of TiB; make it an excellent candidate for many potential applications such as
thermal protection for hypersonic vehicles, tank armor. and radiation shielding for space craft.
However, each of these applications requires that these properties be consistent from part to parl.“‘S‘“'
Currently TiB; is primarily being used in the aluminum industry in electrically heated crucible
materials due to its electrical conductivity and chemical resistance to molten aluminum.”™! It has also
been tested as armor plating and used, to a lesser extent. in the microelectronics and semiconductors
industries.!5510!

Methods of Powder Production

The raw materials serve as the foundation of these experiments and may be obtained by
commercial means and SHS reaction. The SHS reaction powders are produced using the Logan
technique.!"! The commercial powders are generally produced by the carbothermic process. The
carbothermic process relies on the oxidation reduction reaction of TiO, and B>O; with carbon to
produce TiB; as shown in equation [1]. As a result, producing TiB; by the carbothermic process
generally leaves small amounts of carbon and other impurities in the final product. These powders
have particle sizes between 3 and 10 pm on average.!':'”

2TiO; + 2B,0;3 + 5C — 2TiB; + 5CO; m

The SHS process makes use of the heat released during an exothermic oxidation-reduction
reaction to initiate a series of reactions. The self-propagating reaction continues until there are no un-
reacted particles left. The SHS reaction to produce pure TiB; powder is accomplished by reducing
TiO; and B,0O; with Mg to produce TiB; and MgO according to the formula shown in equation [2].
The concurrently formed MgO powder Produced by the SHS reaction is then removed by leaching in a
nitric acid solution to remove the MgO.!""! The resulting pure TiB, powder has a particle size between
0.1-10 pm (0.5 pm avg).!'®

TiO; + B,O; + SMg — TiB; + 5SMgO [2]

Processing Challenges

The forming and densification of TiB; is accomplished commercially by hot pressing. The use
of pressure in the densification process reduces the temperatures needed to sinter the material.”'*'?! As
with most ceramics, there is a balance between sintering and grain growth. The ability to control the
sintering and the grain growth partially determines the uniformity of the microstructure.?*'% Since
the sintering process for TiB; has not been studied in depth, there is a great deal of inconsistency in the
final microstructure which consequently affects the final properties.

The pressure that is provided with hot pressing, whether great or small, increases the
production cost of TiB, which has limited its widespread use.®”' The material shows a great deal of
promise but in most applications it is impractical to replace existing materials with TiB, because of
cost. However, each of the applications requires that the properties be consistent from part to part.!"¥!
Since the final properties are ultimately controlled by the processing of the material, it is imperative to
be able to control the processing, specifically the sintering or densification, of the Ti BB+

Justification of Research

The purpose of this research is to provide information leading to a better understanding of the
sintering process for TiB; and, particularly, to learn what factors contro} the final microstructure and
properties of the material. With this knowledge it may be possible to produce high density parts with
the lowest possible cost and optimize the material properties. Statistics may be used to design
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experiments that test which factors are significant and how well the process is understood. The use of
Taguchi methods allows the possibility of drawing a large number of conclusions from a smaller data
set than traditional single factor testing. Also, these conclusions can be reached in a significantly
shorter amount of time than would be possible with single factor testing. The use of Taguchi methods
can provide the possibility of studying important parameters which can not be studied with single
factor testing. All and all, the results of this work should provide the route to potential cost savings for
processing and manufacture of TiB; based materials,"*'¥

Analysis of Variance (ANOVA) is an important technique used in statistics to determine
important parameters in a model by analyzing the variance in each parameter. ANOVA helps
researchers to determine how well they understand a system or process. While using ANOVA it is
possible to quantify the affect of any parameter being tested and to calculate the certainty of a
parameters affect on the outcome of the system or process.[”]

Taguchi methods rely on ANOVA and orthogonal matrices to determine what factors affect a
particular outcome without having to test all possible combinations of factors and levels. Also, the
data that is generated using an experiment designed in conjunction with Taguchi methods provides
valuable information on the interactions between different parameters. In sintering studies, it becomes
possible to determine which parameters are important to each property individually by characterizing
the material afterwards. Therefore, the Taguchi method of approaching experimentation allows for the
factors and levels to be tailored to specific applications that require specific properties.!"'!

EXPERIMENTAL METHODS
Pressing Experiments

Carbothermically produced powders were obtained from H.C. Starck and were used throughout
the duration of these experiments. An L4 Taguchi array, as shown in Table II, was used to determine
if pressing pressure, action mode, or drying the powder was significant in affecting the green density of
pressed TiB; pellets. A three piece punch and die assembly was used in conjunction with a hydraulic
hand operated press to uniaxially press powder samples. In single action pressing, only one of the

II. Taguchi L4 Array for Pressing Experiments

Experiment # | Pressing Pressure (psi) | Action Type | Powder Dried
1 10000 Single Yes
2 10000 Double No
3 20000 Single No
4 20000 Double Yes

punches was in motion and in dual action pressing both punches were in motion as shown in figure 1.
Half of the samples were dried in air at 110°C for two hours before pressing. The diameter, thickness,
and mass of each sample were measured to determine the green density of each pellet pressed. In order
to remove statistical error and improve accuracy, complete randomization was used and samples were
run in an order determined by a random number generator. Results were analyzed and a confirmation
experiment was run.
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a. b.
Figure T — Diagrams for uniaxial pressing setup for a. single action and b. dual action pressing.

Preliminary Sample Firing

Samples were heated to 1800°C and 2100°C in flowing He at an average heating rate of
10°C/min and were held at temperature for one hour. Samples were placed onto a graphite disc within
the high temperature furnace. The samples were allowed to furnace cool (~3-4°C/min). Upon cooling
the samples were measured for density and analyzed using an SEM with EDS capability.

Density Measurements

The sintered samples were placed in a drying oven, under vacuum, overnight to remove all
moisture from the open porosity. Once the samples were dry. they were weighed using a balance
accurate to four decimal places. The mass of the dried sample was recorded in a spreadsheet. The
samples were then placed in a vacuum chamber pumped down to -30 psi and then submerged in water.
The submerged samples were weighed suspended in water, in accordance with Archimedes method,
and the results were entered into the spreadsheet. The water temperature was measured to account for
the changes of water density with temperature.

Once the suspended weight was determined, excess surface moisture was removed with a moist
paper towel. The saturated sample was weighed and the results recorded. The density, apparent pore
volume. and percent porosity of the samples were calculated. The samples were then dried under
vacuum, to remove all water from their pores.

SEM Microscopy

The samples were mounted on a conductive sample holder using carbon tape and small
amounts of conductive carbon paste. The samples were placed into the SEM chamber and
micrographs of the surface morphology and structure were taken and analyzed. Some samples were
subjected to EDS analysis of particular areas of interest.

RESULTS AND DISCUSSION

The pressed sample densities averaged 2.35 g/cm® (52.04% theoretical density), as shown in
Table TII. The samples pressed using configuration 1 averaged 2.19 g/cm® (48.38% theoretical
density). configuration 2 averaged 2.35 g/cm3 (51.98% theoretical density). configuration 3 averaged
2.50 g/em® (55.34% theoretical density), and configuration 4 averaged 2.37 g/em’ (52.37% theoretical
density). From the data in Table III, ANOVA was completed which showed a variance of 0.142 for
pressing pressure. 0.001 for action mode. and 0.107 for powder dried as shown in Table I'V.
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II1. TiB; Designed Experiment Raw Data

Configuration Run g Run % Run 23‘ Run ‘3‘ Run ? Average %
(g/cm’) (g/cm’) (g/cm’) (g/em’) (g/cm’) (g/cm”) | Theoretical
1 2.22 2.08 2.07 2.28 2.28 2.19 48.38%
2 225 2.26 2.44 2.39 2.40 2.35 51.98%
3 2.54 2.51 2.45 2.52 2.49 2.50 55.34%
4 225 237 2.44 2.37 242 2.37 52.47%

The data suggests that the action mode may not have been significant to the green density. According
to the ANOVA performed, both pressing pressure and powder drying have a 99% confidence interval
for significance as shown in Table V. In addition, the optimal setting was found to be a pressing
pressure of 20,000 psi using a double action pressing mode and powder that had not been dried. From
this analysis, a density of ~2.52 g/em® (55.71% theoretical density) should be achieved using these
settings as shown in Table V.

1V. ANOVA Table for TiB, Pressing Experiments

Sum of | Degrees . Calculated | Table F-Value | Confidence | Influence
Source the of Variance
F-Value Exceeded Interval | Percentage

Squares | Freedom
Pressing 0.142 1 0.142 221 5.29 99% 37.99%
Pressure
Action
Mode 0.001 1 0.001 0.21 - - -
Powder 0.107 1 0.107 16.80 5.29 99% 28.19%
Dried
Error 0.102 16 0.006 - - - -
Total 0.352 19 - - - - 66.19%

Based on these results, it is plausible that the moisture content of powder before pressing plays
a significant role in producing high green densities from pressing, as has been demonstrated in the
literature. Further experimentation would be needed to determine the extent to which moisture content
affects green densities for TiB; pressing. The total influence percentage was found to be 66.19%
which means that 43.81% of the parameters affecting green density of pressed TiB, pellets have not
been found.

V. Predicted Process Averages for Pressing TiB, Pellets
Pressing Action | Powder Predicted | Predicted
Pressure Mode | Dried Densit}y Percent

(psi) (g/cm’) | Theoretical
20,000 { Dual No 2.52 55.711%
20,000 | Single No 2.50 55.34%
20,000 | Dual Yes 2.37 52.47%
20,000 | Single | Yes 2.36 52.10%
10,000 | Dual No 2.35 51.98%
10,000 | Single No 2.33 51.62%
10,000 [ Dual Yes 2.20 48.75%
10,000 [ Single | Yes 2.19 48.38%
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The data from the confirmation experiment showed a green density average of 2.484 £ 0.0399
g/cm’ as shown in Table V1. The prediction from Table V falls within the process average confidence
interval range. Since the prediction falls within the range, the prediction was good and the model was
validated despite the fact that the system was not completely understood. Since the model was
validated. the predicted optimal setting will produce the highest green densities from these
combinations of factors and levels.

Table VI. Process Average and Confidence Interval for Pressing TiB,

Green Density Average 2.484 p/em’
Standard Deviation 0.0231 g/em’
Conference Interval (C1) | 0.0399 g/cm®
CI Minimum 2.444 glem’
CI Maximum 2.524 g/em’
Predicted Green Density 2,518 g/em’

The green microstructure did not appear entirely uniform: however, the particles seemed to be
tightly packed as shown in figure 2. As expected, there was no evidence of any physical fusion or
bonding between the particles as a result of pressing. The powder compact did not show any evidence
of why the particles were holding together or evidence of impurities.

Preliminary Sintering Results

The samples that were fired at 1800°C had an average density of 2.50 glem® (55.30%
theoretical density). as shown in Table VII. The samples seemed to be fairly consistent in density with
the exception of CT0100208002 which showed a substantially higher density. There were no
noticeable differences between this sample and the rest. It is possible that the position of the sample
on the sample holder may have impacted the density, however, there is not an obvious trend with this

Table VII. — Densities of Samples Fired at 1800°C
Densit %
Sample ID (g/cm“))/ Theoretical
CT122107010 2.49 55.10%
CT122107017 2.49 54.98%
CT010208001 2.46 54.49%
CT010208002 2.61 57.67%
CT010208003 2.45 54.24%
AVERAGE 2.50 55.30%
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data. Initially, the observed porosity appeared to be open porosity at the surface. However, after
further investigation using the SEM, it was discovered that the porosity was networked throughout the
sample as shown by figure 3. The SEM images showed evidence of the beginning stages of sintering
such as necking. There is a possibility that if left at these temperatures for longer times that more

significant densification might be observed. The results of EDS at certain unique regions of the
microstructure revealed the presence of carbon and oxygen which produced very interesting
microstructural features as shown in figure 4. Normally, these regions would be considered as
artifacts, however. they were observed in all of the TiB; samples that were fired. Since the samples

T
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Figure 4 - Micrographs and EDS spectra near an impure region within the carbothermic TiB, microstructure.
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were made from carbothermic TiB; and both elements were found in the composition report included
with the powder. these formations may be a result of impurities from the carbothermic process.

After firing at 2100°C, the samples had an average density of 2.65 g/cm® which is 58.65% of
the theoretical density as shown in Table VIII. There was an apparent difference in the final densities
of the two samples that were fired, however, there was no noticeable difference between the
microstructures or physical appearance of the two samples. Further study may be required to
determine the source of differences between the samples. There was still a lot of porosity within the
samples. The microstructure of these samples appeared to be very different from the samples that were
fired at 1800°C, as shown in figure 5.

Table VIII. — Densities of Samples Fired at 2100°C
Density %
(g/cm’ ) | Theoretical
CT113007002 2.55 56.42%
CT113007003 2.75 60.89%

Sample ID

While observing these samples using the SEM. there were several areas that showed masses
larger than the initial particle size of the powders as shown in figure 6. Upon further investigation
these masses showed significant evidence that sintering was taking place within the sample. However,
the sample surface also showed evidence of formations with similar appearance and EDS traces as

4 P .-;..',. LN
Figure 5 — SEM Micrographs of the carbothermic TiB, microstructure after being fired at a. 1800°C and b. 2100°C.

those fired at 1800°C as shown in Figure 7. After EDS and further observation, these formations had
the same general form and EDS spectra. One major difference between the formations was that the
impurity formations found in the samples fired at 1800°C were only found on the edges. however, the
formations were found throughout the surface of the samples fired at 2100°C.
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Figure 6 — SEM micrographs of sintered carbothermic TiB, in various areas of a sample fired at 2100°C.
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It is possible that the higher temperature. while improving sintering conditions, also provided
the necessary energy for the formation of defect structures throughout the bulk of the material. Since
sharp edges on a material have a higher surface energy than the rest of the free surface, it is reasonable
that the formations would appear along the edges of the material first. Also, these edge formations
would begin to show up at lower temperatures than the formations on other surfaces.

CONCLUSIONS

The TiB: in all of the discussed resuits was produced using the carbothermic process and
according to the ANOVA performed. both pressing pressure and powder drying have a 99%
confidence interval for significance. In addition. the optimal pressing settings were found to be a
pressing pressure of ~20,000 psi using a double action pressing mode and powder that had not been
dried. It is plausible that the moisture content of the powder before pressing plays a significant role in
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producing high green densities from pressing, as has been demonstrated in the literature. The total
influence percentage was found to be 66.19% which means that 43.81% of the parameters affecting
green density of TiB; pellets have not been found. The optimal setting prediction was good and the
model was validated despite the fact that the system was not completely understood. Since the model
was validated. the predicted optimal setting will produce the highest green densities from these
combinations of factors.

The SEM images of the samples fired at 1800°C showed evidence of the beginning stages of
sintering such as necking. The results of EDS at certain unique regions of the microstructure revealed
the presence of carbon and oxygen which produced very interesting microstructural features. Since
both elements were found in the composition report that was included with the powder. these
formations may be a result of impurities from the raw carbothermic TiB; powder. The microstructure
of the samples fired at 2100°C appeared to be very different from the samples that were fired at
1800°C. The samples fired at 2100°C showed significant evidence that sintering was taking place
within the sample.

The surfaces of samples fired at 2100°C showed evidence of formations with similar
appearance and EDS traces as those fired at 1800°C. The major difference between the formations
was that the impurity formations found in the samples fired at 1800°C were only found on the edges
while the formations were found throughout the surface of the samples fired at 2100°C. It is possible
that the higher temperature, while improving sintering conditions, also provided the necessary energy
for the formation of defect structures throughout the bulk of the material.
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ABSTRACT

Tunneling spectroscopy has been performed on W-doped VO, single crystal near the
Metal-Insulator transition temperature. The tunneling energy gap was in good agreement with band
calculations and optical measurements near the transition temperature. We have found by tunneling
spectroscopy an additional density of states in the low-temperature phase. With increasing temperature,
from room temperature to just below the transition temperature, an additional increase in the density of
states was observed in the conduction band and it shifted downward to the bottom of conduction band.
When the front of the additioﬁal density of states approaches the bottom of conduction band, edges of the
tunneling energy gap becomes blurred. and the VO, turns into the high-temperature phase. A model for
the mechanism of the Metal-Insulator transition in VO; is proposed.

INTRODUCTION

Vanadium oxides of magneli phase are expressed by V01, (n=4118,0) and several vanadium
oxides of them undergo a Metal-Insulator Transition (MIT) at their transition temperatures. Among them,
vanadium dioxide (VO,) has been received most attention because of not only the dramatic reversible
changes of electrical resistivity and infrared transmission, but also the transition temperature (7,) which
is close to room temperature, T,=330K ", For these characteristics, VO, has the possibility of applications
to new electronic devices such as “Thermochromic Smart Windows™. “Mott-Transition Field-Effect
Transistor” etc”, The phase transition mechanism of VO, has often been the topic under debate whether
it is Peierls type or Mott-Hubbard type.

The early qualitative aspects of the electronic structure in the low temperature phase of VO,
were explained by Goodenough®. The d states of the V atoms are split into lower lying t, state and
higher lying e, state because of O octahedral crystal field. The tetragonal crystal field further splits the
multiple ty, state into dj and #* states. In the low-temperature phase of VO,, there are two structural
components to the lattice distortion, namely a pairing and a twisting of V atoms out of the rutile axis c,.
The pairing and twisting of the V atoms result in two effects on the electronic structure. First, the n* band
is pushed higher in energy, due to the tilting of the pairs which increases the overlap of these states with
O states. Second. the dj band is split into a lower-energy bonding combination and a higher-energy
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anti-bonding combination. The band gap exists between the bottom of z* band and the top of bonding dj
band. On the other hand, for such peierls-like band gap. Zylbersztejn and Mott”, and

Mott-Hubbard

Split Band

Electron Energy

Density of States
Figure 1. Schematic illustration of VO, in the low temperature monoclinic structure. The
upper and lower d2,> bands are Mott-Hubbard split bands. The band gap exists between the
bottom of d,, y, band and the top of the lower d.2.y2 band.

Rice et al." suggested that a crystallographic distortion is not sufficient to open up an energy gap. and
that the electron-correlation effects play an important role in opening the energy gap. Zylbersztejn and
Mott also suggested that the role of the crystallographic distortion is only to provide an empty n* bands.
Shin et al.* have estimated the energy band gap as about 0.7eV from UPS + reflectance measurements.

The recent study of band calculation via local density approximation plus Hubbard U (LDA+U)
has estimated the band gap as about 0.7 eV”’. Figure 1 shows a schematic illustration for the density of
states calculated within LDA+U method (The d,, , and d«2.,2 bands correspond with x*, d) bands in
Goodenough's expression. respectively).

In our previous studies., we used tunneling spectroscopy in order to investigate the change in the
electronic structure at the MIT in VO, doped with W,

In the present study. the tunneling spectroscopy results are explained for the onset of
Metal-Insulator Transition in VO, in relation to the band diagram by the local density approximation

plus Hubbard U calculation.

EXPERIMENTS

The crystal growth of VO; was performed using VO- and V,0: powders and with WO; powder
for W doping. The well mixed powders were sealed in quartz tube with 90 mm (long) x10 mm (diameter)
under 1 x 107 Pa, The sealed quartz tube was placed vertically in an electric furnace. The temperature of
the furnace was kept at 1000°C for 5 hours and then decreased at a rate of 2.7 °C/hr to 800°C. At 800°C.
the quartz tube was inverted in the furnace so as to separate the useless solution from the crystals which
were grown in the melt at the bottom of the quartz tube. The crystals were annealed for 2 hours at 800 °C
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in the inverted tube, and then, the heater of the furnace was switched off. The typical size of the crystals
obtained was 3 x 1 x 1 mm’. The crystalline c-axis of high-temperature

Press
Phosphor-Bronze Ribbon Spring

Clamp
\v ’//v

A
Quartz Substrate

Epoxy Plate  Sample Copper Film

Figure 2. Schematic planar contact tunne! unit employed in this study.

rutile type lies along the length of the crystal.

The W concentration in the crystal was determined by a wavelength dispersive spectrometer
electron probe microanalyser (WDS-EPMA), using JAX-8600 (JEOL). The resolution of the W content
was +£0.1%.

In this study, the planar-contact structure, as shown in figure 2, was employed as the tunnel
junction. instead of using an insulator evaporated on the sample surface, because in the latter case, the
rigid contact and sometimes atomic diffusion between the insulator and the sample tends to suppress or
modify the structural change associated with the MIT near the surface of the sample. The ALLOy/Al
structure was fabricated as follows. Al was evaporated onto a clean quartz substrate. Then, it was heated
in the evaporation chamber at about 100 °C for 1 hour in O; atmosphere of 1atm to oxidize the Al surface.
For the back electrode, sample was bonded to copper plate using silver paste. The surface of Al,O; was
pressed to the sample surface using phosphor-bronze ribbon spring to form a stable contact tunnel
junction. By this planar-contact method. the tunnel junction resistance can be adjusted by controlling the
pressure from the top of the apparatus through a rotating shaft with fine pitch screw. To avoid the
influence of the series resistance by the lead wire on the tunneling spectroscopy, a quasi four-probe
method was employed in measuring the bias voltage }. The tunneling spectroscopy was performed using
the ac modulation technique. The modulation bias and frequency were ImV and 1kHz, respectively.

RESULTS AND DISCUSSION

The W composition x in W,V 40, was estimated by EPMA. The relationship between the
starting composition and the substituted one is shown in figure 3. The substituted composition is linearly
proportional to the starting composition. The segregation coefficient is 0.69.
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The temperature dependences of the electrical resistivities are shown in figure 4 (a). The W
composition dependence of 7, is linear with coefficient -27.8K/at.% as shown in figure 4(b). in which
X 107

T T T

-

Segregation coefficient of Win VO, in
Liquid-Phase Crystat Growth = 0.69

w
T
L

Substituted composition x
— ~

0 1 2 3 4x 107
Starting composition x,
Figure 3. The relationship between starting composition x, and substituted one x in W,V..0, by
EPMA. The plots show the average of five measured points for each sample.

the T, is plotted for the heating process. In table 1. the transition characteristics are listed for various W
composition x. Although W,V,.0, samples for various W composition x are in different p-T
characteristics, we can find the similarity of p-T profiles between the nondoped VO; and W,V ,.,0:
except for x=0.0153. It suggests that the electronic structure was not changed basically by the W doping
for x _J0.01.

Figure 5(a) shows the tunneling dl/dV vs. }" characteristics for W,V |, 0, with x=0.006 in the
temperature region near the 7,. W was doped to reduce the electrical resistivity in the low temperature
phase. for the sake of minimizing the potential drop across the bulk of VO, and thus. minimizing the
spectroscopic error. Over the whole temperature range of measurements. the tunneling junction was
unchanged. Figure 5(b) shows the curves shown in figure 5(a) shifted vertically for easy to see each
curve. In figure 5, curves for 323.8 X and 327.3 K are in the high-temperature phase and those for 320.7
K and lower temperatures are in the low-temperature phase. The valence and conduction bands lie in the
negative and positive bias region, respectively.

In the low-temperature phase. there appears an energy gap structure with diminished electronic
density of states. The apparent residual density of states in the gap region might be due to some
non-tunneling components. For temperatures above 7., the gap structure disappears and the curves show
a metallic state.

Figure 6(a) shows the temperature dependence of energy gap, estimated by the separation of
biases between the maxima of | &I/d17| in positive and negative biases in |}] < 0.5V. The tunneling

energy gap at lower temperature. ~0.7eV, is in good agreement with those by optical studies®.
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In figure 5(b), a remarkable change in the density of states is seen in the conduction band

T T T T T T T T T
ik x=0 \ W V.0, | i W.V,.0,1
E ' Y (a) = -5 {b)
& = 330
=) =0.003 ;
- L 00153 3 ={ } | o .
= x=0.006 5
E o 3m n
S 't 7 = -27.8 K/at. %
| 2 N
. T F oae 1
2 't 1 = \
i
; ET s =
1T e ] 300 i |

IR0 300 3z 340 360 380 L] [LES 1 15 X107

Temperature (K) Substituted composition x

Figure 4. (a) Temperature dependences of electrical resistivities in W,V,,0, for various
W composition x. (b) MIT temperature T, versus W composition x.

Table 1. Some characteristic parameters in the temperature dependence of electrical resistivity in
tungsten doped VO,. Ti_.v and Ty are the midway temperatures of MIT during heating and cooling,
respectively. (p1/pm)r is the ratio of electrical resistivities on both sides of the transition from insulator
to metal. Hysteresis is the separation of temperatures between heating and cooling at the midway of
transition.

Sample W composition x T-m(K) Tv—i (K) (p/or)re Hysteresis (K)
1 . Pure 3404 3373 1.6 x 10* 3.2
2 0.003 3342 3317 7.8 10° 2.5
3 0.006 3245 323.2 3.4 %10 1.3
4 0.0153 298.5 297.1 1.7x10 1.4

region. At the measured lowest temperature, there appears an additional increase in the density of states
above +H0.8 V. With increasing the temperature, this increase in the density of states shifts toward lower
bias voltage. When the front of the increase approaches the conduction band edge. the band gap structure
becomes blurred, and then, the sample turns to the high-temperature phase. Figure 6(b) shows the
temperature dependence of energy difference between the front of the additional increase in the density
of states and the bottom of conduction band in the low-temperature phase.

Now, we would like to consider about this behavior in the change of density of states. which
seems to lead to the MIT, in relation to our band diagrams in figure 7. At low temperature (T < 315K), the
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band gaps, shown in figure 5, might correspond to the energy separation between the dy, ,, and the
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Figure 5. (a) Temperature dependence of tunneling spectroscopy for W,V,.,0, with x=0.006 in the
temperature region around the 7,=323K. Measurements were carried out from high temperature to low
temperature, (b) Temperature dependence of tunneling spectroscopy in (a), shifted vertically.

lower d\2.y2 bands in figure 7(a). (b). Thermal carriers are excited across the band gap and the bottom of
de.y, band is provided with electrons. As the upper band. where the electrons are provided, is not the
Mott-Hubbard split band (upper d.2.y2), the effect of the carriers in depressing the gap formation is less
direct compared with the case the upper band is the Mott-Hubbard split band. A
Now, we might conjecture that the increase of density of states above the bottom of upper band
is the Mott-Hubbard split band (upper d«2.,2). The position of the increase shifts to lower bias with
increasing temperature as shown in figure 7(a), (b). When the front of the increase (bottom of upper
d2.y2) approaches the bottom of the dy, y, band, the electrons in the latter band transfer to the former
(figure 7(c)), and thus. the carriers begin to act on depressing the Mott-Hubbard gap, leading to the
metallic state (figure 7(d)). When the sample is doped with W, there more carriers exist in the dy,y, band
in the low temperature phase. Thus, in increasing the temperature, the M-I transition occurs earlier than
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the undoped case.
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Figure 6. (a) Temperature dependence of tunneling energy gap, (b) Temperature dependence of energy
difference between the bottom of the dx,_ y, band and the bottom of the upper d.2.y2 band.
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Figure 7. Schematic diagram of the change in energy bands in VO with increasing temperature.
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CONCLUSION

In the low-temperature phase, we observed the upper dy2.y2band in the conduction band. This
upper dyx2.42 band is one of the Mott-Hubbard split bands. We suggest that the cause of Mott-Hubbard
Transition in VO, from insulator to metallic state is the electron transfer from the d..y. band to the
Mott-Hubbard split upper d«2.,2 band. A crystallographic distortion by Peierls-transition-like effects
brings the upper d.2.,2 band close to the bottom of conduction band dy, ., which yield the electron

transfer to the former one.
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ABSTRACT

In this article the additives Yb and Er oxides are used as doping materials for BaTiO;-based
multilayer devices. The amphoteric behavior of these rare-earth ions leads to the increase of dielectric
permittivity and decrease of dielectric losses. BaTiOs-ceramics doped with 0.01 up to 0.5 wt % of
Yb,0; and Er,O; were prepared by conventional solid state procedure and sintered up to 1320°C for
four hours. In BaTiO; doped with a low level of rare-earth ions the grain size ranged from 10-60um.
With the higher dopant concentration the abnormal grain growth is inhibited and the grain size ranged
from between 2-10 pm. The measurements of capacitance and dielectric losses as a function of
frequency and temperature have been done in order to correlate the microstructure and dielectric
properties of doped BaTiO;-ceramics. The temperature dependence of the dielectric constant as a
function of dopant amount has been investigated.

Keywords: BaTi0;-ceramics, dopant, dielectric constant, microstructure

INTRODUCTION

Due to their high dielectric constant, thermal stability and low losses barium titanate based
materials are one of the most common ferroelectrics, with extensive use as a dielectric materials for
multilayer ceramic capacitors (MLCCs), embedded capacitance in printed circuit boards, thermal
imaging and actuators, dynamic random access memories (DRAM) in integrated circuits [1-4]. Since
donor and acceptor type additions are basic components of dielectric materials based on BaTiO;,
extensive studies have been carried out on their effect on the defect structure and related properties of
BaTiO; [5-7]. According to them, two types of dopants can be introduced into BaTiOj; : large ions of
valency 3+ and higher, can be incorporated into Ba’* positions, while the small ions of valency 5+ and
higher, can be incorporated into the Ti** sublattice [8-10).Bassically, the extent of the solid solution of
a dopant ion in a host structure depends on the site where the dopant ion is incorporated into the host
structure, the compensation mechanism and the solid solubility limit [11]. For the rare-earth-ion
incorporation into the BaTiO; lattice, the BaTiO; defect chemistry mainly depends on the lattice site
where the ion is incorporated [12]. It has been shown that the three-valent ions incorporated at the Ba®*
-sites act as donors, which extra donor charge is compensated by ionized Ti vacancies (V7,), the
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three-valent ions incorporated at the Ti** -sites act as acceptors which extra charge is compensated by
ionized oxygen vacancies (V). while the ions from the middle of the rare-earth series show

amphoteric behavior and can occupy both cationic lattice sites in the BaTiO; structure [11]. As a result.
the abnormal grain growth and the formation of deep and shallow traps at grain boundaries influenced
by the presence of an acceptor-donor dopant can be observed. Taking into account that optimisation of
the electrical properties of these materials requires microstructures of high density and homogeneous
grains in this article the influence of Yb,O; and Er;O; on BaTiO; ceramics microstructure and
corresponding electrical properties.

EXPERIMENTAL PROCEDURE

Samples were prepared from BaTiO; commercial powders (MURATA) , and with small
amounts of YbyO3 and EryO; from 0.01 up to 0.5 wt. %. The samples were prepared by conventional
solid state procedure and sintered in the tunnel furnace type CT-10 MURATA at the temperature of
1320°C for 2 hours. Microstructure characterizations for various samples have been carried out by
scanning electron microscope of the JEOL-JSM-T20 type, which enables the observation of samples
surface by enlarging to 35000 times. with the resolution of 4.5 nm. The grain size distribution and
porosity of the samples were obtained by LEICA Q500MC Image Processing and Analysis System.
The linear intercept measurement method was used for estimating the grain size values, as well as the
pores volume ratios. The capacitance and loss tangent were measured using HP 4276A LCZ meter in
the frequency range from 1-20 KHz.

RESULTS AND DISSCUSSION
Microstructure development

The consolidation of ceramics powders on the base of barium-titanate has a great importance.
especially from the point of view of further prognosis and properties design of these ceramics. Our
investigations showed that for the sintering temperature of 1320°C ceramic densities varied from 72%
of theoretical density (TD). for high doped samples. to 89%TD for the low doped samples, being
higher for Yb doped ceramics. Microstructure investigations of the samples sintered with Er,O showed
that the grains were irregulary polygonaly shaped (Fig. 1).

Figure 1. SEM micrograph of BaTiO; doped with 0,5% of Er,O;.

For the lowest concentration. the size of the grains was large (up to 30 pm), but by increasing the
dopant concentration the grain size decreased. As a result. for 0.5 wt% of Er;O the grain was about 10
pum, while for the samples doped with 1wt% of Er,O; grain size drastically decreased to the value of
only few um. Spiral concentric grain growth which has been noticed for the samples sintered with
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0.01 wt% of Er;0; disappeared when the concentration increased up to 1 wt% of Er;Os. For these
samples the formation of the "glassy phase" indicated that the sintering was done in liquid phase. This
is in accordance with the EDS analysis which has been shown that for the small concentration of Er
dopant was uniformly distributed, while the increase of dopant concentration led to the coprecipitation
between grains (Fig.2).
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Figure 2. SEM/EDS spectra of BaTiO; doped with a) 0.1 wt% Er,Qs and b) 0,5 wt%Er,03,

The similar microstructure development has been noticed for the samples sintered with Yb,0; as
well. The polygonal shaped grains were rather large (up to 30 pum) for the samples sintered with
0.01 wt% of Yb,0;. while their size decresed with the increase of dopant concentration (Fig. 3). The
average grain size of 10 um has been observed for the samples sintered with | wt% of Yb;O;. Spiral
concentric grain growth has been also noticed.
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Dielectric characteristics
The dielectric properties evaluation has been made by capacitance and dielectric loss
measurements in the frequency range from 100 Hz to 20 kHz. According to the obtained results (Fig.

4). the dielectric permittivity in both types of specimens maintains almost the same value for the entire
frequency range (100 Hz-20 kHz).
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Figure 4. Dielectric constant vs. frequency for a) Er/BaTiO; and b) Yb/BaTiO;.

After a slight higher value of & at low frequency. dielectric constant becomes nearly constant at
frequency greater than 5 kHz. The dielectric constant of the investigated samples ranged from 650 to
1200 at room temperature (Tab. T). For 0.01 wt% Er doped BaTiO; dielectric constant is 1200 and for
0.5 wt%Yb-BaTiO; dielectric constant is 650. In general. Er-BaTiO: samples exhibit greater dielectric
constant compared with Yb-BaTiO; samples.

Table I

Sample Curie

Eror Yb 3%;;( gatTe Te [°C] constant E"TCO; Y
in wt% K]

0.0 Er 1110 4505 127 1.93-10° 98 1.12
0.5 Er 1099 4100 128 1.24-10° 88 1.19
0.1 Er 1022 3750 127 1.46-10° 9% 1.17
0.01 Yb 1090 5450 127 2.29-10° 85 1.19
0.5 Yb 614 1660 124 1.55-10° 26 1.15
0.1Yb 947 4500 127 1.91- 10° 85 1.15

The influence of additive type and microstructural characteristics on the dielectric behavior of
Er and Yb-doped BaTiO; can be evaluated through permittivity-temperature response curves (Fig 5.).
The greatest change in dielectric constant vs. temperature for low doped samples (0.01 wt%) is
observed in Yb doped BaTiO; for which the dielectric constant at Curie temperature is 5500. A
relatively stable capacitance response in function of temperature up to 100°C has been noticed in all
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doped samples. With higher dopant concentration (0.5 wt%) the flatness of permittivity temperature
response is observed for Yb doped samples.
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Figure 5. Dielectric constant vs. temperature for a) Er/BaTiO; and b) Yb/BaTiOs.

The decrease in dielectric constant in doped samples with the increase of dopant concentration, are
due to the nonhomogeneous distribution of additive throughout the specimens. The Curie temperature
(T¢), determined from the maximum of the dielectric constant & in the dielectric temperature
characteristic, was in the range from 124 for BaTiO; doped with 0.5 wt% of Yb to 128°C for the
samples doped with 0.5 wt% of Er. All specimens have a sharp phase transition and follow the
Curie-Weiss law. Data for other specimens were omitted for clarity although they have been used to
calculate the Curie constant (C) and Curie-Weiss temperature (75). The Curie constant (C) decreases
with the increase of additive amount in both types of specimens and have an extrapolated Curie-Weiss
temperature (7p) down to lower temperature. The critical exponent y for BaTiO; single crystal is 1.08
and gradually increases up to 2 for diffuse phase transformation in modified BaTiOs. In our case the
critical exponent yis in the range from 1.12 to 1.19, and increases with the increase of additive
concentration.

CONCLUSION

In this article the investigations of the influence of rare earth dopantsYb,O; and Er,O; on
BaTiO; ceramics microstructure and corresponding electrical properties has been presented. Our
investigations showed that for the sintering temperature of 1320°C ceramic densities varied from 72%
of theoretical density (TD). for high doped samples, to 89%TD for the low doped samples, being
higher for Yb doped ceramics. We have noticed that the increase of rare-earth cations content inhibits
the abnormal grain growth. The average grain size in specimens doped with low content of additive
(0.01-0.1 wt%) ranged between 10-30um and that with 0.5 wt% ranged from 5-15 um. Dielectric
mesaurements showed that, in general. Er-BaTiO; samples exhibit greater dielectric constant compared
with Yb-BaTiO; samples. . The diclectric constant of the investigated samples ranged from 650 to
1200 at room temperature. For 0.01 wt% Er doped BaTiO; dielectric constant is 1200 and for 0.5
wi%Yb-BaTiO; dielectric constant is 650. The decrease in dielectric constant in doped samples with
the increase of dopant concentration, was explained by nonhomogeneous distribution of additive
throughout the specimens.
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The critical exponent y for BaTiO; single crystal was 1.08 and gradually increased up to 2 for
diffuse phase transformation in modified BaTiO;. The obtained results enables further optimisation of
electrical properties of barium-titanate based materials especially from the intergranular contacts point
of view.
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ABSTRACT

A self-propagating high temperature synthesis (SHS) reaction involving aluminum (Al),
titanium dioxide (TiO;) and anhydrous boron oxide (B;O;) forms alpha-alumina (a-Al;Os3) and
titanium diboride (TiB;) as final products. The SHS reaction progresses rapidly to the stable,
equilibrium state. If the reaction rate is reduced, certain metastable products/compounds can form
having unique microstructure. The present research involves a study of the interaction of Al with AL,O;
by simulating various SHS reaction kinetic conditions. The interfacial region between Al and AlLO; is
studied using transmission electron microscopy (TEM) to determine the phases formed before the
stable oxide of Al is reached. The measured atomic concentration distribution of the interacting species
through the interfacial region is used to understand the mechanisms of Al diffusion into ALO;. An
attempt has been made to draw a correlation between the phases formed at the interface and the
variation in diffusivity of Al through the interface. Such correlation is used to define the kinetics of
reactant interactions in SHS reactions.

INTRODUCTION

An SHS reaction involving stoichiometric amounts of aluminum, anatase and anhydrous boron
oxide powders forms a composite of alumina and titanium diboride as given by Eq. (1). '2 Information
about the formation of product phases, other than the stoichiometric reaction product as given by Eq.
(1), has not been generally reported.

3TiO, + 3B,03 + 10Al = 3TiB; + 5AL0; (D)

Logan® has observed that compounds and phases that form at the SHS reaction rate
(~50°C/min) are different from products that form during the slower reaction rates (~10°C/min)
involving the same reactants. Compounds and phases that form at a slower heating rate have a high-
aspect ratio morphology compared with products that form at a faster heating rate. Materials with hlgh
aspect ratio morphology could potentially be used for structural applications with improved properties®
such as toughness® and strength.

Kinetics of the stoichiometric SHS reaction would depend on the readiness with which metallic
Al would be available to reduce the oxides of Ti and B. Aluminum on the surface of the Al particles
would readily oxidize to form a passive shell of ALO;. Further reduction of the Ti and B oxides is
restricted by the availability of metallic Al from within the Al,O3 shell. The difference between the
coefficients of thermal expansion of Al and AL,O; causes the ALO; shell to break open at high
temperatures. A thicker oxide shell would require a relatively higher temperature to expose additional
metallic Al from within the oxide shell on the powder. Thus SHS reaction kinetics could be dependent
on the rate of formation of an aluminum oxide shell. The rate of formation of an oxide shell on the
surface of aluminum is dependent on the diffusion of both Al and O ions through the ALO; layer.®’
Aluminum diffuses into the oxide by two mechanisms as outlined by Gall et al®: a lattice diffusion
mechanism and a sub-boundary mechanism. According to Jeurgens et al..’ oxidation of aluminum
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occurs by different possible mechanisms depending on the temperature regime, pressure and
composition of the gas it is exposed to. Kinetics of aluminum oxidation has been well described by
Jeurgens L. P. H et al’® Ciacchi L. C. and Payne M. C.'" have described a basic mechanism
underlying the various steps and mechanism of oxidation under specific conditions.

M. Le Gall et al.describes experiences and difficulties in measuring the diffusivity of Al in an
a-Al,0; single crystal.'' The results showed that aluminum and oxygen diffuse at about the same
velocity in the lattice with aluminum diffusing only slightly faster than oxygen. However, in sub-
boundaries, aluminum diffuses more rapidly than oxygen. Experiments by Paladino and Kingery"
showed that the aluminum diffusivity values obtained by Le Gall et al. were three orders of magnitude
Iower than the ones obtained by Paladino and Kingery. It was thus considered that the diffusion rates
of both aluminum and oxygen are similar. From the results obtained by M. Le Gall et al.'' it is
suggested that aluminum diffuses faster than oxygen in dislocations. Based on the results and analysis
shown, Le Gail et al.!' suggest that a-ALO; scale grows by simultaneous transport of both aluminum
and oxygen.

ATOMIC CONCENTRATION MEASUREMENT AND DIFFUSIVITY CALCULATION

Processes like recrystallization. grain growth and solid state reactions are generally driven by
diffusion. Knowledge of diffusion is essential for synthesis of products with enhanced microstructure
for application at high temperatures.

Aluminum

< Interface region

Alumina

Figure 1. Schematic of diffusion couple structure to be annealing
and used for diffusivity measurement.

Figure 1 shows a schematic of the film-substrate sample structure that is used for atomic
concentration measurement studies for diffusivity measurement. The binary diftfusion couple
experiment for the Al-AL,O, system is aimed at determining the intrinsic diffusivity of the diffusing
species (Al) as a function of its activity (a4) in a composition gradient in the diffusion zone. Although
the interdiffusion coefficient is a good measure of redistribution of components during the diffusion
process, it does not give any information about relative diffusivities of the species. A more
fundamental quantity to measure would be intrinsic or tracer diffusivities of the involved sPecies
which is related to the atomic fluxes (J,) with respect to the lattice planes by Fick's law given as'*:

aC V ror ON
Juy=—D, a\jl =-D, ;,uz)z a';l -2
8 uf
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where Dy and Do are intrinsic diffusivities of aluminum and oxygen respectively in ALO;
system. Ny and Ny, are the mole fractions of aluminum and oxygen respectively at the interface region
where measurement is required to be done. V403 is the mole fraction of Al;O3 and V,, is the molar
volume. The ratio intrinsic diffusion coefficient at the plane of interface (Kirkendall plane) between
the two regions can be calculated as'*;

N, I(N N yax- vy, I(M Ja
Yy Vo f 1 (3

‘ _
> -w; JFaste )dx+NUj< 1N

m

N'4 is the composition of aluminum at the aluminum end of the diffusion couple where
diffusion has not occurred. Similarly N4 is the composition of aluminum at the oxide end of the
diffusion couple before the sample is annealed. V,, is the total molar volume of the oxide. V,; and Vo
are partial molar volumes of aluminum and oxygen respectively. The molar volume is to be considered
constant since the compound is a near stoichiometric compound. It is sufficient to measure the ratio of
(D4V)/(DgV,) instead of determining V'V, and calculating the ratio Dy/Dp. Tracer diffusivity of
oxygen in ALO; has been measured by Nabatame et al.,'* which can be used to calculate the self
diffusivity of Al at the AI/A],O; interface.

The intrinsic diffusion coefficient D, is associated to the tracer diffusivity D" via the Darken-
Manning formula:'>'%"

alna
D, = D,u[ A

v
](1 WA;)‘V-"" e (4)

0

where ay; is the chemical activity of aluminum (the term dnas/dnN, is the thermodynamic factor)
and the W4 is the vacancy wind factor. The measured ratio (D 4V )/(DsV4) can be related to the tracer
diffusion coefficients through:

DAIV(I = D:u(] +WA/) . (5)
D{)V,u Dn(l 'Wo)

The vacancy wind factor W, formulates how the net vacancy flux influences the mobility of the
diffusing species.

J_Wu0u=D)
o= g g ..
Mo(NA!DAI + N()Du)
2N¢)(D;/ —D:,)
A’IB(N’“D_‘” +N()D(‘))

/e
0=

(D
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In the above equations, the correlation effects are considered through M,. According to the
theories presented by Manning and Tkeda'®'? diffusion of the minor elements into the sublattice of the
other species occurs via. the ordinary vacancy mechanism. Thus we could establish M,=4.43.

EXPERIMENTAL PROCEDURE

An aluminum (99.9% pure) film about four p thick was sputter deposited (Innovative Coatings
LLC.) on Al O; substrates (a-ALQ; having 99.99 % purity. CERAC Inc.), vacuum deposition grade
with 10-12 mm diameter x 4-5 mm height dimensions. Surface roughness of substrates was less than
one p as determined by AFM. The surface texture allowed adequate adherence of the film to the
substrate after deposition.

The film-substrate samples were treated to elevated temperature for extended periods of time
before the interface region was studied using TEM. For the sake of consistency. Al-ALO; samples
were treated under the same set of constraints, e.g. were heated at the same temperature for the same
periods of time. Diffusivity of oxygen at 700°C into Al,O; as reported by Nabatame et al. Y (1.8x107
mzlsecond) was used to calculate the depth of diffusion of either of the diffusing species by using the
well know equation:

1=Dr . (8)

where / is the depth of diffusion for the diffusing species. D is the diffusivity of the diffusing
species into substrate and 7 is the time required for diffusion. It was calculated that the diftusing
species (oxygen) would travel a depth of 50 nm. 100 nm and 200 nm by exposing the sample to 700°C
for 9 hours. 36 hours and 144 hours respectively. It was decided to choose 9 hours and 36 hours as
exposure times at 700°C to study the interface. The first sample was introduced in a furnace
maintained at 700°C in air and the sample was soaked at 700°C for 9 hours and the second sample for
36 hours. The samples were allowed to furnace cool afier which the interfaces between the film and
the substrate were inspected using the TEM. Cross-section slices were prepared from the untreated
samples at the interface for the TEM investigation using the cutting-dimpling-milling method. Focused
ion beam milling was used to thin cross-sections at the interface of samples treated at elevated
temperatures. :

RESULTS AND DISCUSSIONS

The untreated and treated Al-A1,0; samples were studied using a Philips EM 420 scanning
transmission electron microscope (STEM). The interface between the film and the substrate is the area
of interest and is probed using the TEM. There are clearly four layers observed at the interfacial
region. The TEM sample was prepared initially by mounting an Al,O; substrate over the Al side of the
Al-ALO; sample. It was not trivial to identify the four layers as seen in Figure 2. Layers 1, 2. 3 and 4
are the alumina substrate, aluminum film, glue and the alumina substrate again respectively. The
interface between the film and the substrate as shown in Figure 2 is used for comparison with the
treated samples as studied using the TEM. The layers were identified using TEM micrographs and the
respective selected area diffraction patterns (SADP) as shown below. Figures 3, 4. 5 and 6 are
micrographs of individual layers.
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Figure 2. Overview of the interface of the untreated Al-Al,O; film-
substrate sample as observed using the TEM

Figure 3. Layer 1 with the selective area diffraction pattern
(inset) showing FCC copper.
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Figure 4. High
resolution TEM
micrograph of layer-2;
inset shows the SADP
of the field of view.

Figure 5. High
resolution
micrograph of a
region from layer-
2; inset shows the
FFT of the marked
region,
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Figure 6. High resolution
micrograph of layer 3;
inset shows the SADP
having the diffused ring
pattern.

Figure 7. TEM micrograph of layer-4; inset shows SADP of the marked region
having a crystalline region.
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Figure 3 shows the area over which the diffraction pattern was obtained and the inset shows the
diffraction pattern of the field of view. The SADP was indexed and was found to be the face centered
cubic (FCC) structure of copper. The sample was milled at the interface to get a tiny hole at the center
and also to thin the region enough so as to be suitable for TEM analysis. The sample was mounted on a
copper grid for sake of mechanical rigidity. This explains the presence of FCC copper on the surface of
the Al-AlO; sample. Figures 4 and 5 show high magnification micrographs of regions in layer-2. The
inset in Figure 4 shows the selective area diffraction pattern (SADP) over the area shown in the
micrograph. The SADP shows the ring pattern indicating that the material is polycrystalline in nature.
The inset in Figure 5 shows the fast Fourier Transformation (FFT) of a high resolution TEM
micrograph which indicates that the material is crystalline. Neither the SADP nor the FFT was indexed
but the FFT clearly indicates that the pattern is not hexagonal structure (for A1;O3) but the pattern
could have cubic symmetry indicating that material from layer-2 could possibly be Al. Layer-3 is
possibly the glue that was used to attach the AL,O; substrate on the Al-Al;O; sample. Figure 6 shows a
high resolution image of layer 3 and the inset shows the SADP having fuzzy rings of light indicating
that the material is amorphous. Layer-4 has grains with well defined grain boundaries as would be
expected for the AL,O; substrate. SADP of a region in layer-4 shows that the material is crystalline as
is seen in the inset of the TEM microstructure in Figure 7. Layers 1 and 4 do not appear similar
possibly due to the fact that copper was re-deposited over layer-1 while layer-4 was clear of copper.

TEM ANALYSIS

Figure 8 shows a micrograph of the interfacial region of the sample that was exposed to 700°C
for 9 hours. The different regions are clearly marked on the micrograph. The micrograph shows the
polycrystalline Al;O; grains from the substrate region. The Al film is the dark region above the oxide
grains. There is a clear line of separation between the Al,O; region and the Al-film region. The dotted
region near the Al-film side is an artifact that will not be visible when the sample is tilted about the X-
or Y-axis. There is no indication of an interfacial region between the film and the substrate in this case.

Figure 9 shows a micrograph of the interfacial region of the sample that was exposed to 700°C
for 36 hours. It is not a distinct line that separates the film and the substrate as in the previous sample
but instead the separation is a fuzzy region. The fuzzy region is not likely to be an artifact since it is
seen even when the sample is rotated about the various possible axes on the double-tilt sample holder
in the TEM. Figure 10 shows the interfacial region at different locations along the region separating
the film from the substrate. The strip of interfacial region between the film and the substrate is not
continuous. The reason for the discontinuous nature of the interfacial strip is not yet known.
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Deposited Pt

Figure 8. TEM micrograph showing the interface between the film and
substrate for the Al-Al;O; sample soaked at 700°C for 9 hours.

Al,0; substrate

/ Interface

pra— AR {l]]

Deposited Pt

Figure 9. TEM micrograph of film-substrate of Al-Al,O; sample exposed to
700°C for 36 hours.
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Interfacial

region

Al film

Alumina
substrate

Figure 10. TEM micrographs of the region between the Al film and AL, O; substrate
showing the interfacial region after the sample was exposed to 700°C for 36 hours.

DIFFUSIVITY CALCULATIONS

The molar concentrations of Al and O atoms (N and Ny respectively) in AlLO; are to be
measured and used in Eq. (3). (6) and (7). An X-ray photospectrometer could be used to measure the
concentration of the diffusing species from one end (Al - end) of the diffusion couple (semi infinite
diffusion couple) through the interface to the other end (AL,O; - end). The molar concentration of Al at
the ALO; end (where the diffusion of Al from the Al side has not reached) would have a certain
residual value N, . Similarly N," is the residual molar concentration of O atoms on the ALO; side.
N4 and Ny are measured at various points from one end of the semi-infinite diffusion couple through
the interface to the other end. The Al concentration profile is to be plotted as ‘percentage of Al" versus
the ‘distance of the measurement from one end’ of the diffusion couple to the other end.

The concentration profile could be one of several ways as explained below. The concentration
profile could be a step function of ‘distance” with (n+2) steps when there are n phases formed at the
diffusion interface. In the event of a single phase at the interface, a three-step concentration profile
would be simple and diffusivity calculations would be minimized. However. with multiple phases at
the interface, diffusivity at each phase would have to be measured and calculated separately. The step
(new phase/compound region or the diffusion region) on the concentration curve could either have a
non-zero slope or a zero slope depending on whether the new phase/compound varies in concentration.
A positive slope would mean that the new phase/compound does not have a fixed concentration but
steadily varies from one end to the other. It could also mean that the compound could have variable
stoichiometry similar to many oxide systems. The step would be flat when the phase/compound
formed would be stoichiometric or the concentration of any of the species that form the phase or
compound does not vary. In both the above mentioned cases, the value of (D.Vpj/(DpV ) would be
non-zero, allowing a feasible calculation to determine the diffusivity. In case the diffusion region
comprises of two phases, one on either side of the Kirkendall plane, and that the Kirkendall plane is
not easily visible due to the irregular nature of diffusion of the two diffusing species into each other, it
can still be roughly calculated. The contours on both sides of the interface, in the diffusion region,
would be fitted with a polinom. The software fitted polinom would help determine the area on both
sides of the original plane of interface. The average thickness of the diffusion layer would be
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calculated by summing the two areas mentioned above. The position of the Kirkendall plane can be
calculated by taking the ratio of the two areas measured.

The value (D4Vy)/(DoV.4) can be calculated from Eq. (3), by using the measured value of Ny
Substituting for values of W; and W, from Eq. (6) and (7) into Eq (5) and using the calculated value
of (DaVo)/(DoVay. it is possible to calculate the tracer diffusivity of Alinto Al;O;.

For simplification let the measured and calculated value of

Dl)V4l

Also as mentioned above.

Dj"l:] + 2N,1I(D:ll _D(')) . :|
M.(N,D, +N,D,

D [1 _ 2N, (D..u - D;)) :|
0 0 g
M.N,D,+N,D,

P=

... (10)

Simplifying equation 8 in terms of the tracer diffusivity D. 0

0, S N u (M. +2)+ Dy [M-N, D, ~2N , D}, = P(D, ) M-N , + 2P(D},)’ N, ] = P(D, Y Ny (M. +2) ..
(10)

The tracer diffusivity of Al can thus be determined by solving for D4’ in the above equation
(Eq. 10).

SUMMARY AND CONCLUSIONS

Results of the interaction between Al-Al,Os. components of the SHS reactants are summarized.
An interfacial region is formed between Al and Al,O; when exposed to an elevated temperature for
extended periods of time. The interfacial region is not continuous along the Al-ALO; interface.
Determination of the diffusivities of Al and O is possible. The diffusivity values will clearly determine
the mechanism of oxidation of Al in the presence of Al,O;. Al oxidation and the interaction of Al with
its oxide could be a significant parameter for controlling the kinetics of the SHS reaction.
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EVALUATION OF THE INTERFACIAL BONDING BETWEEN CUBIC BN AND GLASS
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ABSTRACT

The goal of this study is to evaluate the mechanical strength of cubic BN-glass interfaces. To
measure interfacial bonding strength, when only sub-mm sized cubic boron nitride (cBN) crystals are
available. a glass-cBN-glass sandwich test structure was developed. Samples were prepared by joining
two glass rods end-to-end with an intervening layer of 120140 mesh (115+10 pm) cBN particles. The
sandwich structures were heat treated to fuse the glass to the cBN particles with negligible glass-to-
glass contact. Four-point bend tests were performed on these samples to obtain the nominal failure
stress. The cBN-glass bonding area and nature of the de-bonded surfaces was observed using scanning
electron microscopy (SEM). The interfacial bonding strength was then estimated to be 22 MPa from
the integrated bonding area and the four-point bend strength.

1. INTRODUCTION

Cubic boron nitride (¢CBN) is an attractive material for abrasive applications due to its high
hardness, thermal and chemical stability.1.2 Glass bonded cBN grinding tools offer many benefits
such as high mechanical strength, high heat resistance, sharp cutting edges, low wear rate. longer-life
dressing and lower cost per part.3 They are considered ideal abrasive tools for high speed, high
efficiency. and high precision grinding with lower cost and less environment pollution.4-6

The mechanical strength is a performance property for glass-bonded ¢cBN grinding products. The
chemistry and morphology of the surface of the cBN particles, the composition of the glass, and the
processing conditions all influence the strength through interfacial bonding of the ¢cBN and glass
matrix.3 The objective of this work was to measure and characterize the cBN-glass interface strength
directly. Large cBN crystals and dense hot-pressed ¢BN ceramics are not available for the creation of
macroscopic interfaces for testing and thus. an alternate method has been developed, which is
described here. The test is based on measurement of the bending strength of two butt-joined glass rods
held together by a monolayer of ¢BN particles that are fused to the two glass rods. The challenges are
to reproducibly create fused cBN-particle/glass interfaces (with negligible glass-to-glass bonding) and
to quantitatively determine the actual cBN/glass interface area after the test. The glass used in this
study is a commercial borosilicate; it has an expansion coefficient that is fairly close to ¢cBN (Pyrex 3.3
ppm/°C’; ¢BN 3.5 ppm/°C®) and can be softened to fuse to the cBN at 850-900°C,” which is a
temperature range where there is no degradation of the cBN. In particular. oxidation of ¢cBN must be
avoided. Fortunately. this does not take place below 1060°C according to the study by Li et al.’ who
found that cBN abrasives begin to oxide in air at 1063°C and approach a maximum oxidation rate at
1177 °C.

2. EXPERIMENTAL PROCEDURE
2. 1. Sample Preparation

2.1.1. Glass Rods
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Pyrex glass rods (Pyrex, Coming Inc, Coring. NY) of 10 mm diameter were cut into 30 mm
long cylindrical pieces on a low speed diamond saw. The alignment of the rod during cutting is critical
to ensure the cut surface to be flat. smooth. and orthogonal to the length.

2.1.2. Production of ¢cBN Monolayer

The ¢cBN monolayer was created with the help of an organic adhesive (later bumed out during
the cBN/glass fusion). The cut rods were wrapped with paper with only the ends exposed for adhesive
spray (bottom of Figure 1). The end to be joined was sprayed with the adhesive (Krylon'", Sherwin-
Williams Company, Solon. OH) from a distance of about 6 inches. and then the paper was removed.
This end of the rod was then dipped into the ¢BN powder (115410 pm CBN 400. Diamond
Innovations, Worthington. OH) with slight force to pick up a monolayer of ¢BN particles. The other
rod was then butt-joined onto the cBN monolayer in a right-angle fixture with enough force to ensure
good alignment. Appropriate force was applied to push the two rods against each other to join the two
rods as shown in the fixture (top of Figure 1).

 riaaae e N W N Y
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Figure 1. Preparation of glass rods for joining to ¢cBN particles.

2.1.3. Fusing the samples

The glued sample pairs were carefully foaded into the holes of a die constructed from fibrous
ceramic insulation (Fiberfrax Duraboard® 3000. Unifrax Corp, Niagara Falls, New York). The exposed
sample ends were covered with a rectangular ceramic block with uniform thickness to produce a
uniaxial stress of 10 kPa during fusion (Figure 2).

The die with samples loaded was heated to 900°C for 60 min, ramping at 5°C/min to 500°C,
holding 60 min at 500°C to burn out the glue and then heating at 5°C/min to 900°C for an isothermal
hold (Figure 3). The final temperature was chosen according to the thermal behavior of Pyrex glass
and a matrix of preliminary experiments. At the firing temperature, the glass fused to the cBN particles
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without direct glass-glass bonding. After cooling, the samples were removed carefully from the die
and inspected visually to ensure they were joined properly without any visible defects.

Figure 2. Joining glass pairs loaded in the insulation die for thermal fusion. A ceramic plate was used
to place the samples under a small compressive stress.
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Figure 3. Temperature profile for joining samples.

2.2. Four-Point Bend Test

The four-point bend test was performed on a testing machine (Model 4206, Instron Corp.,
Norwood, MA). The sample fixture was made of steel with a 40 mm outer support span and 20 mm
inner span, as schematically shown in Figure 4. The loading speed of 0.1 mm/min was used in the test,
which led to an average failure time of 18 s. The load was recorded versus time till the sample failed
(Figure 5). In the first 5 seconds or so, the loading curve was non-linear. The loading curve became
linear afterwards (Figure 5). The sample failed in the joint at the maximum load. The non-linear
behavior in the first few seconds is believed to be due to the sample and fixture alignment. The data
sampling rate interval was 0.5 seconds. The bend strength. G,, was determined using '’

_2Fa
'

n
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where F, is the failure load, 4 is the moment arm and r is the radius of the sample rod.

F/2 F/2

b
A
I
!

L=40 mm |
I

Figure 4. Schematic showing the configuration of the four-point bend test.
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Figure 5. A typical loading curve in the 4-point bend test of the butt-joined sample.

2.3. Determination of bonding area

Assuming that only cBN-glass interface exists. and given that only a certain percentage of the
nominal joint area is bonded by the ¢cBN monolayer, a direct measurement of the actual bonded area is
required to quantitatively interpret the measured strength. In this way, the interfacial strength can be
determined from the measured strength divided by the fraction of bonded interfacial area. The
determination of the bonding area was made on representative SEM images of the failed samples at 50
times magnification. The bonded areas could be easily identified because both the free surface of the
glass and any un-bonded cBN particles appear smooth. whereas the de-bonded interfaces appear rough
(as shown in Figure 6). The de-bonded areas were outlined manually, and the total de-bonded area was
found by summing the individual de-bonded areas. The sum of the individual de-bonded areas was
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found by a paper cutting and weighing method; i.e., the enlarged SEM images were printed on paper,
the weight of the whole image SEM image, wy, was measured, then the highlighted de-bonded areas

de-bonded glass de-bonded cBN

Figure 6. Identification of the interfacial de-bonded areas on the failed surface.

were cut off and weighed as w,. The percentage, (wi/ wg)%. or fraction of the de-bonded areas, was
taken as the bonded “interface™ area. It was not practical to measure this total interface area on each
failed sample. After each test. the high, low and intermediate strength samples were selected as
“representative”. At least 3 images from each representative sample were used to get an average value
for the percentage-bonded area, which was then used to determine the interfacial strength for the entire
sample set.

3. RESULTS AND DISCUSSION

Figure 7 shows the four-point bend strength data of a representative set of 23 samples. The
average tensile strength of the set was 2.74+0.5 MPa, with a minimum value at 1.65 MPa, and the
maximum at 3.72 MPa. Figure 8a shows one example of an SEM image used for bonding arca
determination. The de-bonded areas were highlighted as shown in Fig. 8b. It is to be noted that some
particles were very smooth and showed no evidence of interfacial failure. and so it was concluded these
surfaces were not bonded and thus, were excluded. The bonded area of the image in Fig. 8 was found
to be 13.7%. From the four-point bend strength of the corresponding sample (2.85 MPa), and the
percentage bonded area, the interfacial bonding strength between ¢BN and glass can be calculated to be
20.8 MPa (i.c. 2.85 MPa/13.7% = 20.8 MPa) for this individual sample.

In order to substantiate the method, numerous sets of samples were tested and directly
evaluated for bonding area. In general, it was found that the measured bonding area was directly
proportional to the failure load in the four-point bend test. Figure 9 presents this relationship for several
complete sets of samples. Although the nominal cross section is the same for all the samples prepared
under the same condition. the bonded areas varied with four-point bend strength. A weaker sample
always shows a smaller bonded area than a stronger one. The relationship between the bonding area
and the load was found to follow a linear relationship:
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y=0.23x (2)
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Figure 7. The four-point bend strength data of a typical set of 23 butt-joined samples.

where y is the bonded area, x is the load. From this relationship, the area could also be estimated from
the load in the four-point bend test.

Interface strength is a specific property of the material system and processing and should be a
constant independent of the bonded area for any one specimen. Figure 10 shows the statistical
distribution of the interfacial bonding strength as a function of the bonding area for each of the
specimens in Figure 9. Clearly, the interfacial bonding strength converges to 22 MPa. But. it can also
be seen that when the bonding area is very low (<15-20%), the standard deviation of the data is large,
whereas when the bonding area is high. the deviation is substantially smaller. This is probably a
difficulty associated with the statistics of counting “small™ bonding areas and/or of measuring smatl
breaking loads. It leads to the conclusion that this test is not very precise or accurate when the bonded
area is less than 15-20%.

It is fully appreciated that this proposed test procedure is approximate. In reality, the ¢cBN-
glass bonding is more or less 3-dimensional, for example, the embedded edges of the cBN particles.
Fortunately, intrusion of the cBN particles into the glass is small compared to the particle size. Thus,
it is reasonable to take the 2-dimensional bonding as an approximation. i.¢., using the projection of the
bonding area as the estimate of actual bonding area. Of course, this greatly simplifies the procedure. It
remains to be determined. in the practice of this test, whether the relationship demonstrated in Figure 9
is sufficiently reproducible and universal. A primary application of this test is to evaluate the effects
of matrix composition, particle surface treatments. coatings. and processing on interface strength. It is
possible that the introduction of nanoscale roughness or interface crystallization (due to particle
surface or matrix effects) could change the relationship between 2D geometric interface area and the

" bend strength of the joined glass rods.

CONCLUSIONS

A test was developed for estimating the interfacial bonding strength of ¢cBN and Pyrex glass based
upon the measuring a set of four point bend strengths for a unique sample design, and then normalizing
those strengths to a measured or calibrated interfacial area. The sample consists of two glass rods
joined end to end by a monolayer of ¢BN particles fused at 900°C for 60 min under a stress of 10 kPa
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(1.5 psi.) applied in the longitudinal direction. The fused samples were broken using a four-point
bending geometry. In this work, the percent bonding area was obtained by direct examination

Figure 8. Example of an SEM image used for determining the bonded area: (a) original SEM image of
the failure surface. and (b). bonded areas outlined and counted to yield the percentage-bonded area of
13.7%.
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Figure 9. The bonding area (%) increases linearly with failure load.
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Figure 10. Statistical distribution of the calculated interfacial bonding strength versus bonded area (%).

and quantitative SEM image analysis of numerous failure surfaces (i.c., the fracture surface created by
the four-point bend testing of the butt-joined glass rods). The interfacial bonding strength of the cBN-
Pyrex glass was estimated to be 22 MPa.
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OXIDATION BEHAVIOUR OF HETERO-MODULUS CERAMICS BASED ON TITANIUM
CARBIDE

Igor L. Shabalin
Institute for Materials Research, University of Salford
Salford, Greater Manchester, M5 4WT, UK

ABSTRACT

Recent studies on oxidation of the TiC - 7 vol.% C (graphite) hetero-modulus ceramics, at
temperatures of 400-1000 °C and oxygen pressures of 0.13-65 kPa, led to the discovery of a
temperature-pressure-dependent phenomenon called ‘ridge effect’. The oxidation rate of material rises
rapidly to a maximum at ridge values of oxygen pressure (po;) or temperature (T), but then declines
with subsequent growth of po; or 7. The thermogravimetric (TGA) data and carbon analysis of
oxidized samples were applied in modeling for carbon burn-off and oxygen consumption processes.
The apparent activation energy Q and order of reaction (exponent) m were determined for different
oxidation parameters (pos, T) and steps of the process, described using a linear-paralinear model. The
ridge values of po; and T mark a change in the prevailing mechanism, as while traversing the ridge
parameter the values of O or m change their sign. The meanings of ridge parameters, which are served
as boundaries between po, — T regions with different oxidation mechanisms, are considered and
explained on the basis of X-ray diffraction (XRD), microanalysis by electron probe (EMPA), energy-
dispersive X-ray spectroscopy (EDX), optical and scanning electron microscopy (SEM) analyses. The
oxidation mechanisms, essentially different within the ranges of parameters, are identified according to
the developed ridge-effect approach, which can be applied probably to a variety of ceramic materials.

INTRODUCTION

The subclass of hetero-modulus ceramics (HMC) presents the combination of ceramic matrix
having high Young’s modulus (300600 GPa) with partlcles and/or fibers of a phase having
significantly lower modulus (15-20 GPa) such as sp’-structured graphite or boron nitride.
Correspondingly it becomes more efficient to use the refractory compounds, such as carbides, oxides,
nitrides etc., which possess the highest melting points, in modern high-temperature installations. The
generally low thermal shock resistance of these brittle materials can be greatly improved by the
addition of low-modulus phases. Similar materials, successfully applied in rocket design, were referred
to as “high-E — low-E composites” in the USA'?> and “hetero-modulus ceramics” in the-USSR, Russia
and Ukraine®, and also known as “soft ceramics” to emphasize another great advantage of HMC,
namely the remarkable machinability by conventional tools® that is not normally feasible with
conventional ceramics. The experience gained through the application of HMC was subsequently
shifted from space and nuclear technologies to metallurgy and machinery as HMC provide significant
opportunities. One of the types of HMC, in particular the refractory transition-metal carbide — carbon
composites', are prospective materials for a number of high-temperature applications: as thermally
stressed components of rocket motors, elements of thermal protection for re-entry spacecraft,
diaphragms for casting metallurgical equipment, highly loaded brake-shoes in aviation and automobile
production, high-temperature lining and heating elements and others, including TiC — carbon
composites, which are real candidates for thermonuclear fusion reactors as a plasma facing material®.

If the scales, formed on the surface of HMC during gas exposure at elevated temperatures,
possess protective properties and prevent corrosion propagation, the resistance to corrosion of carbide
— carbon HMC in chemically active media, will become significantly higher than those for carbon —
carbon composites, which are currently widely used at high temperatures in different technologies.
Therefore, advanced HMC can provide an opportunity to increase the high-temperature strength,
working temperatures and/or operational life times for components and structures. However, some

261



Oxidation Behaviour of Hetero-Modulus Ceramics Based on Titanium Carbide

previous physico-chemical studies have shown that in general the formation of oxide scales on the
transition-metal carbides as a result of surface oxidation does not generate an effective barrier to
inhibit the bulk oxidation of material™®. The process on the carbide surface during oxygen exposure
seems to be highly sensitive to temperature and gas pressure. Hence. knowledge of the oxidation
behaviour, chemical kinetics and mechanism of this process can help us to prepare the corrosion-
resistant scales. Coating the working surfaces of carbide — carbon HMC components, by the means of
preliminary oxidation under strictly controlled conditions. could protect them from damage and
erosion in high-speed and high-enthalpy gas and plasma tlows. Similar technique is also of great
relevance to manufacturing of functionally graded materials developed over the last decade.

EXPERIMENTAL

The carbothermic TiC powders with a particle size 1-4 pm and the additive of natural graphite
with mineral remains less than 0.1 % were used for the fabrication of the TiC — 7 vol.% C (graphite)
HMC in this study. The composite blanks were prepared by hot-pressing in graphite moulds at 2700
°C; all other details of the manufacturing method are given in our recent paper’. The physico-chemical
characteristics of the HMC material are reported in Tables I-11.

Table 1. Physico-chemical characteristics of TiC—7 vol.% C (graphite) HMC

 Composition Chemical analysis

Material ~ C/Ti vol.% wt% Density

code

TiC C Ti c (o} N W Fe+Co giem’ %"

KU 1.17 93 7 747 219 06 0.5 0.6 0.3 460 975

¥ Total carbon content.
" Relative density calculated from XRD measurements for the components.

Table 1. Physico-chemical characteristics of phases in TiC-7 vol.% C (graphite) HMC

Titanium carbide Graphite®
Material C/Ti  Phase analysis i i j A
code Lattice Micro- Average Lattice Lattice
parameter hardness grain size parameter parameter
a, nm HV,GPa L.pm a nm ¢ nm
TKU 117 TiCi. 0.4326+0.0001 24+1 75+10 0.246+0.001 0.670+0.001

C (graphite)

* Lattice parameters before high-temperature hot-pressing: ¢ = 0.246 nm and ¢ = 0.677 nm.

The samples for oxidation were shaped into plates with dimensions of 7x7x1 mm and weight
of about 200 mg by cutting the hot-pressed blanks and subsequent polishing the surfaces with diamond
tools. The thermogravimetric analysis (TGA) of the samples was carried out using a modernized
version of the installation described by Afonin et al’ It allowed to stabilize the gas pressures in the
range of 0.1-100 kPa with mass rate of oxygen flow of 0.06-0.16 g min~'. The determination of carbon
content in the oxidized samples was carried out using a coulometric method with a CuO - Pb flux
employing a special analyzer with the relative accuracy of measurement at about 0.2%. The samples
were investigated by the means of X-ray diffraction (XRD), optical and scanning electron microscopy
(SEM) analyses as well as microanalysis by electron probe (EMPA) and energy-dispersive X-ray
spectroscopy (EDX).
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RESULTS AND DISCUSSION

The isobaric-isothermal oxidation of the HMC material was performed at temperatures of 400-
1000 °C and pressures of 0.13-65 kPa in pure oxygen with mass flow 0.12+0.02 g/min. The notable
weight gain was observed only at temperature of 500 °C and above it. The change of sample weight
was normalized to the initial surface area of the sample and presented via plots showing weight gain
per unit surface, w vs. time, f; some typical results of the TGA obtained at different temperatures and
oxygen pressures are shown in Fig. 1.

mgem”
W, mg em

w.

w, mg cm
w, mg om”

o L e L i
pr 3

0 I a0 1 71

Fig. 1. The isobaric-isothermal oxidation of the TiC - 7 vol.% C (graphite) HMC at difTerent oxygen pressures, p.: (a}
0.13 KPa; (b-c) 1.3 kPa; (d) 26 kPa and temperatures, 7 (1) 500 “C; (2) 600 "C: (3) 700 “C; (4) 800 “C; (5) 900 “°C; (6)
1000 °C.

The mathematical processing showed that the TGA curves could be divided into three (or four)
steps. In the initial step the oxidation was almost linear with time. Subsequently, in the second step the
oxidation rate, w is best described by a parabolic function; for the case of oxidation at higher
temperatures / higher oxygen pressures (7> 700 °C and p,; > 13 kPa), this step was followed by
another parabolic step with different kinetics constants. The parabolic steps of the process take up the
majority of the current time with w changing from 1-5 up to 25 mg/cm’. In the final oxidation step the
process returns to a linear form similar to that found in the first step, but with significantly decreased
values for constants. The analogous behaviour was observed across the entire range of temperatures
and pressures applied. Thus, for example, to describe the process at higher temperatures / higher
oxygen pressures. one would apply two linear rate constants: &, and &, and two parabolic rate
constants: k,; and ky;, however, for other regions, defined by higher or lower values of oxidation
parameters, the constants, which completely describe the oxidation behaviour of the material, were: ky;,
k, and k;;. Hence. the assembly of observed TGA curves can be characterized comprehensively as a
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linear-paralinear model, whose main properties are in the alternation of linear and parabolic steps
rather differentiated for the higher temperatures / higher oxygen pressures range.

It should be pointed out especially that there was no steady increase of weight gain tfrom the
lowest temperatures and oxygen pressures to the highest ones. Indeed, there is a clearly defined
maximum, which corresponds to particular values of the oxidation parameters, which were not the
maximal temperature or pressure exposed. Previously, Stewart and Cutler'® have reported a maximum
in the oxidation rates for TiC, Voitovich and Pugach'' found the highest values of the rate at 860 °C,
when studying oxidation of TiC in air at 600-1000 °C. Shimada and Kozeki'> and Gozzi et al.”
reported about decrease of oxidation rate with growing of oxygen pressure. The obtained model for the
oxidation behaviour can be better visualized by the use of 3D plots (w-surfaces). The typicalw—¢—-T
(temperature) diagram is presented in Fig. 2a; the TGA curve at 700 ’c appears as a ridge on the w-
surface corresponding to an oxygen pressure of 1.3 kPa. The analogous situation is also observed in the
w — t — Igpo; (0xygen pressure) diagrams, for example. at 800 °C a ridge lies at a pressure of about 13
kPa (Fig. 2b). A rid§e violates the monotonic property of the kinetics model. These ridge temperatures
of about 700-800 "C and/or ridge oxygen pressures of about 1.3-13 kPa, which were revealed
experimentally by TGA, served as clearly visible boundaries between areas with different behavior of
the material and/or prevailing oxidation mechanisms.

Fig. 2. 'Ridge effect’ plots showing the influence of temperature T and oxygen pressure p,,; on the oxidation kinetics w=f{1)
at different values of these parameters: (a) pr); = 1.3 kPa; (b) T = 800 ’c.

The obtained TGA curves for the studied composite possess some kind of quantitative
uncertainty in relation to real chemical reactions, as they are influenced by two concurrent processes
with opposite effects such as formation of oxygen containing scale. accompanied by a weight gain. and
carbon burn-off. accompanied by a weight loss. Similar situations are often observed during the
oxidation of ceramic matrix composites'. By means of a carbon analysis in the samples exposed to
different oxidation conditions. it became possible to establish that the carbon burn-off relationship
between the normalized to surface area weight of burnt-off carbon Am./s and exposure time, ¢
effectively follows the parabolic rate rule. The determination of weight loss due to the formation of
carbon oxides allowed converting the results of TGA into the data of real oxygen consumption by
solids. Some examples of the calculated kinetic curves for oxygen solid-state consumption (plots of
Am,/s vs. t) are presented jointly with experimental curves for carbon bumn-off in Fig. 3.

The effects of gas pressure on the solid — gas interaction kinetics is one of the most important
factors, which are necessary for clear understanding of the reaction mechanism. Some examples of the
plots of Igk, vs. Igpe: are shown in Fig.4 to illustrate the influence of oxygen pressure on oxidation
rate. The calculated values of exponent m (the apparent order of reaction) across the studied range of
oxidation parameters have been collected together in Table II1.
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Fig. 3. The oxygen consumption (1. 2) and carbon-off (3, 4) kinetics during the oxidation at temperatures, 7: (a) 500 "C;
(b) 700 °C and oxygen pressures. poz: (2,4) 1.3 kPa; (1,3) 13 kPa.

o5 2

Igx

Fig. 4. Relationship between Igk, for rate constants (1) ky,, (2) &, (3) &,;. (4) k2, (5) k;; and oxygen pressures /gp;,; during
the oxidation at different temperatures. T: () 500 °C; (b) 700 °C (curves with indices 1a and 2a relate to oxygen
consumption kinetics).

Table 111. The calculated values of apparent reaction order m at various oxidation parameters *

m 0.13-0.65 kPa 0.65-1.3 kPa 1.3-13kPa 13-26 kPa 26-65 kPa
500°C = 16/ 1/5-1/6/0 T U6L-11010 © -1A/-116/0
600°C 1U5-1/6 1 1/3/ 1/6-1/10 US-1e 12 Ve-1100
700°C w2l 12/ 15 12/ 172/ -(12-213) A28y -1 1228y
800"C 12/ 12/ 15 12/-1-0/ 113 '
900"C 1293/ 12013
1000°C 1/1/12

" Light grey areas provide the values of m and the dark grey regions represent negative m values for k, / k,/ k;; in the
refationships &, - p,,:™; white boxes represent regions where no data has been taken.
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The negative values for m were revealed in the range of lower temperatures / higher pressures
for the most part during steps of linear-paralinear oxidation. This is an interesting result given that
after a ridge oxygen pressure has been reached, the oxidation rates are decreased by further increase in
oxygen pressure. Another key characteristic of this process. observed for both linear and parabolic
steps, is the gradual increase of the absolute value of m with an increase of oxidation temperature from
m = 0-Y at 500 °C and m = 1/10-1/2 at 600 °C up to m = %-% at 900 °C and m = ¥:-1 at 1000 °C, as for
pure TiC powder Stewart and Cutler'® reported about m = 1/6 at 660-800 °C and m = Y at 800-900 °C. It
is relevant to note that the application of the data on real oxygen consumption by solids. at the same
temperatures and oxygen pressures, gives approximately the same values for m as those determined for
the TGA curves.

Preliminary inspection of the experimentally obtained w vs. ¢ plots suggests a clear dependence
of oxidation rate on temperature, although this rate tends to rise to a maximum at the ridge temperature
before falling with further temperature increases. The Arrhenius plots of /nk; vs. [/T for the different
steps of the process at oxygen pressures from 0.13 up to 13 kPa are shown in Fig. 5.
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Fig. §. Arhenius plots of /nk, for rate constants (1) &, (2) &, (3) k;; versus //T for the oxidation at different oxygen
pressures, Igpo;: (a) 0.13 kPa; (b) 0.65 kPa: (¢) 1.3 kPa; (d) 13 kPa (curves with indices 1a and 2a relate to oxygen
consumption kinetics).

For temperatures below the ridge temperature of 700 °C, the Arrhenius plot behaviour is
typical. in that the rate of oxidation of the material increases with temperature. Within the range of
higher temperatures, the same behaviour was found at the lowest oxygen pressure, but only for the
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initial step of ox1datlon (see Fig. 5a, curve 1). For low OXYgen pressures in the temperature interval
from 700 to 1000 °C, the rate of oxidation for the material is generally slowed with an increase of
temperature. At the ridge temperature in the plot of Ink; vs. I/T there is an inflexion point (see Fig. Sb-
d), at which the activation energy Q changes sign as was found for the inflection point at the ridge
oxygen pressure, where the order of reaction m also changed its sign in the same manner. Comparison
of the Ink; vs. 1/T plots, obtained from the data on real oxygen consumption by solids, with those from
the TGA. as demonstrated by Fig. Sc-d, shows that these two types of data are in good agreement with
each other. At oxygen pressures from 26 to 65 kPa the situation is similar; as the Arrhenius plots show
a change in gradient at the ridge temperature, but only without a change of the sign for Q. Afier this
ridge temperature, the values of the activation energy O dramatically drop, as the gradient occasionally
falls to near zero. The calculated values of the activation energy () for the different steps and
parameters of oxidation are presented in Table IV.

Table IV. The calculated values of apparent activation energy Q at various oxidation parameters *

Q. kl/mol 500-600"C 600-700"C 700-800"C 800-900"C 900-1000"C
0.13 kPa 4648 / -(B7+2) / -(10216)
618 / 9946 / ~(30+8) /
0.65 kPa - 415 S ~(210x10)/ -
-(170£10)
1.3 kPa 4743 /751 /33«1 (8412).-"-(132&2):‘{63&2)
13 kPa 67+5 /9645 / 5+l 0/11+£6/5+]
26 kPa 6143 / 7945/ 5+1 61+3/0/ 541
65 kPa 70+3 / 84+1 / 9+ 0/2246/ 1546/ 9+1 "

" Light grey areas provide the values of () and the dark grey regions represent negative () values for k;, / k../ k;;2 white boxes
represent regions where no data has been taken.

YFor ki /! ke 1 hpy / ki

In summarizing the kinetics data, a number of observations on the process can be made:

— for the imitial linear step. the activation ener;,y Q is 46-70 kJ/mol throughout the range of oxidation
parameters, with the exception of 700-1000 °C at oxygen pressures from 0.65 to 1.3 kPa. where () is
negative and has values between 30 to 84 kJ/mol;

— for the parabolic steps, the activation energy Q is 75-100 kJ/mol at 500-700 °C (independent of
oxygen pressure) and 11-22 kJ/mol at 700-1000 °C over the range of oxygen pressures from 13 to 65
kPa, except for the higher temperature / lower oxygen pressure range. where 0 is negative and has
values between 87 to 220 kJ/mol;

— for the final linear step. the activation energy Q is 33-41 kJ/mol at 500-700 °C for oxygen pressures
of 0.65-1.3 kPa and 5-9 kJ/mol at higher oxygen pressures (13-65 kPa), except for the higher
temperature / lower oxygen pressure range, where () is negative and has values 68-170 kJ/mol.

As a result of this kinetic analysis, it becomes possible to divide the studied range of
temperatures and oxygen pressures into four main regions; each region defined by high or low values
of oxidation parameters (Fig. 6). The ridge temperature and ridge oxygen pressure serve as boundaries
for these regions and mark a change in the prevailing oxidation mechanism.

The evolution of weight gain during the oxidation process was accompanied with a change of
the chemical composition of the surface layers. The XRD patterns taken from the oxidized surface at
different temperatures are shown in Fig. 7. No XRD peaks corresponding to the newly formed phases
were found on the surface for w < 8 mg cm™. However, for all samples oxidized under different
conditions, the lattice parameter of the carbide phase changed slightly: for example. at the temperature
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Fig. 7. XRD patterns of the initial composition (1) and samples oxidised at: (2) T = 500 °C. p,,; = 1.3 kPa; (3) T= 600 °C,
poz = 13 KPa; (4) T= 700 °C, pp; = 1.3 kPa; (5) T = 800 °C. py; = 1.3 kPa: (6) T = 900 °C, p,,> = 13 kPa: (7) T = 1000 °C,
por = 1.3 kPa: (8) T = 1000 °C, p.; = 65 kPa (indices relate to different polymorphic crystalline moditications of titanium
dioxide: a - anatase: r - rutite).
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of 500 °C and oxygen pressure of 1.3 kPa, the lattice parameter reduced from the initial 0.4326 +
0.0001nm to 0.429+0.002 nm. This decrease of lattice parameter was accompanied by a significant
broadening of all XRD peaks. However, it proved to be impossible to find any correlations between
this change in lattice parameter and values of the oxidation temperature and pressure, as the decrease
of lattice parameter was approximately equal for all XRD patterns obtained. The first oxide phase
appears at 600 °C. and it is represented on the pattern by small broad peaks of TiO; (anatase). At 700
OC. the oxide scale consists just of two crystalline structures of TiO, — anatase and rutile. The latter
phase becomes predominant at 800 °C when compared with carbide and anatase, and at 7> 900 °C and
Ppo> > 13 kPa, the rutile phase completely replaces the anatase in scale. The peaks of the carbide
disappeared only at the highest values of temperature and oxygen pressure.

T ., " k ~ s, 24 ..L |

Fig. 8. Microstructures of oxide scale and oxide — composite interface (polarized light) for the sample oxidised at
temperature T = 700 °C and oxygen pressure p;,» = |.3 kPa for 2h.

It secems likely that the common layered structure of oxide scale, e.g. observed during the
oxidation of metals, breaks down in the case of the HMC (Fig. 8), probably, because of the wide
development of short-circuit diffusion processes in this type of material’. At earlier stages of oxidation,
employing SEM/EDX, it became possible to determine the atomic ratio of O/Ti = 0.28+0.05, which
characterizes the material and corresponds to the incubation of the oxide on the solid — gas interface.

The obtained experimental results suggest that oxidation of the TiC — 7 vol.% C (graphite)
HMC is very sensitive to both temperature and oxygen pressure and that the mechanism changes
significantly with transfer from lower to higher values of oxidation parameters. The process itself can
be divided into two sub-processes characterized by the different physico-chemical transformations:

— the formation of titanium oxides due to oxidation of the carbide phase:

TiCy.n + 02 — TiCy., O, + yC (CO, CO,) + O3 = TiO, + C (CO, COp) and H
— the oxidation of carbon with formation of carbon oxides:
C+ 0y — CO,CO, 2)

Here, it should be noted that Eq. (2) describes the burn-off for both the graphite phase and “secondary™
carbon formed by a reaction in Eq. (1). Although the relationships between these sub-processes may be
complex and dependent on oxidation conditions, it appears that the pressure of the same gaseous
products determines the reaction equilibrium for both sub-processes, in which carbon itself represents
not only a reagent. but also a solid product.

At the lower values of oxidation parameters, 500-700 %C and 0.65-13 kPa, it was found that the
initial linear step in oxidation kinetics is characterized by = 45-70 kJ/mol with m subsequently
increasing from 1/6 at 500 °C to ¥ at 700 °C. On the basis of information derived from the XRD, SEM
and EPMA analyses, it appears reasonable to connect this step with the dissolution of oxygen in the
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carbide and formation of the oxycarbide phase TiC}.«yO;, as described by Eq. (1) for the initial stage
of reaction. At temperatures of about 500 °C and oxygen pressures of 3.9-16 kPa, Shimada and
Kozeki" reported a very similar value of @ for the oxidation of TiC powders, but for parabolic kinetics
with m = 0.2-0.6. They proposed that the diffusion of oxygen through the oxycarbide Phase should be
responsible for such low value for 0. However, according to Schuhmacher and Eveno®, the activation
energy of oxygen diffusion in TiCy e is close to that of carbon, with a value of 383+8 kJ/mol. From
this we can conclude that it is more likely that the decomposition of oxygen-oversaturated
oxycarbide'®, followed by the formation of oxide nuclei according to reaction:

TiC).x4O; = TiClixy-20z + aC (CO, CO,) — Ti024Cq + kC (CO. COz) — TiO,, + C(CO, COy), (3)

acts as the governing stage for the oxidation of carbide material in this case. It was clear that the
deviations of lattice parameter for the carbide phase were appro\umatelv the same for samples oxidized
under different conditions. Hence. according to data available in literature'. the cxpenmentally
obtained lattice parameter of 0.429+0.002 nm corresponds to the oxycarbide with composition in the
range of TiCp3.0800.1-05. However, SEM, EDX and EMPA measurements allowed determining the
composition of oxycarbide (coexisting with rare particles of oxide on the surface of material) as
following TiCo gos0.1500.28:0.08. Shimada'” observed similar oxidation behaviour for TiC. attributing his
findings to a structure with lattice parameter of 0.4327+0.0001 nm and composition of TiC» sO<q .
The subsequent transition to the parabolic kinetic step leads to a value of Q) = 75-105 kl/mol

and exponent m, which increases with temperature increase as observed previously. The variations of
m in the interval from 1/6 to ¥ reflect the solid-state diffusion character of the process and connect with
the concentration of oxygen vacancies, as it is in good agreement with data on defect structure of non-
stoichiometric p-conductive TiO,'®. During this step, it would appear that the process transits to the
solid-state diffusion regime and the most probable rate determining stage in this range of temperatures
and pressures is oxygen diffusion through the anatase Ti0,4Cq scale. The formation of carbon-doped
anatase phase Ti0;4Cy4 with d = 0.02+0.05, as an initial product of TiC oxidation, was confirmed
recently by Irie et al."’ as well as Shen et al.”® at lower temperatures in oxygen and air. There are
available data in the literature on the activation energy for the parabolic oxidation of single crystals aud
polycrystalline TiC by oxygen'?' with values close to 200 k¥/mol; e.g. Voitovich and Lavrenko®
determined the value of Q in the interval from 184 to 217.5 kJ/mol. to be dependent on the purity of
TiC. All of these values are in good agreement with the acnvanon energy of oxidation for metal Ti.
which is connected with the process of oxygen lattice diffusion”. Nevertheless. in the earlier works it
was suggested that, at low temperatures and low oxygen pressures (500 °C, 13 Pa), a high percentage
of the oxide area consists of paths of low diffusion resistance, and hence, grain boundary diffusion
plays an overwhelmmg role in the oxidation of Ti compared to the negligible role played by lattice
diffusion; additionally. relatively low values of ( obtained in this work are clearly connected with
the structure, characterized by a widely developed grain boundary network®. The short-circuit diffusion
along grain boundaries and dlslocatlons in similar materials’ plays a more important role in general
than it would with smgle phase, usually — hypostoichiometric. refractory carbides. However. the
activation energy for grain boundary diffusion is smaller than that for lattice dlfﬁlsmn and the value for
the former accounts for about a half of the latter in metal oxidation processes™. although Rothschild et

al.>* determined this ratio for non-stoichiometric TiO; films at lower temperatures as % and the value
of Q for grain boundary diffusion of about 50 kJ/mol. Yet the dispersion of carbon inclusions in the
initial structure of the material, is not the only factor contributing to this dominant role for short-circuit
diffusion. Other factors, such as the lower temperatures of oxidation (T < 0.5 of the melting point of
TiO:) and the fine dispersal of residual carbon throughout the oxide scale, also contribute significantly
to a predominantly solid state transport mechanism along low resistance diffusion paths.
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The residual carbon dispersed throughout the scale is a result of non-stoichiometric oxidation
of the carbide and the composite in a whole, as the fractions of Ti and C oxidized during the gas
exposure differ significantly. The total (integral) ratio of C/Ti involved in the oxidation process (Fig.
9) was calculated by only taking into account the formation of such oxides as TiO; and CO/CO,, as the
small contribution of the formation of oxycarbide to the overall process could be safely neglected and
no other products were identified in the oxidized samples. However, the analysis showed that at lower
oxidation parameters the process of TiO» formation generally dominates over the carbon — oxygen
interaction. An illustration of this is provided by comparison of the number of Ti atoms entering into
reaction with oxygen at 700 °C and 1.3 kPa over an hour with those of carbon; the former is about two
times more than the latter, showing a clear dominance of the metal oxide scale producing mechanisms.
Therefore it is understandable that the grain growth of oxide scale is retarded. not only by initial
carbon inclusions, but also by the presence of secondary carbon formed because of the non-
stoichiometric oxidation of the combined carbon in the carbide phase.

izad

CJTi, tetal oxid

t, min

Fig. 9. Evolution of the current value of C/Ti total (integral) oxidised ratio during the oxidation process at different
temperatures, T (1. 2) 500 °C; (3. 4) 700 "C and oxygen pressures, po,: (1. 3) 1.3 kPa; (2, 4) I3 kPa (calculated by taking
into account the formation of TiOQ;, CO and CO- only).

In general. the shift of the reaction mechanism to short-circuit diffusion is mainly due to the
character of carbon oxidation, which lags behind the oxidation of Ti atoms. The removal of carbon
oxides probably forms the specific micro- and nano-porous structure of the scale. In keeping with the
laminar-nature of most oxide scales, the microstructure is also characterized by some “lateral
elements”. These easy diffusion paths for oxygen. afterwards transformed into the grain boundaries of
scale, are formed initially in decomposing oxycarbide by precipitated carbon like those observed by
Voitovich and Lavrenko”” in the oxidized TiC.

It seems obviously that the final period of the oxidation at lower oxidation parameters is
connected with the initiation and further development of micro- and nano-channels, which are formed
by gases escaping the bulk sample. The transfer of the rate determining stage of the process from solid
state diffusion to predominantly gas diffusion in the final step is also evidence of the priority of short-
circuit diffusion during the initial propagation of the oxidation process. This step is described br?' linear
kinetics with Q = 30-40 kJ/mol. The exponent m, growing from 0 at 500 °C up to % at 700 °C. also
supports the suggestion concerning the transition of the prevalent mechanism to gas processes. With
reference to these observations, and on the basis of microstructure studies. the most likely rate
determining stage in this case is the transition regime of carbon gasification between the chemical
reaction (carbon oxidation) and gas diffusion stages. This conclusion seems credible, as the obtained
value for () is very close to those for the processes controlled by the gas diffusion stage for oxidation
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of carbonaceous materials®’, while m is of the same order as those for the processes dominated by

the chemical reaction stage of the carbon oxidation®™.

The increase of oxygen pressure at 500-700 0C up to 13-65 kPa results in the initial linear step
with O = 60-75 kJ/mol and negative values of m = — (}2-5). so it is suggested that controlling stage of
the process shifts from the solid state diffusion to the transition regime between solid state and gas
diffusion processes. This regime is realized due to the development of sintering and grain growth
processes in the scale. The rate of oxidation. being limited by the gas diffusion process, obviously
correlates with the characteristics of porosity of the oxide scales because of the influence of these
characteristics on gas diffusion (Knudsen flow, surface diffusion, adsorption-desorption processes)
through the scale®™. At the same time. the structure characteristics, such as gas permeability, is
dependent directly on values of the solid-state diffusion parameters, by which sintering process and
grain growth of porous scale are governed. Although to date there have been no attempts to evaluate
quantitatively the relationship between permeability of scale and its recrystallisation temperature, a
similar situation with the influence of scale sintering on the reactivity of solids seems to be typical for
the oxidation of both individual metal carbides and carbide composites and very important for analysis
of the process®. At moderate temperatures the solid-state diffusion of carbon is significantly retarded,
so a key point is the contribution of the gas diffusion processes. necessary for the removal of carbon
gasification products, to the overall process of oxidation. The difficulties associated with the removal
of CO/CO; can noticeably influence the rate of oxidation for carbides in general and appear to be
especially important for oxidation of carbide — carbon HMC.

Wt mal
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Fig. 10. Plots of XAn ;.Y dt : dAntyyys)/de vs. w for the oxidation process at different temperatures, 7: (1, 2) 500 °C;
(3. 4) 700 °C and oxygen pressures, po;: (1, 3) 1.3 kPa: (2, 4) 13 kPa.

The transition in the kinetics to the parabolic step at lower temperatures / higher oxygen
pressures is characterized by a slight increase of Q to 75-100 kJ/mol: while m varies widely, it remains
negative and increases in absolute value from t/i0 at 500 °C to 1 at 700 °C. The oxidation mechanism
does not change essentially and remains in the same transition regime as in the previous step, but with
a greater contribution from the gas diffusion mechanism. which dominates completely during the
subsequent final linear step. This step differs from those previously by an accelerating carbon burn-off.
At the ridge temperature and/or oxygen pressure the process of carbon oxidation is “catching up” with
the oxidation of Ti atoms (Fig. 10). Over the range from 13 to 65 kPa, the final step is characterized by
the same value of () = 5-10 kJ/mol and slightly variation of m = '2-'4, sufficient grounds to identify
this step as being regulated by the interdiffusion of O and CO/CO; gas flows through the porous scale.
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The oxidation behaviour of the material at the lowest level of oxygen pressure convincingly
demonstrated the large influence that sintering of the scales has on the oxidation process; the unusual
Arrhenius plots at this pressure become straightforward to interpret in terms of this mechanism. It was
found that, at 700-900 “C and 0.13 kPa. the initial linear step does not significantly differ from those at
lower temperatures, 500-600 °C and oxygen pressures, 0.65-13 kPa. However, the subsequent steps at
this pressure are realized by a completely different mechanism, characterized by negative values of Q,
which increase insignificantly (in absolute value) from 85-90 kl/mol to 95-110 kJ/mol for the
following parabolic and linear kinetics steps respectively, while m fluctuates between 'z and '4. So it is
quite possible to conclude that the scale. which was nucleated and formed during the first linear step.
sinters and subsequently recrystallizes, with an apparent enlargement of the contribution from lattice
diffusion, during the further development of the oxidation process. These peculiarities shift the process
to a gas diffusion regime, which is governed by the permeability of the scale; hence this regime is
dependent on the processes relative to recrystallisation (grain growth. evolution of porosity) of oxide —
carbon and/or oxide scale. However, these processes, in turn. are determined by solid-state diffusion.
as was mentioned above. Due to the greater segregation of oxide nuclei in the volume of oxycarbide,
especially in carbide — carbon HMC. the contribution of the scale sintering to the oxidation process is
more significant, and observed at lower temperatures than was found for the oxidation of Ti metal®.

Negative values of Q were found in all steps of the linear-paralinear model throughout the
quadrant of higher temperatures / lower oxygen pressures at 0.65 < pp; < 13 kPa. In the initial linear
step, ¢ is 20-85 kJ/mol; afterwards, in the parabolic step, ¢ increases to 85-220 kJ/mol and then
slightly decreases in the final linear step. These values are in good agreement with those gained for the
activation energy of the densification process for TiO; during the initial stage of sintering,
corresponding to the plastic flow mechanism in the kinetics of sintering™. Tt is also significant that the
highest absolute values for Q are in excellent agreement with those for the oxygen lattice diffusion
coefficient, calculated from TGA data for the oxidation of Ti metal”’. At 700-900 °C and 0.65-13 kPa,
m = Y for the first two steps. being independent of oxidation parameters. so it is suggesting that the
defect structure of sintering oxide does not significantly change. The different behaviour of the scale
before and after the ridge temperature reflects the intrinsic change in the solid products of oxidation.
The presence of carbon within the scale during the oxidation of transition-metal carbides very often
leads to the formation and stabilization of oxides typically unstable in this range of temperatures™''. A
similar situation was revealed in this study, as the anatase phase, contained in the oxide scale, was
observed up to 800 °C. although. according to XRD analysis data in the recent paper bz Zhang et al. >,
anatase — rutile polymorphic transition begins at 500 °C and reaches about 95% at 700 "C. Another key
observation is that the anatase phase, in contact with carbon, is more chemically stable; this is
confirmed by noting that the carbothermic reduction of anatase starts at higher temperatures when
compared with those for the rutile phase™.

From the obtained experimental data, a convincing argument would be that, during the
oxidation of TiC composite, the anatase - rutile transition is directly connected with the nidge
temperature, as the intensive polymorphic transformation is concurrent with deeper carbon bum-off in
the scale. Presumably, the preferential formation of anatase at lower temperatures, as the result of the
oxycarbide decomposition. is connected with a deficiency of energy (exposed temperature) and
reagents (oxygen pressure) as the body-centered tetragonal structure of anatase originates from the
simpler, face-centered cubic structure®’, which is inherent to the carbide/oxycarbide phases. Hence,
this structural correspondence simplifies the nucleation of oxide phase in the initial oxycarbide. The
tower density of the anatase (~9% less than that of rutile) provides more opportunities for the
dissolution of carbon (as well as for diffusion of oxygen) than are available to the rutile structure.
During the polymorphic transition. the scale provides much lower protection from oxidation than
normal, as the diffusion resistance of the structure is reduced. The effect of ridge temperature, when
the oxidation rate of materials rises rapidly to a maximum and then declines with subsequent growth of
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temperature. is caused by the accumulated impact of interconnected processes occurring in the scale,
such as the accelerated release of carbon oxides and the polymorphic transition. from low to high
density phases, of TiO,. The eventual rise of oxidation temperature leads to a steady decrease of
carbon content coupled with a steady increase of rutile fraction in the scale. These factors bring about a
significant change in both gas and solid diffusion processes, due to the development of recrystallisation
and consequent reduction in gas permeability through the scale. The kinetics reflects the mechanism,
as at the ridge temperature the sign of () changes and further temperature increase corresponds to a
decrease of the oxidation rate, although the absolute value of () does not change significantly as it
describes a similar solid-state diffusion process, but with the opposite effect on the rate.

The increase of oxygen pressure above the ridge value at 700-900 °C brings about a change in
the oxidation mechanism, as () varies dramatically in both sign and magnitude. The initial step is
characterized by a negligibly smail value of Q. whereas afterwards the value fluctuates: 15-30 kJ/mol
for the first parabolic step and 5-10 kJ/mol — for the final, second linear step. All this allows us to
classify the current mechanism as a process govemned by the different stages of gas interdiffusion
through the porous scale with structure that varies with the evolution of oxidation. These rate
determining stages of the oxidation process can include gas adsorption/desorption, diffusion of oxygen
to the apparent carbide — oxide interface and/or counter diffusion of gas products back through the
porous medium. A noticeable characteristic of the oxidation process at the highest studied temperature
of 1000 °C is the value of exponent m, which is practically independent of oxygen pressure and reaches
a maximum value for all kinetics steps of m = 1, probably due to the higher rate of scale sintering,
inherent to the material oxidized at this temperature.

CONCLUSION

The ridge effect, when the oxidation rate of solid rises rapidly to a maximum and then declines
with subsequent growth of oxidation parameters (pg;, T), was revealed during the oxidation of TiC-
based HMC. This phenomenon is caused by the accumulated impact of interconnected processes
occurring in the scale. such as the accelerated carbon burn-off and the anatase — rutile polymorphic
transition characterized by the apparent stabilization of anatase by carbon. These processes bring about
an essential change in both gas and solid diffusion in the formed scale, due to development of its
recrystallisation and a consequent reduction in gas permeability through the scale. In evolution of the
oxidation process prevailing mechanisms change, with increasing po; and/or 7. in the following
subsequence: solution of oxygen in carbide phase (oxycarbide formation) — decomposition of
oversaturated oxycarbide — formation of oxide/oxide-carbon nuclei — solid-state, preferably short-
circuit, diffusion — chemical stage of carbon gasification — gas diffusion governed by permeability
(sintering) of the formed scale — gas interdiffusion through micro- and nano-porous scale.

The ridge effect is obviously reflected in the linear-paralinear kinetics model, as at the ridge
oxidation parameter, the sign of the apparent order of reaction m or activation energy Q changes and
further increase in parameters corresponds to a decrease of the oxidation rate. However, the absolute
value of () sometimes does not change significantly as it describes a similar solid-state diffusion
process. but with the opposite effect on the oxidation rate. It should be emphasized that mobility of
atoms. directly increasing with the rise of temperature, is not directly connected with chemical
reactivity of solids, as in some cases the mobility can suppress the reactivity on the interaction surface
due to formation of products with specific physico-chemical properties.

It is proposed that the newly developed model with the positive/negative values for m and Q
can be transferred from the Ti — C — O system to variety of HMC materials. which are involved in
solid-state gas-exchange reactions, and use of the model can contribute significantly to the design of
advanced functionally gradient HMC for ultra-high temperature application.
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ABSTRACT

Luminescence properties of NaLnGeOy:Eu** (Ln=rare earth) phosphors were investigated. It has a
strong red emission under mercury discharge and deep blue/near-UV excitations. With the proper
atomic ratio of rare earth ions, Y/Gd, and activator concentration, the emission intensity of Eu*'-
activated germanate compound is comparable to that of commercial red-emitting phosphor. Y,O3:Eu’*,
under 254 nm excitation with the CIE coordinates are x=0.655, y=0.339. Moreover, the maximum
emission intensity is about four times higher than that of SrS:Eu** under GaN-based blue light
excitations (A.,,=400-465 nm).

INTRODUCTION

Highly efficient and power saving back light units (BLUs) are essential for the application of flat-
panel displays, especially liquid crystal displays (LCDs), due to strong demands in excellent color
gamut with enhanced brightness. Thus, the selection of the proper red-, green- and blue-emitting
(RGB) backlight phosphor becomes an important factor determining the overall optical property of
LCD devices.

At present, lighting elements based on white light emitting diodes (LEDs) have made remarkable
breakthroughs in the display fields. Conventional LEDs using GaN-based semiconductors as the
excitation source converts bright violet-blue light to longer wavelength via the light-conversion
phosphors. Nakamura et a/. invented the first white light LEDs combining an InGaN blue LED
emitting at 465 nm with a broad-band yellow phosphor. e.g. Ce-doped yttrium aluminate.”’ To improve
the color rendering property of the above mentioned blue LED/yellow phosphor approach, white light
can be ideally generated by combining discrete RGB phosphors with a deep blue/UV LED or laser
diode (LD). Unfortunately, the efficiency of the sulfide-based red phosphors is much lower than that of
the green and blue phosphors, there is an urgent need to make superior red phosphors that absorb in the
UV and emit in the red.

The white light generated by fluorescent lamp is another option for adopting as a back lighting in
LCDs. Even though the available ilamp phosphors are already well known for these applications, the
highly efficient red-emitting phosphors with pure color gamut are also demanded in fluorescent lamps
for LCD-BLUs.*

Eu*-doped olivine type NalLnGeO, (Ln=rare earth) phosphors are suggested as an possible
candidate for red-emitting elements under vacuum ultra violet conditions.®® Germanates are well
considered as host materials of phosphors in the search for luminescent materials with reasonable
conductivity due to the smaller electronegativity difference between Ge and O other than silicates and
aluminates compounds.”

In this work, we examines the luminescence properties of a Eu**-activated NaLnGeOq (Ln=Y, Gd)
red-emitting phosphor for sophisticated BLU elements. The obtained results reveal its suitability for
application in a novel phosphor LCDs.
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EXPERIMENTAL

Eu*'-doped Na(Y.Gd)GeO, phosphors were prepared by conventional high temperature solid-state
reaction method. The reagent grade raw materials, Na;CO;(99%), Y205 (99.99%). Gd,O;3 (99.99%).
Eu,03 (99.9%) and GeO;(99.999%), were properly mixed together with a mortal. After thoroughly
mixed using acetone and then dried in room temperature, they were calcined at 11000 for 12h in air.
After firing. samples were gradually cooled to room temperature. Phase analysis of the prepared
powders was investigated by X-ray diffraction (XRD) analysis using with Cu Ka (A=1.5406 ) radiation
(Rikaku D/MAX-33 X-ray diffractometer). Photoluminescence (PL) emission, excitation (PLE) spectra
and color coordinates were recorded using a fluorescence spectrophotometer at room temperature with
a xenon lamp as an excitation source. For the reliable estimation, the relative PL and PLE intensity
were measured with a commercialized Y,041:Eu’* and SrS:Eu®* phosphors.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the Na(Y,Gd)GeOy:Eu®* prepared by the solid state reaction.
Although we have synthesized Na(Y,Gd)GeO4:Eu™ phosphor with various compositions, we will focus
on Na(Y(3Gdo2Eugs)GeOy since it has the highest emission efficiency among other samples.
Compared with the standard NaLnGeO, (Lr=Y, Gd) diffraction patterns, all prepared samples are
assigned to olivine phase without any impurity or secondary phases during a high temperature process.
The phases of NaYGeO, and NaGdGeQ, are iso-structure so they can form continuous solid solutions
in the whole range (x=0-1.0) for the system NaY,.,Gd,GeO,. Moreover, all diffraction peaks were in
good agreement with the known reference data with larger activator concentrations which means that
the Eu™ incorporation does not change the lattice constant of Na(Y,Gd)GeQ4 much.

Na{Y_.Gd_.Eu )GeO,

T .

#88-1176(NaGdGeO))

I 1:.‘ |l “ T I Ry
#74-2164(NaYGeO))

Relative Intensity [a.u.]

l|l|] |I LL] lJ..LUll.hL..a.
T T T R v L 1 T
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20

Figure 1. XRD patterns of the Eu**-doped Na(Y Gd)GeOs.

Fig. 2 presents the PLE spectra of Na(Y03GdoEups)GeOs comparing with a commercial red-
emittinngO_z:EuJ‘ under UV region. The excitation spectrum of Na(Yq1Gdo2Euss)GeOs mainly
consist of two parts; the first one is a broad band centered at 256 nm, which were attributed to the
charge-transfer transition between Eu™ and O, ie., an electron transfer from the ligand O* (2p6)
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orbital to empty states of 4f° for Eu’* configuration and the other one is extended peaks ranged from
350 to 425 nm owing to the intra-configuration 4f¢ excitation peaks of Eu** >

PL emission spectra of Na( Y 3Gdo2Eug s)GeO, and the dependence of emission intensities on Eu®*
content are also shown in Fig. 3. As shown in Fig. 3 (a), the emission spectrum of
Na(Yo3GdoEug5)GeOs is mainly dommated by a intense peak appearmg around 610-625 nm,
attributed to the electric dipole transmon of “Dy-"F,, while the several weak emissions ansmi, from the
magnetic dipole transition and *Dy-"F34 transition. This indicates that the red emission of
Na(Y.Gd)GeOg:Eu™ 1s mainly induced by the asymmetrical positioned Eu’* with the lack of the
inversion symmetry ® Phosphors with various activator concentration and Y/Gd atomic ratio were also
examined and their emlssxon spectra were similar to those in Fig. 3 (a). Moreover in comparison with a
commercial Y,05:Eu™ phosphor, we could get a more pronounced color rendering property in our
samples since the quenched emission in the vicinity of 630 nm. The CIE color coordinates are shown in
Fig. 4 (b) under various excitation wavelengths. The dependence of PL intensities on Eu®* content is
shown in Fig. 3 (b). Maximum emission intensity is about 99% of commercialized Y,0;:Eu®" under the
mercury discharge condition, 254 nm, with Eu™ content at x=0.5. The emission intensity gradually
enhanced with i mcreasmg Eu’” concentration up to 0.5 mol % and then finally decreased. In general,
the emission intensity is proportional to the concentration of activator within limited ranges and begins
to decrease beyond the critical concentration level. It is well known as a “concentration quenching
effect” which leads activators to non-radiative emission process via energy transfer between
neighboring activators. The high critical concentration may be due to low possibility of the energy
transfer among the emission centers.!! As we can see from the dependence of emission intensities on
activator content. Fig. 3 (b), Na(Y.Gd)GeO, has a wide activator saturation range.
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Figure 2. PLE spectra of the Na('Y Gd)GeOs:Eu (solid line) and commercial Y»05:Eu (dot line).

In some rare earth activated complex ion type phosphors. such as phosphates and borates, the extent
of activator incorporation is relatively higher than an appropriate value (usually several wt%). We can
explain these phenomena based on the characteristic crystal structure of olivine type compound. An
ordered olivine structure has a quasi-two dimensional rare earth sublattice and each Eu®" jon is
effectively isolated by the surrounding sublattice group without non-radiative sites, even if the
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activators are highly incorporated to the host compound. So the excitation energy transfer would take

place within the planes because of long separation among the emission centers under UV excitation.

Relative Intensity [a.u.]

Ey®
st Y,00Ed
——NatY, Gd

07

A, =2540m

Eu, JGeO,

o
.DV
o

550 800 650 100
Wavelength [nm]
(@)
= 100 —e—Na(Y, Gd, Eu)GeO,
= & - Na(Y,, Gd, Eu)GeO,
&
|78
(73
L
=1
E ®
.20
Bt
m 7o
o
2
g %1
T) //
& 504 //
3

T
05 06 07

**X (mol]

(b)

g2

Figure 3. (a) PL emission spectra Na(Y Gd)GeOs:Eu (solid line) and commercial Y,0;:Eu (dot line)
and (b) dependency of PL emission intensity with various Eu concentrations under 254 nm excitation.

Fig. 4 exhibits the emission property of Na(Y,Gd)GeO4:Eu under the excitation of blue light
wavelengths (A=405, 465 nm) for white light LEDs application. From Fig. 4 (a), it can be seen that
the overall emission spectra of Na(Y,Gd)GeOy:Eu** phosphor shows strong red emission under blue-
LEDs conditions compared with that of commercialized Y;03:Eu’* under 254 nm. K. Toda er al.
reported that the different emission process of NalnGeOs (Ln=Y, Gd) between VUV and UV
excitation with proper activator contents.® Under UV excitation, it has a high critical activator
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concentration (x=0.75) similar to our results. Therefore, we can conclude that our suggested chemical
composition is suitable for UV-LEDs red-emitting phosphors. Fig. 4 (b) summarizes the relative
brightness and CIE chromaticity coordinates of Na(Y,3GdgsEugs)GeOs together with that of
Y,05:Eu’ as a comparison. The resultant CIE chromaticity coordinates, x=0.652 and y=0.336, are
superior to Eu*-activated sulfides under blue-LEDs condition and close to National Television
Standard Committee (NTSC) standard values.

- ¥.0 Eu’ A =154nm

MaiY_Gd Eu_ )G

Na(¥_ Gd Eu i

Wa;felength [nm]

(a)

Excitation  CIE chromaticity Relative
Phosphors Wavelength coordinates Brightness

(nm) x y (%)

Y;0;5:Eu 254 0.647 0.344 100

254 0.655 0.339 99

Na(YosGdo2 Eug)GeOs 405 0652  0.336 217
465 0.658 0.340 461

(b)

Figure 4. (a) UV-PL emission spectra of Na(Yo.3Gdo2Eup 5)GeO4 and Y203:Eu under various excitation
conditions and (b) Summary of the CIE chromaticity coordinates and relative brightness of these
phosphors

CONCLUSION

Red-emitting Eu“—doped NalnGeOy (Ln=Y, Gd) phosphors were synthesized and their
luminescence properties have been investigated. With the efficient photoluminescence excitation
induced by both CTS band and internal f-f transition of Eu” jons. these phosphors has an improved
CIE color coordinates (x=0.658, y=0.340) under mercury discharge and blue-LEDs condition close to
the NTSC standard values. Among other various compositions, the Na(Yo3;Gdo2Eu0s)GeO, gives
stronger emission intensity under near UV excitation. especially for that excited by 465 nm which is of
4.6 times stronger than Y,05:Eu® (Aex=254 nm). In conclusion, Eu’*-activated olivine type rare earth
germanates phosphor, NaLnGeQ; (Ln=Y, Gd), might be one of the potential candidates for fluorescent
lamp phosphors and red-emitting elements for white light LEDs.
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ABSTRACT

The synthesis of the cathodoluminescent phosphor material praseodymium doped calcium titanate
(CAT) using co-precipitation and hydrothermal techniques has been investigated. For the co-
precipitation method the type of base used has been found to have a strong influence on both the
microstructure and the luminance. Co-precipitation failed, however to produce phase pure product, but
instead produced a mixture of rutile and calcium titanate after calcinations. Hydrothermal processing
also failed to make the phase pure material due to the strong kinetic drive towards anatase formation
under hydrothermal conditions. Despite this, the phase mixture formed contained a significantly higher
proportion of calcium titanate, and manifested significantly brighter luminance than the co-precipitated
material under both PL and CL conditions.

INTRODUCTION

Field emission displays (FEDs) are one of the many potential candidates for advanced flat
panel display applications which are becoming increasingly important as the world demands better and
better multimedia information access'. Potentially they will be able to provide high contrast and
brightness, but with low weight and low power consumption. They work on a similar principle to
traditional cathode ray tube (CRT) displays, in that the phosphor pixels are excited by an electron
stream, but whereas the CRT unit uses a single large electron gun, in a FED display, each individual
pixel is addressed by its own microtip cathode. FEDs must operate at significantly lower voltages than
CRTs (<5 kV) and higher current densities (10-100 pA/cm?), thus requiring the phosphors to operate
with high efficiency at low voltages, with high resistance to current saturation, with equal or better
chromaticity than CRT phosphors™>.

Calcium titanate doped with praseodymium (CAT) was first reported as a potential red
emission phosphor for use in low voltage and in particular FEDs by Vecht et. al. in 1994*. Sung et. al.,
in 1996, further improved the Propenies of the phosphor through improved synthesis techniques®. The
red emission is attributed to a ' Dy — H, transition in the Pr** dopant ion, and has Commission
International d’Eclairage (CIE) coordinates x=0.680 and y=0.311, which is very close to the National
Television Standards Committee (NTSC) ‘ideal red’®. Significant work has since been carried out in
the optimisation of CAT, in terms of synthesis® 7, and investigation of emission mechanisms®. Others
have attempted to form composites in order to better control the morphology of the material. It has
been recognised that small spherical particles with a narrow size distribution and no agglomeration
offer potential advantages in terms of packing, brightness, high definition, and low scattering®. Liu et.
al. in 2006, successfully developed core-shell structured CAT on silica cores in order to control the
morphology'®. Boutinaud et. al., on the other hand investigated the potential for depositing CAT thjin
films using radio frequency sputtering''. There has also been much work carried out investigating the
potential for further additives to the material which may improve its emission properties further.
Addition of aluminium has been found to significantly improve the emission of CAT'>"*. Zhang et. al.
in 2007 reported the enhancement of the red emission of Cat by addition of the rare earth oxides Lu,
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La, anﬁi5 Gd. In this work, the PL emission of the CAT almost tripled with the addition of 5 mol%
LUZ03 .

Hydrothermal reactions take place in aqueous media at temperatures greater than 100 °C, and at
pressures greater than 0.1 MPa. Hydrothermal synthesis has been shown to be a highly effective
synthetic method for producing, directly, perovskite ceramic compounds such as calcium doped
lanthanum chromite without calcination'®. Less extreme hydrothermal conditions (<200 °C) have also
been shown to significantly lower the calcination temperatures required to form solid solutions in
perovskite powders'™ '8, The enhanced reactivity is attributed to the high ionic mobility and increased
solubility of species under hydrothermal conditions. Hydrothermal treatment has also been shown to
produce highly sinteractive powders, with small particle size and good morphology control. Despite
the advantages of hydrothermal processing reviewed by Dawson, the technique has not been widely
used in the production of phosphor materials'®. In the current work we report the application of co-
precipitation and hydrothermal processing techniques to the production of calcium titanate doped with
praseodymium, in an attempt to produce phosphor particles with sub-micron, spherical morphology
and a tight size distribution.

EXPERIMENTAL

The precursor for all the syntheses of CAT:PR was amorphous titania powder. Since the reactivity
of amorphous titania has been shown to be strongly dependent on the synthesis method, the amorphous
powder was prepared by four different methods.

(a) Ti(OPr)s (10 ml) was diluted in a beaker with 100 ml of water, and then 2 ml of ammonia solution
(conc.) was added with stirring. The white precipitate formed was vacuum filtered and dried in an
oven at 80 °C for two hours. The white powder produced was amorphous titania (AP1).

(b) 200 ml of ammonia solution (40 ml NH; 7.3 M + 160 ml of H,O) was added dropwise into 50 ml
of a TiCl, solution (20 ml TiCls, 0.182 mol + 200 mli of ice cold water) with mixing, resulting in
the formation of a white precipitate. The white precipitate formed was vacuum filtered and dried in
an oven at 80 °C for two hours.

The white powder produced was amorphous titania (AP2).

(c) 50 ml of a TiCl, solution (20 ml TiCl,, 0.182 mol + 200 ml of ice cold water) was added dropwise
into 200 m! of ammonia solution (40 ml NH; 7.3 M + 160 ml of H;O) with mixing, resulting in the
formation of a white precipitate. The white precipitate formed was vacuum filtered and dried in an
oven at 80 °C for two hours. The white powder was amorphous titania (AP3).

Having prepared the amorphous powders, CAT:PR was then prepared by two co-precipitation
methods.

Method 1

2 g amorphous titania (AP1) was dissolved in 25 ml HCl (conc.). 4.1 g Ca(NOs), and Pr(NOs);
(0.1 M) and 60 g of urea were added with stirring. The solution was heated to 90 °C for 60 minutes
until precipitation ceased. The amorphous precipitate was vacuum filtered and dried in an oven at 80
°C for 24 hours. This preparation was repeated to produce a range of phosphors from 0.1 mol% Pr to 2
mol% Pr (CP1).

Method 2
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2 g amorphous titania (AP1) was dissolved in 25 ml HCl (conc.). 4.1 g Ca(NOs),, and
Pr(NO3); (0.1 M) were added, and the mixture added dropwise to 200 m! ammonia solution (7.3 M).
The amorphous precipitate formed was vacuum filtered and dried in an oven at 80 °C for 24 hours.
This preparation was repeated to produce a range of phosphors from 0.1 mol% Pr to 2 mol% Pr (CP2).

For the hydrothermal treatments 0.5 g of amorphous titania (or anatase supplied by Aldrich)
was added to 1.025 g Ca(NO;);, 0.3125 ml Pr(NO;); (0.1 M) and 1.825 M ammonia solution (40 ml,
large excess). The concentrations of base and Ca(NOs); were varied between reactions. Hydrothermal
processing was carried out using PTFE lined polycarbonate autoclaves. The vessels were heated using
microwaves (CEM MDS-2100 microwave autoclave system) to a range of temperatures from 120 °C
to 200°C. Higher temperatures could not be attained due to the development of excessive pressure
within the vessels. All reactions were carried out for 1 hour. The precipitates were all vacuum filtered,
and dried in an oven at 80°C for 24 hours. All products were calcined for 1 hour in a furnace at 1100
°C.

X-ray powder diffraction (XRD) was carried out using a Philips pw1710 diffractometer. A step
size of 0.02° 2-theta was used with a scan speed of 0.5° per minute. XRD spectroscopy showed that the
initial titania powders were indeed amorphous, and free from any crystailine phases, as no peaks were
observed. Scanning electron microscopy (SEM) studies were carried out using a Cambridge
Instruments Stereoscan 90 scanning electron microscope.

Photoluminescence brightness measurements were made using a Pritchard PR880 photometer.
The powders were packed into a glass holder approximately 0.5mm deep, and with an area
approximately 1.5 cm by 1 cm. The surface was smoothed using a glass slide, and then illuminated
with a [00W U.V. lamp emitting light at 366nm.

Emission and excitation spectra were measured using a customised system. Excitation
wavelengths were selected from a Xenon Lamp (Bentham, type 1L.7D), using a Bentham M300BA
monochromator. Samples were placed in a Bentham SC-FLUOR fluorescence chamber, and the
emission wavelengths measured using another M300BA monochromator. The emission spectra were
measured for an excitation wavelength of 366 nm.

Cathodoluminescence (CL) measurements were made on a range of samples.
Cathodoluminescent excitation was achieved under vacuum at around 10 Torr and using a Kimball
Physics Inc. (Walton, NH) model EGPS-7 electron gun. The e-beam used was 1.44 mm in diameter
and the current was 8.5 pA. Measurements were made from 400 V to 3000 V at a current of 50 pA.
The samples were prepared by electrophoretic deposition onto aluminium stubs.

RESULTS AND DISCUSSION

The SEM micrographs in Figure 1 show the typical microstructures for the calcined co-
precipitated powders. From these pictures we can see that method 1 produces smaller more spherical
powder particles (around 500 nm), when compared to method 2 (1-3 nm). In these experiments, AP1
was the amorphous titania precursor.

From the XRD spectra in Figure 2, we can see that the unfired powders made by method 1
(outlined above) manifest peaks corresponding to anatase. In addition, the samples with 0.5 mol% and
1 mol% praseodymium also manifest other peaks at 20 = 22.4, 29.5, 30.7, and 31.9°. The peaks could
not, however, be identified, but are suspected to be complex oxides of titanium and calcium. After
firing, however, all the samples produced a phase mixture of rutile and calcium titanate (Figure 2b).
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There was no significant difference in the XRD patterns of the fired materials, regardless of the
method used.

Figure 3a shows a graph of the PL brightness for the phosphors made by method 1 with
different praseodymium concentrations. The amorphous titania precursor in this instance is AP1. There
is a clear increase in PL brightness as the praseodymium concentration is increased from 0.1 mol% to
0.5 mol%. Beyond this concentration, the PL emission brightness falls significantly as concentration
quenching occurs. This type of quenching is commonly observed in phosphors, and occurs as the result
of quantum mechanical resonant energy exchange between neighbouring activator ions, resulting in
non-radiative relaxation of the excited states. A similar pattern of behaviour is seen for the brightness
under cathodoluminescence conditions (Figure 3b). As expected, the phosphors all manifested a linear
increase in PL brightness with increasing voltage up to 3000V, with the exceptions of the 1% and 2%
Pr doped materials, which did not exhibit any cathodoluminescence at all, again due to concentration
quenching. Having established the optimum activator concentration for maximum brightness in the
system, all further preparations used a 0.5 mol% praseodymium concentration.

Figure 4a shows the PL emission spectrum for the material made using method 1 with 0.5wt%
Pr doping. The PL spectrum manifests the characteristic red luminescence of the material. Due to
experimental constraints the CL spectrum of the material could not be measured. In Figure 4b method
1 and method 2 are further compared in terms of the brightness of luminescence for the 0.5wt% Pr
samples under cathodoluminescence conditions. Method 1 clearly outperforms method 2 in terms of
brightness, particularly at higher voltages (>2500V).

Despite the apparent attractiveness of using urea as the base, for the microwave hydrothermal
synthesis reactions to obtain small spherical particle morphology, urea could not be used, as this results
in the production of calcium carbonate rather than calcium titanate (CAT), due to the extremely low
solubility of calcium carbonate under hydrothermal conditions. The polymorph of calcium carbonate
produced was dependent on the hydrothermal conditions, and was found to be topotactically templated
by the titania precursor. This is the subject of another paper. As a result, only ammonia was used as the
base in these reactions.

The SEM micrographs in Figure 5 shows the typical morphologies of the calcined powders
produced hydrothermally at 120°C. The particles produced from precursor AP1 (Figure 5a) have a
spherical morphology with a very small particle size of around 300nm. Figures 5b and Sc show the
morphologies for the powders produced using the AP1 and AP2 precursors respectively. These
precursors again produced small particle sizes (sub 1 micron), however the particle size distribution is
not so narrow, and larger particles above 1 micron were also observed. Figure 5d shows powder
produced using TiCl, (stoichiometric with the calcium nitrate) instead of amorphous titania. The
particle size is significantly larger, and particle shapes more irregular.

Figure 6a shows the XRD spectra for the as-produced products for the hydrothermal reactions
at temperatures between 120 °C and 200 °C for 1 hour for the AP1 powder. Calcium titanate has not
formed directly in the autoclave, however, there is some evidence for the crystallisation of anatase
from the amorphous titania powder (the broad band centred around 2 theta = 25 °. This suggests that
the formation of anatase is kinetically favourable compared to the formation of CAT under these
conditions. Clearly, increasing the reaction temperature increases the rate of crystallisation of anatase
(as would be expected), but has seemingly no effect on the crystallisation of CAT. All three amorphous
titania precursors gave very similar results, as did the TiCls. In the latter case, however, hydrothermal
treatments could only be carried out at 120°C, as higher temperatures resulted in failure of the pressure

288 - Developments in Strategic Materials



Coprecipitation and Hydrothermal Synthesis of Praseodymium Doped Phosphors

vessels due to the high pressures generated by the decomposing precursors. A typical XRD spectrum
of the calcined products from a hydrothermal treatment at 120°C is shown in Figure 7. In all cases,
after firing, mixture of rutile (the thermodynamically stable phase of titania) and CAT is formed.
Again, as for the hydrothermal product, it is the formation of the titania phase, which has the kinetic
advantage, and so forms first. Similar results were observed for all the amorphous precursors and the
TiCls. It should be noted, however, that the proportion of calcium titanate produced relative to rutile
was significantly higher for the hydrothermally produced powder when compared to the co-
precipitated material. When rutile or anatase was used as starting materials, the only crystalline
products remained as rutile and anatase respectively after hydrothermal processing. In both cases CAT
and rutile were the calcined products.

PL and CL luminance were measured for the powders prepared from theAP1, AP2, AP3 and
TiCl4 precursors, with a Pr dopant level of 0.5wt%, but in all cases the AP1 precursor produced the
brightest emission. As a result further experiments were carried out only with the AP1 precursor.
Figure 8a shows how the PL brightness varies with the hydrothermal processing temperature for the
AP1 starting material, while figure 8b shows the variation in CL brightness with hydrothermal
processing temperature and voltage. As might be expected, the best materials were those made at low
temperature, since these did not suffer so much from anatase crystallisation in the autoclaves. The CL
measurements showed a close approximation to a linear relationship between brightness and voltage
used.

Since raising the reaction temperature did not improve the formation of CAT, the
concentrations of base and calcium nitrate were altered, maintaining a reaction temperature of 120 °C
to limit the formation of anatase. In all cases, the as-produced products were shown to be amorphous
by XRD, and to be mixtures of CAT and rutile after calcination (Figure 9). Surprisingly, no change in
the relative intensities of the rutile and CAT were observed for any of the combinations tested, even
when large excesses of calcium nitrate were used.

Figures 10a and 10b (fig24 and 25) show the relationship between the base concentration and
the PL brightness or CL brightness respectively. There is clearly an optimum base concentration,
which results in improved PL brightness. The increase in brightness with base concentration may well
be due to the hindrance of anatase crystallisation under strongly basic conditions. This occurs due to
the immediate solubilisation of anatase nuclei as they form, preventing further growth. The same
phenomenon can be expected for CAT nuclei, at higher base concentrations, hence the drop in PL
brightness at the highest base concentration used.

Figures 11a and 11b show the effect of changing the calcium nitrate concentration on PL and
CL brightness respectively. In both cases, increasing the calcium nitrate concentration to a large
excess, increases the brightness significantly. One explanation is that the large excess of starting
material drove the reaction to completion. XRD, however, did not show any changes in the ratio of
rutile to CAT in the final products, indicating that the amount of CAT formed has not increased. The
reason for this improvement in luminance, and the limiting concentration that gives maximum
brightness will be the subject of further study at a later date.

CONCLUSIONS

Calcium titanate doped with praseodymium has been prepared by a co-precipitation route and
by hydrotherma! processing. A doping level of 0.5 % has been found to be the optimum for
maximising luminescence. The base used for precipitation has a strong influence over the morphology
of the final product, with urea giving small spherical particles, while ammonia gives larger more
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irregular shaped particles. The brightness of the phosphors were also strongly influenced by the base,
with the urea giving the brighter product. In all cases a phase mixture of CAT and rutile was formed
after calcinations. The hydrothermal route has been found to produce brighter material than the co-
precipitation method, although the product is again not phase-pure CAT. but a mixture of CAT and
rutile. The proportion of CAT compared to rutile afier calcinations is. however, significantly larger for
the hydrothermally produced powders compared to the co-precipitated powders. Low temperature
hydrothermal processing has been found to be advantageous in avoiding anatase formation, as has a
large excess of calcium nitrate, and a medium-high base concentration. Longer reaction times may well
allow formation of phase pure CAT:Pr, however, such experiments are not possible using the
equipment available to the authors at this time.
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Figure 1 SEM nucrographs of calcined powders from a) method 1, and b) method 2, showing the
smaller particle sizes and more uniform size distribution achievable using urea as base
during co-precipitation.
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Figure 2 X-ray diffraction spectra for a) unfired precipitates prepared using method 1 A) 0.1
mol% Pr: B) 0.25 mol% Pr; C) 0.5 mol% Pr; D) 1 mol% Pr; and E) 2 mol% Pr. b)
Calcined product.
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Figure § . SEM micrograph of calcined, hydrothermally produced CAT:Pr with a Pr concentration
of 0.5 wt%. Hydrothermal treatment carried out at 120°C using a) AP1 precursor and b)
AP2 precursor, ¢) AP3 precursor and d) TiCl..
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Figure 6 XRD spectra of material prepared by hydrothermal synthesis, using amorphous titania

API1 and ammonia, at different temperatures. A) 120 °C; B) 150 °C; C) 175 °C; and
200°C.
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Figure 7 Typical XRD spectrum of the hydrothermal product produced at 120°C using AP1
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Figure 8 a) PL as a function of hydrothermal processing temperature for 0.5wt%Pr doped CAT.
b) CL as a function of voltage for 0.5w1% doped CAT produced using different
hydrothermal processing temperatures.
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Figure 9 a) Typical X-ray diffraction pattern for hydrothermal product at 120°C. b) Typical X-
ray diflraction spectrum for hydrothermal product at 120°C after calcination.
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