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Introduction 

1.1 Scope of the Casebook 

1.2 studies 

• or wear 
wear as as 

nTn.'unLrp. discussion rather than to 
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j<~n;ginjeering Casebook 

1. 1 The stages of case 

smrul:ltiEI2someam~cts 

The process 
what is critical in a case 

Corrosion 

1. The mechBmls:ms """'U ..... UJlF, to corrosion and wear failure must 
2. The overall of the and process must 

3. The nature 
between dlttenmtDarts the overall structure 

�� �� �� �� ��



4. 
5. 
6. 

1.3 Surface engineering - background 

Introduction 3 

It is now see for the apl)llc:atl~ons 
1.4 that the successful eXl)IOlltatlon of these processes and coaltm~:!:s may 

�� �� �� �� ��
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Table 1.1 causes of failure and apJJ,licattiolrlS of 
surface enll~meemlg 

Failure 

Electronic 
• Contamination by certain impurities 
• Diffusion/segregation of constituent materials 

in semiconductors 

Mechanical 
• Wear, seizure, fusion ofsurfaces in contact 
• Hydrogen diffusion, embrittlement 
• Phase change, precipitation, 

diffusion/segregation of constituent materials, 
amorphous/crystalline transition 

Chemical 
• Dissolution of layers 
• Pitting 
• Segregation/diffusion of constituent materials 
• Oxidation and other reactions 
• Contamination by 

Physical 
• Adhesion failure, flaking, blistering 
• Phase changes 
• Contamination, such as formation of 

impuntles optical devices 
• Density/refraetive index changes 
• Diffusion/segregation 

-Mechanical 

Applicatiolls 

'" Ion implantation for semiconductor devices 
Metal-silicide for interconnector strips 

'" Thenno1unctions 
Superconducting films 

'" Well-honded contacts with linear (ohmic) 
properties 

Hard layers cutting tools/drills 
'" Low mction layers for hearings 

Corrosion resistant layers 
'" Catalytic layers 

Electrodes for gas sensors 

'" Magnetic layers for recording tapes and discs 
Diffusion barriers, e.g. to protect food 

'" Coatings for opticallenscs 

COATING(S) 
-Chemical 

-Thermal 

wear resistance, hardness, low coefficient of 
chemical inertness, diffnsion barriers 

oMapetie 

"Electronic and supercouductiog 

-Optical 

-Optoelectronic 

·Aesthetic 

1.2 

INTERFACE(S) 
adhesion, boodiof!, methanical 

SUBSTRATE 
toughness, strength, fatip life, lightness, shape 

attributes and selection criteria 

�� �� �� �� ��



Table 1.2 Prr1,nPrttPCl engilneennlg components 

1. Abrasive wear resistance under conditions 
2. Resistance to 

.,.,"' ..... n.15 or ton;lonal 

..... "" ....... ,.15 or torsional 
5. Resistance to mechanical 
6. Resistance to case CruShUlg 
7. Resistance to corrosion 

Table 1.3 Wear processes and wear resistant thermi!IIy 

Wear process 

Abrasion 
Cavitation erosion 

erosion 

erosion 
Adhesive WC-Co 

Introduction 5 

T-800 

�� �� �� �� ��



6 J!.,n'211,ee.rm'2 Casebook 

Table 1.4 Industries and components 

Flight gas turbines Land·based turbines 

Turbine and compressor blades, Turbine and compressor 
buckets, nozzles 

Gas path Piston 

Mid·span stiffeners Hydroelectric valves 

Z·notch tip shroud 

Combustor and 
assemblies 

Blade dovetails 

Flap and slat tracks 

Compressor stators 

corrosion mechanisms 
Idnetics/thermodyuamics 

wear mechanisms 

luterfacial science 
interfacial stresses 

adhesion 
epitaxy 

microstmctnre 
crystal structure 

pbases 

Boiler tubes 

shafts 

Impeller pnmp housings 

wear 

Feed rolls 
Pump 

Shaft 

Otbers 

Gate valves, seats 

Rolling bearings 

moulds 
Diesel engine cylinder 

Hip joint prostheses 

Hydraulic 

Grinding lUUJUUl;iI::> 

Agricultural knives 
Biological implants 

ENGINEERING 

other & ? 

1. 3 of surface en~~ineerirtg 

�� �� �� �� ��



Introduction 7 

1.4 TiN coated brooches courtesy of Multi-Arc Ltd. 
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1.5 TiN coated components Ltd. 

for titanium nitride PVD coatm~:s; and �� �� �� �� ��
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1.5 Surface eDSDD4eerlD2 techDologies 

Table 1.7 Thermal spray 

Sector Current activity 

Automotive engines 

Medical/dental 
making 

Notes: Scale based on 1 
For cornparls()O PllrpClses, 

than any of the renlalIl11ng 

] 

4 
4 

4 

4 

4 

Growth potential to 2000 

3 

2 

5 

5 

�� �� �� �� ��



Introduction 

Table L 8 Economic of selected surface for 
[10] 

Process Profitability 

Salt bath 30 200 100 
Gas 80 120 100 
Plasma 100 100 100 
Ion 500 100 100 

30 200 100 
CVD 100 150 300 
PVD 400 300 500 
PACVD 200 150 500 

Table 1.9 Estimated current and future 

Powder type Powder consumption (103 
IMlvP9r\ 

Cun-ent Year 2000 

Cobalt-cemented tungsten carbide 1 

Chrome carbide 
Stabilised zirconia 

alumina 

Iron, nickel and cobalt 

600--650 
65-75 

525--600 
175-200 
150-175 
200-225 
125-150 

275-300 

400--460 

475-500 
240-250 
775-825 

Notes: includes 50,000 Ib seH::.tltl:xirUl 
does not include internal coflsulnptJOn 
includes average 20% 
does not include prCllectlOilS 

1,000~1,100 

175-200 
2,300-2,500 

675-700 
375--400 

No 
600--625 

800-850 

as blend 
Services 

and 

11 
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12 l'';n;f(in,eer,;ng Casebook 

Table 1.10 Surface modification and 

Surface treatments Overlay coatings 

>I: induction * ele'~ro'PJaltmg 
'" flame * mechanical 
'" laser har,denmjl 
'" electron beam 

Thermochemical diffusion treatments Weld 
* o~{~a,::e~rlel1le 
* tungsten inert gas 
* metal inert gas 

Mechanical treatments 
>I< snCtt-OeOOlmll 

oxidation 
Thermal 

* >I< * detonation gun 

Ion tmJ)larltatlon 
Laser 

Thin films and 

between the 

~v5~teln~ Even so, aa€~quate svstenlS 
process techn401ogles, 
optmllzed pert;ormlIDce [11]. 

* Chemical vapour 
vapour 

* 
* 

• Chemical 
• Electro 
• Electroless 
• Thermal 
• PVD 

• CVD 

and 

:stnl1tOJrCl and co-workers [11] have 
necessary to fully define a coaltm:g~ 
structw'e, rnlorp'hol1ogy and nucros1:ruclture 

Example 

Table 
iml0rC~VeJments in various teCDniOlOgles. 

�� �� �� �� ��



Introduction 13 

PVD 

TiN Tools. machine and decorative parts 400-500 

TiC3N1 machine parts 350-400 

TiAIN For extreme conditions: 700 
machine and decorative parts 

Cr for wear resistant 600 
on non-ferrous metals and temperature 

sensitive machine parts 

CrN materials 200-350 

Table 1.12 Attributes ofPVD titanium nitride \A)1:I,uUJ~S 

• Excellent adhesion due to the arrival energy of the material and the 
to sputter clean the surface to 

• Uniform thickness due to gas and the to rotate component 
• Surface finish that in the better systems that of the substrate. elJrrunatlflg 

finish mac~hmlmg 
• No process effluents or polluUllnts 
• No embrittiement 

crystalllog;rapt!nc structure 
metals. and ceramics 

�� �� �� �� ��
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Table L 13 Industrial exp,ioit:ati(m of ion ImlJllanitati(m 

Cemented WC 
circuit board, dental burrs 

etc.) 
Orthop'aedic implants 

M50, 52100 stool 
hip and knoojoints) 

Bearings 
increase in labclratorv 
Improved protection 

(prooision bearings for aircraft) corrosion, sliding wear and rolling 

Various alloys 

D2 stool 

* 
* 

* 

Extrusion 

ill aerospace 

1.6 Surface enlnnceeliine. - state of the art and future developments 

1. 6.1 State of the art 

Since the 19808 there has been a COIltllltUll1lg and 

Table L 14 Thermal spray materials for protecl:lOn and 

TriboJogieal property 

Protection from: 
* abrasion 
* 

Material 

Tungsten carbide, cobalt 
nickel, indium 

AllllDliltlimn, silicon, polycS1ters 

ae,'el01pm.ent of 

'" abradabilily 
erosion 

Chromium carbide, chromium 

Repair aluminium 

�� �� �� �� ��



Turbocharger 
shafts 

Orthopaedics 

Pierre Laporte 
Bridge 

Cylinder bore 

Gear 
synchronising 
cone 

Introduction 15 

Table L 15 Exampl!es of thermal spraying appllicatlons 

at up to 100,000 rpm against floating bronze bearings. Worn journals 
rec.lamled by a plasma sprayed coating of a heat and 

InClreas;mg reliance on the use of plasma for coating artificial joints. 
The long~term stability of these prostheses enhanced by of 

into which bone may to a 
include the of Dlo-aCltlve 

bone growth. 
This suspension which spans the St Lawrence River near Quebec 
Canada, was opened 1970 and at the time was protected by a paint system. 
However. the maintenance cost was such that after six years the structural 

work was grit~blasted to bare metal and sprayed, in situ, with a 1:50JW 
coating of zinc. The coating was sealed with two layers of vinyl sealer. 

In service a worn bore can be reclaimed by pre~machining and subsequently 
plasma with a special wear and corrosion resistant coating. It can then 
be by machining to restore it to original size and surface finish. 
In 1960 a major automobile manufacturer decided to improve the 
mesh on boxes fitted to automotive engines. After testing, a 
coating on the cone was specified to prevent 
eaused by the between cone and the female synchroniser. This 
practice is still in operation after 3:5 years. 

Table L 16 COJnpallis(m between five surface en~~neerirlg 

Plasma Higb Low 

High Low Medium Low, work is Low 0.01 mm 
ina 

Medium Good Good Medium 3mm 
High Good Low vacuum Good Thin film, 

ion deposition chamber micron 

Cladding Low Low Good Low mm 

�� �� �� �� ��



16 Jin;'i!'inieer,ing Casebook 

Table L 17 Surface """('I(1"""",,,,"r)0 t(;~hJI01()gl(~g used in the """",,",,,n"F'A 

Technique 

Mechanical 
treahnents, e,g. 

Material Requirement 

Steels, titanium-based mechanical and Compressor blade 
and nickel-based wear proper1tJCS roots 

titanium-based 
and nickel-based 
L .. ''''"' ...... ", chromium 

Cosmetic, corrosion and 

Iml)rO'ved mecbanical 

TiCffiN 

Gradient 
TiNffiCNffiC 

1.7 Schematic of the structure of different types 

Shafts, discs, 

Aerofoil surfaecs on 
vanes and blades 

Shafts and gears 

Aerofoil surfaces on 
and blades 

�� �� �� �� ��
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1.6.2 Future developments 

.... 111·t~('~ t€:cn:nOIOgl.sts are to the creation a 

�� �� �� �� ��



18 En;f,(inleer,rnK Casebook 

• Chemistry 
Raw materials • Manufacturing proeess 

• Powder eharacteristies ete 

Part surfaee preparation 

Coating applieation 

• Heat treatment 
Post..c:oating treatment • Sealing 

" HlPingete 

Finishing 

Quality assurance testing 
• Hardness ete 

L 8 involved in the prc,duicticm 

Table L 18 Future surface en~~mc~ermg activities 

Surface eng:meen[lg of non· ferrous metals 
Surmce andoonl~;lres 

3. Surmce en8Jlnce:nng 
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Table 1.19 Tec:;l1nologlcal and ecO,Joglcal COrnpall1SlJnS of different surface tec:I1n('lo~!1es for 

Salt bath 
Gas 
Plasma 
Ion Im])hultatlOD 

CVD 
PVD 
PACVD 

erosion 

low stress 

relative motion 

service temperature 

composition 

dimensional 

surface finisb 

D-gun 

adhesion etc 

load or impact etc 

corrodents etc 

bardness etc 

composition etc 

cost etc 

Gator-Gard HVOFctc 

1.9 Selection of thermal spray "'V<l,~IUJ:';:> and processes 

�� �� �� �� ��



20 

Properties and charaeteristics 

structure. microstrocture 

tbickness 
adhesion 
cohesion 
barduess 
internal stress 

toughness 
ductility 
elastic modulus 
friction coefficient 
tberma) eXllfau81ion 
thermal CODldu(~tivitv 

corrosion behaviour. 
ambient temperature 
elevated temperature 

1.10 Interactive parameters involved in 

Processes 
electrodeposition 
electroless plating 
thermal sprayiog 
diffusion 
bot dipping 
CVD 
PVD 

automated 
computer control 
expert system 

assured VV':UlllK;) 

ne!,>llTen me,asurable p1ertclmlance". Interest 

References 

1. 

2. 

3. 

1993. 
4. be publlSllc:xt 

5. Adlva:nCf~S in 
Materials 
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6. 

7. 
8. 
9. 
10. 
II. 
12. 

13. 

14. 
15. 
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' ............ ".""' .. 2 

Overview of surface engineering technologies 

2.1 Background 

2.2 Thermal treatments 

23 
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Table COlml)arliltnre characteristics of some of the main 

GIiISeOtIS state process 

Wide choice 

bombardment 
ion 

bombardment 

methods 

Solution process Molten or semi-molten state process 

25 
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F 

I- 1000 
y+ 

800 

G 
600 a+ 

o 5 

Ferrite + Pearlite 
... --1 .... 1-11--- Cementite + Pearlite III 

Steels ~ Cast irons 

line, denotes the commencement of pre1cipiitati(m from austenite, 
line, FP, indicates the cementite from 

indicates the forrnation. 

2,2 Part of the iron-carbon eqtliliblriUlln ... ,:~'"u. 

When austenite of the eutectold COlnD()Sltlon 

content 
One Important 

is very trrulstC)nnat1C)ll when 

�� �� �� �� ��
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Table 2.2 Some thermochemical treatments based on carbon and mtrOQ:E:n 

Process Description Process 

Solid 850-950 

ferritelausreante transformation. Plasma 
On subsequent qlJlEnclnng, 

Carbonitriding 

Nitrocarburising 

transformation. 

content of material. 
Total depth of diffusion. 

570 

Plasma 

Gaseous 500-525 

0.05-0.75 600-850* 

500-65ot 

800-1050 �� �� �� �� ��



2.3 '\\-/V''''''.''''/iiio methods 

2.3.1 Gaseous 
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Overview 

2.3 A classification of surface en~~meemlg tt~Chlllql1es. 

on materials which can withstand such a tenlpe:rature wlthC\1lt s()fie:mI1lg or 

(8) Thiokness (1JITl) (b) Processing temperature (OC) 

2.4 of surface modification and thickness 

�� �� �� �� ��



since the energy is nnlJarted 
out at cornpalratlveJly 

2.3.2 Solution 

1nl"lnl'lll'" elfec,tro.lJIClrtln1! and co.nversio.n processes 

to 11TlT'\T"'JP 

automotive and aerospace aP1)II(~atJOus. ~J10alSm~ nrclCe:dures 
and titanium. 

most 

�� �� �� �� ��
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most common '0"'"",,,.,1'1,,,, .. ,, 

and PTFE. Due to the mClreasimg nn{)ot1:am;e 

2.3.3 Molten or semi-molten state processes 

SeIl[Il-IUOlleu state processes 
dtslper:se<1 in a matrix of 

aus:tenltlc structures 
as-IOelJ10slte<1 is 

sulJllecte<1 to 
prc.ce~)smlg route 

�� �� �� �� ��
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The austenitic structure 
........ ""u""' .... from 

process sector. 

2.4 Gaseous state processes 

2.4.1 Process details 

The main tecln11quc~s enE?m leal vapour ael'Josmc1n 

enJ2;meenrl~ the PVD 

a 

£" ... ,rn ... ,,1 surface 

�� �� �� �� ��



pressure 
CVD 

Atomic layer 
epitaxy 

Plasma-assisted 
CVD 

Direct current Pulse 
plasma CVD plasma CVD 

Overview 

Alternating 
current 

plasma CVD 

vapour 
epitaxy 

Radio 
frequency 

plasma CVD 

Microwave 
plasmaCVD 

Basic CVD methods and lon-osseo derivatives. 

• for ceramic cf 

• effects and the 
source. 

• 
materials can be used. 

• 
• 
• 
• sometimes 

�� �� �� �� ��
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! / 

8ectron 
beam 

Deflection 
system 

2,6 A schematic view ofa 2700 electron beam gun. 

mCJreasfmg the IonisatIon when 

Vapour source 

2.7 The work accelerated EB gun 

Sample 

Vapour source 

2,8 A hollow cathode I'h"j~h!J .. n .. gun 
system, 

�� �� �� �� ��
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r···~··· .-;;";-..... _;.;._-+ ....... _ ............................. :;;:c==+ ... .... ~ .... Target 

Sample 

Magnet 

Vapour source 

A magnetron 

in 
.nrln" ....... 1 usage, The reason for this is that 

CerlID}lICS at low ternlPeI'ature 

Mag'netlc. field lines 

2.1] The basic of the m~Pletlc 2.12 The basic form of the m<ij~etlc 

field in a mirrored conngt.lration. field in a confined 

�� �� �� �� ��



36 Casebook 
PVD 

Evaporative PVD Sputtering 

I 
ARE 

assisted coating 

Sputtering 

2.13 PVD processes and derivatives. 

�� �� �� �� ��



2.4.2 Applications jor PVD 

Cutting tools 

Overview 

____ _ ---r- Sample 

Vapour source 

2.14 A the.rmioni!caUY-BLSsi!>ted triode system. 

�� �� �� �� ��



15 The chroncllo1l;lcal tool materials and on metal 

well 

pru11cwarly eV10eltlI on 

16 The influence and re!l:rmdmlg on coated and uncoated driH life. 
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Drills 

100 

50 

Overview 

Uncoated 

2 ~--~----------~------~--~ 
30 

2.17 The effects 

1000 

10 

5 

50 100 150 

(sfm) 

on coated and uncoated 

Feed 

200 

Jife. 

TiN coated 
93 

2.18 The effects of feed rate on coated and uncoated drill life. 

39 
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No. of holes drilled 

of results obtained in drill 

deIDO]lSu'ated in 
2.19. 

In reference a schematic COlnp,an~)on 
d.e,rel<J~pmlent on TiN coated and uncoated tools. 

�� �� �� �� ��
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• 
• 

Gearhobs 

Overview 41 

reason for this is not 
ester {J.rl,r{J.nl{J. n,f'Pfi:fi:1Jl'P additive in the fluid 

"""'""VUAU'- the In the 

au1:onlatllc conveyors, 
but at 500/0 of the cost. 
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• 

treated 
halved. 

33% 
900% 

'd1spmlaIJJle' and less 
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would be npt'ml711JPp·· 

in the area of end mills 
(lead 
to accommodate 

A word is needed 
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tool life is aeVtenclent 

2000 

1800 • • 
1800 

'E 1400 • g 1200 • 
:S 
g> 1000 • ..!! 

o 4 6 10 

Coating thickness (J.Iffi) 

2.20 Lifetime of TiN-coated HSS hobs as a function thickness. 

�� �� �� �� ��



Overview 45 

Other applications 

Table 2.3 hxamples ofPVD and ap1J,nC13ttl01rlS in various industries 

Industrial Layer function Film material sector 

Engincering AI, CrNi 
TiN, TiC, TaC, WC, AIZ0 3 

Friction reduction Oxynitrides, carbonitrides 
MO;zS, C 

Automotive TiN,Cr,AJ Automotive 
Friction reduction 

Adhesion NiCr,Cr 
Resistance CrNi, Ta:/N, TaAl, Pt, CrSiW, 

and crSw, Cu, FeNi, CuNi, AI, resistors, thin·film 
contacts SiOz, AIZ0 3, CrSiOx, transducers, 

AI lines. 
Reflection Co, Cr, Coer, Ni Audio &; video dises, 

tapes 

Solar Adsorption, fimction MeiOxide-Me-MeiOxide Solar absorbers, solar 
layer Cd:/Sn04, ITO cells 

Glass Reflection AJ, AI-Ti, CuSn, Ti, cuZn, Mirrors, architectural 
Selective IR MeiOxide-Me-MeiOxide glass 
reflection 

Optieal Reflection selection SiOz, TiOz Optical 

Packaging Deeomtion Cr.alloys, Cu-alloys, TiN, Plastics and metals 
parts, 

�� �� �� �� ��



wear 
The gaseous or vapour state processes, espeClltlllV 

COIJLSlderable J)o1ten1tlal for many reasons. 

use 
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Electroless nickel coatings: case study 

p 

3.1 Introduction 

49 
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3.2 The history of electroless deposition 
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3.3 Ele!ctrole!gs Ni-P bath chemistry 

as well as in the ratio substrate area to 
A full account of aU the factors 
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3.4 The kinetics of Ni-P del()OSlnOID 

A number of studies of the de[)endeI1CV 
have 

Rate 

del)osltlCtn process, k the rate COJlst(imt. 

llle is 
that the orders a, b same 
co-ordination number as well as the same annular size. Thus bi-dentate five 

cmnpl,exc:!:s formed from l!lv~~oUate_ 

reactions in the presence of these rUff·"" ... " ..... 

to faU within the range 17-23 k cal g mol. 
rate k, vary C0I1ls1dlerably 
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constants beJ:1wefm 
m qm~stIon. 

resl;Jecltlve meltalll11etaI-lU!a11G c()m}:llex of 

3.5 The mechanism of Ni deposition 

ago. 

A: The hydride mechanism 

2PO 80H-

B: The Gutzeit mechanism 

hl)(;frn<7PYI is the most 

2H· 

tnoU~tlt in turn to the nickel ions to form a 
t02;etnler with the release into solution. 

2H· ~ 
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H· OH~ po 

1] 

3.6 Choice of electroless bath conditions: some practical considerations 

an llU .... '151 "U, ""A'UV'V,",U 

these conditions in themselves result in the Iml00S;ltlcm 

pnncllpal concern 
DrO'OU(;e C'.I1'T~£'P.C' exllll>ltUllg Sl)eCItlC wear or corrosIOn 

particular electnlcal or 
ma,~m~tlc Ch~lra(~teIlstllcS, be aimed at prO(1uc;mg coaltmj~S of a certain reQwn::o 

be directed towards the prCI(1uctlcm 

led to much extllemnerttatllon, 
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aJtJtlOtlgll it is clear that this effect 
expennlental bath than 

rpl~:ltn.'p rates 

3.6.1 Bath composition 

3.6.1 Compiexing 

enamlllg bath 

that is neither too 
thprpt1." stabllllz]lDg the nickel to 
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nor so weak that its cnt;~Iatlllg 

masked the 

3.6.3 Stabilizers 

in SOl11tlon. 

3.6.4 rIL&UUI' 
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Temperature 

3.6.6 Bath loat.f'"1l 

Table 3.1 

Time (hours) 

1 
2 
3 
4 
5 
6 

thickness as 

50 

25 
43.5 

77.4 
82.5 

Bath 

coa'tin$l.'S: case 57 

a function of time for different bath 
parameters 

100 

19.5 
21.0 

200 

16.2 
25.1 

400 
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3.7 Structure of 

pr(mertIt~s of the resultant surfaces 
although the overall for a time 

deal of recent progress has been made in the 
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1,400 

1,300 

1,200 

1,100 

9 1,000 . 

400 . 

300 

200 . 

100 

Electroless 

ex 

2 4 6 8 10 12 14 16 

Phosphorus content. wt % 

3.1 Phase for nicl(el~ph()spllOnlS 

is favoured. 
Results 

structures rangrnJ~ 
are 

between 3.0-7.3 wi. % P mdlcatm2 

as-,de[,osJ.ted Ni-P can have 
v ~l,aUll"'~ of the order of 5 nm to those 

to 11.9 nm. the problems aSS~[)Cl(jlted 

for declosits c(mtalnlrtg 
within the range lA 

measurements to 
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1,200 

1,100 

300 

200 

100 

0 
0 2 4 

3.2 Phase 

6 

Electroless coatlnji,~s: case 61 

Of· +'Y 

8 10 12 14 16 

wt% 

for electroless nickel u.",...,'v"."". 
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3.8 properties of Ni-P coatlnJ~s 

3.8.1 Hardness 

and tenloeI'atuJre (U~pelilCleJnt 

ctralmatlc CJlanges in hartdne:ss 
extent to transitions within the structures. 

coattmJ~s that have not been 
can be seen to be reduced from 728-838 
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3.8.2 Wear 

Table The hardness values ofNi-P of different conlpolsitio,n, before and 
after heat treatment, cOI1!lpared 

Phosphorus content 

Low (1.0-3.0 %) Medium (3.0-9.0 %) Bigb (9.(t-13.0 P) 

81}-894 
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3.8.3 Corrosion protection 
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Table 3.3 Majgfie1:IC plropc~rtic,s of Ni-P 

Composition Stnctnre 

11.0 Pure)' 

3.8.4 Stress 

Table 3.4 resi:stivity of Ni-P 

coottnR'S: case 65 

of different COIlnpoSltuln 

Coenivity (Oe) 

nnVSICai or me:ch;amcal 
measurement 

Ph()SpJIOnliS c()nt(~nt. as 

of different COllnposltuln 

P) Specific resistivity (0 em x 

PureNimetal 
3.0 

8.0-9.0 

6 

(reduced 
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3.8.5 Magnetic properties 

3.8.6 Electrical properties 

aOsolute measurement 
cornpl1cated by presence 

Internal stress, MPa 
60r--;--;-~--;--;--;--.~.--;-·A-:: --:-----~--~ 

40 

20 

8 9 10 11 12 13 14 

content, % 

3.3 Effect ph()spllOnIS content on internal stress. 
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traIlsltltOn, the 
similar 

to that of the pure metal. 

3.9 Application of electroless Ni-P CO~ltlDl2S: case studies 

__ .. __ , ... mini van doors 

2: Differential pinion 

wear resistance is essential 
prc)te(mcm is very much less which ODlerates 
environment of oil. In both low and medium pllc)sJ)tllorus detaOslts 
are heat treatment to 400°C at 
order to hardness. 
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J: Injection mould die cavities 

Study 4: Oil industry components 

':>VU,F.LU~ deJ)endml~ upon the 

Study 5: Rail tankers for caustic liquor transportation 

6: Thinfllm memory discs 

The electronics for ap}:)rmctmate:ly 
Ni-P eJectroless del)OSIUo.n te:cIDIOl()~ 
to the of thin film memory discs for use in the corDptlter lnril1QnrU 

�� �� �� �� ��



coo'linf(.':S: case 69 

3.10 Other specialist applications 

3.10.1 Nickel-bol'on coatings 
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3.10.2 Electroless NilPTFE 

".·'d'£>t,.,rJlo ... ~ Nilhard particles 
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Electroless nickel coatJfngs: case 
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Thermal spraying: an overview 

"He that will not new remedies must new time the 
uppnlp.'i71 innovator" Francis 

4.1 Introduction 

C!P',rpn~'" years, it is 
t"l'>l1npr1I" to 
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Powderiwire 

1 i 1 
Coating 

Component 

Basic of thermal 
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4.2 Characteristics and markets 

The functions and ap]:)ltc:atlCln areas ofthennal spray coaltmJ~S can h"''','1tilh" 

be denned 
1 or mismachined dimensions 

wear res 11 stance 
3. oxidation resistance 
4. atmlOSIJ.nerlC C()ffO!:)lOn reSl:stan~ce 

cer'amlcs or matrix 
conlpOlsItle:s~ and 

lnt1n~11M.l ...,·."" ......... '11 C'n",·:n.!1rlO' is not panacea to solve 
SUIlac:e elnglne(~nI1lg plrobJlems. There are limitations on the use 

can be as:-
Ine:nn;ally sorave:d c()atIngs do not add to the mechanical stremg1tn 

dmlen:SlOIlS or enhance the surface nrru ... ""rl1"'C 

b. COInp<melnt may the method 
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sun:ace preparatiem and by the coaltme;. 

c. 

d. 

e. 

f. 
to the apf,lIciatlcln 

processes. 

4.3 Materials and processes 

feed rate accuracy 
Recent advances in nmNa€~r te:ctulol()1lY rp(!ll1lt",.t1 in the prClaU4~tlc'n 
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b. 

c. 

d. 

e. 

resistant to wear 
surtacc~s and n<:>1'ofll',I(.,. can be at 
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f 

h. 

a. 

h. 

C. 

En},neerir.rg Casebook 

CO(iltlll.g. Cennets are also used as abI'ad~lble coaltlllJ~S 
purposes in gas turt)llle~s. 

resultant 
When 
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APS:-

me1:al1ulrgy chrulges hetwe[~n ..... ,'uurlg,," aI1d COal1ng~ 
tllerm,al stresses. 

4.2 combustion wire spray gun. 
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4.4 spray system. 

e. 

4.5 lllu:s:tralting a vacuum spr,aYUlg system. 
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ass,ocilate:d with this process mean 
nO]rIm:llly aSS,OCllate:(1 with dense 

[5]. 

4.4 Sprayed coatings 

tnenmUly ~nraVf~(1 C()atlIlg IS nOJ:mc:1UY dltlerelnt 
coaruu~s tend to be harder than the same 

system, 
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4,8 An optimized tungsten carbide/cobalt 
oxide. 

microstructure. 

with minimal and included 
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4.5 "'-'" ... "' .... , .... quality and repieatability 

4.5.1 Substrate activation 

4.5.2 material 

The critical factors that need to be COJltr()Ued 

• 
• 
• 
• 

Cmltmlg are: 
monitored dev.osl1tlOn of 

mamuUly set up to a Spt:,cltled teclnm4:jue 
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4.6 Quality assurance 

encompasses: -
• spray material confonnance to spc~c111caltl(JJn 
• substrate free etc. 

• 
• 
• 
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• 

• 
• 
• 

• 
• 
• 
• 

L 
2. 
3. 
4. 
5. 
6. laser wave 

4.9 A robotic installation. 

be out on test or 

magmnc.atJe)D for surface 

nO!e)gra1pmC mtelrterC)metrv te1cMl1ques [9] 
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reIJlatl.le C~JatJlDgs~ even from process­
control of the process 

4.7 Applications 

as Tnlln • .'"C'· 

4. 7.1 Aerospace 
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and nickel-

c. such as yttriwn 

Cnaml)erS~ COI1nbustlc.n cans, 

d. 

e. 

4.7.2 Heat enJnncf!S 

Industrial gas turbines are also extensive users of tnenn.~:tUy "' .... .,.0,,,,.1"1 C~Jatm~s. 

The areas are the same as those in aero en~~e:s. 
use thennaI in automotive 

de\relclpmlent programmes are under way eVcl1m:ttulg 
retra(:toIY ceramic on such as crowns, CVlln£lier 

valve i.e. combustion chamber COlmpon~ents. 
The outside diameters of and the oe~lfUlll! (tllameters of 
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4.7.3 Power generation 

4. 7.4 Steel industry 

ae:srre:,sn/e environment 

sOr£lvin.e:: an overview 89 
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4. 7. 5 Petro-chemical industry 

4.7.6 Textiles 

or alrnDIDlum oXIde/tItamum QlOXI(le 
These coaltlnJ~S 

4. 7. 7 Paper and printing industries 

prclce~)snllg vessels in 

can be in excess of 400 cells per 
nre:vetlt 't"rH.lli·n ........ "'i .. nn of it is to elinlinate any 

CmJltln.g. The spray has to be any 
nozzles are metallic 

4.7.8 Marine industry 
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ec()loJ~c:al DlroblerrlS associated 

4.7.9 Metals handling and heat treatment 

alUmi1UUlrD oxide or alUl!DlljUl!D oxide! 

""" .. " .... UlA, copper, oxygen 
eSDeCliUlv on to surface areas or 
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4.7.11 lltoJrnedrtcal 

4. 

4.8 Summary 

The use a themulily snrave~d C()atu12 
oof:nocm~niswJ(~~)re~ld 

use in "'r.'h ..... "1 elnVlrOlnnl~nts, 

reqIWI'em,ent:s, a more tho,rOllWl un(lersitanldmlg 
reacts with the source and how 
the substrate is u""'''''''' ......... 
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Aqueous corrosion: an overview 

Tla(~lTl"\'n.l Caledonian 

S.l Introduction 

S.2 What is I'ftlf· ... ftCljftlfl.·' 

There are many ways in 

me,chamcal plropertlles, tnn()lUl~n poorer 

sJ)e~lallst enJ~mteermg service. 
l"{,\T'T'{'\Cl{'\n costs to the UK economy are T'Ut1,nlt1ICT 

not considered 

enl~n.eermg matenlals can in service 
there is little doubt that 

sornetlmc~s JIJISl{]LIOtIS and active 
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[5.1] 

is maUlt(~ste~d tannJt,U' rusts 

5.2.1 The corrosion process in metals and alloys 

and Me polycrys.tallmc~. i.e. there 
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mobile electron fixed cation 

view of the metallic structure. 

5.1.1 Anodes and cathodes in metal alloys 

The valence elelctn)ns metal to catJfJoalC Strrtaces 
two toliloWlDl! rea,CtlCJDS 
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Iron 

5.2 Ionic and electron transfer in low aqueous corrosion. 

• pal1llcll>ate in the CalJ'10a1C 
OXl(Jatl()ll re:aetllons at 

• cathodic reaction. 

5.2.3 The cathodic reactions 

• 
• 

SOl:Ublllty is realUCC~a)~ 

catJllOOlC plrote:ct1()ll is applleo 
aPI}re4~la1:eo, hv(tro,~en gas is uncleslrabJe 

un,lvoloable catltlOOlC plroouet as it ean Dro(1U(~e h'lll1r()fY"~n elrnblr'itt~rement 
we.ICIn1len1:s, and Dr<J,ble:ms in 
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5.3 The 1' ... ·nftlil.l,. g,.tivl1tv of metals and alloys - the galvanic 

5.4 Thermodynamics and kinetics of corrosion reactions 

5.4.1 The thermodynamics 0/ corrosion - "Pourbaix diagram" 

Table 5.1 Reference electrodes for in corrosion potentlial measurement 

Reference electrode 

Saturated calomel 
Normal calomel 
Tenth normal calomel 
Silver/siver chloride 

Zinc 

Potential (Volts) 
wrtSHE 

0.762 

0.316 

Uses 

General reference electrode 

Ket:erence electrodes 
Good seawater 
reference electrodes 

seawater reference 
electrode 

measurements 
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(8) 

Immunity 

o 7 14 
pH 

53 Pourbaix for iron in water the stable in each and 
the consequences for corrosion reactions. 

�� �� �� �� ��



Aque(ms corrosion: an overview 101 

Table 5.2 Galvanic series of metals and in seawater 

Graphite 
Platinum 
Tantalum 
AUoy6X 

Inconel 
Incoloy 825 

Alloy 

Titanium and titanium 
22-13-5 Stainless steel 50) 
EB26-1 
Alloy 20 cb3 
300 Series stainless steel (passive) 
Monel 400 and K-500 
Silver 
17-4 PH stainless steel (passive) 

Copper 
mconel (passive) 

70-30 COl1fDer'"Olckel. CDA 715 
Common lead 
Tungsten 
430 and Stainless steel 
80-20 Copper-nickel, CDA 

Copper-nickel, CDA 706 
Nickel-silver, CDA 752 
Silicon bronze A, CDA 655 
G & M tin bronzes 

A CDA 675 
410 steel 
Inhibited admiralty, 
Lead-tin solder 50/50 
ETP CDA 110 
Red brass, 230 
17-4 PH stainless steel and aUoy 6X (active) 
Cast brasses and bronzes 
Naval brass, CDA 464 
Aluminium bronze D, CDA 614 
Inconel 600 (active) 
Austenitic nickel cast iron 
300 series stainless steel 
410,430 and 431 stainless steels (active) 
Maraging steels 
4130 alloy steels 
HY 80 strength steels 

Potential range on 
saturated calomel scale (V) 

~ble 1 
to 0.2 

0.35 to 
About 

to- 0.15 
0.10 to-
0.10 to-
0.05 to - 0.03 

+ 0.06 to - 0.05 
0.08 to - 0.23 
0.17 to 0.24 
0.05 to 

-.0.00 to 0.15 
0.04 to 0.14 
0.09 to - 0.14 

to­
About 0.14 

0.13 to 
About -0.17 

0.13 to 
0.19 to - 0.25 

About 0.24 
- 0.20 to-

0.21 to 0.27 
0.21 to 0.28 

to 
0.24 to 
0.24 to 
0.25 to 0.33 
0.24 to - 0.35 
0.25 to 0.34 
0.26 to 0.35 
0.28 to 

to-
to- 0.40 
to- 0.40 

0.30 to - 0.40 
to 0.40 

0.30 to - 0.42 
0.35 to .. 0.47 
0.35 to 0.57 
0.45 to 0.57 
0.57 to 0.58 

About 

Low alloy 
Plain carbon steels 
Cast irons 

Active 

1 

to-
0.57 to 
0.60 to-

Aluminium alloys 
Zinc 
99.99% Aluminium 
Magnesium 

0.60 to - 0.72 
0.70 to - 0.90 
0.98 to - 1.03 
1.25 to 1.50 
1.60 to 1.63 
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gas DltlleJlltleS 

enrones, gen4eratcJr and 

COITosion rates and 

5.4.2 Polarisation (Evans) diagrams 

y 

Cathodic reduction 
~ reaction 

m 
E 

n 
Anodic dissolution 

5.4 Polarisation/current 

Current 

for a metal surface with no resistance polarisati()fl 
at mixed J)ot!entiaL 
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5.5 Conclusions 
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Chapter 6 

Protection by organic coating against corrosion: 
.. 

an overvIew 

w 

6.1 Introduction 

COIToS:lon oro,tec1tlOn of metals 

or 

• NeWmSljgtlts Dfcltec'ttve me4chaJlllsnos and the reQUlrc~mc:mts for ooumal 

6.2 History and problems 

105 
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metal It is lDlt'eratlve tlle]~eto.re 

6 .. 3 Requirements for protective CO~'Ullas 

6.4 Cooperation of adhesive bonds 

The usual way is to use hlJ1·f/PJIi'(' 

for water or which are croiss-.nm~ea flp.rl~p.llv w, ....... "._ .. 

J)erme~ltlon. The 
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to water. 

Protection 

to nrr,'lnrlIP a(1IleslOll1, 

NOI1-<X)Opiera1~ng adhesion bonds 
equilibrium between bonding 

ancl non-Donellno chain ends 

corrosion: an overview 107 

means l;I.~T'l;I.IT1Vl1rv 

• adhesion bonds 
• segments at 

the interface 
• Mobile chain segments at the interface 

6.1 Non-c:oO'peratl';e and OOCtpel'atnle adhesion bonds at the oo:::ttlnWSlJDIJlort 
interface. 
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Table 6.1 Wet adhesion and 

I 
II 

III 
IV 
V 

VI 
VII 

VIII 

transition temperature 
conditions 

Wet adhesion (hI'S) 

1,880 
1,880 
1,008 

120 
18 
8 
1.5 
1.0 

88 
83 
82 
30/83 
44 

20 
27 

I.JUi:lLtlIU,t!S in 
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70 

60 

50 
c 
0 

~40 
i30 
OS 
~ 20 

10 

0 
Top 
coat 
only 

2K Ep 2K Ep Phen H Phen H Polyamidim 
Til 93°C Novo! 160 oC130' 2QOOCI1O' 

Type of adhesion layer (0.2 lAm) 

Topcoat: alkyde - melamine resin, 

Cleaned steel panels 

6.2 .Influence of several thin adhesion on wet adhesion of an 
melamine resin film. 

6.S Conformation of macromolecules at metal Qlnr1S1,r_ 
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Incomplete coverage (very low 
concentration) 

Over coverage 
concentration as 
coatings) 

Concentration effects 

Complete coverage, but less 
ordered than on water (low 
concentration) 

practical 

macromolecules at 

Wet adhesion and concentration 
melamine 

nnlivl'tt'nflir acid 

substrates. 
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6 .. 6 consequences 

In adclltlC)ll 

• 

• 
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High temperature Q:as~eOllS and molten salt 
corrOSIon 

K Natesan- rnr\1nn~ National Laboratory, USA 

7.1 Introduction 

7.2 Corrosion in single oxidant environments 

C011slcleralbie research on the causes, 
corrosion bas been 
kinetics that n'U\lI",h,,,,, 

such as 

113 
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MO 

the oxygen pressure for the MIMO eQUlllbrlUill 

at e 

atMIMO 

In 5v.lJlv~ (.ILl, element or>T"n,nc, in an IS by 

as 
such as time and reactant in the exposure en'V1f(mnlentt. An 
enormous amount of literature exists on nucleation 
scales 
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Temperature (Oe) 

I Standard free energy of formation of metal oxides as a function 

1327 

Temperature (oe) 

Standard free energy of formation of metal carbides as a function 
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127 327 527 727 927 1127 1327 

7,3 Standard energy of formation of metal nitrides as a function 

7.3 Thermodynamic of reaction in mixed oxidants 

detjermme gas COl1(}POSltliOns 

energy for the 

1tpT'~tnJP proc:edure:s to 
muumum free 

S, 0 and the total pressure 
~n~:lhl'!;!PC have been used to establIsh 

~t"'flV11r\l in the 
gaSlmc~tal mt~eraiCtl()nS in mixed gas attlrtos:phleres, it 
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where AO and AS are 

<::!ulnhllT are defined 

If we assume unit tlI'Tl'111"'1.1 

hxalIDlflatl()D of 

e 

temperature gaseous and molten salt corrosion 117 

e RT 

e 

I 
+ 

2 

mO:leCluar gas snelCtes 

OY'JfTp.n/<':llllnhnr en'V'lr()DDleI1lt, on 
POSislble on a 

[7.6} 

10 can be reduced to 

[7.11 ] 

7.8 and 7.11 oenmts the IQeJtlt111cal:lOn of various 
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situations that corrOSIon nl"A.I1UI''tl:! that can be ">J"JlU..,' .... " as 

both AO and AS should be 
11 mallcat4es 

a. 

This condition will cause reaction to nroicee~a will be the 
stahle is in contact 

b. 
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log (Pa) 

7.4 Thermochemical dla~~anls for M-S-O systems at 875"C 
M Fe, 
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U 
Q. 

Log 

7.5 Thermochemical 

-11 -7 

for Cr-C-O systems at 982°C. 

7.4 Scaling of alloys i.n bioxidant atmospheres 

7.4.1 Behaviour ojCrzOrjormin6 aUoys 
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Log pO;? (Pa) 

7.6 UX'va:e:nlsulDhurthermochemical for type 310 stainless steel at 727, 927 
and 1127 environments calculated for several coal processes. 
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-25 -20 15 10 

Log p02 (Pa) 

Oxvilf:nlsulnhurthermochemical d1a~uanlS for IN 671 at 727, 927 and 
several coal gas.lllcatlClfl processes. 

to chromium oxide/chromium Sul)lhl(le e.Cluil1bllU1Jn~ n~Sl}iectJlveJ[y 
the ratio on the scale thlclIDe:ss and 

h exposure, at ten[}pt7alturc~s 
to gas mixtures with a range nt ()xv:llen 

pressures. Results from these tests also indicate the "transition" or "kinetic" 
isata pOz» 
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-2 

~ 
N -4 

(fJ 
Q. 

g> 
...J 

-6 

-8 

7.8 

ALLOY 

-20 

temperature 

boundary 

, 
,0 

1oc$bo 
I 

I Cr:z03 
I 

I 
I • Cr/Fe SULPHIDE I 

I 0 SULPHIDE/OXIDE 
0 OXIDE 

TYPE 310 SS (875°C) 

15 

log p02 (Pa) 

salt corrosion 123 

develoloed on 310 stainless steel as a function and 
pressures in gas environment at 875°C. 

7.4.2 of corrosion behaviour for high chromium alloys 

On the 
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stainless steel 

favour oxide scale formation. The scale 
s:orne\Nh::I.t. but the most differences between the 
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temperature ga.fJeOU:i and molten salt corrosion 

pO:!p02(eq) 

7. 10 Variation in scale thickness and as a function of excess oxygen 
parameter 800 to (\'!nJopn/!::1ulnhnr mixed gas environments. 
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2 

3 

:> Threshold pOz for oxide-scale formation 
pS2 for base metal sulphidation 

<Threshold 
base 8ulphidation 

1--______ +-__ -'---...;B;.,;.8;.;.s&-;;....,.metal suI phi dation 

Kinetic boundary 

7.11 Schematic of material behaviour. 

corrosion resistance. 
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I Competition 
II 
III 
IV & internal sulphidation 

is molten at test tenlperatlJre, 
outer scale after COOling 

7.12 Schematic reaction sequence for corrosion 
3. 

Exposure time (h) 

oxides and Crw 

boundarY attack by the 

in 

7. 13 Compan!son or1:helrIn()grlivune1:nc test data for several 
nX'vaf~nhmh'}h1]lr mixed gas. 

tested at 871 "C in 
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(:j' 

E 

~ 0.8 g 
c 
'm 
C» 

:E 0.4 
,2> 
Q) 

3t 

Exposure time (h) 

Test temperature 87100 

7, 14 A COl1lpafJlSOn 

7.4.3 Behaviour of Al10] alloys 

tenloe:rature corrosion, 
n .. r~n""ri .. ,.CI \x.,hp'rph,v either AI or may be mobile, Based on bulk self diffusion 

scale formation be to exceed the rate of 
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7. 15 electron mlc:rOS>COJ>V pJnot!01iU'aptls 
side of scale/metal interface on 

�� �� �� �� ��



130 

7. 16 electron at different of scale 
and metal sides of scale/metal interface on Fe25Cr20Ni3Zr after exposure to low 

oxygen, environment. 

reSllstaJllce is Ol>ta:mc:~<l 
or :more is necessary to cnr\"nrt 

than 5 wL % A] reduces 
content of 3 to 5 wt 
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amooot of 
scales grown in sulphur­
which 

amlostm~res,iliewmmJnJurrl-ccmmmm~ 

7.4.4 Behaviour o/SiOt/orming alloys 

7. 4. 5 Breakdown environments 

�� �� �� �� ��



132 

• 
• 
• 

• 

• 

eXlJlOse:d to mixed gas atrrloslphe:res 
second reactant in the gas 

Nucleation and sutlSe(IUell1t scales can be 
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1 ) Particles of Cr 

3) 

o","r~ertlsuIDhllr mixed 

appear on 
the surface of the 
oxide scale. 

grow into islands of 

richer in Fe. 

clUlmgces in 
an 

Zr in 
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Fe 25Cr20Ni Preoxidised for 72 h in 
tI"' ..... rii.Qoori in - 4 x 10-3 Pa for 

7. 18 MorphllloftPcal 
atrrlOSl)helre and SUblSeQllently 

preoXl,d:ls~~d: in low 
atrrlOSI)here for different times at 

sut>str'ate u ... ,,, ...... O,U, mdllc~ltUJlg some 
a 7h exposure, the continuous oxide scale has been OreaCtllea~ 

SUl]pnt,aallon at the substrate/oxide interface is noted. The "'uJ,IJuu • .l .... Plirtl(;les 
to increased sulphur pe11et1eatlon. After 
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Internal oxidation 

in 

7.19 Morphc)lo~;tcaj 800 sp~:;;lm4~n after 500 h 
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corrosion . 
.... "" ... ""'" 7.20 and 7.21 

DOlmaam~s in to 
aC(~epltal:lle lifetimes for high Cr 
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Ga. Sulfide 

(a) 

(b) 

S Channel 

(c) 

Al:z03 
SiOl 
Fel 03 
Cao 
Alkalis 
Other 

Table 7.1 

Bubble 
AbOJ 

temperature gaseous and molten salt corrosion 137 

(d) 

le) 

(1) 

chemical COJ1rlPOsltU)n 

Castables 
Deuse 
AJ20 J 

SiC 

Sa.e Meta' Sulfide 
Gas 

Oxide 

Alloy 

Gas 

Oxide 

Sulfide Alloy 

Gas 

Sulfide 

of candidate refractories 

Fused 
cast 

SiC �� �� �� �� ��
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G •• 

(b) 
Ga, 

Sulfide 

grain boundary sulfides 

represent:aticm of reaction sequences for cnr'OmllR-][Onrnm!!l 
environments cOllltauung 

alumurJUllm sI.llpl111de n<:lirh£>I,o.C' in in the "1£"1ntlrU 

interface. 

7.S Gaseous corrosion of materials 

The fonns of gaseous reaction of materials include reactions 
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7.6 Deposit-induced corrosion 

Corrosion in the presence 
materials selection and in their a(1(;:Qwacv ot ,)entOf1tnaltlCe 

a concern in 
in several of 
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Gas temperature OC 

152 377 

Phosphorus 
pentoxide·rich 
slags 

,Sodium 
Alkali iron Alkali sul~lhabas 
trisulphates I 

127 

Boilersieam 
generation tubes 
.. .. 

327 572 

Metal temperature (OC) 

727 927 

Ke~~m~es of fireside corrosion coal-fired boilers. 

7. 6.1 Corrosion due to deposits containing alkali, sulphur and oxygen 

tubes but may not be a cause 
Because boiler tube matefllals TrlCkht',", of 
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Direction flow 

7.23 structure on sUDerbeatc~r tubes in nulverlsec1-ccJal··bUlmU1IQ boilers. 

LUi""'\-"'''';>, Intcludmlg sulphur, chlorine in excess 
air level used in the combustion process, and metal tel1[1P€~ra1turc~. detefl1[1me the 
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Temperature 

1.24 to coal-fired boiler 
environments. 

7.6.2 Corrosion in 
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5 F---~----~~------~~ 

15 

Cr 

-25 
-45 5 

10 
Cr 

-20~------~~----~~~--~------~~ 
- 35 -25 

977 and 
of various oxide and Phase fields 

system are also shown. 
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to oxygen and <:!nl'ntuIT pressures Qlctatl.:~Q 

Mixture 1 

CaS 2 Mixture 

Mixture 3 

:Spc~ClJneJ1S coated with mixtures 1, and 4 exhibited attack in 
these whereas the coated with mixture 3 still a 
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x 
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K 

can be used to calculate chromium actIVlty/con,~enltratlOn in the austenite 
level of carbide up to �� �� �� �� ��
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7.28 MOltl)hclloglleS carburized 
800 spe<~imen!l to gas mixtures with 

7.6.3 Corrosion in nrll'C'bJ'IPb of alkali slIJphates 

matenlals in the presence of sodium sulph~ite, 
in cOInb1uatlon with sodium has been a Df(}bllem in gas 

turbmles: this corrosion process "hot corrosion" to dltten~nt1ate 
gas corrosion have been 
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100r---------------------------------~ 

Without bed deposit 

Corrosion peIiletr;atlo,n 
presence 

• h 
II 1000h 
IJ 1980h 

sullphldatlOn by inward diffusion of Qnl'nhl1r 

rates. Extensive of 1 hot corrosion have been pulolH;hed 

f'nl ..... n<'U1' .... also known as "low tp.1Irln"~rl1t1J'I'·p.hot corrosion'~ 1Tnl,n""p'Q 

oa:se-mt:lat sullphaltes and sodium and occurs 
tenloeratlures. e~iPeC::lalIY in the eftluent of the FBC 
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Table 7.2 Process environments and modes of material 

Process! Gas Gas Deposit Mode of 
component enviroument type degradation 

Pulverised Oxidising 1227-1527 377-727 Alkali sulphates Alkali corrosion 
coal boilers Ash 
Fluidised bed Oxidising 827-1027 377-927 CaS04, CaO 
combustion locally Carbon 

reducing 
Gasification Reducing 927-1127 377-677 Fly ash 

sulphur 
Chlorides 

Magneto hydro Alkali corrosion 
dynamics Fouling 
Gas turbines 777-927 Alkalis Hot corrosion 

Alkali sulphates Erosion 
Chlorides 

Carburisation 
Cock Oxidation 

Oxidation 
Carburisation 

Nitric acid Oxidising 827-927 Nitridation 
production 

Refinery plant Oxidising 727-927 oxides Oxidation 

Acid dew point 
Municipal Oxidising Chlorides Oxidation 
waste Sulphates Chlorination 
incmeration Stress corrosion 
Pulp and paper Oxidising 727-827 Carbonates Molten salt attack 

spent liquor 

Heat treating Oxidising 927-1327 Oxidation 
Carbon Metal 

mtriding Thenual 
Salt attack 

Aluminium Oxidising Oxidation 
remelting Chlorination 

Halides 
Fibreglass Oxidising 827-1027 

Glass attack 
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7.7 Service environments of interest 

7.8 Summary 
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Surface degradation of aero-gas turbine engines 

8.1 Introduction 

can on aircraft carnelfS 
the aircraft and can be 

155 
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8.2 Gas turbine 

The me(;hat1ucal arrangemeIlts 

in a mOlctelll 
f((),Wi-f((}"VCe RB211--535 is shown in 

en~~mes. the 1ft",,",,,,,,,,"nl"\" 

pressure rotor are rpm in small en~~m~s 
rpm in en~~e:s, but in all instances blade perlphteral 

to mach I 
In Drclctu~ces a gas 
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8.5 

8.3 Materials 

Temperature ('>C) 

of various "" .. ,",.,.-,~" 
temperature. 

aer,()-P'I'lS turbine 161 

groups with mel"easm2 
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alloys 

AMS 

Low alloy steels 

AMS 

~1200 

-1400 1------- Magn1es!um 

end 

8.6 Electromotive series relative to a saturated calomel electrode in a 
chloride solution. 

8.4 COimnres:sor 

8.4.1 Corrosion 

The compressor 
due to rain .;:o~V'''UJ..;) .. 

en~~c;~s are: 

occurred in 

compressor 

canl eXll)efllen,~e severe corrOSIon COll(1IltlOIlS 
prOIXlIlllty to the sea. 

can both when the is as 
aircraft on an open carrier 

rlr", ... rnt"1",,~~" if the are not tb(JlrOll~lv 
It is J)OSislbJe due to the many different materials that are built into the gas 

eXlpeIleIlcea is of a nature. From a 
it is eVlOelrlt 
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compressor blade 

aluminium can corrosion attack 

8.8 Corrosion and associated corrosion on a 12% chromium 
martensitic steel blade. 
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8.9 Dense, sacrificial aluminium system on a 12% chromium martensitic 
steel compressor blade. 

eXlpeIleIlceCl on compressor "''''''''''''''''h 

reason. 

sonletlllles contained alw:niniwn 

8.10 Low temperature aluminised on chromium martensitic 
steel compressor blade. 
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senouslv dClllllaJl;e the 

8~ 11 "a case" formation on the surface of titanium compressor blade. 
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In to the well UIl(lers,toc.(( pltlenomen(m 

compressor cOlnpcone:nts 
are: 

titanium 

con.((ltions cannot be mamtcune:d on a cornp{meltlt due 

200 

o 100 

8.12 

900 

Exposure time (hours) 

formation on titanium 
various temperatures. 

1600 2500 

with mClrea~>mg time at 
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4 

Aluminium 

o 60 90 
Impact 

were used to 
create the erosion condition, 
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8.14 Titanium ext:ltbI1:mg loss of material at the 

potel1lt13ll1y severe erosion 
aerotCtll ct:uni:lge on 

X100 

X10 

X1 

8.15 Life im[)rm/errlent in erosion of various materials and 
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an answer to compressor 
be dev'eloloed 

8.16 denlon:stra1tin~ how 
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8.S Combustor 

extensive amounts 
nf()PTj~SSlVe manner sulltaOJle 
combusted gases is 
the of the 

in the process 
combusted gases and to cool the wall of the cmn01JSt<)r 

eV()lve~o with the aero-gas turbine 

In most aero-gas turbine mean metal teDlpe:ratuf(;$ 
due to the effectiveness of the CO()I1Dl$}; !:Ilrtlt'l.xr 

of 1 OOO~ 11 OO°C can exist 
10Call!>ea therm:al stress can be proouc:eo. 
mechanism is nt'\l"Tn!:llllu rlo1'n,.,,,ntlnn from 
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8.11 temperature oxidation the surface of an uncoated superallov 
turbine blade. 

8.6 Turbine 

can pressure, intermediate pressure 
turbine each at a different 

Turbine blades are which act to extract energy from 
rUlr(~lrt.,. the gas flow path 

and for this reason are not SUtl~lected 
blades. In modem gas turbine en~D1le:s, 

de~ualjatllon processes as turbine 
manu1:acture:d in nickel-

base materials and do not PVY\l"Ml"flt"'l" 
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8. 18 Severe hot corrosion attack turbine blades. 

were can eXl0erleJllCe 
similar to that seen in the compressor; the same nrl'\f'~("f't'I"r~ ... '''' ... ~ .... ~ ~V!;;te1ms are 

to 

8.19 Loss ofturbine blade due to severe hot corrosion attack. 
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water from the compressor and carbon from the combustor 

8.6 • .1 Oxidation 

are .. ",I"'U'!:l1r'lf to turbine 

8.20 ofmateriai from the concave surface ofa turbine blade due to severe hot 
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8.6.2 Hot corrosion 

800 

II New alloys" 

E 600 
MAR-M002 ---.:. 

~ IN100 
r::: 
0 

+=I 
III MAR-M421 

./:::I 
~ 400 • <I.l IN713 0. 
r::: 
0 • '8 
I::: IN738 
(5 200 

MAR-M432 

NIMONICBO • 
0 

NIMO 

5 10 15 20 25 

Weight chromium 

8.21 Effect of the chromium content on the J hot 
corrosion rate. 
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denuded 
zone and metal 

i>V'.UUllU slllpl1late onto the 

SUllJhate as sea water cOlotains 
can also add to the sulphur cOllterlt. aJthoILl~l1 

~ .. 1,~1 ........ and is not nOlrnl,lHy a Sl~mf1lcmlt c{)ntlriblltoIY 
in aero-gas 

Hot corrosion has studied in considerable 
resem'chers and there is 
attack. J-In'l1fA'UPr the basic reactions within hot corrosion can seen as 

molten sodium metal oxide fonnation 
sul1)W(le formation within the close to the ""' .U;""'''"'. 
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OXlaatlon n;::>.I"I<t:nl"uu,,, is observed in 

8.6.3 Erosion 

flPr,(}_CTI7<.: turbine 177 

telJflpE:~ra1:un~s rise above the 
£>"' ..... """"r. ... me~ch,amsm appears ineffective 
tell1lper'atuJre above 950°C an acc:eJecrat<::d 

Erosion of turbine cmnpc)ne:nts is not a signifilcaJlt ru-r.hll",n"I 

en~~es, aJlth()U~:h some instances have been reDlorted. Erc}dents 
COlJltanlID(lllts that have ent<::rea un VUI:::',U 
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Temperature (OC) 

of MCrAl Y and alu:mil1lide \.tva ... l!',", 

or small in the cOIntnlst()r 
that enter the aero-gas turbine compressor as DTt':V1fnLCOIIIV 

nOI1D(llUy the problem of compressor C'lU"OU'Iiil" 

reH~cu~a from ope,ratllon. H01we~"er_ 

8.7 Turbine coatings 

de~uac1atllon mechanisms of oxidation (m~cludmg "hot 
cn'.,.n,fi.~lnn t>oV"f,t>o.."t>o ... ,,,,,,,rt on turbine are countered 

• cornp()ueJflt surface diffusion of 

• 
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afmo-rztlS turbine 

8.24 Aluminide formed on a superallloy material difl:Usion process. 

• 

• low mt(~r-(iIl!filSI()n 

• sut,strate in terms 

rel<ltlOJnshlp to 

8. 7.1 Diffusion coatings 

These coatID2S [1 dItl:usmg a chosen element 
is to 

cmitml2 of this and was as 
cernerltat:lon process some 40 years ago. In this process, aluminium is 

nickel to form a nickel aluminide 
nOlmalUY within a thickness range of 25-75 Jllll; a similar cobalt 

same process. 
pa'~k.e:d in a retort with 
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Platinum aluminide formed on a superalloy 
the outer zone 
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8. 7. 2 Overlay cO(Jr"nJ~s 

aerlO-i!l'1S turbine 181 

alU.ffillnUlm contents 
coaLtffiJ~S and this trend has been shown 
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electron 

me1tho(is are corlSld,erabiy 
processes to 
be encountered. 
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UeJ"lJ-lfTUS turbine 

Vacuum chamber 

V~pour cloud 

Components 

827 Schematic of an electron beam 
snOIWlrlQ the 

8.28 "Hot 

Pre-heater 

Electron 
1--++---beam 

source 

vapour ae))OS,ltlcm 
components. 

unit 

of a turbine aerofoil Sh()Wlln2 

183 
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8.29 "Hot 

8.30 Microstructure of thermal barrier air 
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• 
• 

8.31 Microstructure of thermal barrier electron beam 
vapour del)Osltlon . 

the relevant time to .... "11 •• "" ... ''''' 

occurs at 
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COimJHete coverage 

~\laIllta~~es over gas shrouded pu.A,:>m'u 

the process 

undertaken to mClrea!,e C(}-t11t/U!J;lOn 

8.7.3 Thermal barrier coatings 

and oxidation resistance. 

CO<ltml,z;s. Plasma fi:nJ"J'11JJ,nV 

will exhibit larJrlell'ar w'eaknesses. 
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are more resllstant 

8.8 Future engine developments 

With a conltmlung 
[17], re<1lJlCea 

advarlces in aero-gas 
Q I n"'Q f11 " a.~hl.eve:d are to 
sUJ)lerallo,rs. On very hot turbine cornpCmeltlts, 

temlper'ature but 

aer,(J-Vl2.'it turbine 187 

Iml>r01venlents to their heat 

�� �� �� �� ��



188 

References 

1. 

2. 

3. 

4. 
5. 

6. Gostellow C Weaver M J, NGTE 
7. Paislean 

LJU.!'oU •• U"'~ Private 

carbon PVD mUlUl-lav'erf:O structures as erosion resistant CO~ltmJgs" 
Coat Tech. 62, 1993" 

8. Dimos "Erosion resistant coaltmJ~S 

�� �� �� �� ��



9. 

10. 

11 

12. 

]3. 

14. 

15. 
16. 

17. 

UerfJ'-VUS turbine 189 

1988. 

�� �� �� �� ��



�� �� �� �� ��



Fretting and fretting fatigue, incidence and 
alleviation 

E Taylor University of Sunderland 

9.1 Introduction 

C'<1JJI'#flP,"'"' in contact under 
to each other are caused to 

9.2 and other forms of wear 

to escape is traJoned 
If the amlPlIullde 

nmnmj'1lly at rest 
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9.1 crack ori~pna1ting from 

9.3 Diagnostics of fretting 

in 
with loose oxide debris 

Surface 

.. 
Stage II 

Applied stress 

under rivet head, 

9,2 I and stage II de'relc~pmlent of a pr(Jlpa~~ating;fati,~e crack. 
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initiated in surface 

9.4 Practical incidence of fretting 
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to 

9.5 Press fits 
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9.6 Riveted joints 

A very common 
When such a 

movement may occur: 

_""H • ..,,~ ctamlige occurs in 
is vibrated or SUI)lecte:a 

• between the head of the rivet or bolt and the 

aClue'ves the same 

• rivet or and the holes in 

mCIuae ap):J11c;atlCtll of 

under conditions 

Fillet radius 

to reduce concentration. 
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9.5 cracks Df()Dagating under rivet head. 

Pin 
Pin 

A A 

9.6 Front elevation side elevation. 
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at centre. 

9.7 Clamped and flanged assemblies 

contact is 
from maJlutalcture 

would not prc)Pagate. 
mtlma1te metaI-to-metal 

scars, 
Inl'n-SneC~I l".rlnc::trn,(':tu\n where inadvertent distortion may be 
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(b) 

(c) 

indicated. 

9.8 Sealing faces 

Fretting point 

Repeated loads 

can cause 
indicated. 
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10 Plate and screw removed 

in 

reS]lstance to 

9.9 Wire ropes and cables 

are mc]reased 
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and 

daIltlag:e. A way corrosion 
SUl1taO.le choice of a lubricant with which the rope is 

9.10 Surgical implants 

Metal screws are now tre'Qu€mtlly 
of broken bones. Metal 

11 Double 
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9.11 Conclusion 

in the contact ldlt"lnl1"'\l 

A wide range 
corrosion and tJ"P;fttVl'(:F 

"C'Lf---'",,---, incidejnce and alleviation 201 

f:111<fru'p treatments or co,ltln'i!S, 

Vl,~,cn,~rltv shear resistant greases to be retc:une~a 
contact area allows them to be effective in the onset 
[9] if IS at 

to metal surfaces can also have 
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The incidences which rise to _",,11hft .... OfollJleD!lS 

Referenees 

1. 
2. 
3. 
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5. 

6. 

7. 

8. 

9. 

�� �� �� �� ��



Chapter 10 

The mechanisms and control of wear 

DT 

10.1 Background 

de,relo1pment would 60 units 
cnauenlges for the future 

203 
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10.2 Nature of surfaces 

Friction and wear are nr£'\nprh"~Q ","Ho,lhl 

10.2.1 Topography 

from outer space, aU 
may appear 

which gel1lenJlll 

in 

and mass crumJ!:es. I-IA'n,p'"pr 

centre line. Kelterrmg 
areas and then nHf.rnrUT 

the horizontal distance x over the range 0 x 
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x 

10. 1 Schematic of a surface ofl. 

10.2 with the values. 
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The che:ml~)trv 

en]glDleenng material shows similar 
structure 
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The mechanisms 

10.3 Contact mechamcs 

under normal load W, 
and 

207 
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The mechamc,al e4;JUlJI0fllum can 

W= 

a 

H 

a 

w 

W 
3H 

H is the true hardness 

10..4 Friction 

mdent:ttlon. }jjC/ualflOn 10.3 can 

[10.5] 

tJ"U"tu1,n Once 
decreases ", .. ,,,hi-II,,, 

is or aVJ'1al.rtlC t .. u~tir • .,. 

the friction between two aelJlemlS on 
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In pra,ctlce. 
vary apllrelClaJl>ly 

10.8 and 1 

F ~W 

The mec::haJl1iSflrtS 209 

[10.8] 

[10.10] 

frictional force. 
0.5 but can 
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10.5 Lubrication 

In many ms1taIl(~es, friction is undesirable: it is a process that ess,entlalllv 
abs;ort)s energy and so r""n,nl'~:>Q Dllactune:s. In the work 

j 

10.4 Journal 
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e-- Polar group 

Non-polar group 

10.6 Schematic 

The mechanisms and control 211 

ShO'WUI2 the convergent oil film 

molecules on a solid surface. 
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10.7 Schematic ShO'WIl12 how adsorbed active molecules can act as a barrier 
between solid surfaces. 

as 
reCIUClDlZ; the friction coefficient 

range 0.05-0.1. 

10.6 Wear 
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10.6.1 Adhesive wear 

a 

volume 

10.8 Adhesion between two aspc;:rities 
surface of metal B. 

to transfer of metal A to the 
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kaL 

ott>r01DolitlO[lallltv and L is 

V k 

10.6.2 A ""'flf:ll,'O weal' 

10.9 Abrasive wear due to a conical 
softer material. 

11] 

20 

plougtJling out a groove in a 
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w 

and the total volwne of lna1tenal re:mo'vel1 

2 cot 

From where His so wear 
volwne 

V k 
H 

where kis wear IS 

6 
k = -cot 0 

1C 

co~~:I11JCleJnt cannot 
wear rate of a material has been 

sUb:staIlltIal.ly as 
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10.6.3 Corrosive wear 

Corrosion is 

aturmlJ"lIUm IS a rAf,ClTU;'","f'lf 

alUDllJllUlm oxide is very 
used as the 

A further i'01'TOQ'1'I.1P emrlronment may be to enhance the ~hT~<::n/f'! 
the enVlfornnent 

mcrea:seo rate of abrasive wear on 

COlrfOS,lVe emtlfCmrrlell1ts may have beneficial 
me~cl1.amc.aUy stable oxide film that does not flake can nr".,,.."I,,,, 
an effective barrier metal-to-metal contact and reduce the wear 
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10.6.4 Fatigue wear 

is that the surface material 

~hr~~n.1p wear mechanisms cannot op(~rate. t10Weve:f_ is still 
trrulsmutte:d to the the lubricant film causmg 
and the possIbllIty wear. is pmrlIcula[ly 
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10.7 Wear transitions 

Mild 

load 

10.10 Schematic repres'ent;atlcm loac:!-dcepeilldent and speed·,dep!en(jlent transitions 
in wear rate. 
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10 .. 8 Control of wear 

reS,lstant malterlRL ,"'4n"'/,1/'0 eIPlJ!I'neleriini!malV also n .. ,".".,.~",~ 

wear-lreSJstaJot llllatenal may not 
For a may 

be ideal for wear resistaJnce but is often exc:;esslvely brittle in the fonn of a 
monolithic C01UplQmmt: a thin Cmlt11lLg 

wear reS1Lstance togetn1er 
nrS"'I1I"\U£' section shows that 

matenlals with 

a cermOlC on a metalliC substrate may 
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~£'1t.nn and to allow some acc:ommo.datlon 
PTFE has a low 

......,,""'F."""'" coe:1t1C:1ents of all nr.I,\,...",,,,,"f'c) 

nrc.Vlcle relative rather than aIJ.50tute 
cOInp.atlt)tb1ty tests in which the number 

redllced to m3Joogeao·le V""-'V',JAU'''"'U"". 

reIE~V~lnt wear mech~ml:sm. 
nr","'fc!I{)n~1 material combination is VU,\Ji>VlL,l. 

ma,Chlne. and then trials are 

Materials selection for wear apI)llcatu)ns is sensitive to the 
of the This may be by conlSld,ermlg 

"f'r.i-''1h111'''' in a bore lined with a white 
exammlatlC)fl sJJlow(~d that 
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Methodology of wear testing 

c \.:111"ro'rYlOnHlin 

11.1 Introduction 

A StaIlcta1~d a~:tmltlon 
with mlf?:ral-::ll'I1'9' {,f.rrtnrp{' 

mt)()i(}2Y is "the science and techn()lo$;!V 
"PII1'1!1up motion" [1]. It ofllpmltes 

--"'111111n<:;r". It embraces the 

223 
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SClen1tlsts' £",('\ .... 1r .... I"'111"'O£\.... to wear 
..,. .. 'hl .. ~h"",rI .. 1r"" .. ' ....... ·.,. clom;ernmg the 

INPUT 

MATERIALS-BASED PARAMETERS 

• coating 
thickness, composition 
microstructures, hardness, texture 

• substrate 
hardness, composition, grain size, 
microstructure, ductility 

SYSTEM-BASED PARAMETERS 

• coating 
• load 
• speed 
• 
• 
• temperature 

been s1gnlIllC3Jtlt at it is "",nnD>'rl" 

of on the tntlO1(Jlrucal 

OUTPUT 

FRICTION 

WEAR 

HEAT 

Sonic emission 

Exoelectronic emission 

ILl A wear system ""V'Y~U"'" various and output parameters, 
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Table 11.1 Classification of wear 

Basis or classification 

General 
2. Motion 
3. (JeClnxrtrv 

7. Material 

L 

ii. it 

innovative ("'1I,,.-fru'D U~ChnOjrO$!.'les 

order to nPf"lrl'f'/"O 

the base or C'u".-fru'o 

One 

surface and 

Drc,du4~tIC.n ot>erate slmuJltanleOtlsly or 

tra,ait!'onl"li and 

n,.r}np,.tJt)~ unattainable in either 
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11.3 Wear testing 

Wear tests are carried out for various reasons: 

a. 
b. 
c. 
d. to unClerstanCl 

matenlals to wear, 

e. to est],mate cOlnp41ne:nts and tools used in en~~nelenI1tg and 
other ap~)I1C;atlcIllS. 

10-1 10 

Plating and coating 

Implantation 

• Thermochemical 

Surface welding 

Ion implantation I Thermal 

Nitriding . 

11.2 Thickness or of surface treatments. 
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11.4 LOalltlnl!S 

be: 

• 
• 
• 
• 
• 
• am,enalole to automation. 

As there is no 
suggesteCl that CYf'J'f"ftf'H hardness ~n<'tn"'t''>" "",... .. 11,... 
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following two sections we will briefly UllS\.;U:SlS nanilne:ss 

11.4.1 Hardness 

COIlsldtere~ct to be more aDl:lrOt)na1te 
reportf:ct to be succes:stul 
hl'lh~;n.71,('\l1r of very thin coaltlll~~S 

11.4.2 Atlli,esttm of coating 

• 
• protHome1try) or 
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Roughness Utr'n) 

11.3 The variation of scratch of 3 !llD thick 
a tool steel substrate. 

• energy 

11.5 Wear of coa.n02ilS 

• 
• 
• 
• 
11.5.1 SelE?ctUm o/wear machine 

229 

depiosltc~d on 
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Table 11.2 The ASLE classification of wear 

Class 

A 
B 
Cl 
C2 
C3 
D 
E 

F 
G 
H 

K 
L 

Description 

Flat-on-flat 

trouble on the cOlmt(~rtalce. 
wear situations. 

device aad title 

Four-ball lubricant tester 
Crossed apparatus 
Pin 
Kinetic fiiction tester 
Oxide scale fiiction apparatus 
;:'.'tUCK-SlID test apparatus 
Friction and cold 

Disc rider fiiction apparatus 
Solid lubricant test machine 

Dual rub shoe tester 

maCnlJDeS are gerlenUly in 
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[11 

mech~mn)m, n 

11.5.2 Wear rate measurement 

test 
as these two will detennine the duration of the test. As 

menuJont::d in the Metals the test is 
11Ucker the 

"''''''''r> h.,,,,. the interface. In many instances 
"tllP,'!:ln1'!I(T ulteI1a,~e to the is hard to in 
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of the friction coefficient or noise could 

Wear maps 

1l;eIlenUlV eX1Jresse:Cl as wear 
Wear rates are 

wear rate are ClllllleI1Sl()nIless 

Norm:al12~Cl pressure, [11 

v 
= [1 

w 
[11 Norm:alI:i!~eCl wear 

where 

temlDeJ'ature h(IJ1Clness~ Pa 
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Th.ese wear maps 
datab3lses for wear aPJ>ilcatlllns 

11. 5.4 Post-wear antrlysls 

techmqm~s are 

11.5.5 Correlation between laboratory 

oe~uUJtg with wear meiC11.amsm 
me:chanIsm maps are drawn 

axes with the wear rate contours 
used to the mecmlDls;ms 

11.6 Case studies 

The are a few eX(ltmJ;,les 
wear behaviour 
the of selected par'ameteJrs 
em::oUJntelred in rea.l-mre S1ttuc:Jltlons. 

and tran.~mission electron YnU"J"J'lfJPflnlJ 

data 

attc~ml)t to evaluate the 
partlclliar mterest is 
latlIOnltO]':V to those 
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Safe zone 

Plasticity~dominated wear 

Velocity .. 

11.4 AP1Pllcatl()fl of wear map concepts to metal situations It also 
shows safe for tools. 

11.6.1 Wear of cutting tools 
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Table 11.3 Wear of drills 

Parameter 

Feed rate 

Wear mechanism 

Parameter 

of cut 
Feed rate 

Materials 
Wear mechanism 

Real-life situation 

lJnrIC(J!olantlc~ttm2 fluid 

deformation 

Table 11.4 Wear 

Real-life situation 

0,5-5 mrn 
0,2-0,8 mmlrev 
Ambient 
Tool/work material 
Abrasive/adhesive/chemical 

deformation 

tools 

Laboratory 

rom 
0,25 mm/rev 
Ambient 
Tool/work material 
Abrasive/adhesive/chemical? 

is 
and crater wear; the presence of work material on 

seen. 

11.6.2 Wear of metal forming dies and tools 

235 

treatment or CO<ltU1lg 
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Uncoated 

100 150 

Number of holes drilled 

11. 5 A cornpariscm of uncoated and TiN-coated 

Parameters: 
200 

Coatings 

11,6 Flank wear of uncoated and coated carbide 
AlSII045 

Parameter 

Lubrication 

Load 

Materials 
Wear mechanism 

Table 11.5 Wear of metal 

Real-life situation 

Sheet metal on tool 
Boundlarv lubrication 
0,1 mls 
Varies 
Ambient 
Sheet metaJ/tool steel 
Adhesive/abrasive 

250 

steel drills 

Uncoated 

tools material: 

dies 

Laboratory 

Pin-on-disc 

Ceramic/tool steel 
Abrasive/adhesive 

�� �� �� �� ��



237 

11.7 SEM mi':ro~(rat)h of an uncoated carbide tool after steel for 
15 min SDOIWlIUl both flank and crater wear as well as some transferred work material 

of cut 0.3 mm; feed rate 0.25 250 

11.8 A view of front upper die which pre,duces 
The front inserts are vanadised whereas the rear ones are chromium 

General Motors S~ AwmallaJ. 
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0.01 

0.009 

0.008 

0.007 f 

0.006 i 

Q,) 0.005 

~ 0.004 

as 0.003 

~ 0.002 

0.001 
o ~ .. ~~~~.J 

Material - treatment 

11. 9 Wear rates of selected surface on cast iron cast steel 
yttria-st,Clbilis(~d zirconia under a load .... .j..EHr~j.·n_,..j 

a pm-on-cusc wear 
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out. 

11.6.3 Wear 

Gears are used in many enJ~c~eTHl2 apl)llcatlC)ns 
because 

• En39B 1.4 mm Case, Cryo and GBP • 
• En39B 1.4 mm Case, Cryo 

• 
• 

Indicates no failure 

Cycles to faliure (Log N) 

I L 10 Contact 
after carburisin.g: 

performa:nce ofEN39B steel with different surface treatments 
"M,no" .... '" treatment and GBP bead 
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11.11 

Parameter 

Lubrication 

Load 

Materials 
Wear mechanism 

contact failure in a carburised EN39B steel extllbtt:ing 
striations in the crack surface. 

Table 11.6 Wear 

Real-life situation Laboratory 

Gear Contact 

contaminated 
Varies 
Varies 

0-7% 3% 
80-1 
SteeVsteel 

abrasion 

per1tom[]anc~e ofEN39B 

�� �� �� �� ��



241 

(courtjesv: BHP Products 

11.6.4 Wear of hot rolling mill rolls 

Table 11. 7 Wear of hot mill rolls 

Parameter Real-life situatiou Laboratory 

Roll-an-roll 
Lubrication oil 

280 rpm (<I> 1.4 Roll 40-700 rpm (<I> 

Steel 20-300 rpm 80-
100 

Load 1200 ton x 2000N 
0-100% 0-200% 
800-1200°C 700-1100°C 

Materials Cast iron to cermet-work Adamitell 045 steel 
material 

Wear mechanism corrosion 
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11. 13 SEM of a steel plolughShare ""11'-1 Vl/' nIt<. the entrapment of a hard from 
the soil in modes: abrasive wear marks and 

flow of steel over the silica-rich is evident. 

pr()dlllctl,on, i.e. wear mechanisms. 

11.6.5 Wear oldlloge tools 

tools have been studied for many years in 
different to test various materLalS 

pertonnarlce. Assmmlmg abr;asl{m is 
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Table 11.8 Wear 

Parameter Real-life situation 

shares tool/soil 

Lubrication nnJ/n'llltuTl'l1 soil moisture 

Load 
Ambient 
K Ni-bard cast 
iron/soil 

Wear mechanism Severe abrasion 

Dlrl-Olrl-OlISC testers were 

tools 

Laboratory 

Rubber wheel abrasion 
tester 

0.8 mls 
130 
Ambient 
Steel pI01Lu~hshalrela.1urruna 
or garnet 
Abrasion 

sp(;~cttnerls are 1tn1rrlprC!P,rI 

11.7 Conclusions and recommendations 

243 

A can to CQ(ltrnlgm 
the actual situation from the wear rate data oOltaHlea 
smlUI~ltrng u.:lrli"\nCl wear Wear me:cnamsm 

the real-life should be oe\l'elOlpeo 
conrelalt1on between and field data. 
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his enc:our'age:ment 
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Chapter 12 

The use of organic and inorganic coatings to 
reduce friction, wear and erosion 

12.1 Introduction 

12.2 Bonded solid film lubricants 

• 
• 

lubricant may be defined as a material in the which leads to 
conditions when mte:mosea. oe't1weem two 

aclllLeve this 
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12.3 The formulation of bonded solid film lubricants 

12.3.1 Plg,,,en'/s 

• 
• 
• 

• 
• 
• 

lubricant will have 
also needs to be COIlsl<1lere:d 

factors are : 
in this most ."""T"nr!'","nf' 

• 
• pressure, 
• 

its strengtltls and welillmc;'!sse~s. ComlprOltlllSleS 
PeItormwtlce characteristics 
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12.3.2 Binders 
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• 

ame'nable to 
dm'ablllty wear life and 

by contrast have 
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12.4 Pigmentibinder ratio 

a lfY,...,"..,.,.."U;;" 

tecnnC"Ofi~ as the critical Dlf!mel'1t 
partICl(~S are under-bound 

Low pIgmel[lt-tio-omQ,er 
appear 

poor corrosIon 

12.5 Solvents 

The solvents used in bonded 
chemIcal nature of the 
COlntIltonlly m 

12.6 Adlliitiv,es 

12.7 LOloposlte coatin.~s 

and erosion 251 

tenllpe:rature c-t.,lruhlh! On 

lubricant 

anC.aIs:mg processes. chromium 
01."", ... -""1,,,,,,<,, nickellPTFE are the most common 

COlntIl.erc:laJlly COlDlOOl!ute coaLtm~;s have extended the of PTFE as a 
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film lubricant to service concClltlons 
not survive an aC(~eDltabjle 

12.8 Application of bonded solid film lubricants 

12.9 Typical applications 
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12.10 Erosion resistant coatings 
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'h"·u"1·o .... 13 

Surface and interface analysis 

J 

13.] Introduction - Surface analysis in surface engineering 

sources 
spe!ctrG1melters in SIMS bas en2lOle:(1 

255 
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13.1.1 What is the surface and why is it important? 

enJ.,!lm~erlrng is immense. A many volumes have been 
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13.1.1 General considerations 

13.2 Electron spectroscopy 

are linked as tecIlDl(1lueS 
energy electrlons 

surface. As a result these techm.quces 

257 

13.1) and both can use the same ele4ctrc,n s!)ec1roscor,v 1l1LStnlUlllentltlo,n. 

13.1.1 X-ray photoelectron spectroscopy (xpS or LJLJ.L.<EI' 

In is lrralo13teo a beam mOJIlocmoma11c soft ."' .. -X'''''''''', 
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Table 13.1 A summary criteria of the most used 
surface 

Technique XPS AILS LIMA 
Static 
SIMS 

Type of sample Solid and low Conduction Solid and Solid and Solid and 
solid low vapour low vapour low 

vapour 
pressure 

Species inlont 
rays/electrons electrons atoms/ions 

Sampling depth 1O-50A 5-30A O.5-2IJ.m 5-lOA 
Analysis area 401J.m-5mm 2000A IlJ.m 2500.A:-

mm diameter 5mm 5mm 
diameter diameter 

IIJ.1ll 
resolution'" resolution resolution 

All exceptH AU All All 
detected and HE 

Information Elemental, Elemental, Elemental, Elemental 
gained chemical some chemical some and and 

moleculars molecularl 
polymer 

Poor 
information 

Quantification Good Good/fair Poor Semi Good 

standards 

VB 

M, etc. 

Schematic of the XPS and electron emission 
process. Ef refers to the Fermi VB the valence band and M, L, K refer 

to the notation of atomic energy levels. 
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lIT<lldl(ltted with a beam energy mornoc~hr!Dm:tltlc X-
Einstein's states that of 

energy: 

hv [13.1] 

1486.6 eV 

the core hole. 
tlUCJre:icell1Ce or it can a 

electron. 
process is a relaxation an excited state atom 

a characteristic kinetic energy EK. The 
elelCtiCm of an is the of an 
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Element 
(orbital) 
Atomic 

CI C 

Composition table 

o 

o 

Cr Fe Cu 

1.2 

An XPS survey spectrum and table recorded from a coupon of steel taken from a corrosive environment. 
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[13.2] 

AES: chemical in/ormation 
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adhesion or COITOS,lon reS:lstmce, 
the introduction of mCfnolchromtatized 

energy and 

elelctr{)ll IMFP in aU solids is 
P.1111ilV~Ip.nt to 3-30 An aPtl~rOX1IDa.te 

rule of thumb over 

A [1 

"1~r .. ",lhf all the in XPS and AES is denved 
31 within the solid. This is delJeIlloeJnt also on the electron laKe-O'" 
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5000 
Energy Width Area % 

Fe203 \. 707.33 1.90 6345 11.7 

FeO 710.31 1.33 1897 35.0 
711.66 1.42 12569 23.2 
713.19 1.63 3624 6.7 
709.19 1.17 12618 23.3 

~ 
, 

i 

,! 
c: 
::J 
0 
0 

717.5 714.5 711.4 708.4 705.3 702.3 

Binding energy (eV) 

13.3 resolution spectrum recorded corroded 13.2. 
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so the SanJlpllIlg depth d is <lebne<l as: 

d 31 sin a [13.41 

the signal from is <leplenClent on 

survey scan some 
and oxygen is in 

(90°) a much strolrlfler 

d t 

13.4 Schematic 

I (Layer) I (Substrate) 
(l 

Layer 

Substrate 

"' .. v ........ variation in information depth with take on-anRle 
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265 

275 o 

con!lpositi()n of video tape recorded at two take-off 
and (b) 90" (mruomulm samplilng 

eX}:>eOlmel1taI aDI)rOciCn can 
teCJnm~Clue can 

used to detennine the onentatl(.n 

13.2.5 Spatially resolved in/ormation 

13.2.6 Scanning Auger microprobe (SAM) 

el~ctr(m ~r)ec1'ro~corlV has been d01UIIllated 
0T11m!::I1r'V electron beam is scanned over 

The detection of 
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electnJns illuminates 

can be as low as 

13.2.7 Imaging XPS 

oxygen and on Ink .... 

13.3 Mass spectrometry of surfaces 

createS a map of 
apJ>llcatIc::>ns of this tecJIlnlC=lUe are 

In the same way 
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and iniP'rtn,"p FlflnFTI'''''H' 267 

coaltinlrYc~m interface of an 
aluminium be'\ireralge, 
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13.3.1 Signal generation: sputtering 

y 

for the same eleJnerlt. 
bet:wefm 0,1 and 10 for most ma:tenrus; 
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13.3.2 Secondary ion mass spectrometry (SIMS) 

controlled) as ~tlatl()ll [13.8] which 
1 for "..."",.h,,&;o 

p 

amectllv quantitative tecJtml(lue. 
accuraltelv in a 

calibration sanlple:s. 

13.3.3 Dynamic SIMS vs static SIMS 

fluxes slgmDlca:Jlt anlounts of 
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13.3.4 Static SIMS 

Of aU the applIed 

resolution account 

Secondary Atoms 
ions 

ions 

of the process. 

~n~IIV4;!l4;! techniques, static SIMS is the most sensitive 
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surface anatlVS1S U::CI1lIllQlues 
"".. ........ lublrtC3ntJ1nc1:lOn films on conlJ)onents 
SltutatU)oS, t>IOCOlnp~ltlt>le c()atln~s taken from aQl.Jle01JS/s'alUle 
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corrosion inhibitor on aqueous corrosive 
envrrornnents. and industrial suntac~mts 

13.3.5 Dynamic SIMS 

pr(J~t11()me:try or 
becomes more difficult and less accurate for con[1pl(~x 
with different and the errors are sut.stalIltial 
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3lD 

2500 

1: 
2CXX) 

:::J 
0 
(J 1500 

[AIH2J+ ; substrate 
1CXD "'H7 !5ID 

0 

NH] 

" 29.00 29.00 

Mass/charge (mJz) 

13.8 Selected of the resolution ToFSIMS spectrum oleic imidazoline 
corrosion inhibitor. 
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C"~emjrcal mapping - imaging 

C01DDosrte has been sectioned and poJIJSrlea 
a MIG on an instrument fitted with a arn:J.drumle 

the map 
whilst the resin dls1tnblutlcm 

�� �� �� �� ��



aluminium 
of the distribution I'hr,t"\tnll1.rn aluminium oxide and 

of a chromate conversion 
to aluminium. 

13.3.7 Sputtered neutral mass spectrometry (SNMS) 

In SNMS an attempt is made to the SP~~Cl(~S which are 
Splltt~~nnlg process. Since these :SPC;'\.iU:;:S 

PaJrtlC:les "'I"'''''~''''''''' from surtac1e. then in pn][}Cl1)le~ 
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13.3.8 Laser lIeSIOrDlflOlI.mass spe.ctrometry (LDMS, LIMA) 

13.4 Summary 

As the tecnn()jOj~Y 
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Symbols 

stress 231 
4340 steel 40 

A 
a case 165 
"a case" formation 167 
a-cobalt chromium 182 
abnldat,le co~tiina~ 87 
abrasion 239 
abrasion resistance 199 
abrasive 221, 230 
abrasive wear 63, 
accelerated 132 
accelerated oxidation 177 
acoustic emission 131 

<1Cuve ctrgamc ICl1eImaus 211 
additives 251 
adhesion 

219, 221 

lOS, 199, '1JB, 221, 
adhesion la'vers 111 

228, 239, 248 

228, 251 
adhesive bonds 106 
adhC~SlVC~ junctioJl1s 210 
adhesive wear 64, 220 
adhesive wear coefficient 214 
adhesivelabrasive 218 
advanced 142 
ADX 41 
aero 

air 79 
air-frame 88 
airborne contanlinants 173 
aircraft radomes 253 
Al-4Cu 193 

120 
128 

alk2W mC)D tlrisulDhate 141 
alkali metal-induced corrosion 141 

sulpilates 148 

alUlnml'l-tfU1nina 136 
alUlnmll~-tc'lrm,ina 175 

aluminide 179 
alurninilsing 179 
aluminium 165, 216 
alunlinium allovs 161 
aluminium oxide 216 

Anilox rolls 90 
aDniealiI12 27 
anodes 97 

146, 147 

antl(:x>rnlsivc~ pig;merlts 106, 1 
cathodic current 102 

arc sources 34 
31 

u-clliara eOlllatl()D 214 
42, 43 

1, 214, 221 
attemtated total reflection 257 

259, 262, 265 

120 
amCl-aIUU'i11CCl1emic:al reduction 31 
autocatalvtic 49 
aut()mo,tive app!llcattons 88, 212, 

'-lleS,eI engltle ClClm{)Oncmts 91 

B 
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barrier 220 
barrier mechanism 106 

pigInents 107 
Oafll1er,·tvt.e 111 

tubes 89 
bath 55 

90, 193, 194 
Beer-Lambert law 264 
ben(::iing tati.~e 1tests 239 
bent beam 33 
binder 106, 109, 249 

259 
bl0C;om)attt)le 264 
biomedical 92 
bioxidant 120, 132 
blade 169 
Dla!~t CleaIltlnlZ 252 
blisc 168 

boiler tube 141 
bonded solid film lubricants 247 
bondin!l~ mechrulism 83 
bottle moulds 70 
hrinnti$l'rv IU.bnc:attclO 211, 212 
brake disc 92 

252 

breakdown 13 7 
breakdown of scales 131 

40 

c 
cables 199 
CAD/CAM 85 
c:admium 252 
caiclUm-colltammg ;depC)Slts 142 
calendar rolls 90 
camlOutJageprol:>ertles 253 
cams 218 
carbon 91, 146, 174, 178 
carbon 139 

178 

136, 150 

cart)on ltn0l110Xllae disintl~gration 139 
carllOru'carillon conlpO!utes 188 
c:art)Uril~ing 28, 199, 201 
carburization 114, 146, 172 
carpet 212 
case studies 1 

cathodes 97 
cathodic 97 

cationic dissolution 97 
liQuor tJrangoortati()fl 68 

cementite 26 

ceramics 188 
cermet materials 78, 220 
characteristics 75 
chellltmg 55 
chemical malPpnlg 274 
chemical 257 
chemical shift 261 

deposltled 5 

32, 171, 181, 220 

123 
chromia 115, 177 
cnn)mUl-IOlmnrUI 132, 136, 175 
chn)mi!sitlQ: 201 
chromium 2] 7 
chromium carbide 77 
chromium martensitic steels 163 
chf()mntrnll,latulg 199, 220 
civil aircraft 155, 158 

28 

flanged assemt)lies 193, 197 

clearance control 87 
oo-diffilsion 180, 186 
ooaJ. gasification 119, 120 
coaJI-co:nveI'sioIl aplpli~ltiolls 119 
coal-fired boilers 89, 142 

83, 84,201,227,249 
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cobalt aluminide 179 
cobalt~base materials 174 

220 
coefficient offHction 248 
coefficient of static friction 208 

195 
209 

combustion 120 

combustor 1 58, 

COIllpoS>Jte (~Iec1:roplatir~ 183 

compressor 
158, 161, 162, 169, 

169, 171 
compressor components 167 

conformation 109, 110 
contact mechanics 207 
control of wear 219 
conversion 30 

178 
""''''' .... 1'\, ..... '.v .. 171, 186 

110 
corrosion 224 
corrosion and wear-related failures 9 

95, 103 

corrosion inhibitor 271 
corrosion 64 
corrosion resistance 248, 250 
corrosion resistant 90 
corrosive wear 216, 239 

crater wear 235 
creep 186 

221, 227 

198 

creep life 158 
creep resistance 174 
cre'iflce:-tvlle 103 
critical load 228 

tools 29, 37, 46, 
234 
37, 46, 171, 

CVD 13, 28, 43 
life 158 

D 
D~Gun 81 

214,218 
deformation 171, 219 
degrea~,mg 252 
dense castables 139 

139 

diamond 
diamond-like-carbon 32 

178, 179 
69 

evallOratlon 220 

252 
downtime 221 

46 
uvu., .... "'., II .,-,uon, 208 

Index 283 

221, 

SIMS 269, 270, 272, 274 



284 Em'dneerir.t.Sl Casebook 

E 

economic 11 
economizer tubes 141 
EDAX 256 

105, 106, 111 
102 

electro<lelX)slti4c>n 50, 201 
electroless bath 50, 54 

70 
electroless NilPTFE 70 
electroless nickel 31, 46, 49. 
elec:trolvticcapiacit()fS 91 

ence 91 

electron diffraction 60 

220 

electron 256 
electron spectroscopy 257 

255 

electron transfer 97 
electronics 91 

68 
electroullated chrcmnulJ1l 219 
elec:trotllatillg 30 
EM! 77 
EN 36 42 
PnF!TP'\' rli~~ner'SlV~e X·fa" anlUVflUi 256 

t:':nlllUi:~ IUcul1dJ DlolV111ret:h8l1Ies 250 
erosion 167, 174, 177, 247 
erosion resistance 253 

rest:stant Co,alml~S 253 

eutectoid 26 
Evans 102 

252 

extreme pressure 217. See also extreme 

extruders 92 

F 

31 
failure 4 
falS€~-brillelllln2 194 

Fe--Cr-Ni--Zr 133 
Fe18Cr6Al 131 
Fe25Cr20Ni 133 
feed rates 41 
feeds 43 
ferrite 23 

181 
film thickness 108 
filters 169 

194. 195, 

fireside~corrosion 89 
2eneratllon t>atb 58 

226 
flame 199, 220 
flank wear 40, 42, 43 

couplm,gs 193 
fluid film lubrication 210 
fluidized bed combustion 
fluorapcltite 92 

one· racm~ ,cars 221 

197, 20] 

147 

198 

197, 198, 



198 
mction 208, 210, 223, 241 
friction and wear 204 

212 

G 

138 

reinjtorc~ed C<J1nlP<)site 215 

greases 
Gutzeit mechanism 53 

H 

H2S 133 
halogeruttion 114 
hammer-wear 81 
hard chrome 30 
hard 
hard metal 

hardness 228 

heat 

fire~(i den8enreclav wmrea.iltes 139 

hiRtH>n:lSSUJre Rarbule bl:adiIlf,l 180 
higtl PUlllty ,::aIcilUmalurmnate 139 

Index 285 

31, 

disc:harl~e 33 
hot corrosion 

148, 115, 180, 181, 186 
hot corrosion resistance 181 
hot extrusion 194 

241 
hot salt stress corrosion 161 
hot spots 111, 114, 118, 186 
HVOF 90 

I 

indium 221 

inter-diffusion rates 119 
interference fits 195 

181 

98, 166 

80 

mtrimic,~MwofroomlsmIDallo~~ 

itnpl!antaltion 235 
35, 183 

ion-implantc~d 221, 226, 230 
bondinJ;;s 108 

ionisation-assisted PVD 31 
ionisation-assisted PVD TiN 42 
iron aluminide 165 

nickel and cobalt-based materials 11 
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J 

JOlllltmg. COl1'lOOlmds 195 

K 

dePC(}siti!cm 52 
knives 92 

mic:rohardl1ess 62 

L 

des4Jrption lnas~; spearCtmetrv 276 

lase:r spallation. test 228 
law of mixtures 228 

186 
lead 221 
legllslati40n 105 

56 
stabilized 49 

linseed oil/red lead 105 
96 

SOOilUIlI sulnbate 148 

lubricant 

M 

76, 194, 195, 201, 210, 223, 247, 
76 

M2 43 
M343 
M3543 
M7 HSS drills 40 
magnesilUl1 tlIne-f"eleatse couV:lim~s 95 

~plet1ic cc)nfuJlemt~n1 tecbnilClues 35 
mal;roe1ic Ol"ooerties 66 
nwmetrom 35 

environmetlts 176 
90 

markets 75, 87 

73, 

martensite 26, 219 
martensitic stools 218 
material selection 113, 219, 221 
MCrAlY 180, 182, 186 
melt-flow 219 
metal COl1rlolE~Xes 

metal matrix 92 
metal 239 
metal 251 
metal-removal rates 43 
metallic bond 187 
... _,._"'''' ....... ,,"'"''' 59 
metallic structure 96 

76 
microfocused 274 
ml(~rm'}rol,e 265 
rrnc;roproc~~ssors 74 
mild wear 218 

155, 158, 167 
mini van doors 67 
mirrored 35 
mixed 102 
mixed oxidants 116 
mo(leUuU!; 83 

70 
molten salt corrosion 113 

mollvbdlenu.m disulphide 248, 249 

multl-liavelr c.ol'ttin:o'l 170 

N 

Nb 128 
NDE 87 
neoprene 253 
Ni~P 62 
nickel 180 
nickel 161, 167, 169 
nickel aluminide 180 
nickel-based 161, 174 

J UJ8nn!.lS 69 
nickeI-chromium-boron--silicon 77 

Nitrotec 28 
non..aestructivetestine 86 
non-ferrous metals 77 



nOfHSKIU w'aik'wav's, ladders and heJic:x>pter 

232 
nonmalised 'velo~ty 232 
normalised wear rate 

161, 172, 174, 180, 186 

o 

mdllstnr oolnPO~nents 68 
refirWlg ltndU.Stry 68 

oils 
oleic imidazoline 271 
oppclsed 35 

.... uu·.,., .. "m SPlectl·OSCOPY 37 
drviltlQ; rt::sins 250 

oversize 41 
oxidation 

113, 131, 162, 174, 178, 181 
oxidation resistance 88, 186 
oxidativewear 216, 218 
oxide ceramics 77 

dispersions 126 
oxide films 207, 219 
OXYllc~flen~~ tOf;eD 31 

p 

129 

123 

oonstanlt fOlr salling 131 

Index 287 

250 
199 

139 

165 
252 

262 

62 

83 

248, 249 

post-treatment 30 
IJVl'vUUIU ..... "UUVI 100 
Pourbaix 99, 102 

98 
ICCI.! Ut::VII.JI:::;~ 85 

pre-treatment 30 
J)re(:arlxlriza~tion 146 
J)feJtereltltiai oorrosion attack 163 
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generating lindulstri;e8 113 
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pros:thes,es 200 

197 
PVD 13, 17, 35, 44, 46 

Q 

R 

Ra 204, 206 

rail tankers 68 
rake 43 
reactive elements 115 

reheaters 141 
194 

removal 
resin-based 
resin-bonded 

80 

252 
resin·bonded solid film lubricants 252 
resins 249 
resistance heated sources 33 

99 
REX7643 
RFI77 
rivet head 196 

193, 
robots 85 
rocket exhausts 199 

Rt 205 
rubber seals 252 
rubber wheel abrasion 242 

seizure 193 

semiconductor 272 
service environments 250 
severe wear 218, 219 
shafts 194 

44 
shear test 228 

195, 
201 

SiC 138 
268 

silica 115, 216 
silicones 250 

191 
SIMS 257 

131 

252 



solid lubricants 201 
solid-state corrosion 96 
-mhlhililtv Iii mit 26 
solvent 250, 251 
sorbent 143 

181, 
resolution 274, 266 

spectrometry 268 
81 

sputter 30 
deDosit~ed 34 

sputter sources 34 
snuner-CleanU1Q 32, 36 

240 

183, 220, 268 
stabilizers 56 

stator assemblies 162 
steam 141 
steel compressor components 165 

89 
194 

steels 161, 169 
;n¥~;;UUj"" HI,"' .... ., 221 
stellite 32 
StlC;i{-SllD 248 
stove 252 
strain harden 219 

167 
stress concentration 195, 201 
stress raisers 164 

substrate activation 84 
sulfinuz 28 

147 

114, 149, 172, 175 

142 
surface 256 

surface treatments 227 
92, 

swollen state 108 
svncrome!>h cones 89 

T 

TIS 43 
TaberVVearlndex 63 
taDlle gulGe lrOllS 89 

target 34 

textiles 90 
texture 204 
thermal 31 

264 

57 
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179, 186, 187, 188 
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thermal spray 10, 14 
thermal ".-.nnr £"''''''''''''0:" 

therm.aI 
thermal strain 186 
thermal treatments 23, 27 
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18 

diag:rams 118 
thermochemical treatments 27 
thermodlynaJrnics 99 

threaded fasteners 252 

SSIMS 271 
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mass spectroimeters 
mass spectrometry 275 

ttm€~tooweraruret~mm)nm~oo27 
221 

TiN coat 234 
titanium 170 

tool life 
tool 44 
tool surface finish 44 
tran:smis,sion electron, microsc;opv 60, 233 
transoollati()n 22 I 

31, 207, 
true area of contact 
tube banks 146 
Tufitride 28 

77 
turbine 172 
turbine blades 172, 180, 186 
fnTl"l.nll' I'l"Il"ftncro 1 78 

255 

WT[)lnecornponen,ts 158, 172, 175, 177 
turbo-fans 158 
rufl[,)O-let~ 158 
Wf()o-[}rotl~ 158 
turbo-shafts 158 

37 
twist drills 234 
type 310 stainless steel 119, 

hot corrosion 149 

u 

undercoat 70 
undersize 41 
Union Carbide 81 
urethanes 250 

V 

79 

80 

V~I"l" .......... II"'''''''',,", 186 

valence electrons 97 

video tape 264 

nol'ii'1'Jler~ 253 

121 

w 
washers 252 
water pump shafts 10 

32 
water vapour 139 
waterwall 141 

wear rate measurement 
wear resistance 

68, 10, 81, 90, 220, 221 
wear resistant 5 

223, 
wear transitions 218 
wear volumes 231 
we1!1:ht n~uc:tion 188 

31 
welds 199 
wet adhesion 110 
wheel hubs 221 
wrn~eHcm-~lXle asS€~mbtv 195 

33, 37 

x 

y 

Yankee drier rolls 90 
stabilised zirconia 172, 186 

z 
zinc 
zinc chromates 105 
zinc-rich base coats 1. 11 
Zr 128 
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