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Preface

Machining and machine-tools is an important subject with 
application in several industries. Parts manufactured by 
other processes often require further machining operations 
before the final product is made. Traditional machining is 
the broad term used to describe removal of material from a 
workpiece, and covers chip formation operations – turning, 
milling, drilling and grinding, for example. Recently, the 
industrial utilization of non-traditional machining processes 
such as EDM (electrical discharge machining), ECM 
(electrochemical machining) and USM (ultrasonic machining) 
has increased. Also, the performance characteristics of 
machine-tools and the significant development of existing 
and new processes and machines need to be considered. In 
Europe, the USA, Japan and countries of emerging economies 
machine-tools is a sector undergoing great technological 
evolution.

Machining processes can be applied to work metallic 
materials, polymers, wood, ceramics, composites, 
biomaterials, nanomaterials and other specialist materials.

This book aims to provide information on machining and 
machine-tools for modern industry. Chapter 1 provides an 
analysis of the evolution of acoustic emission signals for 
monitoring diamond-coated tool delamination wear in 
machining. Chapter 2 is dedicated to high-performance 
machining of austenitic stainless steels.
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Chapter 2 presents an analysis of forces monitoring in 
shape grinding processing of complex parts. Chapter 4 
covers optimization of minimum quantity lubrication in 
grinding with CBN (cubic boron nitride) wheels. Chapter 5 
is dedicated to EDM, in particular a study on machining 
characteristics of WC-Co composites.

Chapter 6 provides information on conventional and un-
conventional hole making in metal matrix composites 
(MMCs). Chapter 7 describes a laboratory machine for 
microelectrochemical machining. Finally, Chapter 8 is 
dedicated to a cam-driven electromagnetic mechanical 
testing machine.

The book can be used as a research tool for a final 
undergraduate engineering course or as a topic on machining 
and machine-tools at the postgraduate level. It can also serve 
as a useful reference for academics, manufacturing 
researchers, mechanical, manufacturing, industrial and 
materials engineers, and professionals in machining and 
related industries.

I would like to thank Woodhead Publishing for this 
opportunity and for their enthusiastic and professional 
support. Finally, I would like to thank all the chapter authors 
for their input.

J. Paulo Davim
Aveiro, Portugal
November 2012
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Analysis of acoustic emission 
signal evolution for monitoring 

diamond-coated tool 
delamination wear in 

machining
P. Lu1 and Y. K. Chou1

Abstract: Diamond-coated cutting tools have been utilized as 
a cost-effective alternative to brazed polycrystalline diamond 
tools in applications such as machining lightweight high-
strength materials (e.g. metal matrix composites). However, 
coating delamination is a major failure mode of diamond-coated 
tools, terminating tool life prematurely. Once delamination 
failure occurs, the tool substrate often suffers severe abrasive 
wear, leading to catastrophic tool failures thus interrupting 
machining operations. Accurate detection and forecasting of 
coating delamination events may thus prevent production losses 
and assist process planning. In this study, the characteristics of 
acoustic emission (AE) signals acquired during machining of 
an aluminum matrix composite using diamond-coated cutting 
tools were analyzed in various ways. The AE signals were 
analyzed in both the time and the frequency domains under 
various machining conditions and at different cutting times. 
The results from machining experiments and analysis indicate 
that it may be feasible to use AE signals to monitor the condition 

1 Mechanical Engineering Department, The University of Alabama, USA.
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of diamond-coated tools in machining. AE root-mean-squared 
values decrease considerably once coating delamination occurs. 
The results also indicate a correlation between tool condition 
and the fast Fourier transformation (FFT) spectra of AE raw 
data. The AE-FFT spectra with cutting time generally show a 
decreased intensity for the low-frequency peaks, but increased 
intensity for the high-frequency peaks. In addition, AE-FFT 
analysis of data from various time periods during one cutting 
pass clearly indicate coating failure transition. Further research 
using the short-time Fourier transform (STFT) method shows 
that during the coating failure pass, there is a clear increase 
in the amplitude ratio (1/value change) of the high- vs. low-
frequency component with cutting time, which captures the 
coating failure transition. Repeatable results indicate that 
the applied STFT method has the potential for monitoring 
of diamond-coated tool failure during machining. However, 
for coating failures associated with less tool wear (fl ank wear-
land width <0.8 mm), the amplitude ratio plot from the STFT 
analysis may not clearly identify the failure transition.

Key words: Acoustic emission, delamination, diamond-coated 
tool, machining.

1.1 Introduction

Synthetic polycrystalline diamond (PCD) is commonly used 
in industry to machine non-ferrous materials because of its 
exceptional tribological properties. However, the processing 
and fabrication of PCD tools are costly. On the other hand, 
diamond-coated tools created by chemical vapor deposition 
(CVD) on carbide substrates have been developed and 
evaluated in various machining applications (Kustas et al., 
1997; Grzesik et al., 2002), for example for machining high-
strength Al–Si alloys and aluminum matrix composites. 
Several previous experimental investigations have shown 
that coating delamination is the main mechanism that 
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dictates the life of diamond-coated cutting tools (Hu et al., 
2008a). Once delamination occurs, tool wear is rapid and 
can be catastrophic, causing parts to be rejected and possible 
damage to the machine tool. Moreover, delamination events 
are typically difficult to predict because of the complexity of 
the tool wear process. Thus, it is of interest for tool users to 
be able to detect coating delamination as a means of process 
monitoring. Among common sensors deployed in machining 
operations, acoustic emission (AE) sensors have been 
evaluated to monitor tool wear.

AE refers to the transient elastic waves generated during 
the rapid release of energy from a localised source within a 
solid. For metallic materials, acoustic emissions may be 
associated with plastic deformation, initiation and 
propagation of cracks, and frictional contacts between the 
tool, chip, workpiece, etc. Since the late 1960s, AE has been 
widely used to identify cracks in pressure vessels, bridges, 
hydroelectric dams, composite laminates, etc. (Beggan et al., 
1999). Among the wide range of non-destructive evaluation 
techniques for detecting cutting tool conditions, AE has been 
recognized as a feasible method for monitoring of in-process 
tool wear due to its sensitivity to tool wear (Iwata and 
Moriwaki, 1977). In machining, AE signals can be easily 
distinguished from signals associated with machine vibrations 
and ambient noise because of its high-frequency nature, for 
example from 10 kHz to 1 MHz (Dornfeld and Lan, 1983).

Dornfeld’s group at the University of California at 
Berkeley have perhaps been the pioneers in the study of AE 
signals in cutting and exploring AE applications for 
monitoring of machining processes. Dornfeld and Kannatey 
(1980) performed orthogonal cutting tests, varied the 
process parameters and recorded the AE signals generated. 
They noted a strong dependence of the AE root-mean-
squared (RMS) intensity on both the strain rate and the 
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cutting speed. Moreover, Lan and Dornfeld (1982) reported 
that the AE power spectrum is of high amplitude at a specific 
frequency range during tool fracture. In a separate study, the 
same authors reported that tool fractures and catastrophic 
failures generate burst AE signals (Dornfeld and Lan, 
1983).

It has also been observed that an abrupt transition of AE 
magnitudes may occur with progression of tool wear 
(Mukhopadhyay et al., 2006). By contrast, more recently, 
Feng et al. (2009) analyzed the influence of tool wear on a 
microgrinding process by analyzing AE signals, and the 
results showed that AE-RMS signals are not monotonic with 
tool wear magnitude, and thus may not be suitable for 
monitoring of tool wear. Haber et al. (2004) claimed that 
AE-RMS signals are robust and can provide a versatile 
means of detecting contact between the tool and the 
workpiece. In addition, it was pointed out that, from spectral 
analysis of AE signals, AE signals are very sensitive to the 
tool condition changes, with increasing amplitudes at a 
high frequency range, up to 160 kHz. More recently, 
Jemielniak and Arrazola (2008) used AE sensors to monitor 
tool condition in micromilling and reported that AE signals 
still show a dependence on tool wear in microscale cutting. 
Kanga et al. (2008) also applied AE sensors for tool 
condition monitoring in machining of small-scale parts. The 
authors argued that AE-RMS values can be used for tool 
condition monitoring.

Investigations of AE signals for tool wear monitoring of 
coated tools are relatively scarce, and even fewer literature 
sources indicate an understanding of AE characteristics and 
their relationship with the wear and failure mechanisms of 
coated cutting tools. Somasundaram and Raman (1993) 
conducted machining tests with different types of coated 
tools and noted that AE-RMS values vary with the coating 
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type and do not necessarily increase with tool flank wear. 
Moriwaki and Tobito (1990) reported that there was a 
transition from the burst-type to the continuous AE-RMS 
amplitude with the progression of tool wear. In addition, the 
RMS response increased in both amplitude and fluctuation 
as the tool was about to reach the end of its life. Cho and 
Komvopoulos (1997) performed fast Fourier transform 
(FFT) analysis of the AE signals collected when machining 
by coated tools. Their results indicated that coating 
delamination may produce high-frequency burst-type signals. 
Preliminary investigations by our lab (Hu et al., 2008b; Lu 
et al., 2009, 2010) applied an AE sensor to monitor coating 
failures of diamond-coated tools in machining. It was found 
that AE-RMS changes might be noticeably reduced before 
and after coating failure. Moreover, the frequency response 
of AE signals during machining may alter significantly 
before and after coating failure. In addition, burst signals of 
AE-RAW (raw) data were also noted, but not consistently. 
However, the results were not able to specify the failure 
transition period. It is possible that the diamond coating is 
brittle and failures may occur during entry or exit of the 
cutting tool, which may become difficult to identify by 
simply analyzing AE signals at different cutting passes. 
Thus, monitoring coating failures, especially the failure 
transition, via AE signals remains a serious challenge with 
regard to coated tools during machining operations. The 
primary objective of this study was to examine the AE 
signals produced when using diamond-coated tools in 
machining aluminum matrix composites, and to correlate 
AE characteristics with tool conditions, for example coating 
failures. This will potentially lead to more accurate detection 
and possibly forecasts of coating delamination events, 
thereby preventing production losses and assisting in process 
planning. The AE signals from different cutting passes in 
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machining by diamond-coated tools are analyzed in detail, 
for example AE-FFT spectra in subdivided cutting zones and 
the amplitude ratio of low vs. high frequency by using short-
time Fourier transform (STFT); the results are used to 
correlate the characteristics of AE signals with the tool 
conditions, especially coating failures.

1.2 Experimental set-up and methods

The tool substrates used to deposit diamond coatings were 
fine-grained tungsten carbides (WC) with 6 wt% cobalt, in 
the shape of square inserts (SPG422). Chemical etching 
pretreatment was applied to the samples with the aim to 
modify the as-ground surface before diamond deposition, 
improving adhesion of the coating by halting the effect of 
the cobalt binder in the cemented carbide substrate. The 
pretreatment conditions were selected from previous 
analyses. For the coating process, diamond films were 
deposited using a high-power microwave plasma-assisted 
CVD process. A mixture of methane in hydrogen was used 
as the feedstock gas. Nitrogen, maintained at a certain ratio 
to methane, was inserted to the gas mixture to obtain 
nanostructures by preventing cellular growth. The pressure 
was about 30–55 Torr and the substrate temperature was 
about 685–830 °C. The coating thickness varied from about 
5 µm to about 25 µm, as estimated from the tool cutting 
edge radius measured via an interferometer.

A computer numerical control lathe, Hardinge Cobra 42, 
was used to perform machining experiments, outer diameter 
turning, to evaluate the tool wear of diamond-coated tools. 
The set-up is shown in Figure 1.1. With the tool holder used, 
the diamond-coated cutting inserts formed a 0° rake angle, 
11° relief angle and 75° lead angle. The workpieces were 
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round bars made of A359/SiC-20p composite. The machining 
conditions used (e.g. cutting speed and feed) were varied for 
different tools used, except a fixed 1-mm depth of cut. 
Machining was conducted without coolant. Cutting inserts 
with different coating thicknesses (Table 1.1) were used in 
several tests to analyze AE signals collected during machining 

Figure 1.1 
Experimental set-up in a CNC lathe showing an 
AE sensor mounted on the tool holder (taken 
from Hu et al., 2008)

Table 1.1 

Diamond-coated cutting inserts with different 
coating thickness used in the experiment with 
different machining parameters (1 mm depth of 
cut for all cases)

Insert Coating thickness (μm) Cutting speed (m/s) Feed (mm/rev)

A, B, C  15 4  0.3

D  5–10 4 0.15

E  25 4 0.15

F  25 8  0.3

�� �� �� �� �� ��



Machining and machine-tools: Research and development

8

Published by Woodhead Publishing Limited, 2013

by diamond-coated tools. During machining testing, the 
diamond-coated cutting inserts were inspected, after each 
cutting pass, by optical microscopy to examine tool wear 
and diamond coating conditions, failure or not. Worn tools 
after testing, reaching above around 0.8 mm flank wear-
land width, were also observed by scanning electron 
microscopy (SEM) to examine tool wear patterns and sizes 
and to confirm coating failures. In addition, cutting forces 
were monitored throughout testing using a Kistler 
dynamometer, Model 9257B.

An AE sensor was employed to acquire data, both AE-
RMS and AE-RAW, during the entire operation of machining. 
The sensor used was an 8152B Piezotron AE sensor from 
Kistler, and the signal was first fed into a coupler, Kistler 
5125B, for amplification and post-processing. The time 
constant for the RMS values was 1.2 ms, and the calculation 
was conducted by the RMS converter inside the AE coupler 
according to Eq. 1.1. The resulting AE-RAW and AE-RMS 
data were digitized using an IOtech high-speed DAQ3000 
PCI board at 500 kHz sampling rate per channel. In 
addition, MATLAB software was used to evaluate the 
frequency response, using FFT analysis (Eq. 1.2), with the 
AE raw data at different cutting time. 

 U U dtRMS AE= ∫
1 2

0τ
τ     , [1]

where URMS is the voltage after the RMS converter, UAE is 
the raw data and τ is the time constant.

 U abs U jFFT k AE N
j k

j

N

( )
( )( )( ) ,=

⎛

⎝⎜
⎞

⎠⎟
− −

=
∑ ω 1 1

1

 [2]

where ω
π

N

i
Ne=

−2

, and is an Nth root of unity, UAE(j) is the jth 
member of the raw data with total length N, UFFT(k) is the 
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voltage corresponding to the kth member after FFT, and abs 
returns the value of the complex modulus or magnitude.

1.2.1 AE-FFT at different cutting passes 

To examine if quantitative information of AE-FFT evolution 
can be utilized to identify coating failures, the amplitudes 
associated with the low-frequency peak (about 25 kHz) 
and high-frequency peak (around 125–160 kHz) were 
recorded and analyzed for each cutting pass. Then, the 
amplitude of the high-frequency component and the low-
frequency component at different cutting passes can be 
plotted and compared. Figure 1.2 shows an example of the 
AE-FFT intensity (low and high frequencies) from the 
initial cutting to the tool failure cutting pass of 
diamond-coated insert F. During machining using insert F, 
the cutting tool failed around 25 s after three cutting 
passes. 

Figure 1.2 
AE-FFT intensity (high and low frequencies) with 
cutting time for insert F
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1.2.2 AE-FFT of a cutting pass with four 
divided subsets

The AE signals collected during the coating failure pass 
(confirmed by optical microscopy after machining) were 
further analyzed in detail; specifically, the AE-RAW data 
from the cutting pass were divided into four equal cutting 
periods and FFT analysis was further performed for each AE 
data subset. Figure 1.3 shows the AE-FFT spectra of insert 
F at each subset during the coating failure pass.

Figure 1.4 compares the AE-FFT intensity changes along 
the different cutting time subsets, both low and high 
frequencies, for insert F during the coating failure pass.
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Figure 1.3 

AE-FFT at different time periods for insert F 
during the failure pass: (a) first, (b) second, 
(c) third and (d) last 25 per cent cutting time of 
the entire machining pass
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1.2.3 STFT method

It was further speculated that finer cutting time subsets from 
a cutting pass (especially that when a significant event 
occurs) may be required to capture and show the coating 
failure transition, and thus the AE signals from different 
cutting passes were further analyzed based on the STFT 
approach. Similar methodologies have been applied in 
event-related desynchronization by Guilleminault (1997) 
and Sutoh (1997). Figure 1.5 shows a schematic of the 
STFT approach for one cutting pass. The procedure of this 
method is as follows. First, the AE-RAW data from a cutting 
pass are divided into many continuous subsets (e.g. n). Each 
subset has the same cutting time interval (e.g. 2 s), but 
overlaps with the contiguous subset, i.e. the previous subset 
data (e.g. subset 2), and can be 0.1 s earlier than the next 
subset (i.e. subset 1), where 0.1 s is the time increment. 
Therefore, a total of n data subsets can be extracted from 
one cutting pass. Next, each subset will be processed by the 

Figure 1.4 
AE-FFT amplitude comparisons in the 
four sub-periods during the coating failure 
pass of insert F
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FFT method, and the amplitude associated with the low-
frequency peak (about 25 kHz) and high-frequency peak 
(around 125–160 kHz) was analyzed and recorded for each 
subset to compute the amplitude ratio of the high vs. low 
frequency. The amplitude ratio is then plotted along the 
cutting time of a cutting pass, to hope to capture the 
magnitude transition for the high-frequency component. 
The advantage of this method is that the transition of the 
coating failure can be tracked continuously to detect the 
event, which can be found by the change of the amplitude 
ratio of the high versus low frequency. 

1.3 Results and discussion

In this study, machining tests were conducted first by insert 
F on A359 composite bars with a cutting speed of 8 m/s, a 
feed of 0.3 mm/rev and 1-mm depth of cut. After failure of 
insert F, AE signals, of different cutting passes, relating to 
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Figure 1.5 
Illustration of the short-time Fourier transform 
(STFT) method (from Lu et al., 2010)
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the time domain and frequency response, including RAW, 
RMS and FFT, were analyzed. Machining tests were further 
conducted by another two diamond-coated inserts (A and B) 
of a different coating thickness and machining conditions 
(cutting speed 4 m/s, feed 0.3 mm/rev). Inserts A and B 
failed at around 6 and 10 min, respectively. The AE-FFT 
from different cutting passes was analyzed, as well as that of 
four subsets from different cutting passes. Moreover, the 
STFT method was applied to the AE signals from different 
cutting passes. Insert C, which had the same coating 
thickness as inserts A and B, was used to test the repeatability 
of the STFT methodology, and inserts D, E and F were used 
to test the STFT method under different machining 
conditions.

1.3.1 AE-RAW, RMS and FFT from a cutting 
pass

Figure 1.6 shows an example of AE-RAW signals from the 
initial and tool failure cutting passes for insert A. Note that 
the cutting tool failed around just 352 s with a large patch 
of coating delaminated at the tool flank surface, as observed 
under optical microscopy, and that AE amplitudes reduced 
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Figure 1.6 
Raw AE signal for insert A at: (a) initial cutting 
pass and (b) tool failure pass
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noticeably during the cut, indicating significant events had 
taken place in the tool and the tool–workpiece as well as 
tool–chip contacts.

Figure 1.7 shows overlapping AE-RMS amplitudes 
between the initial cutting (first cutting pass of 30 s) and the 
tool failure pass (failure occurred after 352 s of total cutting 
time), clearly showing the coating failure effects on AE-RMS 
amplitudes. 

To investigate whether the same phenomenon could be 
observed for other inserts, machining tests were conducted 
on A359 workpieces by another diamond-coated insert (B). 
Figure 1.8 shows AE-RMS evolution during the coating 
failure pass from two identical cutting tests (same working 
conditions and same type of cutting inserts). One shows a 
clear failure transition (insert A, Figure 1.8a) while the other 
does not (insert B, Figure 1.8b). Therefore, AE-RMS alone 
from machining may not be sufficient to identify coating 
failure.

In addition, FFT analysis of AE-RAW signals was 
conducted. Figure 1.9 compares the FFT spectra from the 
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AE-RMS amplitude during initial cutting and tool 
failure pass for insert A (from Lu et al., 2009)
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initial cutting pass and the tool failure pass for insert A. As 
noted in Figure 1.9(a), i.e. initial cutting, the dominant peak 
appears around 25 kHz, which presumably is associated 
with chip formation. The remaining low-amplitude but high-
frequency components were due to tool-chip/workpiece 
friction, and possible fractures of the reinforcement phase, 
SiC particles, in the work material. For the tool failure pass 
(Figure 1.9b), the amplitude of AE signals decreased 
significantly. If the diamond coating is removed from the tool 
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AE-RMS during tool failure pass: (a) with clear 
failure transition period (insert A) and (b) without 
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2009)

Figure 1.9 
FFT spectra of raw AE signals from two cutting 
passes of insert A: (a) initial cutting and (b) final 
cutting (from Lu et al., 2009)
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substrate, chip formation and fragmentation were dramatically 
reduced and more energy was consumed to overcome 
rubbing of the substrate material against the machined 
surface. However, the relative intensity changed noticeably. 
The amplitude of low-frequency peaks (about 25 kHz) 
reduced with cutting time, but that of high-frequency peaks 
(around 125–160 kHz) increased with cutting time.

1.3.2 AE-FFT from different cutting passes 

Two tests (using two inserts A and B) performed under 
identical cutting conditions were conducted to machine the 
A359 matrix composite bars. Figure 1.10(a) plots AE-FFT 
magnitude changes, for insert A, with cutting time for low 
and high frequencies, revealing a clear failure transition. By 
contrast, Figure 1.10(b) plots AE-FFT magnitude changes 
with cutting time for insert B (unclear failure transition), 
also for low and high frequencies. Figures 1.11 and 1.12  
reveal a general trend of intensity reductions with cutting 
time. However, the fluctuation of the peak intensity makes 
specifying certain threshold values for identification of 
coating failure quite difficult.
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components with cutting time for (a) insert A 
and (b) insert B (from Lu et al., 2009)
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1.3.3 AE-FFT of subsets of a cutting pass

The AE signals during the coating failure pass were further 
analyzed in detail via AE-FFT with the cutting pass divided 
into four subsets. Figure 1.13 compares AE-FFT spectra of 
insert A at different cutting periods during the coating 
failure pass. A clear reduction in intensity is apparent, from 
period 2 to periods 3 and 4. 

Figure 1.14 plots AE-FFT intensity changes with cutting 
time, for both low and high frequencies, for two inserts 

5000
(a) (b)

4000

3000

2000

1000

0
0 50 100 150 200 250

Frequency (kHz)

A
m

pl
itu

de
5000

4000

3000

2000

1000

0
0 50 100 150 200 250

Frequency (kHz)

A
m

pl
itu

de
Figure 1.11 
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Figure 1.12 
AE-FFT of insert B: (a) initial cutting pass and 
(b) coating failure pass (from Lu et al., 2009)
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AE-FFT at different time periods for insert A 
during the coating failure pass: (a) first, (b) 
second, (c) third and (d) last 25 per cent cutting 
of the entire pass (from Lu et al., 2009)
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insert A and (b) insert B (from Lu et al., 2009)
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during the coating failure pass. For insert A, between periods 
2 and 3 the low-frequency peak decreases while the high-
frequency peak increases. Similar results can be observed 
from another insert (B) between periods 2 and 3. However, 
the results are fairly qualitative with regard to monitoring 
coating failure and sometimes the difference may not be 
sufficiently significant to discriminate the transition. It may 
be difficult to identify coating failures simply by analyzing 
AE signals of the cutting time subsets. A more definite 
method based on time increments may be needed to capture 
the transition during the coating failure pass.

1.3.4 AE-STFT method

From the previous results, during or after the coating failure 
pass, the high-frequency peak will increase while the low-
frequency peak will decrease. Thus, if the amplitude ratio of 
the high/low-frequency peak dramatically increases during a 
cutting pass, the coating failure pass will be identified and 
the transition can be captured accordingly by the STFT 
method. The AE-STFT method was used to analyze the AE 
signals from identical cutting tests for both insert A and B. 
Figure 1.15 first shows the amplitude ratio of the high/low-
frequency peak with the STFT method of insert A at (a) 
initial cutting, (b) prior to failure and (c) failure. Note that 
the change of amplitude ratios during the coating failure 
pass is different from those from the other two cutting 
passes; a clear increase (ratio change above 1) was noted 
during the coating failure pass, while only a few fluctuations 
were observed from the other two cutting passes (much less 
than 1). The result from the coating failure pass of insert B 
(Figure 1.16), however, is different from that for insert A, 
without any noticeable continued increase. 
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Amplitude ratio of the high/low-frequency 
components by the STFT method during 
different cutting passes of insert A: (a) initial 
cutting passes, (b) prior to failure pass and 
(c) failure pass (from Lu et al., 2010)
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By further examining the value of tool wear (Figure 1.17), 
it was found the flank wear-land width (VB) of insert B was 
much smaller than that of insert A, about 0.6 mm vs. 
1.7 mm. Thus, it is assumed that a certain tool wear size 
may exist below which actual coating delamination or 
failure cannot be identified via the STFT method. If further 
machining was conducted using this insert, the amplitude 
ratio of high/low-frequency peaks would reproduce the clear 
increase seen during the next cutting pass.

1.3.4.1 Repeatability test (insert C)

To test the assumption above with the AE-STFT method, a 
cutting test under identical conditions was conducted on 
A359 matrix composite bars using insert C (same coating 
thickness as inserts A and B, Table 1.1). Insert C failed after 
about 14 min of machining time. Figure 1.17 shows tool 
wear, flank wear-land width (VB), with cutting time of three 
inserts (A, B and C). Noticeable variation was observed. In 
general, the tools showed a gradual increase in wear followed 
by an abrupt increase in wear-land size after one or two 
passes. We conclude that, during these passes, coating 
delamination occurred and resulted in rapid wear of the 
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exposed substrate. Such tool wear behavior of diamond-
coated tools can be consistently observed, as seen from 
Figure 1.17, where the tool wear of inserts A, B and C 
showed a gradual increase followed by an abrupt increase.

Figure 1.18 plots the amplitude ratio of high/low-
frequency peaks vs. cutting time for insert C during the 
coating failure pass. It is clear that the change of the high/
low-frequency amplitude ratio during the coating failure 
pass is variable, with a sharp increase (value changes over 
1.5). The result is similar to that seen for insert A during the 
coating failure pass.

We conclude from the results above that if the flank wear of 
a diamond-coated insert exceeds a certain limit (e.g. 0.8 mm 
VB here), there will be a sharp increase in the high/low-
frequency amplitude ratio during the coating failure pass. 

1.3.4.2 Additional testing (inserts D, E and F)

To further examine the hypothesis that a sharp increase in 
the high/low-frequency amplitude ratio, from the STFT 
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failure pass for insert C (from Lu et al., 2010)
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method, will occur during the coating failure pass if the 
flank wear of an insert exceeds a certain limit, other 
diamond-coated inserts (D, E and F) were used to machine 
the A359 matrix composites under different conditions 
(coating thickness and machining conditions). Figure 1.19 
shows tool wear (VB) versus cutting time of inserts D, E and 
F, which had a coating thickness different from those of 
inserts A, B and C. In these tests, inserts D and E had the 
same machining parameters as inserts A, B and C for 
machining the A359 matrix composites. The VB values of 
the inserts all exceeded 0.8 mm after the final cutting pass.

Figure 1.20 shows the high/low-frequency amplitude ratio 
obtained by the STFT method during the coating failure pass 
for inserts D, E and F. The same sharp ratio increase during 
the coating failure pass was noted for all three inserts, except 
that insert E exhibited a decrease followed by a notable 
increase.

Based upon the results obtained, it can be confirmed that 
the amplitude ratio of the high-frequency component (about 
125–160 kHz) to the low-frequency component (about 
25 kHz) may be used to monitor and capture the coating 
failure event using the STFT of the AE raw signals.

0 0.5 1.5 2.51 2 3

D E F

VB

Cutting time (min)

0

0.2

0.4

0.6

0.8

1

1.2

Figure 1.19 
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cutting time (from Lu et al., 2010)
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1.4 Conclusions

Coating delamination is the primary failure mechanism of 
diamond-coated cutting tools in machining, and from a 
process monitoring viewpoint, it is necessary to accurately 
capture the coating delamination of diamond-coated cutting 
tools during machining operations. In this study, cutting 
experiments were designed and conducted to investigate AE 
signals generated during machining of A359/SiC/20p 
composite bars using diamond-coated cutting tools. AE 
signals were collected and analyzed thoroughly, in particular 
the frequency response during a cutting pass as well as along 
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Amplitude ratio of high/low-frequency 
components during the coating failure pass:
(a) insert D, (b) insert E and (c) insert F 
(from Lu et al., 2010).
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subdivisions of the cutting pass. The intent was to correlate 
the characteristics of the AE spectral components with 
coating delamination. The main results can be summarized 
as follows. 

AE-RMS values decrease significantly after coating 
delamination in a diamond-coated cutting tool during 
machining of A359/SiC-20p composites. However, in 
some cases, these may not show a clear transition linked 
to coating delamination.

Frequency analysis of AE signals indicates the transitional 
nature of the spectrum in terms of both amplitude and 
peak distributions. This implies that the frequency 
response of the AE signal may be a suitable technique to 
monitor the condition of diamond-coated cutting tools 
in machining.

The FFT spectra of AE data with cutting time generally 
show a decreased intensity for the low-frequency peaks, 
but increased intensity for the high-frequency peaks. In 
addition, the AE FFT spectra of subdivided cutting time 
zones during one cutting pass may clearly indicate the 
coating failure transition. However, this is rather 
qualitative for monitoring of coating failures and 
sometimes the difference may not be significant enough 
to discriminate the transition.

During a coating failure pass, there is a clear increase of 
the amplitude ratio (value change over 1) of the high- vs. 
low-frequency component with cutting time. The STFT 
method has potential for monitoring of diamond coating 
failure in machining. However, for coating failures 
associated with smaller tool wear (<0.8 mm VB), the 
amplitude ratio plot from the STFT analysis may not 
clearly distinguish the failure transition.
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High-performance machining 
of austenitic stainless steels

Ana Isabel Fernández-Abia,1 Joaquín Barreiro 
García1 and Luis N. López de Lacalle2

Abstract: Turning has been widely studied and documented. 
However, limitations still remain due to the absence of 
reliable information about certain materials. Such is the 
case for austenitic stainless steels. Despite the fact that these 
materials are of great economic and technological signifi cance, 
a lack of knowledge still exists about their behavior when 
machining. Nevertheless, stainless steels are one of the most 
widely used groups of materials, representing 10 per cent of 
the world’s steel production, and austenitic steels comprise 
70 per cent of all stainless steels. Characteristics that have 
a direct effect on the machining of these steels are analyzed 
here: the effects of the addition of different components on 
machinability, the effects that cutting parameters have over 
some thermomechanical properties by means of simulation 
tests, and the effects of cutting speed on tool wear, superfi cial 
quality, cutting forces and chip formation. These effects are 
studied for one of the most widely used austenitic stainless 
steels, AISI303, using both conventional (Vc < 350 m/min) 
and very high (up to 870 m/min) cutting speeds. Our fi nal 
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objective was to determine the behavior of austenitic steels 
under high-performance machining, with direct application to 
optimizing production processes.

Key words: Austenitic stainless steels, high-performance 
machining, high-speed machining, turning.

2.1 Introduction

The current highly competitive nature of industry has forced 
companies to increase the performance of their manufacturing 
processes. This provides a challenge for production companies 
to improve processes, so that product manufacturing can 
satisfy high manufacturing standards related to lead time, 
quality and cost. For the machining sector, new technologies 
have been developed in recent years, such as high-speed 
machining or high-performance machining. The main 
benefits of these technologies are the production of parts 
with improved superficial quality and higher dimensional 
precision, shorter manufacturing times and lower production 
costs. These improvements have been made possible through 
the evolution of machine tool technology, the development 
of new tool geometries and tool materials, and improved 
understanding of machined materials.

However, study of high-speed machining has focused in 
particular on milling operations in applications related to 
the mold industry, in either the aeronautical or the automobile 
sectors, production of stamps and dies, or machining of light 
alloys for the aerospace industry. On the other hand, 
although turning processes have been widely studied and 
detailed, limitations still exist for high-speed turning of 
particular materials, due to a lack of information about their 
behavior and characterisation. Such is the case of austenitic 
stainless steels; regardless of being materials of high economic 
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and technological importance, there are still few reliable 
data regarding the machining of these materials under high-
performance conditions.

Stainless steels represent 10 per cent of the world’s steel 
production and austenitic steels comprise 70 per cent of these. In 
accordance with data from the International Stainless Steels 
Forum (ISSF), world production of stainless steel is experiencing 
continuous growth and it is expected that consumption will 
continue to increase each year. In 2010, an increase of 24.9 
per cent took place, with production reaching a historical record 
of 30.6 million tons. In the first part of 2011, total production 
was 16.4 million tons. Figure 2.1 shows world production of 
stainless steel (in thousands of metric tons) over the last decade.

The reasons for the extensive use of stainless steels are 
obvious: stainless steel is a sustainable material with high 
durability. In addition, today environmental factors are of 
greater importance when selecting a material and stainless 
steels are unquestionably recyclable; it is possible to separate 
and recover them at the end of their useful life. Components 

Figure 2.1 
World production of stainless steel in the last 
decade. CEE, Central and Eastern Europe

Source: ISSF
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of stainless steels such as chromium, nickel and molybdenum 
are valuable and make recycling economically feasible. 
In contrast to other engineering materials, stainless steel 
can be recycled without suffering degradation.

Among stainless steels, the most widely used are austenitic 
steels owing to their excellent mechanical properties and 
corrosion-resistance. Today, stainless steels are used in 
numerous sectors, and are essential in the chemical, food, 
medical, civil construction and automotive industries. A 
high percentage of products in these applications require 
machining operations. 

One industry that needs stainless steels is the décolletage 
sector, where large series of parts of small and medium size 
are produced. In this sector the machining of components 
over very short production times is fundamental. Therefore, 
particular attention is given to turning operations of these 
types of materials to achieve improvement in performance, 
for example by using severe cutting conditions to reduce 
operation cycle time.

However, these materials are considered of poor 
machinability and tool makers recommend very conservative 
cutting speeds. The recommended range of cutting speeds 
for austenitic stainless steel turning is between 100 and 
250 m/min. For this reason, research into austenitic stainless 
steel turning has been carried out in the scope of this 
conservative cutting speed range relating to economical tool 
life. However, when considering automatic or unmanned 
machine tools with a sliding head, multi-spindle and single-
spindle CNC lathes or multitasking machines, where 
machine-hour cost is high, reducing operation times is 
essential for cost-effective operation. This objective is 
achieved by machining under severe cutting conditions. 
Although these conditions reduce tool life, in general the 
total cost charged over each machined part is reduced.
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In most cases, an increase in cutting speed improves 
productivity and reduces significantly the cost of parts 
because it reduces machine-hour cost, both general and 
manpower. On the other hand, an increase in useful tool life 
has a marginal effect. Therefore, to reach high levels of 
productivity and to take advantage of the capacity of modern 
machine tools, it is necessary to explore and characterize the 
behavior of the material and cutting tool when working at 
severe cutting conditions, i.e. when using values for cutting 
parameters superior to those used traditionally.

In this chapter, several aspects related to the turning of 
austenitic stainless steels using severe cutting conditions are 
analyzed. We examine the effect of using very high cutting 
speeds on cutting forces, integrity of the machined surface, 
chip formation and tool wear. 

2.2 Properties of austenitic stainless 
steels

Stainless steels are ferric alloys with a minimum 10.5 weight 
per cent chromium and a maximum 1.2 weight per cent 
carbon. Chromium is the main component providing 
resistance to corrosion, as it favors formation of a chromium 
oxide film that protects the underlying material from attack. 
Resistance to corrosion of these steels can be further 
improved with addition of other alloy elements such as 
nickel, molybdenum, nitrogen or titanium.

Remarkable changes are detected in the microstructure of 
stainless steels as a function of the content of carbon, 
chromium, nickel or other elements. Stainless steels can thus 
be classified in the following groups: ferritic, martensitic, 
austenitic, austenitic–ferritic (duplex) and hardened by 
precipitation.
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Among stainless steels, austenitic grades are the most 
widely used due to their high resistance to corrosion, 
excellent mechanical properties, good weldability and low 
maintenance cost.

The typical alloy elements of austenitic steels are chromium 
(16–26 per cent) and nickel (6–22 per cent), with very low 
carbon content (<0.1 per cent), which can be increased up to 
0.25 per cent when chromium and nickel contents are 
maximum. Nickel favors the gamma phase by enlarging the 
austenitic field.

Austenitic stainless steels have a single-phase structure 
formed by equiaxial austenite grains. The face-centered 
cubic (FCC) structure of austenite provides high ductility, 
good resistance to high temperatures and excellent resistance 
to impact, even at cryogenic temperatures. Austenitic 
stainless steels are not magnetic and their mechanical 
properties do not improve with thermal treatments. However, 
they can be hardened by cold-working.

Austenitic stainless steels have the largest number 
of alloys. Two groups may be mentioned here: chromium–nickel 
alloys (AISI300 series) and chromium–manganese–nickel 
alloys (AISI200 series). The first group is the most important 
and includes the most commonly used stainless steels. In the 
AISI300 series, the best-known representative is AISI304 
steel, also called 18-8 steel (18 per cent Cr – 8 per cent Ni).

By modifying their chemical composition and adding 
particular alloy elements, a great variety of austenitic 
stainless steels are produced with different mechanical 
properties and resistance to corrosion. For example, addition 
of 2 per cent molybdenum transforms 304 stainless steel to 
316 stainless steel, which offers higher resistance to pitting 
corrosion and improves behavior to corrosion under stress. 
When these materials are exposed to high temperatures 
(450–850 °C), chromium carbides are precipitated at grain 
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borders, causing a chromium fault in adjacent regions. 
This phenomenon is known as sensitization. Areas poor in 
chromium are less resistant to corrosion and are susceptible 
to inter-grain corrosion when they come into contact with 
an acid environment. To avoid this, stabilizer elements such 
as titanium, niobium or tantalum are added, which increase 
sensitization temperature to 1250–1350 °C. Another solution 
is to reduce the carbon content to below 0.03 per cent to 
produce the so-called low-carbon content steels AISI304L, 
AISI316L and AISI317L. With these steels, sensitization 
only occurs when exposing them to very high temperatures 
for very long periods.

Figure 2.2 details different austenitic stainless steels and 
the effect of alloy elements. 
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2.2.1 Machinability of austenitic stainless 
steels

Austenitic stainless steels have numerous applications, 
especially in the food, drink and pharmaceutical industries. 
The wide use of these materials is due to their good hygienic 
properties and excellent long-term performance. They are 
used extensively in storage of liquefied gases, kitchen utensils, 
surgical instruments, transport, residual fluid treatment, civil 
construction, and the aeronautical and naval industries. They 
are widely used in the production of critical components in 
chemical and nuclear plants due to good mechanical properties 
and high resistance to corrosion. As result of the huge 
number of applications, machining of stainless steels has 
increased notably: most of these products require, at least, 
one machining operation during their production process. 
The importance of stainless steels machining is corroborated 
by data provided by Sandvik (a leader in the production of 
cutting tools): approximately 30 per cent of turning tools are 
produced for the machining of stainless steels.

In this context, it is evident that machinability properties 
are an essential feature for stainless steel manufacturers, as 
an improvement in machinability has a great impact on 
competitiveness. Development of stainless steels with 
improved machinability and improvement of machining 
processes for these materials leads to substantial reductions 
in the production cost of components, enlarging the range of 
applications for these materials. In general, the machinability 
of stainless steels is inferior to that of common steels, being 
even lower for austenitic types than for ferritic and martensitic 
types, mainly due to the following:

The friction coefficient at the material–tool interface is, in 
general, higher for stainless steels than for other steels. 
This leads to more rapid degradation of tools. Among the 
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different types of stainless steels, austenitic steels are 
characterised by higher friction coefficients.

Stainless steels have a very low thermal conductivity 
compared with common steels, and is especially significant 
for the austenitic group. Heat generated in the cutting 
edge during machining operations cannot be dispersed 
easily through the machined part and accumulates in the 
cutting area. There is thus a temperature rise in the tool, 
which consequently suffers a decrease in life. Low thermal 
conductivity also affects formation of segmented chips.

The coefficient of thermal dilation for austenitic stainless 
steels is higher than that for carbon steels. This means 
added difficulty in maintaining machining tolerances.

Austenitic stainless steels present a large area of ductile 
strain. This explains the natural trend to produce very 
long chips or to generate a built-up edge. A common 
word for such steels is ‘sticky’.

The tendency to cold-work hardening is higher for 
stainless steels than for common steels. As a consequence, 
mechanical strength in the cutting area increases during 
chip removal, leading to higher forces over the cutting 
tool. Also, cold-work hardening implies an increase of 
superficial hardness in the machined part, which affects 
tool life in subsequent cylindering passes.

For all these reasons, austenitic stainless steels are considered 
to be difficult to machine. Their machinability improves 
slightly by adding alloy elements. For example, sulfur is 
added to generate globular inclusions of MnS in the main 
austenitic structure, which allows the use of higher cutting 
speeds and makes chip-breaking easier. This is the case of 
AISI303 stainless steel (0.3 per cent S). However, although 
improved machinability is achieved, addition of sulfur 
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decreases mechanical properties and resistance to corrosion. 
An alternative that does not affect mechanical or corrosion 
properties is addition of elements such as calcium, copper or 
bismuth (Akasawa et al., 2003; Liew, 2010).

Addition of inclusions to steel favors the formation of 
material layers that adhere to the tool surface, providing a 
positive lubricant action. This reduces the rate of tool wear 
considerably. There are different types of layers in this 
regard: layers coming from the work material, oxide layers 
due to chemical reactions between chip-tool and coolant, 
layers of plastic strain in the tool and material transfer layers 
(MTLs) or built-up layers (BULs).

In machining of austenitic stainless steels, both BUL and 
built-up edge (BUE) formation are of particular importance. 
A BUL is a layer that extends along the rake face of the 
cutting tool. This layer is usually of constant but lower 
thickness than the BUE that is formed in the tool tip.

Therefore, when sulfur-improved steels are being machined, 
a layer of MnS appears at the tool surface, which acts as a 
lubricant, reducing friction forces and reducing the 
temperature. The behavior of this layer in preventing tool 
wear is dissimilar at different cutting speeds. When machining 
at low or medium cutting speeds the MnS layer is stable and 
it acts as a protective barrier for tool wear. However, at high 
cutting speeds, the MnS layer becomes unstable, thin and 
viscous, and its capacity to prevent tool wear reduces 
significantly. As consequence, new steels have been developed 
with a controlled content of oxides (inclusions of CaO–
MnO–SiO2–Al2O3) obtained by de-oxidation of steel, with 
the objective of increasing the stability of the MnS protective 
layer at high cutting speeds. This treatment also improves 
machinability at conventional cutting speeds. 

When cutting speed increases, a displacement of the MnS 
layer takes place from the tool rake surface toward the flank 
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surface. In fact, what occurs is that this layer becomes 
unstable in the rake surface and it becomes more stable in 
the flank surface, so tool wear rate in the tool flank decreases 
and tool wear in the crater predominates.

Therefore, for machining of austenitic stainless steels at 
high cutting speeds it is convenient to have optimized cutting 
tools to support wear in the crater.

On the other hand, the low thermal conductivity of 
stainless steels prevents dissipation of heat generated in the 
cutting area, and therefore temperature increases. High 
temperatures together with high ductility of the austenite 
phase increase material adhesion on the tool surface, causing 
BUE formation. A BUE increases tool wear rate and can lead 
to uncontrolled tool edge breaking, resulting in superficial 
integrity of the machined part. Development of a BUE 
depends to a great extent on temperature and as such can be 
controlled via cutting speed. At high cutting speeds, 
temperature increases and strength of the BUE decreases, 
coming off the tool. The recurrent process of BUE formation 
and BUE detachment produces variations in cutting forces at 
low frequencies (100 Hz) causing irregular tool wear. This 
behavior makes it difficult to estimate tool life when 
machining stainless steels.

Work hardening with austenitic stainless steels produces 
hard surfaces and chips that may cause notch wear due to 
repetitive micro cracks. Also, austenite produces long and 
continuous chips that are difficult to break. Therefore, 
careful design of chip breaker geometry is necessary.

To face machining austenitic stainless steels under severe 
conditions, optimisation of tool geometry and tool material 
is essential. With regard to tool geometry, a very sharp edge 
is recommended to minimise material strain and produce a 
softer cutting with lower cutting forces. The use of physical 
vapor deposition (PVD) techniques for tool coating produces 
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edges of high sharpness, whereas chemical vapor deposition 
(CVD) produces more rounded edges. The use of positive 
rake angles and wide chip breakers favors continuous 
cutting and smooth exit of chips, reducing the heat generated 
by friction.

The tool material must have good hardness at high 
temperatures, excellent resistance to abrasive and diffusion 
wear, and low tendency to adhesion. These properties are 
provided by coated carbide tools, which are the best option 
for machining austenitic stainless steels.

2.2.2 High-performance machining and 
high-speed machining

In the context of metal machining, improved competitiveness 
comes not only through improvements in productivity; strict 
dimensional precision and superficial quality are demanded 
at reduced time and cost. Today, the main objective of 
machining is to maximise material removal rate while 
minimising tool wear, satisfying GD&T (geometric 
dimensioning and tolerancing) and superficial quality, and 
carrying out unmanned operations ecologically. 

This complex objective is termed ‘high-performance 
machining’, and in some sectors, such as automotive, 
aeronautics, machine tools or molds manufacturing, is 
considered to be strategic.

High-speed machining (HSM) allows the objectives of 
high-performance machining to be achieved. HSM involves 
a high feed rate and cutting speed, although there are no 
specific values for these parameters when a machining 
process is carried out at high speed. The term HSM is 
relative and depends on the machined material; significant 
differences in cutting speeds are found among different types 

�� �� �� �� �� ��



High-performance machining of austenitic stainless steels

41

Published by Woodhead Publishing Limited, 2013

of materials. For example, machining aluminum at 1.800 m/
min is easier than titanium at 180 m/min due to the influence 
of tool life.

Considerable research in the field of HSM has been made 
in recent years, and has been related to diverse aspects: the 
mechanism of chip formation, evolution of cutting forces, 
cutting temperature, tool wear mechanism, and superficial 
quality or integrity of the part surface. 

Several conclusions have been made regarding the effects 
of machining at high cutting speeds. The behavior of cutting 
forces in HSM cannot be predicted using Merchant’s cutting 
model (Merchant, 1945) because this model does not 
consider cutting speed as an analysis factor. Other models 
exist, such as that developed by Mathew and Oxley 
(Hastings et al., 1980), which do take into consideration the 
effect of cutting speed. According to the Mathew and Oxley 
model, cutting force decreases at moderate increases in 
cutting speed. Over a particular range of cutting speeds, 
depending on the specific behavior to work hardening of 
each material, cutting forces then increase progressively.

Various explanations have been given for the reduction of 
cutting forces with increase of cutting speed when working at 
low or moderate cutting speeds. The shearing angle increases 
with machining speed due to a reduction in thickness in the 
sliding area and friction coefficient at the chip–tool interface. 
An increase of shearing angle reduces the area of shearing 
plane and, consequently, cutting forces decrease (Sutter and 
Molinari, 2005). Other authors (Pawade et al., 2007; Fang 
and Wu, 2009) have justified this behavior through material 
thermal softening at high cutting speeds. An increase of cutting 
speed causes an increase of temperature, thereby increasing 
deformation and flow of material, which in turn lowers cutting 
forces. On the other hand, the high cutting forces at very low 
cutting speeds can be explained by BUE formation.
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At low and moderate cutting speeds, the effect of work 
hardening in some materials leads to an increase of cutting 
forces, while other materials experience adiabatic sliding 
that favors a reduction of cutting forces. This behavior has 
been explained by a change in shearing deformation when 
the strain rate exceeds a critical value. Heat generated by 
severe plastic deformation causes a local increase of 
temperature and therefore material strength decreases. On 
the other hand, due to the high strain rate the material 
suffers work hardening. When thermal softening overcomes 
the work hardening effect, a local strain band is formed 
through which chips can slip, leading to reduced cutting 
forces. The cutting speed at which this change in behavior is 
observed differs for different materials.

Other authors have focused on the mechanism of chip 
formation in HSM (Ekinovic et al., 2002; He et al., 2002; 
Dolinsek et al., 2004). A transition from continuous to 
segmented chips is observed for most materials with 
increasing cutting speed. Sullivan et al. (1978) showed that 
the transition from continuous to segmented chips occurs at 
35 m/min for austenitic stainless steels. This cutting speed is 
very low due to the poor thermal conductivity of austenitic 
stainless steels, the compact hexagonal structure and the 
high hardness of the segmented chip as a result of adiabatic 
slipping. The negative aspect of segmented chips is instability 
and chatter.

HSM improves superficial finish and therefore fewer 
finishing operations are required. Several researchers have 
shown that an increase in cutting speed produces a decrease 
in superficial roughness (Ra, average roughness) (Yousefi 
and Ichida, 2000; Davim, 2008). This due to the disappearance 
of BUEs at higher cutting speeds (Astakhov, 2006). And 
Chen (2000) explained this based on the lower plastic 
behavior of steels at higher strain rates. 
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However, the negative effect associated with HSM is the 
rapid degradation of the cutting tool. Temperature at the 
chip–tool interface increases at high cutting speeds, which 
accelerates tool wear significantly. The main type of wear at 
high cutting speeds is diffusion wear. The development of 
cutting tools that are able to resist high temperatures is 
therefore of primary importance. However, each operation/
part material combination requires a specific tool material, 
as the mechanism of chip formation and tool wear changes 
for each case.

2.3 Machining study of austenitic 
stainless steels at high performance 
conditions

The results obtained from machining tests are discussed 
below. These results allow us to analyze the behavior of 
austenitic stainless steels in the context of high-performance 
machining. 

2.3.1 Description of material and 
equipment 

We focus on AISI303 steel, a chromium–nickel austenitic 
stainless steel modified by the addition of sulfur to improve 
machinability. This steel is widely used for the production of 
large series using unmanned machine-tools.

The chemical composition and mechanical properties of 
AISI303 steel are given in Table 2.1.

The most common shape for this steel is a rolled bar. When 
the bar needs to be calibrated, i.e. its dimensions better 
controlled, then it is stretched. This causes plastic deformation 
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of inclusions on the outside of the bar, which makes them 
smaller. Figure 2.3 displays photomicrographs showing this 
effect and its influence on machining operations.

The structure of austenite is shown in these images 
together with the presence of manganese sulfurs. Sulfurs on 
the outside of the bar are smaller than at the bar center, 
although the percentage of these sulfurs is similar in both 
areas. The deformed area is less than 0.5 mm wide and 
hence it does not affect the cutting processes. Figure 2.4 
shows a general scheme of the equipment and software used 
to carry out the experiments.

A dynamometric plate was used to measure cutting forces. 
This was installed in a tool holder so that forces are measured 
directly in the tool, as shown in Figure 2.5. The electric signal 
generated by a quartz transducer is amplified and filtered 
using a load amplifier that generates an output of ±10 V 
analog voltage. The conditioned signal is fed to a computer 
equipped with an acquisition card configured at 200 kHz 
sampling frequency. DasyLab software was used for handling 

200μm 200μm

Figure 2.3 Photomicrographs of AISI303 (×200)
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Figure 2.4 Scheme of the experimental equipment 

Figure 2.5 
Directions of the three components of cutting 
force acquired by a Kistler 9121 dynamometer
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force signals. Average values were used for each of the three 
force components (Fx, Fy and Fz) along a machining pass.

Control of the superficial finish was performed with a 
Class 1 inductive perthometer with ±5 per cent accuracy. Ra 
(average roughness) and Rt (maximum depth of roughness) 
values were used as specified by the ISO4288 standard. 
Exploration length was 4.8 mm and cut-off 0.8 mm. Three 
measures were acquired over machined specimens and 
average values for each were calculated. Sampling areas for 
roughness evaluation are indicated in Figure 2.6; the ends of 
the machined surface were discarded to avoid the disturbing 
effect of tool input and output.

Images of the tool flank face, rank face and tool tip were 
acquired to measure tool wear. Tool wear was later measured 
based on the directives of the ISO3685 standard. The 
equipment used for image acquisition included a 1/3-inch 
CCD B/W camera with a frame grabber card, an optical 
system comprising an OPTEM 70XL industrial zoom with a 
1× extension tube and 2.0× lens. A regulated light source 
provides an intense cold illumination (Figure 2.7).

Figure 2.6 
Areas for roughness measurement in the 
machined specimen
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Additionally, scanning electron microscopy (SEM) of 3.5-
nm resolution and energy-dispersive X-ray spectroscopy 
(EDX) were used. 

2.3.2 Definition of the optimal parameter 
window for high-performance turning of 
austenitic stainless steels 

Simulation of the cutting process allowed us to carry out 
virtual design of the experiments, from which information 
could be extracted regarding viability of the process. The 
influence of a particular geometry or specific tool material 
on cutting forces and temperature could thus be analyzed. 
Finite element analysis is widely used for calculation of 
stress and thermal fields and for analyzing shearing areas 
(primary, secondary and tertiary) that appear in the 
material when it is machined with different tool geometries. 
Study of tool heating during machining is also of great 
interest, as it has important consequences for determining 
tool life. 

(a) (b)

Figure 2.7 
(a) Equipment for image acquisition, and 
(b) software developed for tool wear 
measurement
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In the context of high-performance machining, a series 
of simulations were carried out with the objective of 
analyzing the influence of various process parameters 
(cutting speed, feed rate, depth of cut) on cutting forces, 
temperature at the chip–tool interface, generated stresses 
and chip geometry.

Simulations were carried out with AdvantEdge™ software 
developed by ThirdWave Systems specifically for analysis of 
machining operations. This software integrates finite element 
numerical techniques and material modeling using Lagrange 
formulation with remeshing. Maranhao & Davim (2010) 
used this software to check that the predicted results are 
close to those obtained experimentally when machining 
austenitic stainless steel. 

The following stages were performed for the machining 
tests:

Stage 1. First tests were carried out to validate the AISI303 
steel constitutive equation included with the software. 
Validation tests were used to compare the tangential 
component of the cutting force, obtained experimentally 
with the dynamometric plate, with that obtained by 
simulation using AdvantEdge. The turning tests covered a 
wide range of cutting conditions (Table 2.2), including 
cutting speeds typical of high-performance machining for 
austenitic stainless steels. Simulations were performed with 
the orthogonal cutting module described in Figure 2.8 where 
part and tool are represented.

To model the thermo-viscous-plastic behavior of the 
work material, the software uses a constitutive equation 
that is a variant of the Johnson–Cook law considering 
work hardening, strain rate and thermal softening, 
according to:
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Figure 2.8 Orthogonal cutting scheme

Source: Third Wave Systems

Table 2.2 Cutting parameters used in validation tests

Test no. Vc (m/min) fn (mm/rev) ap (mm)

1 450 0.1  1

2 450 0.2  1

3 450 0.1  2

4 450 0.2  2

5 600  0.15 1.5

6 750 0.1  1

7 750 0.2  1

8 750 0.1  2

9 750 0.2  2
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[2.1]

where:

σ– is effective stress (Von Mises stress)

g is yield stress

εp is plastic strain

ε0
p
 is strain rate of reference

m1 and m2 are sensibility exponents to low and high 
strain rate, respectively

εt is strain rate limit between the two regimes

n is an exponent of work hardening

T is temperature

σ0 is initial yield stress at the reference temperature T0

ϕ(T) is a factor of thermal softening in the range 0–1.

Input parameters to perform the simulation are summarised 
in Table 2.3.

Figure 2.9 shows the results obtained. Experimental forces 
are higher than those obtained by means of simulation in 
tests carried out at a feed rate (fn) of 0.1 mm/rev and they 
are lower at fn = 0.2 mm/rev. The figure also indicates that 
the trend in force evolution is similar both in experimental 
and in simulated tests, with average deviations of about 10 
per cent.
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Once the model has been validated, it can be used to 
obtain a first approach to the effects that cutting parameters 
have on specific thermo-mechanical variables, such as 
temperature, stress and strain. These aspects provide wide 
knowledge of the processes and constitute the starting point 
for optimisation of cutting operations, helping in selection 
of cutting conditions and tool geometries.

Table 2.3 
Input parameters for simulation with ThirdWave 
AdvantEgde

Workpiece

        Workpiece length 5.0 mm

        Workpiece height 2.0 mm

        Workpiece material AISI 304

        Hardness 169 HB

Tool

        Cutting edge radius 0.02 mm

        Rake angle –6°

        Relief angle 6°

        Tool material Carbide, Grade M

        Coating material (three layers) TiC: 0.03 mm
Al2O3: 0.02 mm
TiN: 0.02 mm

Process 

        Feed 0.1–0.15–0.2 mm/rev

        Depth of cut 1–1.5–2 mm

        Length of cut 5.4 mm

        Cutting speed 450–600–750 m/min

        Initial temperature 20 °C

        Friction Default

        Coolant Not used

Simulation

        Standard mode

        Chip breakage
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Stage 2. The next task was to carry out a series of 
simulations to analyze the influence of cutting speed on 
cutting forces, shearing angle, temperature at the chip–tool 
interface, strain rate and chip morphology. A wide range of 
cutting speeds between 37 and 870 m/min were used with 
feed rates of 0.1 and 0.2 mm/rev. Figure 2.10(a) shows the 
cutting forces obtained. There is a small decrease of the 
forces at higher cutting speeds, and this is more pronounced 
at higher feed rates (equivalent to higher chip load).

Figure 2.10(b) shows normalised cutting forces with 
regard to chip load. The specific cutting force is higher for 
smaller chip loads, i.e. material removal is energetically 
more expensive when chip load diminishes. 

When shearing angle is measured for the two feed rates 
(or chip loads), an increase is observed with cutting speed 
(Figure 2.11). This increase in shearing angle leads to an 
increase of the cutting relationship (h/hc) and, as result, 
cutting forces and strain decrease.

Figure 2.9 
Comparison between simulated and 
experimental tangential forces over a wide 
range of cutting conditions
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Figure 2.12 plots temperatures in the tool rake and flank 
surfaces for different cutting speeds. The zero point on the 
horizontal axis corresponds to the rake face and flank face 
intersection. The highest temperature in the tool area is 
located at a certain distance along the edge, in the tool rake 
surface, after which there is a sudden decrease of temperature. 
This decrease is more pronounced for higher cutting speeds.
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The ability to predict cutting temperature and its 
distribution is important in determining the cutting speed 
that maximises material removal rate while controlling tool 
wear. The chemical components of the tool can be affected 
by a diffusion process if a critical temperature is reached. 
Figure 2.12 reveals a substantial increase of temperature at 
higher cutting speeds, reaching values above 800 °C for 
cutting speeds higher than 450 m/min. Given that tool 
carbides do not bear temperatures above 800 °C, machining 
at cutting speeds over 450 m/min is not recommended when 
using uncoated carbide tools. However, when using coated 
carbide tools the coating (aluminum oxide layer) works as a 
thermal barrier, and therefore machining at high temperatures 
is possible.

The thermal energy generated per unit of volume and 
temperature in the chip–tool interface increases at higher 
cutting speed (Figures 2.13 and 2.14). This increase is 
greater above 450 m/min. In machining operations, a great 
amount of energy is transformed to heat associated with 
plastic deformation. If strain rate is high, or material thermal 
conductivity is low, then there is not enough time to dissipate 
the heat to the material surroundings and therefore the tool 
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heats up. This temperature increase causes material thermal 
softening, inducing a decrease in cutting forces and in the 
energy required for deformation process.

Figure 2.15 shows material strain rate for different cutting 
speeds. Strain rate is higher at greater cutting speeds, as the 
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Figure 2.13 
Thermal energy by unit of volume with respect 
to Vc
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tool moves more quickly and therefore material deformation 
is faster.

During cutting the strain rate reaches values between 104 
and 70 × 104 s–1 for the highest cutting speeds. The behavior 
of steels at high strain rates is different from that under 
static or quasi-static conditions. Several authors have studied 
the effect of strain rate on plastic deformation of stainless 
steels and their micro-structural evolution (Woei-Shyan and 
Chi-Feng, 2001; Umbrello et al., 2007). These studies have 
shown that plastic deformation and grade of work hardening 
are sensitive to temperature and strain rate. Therefore, to 
model the behavior of materials under these conditions, 
equations that consider the effects of strain rate and 
temperature on material plastic deformation are necessary. 
These equations must be valid over a wide range of cutting 
speeds and temperatures. The equations developed by 
Zerilli-Armstrong and Johnson-Cook, among others, are 
commonly used to simulate such processes. 
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Values for chip thickness were measured (Figures 2.16 and 
2.17). Chip thickness was lower at increased cutting speeds. 
Lower chip thickness facilitates chip deformation, increases 
bending radius and therefore makes chip breaking easier. 
High cutting speeds are thus beneficial for chip breaking. 

Stage 3. Further simulations were carried out with the 
objective of determining specific cutting energy and size 
effect in turning of AISI303 steel. 

A parameter indicating process efficiency is the energy 
consumed by a unit of volume of removed material, i.e. 
specific cutting energy (Ps):

3
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Chip formation versus cutting speed 
(fn = 0.1 mm/rev)
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where Fc is the main component of the cutting force and Ac 
is the section of non-deformed chip. The value of the specific 
cutting energy is useful to provide a first idea of the forces 
required for machining a specific material. This parameter 
varies considerably for each material and is affected by 
changes in cutting speed, feed rate and tool geometry. 
However, in a first approach, for a particular tool rake angle 
and high cutting speed and feed rate, values of Ps can be 
considered to be constant. The value of Ps obtained in our 
simulation tests was around 1700 N/mm2.

However, above a threshold value of non-deformed chip 
thickness, Ps experiences exponential growth. When using 
small chip sections, specific cutting force and power are 
higher. This behavior is known as a ‘size effect’ and refers to 
the increase of specific cutting energy for low values of non-
deformed chip thickness. This phenomenon results from the 
fact that tool edge radius can no longer be considered to be 
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insignificant. In this case, the distribution of cutting force 
along the tool edge radius needs to be considered. The 
resulting force over the tool comprises the force in the 
cutting speed direction and thrust force. Thrust force does 
not contribute to material removal; it is the combination of 
the force that acts on the tool tip and the friction force 
acting on the tool flank surface. Thrust force remains 
constant at decreasing cutting thickness, so that for high 
values of non-deformed chip thickness thrust force constitutes 
a small proportion of total force. However, for small values 
of non-deformed chip thickness thrust force is proportionally 
high and cannot be ignored.

This effect was simulated using ThirdWave software 
obtaining Ps curves for different chip thickness. A set of 
simulation tests were carried out using the cutting conditions 
indicated in Table 2.4. Ps curves were obtained for different 
cutting depths while maintaining cutting speed at 450 m/
min. The results are shown in Figure 2.18. Specific cutting 
energy grows exponentially for values of feed rate lower 
than 0.1 mm/rev.

Figure 2.19 shows the evolution of cutting force components 
with feed rate. A linear dependency is observed. 

Simulations of the cutting operation by finite element 
analysis provide information about chip removal without the 
need for expensive experimental tests. It proved useful to 
analyze changes in cutting forces, cutting temperature, 
shearing angle, strain rate, chip morphology and chip breaking 

Table 2.4 
Cutting conditions used in the simulation tests 
with ThirdWave AdvantEdge

Vc (m/min) 450

ap (mm) 1–1.5–2–2.5

fn (mm/rev) 0.03–0.05–0.07–0.1–0.2–0.3–0.4
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for several cutting conditions. These variables show considerable 
variations mainly due to changes in cutting speed.

The results provide a first approach to adjust cutting 
conditions and provide data about several parameters that are 
difficult to measure. However, experimental tests are required 
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to complete and adjust the simulation results. Finite element 
analysis makes use of simplifications and suppositions ignored 
by the user. These simplifications can lead to variations in the 
results and consequently model validation is necessary. The 
next section affords this validation for AISI303 stainless steel. 

2.3.3 Effect of cutting speed in high-speed 
machining of austenitic stainless steels: 
experimental study

This section describes the results obtained from machining 
tests using very high cutting speeds. Machining was carried 
out using AISI303 austenitic stainless steel. Machining 
operations were longitudinal turning and part specimens 
were bars of 180 mm length and 60 mm diameter. Coolant 
was not used in order to analyze the behavior of stainless 
steels under dry machining conditions. Dry machining 
satisfies the current trend of ecological machining, and does 
not modify the results when making comparative analysis of 
the chemical composition of worn tool surfaces. 

Machining tests were carried out over a wide range of 
cutting speeds (Table 2.5), beyond the range recommended 
by tool manufacturers (180–250 m/min). Feed rate and 
depth of cut were fixed at 0.2 mm/rev and 1 mm, respectively, 
which are within the range of cutting conditions recommended 
by tool manufacturers. As discussed, they were not modified 
due to the adverse effect that these parameters have on the 
machined surface quality and cutting forces during turning. 

Table 2.5 Cutting conditions used in turning tests

fn (mm/rev) 0.2

ap (mm) 1

Vc (m/min) 37 75 150 300 450 600 750 845 870
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A 5.5-µm CVD multi-layer coated (TiCN, Al2O3, TiN) 
cemented carbide cutting tool was used, with sub-micrograin 
size and 8–10 per cent cobalt binder. The tool was a 
commercial-grade insert with TNMG 160408 geometry.

All machining tests were carried out using new edges 
without wear. Cutting forces, part roughness and superficial 
integrity, tool wear and chip geometry were measured during 
the operation. Nine metallographic probes, one for each 
cutting speed, were used to analyze superficial damage 
suffered by part material. Figure 2.20 shows one of the 
probes with corresponding metallographic image and marks 
corresponding to micro-hardness at different depths.

2.3.3.1 Influence of cutting speed on cutting 
forces

The evolution of tangential cutting force (Ft) as a function of 
cutting speed is given in Figure 2.21. The tangential cutting 

Figure 2.20 
Probe, photomicrograph and micro-hardness 
measurement for AISI303
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force component is approximately twice the other two force 
components. Note that when cutting speed is increased from 
35 to 450 m/min, cutting force first decreases and then 
increases. This behavior has also been observed in machining 
of titanium alloys (Sun et al., 2009) and medium carbon 
steels (42CrMo4) (Sutter and Molinari, 2005).

This change in the trend of cutting forces with cutting 
speed can be explained by the balance between strain rate 
hardening and thermal softening, which are found in the 
well-known Johnson–Cook equation (Eq. 3.4) explaining 
the viscoplastic behavior of materials. This law expresses the 
flow stress (σ) as a function of strain (ε), strain rate (ε.) and 
temperature (T):
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In the first part of the curve in Figure 2.21 (below 400–
450 m/min) cutting forces decrease with increasing cutting 
speed. In this case, the thermal softening factor [1 – TM

H] 
predominates in the Johnson–Cook equation. Due to the 
low thermal conductivity of AISI303 steel (15 W/mK), heat 
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Figure 2.21 
Relationship between tangential cutting force 
and cutting speed (fn = 0.2 mm/rev; ap = 1 mm)
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generated during machining cannot be dissipated quickly. 
This causes an important increase in temperature in the chip 
deformation areas and consequently thermal softening of 
the work material; there is therefore a decrease in the cutting 
forces.

In the second part of the curve, cutting forces increase 
with further cutting speed increases. Now, strain rate

hardening factor 
1

0

+
⎡

⎣
⎢

⎤

⎦
⎥C p

•

•

•ln
ε
ε  predominates in Eq. 2.3. 

At these cutting speeds strain rate is high, around 105 s–1; the 
significant sensibility of austenitic stainless steels to strain 
rate leads this factor to predominate over thermal softening 
and, as a consequence, cutting forces tend to increase. This 
agrees with the classic theory exposed by Oxley that 
considers the effect of work hardening, strain rate and 
temperature on the properties of materials (Oxley, 1989).

Therefore, 450 m/min is the cutting speed at which a 
change in behavior of the material takes place during the 
shearing process.

2.3.3.2 Influence of cutting speed on superficial 
finish

Table 2.6 shows the values obtained for surface roughness 
and maximum peak to valley height in the machined surface 
for different cutting speeds. These values are calculated as 
the average of six measurements.

Theoretical values of Ra and Rt can be estimated by means 
of the well-known Eqs 2.4 and 2.5, respectively. These 
equations consider roughness as a function of feed rate (fn) 
and tool nose radius (rε). Accordingly, roughness values for 
the cutting conditions used in the tests are 1.5 and 6.25 µm, 
respectively. These theoretical values are lower than the 
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measured values, due to surface finish being conditioned by 
additional factors related to machining stability, work 
material, tool wear or machining conditions.

 R
f

ra
n

n

=
2

32×
 [2.4]

 R
f

rt
n

n

=
2

8×
  [2.5]

Among the experiments, the surface machined at 600 m/min 
presents the lowest Ra (1.66 µm) and Rt (8.84 µm) values. 
Surfaces machined at 37 and 750 m/min are characterized by 
higher Ra and Rt values due to vibrations (unstable machining) 
during cutting. The variation in amplitude of cutting forces 
(Fmax – Fmin) is maximum for the three force components at 
37 and 750 m/min, giving an idea of the instability of the 
cutting process. Meanwhile, the minimum force amplitude is 
reached at 600 m/min (Figure 2.22), which indicates stable 

Figure 2.22 
Relationship between cutting force amplitude 
and cutting speed
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machining conditions and minimum values of roughness, as 
previously indicated. This corroborates the idea that roughness 
depends on cutting parameters and tool vibrations (Abouelatta 
and Mádl, 2001; Lu et al., 2010).

2.3.3.3 Influence of cutting speed on part 
surface integrity

The action of machining modifies the part surface. The 
affected layer can reduce the mechanical properties and 
resistance to corrosion of austenitic stainless steels, reducing 
the useful life of products. Fatigue, fluency and corrosion 
initiate in the surface layer and they depend, to a great 
extent, on surface quality. Therefore, analysis of the condition 
of the machined part surface is necessary.

Scanning electron micrographs of the part surface were 
acquired to evaluate superficial defects caused by the turning 
operation at different cutting speeds (Figure 2.23). The change 
in the behavior of the material discussed above is also detected 
in the quality of machined surfaces at different cutting speeds. 
Surfaces machined at low cutting speeds (37–300 m/min) 
show cavities, metal debris and feed marks with smeared 
material particles, in part due to BUE appearance. 

By contrast, surfaces machined at high cutting speeds 
(450–870 m/min) do not contain cavities or metal debris, 
but show evidence of material side flow. Similar effects have 
been reported during machining of modified AISI420 
stainless steel (Liew et al., 2003). Material side flow is 
defined as the displacement of portions of work-piece 
material in an opposite direction to tool feed movement. 
Material side flow produces burrs in the crests of feed 
marks. Material side flow takes place when chip material 
near the tool edge is exposed to high pressure and temperature. 
This produces complete plasticisation of the material, which 
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flows through the main cutting edge toward the secondary 
cutting edge and adheres to the machined surface.

Kishawy and Elbestawi (1999) identified two mechanisms 
relating to material side flow. In the first, material is squeezed 
between the tool flank face and the machined surface when 
chip thickness is less than a minimum value. In the second 
mechanism, high temperatures during cutting lead to 
plasticisation of the material in the cutting zone, which 
flows through the worn edge toward the secondary edge. 
Both mechanisms can coexist simultaneously. 

With regard to the first mechanism proposed by Kishawy, 
in our study chip thickness was measured at different cutting 
speeds in order to analyze the influence of chip thickness on 
the formation of material side flow. Figure 2.23 shows that 

Figure 2.23 
Scanning electron micrographs of the machined 
surfaces at different cutting speeds
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evidence of material side flow is apparent at cutting speeds 
of 450 m/min, exactly when chip thickness is reduced 
(Figure 2.24).

The second mechanism is favored by increasing cutting 
speed and tool wear. Several authors (Warnecke and Bach, 
1988; El-Wardany et al., 1993) have demonstrated that 
cutting speed has a significant influence on this effect, as an 
increase of cutting speed increases cutting temperature, 
thereby favoring plasticisation of the material. On the 
other hand, tool wear in the secondary edge increases 
displacement of material from the shearing area toward the 
worn tool area. Wearing in the secondary edge was observed 
during machining tests when cutting speed was above 
450 m/min.

In cutting operations part material is subjected to severe 
thermal effects (high temperatures and fast cooling) and 
mechanical effects (high stresses and strains) that are largely 
responsible for structural and hardness alterations in the 
part material. A study was performed to analyze the effect 
of cutting speed on part material properties.
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Relationship between chip thickness and cutting 
speed
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Figure 2.25 shows micro-hardness measured at different 
depths under a machined surface for different cutting speeds. 
Micro-hardness was measured following the procedure stated 
for Vickers hardness measurement (ISO6507-1, 1997). 
Hardness measures were taken every 50 µm below the surface 
to 700 µm depth. A final measure was carried out at 1 mm 
depth. The average value of three measures was reported.

Material hardness is modified up to 600 µm below the 
machined surface. The trend was the same for all tested 
cutting speeds: the highest values are reached next to the 
machined surface and tend to diminish gradually toward the 
interior of the material where the effects of temperature and 
deformation are less severe. 

Similarly, surfaces machined at high cutting speed had 
higher hardness values, which indicate the prevalence of 
work hardening over thermal softening, as indicated 
previously. Work hardening of the superficial layer during 
cutting can affect later passes. Therefore, cutting depth 
should be higher than the hardened layer, which is around 
600 µm for the conditions used here. 

Figure 2.25 Average microhardness values
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Figure 2.26 provides images of the superficial layer. Grain 
deformation is observed due to high pressure in the material 
during cutting. The width of the deformed area was 
estimated based on ten measurements in a transverse section. 
An analysis was performed for different cutting speeds 
(Table 2.7). The results show an increase in the depth of 
deformation with increasing cutting speed, due to work 
hardening suffered by austenitic stainless steel.

2.3.3.4 Influence of cutting speed on tool wear

The surface of cutting tools used in the machining tests was 
analyzed using SEM and EDX techniques to determine the 
nature of wear. As indicated, cutting tools were multilayer-
coated, cemented carbide inserts (TiCN–Al2O3–TiN).

Table 2.7 
Work hardening measures carried out in the 
transverse section of specimens machined with 
different cutting speeds

Vc (m/min) 37 150 450 600 750 870

Deformed width (µm) 2.18 1.84 3.16 3.57 5.11 6.05

Figure 2.26 
Depth of deformed microstructure for 
specimens machined at different cutting speeds
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Figure 2.27 
SEM mapping images of adhered material in the 
tool flank face

Machining of austenitic stainless steels is characterized by 
formation of a coating layer in the tool edge that is rich in 
oxides and sulfurs originating from the steel. Figure 2.27 
shows material layers adhering to the tool flank face. 
Quantitative element mapping via EDX analysis was used to 
identify specific components attached to the flank surface 
(Figure 2.28). This revealed that these layers are composed 
of iron (Fe), chromium (Cr), nickel (Ni) and manganese 
(Mn). As aforementioned, these elements come from AISI303 
austenitic stainless steel. When machining in the range of 
moderate cutting speeds (37–300 m/min) these layers are 
located close to the main cutting edge and are spread over 
the flank face.
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As expected, tool wear is more severe at increasing cutting 
speed. Besides, wear band in the tool moves from the main 
edge toward the secondary edge. Figure 2.29 shows that 
wear is greater in the region near the tool nose radius at a 
cutting speed of 300 m/min, whereas for cutting speeds of 
845 and 870 m/min the most severe wear is observed in the 
secondary edge. Wear in the secondary edge favors material 
side flow, as indicated before, and it is predominant at high 
cutting speeds.

When machining at high speeds, above 300 m/min, lumps 
of FeCr can be observed welded to the main edge. With 
increasing cutting speed the lumps tend to displace toward 

Figure 2.28 
EDX chemical composition analysis for new and 
worn cutting tools
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(a)

(b)

(c)
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Figure 2.29 
Scanning electron micrographs showing tool 
flank wear at several cutting speeds

(d)

(e)

(f)
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the secondary edge, as can be seen in Figure 2.29 for a 
cutting speed of 870 m/min. 

Micrographs of the tool rake face for worn tools and 
EDX analysis results show a higher level of sulfur (S) and 
manganese (Mn), indicating the presence of MnS layers, as 
can be observed in Figure 2.30. A layer of MnS is typical 
when machining austenitic stainless steels with improved 
machinability.

At moderate cutting speeds the MnS layer is uniform 
through the tool edge and it spreads over the tool rake face. 
This layer acts like a barrier for adhesive wear and it 
prevents the welding or stiffening of the work material in the 
tool surface. However, at high cutting speeds the MnS layer 
formed in the tool rake face is more irregular, as higher 
temperatures caused by higher cutting speeds makes this 
layer viscous and unstable. This layer then spreads toward 
the inner part of the tool, moving away from the edge 
border. This displacement leaves the cutting edge unprotected 
and, consequently, welding of the work material takes place 
on the tool edge border.

In those areas of the tool rake surface not protected by 
the MnS layer [area B in Figure 2.30(c,d)], a high content of 
tungsten (W) and low percentages of aluminum (Al), 
titanium (Ti) and nitrogen (N) are observed. This indicates 
that tool coating has disappeared in this area and therefore 
the tool substrate will be in contact with the part material. 
Under such conditions adhesive and diffusion wear will 
take place.

From this analysis it is concluded that stability of the 
protective layer depends on cutting speed. For cutting speeds 
lower than 450 m/min the layer protects the tool edge; 
however, stability of the layer cannot be maintained at 
higher cutting speeds. Its stability is also highly sensitive to 
geometry and micro-geometry of the tool; therefore, it is 
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(a)

(b)

(c)
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Figure 2.30 

Scanning electron micrographs showing crater 
wear at several cutting speeds: (a) Vc = 37 m/min; 
(b) Vc = 450 m/min; (c) Vc = 870 m/min. (d) EDX 
analysis of areas A and B.

(d)

necessary to improve tool designs to favor formation of a 
stable and intense layer along the cutting edge. This will lead 
to a reduction in tool wear when machining at high cutting 
speeds.

2.3.3.5 Influence of cutting speed on chip 
formation

Geometric and morphological analysis of chips was carried 
out at different cutting speeds. The morphology of a chip, 
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whether continuous or segmented, is determined by material 
properties and cutting parameters, such as cutting speed, 
which determine the grade of segmentation (Schulz et al., 
2001).

Chips were picked up and analyzed by means of optical 
microscopy and SEM. In all cases chips were segmented, but 
geometric differences were observed as a consequence of 
variations in cutting speed. A segmented chip is formed due 
to characteristics of austenitic stainless steels, such as high 
work hardening rate and low thermal conductivity, which 
prevent dissipation of heat.

Cutting produces strong plastic deformation in the shearing 
area in a short period of time. Plastic deformation leads to 
an increase of material strength. At the same time, heat 
concentrates around the shear zone and produces a thermal 
softening and decreased yield stress in the material. Moreover, 
heat generated by deformation does not have sufficient time 
to be dissipated due to the low thermal conductivity of 
austenitic stainless steels. In this condition, a local increase 
of temperature takes place in the shearing plane following a 
material thermal softening. This effect produces adiabatic 
bands of deformation that lead to deformation in a nearly 
planar area, through which sudden slip of segmented chips 
takes place.

The generated chip is semi-continuous with appreciable 
tooth size. The chip has wide areas of low deformation and 
small areas where almost all plastic deformation is 
concentrated in slip bands. Figure 2.31 shows an image of a 
segmented chip with two different areas: an area of high 
plastic deformation, where grains appear severely deformed, 
and an area of low deformation, where grains are moderately 
deformed. 

SEM images were acquired to analyze geometric differences 
in chips obtained at different cutting speeds. Ten chip 
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samples were considered for each cutting speed so that 
results were representative. For each chip three images were 
taken, each one with the chip in an appropriate orientation 
to measure its thickness and width and to analyze features 
of the free surface and slip surface (the one in contact with 
the tool rake face).

Figure 2.32 shows an example of images acquired for each 
chip at different cutting speeds. The first column shows that 
the higher the cutting speed the lower the chip length, which 
is more significant above 600 m/min. This is due to the 
severe segmentation that occurs at high cutting speeds, chip 
breaking occurring between lamellae.

The free surface of the chip has a rough aspect. A pattern 
of lamellae is observed for all cutting speeds as a result of the 
slip mechanism. Lamellae are smaller and more uniform at 
moderate cutting speeds, as can be observed in the last 
column in Figure 2.32. The pattern of lamellae is deeper at 
higher cutting speeds, indicating high chip segmentation.

(a) (b)

Figure 2.31 

Micrographs of a chip for AISI303 stainless steel: 
(a) morphology of chip under orthogonal cutting 
with Vc = 60 m/min and fn = 0.2 mm/rev; 
(b) portion of chip

Source: Astakhov (2006)
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As is well known in the literature, during the cutting 
process the chip surface that slips on the tool rake is subjected 
to high pressures and friction forces, reaching very high 
cutting temperatures of around 1200 °C (Zhang and Guo, 

Figure 2.32 
Scanning electron micrographs of chips at 
several cutting speeds
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2009). The combination of these effects makes this surface 
flat and bright. Thus, measurements of chip width were 
carried out in the chip sliding surface. With increasing cutting 
speed, chip width varies from 1.174 mm (at 37 m/min) to 
1.701 mm (at 870 m/min). From these measures it can be 
concluded that lateral chip flow is occurring, which is higher 
with higher cutting speed due to high pressures and 
temperatures in the chip.

It is also observed that chips obtained at moderate cutting 
speeds (below 300 m/min) have discontinuities in one of the 
lateral ends. However, at cutting speeds above 300 m/min, 
cracks and discontinuities appear in both lateral ends 
(Figure 2.33) due to the severe deformation that occurs at 
high cutting speeds.

EDX analysis was carried out on sliding surfaces of chips. 
The results showed the absence of elements of tool coating or 
tool substrate, indicating that there had been no transference 
of material from tool to chip, i.e. no diffusion wearing.

Chip thickness (hc) was measured for each of the cutting 
speeds. Table 2.8 provides the average values based on ten 
measurements. 

(a)
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(b)

(c)

Figure 2.33 Chip sliding surface at several cutting speeds

(d)
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Chip thickness decreases significantly above 450 m/min. 
In the research carried out by Kishawy and Elbestawi 
(1999), the authors concluded that if chip thickness reaches 
a minimum value then material is squeezed between the tool 
flank face and machined surface, and material side flow is 
observed. In our study this phenomenon took place when 
chip thickness was below 0.35 mm at cutting speeds above 
450 m/min.

Machinability of a material can be evaluated by means of 
the chip compression ratio and shearing angle, as these 
indexes provide important information about the mechanism 
of material removal and grade of plastic deformation 
(Thakur et al., 2009). Chip thickness is related to shear 
angle according to several well-known expressions, such as 
that stated in the classic Merchant theory:

 r
h
h

r γ
r sen γc

c

c

c

= =
−

⎛
⎝⎜

⎞
⎠⎟

−;
cos

ϕ tan 1

1
•

•
 [2.6]

Table 2.8 
Chip thickness (hc), chip compression ratio (rc) 
and shearing angle (φ) at different cutting 
speeds

Vc (m/min) h (mm) hc (mm) rc φ (degrees)

37 0.199 0.373 0.5359 29.5593

75 0.199 0.370 0.5403 29.7713

150 0.199 0.451 0.4432 24.8829

300 0.199 0.460 0.4346 24.4310

450 0.199 0.262 0.7630 39.7049

600 0.199 0.253 0.7901 40.7886

750 0.199 0.302 0.6619 35.4273

845 0.199 0.313 0.6387 34.3883

870 0.199 0.254 0.7870 40.6658
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where rc is the chip compression ratio, h is non-deformed 
chip thickness, φ is the shearing angle and γ is the tool rake 
angle. Chip compression ratio (rc) and shearing angle (φ) 
become higher for lower chip thickness (hc). High values of 
φ and rc correspond to lower chip deformation and minor 
energy, therefore favoring the cutting process.

Table 2.8 provides values for rc and φ calculated from 
Eq. 2.6. For cutting speeds up to 450 m/min, the chip 
compression ratio is below 0.5 and approximates to 0.7–0.8 
for higher cutting speeds, which indicates that at high cutting 
speeds the chip suffers less plastic deformation. Shearing 
angle shows a similar behavior: it remains close to 30° at 
cutting speeds below 450 m/min and reaches values near 40° 
when cutting speed is above 450 m/min. 

This behavior has already been observed in other materials, 
such as Inconel 718. Thakur et al. (2009) observed that an 
increase in cutting speed increases the shearing angle, which 
results in a shorter shear plane. They concluded that if shearing 
angle increases then thin chips are generated and their speed of 
formation is higher, resulting in a reduction of cutting forces 
and friction. Shearing deformations in the primary deformation 
area diminish with increasing shearing angle.

2.4 Conclusions

In this chapter we have analyzed the behavior of austenitic 
stainless steels with improved machinability when they are 
machined under severe cutting conditions (up to 870 m/min) 
without coolant. The effect of high cutting speed was 
analyzed through the study of cutting forces, part superficial 
quality, tool wear and chip geometry. The main reasons for 
carrying out this analysis at high cutting speed are mainly 
financial and ecological, in accordance with current trends 
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and technology. It is now considered more advantageous to 
optimise increasing cutting conditions rather than tool life.

From the results obtained here, a critical cutting speed of 
450 m/min is identified. Above this critical cutting speed, 
behavior of the machined material is different. Traditionally, 
stainless steels are machined at cutting speeds of 150–300
m/min. However, this research concludes that these materials 
show good behavior at higher speeds. For example, the main 
component of cutting forces (Ft) is lower above 450 m/min, 
which implies less power consumption and less stress and 
deformation in the cutting tool. Besides, with regard to the 
machined surface, roughness values at very high cutting 
speeds are in the same range as for moderate speeds, 
minimum values for Ra and Rt being at 600 m/min.

There were no cavities or metal debris adhering to the 
machined surface at high cutting speed; however, material 
side flow was observed above the critical cutting speed. The 
depth of the zone affected by micro-structural change 
increases with cutting speed, although depth values obtained 
are acceptable (around 600 µm) for all tested cutting speeds. 
Analysis of chips reveals a significant change in chip geometry 
above the critical cutting speed of 450 m/min: chip thickness 
is significantly smaller, which leads to a lower chip compression 
ratio and higher shearing angle, and therefore less plastic 
deformation. These parameters are indicative of the good 
behavior of austenitic stainless steels in dry machining at very 
high cutting speeds.

Finally, there is an unexplored range of cutting speeds that 
is of interest for high-performance machining, and at which 
the behavior of the machined material is very favorable 
although tool wear is high. Nevertheless, the cost of tool 
inserts is of secondary importance as compared with other 
operation costs, for instance hourly machine cost for high-
end multitasking machines.
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Forces monitoring in shape 
grinding of complex parts

A. Di Ilio1

Abstract: This article deals with the monitoring of process 
forces when grinding complex mechanical components, such 
as screw rotors used for the building of gas compressors, which 
require high dimensional precision and low surface roughness, 
in order to ensure their proper functionality. Such components 
must rotate very close together, but without coming into 
contact, to ensure an airtight seal and to reach maximum 
effi ciency in terms of gas fl ow rate and compression ratio. 
This article describes a load force instrumented workpiece 
holder, employing commercial piezoelectric load washers, 
to be used for online monitoring of grinding forces. After 
laboratory calibration, the equipment is then used in a two-
level full factorial experimental design for its validation within 
an industrial environment. The effects of the main grinding 
parameters (e.g. wheel peripheral speed, feed rate and depth 
of cut) on the evolution of grinding forces during the process 
are investigated. The methodology used here can be extended 
to the grinding of helical surfaces of any shape, such as in 
precision manufacturing of helical gears.

Key words: Force monitoring, screw rotor, shape grinding 
process.

1 University of L’Aquila, Italy.
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3.1 Introduction

Compressors are operating machines used to enhance the 
pressure of a fluid by supplying mechanical energy to it, 
without any notable external heat exchange due to the brief 
crossing time of the fluid inside the machine. Screw 
compressors belong to the category of volumetric 
compressors, where gas compression is achieved through a 
reduction of volumes enclosed between the conjugated 
surfaces of the teeth of two rotors. Their increased use in 
industry has been due to a number of advantages such as 
high reliability and long technical life, high velocity and flow 
rate, high compression ratios (up to 16), simple maintenance 
and low operating costs (Stosic et al., 2005). Conversely, 
there are high manufacturing costs associated with the 
rotors due to the tight tolerances required. 

The manufacturing of screw rotors includes two main 
phases, i.e. milling to produce the helical grooves and 
grinding to give the profile the required tolerances, which are 
of the order of microns. Several research groups have 
investigated production issues in recent years, dealing with 
the creation of helical groves by milling (Xiao et al., 1996; 
Katsumi et al., 2001; Yao et al., 2005) and the subsequent 
finish grinding. Stosic et al. (2001, 2005) and Stosic (2006) 
studied functional aspects and the related problems of 
manufacturing, particularly due to tool wear, and have 
suggested several strategies to make tool wear uniform. 

To bring the rotor geometry to its final tolerances, the 
grinding operation requires particular attention. Grinding of 
screw rotors belongs to the category of shape (or form) 
grinding, which, among such abrasive removal processes, is 
particularly complex.

In fact, to achieve the required precision along the entire 
extension of the helical grooves, only very low wheel wear 
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is tolerated, requiring frequent profiling and dressing 
operations of the grinding wheel. Frequent stops of the 
machining for wheel regrinding would introduce further 
uncertainty to the overall precision of the workpiece and, in 
addition, reduce the productivity of the process.

On the other hand, low grinding wheel wear is achieved by 
using profilable ceramic wheels made of superabrasive 
materials, such as CBN (cubic boron nitride), together with 
an optimized grinding cycle from roughing to finishing 
passes. The economy of the machining is highly influenced by 
such choices, as superabrasive grinding wheels are very 
expensive and throughput of the process can be very slow, 
due to the necessity of using parameters which keep wear 
low; therefore, the overall operation cycle must be optimized 
to enhance productivity and reduce costs. Such optimization 
can be obtained by in-depth study of the process to allow 
assessment of the proper machining parameters. On the 
other hand, optimization of the grinding cycle may not be 
sufficient if tight control of the process trend is not performed, 
so as to overcome unpredictable situations encountered by 
the tool, which could depend on inhomogeneities in the 
material or dimensional imprecisions left by the previous 
grooving operation performed by the milling machine.

Among grinding operations, shape grinding is particularly 
complex not only due to geometrical complications, but also 
from the point of view of control, given critical aspects 
regarding wear and thermal effects, which can greatly affect 
the final quality of the workpiece. 

Regarding shape grinding, Malkin (1989) investigated the 
grinding operation by rotating the wheel axis with respect to 
the workpiece axis, extending the analysis to arbitrary wheel 
profiles. Based on work by Graham and Falconer (1979), 
Malkin showed that despite the increased complexity, some 
relationships derived for two-dimensional plunge grinding 
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could still be applied by making the necessary geometrical 
corrections, obtaining an expression for the cutting path of 
the grains and maximum chip thickness.

Numerous authors have investigated the shape grinding of 
gears. Weinert et al. (2007) report an optimization method 
based on simulation for NC-shape grinding, while You et al. 
(2003) propose a mathematical model for profiling grinding 
wheels for gears. An experimental analysis aimed to develop 
models for NC-shape grinding has been provided by 
Biermann et al. (2008). Thermal alterations to the material 
in zones where heat cannot be dissipated easily represent a 
real concern in such cases.

Most researchers stress the application of CBN in shape 
grinding, as this material has the best properties to work 
well with these applications. In fact, CBN can be used for a 
long period of time before requiring dressing, and cracks 
and thermal alterations are minimal thanks to its high 
thermal conductivity (Kopac and Kranjnic, 2006; Pavel and 
Srivatsa, 2007). Inoue et al. (1998) investigated the effects of 
CBN grinding on carburized gears and found an increase in 
fatigue strength thanks to increasing compressive residual 
stresses.

Seeded gel grinding wheels, containing microcrystalline 
aluminum oxide, also have good potential in shape grinding. 
Eranki et al. (1992) carried out a comparison of the 
performance of grinding wheels containing newly developed 
‘seeded gel’ aluminum oxide abrasive with wheels containing 
conventional monocrystalline aluminum oxide, and reported 
a higher removal rate and grinding ratios when using the 
former.

A constant concern when dealing with grinding operations 
relates to vibrations, due to grinding forces and the elastic 
characteristics of the system comprising wheel, workpiece 
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and grinding machine, which cause poor tolerances and 
surface finish (Alfares and Elsharkawy, 2000).

Guo et al. (2003) proposed an optimization method for 
continuous dressing aimed at reducing cycle time and wheel 
wear using an adaptive workpiece speed and infeed, based 
on grinding models and power monitoring.

Regarding compressor rotors, Wei and Zhang (2010) 
report an analysis concerning the profiling of CBN wheels to 
give high precision in grinding screw rotors.

Here we focus on the finish operation by grinding. Our 
motivations lie in the particular complexity of the surfaces 
being ground (shape grinding) with very high precision, over 
a surface which extends along the entire length of the 
component. Our objective is to gain insight into the process, 
and hence to optimize the cycle to enhance the quality and 
reduce production times as well as to explore the possibility 
of continuously monitoring the grinding forces during the 
process. To this aim, an instrumented workpiece holder has 
been designed and realized to monitor grinding forces during 
the process. The device has been previously calibrated in the 
laboratory, and has been used in a real manufacturing 
environment to assess its capability in capturing grinding 
features that reveal any malfunctioning in the process, in 
order to alert the operator and allow them to act promptly.

3.2 Generality of screw rotors

Essentially, a screw compressor consists of two rotors, one 
male and one female, rotating in opposite directions, which 
enclose, compress and transfer a gas volume from inlet to 
outlet. There are different configurations of crew compressors, 
both symmetric and asymmetric. Figure 3.1 shows a pair of 
asymmetric rotors.
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The functional parameters used to classify such compressors 
are gas flow rate, velocity and compression ratio. The most 
important requirement is that the geometry is such that the 
cross-section for fluid processing is as high as possible and 
loss by leakage is minimal. According to the compressor 
operating field, rotors can be realized with a different 
number of lobes and, with reference to the cross-section, 
they may exhibit symmetric or asymmetric profiles. During 
functioning of the compressor, these profiles must be as 
close as possible to avoid gas loss, but without entering into 
contact with each other, in order to avoid wear or gripping. 
In some cases, sealing oil can be used to enhance the 
airtightness if, for a particular application, contamination of 
the gas due to the contact with the oil does not represent a 
concern.

The grinding of such rotors requires the adoption of a 
sophisticated machining cycle which starts with the 
measurement of the helix deviation by means of a gear 
measuring machine, to reveal the thickness of the stock to be 
removed, and the subsequent precise positioning of the 
workpiece between headstock and tailstock in the grinding 
machine. There are different grinding strategies to plan the 

(a) (b)

Figure 3.1 
A pair of asymmetric rotors. (a) Schematic 
drawing, (b) finished parts. Left, male; right, 
female
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machining. One example includes up to four sub-cycles; the 
first is employed to bring the workpiece to a reference 
geometry. This is followed by removal of the stock in one or 
more roughing runs, one sub-cycle for semi-finishing and 
one cycle for final finishing. The entire machining cycle can 
include a number of dressing cycles aimed to restore the 
correct geometry of the wheel and to renew its grinding 
ability by exposing fresh grains on its active surface. 
Definition of the correct machining parameters and the 
above-mentioned sequence, included dressing, can greatly 
influence the quality of the workpiece, tool life, machining 
time and hence costs.

3.3 Workpiece holder 

By taking into account that mounting of the workpiece on 
the grinding machine is performed between headstock and 
tailstock, the workpiece holder has been thought to fulfil 
industrial requirements.

3.3.1 Design

A tailor-made workpiece holder was designed to mount the 
workpiece through two piezoelectric load washers by Kistler 
Instruments (Hook, UK), each one having two load channels, 
namely model 9063 for Fx and Fy, and 9065 for Fz and Mz. 
Piezoelectric sensors were chosen for their high rigidity, which 
does not affect the elastic characteristics of the mounting 
system. The design of the workpiece holder was made based 
on a balance between the need to keep the overall dimensions 
low and the need to not reduce the rigidity of the workpiece-
holding system. Figure 3.2(a) shows two load washers based 
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on piezoelectric sensing elements; the upper one is sensible to 
torque and axial force, while the lower one is sensible to two 
in-plane force components, i.e. Fx and Fy. An exploded 
assembly scheme is shown in Figure 3.2(b). The hollow shaft 
on the right side allows for the connection to the shaft of the 
rotor by means of six centering screws. On the left side of the 
hollow shaft a PTFE (polytetrafluoroethylene) muff is inserted, 
allowing the centered mounting of a steel ring and the two 
load sensors which are held tightly together by screwing the 
threaded end of the hollow shaft into the support to drive the 
system shown on the left. In such a manner, the two load 
rings, whose outputs were continuously monitored during the 
assembling operation, were preloaded up to 1.8 kN (which 
was much lower than Fz full scale of 120 kN). Such preload 
allowed us to measure both tensile and compressive axial 
forces under a wide range of conditions for the present 
application and ensured transmission of the tangential force 
necessary for measurement of the torque Mz and radial forces 
Fx and Fy.

Note that the instrumented workpiece holder represents an 
elastic system whose single parts sustain force components 
according to their rigidity. Therefore, the sensitivity of the 

Figure 3.2 Schematic of the workpiece holder assembly

Load washers

(a) (b)

Workpiece holder assembly
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load washers mounted in such an assembly was inevitably 
reduced due to the fact that any load component applied to 
the workpiece mounted on it is invariably absorbed by the 
mechanical parts comprising the assembly. In particular, the 
cross-section and length of the hollow shaft which fit together 
and clamp the two ring sensors play an important role. 

3.3.2 Calibration

Calibration along the z direction (workpiece axis) was made 
simply by loading the workpiece holder, positioned vertically, 
with different weights along its axis.

Calibration of torque, Fx and Fy components was made by 
mounting a real workpiece on the instrumented holding 
device and positioning the assembly between a headstock 
and a tailstock of a calibration bench, as in a machining 
operation (Figure 3.3).

The load scheme for such a mounting system is a beam 
supported at its ends that is subjected to a load for unit 
length, due to its own weight, varying according to the local 
cross-section, which during the machining is subjected to a 
concentrated force exerted by the grinding wheel. This force 
exhibits components along axes x, y and z and generates a 
torque. In such a scheme, Fx and Fy revealed by the sensor 
represent the components of the shear force acting on the 

Y

α

θ

X

xy

Figure 3.3 Calibration scheme for radial forces and torque
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beam, which, during machining, varies due to the axial 
displacement of the application point of the resultant 
grinding force. Therefore, the values obtained during 
calibration by positioning different weights at the same 
distance from the sensor should be corrected to take this 
into account.

A further consideration relates to what happens when the 
workpiece rotates, as it does during machining. In fact, the 
components detected by the sensor vary according to the 
rotation angle and, in addition, depend on the initial 
orientation (α in Figure 3.3) of the sensor with respect to a 
reference direction (x in Figure 3.3). Assuming that, prior to 
calibration, the initial signal given by the sensor is reset to 
zero, the output signals for components Fx and Fy vary as 
the workpiece rotates according to the following 
relationships:

 Fx  =  –Pcos (θ  +  α)  + P cosα [3.1]
 Fy  =  –Psin (θ  +  α)  + P sinα 

where the angle α takes into account that the sensor cannot 
be mounted exactly with the same orientation and θ is the 
rotation angle during machining.

For the torque signal, the calibration was made by 
applying different weights at the radius of the shaft through 
a fine wire.

The results obtained from the calibration procedure show 
linear trends of the output voltage as a function of axial 
force and torque (Figure 3.4).

The trends obtained for the radial force components Fx 
and Fy are shown in Figure 3.5(a), while the theoretical ones, 
obtained applying Eq. 3.1, are shown in Figure 3.5(b). As 
can be seen the trends reflect quite nearly those calculated 
theoretically.
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3.4 Experimental tests

Experimental tests were carried out to assess the suitability 
of the workpiece mounting set-up in an industrial environment 
and to perform investigations on the grinding forces and 
their evolution during the grinding cycle.
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Figure 3.4 Calibration curves for axial force and torque

Figure 3.5 

Force trends as a function of the workpiece 
rotation angle, when the x-axis of the sensor is 
oriented vertically: (a) experimental, 
(b) theoretical
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The experimental set-up is shown in Figure 3.6. The 
workpiece is mounted in a grinding machine between 
headstock and tailstock; note that the signal cables (arrowed) 
coming from the sensors do not interfere with the grinding 
wheel. The axial force employed to clamp the workpiece 
was set at 245 N.

Such a set-up is possible because the workpiece length 
corresponds to no more than one pitch of the helical 
grooves. Therefore, during the grinding operation, it 
performs slightly more than one full rotation, while the 
grinding wheel head moves by one pitch. Thereafter the 
rotor inverts its rotation sense while the grinding head 
returns to its initial position. 

The measuring chain is completed by a model 5017B 
charge amplifier (Kistler Instruments) and an analog-to-
digital card (model PMCIA NI DAQCard-6024; National 
Instruments). Prior to tests starting, all signals produced by 
the sensors due to the mounting forces were zeroed. 

Figure 3.6 Workpiece mounted in a grinding machine
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To investigate the possible effects of clamping forces, 
weight of the assembly formed by the workpiece and the 
instrumented equipment as well as the grinding coolant jet, 
a series of idle strokes, without material removal, were first 
conducted. In particular, idle tests with and without coolant 
were performed and compared.

The grinding process parameters chosen for validation of 
the equipment were wheel peripheral speed, feedrate of the 
workpiece along its axis, and depth of cut measured from 
the point of contact between the wheel and the rotor at the 
beginning of the operation. A two-level full factorial design of 
experiment with three parameters was adopted, for a total of 
eight different experiments, each one repeated three times. 
Low and high parameter values, as detailed in Table 3.1, were 
chosen on the basis of standard industrial practice with this 
machining operation. The grinding wheel adopted for tests, 
having a maximum external diameter of 400 mm, was a 
seeded gel wheel, type 3SG60H12VXPC (Norton), containing 
30 per cent microcrystalline ceramic abrasive.

Each test consisted of two runs during which the rotor 
performed one counterclockwise rotation with the peripheral 
speed in the same direction as the workpiece speed (down 
grinding) and one returning to its initial position by rotating 
in the reverse direction (up grinding). After each test the 
grinding wheel was subjected to a profiling cycle, following 
the manufacturer’s procedures, in order to maintain its 
cutting abilities.

Table 3.1 
Experimental factor levels employed 
for the full factorial experimental design

Parameter Low level High level

Wheel speed (m/s) 32 38

Axial feedrate (mm/min) 1500 3000

Depth of cut (mm) 0.05 0.10
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3.5 Results and discussion 

Trends of the three force components and torque, Fx, Fy, Fz 
and Mz, respectively, as a function of workpiece rotation are 
shown in Figure 3.7. Each diagram contains a graph for an 
idle stroke when the coolant nozzle was closed, and one for 
the case when the coolant nozzle was opened. Both Fx and 
Fy follow trends similar to those reported in Figure 3.5, but 
shifted along the abscissa. Each curve extends for about 
380°, i.e. more than one revolution, which is the workpiece 
rotation required in each half cycle to grind the workpiece 
along its length. It is simple to demonstrate that these 
components can be still represented by Eq. 3.1 at a value of 
α of about 105°, which was approximately the angle 
exhibited by the load sensor, with respect to the reference 
orientation assumed in Figure 3.5, when the workpiece 
started to rotate. In fact, it was almost impossible to mount 
the workpiece on the holding support with the x-axis of the 
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Figure 3.7 
Force components and torque during idle 
strokes without material removal
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load sensor set as during the calibration test in the laboratory. 
However, this does not represent a real drawback. 

It can be seen that components Fx and Fy are almost 
independent of the presence of the coolant jet. This is not so 
for the axial force Fz, which exhibited marked differences in 
the two cases. This behavior was attributed to the force 
generated by the static pressure of the fluid hitting the helical 
grooves of the workpiece and the surface of the tailstock. 
The jet generates a different axial force when the coolant 
flow hits the workpiece with a tangential component having 
the same direction as the workpiece velocity (case of down 
grinding) with respect to the opposite case (up grinding), 
which occurs in the return stroke. In addition, some 
oscillations, which occurred with repeatability in each test, 
are also present in the absence of coolant. This could be 
attributed to mechanical imperfections in the driving system 
of the machine tool, which caused small periodic variations 
of the axial force between the tailstock and the headstock 
when the workpiece rotates.

Regarding torque, Figure 3.7(d) shows the torque values 
required to rotate the workpiece in idle conditions, which 
exhibits very different values when the workpiece is rotated 
in one sense or in the other. When the workpiece is rotated 
counterclockwise (down grinding) the torque is markedly 
higher than that measured in the opposite condition, 
although this behaviour may differ from one grinding 
machine to another. Figure 3.7(d) shows that driving torque 
is largely independent of coolant effects.

Figures 3.8 and 3.9 show the force components and 
torque for two different grinding conditions, one of the 
lightest and the heaviest, respectively, among those chosen 
for the experimental design. The combination of high values 
of feedrate and depth of cut, together with a low value of 
wheel peripheral speed, produces the highest value of 
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removed chip thickness, and hence the highest machining 
forces. In the first case (Figure 3.8), it can be seen that 
torque is still negative in the down grinding part of the cycle, 
a value that is smaller than that required to overcome the 
friction resistance to put the workpiece into rotation. Taking 
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Trends of force components and torque as a 
function of the rotation angle of the workpiece: 
wheel speed = 32 m/s, feedrate = 1500 m/min, 
depth of cut = 0.05 mm
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wheel speed = 32 m/s, feedrate = 3000 m/min, 
depth of cut = 0.1 mm
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into account the values measured in the idle tests, we 
estimated a maximum torque of about 0.7 Nm in the down 
grinding part of the cycle and about 1.0 Nm in the return 
stroke. The shear components of the grinding forces, namely 
Fx and Fy, continue to exhibit trends similar to those 
observed in idle strokes. 

When the axial feedrate of the workpiece and depth of cut 
increase (Figure 3.9), the above parameter trends maintain 
their characteristics, but with increased values. In particular, 
maximum torque values of about 3.0 Nm, in both outward 
and return strokes, can be estimated.

Regarding Fz, it is seen to be dependent on the pressure 
exerted by the coolant jet, whose maximum effect remains 
almost unchanged for both cases reported in Figures 3.8 
and 3.9.

At higher cutting speed (Figure 3.10), there is a general 
decrease of all maximum force values as well as torque; this 
is in line with the reduction of chip thickness to which the 
cutting velocity gives rise.
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Trends of force components and torque as a 
function of the rotation angle of the workpiece: 
wheel speed = 38 m/s, feedrate = 3000 m/min, 
depth of cut = 0.1 mm
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Our experimental design has allowed us to show the 
suitability of the instrumented workpiece holder to 
discriminate the effects of grinding parameters and therefore 
to assess its utility in building a surface response aimed at 
optimizing the process.

For brevity, only the maximum torque values have been 
considered to examine the main effects of the grinding 
parameters. Such main effects (Figure 3.11) show trends that 
are in agreement with what is generally expected in a 
machining process, as already discussed. In particular, it can 
be seen that an increase of wheel peripheral speed decreases 
the torque, while both feedrate and depth of cut produce an 
increase. These trends are in agreement with chip thicknesses 
removed by the tool under different situations.

The variations highlighted have shown that the system is 
sufficiently sensitive to variations in the range of grinding 
parameters employed in the present study.

Figure 3.11 
Main effects plot of the grinding parameters for 
torque
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3.6 Conclusions

A workpiece holder system, instrumented to monitor the 
forces during shape grinding of complex surfaces, such as 
screw rotors for compressors, has been realized and tested in 
a real production environment. The system has shown good 
responses in terms of sensitivity to the main process variables 
and proved to be suited to work in a real production 
machine. The experimental tests carried out under different 
process conditions revealed trends of the main grinding 
forces over the machining cycle. The trends of maximum 
forces registered in one cycle, found by implementing a two-
level experimental design, agree with what is generally 
found in grinding operations.

The system as realized, conveniently engineered, can find 
application for cycle optimization and control aimed to 
reduce the production time in shape grinding of complex 
surfaces, which require tight tolerances and high surface 
finish.
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Optimization of minimum 
quantity lubrication in grinding 

with CBN wheels
E. C. Bianchi,1 P. R. Aguiar,1 

R. C. Canarim1 and A. E. Diniz2

Abstract: The application of minimum quantity lubrication 
(MQL) to metal machining has emerged as an alternative means 
to reduce cutting fl uid usage, leading to cleaner production. In 
grinding, although MQL is considered to be progress regarding 
the environment, its application is restricted due to excessive 
heat generation and wheel clogging, which reduce fi nal product 
quality and increase tool wear. This chapter reviews the research 
using MQL grinding aimed at improvements in terms of both 
wheel cleaning (by using an additional compressed air jet) and 
cutting fl uid reduction (by adding water to the MQL oil). 

Key words: CBN, cubic boron nitride, grinding, minimum 
quantity lubrication, MQL, wheel cleaning.

4.1 Introduction

Cutting fluids play an important role in machining, as they 
usually extend tool life and provide high workpiece quality 
(Diniz et al., 2008). 

1 UNESP, Brazil – Univ. Estadual Paulista.
2 UNICAMP – State University of Campinas, Brazil.
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However, some drawbacks emerge from their application, 
such as: high costs related to purchase, handling, maintenance 
and disposal, and environmental and health hazards (Alves 
et al., 2011). According to Tawakoli et al. (2007), this 
search to reduce cutting fluids is now of great importance. 
However, the output variables that characterize the final 
quality of a ground workpiece must not be impaired by the 
new techniques. They need to be equally or more efficient in 
terms of workpiece quality and cost reduction, minimizing 
environmental impact, but also maintaining the high-quality 
standards associated with grinding.

Among the techniques which promote the reduction of 
cutting fluids are dry machining and minimum quantity 
lubrication (MQL). Nevertheless, their results are quite 
different depending on the machining process, due to the 
different tool/chip contact lengths, different tools and other 
factors inherent to each process. In this aspect, abrasive 
machining processes require more cooling-lubrication, which 
makes dry machining non-viable in some conditions (Weinert 
et al., 2004).

Grinding is an abrasive machining process in which 
material is removed by interaction of the abrasive grain with 
the workpiece (Ren et al., 2009). According to Diniz et al. 
(2008), grinding is a standard finishing process used in the 
manufacturing of high-quality components, in terms of 
shape and surface finishing (geometric and dimensional 
tolerances). Also, conventional cutting fluid application 
systems are relatively inefficient in the grinding process, 
particularly under severe conditions (Catai et al., 2008).

Silva et al. (2007) and Tawakoli et al. (2010) studied the 
application of MQL in external cylindrical grinding of SAE 
4340 and DIN 100Cr6 steels, with a conventional alumina 
wheel, and their results for MQL showed similar or superior 
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performance, when compared with conventional cooling-
lubrication (flood coolant).

Sadeghi et al. (2009), on the other hand, found that a 
reduction in cutting fluid usage impairs wheel cleaning, 
leading to clogging of its pores, which decreases the cutting 
capacity of the abrasive tool. 

Similarly, Alves (2007) studied the influence of cooling-
lubrication methods when grinding SAE 4340 steel using 
cubic boron nitride (CBN) wheels, and showed that MQL 
provided lower performance with regard to surface 
roughness, roundness errors and diametric wheel wear, 
compared with the conventional method (flood coolant).

The present chapter reviews some of the results concerning 
improvements of MQL in CBN grinding, in terms of wheel 
cleaning and application of MQL with addition of water. 

4.1.1 Motivation 

The problems associated with the application of cutting 
fluids have led both industry and research centers to seek 
new methods to reduce their usage and drawbacks (Fratila 
and Caizar, 2011). In this regard, MQL is as an excellent 
alternative, providing economic and environmental 
improvements (Min et al., 2005).

However, this technique requires further improvements in 
order to achieve the same finishing quality obtained with 
flood coolant application. Wheel clogging, as described by 
Sadeghi et al. (2009), is one of the main concerns.

Cameron et al. (2010) studied the application of a 
secondary cutting fluid jet, in order to promote wheel 
cleaning when using flood coolant. They noted that the 
reduced wheel clogging minimized grinding specific 
energy.
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4.2 Literature review

4.2.1 Problems with cutting fluid usage

Cutting fluids are used to reduce friction, through lubrication, 
which is a tribological phenomenon characteristic of 
machining processes, and occurs at the contact between 
workpiece and tool. Also, cutting works to remove the heat 
generated from the cutting zone through cooling (Pawlak et 
al., 2004).

Stanford et al. (2007) and Tawakoli et al. (2007) stated 
that cutting fluids also hinder corrosion of both workpiece 
and machine tool, remove the machined chips from the 
cutting zone and provide wheel cleaning. 

Due to the intrinsic nature of grinding, being an intense 
heat generation process, large amounts of cutting fluid are 
used, aiming to reduce the high temperatures at the contact 
zone (Alves et al., 2009). Cutting fluid composition as well 
as nozzle design and placement are parameters which greatly 
influence productivity, workpiece final quality and wheel 
wear (Brinksmeier et al., 1999).

According to Irani et al. (2005) cutting fluids carry away 
small particles after application, such as wheel grains, 
machined chips and other impurities. Therefore, due to 
contamination, all the cutting fluid must at some time be 
replaced and disposed of. However, this disposal is frequently 
conducted inappropriately, thus harming the environment.

One of the main problems of machining processes, 
especially grinding, is related to the use of cutting fluids. 
This is due to the considerable damage that these substances 
cause both to human health and to the environment (Bartz, 
1998). The main cause of these concerns about cutting 
fluids lies in their chemical composition. Components such 
as anti-corrosives, anti-foaming agents and biocides are 
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sometimes added, the last-named being one of the most 
hazardous additives to machine operators (Hong and 
Broomer, 2000).

The most important problems concerning cutting fluids 
were discussed by Howell et al. (2006). Damage to the skin, 
digestive and respiratory systems can be caused due to 
contamination by heavy metals. Contact with the skin can 
cause allergies and dermatitis, depending on fluid type and 
exposure time. Digestive and respiratory illnesses can occur 
due to ingestion of small particles and the breathing in of 
cutting fluid mist. 

Besides these environmental and health problems, there 
are also economic concerns related to the use of cutting 
fluids, as this represents a significant portion of the 
manufacturing costs (about 15–17 per cent) (Byrne and 
Scholta, 1993). This is because, besides purchase costs, fluid 
maintenance is necessary to preserve its properties. Thus, it 
is important, among other things, to promote temperature 
monitoring, water treatment, fluid circulation throughout 
the machine tool and pH control.

According to Ebbrell et al. (2000), despite the great 
advantages brought about by the use of cutting fluids, 
frequently its application is inefficient, with considerable 
losses. It is important to ensure the effective penetration of 
cutting fluid in the interface between workpiece and tool, 
improving the final quality and reducing costs.

Dhar et al. (2006) stated that, despite the technological 
advantages provided by cutting fluids, their drawbacks are 
being increasingly questioned, among them health and 
environmental hazards. Also, Sokovic and Mijanovic (2001) 
noted that industries are being forced to develop less 
damaging cooling-lubrication strategies for machining 
processes.
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Tawakoli et al. (2007) showed that one of the alternatives 
for reducing cutting fluid use is to optimize fluid flow, which 
occurs, for example, when MQL is used.

4.2.2 Minimum quantity lubrication

MQL is defined as a spray of a small amount of oil in a 
compressed air jet, directed to the cutting zone, minimizing 
the high flow rates of conventional flood coolant application 
(Obikawa et al., 2006).

In MQL, the aerosol formed by the oil droplets carried 
by the compressed air provides efficient lubrication. 
Conventional cutting fluids, due to the use of additives and 
low application pressures, are not able to penetrate the cutting 
zone effectively, leaving MQL as more effective in this case.

A further advantage of MQL is that it makes cleaning 
easier, as chips, workpiece and tool are less impregnated with 
fluid after machining. In addition, during machining, as the 
workpiece is not completely flooded by fluid, as when using 
flood coolant, it is possible to visually monitor the process. 
In MQL, a low fluid flow is used, approximately from 10 to 
100 mL/h, under a pressure of 4–6.5 bar (Attanasio et al., 
2006).

Although MQL promotes efficient lubrication, thereby 
reducing grinding-specific energies when compared with 
flood coolant application, under less severe machining 
conditions surface roughness values obtained are not 
satisfactory (Hafenbraedel and Malkin, 2001).

Brinksmeier et al. (1999) stated that a great challenge 
when using MQL concerns cooling, which limits its 
application to less severe machining conditions where a 
lower amount of heat is generated.

Choi et al. (2008) studied the application of cold compressed 
air to act as a coolant on cylindrical grinding of hardened 

�� �� �� �� �� ��



Optimization of MQL in grinding with CBN wheels

119

Published by Woodhead Publishing Limited, 2013

steels. It was observed that the efficiency of air in reducing 
thermal damage was equivalent to that obtained with 
conventional fluids, for low depths of cut. However, residual 
stresses emerged, and the surface roughness values increased 
with the depth of cut. They inferred that this occurred due to 
the small amount of lubricant. Also, wheel wear increased as 
the grinding cycles progressed, but the forces and energies 
were lower than when using conventional cutting fluids.

Silva et al. (2007) reported that, when grinding SAE 4340 
steel using MQL, surface roughness, diametric wheel wear, 
grinding forces and residual stresses were improved, due to 
improved sliding of abrasive grains on the contact zone.

Heisel et al. (1998) and Klocke et al. (2009) listed the 
advantages of MQL as compared with the conventional 
cutting fluids used in grinding:

small amount of fluid used, avoiding the necessity of 
additional equipment for fluid circulation;

no need for filtering or recycling processes;

lower fluid maintenance costs;

workpieces and machined chips are almost clean at the 
end of the process;

minimized use of biocides and fungicides.

According to Machado and Diniz (2000), when compared 
with flood coolant lubrication, MQL requires investments 
to pressurize the air and to remove the machined chips. 
Productivity can also be lowered due to thermal damage of 
the machine tool components. A good exhaust system must 
be installed, so that the emissions can be safely removed 
from the environment. Also, the noise generated by the 
compressed air system must be minimized.

Tawakoli et al. (2009) state that, for efficient use of MQL, 
the effect of grinding parameters and workpiece materials 
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must be taken into account. Also, satisfactory lubrication 
provides better grain slipping at the contact zone, which 
improves surface quality.

4.2.3 Thermal damage during grinding

The large amount of energy per unit of removed material 
volume is converted mainly to heat in the cutting zone, 
which can damage the surface integrity of a ground 
workpiece. Thermal damage to the material surface can 
affect it significantly, reducing wear and fatigue resistances, 
due to promotion of nucleation and propagation of cracks. 

One of the main sources of damage to the workpiece 
surface is grinding burn. A visible burn can occur, characterized 
by an oxide layer on the surface. However, the absence of a 
visible layer does not indicate the complete absence of thermal 
damage. Such damage arises from successive heating (during 
material removal) and cooling (by the cutting fluid). These 
thermal cycles can induce microstructural transformations on 
the material surface, thus impairing the mechanical properties 
achieved with the previous processing (Silva et al., 2007).

The increased efficiency of cooling-lubrication techniques 
can minimize the incidence of thermal damage (Malkin and 
Guo, 2007).

4.2.3.1 Visible burn (oxidation) 

The oxidation characterized by an alteration of color is the 
most obvious and, most often, the first visible indication of 
thermal damage. Its color varies from light brown to dark 
blue, normally occuring above 450 °C; the lightest colors 
indicate oxidation at lower temperatures, but can also 
emerge at higher temperatures with lower cutting speeds 
(Marinescu et al., 2004). 

�� �� �� �� �� ��



Optimization of MQL in grinding with CBN wheels

121

Published by Woodhead Publishing Limited, 2013

4.2.3.2 Hardness losses 

Grinding temperatures may not be high enough to cause 
visible burn. However, in some situations, grinding overcomes 
the previous tempering temperature, resulting in surface 
hardness losses. 

When metallographic analyses are conducted, the region 
affected by this retempering presents itself as a darker tone, 
and is usually known as a black layer. It does not indicate that 
microstructural alterations have occurred, but, when martensite 
suffers this super-tempering, there is a loss in hardness. The 
depth (in relation to the surface) where black layers can be 
found is no greater than 100 µm (Marinescu et al., 2004).

4.2.3.3 Rapid quenching – white layer 

In some situations during grinding, temperatures above the 
austenitizing temperature are achieved, and cooling at a fast 
rate can cause rapid quenching on the ground surface. 
Normally, the layer formed on the ground surface is thin, 
followed by a subsurface region with hardness losses (black 
layer). Due to its light color, when viewed under a microscope, 
it is usually called a white layer.

The white layer is detrimental to workpiece integrity, as 
the hardened surface becomes extremely brittle, and tension 
residual stresses arise, which drastically reduce wear and 
fatigue resistances. 

4.2.4 Cubic boron nitride wheel

The superabrasive CBN was introduced in 1969 by General 
Electric, using the brand name Borazon (Salmon, 1992).

According to Guo et al. (2007), CBN wheels are largely 
used as alternatives to conventional alumina and silicon 

�� �� �� �� �� ��



Machining and machine-tools: Research and development

122

Published by Woodhead Publishing Limited, 2013

carbide wheels in many industrial sectors. As CBN possesses 
higher wear resistance, lower grinding temperatures can be 
achieved, reducing the likelihood of thermal damage and 
residual stresses. 

Due also to the high thermal conductivity (1300 W/m.K), 
a small amount of heat is transferred to the workpiece 
(about 20 per cent), much lower than when alumina wheels 
are used (60–70 per cent), thus minimizing the incidence of 
thermal damage (Marinescu et al., 2007).

CBN is a synthesized material obtained by the allotropic 
transformation of hexagonal boron nitride, under high 
pressures and temperatures. With extraordinary hardness, 
independent of crystal orientation, it possesses some 
advantages when compared with diamond, as it allows the 
machining of ferrous metals. Despite the greater hardness of 
diamond, its use in machining of steels is limited, as there is 
a tendency for carbon (existing in its crystal structure) to 
diffuse into the bulk of the workpiece, under typical 
machining pressures and temperatures.

A limiting factor for the application of superabrasive 
wheels is their high cost. However, when a global cost 
analysis is conducted, CBN is seen to provide lower grinding 
cycles, along with fewer tool changes and stops, related to 
wheel wear. All these factors can lead to a reduction of about 
40 per cent of the total process costs (Fusse et al., 2004).

4.3 Wheel cleaning

4.3.1 Wheel clogging 

Wang et al. (2000) noted that, when the energy at the 
wheel/workpiece interface generates an increase in local 
temperature, machined chips are most likely to adhere to 
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the abrasive wheel pores. Workpiece temperature therefore 
increases, causing thermal damage such as surface burn, 
thus reducing the surface quality and increasing wheel wear. 
Therefore, the lower the grinding-specific energy, the lower 
the probability of abrasive grains being loosened and of 
damage (Salmon, 1992).

Cameron et al. (2010) explained the phenomenon of 
wheel clogging as follows: when machined chips are not 
completely removed from the cutting zone by the cutting 
fluid, they lodge in the wheel pores, preventing perfect 
penetration of the cutting fluid in the cutting zone, and thus 
further hampering wheel cleaning. These lodged chips affect 
the efficiency and quality of the grinding operation, as they 
increase the contribution of elastic and plastic deformation 
to total grinding energy. Thus, the process energy will 
increase, as will the heat in the cutting zone. 

When grinding takes place, chips are generated in and 
removed from the cutting zone; however, if MQL is used, 
these chips tend to mix with the MQL oil and lodge in the 
wheel pores (Figure 4.1). As the grinding process progresses, 
this ‘grout’ loads the wheel pores until there is contact 
between the lodged chips and the workpiece. Thus, the 

Workpiece

MQL nozzle

Reaction forces
Chips

Oil

Abrasive grain

Wheel

Figure 4.1 Wheel clogging
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friction between the two components will cause deformation – 
elastic and plastic – only on the latter, which will increase the 
cutting power, surface roughness and roundness error of the 
workpiece, as well as wheel wear. Also, these lodged chips will 
generate reactions on the abrasive grains, causing increased 
wear due to grain loosening. Moreover, the workpiece will be 
scratched by the chips, worsening its final quality. 

According to Sinot et al. (2006), some alloys are difficult 
to machine, e.g. titanium alloys, which clog the wheel pores 
more easily when metal particles are compressed and lodged 
between the grains. With high removal rates, the phenomenon 
is more intense, and some wheels are more prone to clogging 
than others.

Sinot et al. (2006) also describe two ways to avoid wheel 
clogging: to use an open structure wheel, which can increase 
the probability of bond fracture; and to re-dress the wheel 
more frequently, which increases process costs.

Figure 4.2 shows images with the grout in grey, clearly 
visible on the cutting surface, and a detailed view of a 
clogged wheel.

Nozzle

Wheel

Chips

Figure 4.2 Grinding wheel with lodged chips (100×)
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4.3.2 Wheel cleaning systems
4.3.2.1 Laser cleaning

Jackson et al. (2007) used a carbon dioxide laser to clean the 
wheel cutting surface. According to the same authors, a 
continuous or pulsing wave can be used. The laser passes 
through a convex lens and irradiates on the wheel surface, 
with a great amount of energy. This energy is capable of 
cutting the wheel, removing abrasive grains and lodged 
chips. Therefore, this irradiation must be controlled in order 
not to damage the tool, by means of two main parameters: 
laser beam energy flux, and the duration of the laser beam. 
By adjusting focal offset, laser irradiation energy flux can be 
controlled. Control of laser pulse duration and pulse frequency 
can also adjust the level of laser irradiation power.

4.3.2.2 Wheel cleaning with a secondary cutting 
fluid jet 

Cameron et al. (2010) studied creep-feed grinding of steel 
with alumina wheels, using a secondary cutting fluid system 
(flood coolant, with the same cutting fluid as the main 
application) which applied a high-velocity (highest value of 
143 m/s, corresponding to an internal pressure of 13.8 MPa) 
jet to clean the wheel surface, in addition to the normal 
flood coolant cooling-lubrication method. The stand-off 
distance of the cleaning nozzle was 12.7 mm. The distance 
ensured that the 30° spread of the cleaning jet would fully 
cover the workpiece width.

The addition of this cleaning system minimized grinding 
burn, when compared with the condition with only one 
cutting fluid flow. Cameron et al. (2010) also concluded that 
the chips lodged in the wheel pores increased the grinding 
forces, thus giving rise to burn.
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They also verified that specific energy at 120 m/s was 
33 per cent lower than when no cleaning was used. Thus, a 
higher efficiency was achieved, with lower tendency for 
thermal damage.

The system provided wheel cleaning, as well as cooling. 
The flow rate used for the jet was 17.8 L/min, and the 
incidence angles were: normal to the cutting surface, 26° 
and 90° (tangential). According to Cameron et al. (2010), 
when the nozzle was oriented normally to the wheel, the 
cutting fluid penetrated deeply; when aimed tangential to 
the wheel, it was reflected. Therefore, it was noted that a 
greater reduction in tangential forces was found when using 
an angle of incidence of 26°, because the cutting fluid could 
spread on the wheel surface, encompassing a broader area.

Webster (2008) described a situation in which an 
independent radial jet was added to clean the wheel, along 
with a tangential cooling jet. A synthetic water-based cutting 
fluid was used for flood coolant, in all nozzles. For the radial 
nozzle, the jet was applied at a flow rate of 64.3 L/min and 
a pressure of 413.7 kPa (60 p.s.i.). Webster reported that the 
optimized system provided better results, lowering wheel 
wear, reducing dressing and improving surface integrity.

4.3.2.3 Wheel cleaning with a compressed air jet 

According to Lee et al. (2002), the compressed air jet 
provides an alternative to prevent wheel clogging, as it 
removes a larger proportion of the impurities that adhere to 
the tool. Thus, the lower pressure of the jet, the lower will 
be its cleaning efficiency.

They concluded that a greater depth of cut can be used, as 
wheel wear is lowered and also it is possible to obtain better 
surface quality, with narrow geometric and shape tolerances, 
when using compressed air jets to clean the wheel cutting 
surface. 
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It was expected that, when using MQL, wheel cleaning 
would also occur, similar to that verified by Lee et al. (2002), 
as shown in Figure 4.3.

Oliveira et al. (2012) recently reported the use of a 
compressed air jet for wheel cleaning, when using MQL in 
CBN grinding. The results showed that an incidence angle of 
30° is more suitable for penetration in the cutting zone, 
providing efficient cleaning and better results in almost all 
the process outputs analysed, such as surface roughness, 
roundness errors, wheel wear and acoustic emission signals, 
when compared with traditional MQL (without cleaning). 

Reducing fluid flow, as when using MQL, associated with 
better results of the output variables, indicates that this 
improvement of the cooling-lubrication conditions in grinding 
operations may reduce environmental and health hazards, 
contributing to a cleaner, faster and more cost-effective 
manufacturing process.

4.3.3 MQL with water addition

Even with the development of MQL, the search for new 
cutting fluid techniques has steadily progressed. Studies 
concerned with reduction of cutting fluid usage in the 

Workpiece

MQL nozzle

Cleaning nozzle

Chips with oil

Abrasive grain

Wheel

Figure 4.3 Effect of compressed air jet on wheel cleaning
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machining process, as well as minimization of their 
drawbacks, have continued. As a consequence of these 
efforts, the addition of water in MQL fluid has recently 
appeared as an improvement.

According to Yoshimura et al. (2005), this modification 
provides extreme cooling capability, as water droplets tend 
to carry a thin coating of oil. When these droplets impact on 
the workpiece surface, water rapidly evaporates due to the 
small size of the droplets, cooling the surface owing to their 
sensible and latent heats, thus leaving the oil to act as a 
lubricant. 

This high cooling capacity is of great importance to 
dimensional and geometric tolerances, to surface roughness 
and to other phenomena involving the cutting tool and 
machined surface. 

Yoshimura et al. (2005) stated that the addition of water 
in the MQL technique improves lubrication when compared 
with traditional MQL, reducing the friction between wheel 
and workpiece. Also, their results show that MQL with 
water can reduce tool wear, axial cutting forces and tool 
contact width, while providing more curled chips (as a 
consequence of cooling). 

Yoshimura et al. (2005) concluded that MQL with water 
is more efficient than traditional MQL. Besides the reduction 
in cutting forces and tool wear, it also promotes sufficient 
lubrication to suppress local temperature rise in the contact 
zone, as well as sufficient cooling capacity due to water 
evaporation, minimizing increases in temperature.

It must be noted, however, that the results and conclusions 
presented by the above researchers refer to machining 
processes which use cutting tools with defined geometry. 
Few studies have been conducted concerning this new 
technique, and no results have been published concerning 
MQL with water additions in grinding. 
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4.4 Conclusions

Optimization of the MQL technique in grinding has been 
widely researched to minimize the occurrence of wheel 
clogging (wheel cleaning) and the use of cutting fluids (MQL 
with addition of water). 

However, the results and conclusions presented by the 
authors discussed here refer to specific machining conditions, 
which may be not reliable for different grinding parameters, 
wheels and workpiece materials. Therefore, much work 
remains to be done to obtain optimal conditions for MQL 
in grinding, which can provide results similar or better to 
flood coolant application. 

The increasing need for sustainable manufacture should 
stimulate further research and studies of alternative cooling-
lubrication methods, as well as improvements in existing 
techniques. Along with workpiece quality results, cost 
estimations should be done for each case to ensure the new 
method (or improvement) is feasible in terms of industrial 
application.
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Electrical discharge machining: 
study on machining 

characteristics of WC/Co 
composites

K. Palanikumar1 and J. Paulo Davim2

Abstract: Electrical discharge machining (EDM) is a 
non-traditional machining process based on removing material 
from a part by means of a series of repeated electrical discharges 
between tools, called electrodes, and the part being machined 
in the presence of a dielectric fl uid. EDM is currently widely 
used in industry for high-precision machining of all types of 
conductive material such as metals, metallic alloys, graphite and 
even some ceramic materials, regardless of hardness. In spite of 
their exceptional mechanical and chemical properties, ceramic 
materials have only been partially accepted in the fi eld of 
industrial applications, owing to diffi culties with processing and 
the high cost associated with their manufacture. Over the past few 
years, advances in the fi eld of EDM make the application of this 
technology available for the manufacture of conductive ceramic 
materials. This chapter fi rst presents an overview of the general 
classifi cation, manufacturing and various applications of EDM 
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and secondly presents the application of EDM for the machining 
of tungsten carbide/cobalt (WC/Co)-cemented carbide, an 
important composite material that is used in the manufacture of 
cutting tools, dies and other special tools. It has high hardness 
and excellent resistance to shock and wear, but is diffi cult to 
machine easily using conventional techniques. Experiments are 
performed on a newly designed experimental set-up developed 
in the laboratory. The response surface methodology is used to 
identify the most infl uential parameters for maximizing metal 
removal rate and for minimizing surface roughness. 

Key words: Analysis of variance, die sinking EDM, electrical 
discharge machining (EDM), non-traditional machining, 
response surface methodology, tungsten carbide/cobalt, 
WC/Co composites.

5.1 Introduction

Electrical discharge machining (EDM) is one of the most 
important non-conventional machining processes and has 
recently become increasingly popular. In EDM the material 
is removed from a part by a series of repeated electrical 
discharges between the tool, the ‘electrode’, and the part 
being machined in the presence of a non-conductive fluid, 
the ‘dielectric fluid’. The dielectric fluid provides a means of 
flushing and is pumped through the arc gap between 
electrode and workpiece. This process removes suspended 
particles of the workpiece and the electrode from the work 
area. EDM is widely used in industry for high-precision 
machining of all types of conductive materials such as 
metals, metallic alloys, graphite and even some ceramic 
materials, regardless of hardness. EDM is normally used for 
machining extremely hard materials to form complex 
shapes. EDM is mainly applied in the die and mould-making 
industry and also in the construction of prototypes. The 
introduction of numerically controlled equipment enabled 
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various new EDM technologies such as deep sinking EDM, 
contouring EDM, wire EDM and milling EDM (Lauwers 
et al., 2012). EDM has proved to be a valuable operation in 
the machining of super-tough electrically conductive materials 
such as new space-age materials, which are difficult to 
machine using conventional methods. EDM is mainly used 
in machining of intricate shapes that would be impossible to 
produce with conventional cutting tools. This machining 
process is continuously finding further applications in the 
machining industry (Luis et al., 2005). 

Tungsten carbide/cobalt (WC/Co) composite is one of the 
most important classes of materials used for producing cutting 
tools, dies and other special tools and components having 
high hardness, strength and wear resistance over a wide range 
of temperatures. It has high specific strength and cannot be 
processed easily by conventional machining techniques (Lee 
and Li, 2001). It is possible to machine this material with 
some conventional methods, but high accuracy is required for 
machining complex shapes that cannot be achieved by 
conventional machining. In general, grinding is the only 
accepted conventional method for machining various kinds of 
cemented carbides, especially when high surface quality is 
required. However, during the grinding process, local heat 
generation due to machining causes microcracks on the 
workpiece material (Kanagarajan et al., 2009). This is 
especially true in the machining of WC/Co composites, 
because WC and Co are two quite different phases. As a 
result, a complementary finishing operation might be necessary 
to remove these cracks and to produce a good surface quality 
when conventional machining is used (Llanes et al., 2004; 
Puertas et al., 2004). Among non-conventional machining 
methods, electrochemical and EDM are suitable for machining 
of WC/Co composites. However, in electrochemical machining, 
the stock removal rate is very low because of the creation of 
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a resistant oxide layer on the surface of the workpiece. 
Therefore, EDM is usually used for machining these materials. 
Given its ability to machine WC/Co composites, the EDM 
process is very important in machining cemented carbide 
materials, and many studies have been done in this regard 
(Zhang et al., 1997; Lee and Li, 2001; Mahdavinejad and 
Mahdavinejad, 2005). Electro-discharge machine 
manufacturers and users are clearly interested in acquiring 
better stability and higher productivity in the machining 
process. The higher rate of material removal with desired 
accuracy and minimal surface damage make the EDM 
operation less costly, and hence the process is more economically 
viable and affordable. However, due to a great number of 
variables and a variety of products, optimal machining 
performance is rarely achieved (Chen and Mahdavian, 1999; 
Kanagarajan et al., 2008a,b). It is necessary to investigate 
how the erosion parameters affect the machining process. The 
results will provide significant information to achieve optimal 
process performance (Chen and Mahdavian, 1999). Lajis 
et al. (2009) used the Taguchi method to analyse the effect of 
machining parameters on the machining performance of 
EDM parameters such as peak current, voltage, pulse duration 
and interval time. They found that peak current significantly 
affects the electrode wear ratio and surface roughness, while 
the pulse duration mainly affects the material removal rate 
(MRR). A similar study by Tomadi et al. (2009) reported the 
influence of operating parameters on machining characteristics 
such as surface quality, MRR and electrode wear rate during 
the EDM of tungsten carbide. 

George et al. (2004) have conducted experiments and 
analysed the results using statistical analysis of variance 
(ANOVA) to identify the process parameters which have an 
influence on the machining. Lee and Li (2001) studied the 
effect of machining parameters on the machining characteristics 
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in EDM of tungsten carbide. The results indicated that better 
performance was achieved with the electrode as cathode. The 
workpiece as anode and tools with negative polarity gave 
better MRR, lower tool wear and better surface finish. Lin 
and Lin (2002) have developed mathematical models for 
EDM characteristics, based on the phenomenon of crater 
formation due to a single spark. Much effort has been made 
to forecast the profile and also to find the volume of the 
crater, the MRR and the tool wear rate. A comparative study 
on the performance of three different types of electrodes for 
the EDM of tungsten carbide was conducted by Janmanee 
and Muttamara (2010). The electrode materials studied were 
graphite (Poco EDM-3), copper–graphite (Poco EDM-C3) 
and copper–tungsten (solid). The performance of the 
electrodes was evaluated by studying the effect of discharge 
current, on-time, off-time, open-circuit voltage and electrode 
polarity on the MRR for machining tungsten carbide. Chen 
and Hsu (2003) have studied electrical discharge machining 
of non-contact seal face grooves in WC and other materials. 
They found that WC has better surface finishes by using 
negative-polarity. In a recent study, Sano et al. (2007) have 
machined tungsten carbide with poly-crystalline diamond 
(PCD), comparing the EDM performance of the PCD tool 
with that of commonly used EDM electrodes: copper (Cu) 
and copper tungsten (CuW). The results indicated that PCD 
electrodes perform better in machining of WC-Co. 

Review of the above studies indicates that modeling of 
the EDM process can be regarded as a problem of correlating 
the input parameters of the process with its output 
parameters. This can be dealt with by means of response 
surface methodology (RSM), which is an empirical modeling 
approach for determining the relationship between various 
process parameters and responses with the various desired 
criteria and assessing the significance of these process 
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parameters on the coupled responses (Kanagarajan et al., 
2008b). It represents a sequential experimentation strategy 
for building and optimizing the empirical model. In the 
present paper, an attempt has been made to obtain optimal 
settings for the process parameters, which may yield 
optimum MRR and minimum surface finish (Ra) on the 
components processed by EDM. RSM has been used to plan 
and analyse the experiments (Puertas and Luis, 2004).

To understand the efficient use of EDM for ceramic 
materials, this chapter first presents an overview of the general 
classification, manufacturing and various applications of the 
EDM process and secondly focuses on the die-sinking EDM 
of a ceramic material such as cobalt-bonded tungsten carbide 
(WC/Co) and its field of applications. Analysis was made of 
the influence of electrode rotation (S), pulse on-time (T), 
current (A) and flushing pressure (P) on the output responses 
MRR and surface roughness. The experiments are based on 
the methodology of Box and Bhenken (1960). Mathematical 
relations are established between the parameters and responses 
MRR and surface roughness. The effect of the parameters and 
their interactions are presented in detail and discussed. 

5.2 Principles of the EDM process

EDM is a thermoelectric process used to remove metal via a 
series of discrete sparks between the metal and workpiece. 
In EDM an electric spark is used as the cutting tool to cut 
(erode) the workpiece and produce the finished part to the 
required shape. Electricity flows through the electrode in the 
form of a square wave attacking the points of least resistance 
on the workpiece, similar to a bolt of lightning hitting a tree 
before it hits the ground (http://www.polecraft.com.) The 
basic principle is shown in Figure 5.1. 
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In EDM, material removal is performed by applying a 
pulsating (ON/OFF) high-frequency current through the 
electrode to the workpiece. This removes (erodes) very tiny 
pieces of material from the workpiece at a controlled rate. 
The electrode and the workpiece are both immersed in a 
liquid called dielectric fluid. The workpiece is normally the 
anode and the tool is the cathode. A thin gap of about 
0.025 mm is maintained between the tool and the workpiece 
by a servo system. A suitably shaped tool with feed 
mechanism is used to get the proper shape and size of the 
work. The dielectric used in the system is continuously 
circulated and filtered. No grinding or finishing is required 
after the EDM operation. A schematic diagram of the EDM 
process is presented in Figure 5.2. 

EDM is basically of three types according to the electrode 
used, namely die sinking EDM, wire-cut EDM and micro EDM 
mill. Die sinking EDM consists of an electrode and the workpiece 
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Work Metal Work piece

(anode)
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–

+

Tool (cathode)

Dielectric
fluid molecules
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column or
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Figure 5.1 
Principle of the electric discharge machining 
process
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is submerged in an insulating liquid. The electrode and the 
workpiece are connected to a power supply in which the 
electrode is made according to the required shape. The machine 
uses the shape of the electrode to erode the inverse shape in the 
workpiece. This is one of the important accurate processes 
normally used for making mould cavities. The die sinking EDM 
arrangement is presented in Figure 5.3. In this form of EDM, the 
electrode is configured like the cavity desired in the workpiece. 
The machining speed depends upon the type of material, area of 
the material to be machined and the machining condition.

In wire EDM the electrode is a wire and is fed through an 
upper and lower diamond guide. The wire diameters usually 
range from 0.05 to 3.0 mm. The electrode is used only once 
and is discarded after it is used. Wire control is carried out 
by computer numerical control, which programs the path of 
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Figure 5.2 Schematic of an electric discharge machine
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the wire. This form of EDM is the most accurate and can be 
used for both rough and finish machining. A schematic of 
travelling wire EDM is presented in Figure 5.4. A third type 
of EDM recently developed is micro EDM mill in which the 
electrode has diameters of 50 μm to 10 mm. The complex 
electrode is replaced by a set of moving standardized 
electrodes. The process is similar to the conventional die 
sinking EDM. Micro EDM complements wire EDM by 
providing the ability to drill pilot holes through heat-treated 
materials and carbide. It can be used for machining deep 
cavities up to 10 mm with nearly vertical walls of 1.5° taper, 
and also for machining of very thin (<0.1 mm) ribs. This 
technology is an important application in micro machining. 

The EDM process is used for making different kinds of 
workpieces. The EDM machine is programmed for vertical 
machining, orbital, vectorial, polygon, spherical, circular, 
directional, helical, conical, spin and indexing machining 
cycles. These different machining cycles are used for making 
parts, and are presented in Figure 5.5.

Dielectric fluid
and machined swarf

Electrode

Sparking
action

Workpiece

Figure 5.3 Conventional die sinking EDM

Source: www.materion.com
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EDM has many advantages over conventional machining. 
Using EDM, electrically conductive material can be cut and 
has been used for machining hardened and heat-treated 
workpieces. Complex and intricate profiles can cut accurately, 
faster and at lower costs. Thin, fragile sections have been 

Supply reel

Workpiece

Electrode path

Electrode
Sparking action

Work piece
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Dielectric fluid and
machined swarf

(a) (b)

Figure 5.4 (a) Wire EDM, (b) micro EDM mill

Source: www.materion.com

Figure 5.5 
Tools of different cross sections and produced 
workpiece

Courtesy: Electronica Machine Tools Ltd, India
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made easily and without burrs. EDM is mainly used in the 
tool and die industries. Today, EDM is an integral part of the 
process for making prototypes and production parts. Some 
of the applications of EDM are presented in Figure 5.6.

5.3 Machining experiments

Analysing the machining quality for WC-Co composites is an 
important concern. Machining experiments were thus carried 
out on an EDM die-sinking machine (M100-model; Electronica 

Jewellery Watch cases Printing and packaging

Hardware and batch
products

Mould and die making Metal machining

Shoe industry Clothing and bag Industry

Figure 5.6 Some applications of EDM machining

Courtesy: Electronica Machine Tools Ltd, India
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Industries Ltd, India). The machine is equipped with proper 
transistor-switched power supply. The electrode used for the 
machining operation is made of copper. The electrode is fed 
downwards under servo control into the workpiece. The 
electrode used is cylindrical with a diameter of 12 mm and 
the dielectric fluid system used is kerosene jet flushing. This is 
used to circulate the dielectric fluid in the system. The 
experiments are performed by varying the pulse on-time, tool 
rotational speed, peak current and flushing pressure. The 
response parameters considered in the present study are 
MRR and surface roughness (Ra) of the workpiece. 

In EDM, MRR is an important aspect. A higher MRR is 
preferred because it is proportional to the product of the 
energy transferred per pulse and the pulse frequency. 
Changing the pulse current at a constant frequency varies 
the energy of the pulse. In each test, the MRR is calculated 
by the weight loss method. The MRR is expressed as the 
workpiece removal weight (WRW) under a period of 
machine time (T) in minutes:

MRR (mg/min)
Volume of material removed from the part

Time of ma
=

cchining
WRW

T
=

  
[5.1]

In addition to MRR, EDM aims to produce a good part with 
low surface roughness. Therefore, surface roughness is another 
important index in evaluating the cutting performance 
(Benardos and Vosniakos, 2003).

Here, average surface roughness (Ra), as generally used in 
industry, is considered. Average surface roughness (Figure 5.7) 
is the integral of the absolute value of the roughness profile 
height over the evaluation length and is calculated as follows 
(Francis et al., 2002; Rogelio et al., 2003):

 
R

L
Y x x

L

a d= ( )⎡⎣ ⎤⎦∫
1

0

       [5.2]
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where L is the length taken for observation and Y is the 
ordinate of the profile curve. Surface roughness was measured 
by using a surface roughness tester with 0.8 mm as the 
cut-off value. 

A structured, organized method was used to determine the 
relationship between factors that affect the process and the 
output of that process, with a minimum number of experiments. 
A Box–Behnken design was used to conduct the experiments, 
similar to the central composite design. The Box–Behnken 
design avoids corner points and star points. A four-factor, 
three-level Box–Behnken design (Box and Behnken, 1960) is 
used. This design is suitable for exploration of quadratic 
response surfaces and constructs a second-order polynomial 
model. This helps in optimizing a process using a small number 
of experimental runs. The design consists of replicated centre 
points and the set of points lying at the midpoints of each edge 
of the multidimensional cube that defines the region of interest 
(Anees and Manzoor, 1996). Table 5.1 shows the factors and 
their levels in coded and actual values. For four variables, the 
design requires 27 experiments. The design is generated and 
analysed using the MINITAB statistical package. 

The standard order of the experiment, its run order, the 
variables considered for the experiments (pulse on-time, tool 
rotational speed, peak current and flushing pressure), their 
setting levels and the responses measured (MRR and Ra) are 
presented in Table 5.2. The experiments are conducted 

1 1 1 1 1

L

y

x

Figure 5.7 Surface roughness parameter (Ra)
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No. Std. 
order

Run 
order

Pulse 
on-time 
(μs, T)

Electrode 
rotation 
(r.p.m., S)

Peak 
current 
(A, C)

Flushing 
pressure 
(kg/cm2, P)

MRR 
(mg/min)

Ra 
(μm)

1. 17 1 200 150 15 1 23.54 4.95
2. 11 2 200 150 20 1.5 52.13 3.79
3. 22 3 500 250 10 1.5 9.66 3.8
4. 23 4 500 100 20 1.5 26.99 4.33
5. 2 5 1000 100 15 1.5 12.12 5.65
6. 26 6 500 150 15 1.5 20.45 4.13
7. 8 7 500 150 20 2 45.66 3.12
8. 14 8 500 250 15 1 32.41 4.63
9. 16 9 500 250 15 2 38.57 3.22

10. 10 10 1000 150 10 1.5 15.25 4.43
11. 27 11 500 150 15 1.5 22.12 4.08
12. 3 12 200 250 15 1.5 50.54 3.85
13. 9 13 200 150 10 1.5 28.09 4.14
14. 1 14 200 100 15 1.5 31.41 4.27
15. 18 15 1000 150 15 1 12.32 5.25
16. 20 16 1000 150 15 2 17.44 4.7
17. 7 17 500 150 10 2 19.86 4.05
18. 25 18 500 150 15 1.5 28.52 3.86
19. 24 19 500 250 20 1.5 45.51 4.23
20. 4 20 1000 250 15 1.5 10.58 4.74
21. 12 21 1000 150 20 1.5 14.89 5.13
22. 13 22 500 100 15 1   15.2 4.81
23. 15 23 500 100 15 2 26.52 4.28
24. 19 24 200 150 15 2   46.4 3.71
25. 21 25 500 100 10 1.5 10.95 4.47
26. 6 26 500 150 20 1 28.89 4.87
27. 5 27 500 150 10 1 17.62 4.63

Table 5.2 Experimental results

Parameter Symbol Levels

–1 0 +1

Pulse on-time (µs) T 200 500 1000

Electrode rotation (r.p.m.) S 100 150 250

Peak current (A) C 10 15 20

Flushing pressure (kg/cm2) P 1.0 1.5 2.0

Table 5.1 
Process parameters and their levels used 
for the investigation
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based on preliminary experiments and our experience of the 
field. In previous studies (Kanagarajan et al., 2008a,b) we 
conducted experiments using a central composite design. In 
the present study, the experiments are carried out using the 
Box–Behnken design in the machining of composites with 
fewer number of experiments and limited range of parameters. 
The experimental results are presented in Table 5.2.

5.4 Response surface modelling using 
Box–Behnken design

MRR and the surface finish are important in machining of 
WC-Co composites. While machining, high quality of the 
parts can be achieved only through proper machining 
conditions. To determine MRR and surface quality, it is 
necessary to employ theoretical models to predict the function 
of machining conditions (Sahin and Motorcu, 2008). RSM is 
one of the important techniques for determining and 
representing the cause-and-effect relationship between true 
mean responses and input control variables, influencing the 
responses as a two- or three-dimensional hyper surface 
(Godfrey and Kumar, 2006). Many researchers have applied 
RSM for modeling and analysis of the process parameters in 
manufacturing. For example, Palanikumar (2008) has used 
RSM for modeling the machining parameters for surface 
roughness in machining of glass fibre-reinforced plastic 
composites. RSM is simple and easy to use. In the present 
study, the experiments are conducted using a Box–Behnken 
experimental design technique and the empirical relations are 
established for correlating the interactive and higher-order 
influences of various machining parameters on MRR and 
surface roughness in machining of WC/Co composites.
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Box–Behnken designs were devised by George E. P. Box 
and Donald Behnken in 1960 to achieve the following goals 
(http://en.wikipedia.org/wiki/Box%E2%80%93Behnken_
design):

Each factor, or independent variable, is placed at one of 
three equally spaced values. For conducting experiments 
at least three levels are required.

The design can be sufficient to fit a quadratic model, 
which includes square effects and interaction effects 
between factors.

The ratio of the number of experimental points to the 
number of coefficients in the quadratic model should be 
reasonable.

In many engineering fields, there is a relationship between 
an output variable of interest ‘y’ and a set of controllable 
variables {x1, x2, ..., xn}. If the nature of the relationship 
between ‘y’ and ‘x’ values is known, then a model can be 
written in the form:

y = f(x1, x2,...xn)+ε [5.3]

where ε represents the error associated with the response ‘y’. 
If we denote the expected response by E(y) = f(x1, x2,...xn)+ 
η, then the surface represented by: 

η = f(x1, x2,...xn) [5.4]

is called the response surface. Usually, a second-order model 
is utilized in response surface methodology (Montgomery, 
1991):

    
y x x x xi i

i

k

ii i ij i j
jii

k

= + + + +
= =
∑ ∑∑∑β β β β ε0

1

2

1

 [5.5]

The β coefficients are calculated using the least-squares 
method. The response surface methodology is used to find 
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values of the controllable parameters that result in 
optimization of the response or to discover what values of x 
will result in a product or process satisfying several 
requirements or specifications (Kwak, 2005). A flow chart 
of the steps used in RSM is presented in Figure 5.8. 

Checking
adequacy

Obtain the model 

Confirm the model 

Identifying the important machining
parameters and finding their upper and

lower limits

Experimental design using Box–Behnken
design

Conducting the experiments as per design

Recording the experimental results

Yes

No

Screening variables 

Developing quadratic models and
calculating the coefficients 

Figure 5.8 
Procedure for response surface methodology 
(RSM)
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5.5 Response surface model for MRR 
and surface roughness

The second-order response surface represents the MRR and 
surface roughness (Ra) can be expressed as a function of 
machining parameters such as pulse on-time (μs, T), electrode 
rotation (r.p.m., S), peak current (A, C) and flushing pressure 
(kg/cm2, P). The relationship between surface roughness and 
machining parameters is expressed as follows:

Ra = β0 + β1 (T) + β2 (S) + β3 (C) + β4 (P) + β5 (T
2) + 

β6 (S
2) + β7 (C

2) + β8 (TS) + β9 (TC) + β10 (TP) + β11 (SC) + 
β12 (SP) + β13 (CP) [5.6]

The model obtained for MRR is as follows:

MRR = 18.50945 + 0.042165*T +  
0.093362*S – 2.29167*C – 21.08502*P + 2.83264E-
005*T2 – 2.35417E-004*S2 + 0.046272*C2  +  9.09223*P2 –  
1.82664E-004*T*S – 3.26994E-003*T*C –  0.019556*T*P +  
0.014812*S*C – 0.043022*S*P + 1.45300*C*P [5.7]

ANOVA is used to evaluate the adequacy of the model. This 
essentially consists of partitioning the total variation in an 
experiment into components ascribable to the controlled 
factors and error. The ANOVA result for MRR is presented 
in Table 5.3.

Source Sum of 
squares

d.f. Mean 
square

F-value Prob > F Remarks

Model 4219.858 14 301.4184 18.37537 < 0.0001 significant

Residual   196.8407 12  16.40339

Lack of Fit   160.5495 10  16.05495  0.884783  0.6390 not 
significant

Pure Error    36.29127  2  18.14563

Cor Total 4416.699 26

Table 5.3 Analysis of variance for material removal rate�� �� �� �� �� ��
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The Model F-Value of 18.38 implies that the model is 
significant. There is only a 0.01 per cent chance that a ‘Model 
F-Value’ this large could occur due to noise. The value of 
‘Prob > F’ less than 0.0001 indicates that the model terms are 
said to be significant. The ‘Lack of Fit F-value’ of 0.88 
implies the Lack of Fit is not significant relative to the pure 
error. The coefficient of correlation R2 of 0.9554 indicates 
that the model is adequate and this model is used to navigate 
the design space. Similarly, the model obtained for surface 
roughness in EDM of WC/Co composites is as follows:

Surface roughness = 7.62417 – 4.52643E-003*T –  
0.017804*S + 0.050665*C – 0.55168*P + 2.19583E-
006*T2 + 4.78056E-005*S2 – 6.44393E-004*C2 +  
0.55056*P2 – 2.66356E-006*T*S + 1.39182E-
004*T*C + 8.71118E-004*T*P + 4.36439E-
004*S*C – 5.17640E-003*S*P – 0.11700*C*P

ANOVA results for the RSM are presented in Table 5.4.
The Model F-Value of 15.68 implies that the model is 

significant. There is only a 0.01 per cent chance that a 
‘Model F-Value’ this large could occur due to noise. The 
value of ‘Prob > F’ less than 0.0001 indicates that the model 
terms are significant. The ‘Lack of Fit F-value’ of 2.06 
implies the Lack of Fit is not significant relative to the pure 
error. The coefficient of correlation R2 of 0.9482 indicates 

Source Sum of 
squares

d.f. Mean 
square

F-value Prob > F Remarks

Model 8.52 14 0.61 15.68 < 0.0001 significant
Residual 0.47 12 0.039
Lack of Fit 0.42 10 0.042  2.06   0.3713 not significant
Pure Error 0.041  2 0.021
Cor Total 8.99 26

Table 5.4 
Result of ANOVA response surface model for 
surface roughness
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that the model is adequate and this model is used to navigate 
the design space. 

Diagnostic checking (Montgomery, 1991) of the RSM 
developed for MRR was performed using residual analysis 
and the results are shown in Figure 5.9. Residual analysis 
provided extra information about the model developed. The 
effect of the residuals which influence the MRR is analysed 
using a normal probability plot (Figure 5.9a). A normal 
probability plot is a graphical technique based on central 
limit theory. Lochner and Mater (1990) developed the 
procedure for constructing normal probability plots. In 
Figure 5.9(a), the data are spread approximately in a straight 
line, which indicates the good correlation that exists between 
experimental and predicted values. Figure 5.9(b) shows the 
residual versus predicted values, revealing minimal variation 
between the two. Figure 5.9(c) shows the histogram of 
residuals and Figure 5.9(d) shows the residuals versus 
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Figure 5.9 Residual graphs for material removal rate
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observational order. This figure shows that a tendency to 
have runs of positive and negative residuals indicates a 
certain degree of correlation. As a whole with respect to the 
analysis of residuals, Figure 5.9 does not show any model 
inadequacy. Moreover, all the residual values fall within the 
control limits and hence the developed model can be used 
for the prediction of MRR in EDM of WC/Co composites.

Similarly, diagnostic checking of the response surface model 
developed for surface roughness is presented in Figure 5.10. 
The effect of the residuals which influence the surface 
roughness is analysed using a normal probability plot (Figure 
5.10a); the data are spread approximately in a straight line, 
which indicates the good correlation that exists between the 
experimental and predicted values. Figure 5.10(b) shows the 
residual versus predicted values, revealing only minimal 
variation between the two. Figure 5.10(c) shows the histogram 
of residuals for surface roughness, and Figure 5.10(d) shows 
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Figure 5.10 Residual graphs for surface roughness
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the residuals versus experimental order. The tendency to have 
runs of positive and negative residuals indicates some level of 
correlation. As a whole with respect to the analysis of 
residuals, Figure 5.10 does not reveal any model inadequacy. 
Moreover, all the residual values fall within the control limits 
and hence the developed model is used for the prediction of 
surface roughness in EDM of WC/Co composites.

5.6 Results and discussion

Composites are continuously replacing more traditional 
materials in industry. WC/Co composites are finding 
applications in the manufacturing of cutting tools, dies, and 
other specialist tools and components owing to their 
hardness, strength and wear resistance over a wide range of 
temperatures (Tak et al., 2009). In the machining of WC/Co 
composite materials, Liu et al. (2003) used CBN tools. They 
observed very high cutting forces and poor surface finish. 
For analysis of WC/Co composites and to achieve the desired 
shape, accurate machinability data are required. The effect 
of machining factors on the machinability of WC/Co 
composites has been studied by Jangra et al. (2011), who 
suggested that the low cobalt concentration and small grain 
size favors MRR. Zhang et al. (1997) concluded that 
ceramic composites are machined in EDM either by melt 
formation for low-melting-temperature materials or thermal 
spalling for refractory materials. According to Lee and Li 
(2001), the MRR increases with a decrease of the open 
circuit voltage. For low current settings, the MRR increases 
with increasing peak current, but then levels off when 
machining at higher values. In EDM, the amount of energy 
required to generate subsurface cracks and remove material 
from the surface by flake detachment is clearly less than that 
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required to remove material more directly through melting, 
evaporation or dissociation, meaning that material is 
removed through controlled spalling (Trueman and 
Huddleston, 2000). Surface roughness increases with an 
increase in peak current, and an increase in pulse duration 
increases MRR. Lee and Li (2001) studied the integrity of a 
tungsten carbide surface after EDM. They found that surface 
roughness is a function of two main parameters, namely 
peak current and pulse duration, both of which are settings 
of the power supply. High peak current and/or long pulse 
duration produce a rough surface. At high peak current and 
pulse duration, numerous microcracks are observed. Removal 
of material from the workpiece in EDM is mainly by melting, 
evaporation and spalling. Spalling is the common mechanism 
found for some ceramic materials. This spalling effect is 
most often related to the generation of large microcracks 
(perpendicular and parallel to the top surface) generated 
during EDM (Panday and Jillani, 1987). The microstructure 
of a WC/Co-cemented carbide produced through powder 
metallurgy is presented in Figure 5.11.

The effect of various parameters on MRR and surface 
roughness has been analysed through three-dimensional 

WC

Co

Figure 5.11 
Microstructure of the as-produced composite 
(Kanagarajan et al., 2008)
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(3-D) surface graphs. The surface plot is used to visualize the 
response surface and is useful for establishing desirable 
response values and operating conditions. Such plots show 
how a response variable relates to two factors based on a 
model equation. The surface plot, which is a 3-D wireframe 
graph, represents the functional relationship between the 
response and the experimental factors. Also, the response 
surface helps to visualize how the response reacts to changes 
in experimental factors (Minitab Inc., 2003).

The effect of electrode rotation and pulse on-time on 
MRR in EDM of WC/Co composites is presented in Figure 
5.12(a). The figure indicates that MRR decreases with an 
increase in the pulse on-time but increases considerably with 
an increase in electrode rotation speed; a higher MRR is 
obtained for low pulse on-time and at high electrode 
rotation. This is because the long pulse on-time may cause 
the plasma channel to expand, which reduces the energy 
density in EDM and is insufficient to melt and vaporize the 
WC/Co composite materials (Kuppan and Narayanan, 
2006). The effect of peak current and pulse on-time on 

Figure 5.12 
(a) Effect of electrode rotation and pulse on-time 
on MRR, (b) effect of peak current and pulse on-
time on MRR
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MRR is presented in Figure 5.12(b), which indicates that an 
increase of peak current increases MRR, whereas pulse on-
time shows the reverse trend. 

Figure 5.13(a) shows a 3-D graph of flushing pressure and 
pulse on-time on MRR. An increase of flushing pressure 
increases MRR, in contrast to the effect of pulse on-time. 
The increased MRR with increasing flushing pressure is due 
to the particles in the machining gap being evacuated more 
efficiently (Ghoreishi and Atkinson, 2002). The effect of 
peak current and electrode rotation on machining of WC/Co 
composites with respect to MRR is presented in Figure 
5.13(b), showing that an increase of peak current and 
electrode rotation increases MRR. The increase of peak 
current increases the energy released, such that material 
removal is easier and deeper. High electrode rotation 
increases MRR: more material is removed in less time. 

The interaction effect between flushing pressure and 
electrode rotation on MRR is presented in Figure 5.14(a) as 
a 3-D response graph. The figure indicates that increasing 
flushing pressure and electrode rotation increase MRR in 
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on MRR, (b) effect of peak current and electrode 
rotation on MRR

�� �� �� �� �� ��



Machining and machine-tools: Research and development

160

Published by Woodhead Publishing Limited, 2013

machining of WC/Co composites as discussed earlier. The 
effect of flushing pressure (P) and peak current (C) on MRR 
is presented in Figure 5.14(b) as a 3-D response graph. The 
figure indicates that the maximum MRR is obtained at 20 A 
and a flushing pressure of 2.0 kg/cm2. With increasing 
current intensity, the energy required for EDM increases so 
that machining is easier and the discharge craters become 
deeper and wider, thus contributing to greater cobalt 
material debonding from the parent material, due to the 
cobalt having a high thermal expansion coefficient and a 
low melting point compared with WC (Kanagarajan et al., 
2008b). A micrograph of the machined workpiece by EDM 
of WC/Co composites is presented in Figure 5.15, showing 
the recast layer and heat-affected zone.

The effect of electrode rotation and pulse on-time on 
surface roughness is presented in Figure 5.16(a), which 
shows that an increase of electrode rotation reduces surface 
roughness. The reason for this is that an increase of electrode 
rotation eases the machining, which in turn reduces surface 
roughness. The increase of pulse on-time increases the spark, 
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which results in an increased MRR. Consequently, the 
craters produced on the machined surface are broader and 
deeper. This affects the surface finish: with shorter duration 
of sparks, the surface finish is better. The effect of peak 

50μm

Figure 5.15 
Micrograph of the machined workpiece with 
heat-affected zone and recast layer

Figure 5.16 
(a) Effect of electrode rotation and pulse on-time 
on surface roughness, (b) effect of peak current 
and pulse on-time on surface roughness
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current and pulse on-time on the surface roughness in an 
EDM workpiece is presented in Figure 5.16(b). The results 
indicate that an increase of current and pulse on-time 
increases surface roughness, but not as noticeably as 
compared with pulse on-time. 

A 3-D surface graph showing the interaction effect 
between flushing pressure and electrode rotation on surface 
roughness in EDM of WC/Co composites is presented in 
Figure 5.17(a). The figure indicates that an increase of 
electrode rotation reduces the surface roughness in 
machining of WC/Co composites. And an increase in 
flushing pressure improves the surface finish. With 
increasing electrode rotation, the ignition time delay 
increases, reducing the energy transferred through the 
individual discharges for material removal. This diminishes 
the dimensions of craters, giving a better surface roughness 
(Ghoreishi and Atkinson, 2002). By contrast, an increase in 
flushing pressure increases flushing, making machining 
easier and producing a better surface finish. The effect of 
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(a) Effect of flushing pressure and electrode 
rotation on surface roughness, (b) effect of flushing 
pressure and peak current on surface roughness
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flushing pressure and peak current on the surface roughness 
in EDM is presented in Figure 5.17(b). This indicates that 
an increase of peak current increases surface roughness, 
whereas an increase of flushing pressure reduces surface 
roughness. 

The effect of flushing pressure and pulse on-time on 
surface roughness is shown in a 3-D surface graph in Figure 
5.18(a). As already discussed, the increase of flushing 
pressure and electrode rotation reduce surface roughness. 
The effect of peak current and flushing pressure on surface 
roughness is presented in Figure 5.18(b), showing that an 
increase of flushing pressure reduces surface roughness, 
whereas an increase in peak current increases surface 
roughness. The increase in current produces an increase in 
surface roughness due to increased discharge energy, which 
subsequently causes larger craters on the surface of the body. 
The machined surface obtained on WC/Co composite is 
presented in Figure 5.19.
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(a) Effect of flushing pressure and pulse on-time 
on surface roughness, (b) effect of peak current 
and electrode rotation on surface roughness
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5.7 Summary

In this chapter we have investigated EDM of WC/Co-
cemented carbide, an important composite material used 
in the manufacture of cutting tools, dies and other 
specialist tools, first presenting a general overview of the 
EDM process. The effects of various machining parameters 
which influence the EDM process in the machining of 
WC/Co composites have been analysed using response 
surface analysis. The experiments were carried out using a 
Box–Behnken experimental strategy. The effect of 
machining parameters such as flushing pressure, pulse 
on-time, peak current and electrode rotation on MRR and 
surface quality of the WC/Co composites was analysed 
using 3-D response graphs. Further detailed research is 
underway to analyse other parameters which influence 
EDM.

Figure 5.19 
Surface produced on machining of WC/Co 
composites

50μm
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Conventional and 
unconventional hole making in 

metal matrix composites
Inderdeep Singh1, Sarbjit Singh1 and 

Abhishek Singh1

Abstract: Hole making in advanced materials such as metal 
matrix composites (MMCs) is an essential prerequisite to 
facilitate their assembly. The secondary processing of MMCs 
is thus unavoidable in the overall product development cycle. 
Here we address the issues and challenges in conventional 
and unconventional hole-making techniques in MMCs. There 
are a plethora of challenges associated with achieving good-
quality cost-effective hole making in MMCs. The conventional 
(drilling) and unconventional (ultrasonic and electrical 
discharge machining) techniques of hole making in MMCs are 
discussed, and the results of previous research are outlined. 
The chapter provides insight into the fundamental aspects of 
hole making in MMCs.

Key words: Drilling, electric discharge machining, hole making, 
MMCs, ultrasonic machining.
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6.1 Introduction 

Metal matrix composites (MMCs) have been the subject of 
research interest since the 1970s. MMCs possess attributes 
that make them advantageous over non-composite materials, 
including a combination of enhanced properties for structural 
applications, aerospace, automobile and household products, 
for example increased strength to weight ratio, high toughness 
and impact strength, high elastic modulus, high surface 
durability, low sensitivity to thermal shocks, low sensitivity 
to surface flaws and good wear resistance. Such improved 
characteristics make MMCs ideal for advanced engineering 
applications. ‘Design for Machining’ is an important criterion 
when ascertaining whether these materials can be 
appropriately used, as machining represents the leading cost 
associated with the manufacturing of a product. Although 
efforts have been made to develop near net shape 
manufacturing of components, some secondary machining 
processes such as drilling need to be performed for joining 
and assembly purposes.

6.2 Development of the secondary 
processes for MMCs: ‘need of the hour’

MMCs were developed in the early 1970s and the primary 
support for their development was from the aerospace industry. 
At present, more than 80 per cent of MMCs are used for 
ground transportation, so primary support for the development 
of MMCs is now from the transportation industry. The 
transportation industry is looking for efficient and cost-
effective methods for the development and assembly of MMCs. 
Therefore, efforts have been made to develop near net shape 
manufacturing techniques for MMC products. However, in 
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many structural and engineering applications, machining is 
essential to complete the assembly process. Therefore, for 
joining and assembly, machining processes such as drilling are 
often unavoidable. Drilling is often the last manufacturing 
process to be performed on a part before assembly. Hole 
making in MMCs by unconventional methods such as electrical 
discharge machining (EDM) necessitates higher set-up costs 
and results in lower productivity (lower material removal rate, 
MRR). Therefore, conventional drilling is the most widely 
acceptable and frequently practised machining operation for 
hole making in advanced materials such as MMCs. 

6.3 Classification of MMCs based on 
the matrix material

MMCs are classified into different categories depending upon 
the matrix material, such as aluminium matrix composites, 
magnesium matrix composites, titanium matrix composites, 
copper matrix composites and super alloy matrix composites 
(Figure 6.1). Aluminium matrix composites are of major 
research interest as they are widely used in the automobile and 
transportation industries. Their use in industry is due to the fact 
that reinforcement compounds such as SiC, Al2O3 and B4C can 
be mixed easily in molten aluminium rapidly and cost-
effectively. Magnesium matrix composites also have similar 
advantages, but due to limitations in fabrication and lower 
thermal conductivity, they are not widely used. Magnesium 
matrix composites have been developed for the space industry 
to take advantage of the low weight of magnesium as compared 
with aluminium. Titanium alloys are used as matrix material in 
fabricating MMCs due to their good strength at elevated 
temperatures and excellent corrosion resistance. Compared 
with aluminium, titanium alloys retain their strength at higher 
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temperature, which is advantageous in manufacturing aircraft 
and missile structures, where operating speeds are very high. 
However, the main problem lies with processing of highly 
reactive titanium with reinforcement materials. Fibre-based 
titanium MMCs are widely used in developing aircraft 
structures. Copper matrix composites are superior in terms of 
thermal conductivity and high-temperature strength properties 
compared with other MMCs. Super alloys are commonly used 
as candidate materials for manufacturing gas turbine blades, 
where they operate at higher temperature and speeds.

6.4 Fabrication processes for MMCs

The manufacturing of MMCs is generally classified into two 
categories: primary processing and secondary processing. The 
preliminary production of MMCs is via primary processing, in 
which the various constituents of the composites are combined 
but this may or may not lead to the final product or concluding 

Metal Matrix
Composites
(MMCs)

Aluminum Matrix
Composites

Magnesium alloy
Matrix Composites

Titanium Matrix
Composites

Copper Matrix
Composites

Super alloy Matrix
Composites

Figure 6.1 Classification of MMCs based on matrix material
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microstructure. The final shape and microstructure of the 
composites are altered by secondary processing, such as heat 
treatment, machining and drilling. The selection of either 
primary or secondary processing depends upon the type of 
matrix, type of reinforcement, percentage of reinforcement, 
shape and size of reinforcement, and its mechanical and 
chemical characteristics. The primary processing of MMCs 
(Figure 6.2) is generally classified into two categories based 
upon the phase of the matrix (the matrix is either in solid phase 
or in liquid phase during addition of the reinforcement). 

Liquid phase processing methods are more efficient and 
economic than solid phase methods. The majority of MMCs 
are fabricated via a liquid metallurgy route due to cost 
advantages. Stir-casting is a popular technique because of 
economic considerations and is the simplest method of 
processing MMCs. Generally, stir casting involves the addition 
of reinforcement material into the metal matrix and the 
mixture is stirred at a set speed for a specific period. The 
mixture is stirred to form a vortex at the surface of the melt. 
Stirring continues for a few minutes before the slurry is cast. 
The vortex method is used to maintain the even distribution 
of the reinforcement particles in the matrix alloy. Processing 

Primary Processing

Liquid PhaseSolid Phase

Powder Metallurgy Diffusion Bonding
Stir Casting

Liquid Metal

Compo Casting Spray Deposition Squeeze Casting

Figure 6.2 Classification of primary processing of MMCs
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variables such as holding temperature, stirring speed, and size 
and position of the impeller in the melt are important factors 
to be considered in producing good-quality MMC castings. 

6.5 Conventional and unconventional 
machining processes

Comparative data relating to the various conventional and 
unconventional processes of hole making are presented in 
Table 6.1. These data are helpful in selecting a hole-making 
process with respect to the application of the product. One 
specific hole-making process that is appropriate under the 

Comparison Process
Electro-
discharge 
machining

Electro-
discharge 
drilling 

Electro-
chemical 
machining

Ultrasonic 
machining

Conventional 
drilling

Experimental 
time

Long Medium Medium Long Short

Material Conductive 
only

Conductive 
only

Conductive 
only

Conductive 
and non-
conductive

Conductive 
and non-
conductive

Burr formation No No No No Yes
Material 
removal rate

Slow Fast Fast Slow Very fast

Tool wear rate Maximum Minimum Minimum Extensive Maximum
Accuracy level Normal High Low High  Very high
Surface 
roughness

Poor Average Good Average Good 

Cutting force 
and torque 

No No No Yes with 
vibration 

Yes 

Thermal 
stresses

Negligible Negligible No Negligible Extreme 

Residual 
stresses

Yes Negligible No Negligible Yes 

Tool cost Minimum Minimum Minimum Minimum Maximum

Power 
consumption

Medium Medium High Low Low

Table 6.1 
General comparative study of the different 
hole-making processes for various materials
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given conditions for one material may not be equally 
effective for another. Therefore, a database of process 
selection for a given material depending upon product 
quality and service requirements is essential.

6.6 Conventional secondary processing 
of MMCs

Secondary processing includes a process or combination of 
processes performed on the MMCs for making a useful 
product. Secondary processing can be broadly classified into 
two categories (Figure 6.3):

processes to make the shape of the product

processes to alter the properties of the product.

The first category includes material removal (machining, 
shaping, drilling, milling, etc.) or material deformation 

Secondary
processing of MMCs

Product shape

Material removal
process

Material 
deformation

Heat treatment of the product: 
age hardening, annealing, normalizing

Final material properties of the product:
mechanical properties, microstructure

Final product for use

Rolling, forging,
bending, etc.

Final shape and size of
the product

Machining, drilling,
shaping, milling, etc. 

Product Properties

Figure 6.3 Classification of secondary processing of MMCs
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(forging, bending, rolling, etc.) processes. In the former 
(conventional machining process), the final shape of the 
product is made by removing extra material with the help of 
a cutting tool with relative motion between the cutting tool 
and the workpiece. Plastic deformation of the material takes 
place during the material deformation processes to alter the 
properties of the product. Plastic deformation may be 
carried out at elevated temperature (above recrystallization 
temperature) or at room temperature under the application 
of an applied load. The internal stresses induced by the 
plastic deformation processes are greater than those induced 
by material removal processes.

6.7 Hole making in MMCs

Hole making in MMCs with conventional tooling led to a 
novel set of challenges for researchers. The abrasive nature of 
the reinforcement causes high tool wear rate, increases the 
cutting forces and decreases the surface quality of the drilled 
hole. The various machine tool parameters (feed rate, cutting 
speed) and cutting tool parameters (tool material, point angle) 
have been investigated to obtain an optimum combination of 
parameters for optimized output quality characteristics. The 
detailed behaviour of input parameters and output responses 
is discussed briefly in the subsequent sections. 

6.7.1 Tool wear

Tool wear is the major factor that influences the hole 
quality characteristics during drilling of MMCs, where the 
quality of the machined part produced is of primary 
importance. The abrasive nature of the ceramic reinforcement, 
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such as SiC and Al2O3, means that it acts as a grinding tool 
and abrades the cutting edge of the cutting tool. Tool wear 
is influenced by the machine tool parameters and by the 
material properties (either workpiece or cutting tool). The 
machine tool parameters include feed rate, cutting speed, 
vibration-assisted drilling, type of cooling, lubrication, etc. 
Certain uncontrollable parameters such as environmental 
conditions, temperature, humidity, vibration induced in the 
machine structure, and mental or physical fatigue of the 
worker also play a significant role in tool wear. The material 
of the cutting tool, geometry of the cutting tool, type of 
matrix, type of reinforcement, shape and size of 
reinforcement, and percentage of reinforcement are 
important parameters related to material properties, and 
have a significant role in characterizing tool wear. Cutting 
tool performance while drilling of MMCs is generally 
similar to that of conventional tool materials such as high-
speed steel (HSS). A large variety of tool materials (Figure 
6.4) are investigated here, such as HSS, high cobalt HSS, 
titanium nitride, tungsten carbide (WC), carbide-tipped 
HSS, solid carbide and polycrystalline diamond (PCD). 
Among these cutting tool materials, uncoated HSS drills are 

Others
8% HSS Coated

9%

HSS 
19%

Solid Carbides
19%

PCD
28%

WC
17%

Figure 6.4 Tool materials used for drilling of MMCs
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not suitable for drilling in MMCs because of rapid tool 
wear (above that recommended by the ISO) and poor 
surface finish. High cobalt HSS and titanium nitride show 
improved characteristics, but the best results are obtained 
using solid carbide and PCD drills (Monaghan and Reilly, 
1992). The superior performance of solid carbide and PCD 
drills is because of high abrasion resistance and high 
thermal conductivity, which results in a lower cutting 
temperature (Mubaraki et al., 1995). In contrast to 
monolithic materials, in the case of drilling of MMCs tool 
wear is inversely proportional to feed rate (Morin et al., 
1995). This is because the probability of interactions 
between the cutting tool and ceramic reinforcement decreases 
with an increase in feed rate. Therefore, fewer abrasive 
particles abrade the cutting tool material, causing a decrease 
in tool wear. No uniform pattern of tool wear is observed 
with a change in cutting speed. Flank wear and crater wear 
are observed on HSS, WC and coated HSS but only crater 
wear is observed on solid carbide drills and PCD drills. The 
predominant mechanism of wear is abrasive wear, which 
leads to an increase in feed force (thrust force) with an 
increase in tool wear. Built-up edges (BUEs) are observed on 
solid carbide drills and PCD drills on the chisel edge and 
flank edges. BUEs have both advantages and disadvantages. 
A BUE protects the cutting edge from wear as it makes an 
extra cutting edge on the main cutting edge. The developed 
BUE also causes an increase in feed force and decrease in 
the surface finish of the workpiece. It can be concluded 
from the parametric evaluation of the machine tool 
parameters that cutting time and feed rate are the 
predominant factors that effect tool wear during drilling of 
MMCs (Davim, 2003). 
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6.7.2 Cutting forces

The hard ceramic reinforcing component in MMCs makes 
them difficult to machine and an attempt to do so leads to 
high drilling thrust force and torque. The thrust force and 
torque, and therefore the power required are related to the 
magnitude of the drill tool wear. The thrust force for HSS 
drills increases with increasing feed rate at a particular 
cutting speed. The lowest forces are recorded for the test 
performed using PCD drills, followed by carbide and HSS 
tools. The order of these results indicates clearly that tool 
hardness has a major influence on the efficiency of the 
drilling process when machining MMCs (Monaghan and 
Reilly, 1992). Torque shows similar trends. Cutting speed 
has no significant effect on tool wear or on drilling forces. 
A linear relationship between both thrust and torque versus 
flank wear has been observed, so thrust or torque may be 
measured to give an indication of wear of the drills (Morin 
et al., 1995). The linear relationship between torque and 
tool wear of the drill implies a linear variation of specific 
cutting energy with flank wear. PCD drills produce lower 
drilling forces than those generated by carbide-tipped drills. 
Drilling forces also depend on the hardness of the 
reinforcement. As the volume fraction of the reinforcement 
increases significantly, regardless of the tool material and 
workpiece material, both thrust force and torque are highly 
dependent on feed rate (Ramulu et al., 2002). Cutting speed 
was found to have an insignificant influence on the magnitude 
of drilling forces. A significant reduction in cutting forces 
(Basavarajappa et al., 2008) is observed with the addition of 
1–3 per cent graphite (hybrid composites). This is attributed 
to the solid lubricating property of the graphite particles. 
The graphite particles reduce the interfacial friction between 
the tool and workpiece and lower the shear flow stress. The 
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addition of graphite decreases the hardness and strength of 
the hybrid composites, thereby improving machinability, 
except in ductile material, which may generate a BUE, burr 
and poor surface finish. The most significant process 
parameters that significantly affect the cutting forces are 
feed rate and tool material. Cutting speed is insignificant in 
predicting the cutting forces during drilling of MMCs. 

6.7.3 Surface roughness

The surface roughness produced in drilling of MMCs 
comprises three parts: one originates inherently as feed 
marks depending upon tool geometry and the magnitude of 
the cutting speed and feed rate, the second one appears 
gradually due to deterioration of the cutting edges and 
vibration, and the third is due to particle pull out and 
damage (Riaz Ahamed et al., 2009). Therefore, machine 
tool parameters and material properties such as cutting 
speed, feed rate, geometry of the cutting tool, type of 
material, type of chip produced, work material and vibration 
of the machining system all have significant effects on the 
surface roughness of the drilled hole wall. 

Surface roughness increases with an increase in feed rate 
but decreases with a decrease in cutting edge radius, which 
may occur due to tool wear. At constant cutting speed, the 
surface roughness of the holes increases with increasing feed 
rate but does not change significantly with cutting speed. 
However, some researchers have suggested that surface 
roughness increases with an increase in feed rate, and 
decreases when cutting speed is increased. The lowest surface 
roughness is reported at the lowest feed rate and highest 
cutting speed. The decrease in surface roughness with 
increase in cutting speed can be attributed to the increased 
burnishing and honing effect produced by the trapped 
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abrasive particles between the tool and the drilled hole wall 
(Basavarajappa et al., 2007). The increase in surface roughness 
with increase in feed rate results because the contact time 
between the tool and workpiece decreases, thus reducing the 
burnishing effect. The increase in feed rate also causes more 
serious BUEs on the tip of the cutting tool, which lead to an 
increase in surface roughness of the drilled hole wall. A high 
feed rate increases the heat generated and hence temperature 
of the cutting, which accelerates diffusion and adhesion wear 
in the thermally weakened tool. Tool chatter also increases 
with an increase in feed rate, which leads to increased surface 
roughness. Taguchi analysis of the effect of process variables 
on the surface roughness of MMCs shows that feed rate is an 
important parameter which has a significant influence on 
surface roughness (43 per cent) followed by cutting speed (41 
per cent). The interaction between cutting speed and feed 
rate (14 per cent) is the most important interaction in hole 
surface analysis (Davim, 2003).

Cutting tool hardness is an important parameter in 
predicting surface roughness. Hard-carbide tools produce a 
better surface finish compared with that achieved when using 
HSS and TiN-coated HSS drills (Monaghan and Reilly, 1992). 
The hardness of the matrix exerts a significant influence on 
the surface finish texture of the MMC. When drilled with 
hard drills, such as solid carbide drills, poor surface roughness 
is associated with drilling the material under softer conditions. 
By contrast, HSS drills produce a better surface finish in the 
softer matrix. In each case, there is similarity between the 
result for point angles and surface roughness. With increasing 
point angle of all the drills, there is a decrease in surface 
roughness (Kilickap, 2010). The inclusion of graphite within 
hybrid composites leads to poor surface finish; graphite, 
being less dense, acts as a weak spot. When the tool passes 
over these regions, the crushed graphite particles form a deep 
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valley and hence increase the surface roughness of the 
material. The removed graphite particles become smeared on 
the machined surface. This smeared graphite layer also lowers 
the coefficient of friction. In addition, the burnishing effect 
of the trapped ceramic abrasives is reduced when graphite is 
encountered at the surface of the workpiece material 
(Basavarajappa et al., 2007). 

6.8 Unconventional machining of MMCs

There are clearly many issues and challenges with conventional 
hole making in MMCs and these need to be addressed if we 
are to increase the range of application of various types of 
MMCs. In this regard, with innovations in the field of 
advanced materials, various unconventional machining 
processes are being developed. The processing of MMCs via 
unconventional processes is one of the major innovations in 
the field of manufacturing science and engineering. To justify 
the application spectrum of MMCs, it is imperative to 
characterize their manufacturability, in addition to their 
usual mechanical, physical and chemical properties. Advanced 
materials (such as MMCs) present researchers and engineers 
with a plethora of challenges in ascertaining their high-
quality cost-effective processing. To overcome these 
challenges, a number of innovative material removal processes 
have been developed to meet the standards of commercial 
utilization (Ghosh and Mallik, 2001). These new methods 
are known as unconventional machining processes. 

Unconventional machining processes are broadly classified 
as mechanical, chemical or thermal, depending upon the 
mechanism of material removal (Table 6.2). For hole making 
in MMCs, ultrasonic machining (USM) (mechanical), 
electro-chemical machining (chemical), and electro-discharge 
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machining (EDM) or electro-discharge drilling (EDD) 
(thermal) processes have been developed and described.

Figure 6.5 shows the latest figures regarding the application 
of unconventional machining to the processing of conventional 
and advanced materials. More than 200 research publications 
have appeared on unconventional machining of materials in 
the last decade. The major emphasis of this research work 
has been on the steel industry, used for making dies, cutting 
tools, profile cutting, etc. With an increase in the use of 
advanced materials such as MMCs in the transportation 
sector, aerospace components, sports and household products, 
research efforts in the field of machining of MMCs have 
undergone unprecedented acceleration in recent years.

Figure 6.6 shows the distribution of research studies 
conducted in the field of unconventional machining of MMCs. 
The largest proportion concern thermal processes (EDM, 
EDD) for machining of MMCs (approximately 50 per cent), 
followed by chemical and mechanical processes (31 and 21 

Steel 52%

Other
17%

Non ferrous
22%

MMCs
9%

Figure 6.5 
Research studies conducted on unconventional 
machining of various materials
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per cent, respectively). Unconventional machining processes 
have superior performance over conventional machining 
operations because of the high degree of automation possible, 
superior material properties obtained and ability to generate 
complex profiles with precision.

6.8.1 Ultrasonic machining

USM was introduced in the early 1940s. It is a mechanical 
material removal process that is mainly used for impact 
erosion of electrically conductive, non-conductive quartz to 
obtain straight holes, blind holes, round holes and other 
complex shapes. The basic principle of USM is based on 
material removal from the workpiece by repetitive impact of 
abrasive particles carried by the fluid in the form-slurry 
under the action of a mirror-shaped vibrating tool. The 
development of advanced materials such as MMCs has 
increased the application spectrum of USM. Figure 6.7 
details the USM process. A vibrating tool oscillates at low 
amplitude (25–100 µm) and high frequency (15–30 kHz) 
(Pandey and Shan, 1980). The abrasive slurry (with abrasives 

ECM
31%

USM
21%

EDD
4%

EDM
44%

Figure 6.6 
Research studies conducted on various 
unconventional hole-making processes
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such as silicon carbide, diamond dust, aluminium oxide, 
boron carbide) acts as a cutting medium, takes away the 
wear particles and also cools the workpiece and tool. 

As the abrasive slurry impacts the MMC surface, failure 
of the material occurs on the surface, and the liquid stream 
carries away both the abrasive particles and the cratered 
(wear out) particles. Most research has shown that the MRR 
in USM of MMCs is directly proportional to slurry pressure, 
abrasive concentration, tool vibration amplitude and grit 
size. An increase in MRR can be achieved with an increase 
in slurry pressure, abrasive concentration, tool vibration 
amplitude and grit size. 

The most common applications of USM are in:

cutting of industrial diamonds

drilling holes in materials that are difficult to machine

instrument making

cutting holes that have curved profiles.

Abrasive slurry tank

Abrasive slurry

Tool
Workpiece

Cavitation
bubble

ToolTransducer

Electric power supply

Converter

Pump Stud

Tool holder

Abrasive

Work piece

Figure 6.7 Schematic diagram of ultrasonic set-up
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Limitations of USM include

very low material removal rate/cutting rate

extensive tool wear

hole depth is presently limited to 2.5 times the diameter 
of the tool

small depth of holes and cavities.

6.8.1.1 Input process parameters (USM) and 
output quality characterstics

Researchers have reported the effects of abrasive slurry, 
static force and amplitude of tool vibration on ultrasonic 
hole-making performance of MMCs. With an increase in the 
static force, MRR increases for various abrasive slurry, grain 
size and concentration. An increase in the amplitude of tool 
vibration causes an increase in dynamic force on the 
workpiece (Zhang et al., 2000), but also leads to more 
effective flushing of debris (Thoe et al., 1998). Increases in 
dynamic forces and effective flushing have a significant 
effect on MRR, and thus MRR increases with the amplitude 
of tool vibration. On the other hand, with an increase in 
static load and the amplitude of vibration, tool wear rate 
increases. The increased tool wear affects the resonance 
frequency of the USM, which causes a decrease in amplitude 
of vibration, thereby decreasing MRR. Therefore, the input 
parameter setting of static force and amplitude of vibration 
is a trade-off between MRR and tool wear rate. 

An increase in the abrasive particle size causes an increase 
in MRR up to an optimal value of abrasive size. A further 
increase in abrasive size decreases MRR and may even cause 
a decrease in the surface quality of the workpiece. The 
increase in MRR with an increase in abrasive size results 
from the coarser abrasive particles causing more damage to 
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the workpiece material during the striking process. However, 
with further increase in abrasive size, MRR decreases 
because the actual number of abrasive particles striking the 
workpiece decreases when the size of the abrasives is 
increased at the same level of slurry concentration (Hocheng 
et al., 2000). An increase in abrasive size also causes an 
increase in tool wear rate and flushing of debris but a 
decrease in the surface quality of the workpiece. 

6.8.2 Electrical discharge machining and 
drilling

EDM/EDD is a process based on thermal energy. It involves 
eroding the surface of a workpiece with a high-voltage 
spark. The prerequisite of EDM/EDD with respect to 
workpiece material is that it should be electrically conductive. 
An electrical potential difference is built up between the 
workpiece and the tool electrode. A dielectric fluid insulates 
the electrode from the workpiece until the voltage is 
sufficient to ionize the fluid and create a spark path through 
the fluid. At this point a high-temperature spark erodes a 
small crater from the surface of the workpiece. The current 
is then switched off and the eroded material is flushed away 
(Ghosh and Mallik, 2001). Schematic views of the EDM and 
EDD systems are shown in Figures 6.8 and 6.9, respectively. 
The working principle behind EDD is similar to that for 
EDM. The spark is generated between a rotary tool electrode 
and workpiece. EDD uses the high energy of the spark 
focused on the workpiece surface to remove material by 
localized melting and vaporization. 

The main objective of EDD is to develop a hole-making 
technique to maximize MRR and minimize tool wear rate. 
The negative terminal is connected to the rotatory tool 
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(cathode) and positive terminal to the workpiece (anode). 
The tool and work surface are physically separated by the 
dielectric fluid. The gap between cathode and anode 
(10–125 µm) is controlled by a servo system to regulate the 

Figure 6.8 Basic scheme of electrical discharge machining

DC Pulse generator

Servo control

Tool feed control

Filter
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Ionized fluid

Pump

Fixture

Dielectric fluid Tool

Figure 6.9 Basic scheme of electrical discharge drilling
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tool feed rate based on feedback signals of the average 
interelectrode gap voltage. Dielectric fluid is used as an 
effective cooling medium and it also removes the debris 
produced during hole making. The advantage of EDD lies in 
the continuous, accurate and precise hole-making operation 
at high productivity. The use of a rotating tool electrode is 
more productive and accurate than the use of a conventional 
static electrode. MRR and surface finish are higher for a 
rotary electrode than for a stationary one.

6.8.2.1 Input process parameters (EDM/EDD) 
and output quality characteristics 

The mechanism and quality obtained with the EDM process 
are equivalent to those with the EDD process. The spark 
energy provided by the plasma channel melts and vaporizes 
the MMC workpiece (Yan and Wang, 1999). The factors 
affecting the output responses during the EDM of MMCs 
are (in descending order of importance) discharge current, 
pulse on-time, pulse off-time, gap voltage and flushing 
pressure (Dvivedi et al., 2008). 

MRR is higher for all rotating modes of the electrodes 
than for the stationary modes. This is possibly due to the 
superior debris removal effect of the rotating electrodes. 
Debris at the machining gap is removed effectively by the 
centrifugal force generated by the rotating solid electrode. 
However, the dielectric pressure generated is not sufficient to 
sweep the molten material, which directly reduces MRR 
during the EDM process. MRR is also dependent on the 
sparking energy, which is proportional to pulse duration 
(Yan et al., 2000). Moreover, higher pulse on-time duration 
results in greater material removed per arc time, which 
results in a larger crater size (Singh et al., 2004). Tool wear 
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increases with an increase in the percentage of abrasive 
reinforcement. This increase in tool wear is due to the 
abrasive nature of the SiC particles. An increase in the 
percentage of SiC decreases conductivity, which increases 
tool wear rate. Discharge current has a direct effect on tool 
wear rate, suggesting that a very high discharge current can 
cause excessive tool wear. 

The advantages of EDM/EDD include:

no cutting force is generated between the tool and 
workpiece 

intricate details can be generated

superior surface finish and accuracy

smaller and deeper holes can be produced

well suited for automation

burr-free finish

low-cost tooling

materials that are difficult to machine, such as MMCs, 
can be machined. 

Disadvantages include:

low metal removal rate

electrodes must be electrically conductive

power consumption is high.
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A laboratory machine for micro 
electrochemical machining

G. R. Ribeiro,1 I. M. F. Bragança,1

P. A. R. Rosa1 and P. A. F. Martins1

Abstract: This chapter describes a laboratory machine for micro-
electrochemical machining. The machine consists of a basic 
rigid structure, various electrical and electronic components, 
an electrolyte fl ow system and a numerically controlled tool 
positioning servomechanism. The machine was designed, 
fabricated and instrumented by the authors and, besides giving 
details for those readers who may be interested in developing low-
cost equipment for fundamental research or teaching purposes, 
the chapter also emphasizes the adequacy of its operative 
conditions for drilling micro-holes of 500 µm in stainless steel 
AISI 304 sheets with 1 mm thickness under varying pulsed 
electric currents and concentrations of sulfuric acid.

Key words: Laboratory machine, micro-electrochemical 
machining, micro-holes, operative conditions.

7.1 Introduction

Electrochemical machining (ECM) is a non-traditional material 
removal process proposed by Gussef in 1929 that creates a 

1  Instituto Superior Técnico, Technical University of Lisbon, Av. Rovisco 
Pais 1049-001 Lisboa, Portugal.
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contoured shape on a workpiece by means of controlled anodic 
dissolution of metals. In ECM the workpiece is immersed in an 
electrolyte and connected to the positive terminal of a 
low-voltage, high-current DC power supply while the tool 
electrode, a negative of the desired shape, is immersed at some 
distance (gap size) from the workpiece and connected to the 
negative terminal (Figure 7.1; Fan and Hourng, 2010).

ECM is the reverse of electroplating and was developed 
throughout the 1960s and 1970s into a production 
technology for the aerospace, automotive, biomedical and 
electrical industries, among others.

Although ECM may be considered a niche production 
technology it has several important advantages against 
traditional material removal processes, such as: (i) the 
longevity of tooling; (ii) the applicability to all conductive 
materials regardless of their strength, hardness, toughness 
and heat resistance; (iii) the ability to produce high-quality 
surfaces with close tolerances in workpieces with design 
features that are costly, difficult or even impossible to 
achieve by means of traditional machining processes; and 
(iv) the ability to ensure high production rates with 

+ -

- -ee

CathodeAnode

(b)(a)
Tool Electrode

Workpiece

Electrolyte

Gap

+

-

Figure 7.1 
Schematic representation of (a) the anodic 
dissolution of metals and (b) electrochemical 
machining with a contoured tool electrode
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repeatable results regardless of the operator (McGeough, 
1974; Bhattacharyya et al., 2004; Fan et al., 2010).

Despite the aforementioned advantages, the widespread and 
effective utilization of ECM in industry has been considerably 
below expectation due to technical difficulties related to 
process stability, electrolyte and sludge removal, positioning 
and geometrical errors of the electrode, and stiffness of the 
machines (Bannard, 1977). All these problems affect the gap 
size between the electrode and the workpiece and strongly 
influence the overall accuracy and quality of the ECM 
products. These difficulties are particularly relevant when 
fabricating holes by ECM due to difficulties of the electrolyte 
in washing metal ions away from the gap before they have a 
chance to plate onto the electrode (Rajurkar et al., 1999).

Besides the influence of process parameters related to the 
electrolyte, gap and current, ECM is also dependent on the 
reaction products of electrochemical machining and mass 
transport in the electrolyte. The electrolyte acts as a current 
carrier and must provide a high current efficiency η for the 
supplied current I to allow good material-removal rates 
(MRR):

 MRR = C.I.η [7.1]

where C is a material constant and values of MRR typically 
range from 1 to 20 cm3/h depending on current density J. 
Electrolytes must also guarantee sensitivity between current 
efficiency and the supplied current in order to ensure high 
accuracy and quality of the ECM components (Chikamori 
and Ito, 1971).

Mass transport in the electrolyte is governed by diffusion, 
migration and convection. Diffusion is the spontaneous 
movement of material particles from an area of high 
concentration to an area of low concentration, migration is the 
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movement of charged material particles by the application of a 
voltage between the electrode and the workpiece, and convection 
is the movement of material particles in a stirred electrolyte.

The contribution of diffusion derives from the differences 
in concentration of ionic species in the electrolyte. The 
contribution of migration is proportional to the magnitude 
of the electric field between the electrode and workpiece, to 
the conductivity of the electrolyte, and to the concentration 
and charge of the ionic species. The contribution of 
convection to mass transport is caused by forced movement 
of the electrolyte and is described by hydrodynamics. 

The flow rate and circulation of the electrolyte in the gap 
influences temperature (Joule heating) and the products of 
the electrochemical reaction (e.g. hydrogen and metallic 
ions). Joule heating increases MRR due to higher anodic 
dissolution kinetics and greater conductivity of the electrolyte. 
The release of hydrogen at the electrode decreases MRR 
because it dilutes the electrolyte concentration and diminishes 
its capacity to act as a current carrier. Metal ions from the 
reaction products also decrease MRR if they are not properly 
washed away from the workpiece surface (Bannard, 1977).

Tool making is among the manufacturing industries that 
have taken advantage of ECM for reducing or eliminating 
traditional finishing operations after hardening, namely the 
expensive hand-polishing of dies and moulds. The drilling of 
small holes is among the most cost-effective and successful 
applications of ECM in tool making due to the high quality 
and precision of the resulting surfaces.

The last few years have seen a growing demand for micro 
mechanical parts driven by a global trend toward product 
miniaturization. This movement has come not only from 
consumers, who want small and highly sophisticated 
electronic equipment, but also from recent applications in 
medicine, sensors and optoelectronics. Tool making for 
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micro manufacturing applications opens news technological 
challenges by taking ECM a step forward to meet the 
precision requirements of complex geometric features in the 
micrometre range (Rajurkar et al., 1999). The well-known 
and established ECM process and machine-tools cannot be 
simply scaled down to be applied on the micro scale. Scaling 
down requires identification of the key operating parameters 
of ECM at the micro-level together with innovative solutions 
and concepts for the design and fabrication of machines for 
micro-ECM (µECM).

This chapter presents the details of a laboratory machine 
for µECM that is capable of drilling holes with diameters 
down to 300 µm. The machine operates with ultra-low 
voltage, low electrolyte concentration, high-frequency short 
power pulses and a micro-tool electrode to localize the 
dissolution area and produce components with dimensions 
in the micrometre range. Experiments in drilling micro-holes 
validate the development and allow us to understand the 
influence of basic operative parameters such as current, 
frequency and electrolyte concentration in MRR and 
dimensional accuracy (DA) of the resulting holes.

7.2. Development of the laboratory 
machine

Figure 7.2 shows the laboratory machine for µECM as 
designed, fabricated and instrumented by us. The machine 
consists of four different groups of components: (i) basic 
structure, (ii) electrical and electronic parts, (iii) electrolyte 
flowing system and (iv) position control devices.

The structure was rigidly constructed by means of a 
metallic frame reinforced with marble plates and blocks to 
prevent vibrations and associated geometric errors.
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The electrical and electronic parts comprise a DC power 
supply, a bank of capacitors and a discharge circuit. The DC 
power supply consists of a variable-voltage transformer and 
a constant-current rectifier for converting the single-phase 
220-V AC to DC with voltage in the range 0–100 V and 
current rating up to 3 A. The bank of capacitors is charged 
by the DC power supply and its discharge is controlled by a 
metal-oxide semiconductor field effect transistor that 
generates square pulses of electric current with frequencies 
in the range 10 kHz to 1 MHz over a duty cycle (D).

Controller PC

Laboratory MachineOscilloscope

DAQ In

DAQ Out
Discharge

Circuit

Voltage T.

(a)

(b)

Current T.

Capacitor

Transformer

Figure 7.2 

The laboratory machine for μECM as designed 
and fabricated by the authors. (a) Photograph of 
the equipment and (b) schematic representation 
of the main components.
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 [7.2]

equal to 0.5 (50 per cent). In the above equation, ton is the 
pulse on-time and toff is the pulse off-time in the period 
T = ton + toff.

The reason for including a transistor for generating pulses 
of electric current is because the precision of pulsed ECM is 
higher compared with direct-current ECM as a result of 
reaction products and Joule heat being efficiently removed 
from the gap during the pulse off-time (Datta and Landolt, 
1981). The average current I- in the period T is calculated 
from the amplitude of pulse current I as follows:

 I
t

t t
I=

+
⋅on

on off
 [7.3]

and is the quantity utilized in Eq. 7.1 whenever pulsed ECM 
is used.

The electrolyte flow system includes a pump, a filter and 
a tank. The pump forces the electrolyte to circulate through 
the gap between the electrode and workpiece in order to 
wash out the dissolved metal, to remove Joule heat and to 
ventilate the hydrogen that is formed in the electrode 
(cathode) during electrolysis. The tank is made from glass 
reinforced with stainless steel to prevent corrosion and the 
filter enables the electrolyte to be continuously reused by 
removing suspended solids.

Two position control systems are utilized. A manually 
operated X–Y table with digital micrometer heads and a 
Z-axis position servomechanism holds and feeds the electrode 
into the workpiece at a precise rate. The servo control of the 
Z-axis is performed by means of software developed in 
LabView that utilizes feedback signals of voltage and current 
obtained from a Hameg HZ100 voltage transducer and a 
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Bergoz CTB1.0 current transducer. The servo control is 
critical for keeping the gap constant and preventing the 
electrode from shorting out against the workpiece. The 
position servomechanism of the Z-axis is capable of moving 
the tool electrode along a total length of 120 mm with a 
precision of 0.5 µm.

A Tektronix 2004B oscilloscope is also available for 
observing and storing the nature of pulses and other related 
electrical phenomena that may occur during µECM.

7.3 Experimental work plan

Assessing the integration of the above components into a 
laboratory machine for µECM was performed by drilling 
micro-holes with diameters of 300 µm in stainless steel AISI 
304 sheets with 1 mm thickness.

Electrolytic copper (DIN E-Cu58) wire with 0.3 mm 
diameter was utilized as electrode and the electrolyte was a 
low-concentration solution of sulphuric acid (H2SO4 at 96 
per cent) that forms ions of hydrogen (H+) and sulphate ions 
(SO4

2–) as electrical current is applied between the electrode 
and workpiece. Metal ions react well with the sulphate ions 
in the electrolyte and the low concentration prevents 
corrosion of the tool electrode (Ahn, 2004).

The work plan was designed to isolate the influence of 
three main process parameters that were considered critical 
for analysing MRR and the dimensional accuracy of the 
micro-holes that were drilled with the machine (Table 7.1): 
(i) the applied current, (ii) the frequency of the square pulses 
of the electric current and (iii) the electrolyte concentration. 
By keeping the other parameters constant, i.e. (i) flow rate 
of electrolyte and (ii) shape of the electrode, it was possible 
to reduce the total number of parameters that influence the 
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process. The number of possible combinations of variables 
is otherwise quite large.

Experimental MRRs (mm3/h) were obtained from the 
ratio between the volume removed from the workpiece and 
the total drilling time (Figure 7.3). The dimensional accuracy 
(DA) of the micro-holes that were drilled by the machine 
was evaluated from the ratio between the difference of the 
entrance d0 and exit d1 diameters and the total length of the 
micro-hole (Figure 7.3):

 DA = (d0 – d1)/h  [7.4]

The tapered contour of the micro-hole results in poor 
dimensional accuracy and is caused by an absence of lateral 
tool feed in order to compensate for growth of the side gap. 

Table 7.1 The plan of experiments

Amplitude of current (A) 1, 1.5 and 2

Frequency (kHz) 10, 100, 500 and 1000

Electrolyte concentration (mL/L) 0, 2.5, 5, 10, 30 and 60

d0

d1

h

Figure 7.3 
Tapered contour of the micro-holes utilized in 
the definition of dimensional accuracy (DA)
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This phenomenon does not occur on the front gap due to the 
Z-axis position servomechanism and may be considered one 
of the major disadvantages of µECM.

7.4 Results and discussion

7.4.1 Electric current

Figure 7.4(a) shows MRR as a function of the amplitude of 
the pulses of electric current. The increase of MRR is not 
directly proportional to the current, as predicted by Faraday’s 

Figure 7.4
 

Influence of the amplitude of the pulses of 
electric current (frequency of 100 kHz) on 
(a) metal removal rate (MRR), (b) dimensional 
accuracy (DA) and (c) surface quality of 
the micro-holes. The electrolyte concentration is 
60 mL/L
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law of electrolysis (Eq. 7.1). Deviation from linearity 
increases as the current decreases due to the need to utilize 
very small gaps between the electrode and the workpiece 
and to the corresponding difficulties in removing Joule heat 
and washing metal ions away from the working region. 

As a result, the leftmost region of Figure 7.4(a) is 
characterized by smaller values of current efficiency and 
current density, improving the overall dimensional accuracy 
of the micro-holes (Figure 7.4b). Regarding surface quality, 
there are no visible differences in the results obtained with 
various pulse currents (Figure 7.4c).

7.4.2 Frequency of the current pulses

In contrast to Figure 7.4(a), which shows a gradual decrease 
in MRR when the pulse current is reduced, the influence of 
frequency is much more sensitive (Figure 7.5a). Higher 
frequencies, leading to smaller pulse off-times toff, rapidly 
decrease MMR. This is due to larger values of average 
current in the period T, which lead to greater amounts of 
heat and reaction products that can only be partially 
removed by the electrolyte during the pulse off-time, 
especially if the gap between the electrode and the workpiece 
is narrow.

The risk of metal ions being plated and contaminating the 
electrode increases with frequency and leads to non-uniform 
anodic dissolution and dimensional accuracy problems in 
the workpiece (Figure 7.5b). In extreme situations, the metal 
ions can even be trapped between the electrodes and 
stimulate micro-sparks that significantly decrease the overall 
surface quality of the micro-holes. As shown in Figure 7.5, 
the balance between MRR, DA and surface quality seems to 
be achieved at a frequency of 100 kHz.
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The difficulty with stability of µECM when the frequency 
is raised from 100 to 1000 kHz is clearly seen in Figure 7.6 
and indicates the necessity of diminishing the duty cycle or 
retracting the tool from the workpiece during the pulse off-
time when using very high frequencies in order to enlarge 
the gap and intensify electrolyte flushing.

7.4.3 Electrolyte concentration

Figure 7.7(a) shows the evolution of MRR with the 
concentration of sulphuric acid (H2SO4) in the electrolytic 
solution. Two different regions are observed: a large region 
where MRR decreases as the electrolyte concentration 
increases and a very small region located at the leftmost area 
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Figure 7.5
 

Influence of the frequency of electric current 
pulses (amplitude of 2 A) on (a) metal removal 
rate (MRR), (b) dimensional accuracy (DA) and 
(c) surface quality of micro-holes. The electrolyte 
concentration is 30 mL/L
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of the graphic where MRR decreases sharply as electrolyte 
concentration decreases to zero.

The combined evolution of the large region in Figure 7.7(a) 
where MRR decreases as the electrolyte concentration 
increases with Figure 7.7(b) reveals that by properly choosing 
the electrolyte concentration it is possible to reach an 
optimal processing point (30 mL/L) that leads to the highest 
DA at the greatest possible MRR. The result is in close 
agreement with Kozak et al. (2000) and De Silva et al. 
(2003), who showed that by reducing the concentration 
away from the optimal processing point, the operating 
conditions will shift towards higher current densities and 
higher MRRs while increasing the concentration will do 
exactly the opposite. 

However, the surface quality of the resulting micro-holes 
is better for lower electrolyte concentrations (Figure 7.7c).

In the leftmost area of the graphic, the results show that 
anodic dissolution is close to zero at very low electrolyte 
concentrations due to the absence of chemical action. In 
fact, when the electrolyte concentration is too low the only 

Voltage Current Voltage Current

Time Time

(a) (b)

Figure 7.6
 

Acquired signals of current and voltage in 
the oscilloscope for pulses of electric current 
with an amplitude of 2 A and a frequency of 
(a) 1 MHz and (b) 100 kHz. The electrolyte 
concentration is 30 mL/L
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possibility of material being removed from the workpiece is 
by the intense heat generated by electrical discharges. As a 
result of this, surface quality decreases considerably (leftmost 
picture of Figure 7.7c).

Very low electrolyte concentrations require the physical 
characteristics and the material removal process to change 
from electrochemical to electrical discharge machining and 
water to be replaced by an appropriate dielectric fluid 
(electrically non-conducting fluid). The latter would act as 
an insulator while the voltage between the electrode and 
workpiece builds up sufficiently to generate a spark of 
intense heat (micro-plasma) through the gap.

From the above, we conclude that the proposed laboratory 
machine for µECM can also perform material removal by 
spark erosion and, therefore, can also be utilized for 
fundamental research and teaching in µEDM.
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Influence of electrolyte concentration on (a) 
material removal rate (MRR), (b) dimensional 
accuracy (DA) and (c) surface quality of micro-
holes for pulses of electric current (amplitude 
2 A, frequency 100 kHz).
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7.5 Conclusions

The proposed laboratory machine for µECM is capable of 
functioning across a broad range of operative conditions 
that are suitable for fundamental research and basic teaching 
purposes.

Variations in the amplitude and frequency of the pulses of 
electric current and in the concentration of sulphuric acid in 
the electrolytic solution give rise to significant differences in 
MRR, DA and quality of the micro-holes. However, it is 
possible to find an optimum processing point that leads to 
the highest DA at the greatest possible MRR for a specific 
electrolyte concentration.

The optimum processing point may be different from that 
ensuring the best surface quality, which was obtained for 
pulses of electric current with an amplitude of 2 A, a 
frequency of 100 kHz and an electrolyte concentration of 
10 mL/L.

The proposed laboratory machine can be utilized for 
µEDM if the electrolytic solution is replaced by a dielectric 
fluid (e.g. mineral oil) and the operative parameters are 
properly adjusted. This is easily accomplished without 
modifying the structure, the electrical and electronic 
components, the liquid flowing system or the numerically 
controlled tool position servomechanism.
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Cam-driven electromagnetic 
mechanical testing machine

C. M. A Silva,1 P. A. R. Rosa1 and P. A. F. 
Martins1

Abstract: This chapter describes an innovative testing machine 
for the mechanical characterization of materials under high 
rates of loading. The machine consists of an electromagnetic 
actuator, a fi xed housing containing two fl at compression 
platens, a translating cam and a follower. The electromagnetic 
actuator enables high strain rates to be reached with very precise 
control of the impact velocity and of the energy transmitted 
to the translating cam. The cam profi le enables compression 
testing to be performed under the strain rate vs. strain loading 
paths that are commonly found in metalworking in order to 
meet the combined specifi cations of the machine-tool and 
process. Emphasis is placed on giving constructive details 
for those readers who are interested in developing a low-cost 
machine for conducting material tests at high rates of loading, 
as well as on demonstrating the fl exibility and adequacy of 
its operative conditions by determining the fl ow curves of 
aluminium AA1050-O and technically pure lead (99.9 per cent) 
under different testing conditions. These are implemented in a 
fi nite-element computer program and applied in the numerical 
simulation of two different basic metalworking operations.

Key words: Compression testing, electromagnetic, fl ow curve, 
high strain rate.

1  Instituto Superior Tecnico, Technical University of Lisbon, Av. Rovisco 
Pais 1049-001 Lisboa, Portugal.
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8.1 Introduction

The flow curve at the appropriate rates of loading is 
important in describing the hardening behaviour during 
plastic deformation in terms of strain, strain-rate and 
temperature, to set-up the non-linear constitutive equations 
of metal plasticity and to establish the feasibility window and 
effectiveness of metalworking processes. However, despite 
this importance, the flow curve is not always accessible in 
conditions similar to real metalworking due to difficulties in 
replicating the operative conditions, namely the combined 
evolution and range of strains and strain-rates.

In the case of strain-rates, for example, the widely 
available universal testing machines can only perform 
mechanical characterization of materials at quasi-static or 
low rate loading conditions ( �ε ~ 10–3 to 10 s–1) and commercially 
available drop weight testing systems are only adequate for  
medium rates of loading (�ε ~ 1 to 103 s–1). Special purpose 
testing equipment based on split Hopkinson pressure bars, 
which is adequate for high rates of loading ( �ε ~ 103 to 
104 s–1), and Taylor impact systems, which are necessary for 
even higher rates of loading ( �ε  > 104 s–1), are not readily 
available to purchase or guaranteed to the majority of 
researchers.

However, even if equipment for testing at high rates of 
loading is available, a frequently ignored and mismanaged 
technical issue is the adequacy of testing conditions to the 
operational settings of the machine-tools where metalworking 
processes will take place. In fact, despite theoretical claims 
on transferability of results often requiring mechanical 
testing of materials with different strain and strain-rate 
loading profiles to provide the same stress response for a 
given value of strain and strain rate, the flow curves obtained 
under test with unclear conditions lead to non-unique and 
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non-representative responses for the same material (Banabic 
et al., 2000). The time history of strain and strain-rate 
influences the stress response (Silva et al., 2010), and it is 
relevant to determine crystallographic textures resulting 
from metalworking processes (Guo et al., 2011).

As a result of this, mechanical characterization of materials 
requires deep insight into the machine-tools and deformation 
mechanics of the processes prior to choosing the most 
appropriate equipment and operative test conditions (Field 
et al., 2004). Taking metal cutting as an example, the 
synergism between the mechanical behaviour of materials 
and the machine-tools requires a good understanding of the 
displacement–time relationship of the cutting tool and of its 
influence in the rate-dependent variables of the process. 
Because strain-rate increases with the level of strain as 
material moves from the undeformed region to the shear 
plane (a very narrow plastic deformation zone around AB in 
Figure 8.1a) and decreases while material moves away from 
the shear plane up the rake face of the tool, the resulting 
strain-rate vs. strain loading path for a typical flow route 
(E in Figure 8.1a) is plotted in Figure 8.1(d).

This means that the typical strain-rate vs. strain loading 
paths of metal cutting are significantly different from those 
obtained with commercially available testing equipment for 
medium and high rates of loading. In the case of split 
Hopkinson pressure bars, for example, strain-rate vs. strain 
loading paths are characterized by an approximately constant 
level of strain-rate (Silva et al., 2012), similar to that plotted 
for blanking in Figure 8.1(b,d), while for drop-height testing 
systems the strain-rate vs. strain loading paths are similar to 
that of forging (Figure 8.1c,d).

The above-mentioned difficulties in obtaining the flow 
curves at appropriate rates of loading and the aforesaid 
synergism between material testing and real metalworking 
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Schematic representation of: (a) metal 
cutting, (b) blanking and shearing, (c) forging 
and (d) strain-rate vs. strain loading paths
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conditions justify our two-fold objective here: (i) the 
development of an innovative cam-driven electromagnetic 
machine for the compression testing of materials under high 
rates of loading and (ii) the identification of new testing 
methodologies based on the selection of the strain-rate vs. 
strain loading paths that can easily and effectively replicate 
the strain-rate vs. strain loading paths found in real 
metalworking.

The chapter ends with examples of finite element modelling 
in which the operative conditions of the cam-driven 
electromagnetic mechanical testing machine are shown to be 
flexible and adequate to replicate the deformation mechanics 
of metal cutting and shearing.

8.2 Design and fabrication of the 
testing machine

Figure 8.2 shows the cam-driven electromagnetic testing 
machine designed, fabricated and instrumented by us. Three 
main groups of components can be identified: (i) basic 
structural parts, (ii) specific mechanical parts and (iii) 
specific electrical and electromagnetic parts.

8.2.1 Basic structural parts

The basic structural parts comprise the support frame and 
fixing accessories that are independent of the type of testing 
conditions and materials to be characterized. The support 
frame allows installation of the specific mechanical, electrical 
and electromagnetic parts. The overall length of the frame 
was chosen so that larger compression housings and longer 
actuators can be added in the future with the objective of 
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enlarging the size of the test specimens and increasing the 
velocity and kinetic energy of the ram.

8.2.2 Specific mechanical parts

Specific mechanical parts comprise a fixed housing containing 
two flat compression platens, a translating cam and a 
follower whose design depends on the operative conditions 
of the metalworking process to be replicated.

The compression platens are made from a cold working 
tool steel DIN 120WV4 hardened and tempered to 60 HRc. 
The translating cam and the follower are made from steel 

(a) (b)

Follower
Compression platens

Eddy-current
displacement sensor

Load cell

Cam Profile Test specimen

Vx

Vy

Lower 
compression

platen

(c)

Support frame

Load cell

Eddy-current displacement sensor

Bank of 
capacitors

Fixed housing

Electromagnetic
actuator

Figure 8.2 

Cam-driven electromagnetic mechanical testing 
machine. (a) Photograph of the testing machine; 
(b) detail of the fixed housing; (c) schematic 
drawing showing the translating cam, follower, 
compression platens, load cell and displacement 
sensor
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DIN 14NiCr14 and DIN 100Cr6, respectively. The clearance 
fit for the cam–follower system is H7/f7 (ISO) and the 
individual parts were manufactured in a CNC machining 
centre. Final manual grinding and polishing was necessary 
to eliminate small surface errors and imperfections that 
although being imperceptible to the eye could cause high stress 
and vibrations in the cam follower. Protection of the sliding 
elements of the cam system was performed by means of a 
polytetrafluoroethylene (Teflon added) oil-based lubricant.

The surface contour of the cam (cam profile) is designed 
with the objective of synchronizing the performance of the 
testing machine with that of the machine-tool where the 
metalworking process will take place. The follower traces 
the cam profile and converts horizontal movement (x) of the 
ram to vertical displacement (y) of the lower compression 
platen (Figure 8.2c). The conversion of movement is 
schematically illustrated in Figure 8.3(a).

In the case of the cam shown in Figure 8.3(b), the profile 
(hereafter ‘logistic profile’) is characterized by an entry dwell 
followed by a rise contour and a final dwell towards the 
uppermost profile of the cam. The vertical displacement y of 
the follower as a function of the horizontal displacement x 
of the ram is depicted in Figure 8.3(c).

The velocity vy of the follower is directly related to the 
first derivative of the displacement curve because the velocity 
of the ram vx is approximately constant in the working 
region of the cam follower (vx

avg =10 m/s; between the dashed 
vertical lines in Figure 8.3d):

 v
y
t

v
y
x

v
y
xy x x= = ≅d

d
d
d

d
d

avg  [8.1]

The leftmost region in Figure 8.3(d), characterized by a 
sharp increase in the velocity of the ram, results from the 
initial acceleration due to the pressure generated by the coils 
inside the electromagnetic actuator. There is no vertical 
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Testing machine equipped with a logistic cam. 
(a) Schematic representation of the cam profile 
and follower; (b) photograph of the logistic cam; 
(c) cam profile and pressure angle; (d) velocity of 
the ram vx

avg = 10 m/s in the working region of 
the cam follower
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movement of the cam follower along this region and 
therefore there is no compression of the upset test specimen. 
The rightmost region in Figure 8.3(d) shows part of the 
deceleration of the ram after the follower has reached the 
uppermost profile of the cam. Again, there is no compression 
of the upset test specimen along this region.

As a result of this, the vertical movement of the cam 
follower leading to upset compression takes place only at the 
region between the dashed vertical lines in Figure 8.3(d), 
hereafter termed the ‘working region of the cam profile’. 
Thus, subsequent figures showing the displacement of the 
ram as the horizontal axis (x-axis) are frequently limited to 
the working region of the cam profile.

The acceleration ay of the cam follower is computed from 
the variation in the velocity vy (assuming the above mentioned 
approximation of vx) and the kinematic analysis of the 
follower shown in Figure 8.4(a) allows us to conclude that 
the cam used in the experiments provides the maximum 
velocity at the point of inflection located near the maximum 
slope of the cam profile.

Acceleration is approximately constant at the entry dwell 
of the cam profile and presents an abrupt change from 
positive and negative values at the midpoint. Along the entry 
dwell of the cam, jerk is approximately null (Figure 8.4b).

The low acceleration at the entry dwell of the logistic cam 
profile, combined with the fact that pressure angles θ of the 
follower are kept below 30° (Rothbart, 2004) (θmax = 22.5°, 
Figure 8.3c), helps to keep inertia forces at a low level and 
explains why the proposed testing equipment worked 
smoothly without shocks and vibrations while performing 
material testing at high rates of loading. 

The logistic cam profile allows the material flow conditions 
to be replicated under conditions similar to those found in 
metal cutting processes (Silva et al., 2012). However, because 
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the cam system is flexible and its profile depends on the 
operative conditions to be replicated, it is easy to change the 
kinematics of the proposed equipment to replicate another 
metalworking process, machine-tool or material testing 
equipment. For instance, replacing the logistic cam by a 
‘root type cam’ allows the machine to replicate the kinematics 
of a split Hopkinson pressure bar (Figure 8.5).
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Kinematics of the testing machine equipped 
with a logistic cam. (a) Velocity and acceleration 
of the follower; (b) jerk in the working region

(a)

0
0 0 -6

-5

-4

-3

-2

-1

0

1 5

10

15

20

25

30

2

3

4

5

6

0

1

2

3

4

5

6

10 20
x (mm)

Y 
(m

m
)

θ 
(°

)

Vy
 (

m
m

)

ay
 (

1
0

3
m

/s
2
)

x (mm)
30 40

Cam profile
Pressure angle

0 10 20 30 40

(b) (c)

Figure 8.5 

Testing machine equipped with a root-type cam. 
(a) Photograph of the root-type cam; (b) cam 
profile and pressure angle; (c) velocity and 
acceleration of the follower in the working 
region
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8.2.3 Specific electric and electromagnetic 
parts

Specific electrical and electromagnetic parts include the 
eddy-current displacement sensor, the force transducer and 
the components that provide the energy to the electromagnetic 
actuator, e.g. the electrical circuits for charging and firing 
the bank of capacitors and the coils that generate the 
pressure for accelerating the ram linked to one end of the 
translating cam.

The vertical movement of the cam follower is transformed 
into compression of the test specimen via the lower flat 
platen. The vertical displacement of the lower flat platen is 
measured by an eddy-current displacement sensor and the 
resulting force is measured by means of a load cell connected 
to the upper compression platen (Figure 8.2c).

The electromagnetic actuator consists of electrical circuits 
for charging and firing the banks of energy-storage capacitors 
(each with 6 mF) and a series of coils that generate the 
pressure to accelerate the ram linked to the translating cam. 
Typical coils with eight windings, a total length of 92 mm, an 
external diameter of 160 mm and an internal diameter of 
70 mm were utilized. The ram consists of a long (1.5 m) and 
heavy (5.2 kg) bimetallic bar made of AA 6082-T651 
aluminium with slotted hollow half-ring surface inserts (to 
reduce eddy current losses) of DIN St52.3 steel (Figure 8.6).

The capacitors are charged by means of a single-phase 
230-V AC that is converted to a higher voltage DC by means 
of a charging circuit consisting of a variable-voltage 
transformer (capable of producing 3.6 times the input 
voltage) and a constant-current rectifier system. Once the 
capacitors are charged, the charging circuits are closed and 
the thyristor switches located in the discharging circuits are 
activated to simultaneously fire each capacitor into its 
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associated coil. The resulting current pulse will only last for 
a few milliseconds, not long enough to accelerate the ram to 
a velocity of 18 m/s. 

8.3 Experimental workplan

The stress–strain curves of aluminium AA1050-O and 
technically pure lead (99.9 per cent) were obtained by means 
of compression tests on cylindrical specimens of 6 mm 

Bearing

Acrylic tube

Shield

Ferromagnetic
spacer

Half-ring inserts
Coil

Ram

Figure 8.6 
Electromagnetic actuator showing the ram, coils, 
half-ring inserts and ferromagnetic spacers

Table 8.1 
The plan of experiments for aluminium 
AA1050-O

Case Test conditions Vx Case Test conditions Vx

1 Quasi-static 0.01  7 Root type cam profile  3.5

2 Logistic cam 
profile

2  8 Root type cam profile  7

3 Logistic cam 
profile

3.9  9 Root type cam profile 10.4

4 Logistic cam 
profile

5.8 10 Root type cam profile 14

5 Logistic cam 
profile

7.8 11 Root type cam profile 17.5

6 Logistic cam 
profile

9.2
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diameter and 6 mm height. Both logistic and root-type cam 
profiles were utilized and the quasi-static conditions were 
included as a reference. Details of the experimental workplan 
are presented in Tables 8.1 and 8.2.

8.4 Results and discussion

This section starts by presenting the mechanical 
characterization of aluminium AA1050-O and technically 
pure lead under high rates of loading and ends by evaluating 
the performance of the logistic and root-type cam profiles in 
modelling the non-proportional loading paths that are 
commonly found in orthogonal metal cutting and shearing.

8.4.1 Mechanical characterization

Figure 8.7 shows the variation of force with displacement 
obtained from test cases 3 and 8 in Table 8.1. In contrast to 
root-type cam profiles (and split Hopkinson pressure bars), 

Table 8.2 
The plan of experiments for technically 
pure lead (99.9%)

Case Test conditions Vx Case Test conditions Vx

1 Quasi-static 0.01  7 Root type cam profile  3.7

2 Logistic cam 
profile

2  8 Root type cam profile  7.2

3 Logistic cam 
profile

3.8  9 Root type cam profile 10.9

4 Logistic cam 
profile

5.5 10 Root type cam profile 14.5

5 Logistic cam 
profile

7.2 11 Root type cam profile 17.6

6 Logistic cam 
profile

8.5
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there are no ‘saw tooth’ oscillations when using a logistic 
cam profile (case 3). This is attributed to a smooth transition 
between the entry dwell and the profile of the cam and to a 
low maximum pressure angle (θmax = 22.5°, Figure 8.3c).

The oscillations in the root-type cam profile are attributed 
to inertia forces and stress wave propagation under impact 
loading as well as to an initial value of the maximum 
pressure angle very close to 30° (θmax = 28°, Figure 8.5a).

The experimental strain-rate vs. strain loading paths for 
the selected test conditions performed with the cam-driven 
electromagnetic testing machine equipped with a logistic 
cam profile are plotted in Figure 8.8(a).

The three-dimensional flow surface plotted in Figure 8.8(b) 
in which stress, strain and strain-rate are the leading axis results 
from fitting experimental data to the following mathematical 
material model developed by us (Silva et al., 2012):

 σ ε= +( ) + +[ ]( )A e B C Dm n ln ε  [8.2]

Figure 8.7 

Experimental evolution of the force vs. 
displacement for logistic and root-type cam 
profiles in the mechanical testing of aluminium 
AA1050-O
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where the constants A, B, C, D, m and n are determined 
from the experimental data.

The model given by Eq. 8.2 is appropriate for cold 
forming operating conditions and includes well-known 
material models such as those of Ludwik–Holloman, Voce 
and Johnson–Cook (isothermal), among others, as special 
cases. Another advantage of this model is the ability to 
exhibit material flow softening at high values of strain. Flow 
softening is responsible for diminishing the resistance to 
plastic deformation due to rearrangement of dislocations 
under dynamic recrystallization and is known to have a 
significant influence on the deformation mechanics of metal 
cutting, namely chip formation (Sima and Özel, 2010).

Figure 8.9(a) provides similar results for the root-type 
cam. The strain-rate vs. strain loading paths obtained with 
this type of cam are near horizontal lines and similar to 
those commonly attained with Hopkinson pressure bars. 
The three-dimensional flow surface resulting from these 
experiments is plotted in Figure 8.9(b).

The differences between the flow surfaces obtained from 
material testing with logistic and root-type cams are made 
clear by analysing a selection of intersections of the 
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Mechanical testing of aluminium AA1050-O 
using a logistic cam. (a) Strain-rate vs. strain 
loading paths; (b) material stress response with 
respect to strain and strain-rate (experimental 
data and fitting)
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three-dimensional flow surfaces with constant strain-rate 
planes ( �ε = Cte ). The flow curves resulting from these 
intersections are plotted in Figure 8.10 and indicate that 
major differences are due to flow softening, in close 
agreement with the aforementioned ability of the logistic 
cam profile to model metal cutting conditions.

The flow surfaces for technically pure lead obtained from 
material testing with logistic and root-type cams are shown 
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Mechanical testing of aluminium AA1050-O 
using a root-type cam. (a) Strain-rate vs. strain 
loading paths; (b) material stress response with 
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in Figure 8.11. The procedure followed that utilized for 
aluminium AA1050-O.

8.4.2 Orthogonal metal cutting and 
shearing

Figure 8.12 shows the initial and deformed finite-element 
model after reaching steady-state conditions in orthogonal 
metal cutting. The model was designed to vary the cutting 
speed and maintain the uncut chip thickness (0.25 mm) and 
the clearance angle of 5° and rake angle of 10° of the cutting 
tool throughout the simulations. The cutting specimen 
comprised a parallelepiped of technically pure lead of 
10 × 5 × 20 mm.

As seen in Figure 8.12(b) the computed strain-rate vs. 
strain paths for different flow routes (see detail in 
Figure 8.12a) in the plastically deforming region match 
those of the proposed equipment operating with a logistic 
cam. Conversely, the loading paths derived from finite-
element analysis reveal the inadequacy of mechanical 
characterization of materials for metal cutting applications 
being performed with root-type cams (which, in general 
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Material stress response of technically pure lead 
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(experimental data and fitting) using (a) a 
logistic cam and (b) a root type cam
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terms, behave as conventional split Hopkinson pressure 
bars).

Figure 8.13 shows the initial and deformed finite-element 
model at the onset of cracking in a double-notched cylindrical 
test specimen loaded under shear. The fracture test specimen 
consisted of a cylinder of aluminium AA1050-O of 12 mm 
height and 30 mm initial diameter. As seen in Figure 8.13(b), 
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Finite-element modelling of orthogonal metal 
cutting. (a) Mesh and detail of the plastically 
deforming region; (b) computed strain-rate vs. 
strain loading paths for different flow routes 
along the plastically deforming region
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Finite-element modelling of double-notched 
cylindrical test specimens loaded in shear. 
(a) Mesh and detail of the plastically deforming 
region; (b) computed strain-rate vs. strain 
loading paths for two different elements located 
in plastically deforming region

and in contrast to orthogonal metal cutting, the root-type 
cam is more appropriate to model the non-proportional 
loading paths of shearing.

8.5 Conclusions

The proposed cam-driven electromagnetic testing machine is 
capable of operating across a broad range of operative 
conditions found in real metalworking processes. Variations 
in cam profiles, modifications in the individual coils of the 
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actuator, which can be easily changed or temporarily switched 
off during testing, and changes in the operating voltage of the 
charging and discharging circuits (which influence the kinetic 
energy of the ram) can be easily and effectively performed to 
achieve different strain vs. strain-rate loading paths. 

Experiments show that the testing machine equipped with 
a logistic cam is capable of diminishing ‘saw tooth’ oscillations 
in the experimental recordings of force that are typical of 
split Hopkinson pressure bars and root-type cam profiles. 
Moreover, logistic cam profiles in conjunction with the 
proposed material model are able to successfully model the 
flow softening that is commonly found in metal cutting 
applications. On the other hand, root-type cam profiles are 
shown to be adequate to model plastic flow under shearing.
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