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Abstract 
EDM causes thermally induced residual tensile stress to form in the top layer of a machined surface. This paper 
deals with a mechanical method for measuring the residual stress profile in function of depth beneath the 
surface. Deformation due to stress relaxation is measured while removing influenced material containing 
residual stress. The measurement is done for samples of tool steel, machined with Wire EDM. Results show that 
the maximum tensile stress and the penetration depth of tensile stress decrease with increasing number of 
finishing steps. In some cases, after rough W-EDM, a relaxation of residual stress in time is observed. 
The harmful influence of residual stresses is clear after rough W-EDM of thin beams: the rough machining 
causes major deformation of the part, which makes further finishing impossible. 
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1. INTRODUCTION  
 
The functional behaviour of a tool or die is to a large 
extent determined by its surface properties, 
including the distribution of residual stresses near 
the surface. These residual stresses are determined 
by the material processing and machining history. 
As EDM is essentially a thermal material removal 
process, thermally induced residual stress will be 
present after machining. 
The state of residual stress influences the fatigue 
behaviour, dimensional stability and possible stress 
corrosion of a machined component. Therefore 
knowledge of the residual stresses is an important 
link between the production process and the final 
quality of the workpiece. This paper describes a 
mechanical method for measuring residual stress in 
tool steel in function of depth in the workpiece. The 
method is applied on samples machined by W-
EDM. 
 
2. RESIDUAL STRESS 
 
Residual stresses are self-equilibrating stresses that 
exist in a body if all external loads are removed. 
They occur when a body is subjected to non-uniform 
plastic deformations or changes of specific volume8). 
Therefore residual stresses are a result of high 

temperatures, high forces and plastic deformation 
during machining or material processing.  
Residual stresses are commonly subdivided into 
macro residual stresses and micro residual 
stresses3),4) (fig. 1). Macro residual stresses or so-
called residual stresses of the 1st kind are present on 
a macroscopic scale and extend across the grains. 
An interference of the equilibrium of forces and 
moments in a volume containing 1st kind residual 
stresses will change its dimensions. 
 

 
Figure 1  Subdivision of residual stresses in 1st, 2nd 

and 3rd kind residual stresses3) 
 



Micro residual stresses change over a small distance 
and are generally statistically dispersed on a larger 
scale. They are usually considered as a combination 
of residual stresses of the 2nd  kind (constant over 
one grain) and the 3rd kind (varying within a grain). 
As in most engineering problems, only macro 
residual stresses are discussed. They can be treated 
like external loads and they satisfy the force and 
moment equilibrium. The interest in residual stresses 
is mainly focussed on their effect on the mechanical 
characteristics of a component: crack formation 
caused by stress corrosion or due to rapid 
solidification, fatigue behaviour and dimensional 
stability. Because of an increasing miniaturization, 
dimensional stability becomes more and more 
important. Due to the generation of residual stresses, 
a machining process can cause major deformation of 
the workpiece. Important in this respect, besides the 
amplitude of the stresses, is the ratio of the 
workpiece thickness and the penetration depth of the 
stresses. This problem can be observed when 
machining very thin parts using wire EDM (see 
§ 5.4). 
 
3. MEASUREMENT OF RESIDUAL STRESS 
 
Generally, techniques for measuring residual stress 
can be subdivided in two groups: mechanical or 
destructive methods and non-destructive methods. 
 
3.1 Mechanical or destructive methods2) 
Mechanical methods for measuring residual stress 
are based on stress relaxation when removing 
material containing residual stresses. Stress 
relaxation causes a new equilibrium of forces and 
moments to form, which leads to deformation of the 
part. This deformation is measured and allows 
determination of the original residual stress, either 
by a theoretical approach, or by an empirical 
calibration. These methods can only be used to 
measure macro residual stresses. Examples of 
mechanical or destructive techniques are drilling 
methods, boring-out or cutting-off methods, 
sectioning methods, layer removal methods and 
cracking methods. The method discussed further in 
this paper is a deflection method based on layer 
removal by continuous electrolytic etching. 

3.2 Non-destructive methods 
Non-destructive methods are divided in direct and 
indirect methods. Direct methods measure 
essentially displacements and use these to calculate 
stresses. These direct methods allow measuring 1st 
kind and 2nd kind residual stresses. Examples are 
X-ray diffraction and neutron diffraction methods. 
Indirect methods are based on the measurement of 
stress-sensitive characteristics of the material. 
Examples of material characteristics that change 
with changing stress are the velocities of ultrasonic 
waves and the Barkhausen noise. These methods 
even make it possible to measure 3rd kind residual 
stresses. 
 
4. THE DEFLECTION METHOD 
 
Based on experience in measuring residual stress 
caused by grinding8),1), a deflection method based on 
continuous material removal is used to measure 
residual stress due to W-EDM. 
 
4.1 Principle of the deflection method 
Removing material containing residual stress will 
cause the stress equilibrium of a workpiece to 
change, which can result in deformation of the 
workpiece. If the workpiece is a flat part, removing 
influenced material will cause the plate or beam to 
bend (fig. 2). 
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Figure 2  Bending of a plate due to stress relaxation 
when removing influenced material 

 
By continuously removing stressed material and 
simultaneously measuring the curvature of the 
sample, the residual stresses that were originally 
present can be deduced. Therefore this method 
provides a comparatively fast determination of the 
residual stress in function of depth beneath the 
surface. 
 
4.2 Calculation of residual stress 
The equation below, derived by Stäblein, describes 
the relation between the curvature of the sample and 
the residual stress for a one dimensional stress 
situation7),8). 
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, 
in which σRS(δ) is the residual stress at depth δ 
below the surface, E is the modulus of elasticity, 
C(δ) is the curvature for a removal depth δ, and H is 
the initial thickness of the test sample. 
The one dimensional equation above is suitable for 
measuring bars (sample width << length) or relative 
measurements of plates (width ≈ length). When 
doing absolute measurement of plates, stress 
relaxation in the perpendicular direction has to be 
taken into account because the plate will bend in two 
perpendicular directions. 
Supposing that each discharge in EDM is 
axisymmetric allows to assume that the residual 
stresses in two perpendicular directions will be 
equal. Therefore the curvature in only one direction 
is measured while knowing that a two dimensional 
stress is present. It is possible to reduce the 
measured curvature to the curvature that would be 
present in the case of one dimensional stress5). This 
curvature is used in the above equation. 
 
4.3 Test set-up 
Requirements for measuring residual stress in this 
way are, as the formula above shows: a method of 
continuous material removal, on-line measurement 
of the workpiece thickness and measurement of the 
curvature change. 
For continuous material removal an electrolytic 
etching process is used with a 100 % NaCl solution 
in water. An etching process introduces very little 
stress in the workpiece. This means that the residual 
stresses in the workpiece will be hardly influenced 
by the material removal. By using an 
electrochemical process, the start of material 
removal can be controlled very accurately and the 
removal rate can be held constant if the applied 
etching current is constant in time. This has been 
verified for a constant current of 6 A and the actual 
removal rate has been calibrated for C45 tool steel 
(fig. 3). Therefore measuring the change of 
workpiece thickness is done by simply measuring 
the etching time. 
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Figure 3  Calibration of the electrolytic material 

removal rate (current: 6A, material: C45) 
 
It must be noted that this method of material 
removal implies that the electrolytic etching speed is 
homogeneous in the material. Therefore it cannot be 
applied for hard metal or carbides because the 
electrolytical etching will mainly influence the 
cobalt binder only, resulting in a very 
inhomogeneous material removal. 
The deformation (i.e. change of curvature) of the 
sample is measured indirectly by using an inductive 
sensor and a mechanical amplification by means of 
two levers (fig. 4). 
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Figure 4  Measuring the change of curvature during 

electrolytic etching 
 
During the electrolytic etching process, there is a 
constant electrolyte flow between the workpiece 
(anode) and a copper cathode. In order not to 
remove material from the back and the sides of the 
samples, these are protected by an electrically 
insulating lacquer. 
 



5. MEASURED RESULTS 
 
5.1 Machining conditions 
Samples are machined with a wire EDM machine 
(Charmilles Robofil 2000), by cutting slices from a 
steel bar (fig. 5). All tests are done on C45-steel 
(W.Nr. 1.1730). The samples have a length of 
100 mm, a width of 30 mm and a thickness of 2 mm. 
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Figure 5  Cutting plate-shaped samples by W-EDM 
 
Samples are machined either by only roughing or by 
roughing and subsequently applying one to four 
finishing steps. 
The main electrical parameters for the different 
machine settings are given in the table below. 
 

Table 1  Electrical parameters for roughing and 
subsequent finishing steps 

 
 Regime ui 

(V) 
îe 

(A) 
te 

(µs) 
freq. 
(kHz) 

rough. E2 -80 350 1.2 205 
1st fin. E6 -200 80 0.2 250 
2nd fin. E9 -160 8 1 165 
3rd fin. E10 -120 4 1 250 
4th fin. E11 +120 4 0.2 250 

 
5.2 Stress profiles for rough and finish machining 
Figure 6 shows a measured residual stress profile 
after rough machining, together with a 
corresponding transverse cut through the sample. 
The figure shows the actually measured data 
together with a polynomial fit. Figure 7 shows the 
same after roughing and four finishing steps. 
As expected, in both cases residual tensile stresses 
are present in the surface layer. For roughing, the 
peak stress is not located at the surface, but 
somewhat below. This can be explained by the fact 
that the white layer has a lot of cavities and micro-
cracks, which cause relaxation of the residual stress. 
After reaching the peak stress, the tensile stress 
decreases and switches to small compressive stress 
at a certain penetration depth below the surface. 
Around a depth of 20 µm the decrease of tensile 

stress is slightly less than expected. This is observed 
for all samples machined by rough WEDM. A 
possible explanation is the presence of a small 
martensite layer below, which expands when 
cooling, causing extra tensile stresses in the 
surrounding material. 
After four finishing steps the residual stress is much 
lower, and the presence of tensile stress is limited to 
a smaller depth in the surface (fig. 7). However, the 
maximum tensile stress is observed at the top 
surface. There is no sign of stress relaxation at the 
surface. This is also indicated by the white layer, 
which is much more continuous in finishing, with 
very little cracks. No martensitic layer is observed. 
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Figure 6  Residual stress profile and corresponding 

micrograph after rough W-EDM 
 
Figure 8 shows the stress profiles for samples after 
roughing and all consecutive finishing steps. It is 
clear that the penetration depth of the tensile stresses 
decreases after each finishing step. However, a 
relaxation of tensile stress at the top surface is only 
observed for roughing. All finishing conditions 
result in maximum stress at the surface, which for 
the first finishing steps can actually be higher than 
the maximum tensile stress after roughing. 
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Figure 7  Residual stress profile and corresponding 

micrograph after four finishing steps 
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Figure 8  Comparison of the residual stress profile 

for roughing and all consecutive finishing steps 
 
Similar results are found in literature, where other 
methods of stress measurement are used6). 
 

5.3 Relaxation of residual stress in time 
When measuring the residual stress profile for 
several samples machined by rough W-EDM, a very 
high standard deviation was observed for the value 
of maximum tensile stress. The depth of maximum 
tensile stress and the penetration depth of tensile 
stress on the other hand, show a very low standard 
deviation. 
In some cases a clear relaxation of the residual stress 
in time is observed. Figure 9 shows stress profiles 
for samples, cut by rough W-EDM, with varying 
time between the actual EDM machining and the 
stress measurement. The maximum stress decreases 
considerably in time, whereas the depth of 
maximum stress and the penetration depth of the 
tensile stress stay the same. 
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Figure 9  Relaxation of residual stress in time 

 
A possible explanation for the relaxation of stress in 
time is the diffusion of carbon atoms to more 
favorable positions near dislocations, which reduces 
the residual stress. To verify this process, the 
experiment was repeated, but, in order to accelerate 
the tests, the workpiece is exposed to a higher 
temperature by placing it in a furnace at 75 °C, 
which will speed up the stress relaxation. The result 
is shown in fig. 10. Stress relaxation is similar to 
fig. 9, except for the time scale. 
It must be noted that this stress relaxation 
phenomenon is not observed for all samples. In 
some cases, even when observing samples over 
several days, no stress relaxation is observed at all. 
A satisfying explanation for this different behaviour 
between samples is not found, and no significant 
difference was observed between the micrographs of 
the various samples. 
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Figure 10  Accelerated stress relaxation in furnace at 

75 °C 
 
5.4 Deformation after rough W-EDM 
The problem of deformations when machining very 
thin parts by W-EDM is illustrated in fig. 11. The 
beams have a length of 20 mm, a width of 2.5 mm 
and thickness varying from 1.2 mm to 0.1 mm. The 
beams are machined using rough W-EDM with the 
electrical conditions given above. The applied 
machined path is shown on the figure.  
 

 
Figure 11  Rough W-EDM of thin parts results in 

considerable deformation. 
 
Up to a thickness of 0.4 mm the beams show no 
deflection because of a sufficient ratio of thickness 
to stress penetration, which prevents deformation. 
The beams of 0.2 mm and 0.1 mm on the other hand 
show warping to the left, i.e. towards the last 
machining path. It is clear that this makes further 
finishing of the part impossible and thus limits the 
thickness of structures that can be machined first by 
rough W-EDM before finishing. It must be noted 
that the beam of 0.1 mm seems to bend to the right, 
but this phenomenon is caused by dielectric flushing 
combined with undercut in the corners, severely 
weakening the structure (fig. 11, left). Figure 11 
should not lead to the interpretation that the 
structures shown on the figure can not be correctly 
machined by W-EDM. This is clearly wrong 
nowadays, certainly when using finishing conditions 
and a modern W-EDM generator. 

6. CONCLUSIONS 
 
A destructive method for measuring residual stress 
in function of depth is discussed. The method is 
based on stress relaxation while electrolytically 
removing influenced material. Measurement of 
residual stress profiles for rough and finish W-EDM 
of tool steel show that the maximum tensile stress 
and the penetration depth of tensile stress are 
reduced with increasing number of finishing steps. 
In some cases, for rough W-EDM, a relaxation of 
residual stress in time is observed, reducing the 
maximum tensile stress. A small ratio of thickness to 
stress penetration results in deformation, as shown 
by machining thin beams by rough W-EDM. 
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