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Abstract Electrical discharge machining (EDM) is consid-
ered as an efficient alternative to conventional material remov-
al concepts that allows for much higher material removal
rates. However, EDM generates unwanted features such as
re-cast layer (RCL), tensile residual stresses and a rough sur-
face. In order to recover the surface integrity, different post
processes has been compared: high-pressure water jet
(HPWJ), grit blasting (GB) and shot peening (SP). Surface
integrity has been evaluated regarding microstructure, residual
stresses, chemical content and surface roughness. The results
showed that a combination of two post processes is required in
order to restore an EDM processed surface of discontinuous
islands of RCL. HPWJ was superior for removing RCL close-
ly followed by grit blasting. However, grit blasting showed
embedded grit blasting abrasive into the surface. Regarding
surface roughness, it was shown that both grit blasting and
HPWJ caused a roughening of the surface topography while
shot peening generates a comparably smoother surface. All
three post processes showed compressive residual stresses in
the surface where shot peening generated the highest ampli-
tude and penetration depths. However, the microstructure
close to the surface revealed that shot peening had generated
cracks parallel to the surface. The results strongly state how
important it is to evaluate the surface at each of the different
subsequent process steps in order to avoid initiation of cracks.
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1 Introduction

1.1 Traditional machining concepts

There is a strong demand for improved material removal rates
(MRRs) in the production of aero-space engine components.
This is both due to the challenging properties of the alloys
these components are made of, and also because of industry
reasons; the demand for a clean and efficient air transport
system has never been as high as it is today, as stated in the
European aviation environmental report [1].

The typical aero engine part is designed for low weight,
high durability and strength. To avoid any detrimental impact
from edge or border effects, the raw material is most often
designed and formed with a substantial allowance for the final
shape [2, 3]. The demand for an efficient material removal
process is therefore obvious. However, not so obvious are
the alternatives to the traditional material removal concepts
of which conventional machining is the most commonly used.

The traditional means to remove large amounts of material
is high speed rough milling with ceramic tools followed by
milling with WC inserts. In recent years, WC insert milling is
frequently assisted by high-pressure coolant application to
achieve an even further improved level of productivity, ex-
plored, e.g. by Ezugwu et al. [4]. As such, development of
the milling process of difficult to machine materials has either
focused on improving the properties of the insert tool material
to withstand the cutting conditions or to increase the cutting
speeds [5]. Development has also been devoted to improve the
heat dissipation in the cutting zone by redesign of insert ge-
ometry and thereby enabling increased MRR [6].
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However, in order to further increase the material removal
rate for these materials, new and non-conventional high-ener-
gy machining methods become increasingly interesting to
evaluate as alternatives. In particular, since the removed ma-
terial sometimes can be used to manufacture smaller parts
instead of being turned into chips.

1.2 High energy material removal methods

High energy material removal methods allow the machining
process to take a major leap to increase the removal rate.
However, these methods also have a significant impact on
the part integrity as they alter the state of the surface after
processing by the introduction of defects or surface residuals,
generate unfavourable tensile residual stresses or influence the
surface roughness.

Abrasive water jet machining (AWJM), laser beam ma-
chining (LBM) and electrical discharge machining (EDM)
are examples of such high energy impact methods, all of
which are considered as non-conventional and are only used
to a limited proportion in production today. These methods
will in various degrees alter the properties of the component
and will often generate unwanted residues on the surface that
needs to be addressed by some applicable post processing
method.

In the present study, EDMprocessed surfaces were selected
for investigation due to the process’ ability to remove large
amounts of material into rather complex geometries. Further,
this method is the only non-conventional machining alterna-
tive used to some extent in the production of aero-space en-
gine production today [7]. EDM utilises heat in order to melt
and cut the material and since this processing is performed
where the part is immersed in water, the extension of the
surface alteration is limited to the outermost surface [8, 9].

1.3 Part integrity

1.3.1 General notions

Aero-space engine components have requirements both re-
garding geometry and surface integrity. The important surface
integrity aspects for these components are surface topography,
microstructure, and residual stresses. In order for any of these
non-conventional methods to get acceptance and to be used in
production, the generated surface needs to meet the individual
surface integrity requirements. This set of requirements is
commonly set by what is regarded as “gentle machining”,
which typically corresponds to a finish milled surface. A
fine-milled surface is typically machined using small depth
of cut, low cutting speed and feed [10]. Finish milling often
only relates to optimising the topography, for example ex-
plored by Elbestawi et al. who investigated end milling of a
AISI 1020 steel [11]. However, the finish machined surface is

of great importance in other aspects as well since it sets the
final surface quality related to residual stresses, hardness and
alterations in the microstructure. As mentioned by Saı¨ et al.,
the cutting parameters, cutting speed and feed need to be
optimised for a finish milling operation [12].

In order to guarantee that the finish milled surfaces meet
the specifications, post processing by shot peening is frequent-
ly employed. This method has the ability to affect both the
surface topography and residual stresses in order to secure the
component’s fatigue strength [9]. Further, to recover the sur-
face integrity of a non-conventionally machined surface to the
same level as one generated by means of a conventional ma-
chining, it is probable that post processing is required using
one or several methods.

In order to obtain this, there are several available post pro-
cessing methods with different possibilities and applications.
These methods could be categorised into cold-working
methods, chemical methods and heat treatment (thermal)
methods. In this investigation, only cold-working methods
were considered because the aim is to find a method that could
address the issue regarding re-cast layer as well as introducing
compressive residual stresses to the surface. Even though an
interesting approach was suggested by Wang et al. involving
chemical etching and brushing, this method will not generate
compressive stresses [10]. Heat treatment as a post process
will always be performed for this kind of material in the end
of the production, but this has not been a part of this
investigation.

Further, cold-working methods offer greater possibilities to
influence the material’s properties, such as residual stresses,
by alteration of the process parameters (type of medium, ge-
ometry of medium, velocity of medium, etc.). For this reason,
three post processes that each can present a substantial me-
chanical impact on the surface were considered for further
investigation.

The selected methods, grit blast, shot peen and high-
pressure water jet clean, were explored in terms of their ability
to generate a surface free from re-cast layer and with compres-
sive residual stress distribution. The influence on surface in-
tegrity from these three post processes has been described
separately for each method in several papers.

1.3.2 Abrasive water jet peening and cleaning

Lately, a lot of attention has been paid to high-pressure water
jet methods, describing, among other things, the method as
means for cleaning and its cleaning capabilities [13, 14]. This
is basically a method where a conventional water jet cutting
beam is used to clean the surface but without any abrasive
particles. When the water jet strikes the surface, an erosion
process takes place which results in material removal. The
water jet cutting technology has been developed during the
past 20 years and a lot of attention has been paid to investigate

2326 Int J Adv Manuf Technol (2018) 95:2325–2337



the water jet beam by simulations [15, 16]. A frequently re-
ported theme in the literature involves how to set the machin-
ing parameters in order to create a straight cut and diminish the
kerf that is created at the AWJ inlet [17]. In addition, several
papers describe the more theoretical aspects of the water jet
cleaning process including Guha et al., who presented an ex-
perimental and numerical study of the built-up pressure from
the water jet beam which shows the importance of assessing
the pressure distribution on the surface to be cleaned, in order
to optimise the removal rates for cleaning [13]. That investi-
gation included an evaluation of the water jet beam with dif-
ferent beam diameters and water jet pressures. The results
showed that there is no cleaning of the surface at positions
located 1.68× beam diameter (D), in the test equal to approx-
imately 12.1 mm in diameter, from the centre line of the water
jet beam. Further, it was shown that the stand-off distance
between the nozzle and surface to be processed should be kept
between 5 and 26×D in order to clean the surface.

The industrial aspect of using the water jet method has
historically mainly been within the medical industry used for
titanium alloys. The main object of that research has been
devoted to investigate the method’s ability to clean the surface
and to generate a roughening of the surface that is needed for
medical implants to improve the implant’s ability to adhere to
the human bone. On this subject, Barriuso et al. considered
water jet as a cleaning method for medical implants and stud-
ied the roughening effect for titanium alloys [18]. Further, the
influence on the fatigue strength after post processing of
Ti6Al4V samples was reported by Lieblich et al. [19]. These
results showed that blasting with alumina oxide particles was
less harmful for fatigue resistance than water jet peening, even
though there is a risk of embedded Al2O3 particles acting as
nucleation points for cracks. It was further shown that the
water jet pressure had a strong influence on the fatigue limit
of the material where a lower pressure was preferable. The
reason for the results was believed to be related to the surface
roughness that increases with increased water jet pressure.
Further work within this field has been performed by
Sadasivam et al., who investigated the abrasive water jet
peening concept to be used as an approach to develop a rough
surface with beneficial compressive residual stresses for
Ti6Al4V [20]. In this study, the abrasive alumina oxide parti-
cles were used to peen the surface and in order to increase the
compressive stresses, a pre-strain was used. This pre-strain
was obtained by bending the samples in a four-point bending
fixture. It was shown that the surface residual stresses in-
creased with increased pre-stress level.

Another interesting possibility with the abrasive water jet
method is that it could be used both as a machining method
but also as a post process to clean or to generate a desired
surface texture. This means that the machining and post pro-
cessing could be done in one and the same machine in a
sequence. This type of hybrid concept was evaluated by

Huang et al. who showed that abrasive water jet machining
could be performed to a near desired depth followed by the
cleaning in a second step without the abrasives [21]. The con-
cept showed great potential to be used to clean quite thick
layers of alpha cases for Ti6Al4V. It was further shown that
the parameters of the water jet cleaning played an important
role in removing the abrasive grit from the previous water jet
cutting process.

1.3.3 Grit blasting and shot peening

Grit blasting and shot peening are alternative cold-working
post processes, which are well-established methods where
the prior is used for cleaning. However, there is a lot of indus-
trial information available concerning grit blasting but only
limited published scientific information on how the process
influences the surface. The influence of particle velocity, or
rather the air pressure, was explored by Khan et al. who in-
vestigated the resin adhesion properties to a titanium sheet of
the blasted surface exposed to long-time water ageing [22]. It
was found that the highest air pressure resulted in the highest
surface roughness and thereby promoted the adhesion strength
in long-term water ageing. The only available results
concerning grit blasting of Inconel 718 was reported by the
authors in the present investigation from tests performed eval-
uating grit-blasting parameters on a forged EDM shaft Inconel
718. These results showed the influence of stand-off distance
and exposure time on the surface integrity; the erosion in-
creased with exposure time resulting in an increased removal
of RCL [23].

On the contrary, shot peening is instead mainly used to
generate compressive residual stresses or to generate a specific
surface topography and the possibilities for removing RCL
have not yet been reported. The surface integrity and fatigue
properties are greatly affected by the selection of shot peening
parameters which, according to literature, mainly are velocity
of the shot, size and hardness of the shot [24, 25]. Koster et al.
reported not only that shot peening generated an improved
fatigue life of three times for Inconel 718 but also that the
material properties at elevated temperatures up to 810 K was
extended due to the shot peening operation of EDM Inconel
718 fatigue specimens [26]. However, that investigation did
not describe any details regarding the initial state of the mate-
rial which also may have great influence on the result. There is
other related work done on shot peening of Inconel 718, but
these are mainly focusing on the relaxation of the compressive
residual stresses at elevated temperatures [27, 28].

1.3.4 The scope of the present investigation

In the present investigation, grit blasting, shot peening and
high-pressure water jet cleaning were compared in order to
find the most suitable process to recover the surface integrity
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of an EDM-processed Inconel 718 surface. These are three
well-established cold-working post processes, and the most
essential requirement to be addressed for an EDM surface is
to completely remove the re-cast layer.

However, there is a knowledge gap in the literature of
explaining the surface integrity aspects after post process-
ing nickel-based aero-space super alloys. Separate para-
metric studies can be found in the literature mainly re-
garding shot peening. These results describe the effect of
the process from simulations, but the influence on the
surface integrity has only been evaluated to a limited ex-
tent. Correspondingly, for abrasive water jet cleaning and
grit blasting, only limited reports has been presented for
nickel-based alloys. Hence, the present investigation and
comparison was performed with the objective, to some
extent, to fill this identified knowledge gap.

The main objective with this work has been to compare
the mentioned post processes in order to generate relevant
input data for the definition of an alternative manufactur-
ing process chain where the first removal step is EDM.
The aim of the study is to clarify how the individual
process steps will influence the surface integrity to reach
a surface condition after the final operation that is on par
with a similar material removal operation based on con-
ventional machining methods.

2 Method

2.1 Material

All test samples were taken from a shaft of Inconel with the
chemical specification shown in Table 1. The shaft was pro-
duced in an open die forging followed by heat treatment. The
heat treatment used a solution annealing at 975 °C for 60 min
followed by quenching in a polymer. The ageing was done in
two temperature steps followed by cooling in air. The resulting
hardness of the shaft was 261 HB after forging and 432 HB on
the final heat-treated part.

2.2 Experimental set up

The test samples for these investigations were taken from a
shaft that has been manufactured using industrial best practice
machining parameters. The machining steps for this compo-
nent involve wire-EDM processing to a near net shape with
the parameters shown in Table 2. After EDM, the surface had

a typical appearance according to Fig. 1, showing the relative-
ly discontinuous re-cast layer.

The EDM shaft was further sectioned into several samples
shown in Fig. 2, where the post processing using grit blasting,
shot peening, water jet cleaning and combinations of the three
processes was performed.

In prior investigations conducted by the authors, the
grit-blasting process’ ability to remove RCL was evaluat-
ed by testing different exposure times and nozzle stand-
off distances [23]. The grit-blasting parameters resulting
in the lowest amount of RCL residue and highest com-
pressive residual stress level were selected for the present
study.

The prior investigation also described a suitable meth-
od to determine whether the RCL has been removed from
the surface by measuring the chemical content on the sur-
face. A similar approach for evaluating the surface after
the different post processes was employed in the present
investigations.

2.2.1 Grit blasting

The grit-blasting operation was performed in a robot cell
where the sample was mounted on a turntable and the blast
nozzle held by the robot in order to achieve a fully repeatable
set up. The robot motion during the blast operation was single
axis only, parallel to the shaft where the attack of the stream of
blast media was perpendicular to the shaft during all of the
tests. The following grit-blasting parameters were selected: a
25-mm nozzle distance, a 40-s exposure time, using alumini-
um oxide particles as grit-blasting media with a grit size of
60 μm and a 4-bar pressure of the media.

Table 1 Chemical composition of the sample shaft

Element [wt-%] C S Mn Si Cr Mo Co Ti Al B Zr Fe Cu Ni P Nb Ta W V

As received 0.024 < 0.0003 0.65 0.7 17.96 2.89 0.23 0.99 0.48 0.0036 < 0.01 Bal. 0.04 53.9 0.0095 5.21 < 0.01 0.02 0.03

Table 2 EDM processing parameters

Parameter Setting

Machine Sodik AQ400L

Cutting speed 0.36 mm/min

Wire diameter 0.25 mm

Wire brand Bedra megacut®plus

Wire composition CuZn36, γ-messing coating

Nozzle gap 0.1 mm

Nozzle diameter 6.5 mm

Wire feed 15 (setting of the machine)

Tank medium Dieletric water
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2.2.2 Shot peening

The shot peening was performed in a CNC-operated shot
peening cell using a perpendicular attack angle of the medium
and a nozzle distance of 100 mm. The shot peening intensity
was 0.165 A, where A refers to the Almen test strip shape. The
shot peening media was Cutwire 14 and the pressure during
the test was 3 bar. The selected shot peening parameters are
considered as best practice parameters for this application and
were derived from an Almen stripe testing for this type of
material and geometry in order to attain complete shot peening
coverage.

2.2.3 High-pressure water jet

The high-pressure water jet operation was performed in a
CNC-operated water jet cutting machine using 360 MPa in
water pressure. The stand-off distance, distance between the
nozzle and surface, was 10 mm, and a 500 mm/min feed was
used. This parameter setting was selected as best practise pa-
rameter from process tests performed prior to this
investigation.

Table 3 summarises the test matrix containing the five dif-
ferent EDM machined samples that were post processed
individually.

2.3 Analyses methods

The test samples were evaluated with different techniques
involving residual stress measurements with X-ray diffraction,
chemical analysis of the surface with X-ray fluorescence
(XRF) and evaluation of the surface topography with interfer-
ometric microscopy.

2.3.1 Residual stresses

Residual stress measurements were preformed with X-ray dif-
fraction, which is a well-established method to measure resid-
ual stresses on the surfaces as well as below the surface. The
measurements were performed with a Stresstech G2R XStress
3000 diffractometer equipped with a Manganese X-ray tube
(λ 0.21031 nm). The lattice plane (311) was measured which
has a 2θ diffraction peak located at 151.88°. The measurement
strategy of the modified sin2ψ method was used with 5 psi
angles (45°...− 45°). The residual stresses was calculated
using Hook’s law, assuming elastic strain theory, with a
Young’s modulus of 199.9 MPa and 0.29 in Poisson’s ratio,
further described by Noyan and Cohen [29].

Measurements of residual stress profiles were performed
with layer removal, where successive material removal was
performed using electro polishing. The electro polishing was

Fig. 2 Overview of the test
sample, a part of an Inconel 718
shaft, showing the post processed
positions where the dark areas are
the EDM surface

Fig. 1 Micrograph of an etched
cross section of an EDM:ed
surface. a In ×200 magnification.
b In ×1250 magnification
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done with Struers Movipol and Struers electrolyte A2. The
diffraction data contains additional information that could be
used to study the amount of cold working of the material. The
width of the diffraction peak at half maximum, FWHM, is
frequently used for this purpose [30, 31] and was also
employed for evaluation in the present investigations.

2.3.2 Surface contamination

The chemical content of the contaminations on the surface
was measured with a handheld Thermo Scientific Niton
XL3t GOLDD+X-ray florescence (XRF) equipment in a sim-
ilar manner as described in [13]. This equipment utilises the
characteristic secondary X-rays that emit from a sample sur-
face which is exposed to high-energy X-rays in order to de-
termine the chemical content. This equipment has an expand-
ed range for detecting elements which include magnesium,
aluminium, silicon, phosphorous and sulphur. The results
from the chemical analysis with XRF are average values from
three measurements at different locations for each sample.

A Jeol 7800 0F SEM equipped with a Brucker XFlash
5010 energy-dispersive spectroscopy (EDS) detector was also
used for chemical analysis of the surfaces. An EDS-detector
measures the electron interaction with the sample and gener-
ates energy spectrums that can be translated into chemical
information. This chemical analysis was performed in order
to identify alumina oxide particles on the surface of the grit-
blasted sample.

2.3.3 Surface roughness

The surface roughness was measured using interferometric
microscopy with a Sensofar S Neox instrument. The
roughness measurements were performed over a 878 ×
659 μm surface in the centre of the sample at three differ-
ent positions with a lateral resolution of 0.258 μm. The
result was filtered using a 5 × 5 spatial median denoise
filter for the short wavelengths and a robust Gaussian filter
for the long wavelengths with nesting index 250 μm. In
this investigation, the average values of different surface
topography parameters from three measurements were
used to characterise the surface roughness [32].

3 Results

3.1 Surface topography

The surface roughness has strongly been influenced by the
post processes. The results show that the EDM surface,
HPWJ surface and the grit-blasted surface are quite rough
with many small sharp peaks distributed all over the surface,
as shown in Fig. 3. The shot peening process and combina-
tions of shot peening and the two other post processes show a
reduced surface roughness compared to the EDM surface,
where shot peening indicates that the surface roughness was
lowered bymore than one third. The combination of processes
GB + SP and HPWJ + SP indicate that the shot peening deter-
mines the final surface roughness. In Fig. 4, the results are
expressed in ISO 25178 height parameters, which indicate that
the shot peening generates the smoothest surfaces. The stan-
dard deviation, stdav, was calculated for the three measure-
ments that were measured for each of the processed surfaces
which are presented as the error bars in Fig. 4. The evaluated
ISO 25178 parameters all show a similar trend where the
HPWJ has the highest roughness and the shot-peened samples
show the smoothest surface. The skewness, Ssk, show a neg-
ative value for the HPWJ and the grit blasting, which indicates
that this surface is composed of one plateau with deep and fine
valleys while a positive Ssk value indicates a lot of peaks on a
plane.

For each of the different processes, erosion was esti-
mated by measuring the step height between the EDM
surface and the post processed surfaces. The calculated
step height is the difference between the mean height of
a plane in the EDM surface and a mean plane in the post
processed surface. The result indicates that HPWJ gener-
ated the highest degree of erosion and that grit blasting is
almost three fourths lower than the HPWJ erosion.
Furthermore, the results show that shot peening almost
does not erode the surface at all; see Table 4.

3.2 Residual stresses

The shot peening operation generated a residual stress
profile with the highest compressive residual stresses both

Table 3 Post processing test
matrix Sample Post process Abbreviation Process 1 Process 2 Process 3

1 High pressure Water jet HPWJ EDM HPWJ

2 Shot peening SP EDM SP

3 Grit blasting GB EDM GB

4 High pressure Water jet +

Shot peening HPWJ + SP EDM HPWJ SP

5 Grit blasting + shot peening GB+ SP EDM GB SP
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in magnitude and penetration depth, which is more than
300 μm, according to Fig. 5. Both the grit blasting and
high-pressure water jet cleaning also generated a fairly
high compressive residual stress profiles with an affected
depth of approximately 200 μm for grit blasting and
150 μm for the HPWJ. It is further observed that the
combined post processes of GB + SP and HPWJ + SP
show almost identical profiles as the shot-peened sample
which indicate that the final SP operation determines the
residual stress state.

The full width half maximum, FWHM, profiles derived
from the diffraction data are illustrated in Fig. 6. These profiles
show similar trends as the residual stress profile, where the
shot-peened samples had high-surface FWHM and the
greatest affected depth. The grit-blasted sample shows the
highest surface FWHM but the affected depth is less than half
of the shot-peened samples. Finally, the EDM and HPWJ
samples show much lower impact on the FWHM with fairly
low FWHM values at the surfaces as well as a low (shallow)
depth of impact.

Fig. 3 3D views of the different surfaces from interferometry measurements where the scale bar shows the height profile for the different surfaces

Fig. 4 Surface roughness, Sa,
and other selected ISO25178-2
parameters of the different
surfaces where the error bars
represent the standard deviation
from the three measurements for
each sample
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3.3 Chemical content

The measurements of the amount of EDM wire residue
with XRF show that the HPWJ-treated surfaces exhibit
the lowest amounts of zinc, and for copper, no content
at all was detected (see table in Fig. 7). This implies that
HPWJ has the greatest ability to remove RCL of the com-
pared post processes. Grit blasting does also remove the
re-cast layer quite well but not to the low levels as HPWJ.
The shot-peened surface shows only a moderate reduction
of the Zn and Cu content, and the amounts detected are
still fairly high. This implies that the shot peening process
only removes a limited amount of the re-cast layer.
However, if the shot peening is preceded by either grit
blasting or HPWJ, the surface shows much better results
with low amounts of Zn and Cu.

3.4 Microstructure

The microstructure was analysed using scanning electron
microscopy with the results shown in Fig. 8. The micro-
structure of the surface was analysed in ×2000 magnifi-
cation in order to investigate the presence and depth of
the re-cast layer. The result indicates great difference in
how the surface was affected by the different post
processes.

3.4.1 Electrical discharge machining

The EDM surface shows clear traces of discontinuous re-cast
layer as a zone of darker discontinuous layer containing a mix
of the base material with spherically shaped pores. The re-cast
layer was rather uneven and an extension into the material in
the interval 1–20 μm was measured.

3.4.2 High-pressure water jet

The HPWJ surface shows no traces of RCL on the surface,
and the uneven surface does not seem to be deformed.
However, the post processed surface contains quite rough
peaks and valleys. The surface also contains smaller
column-shaped holes.

3.4.3 Grit blasted

The grit-blasted (GB) surfaces indicate quite high amounts of
residues from the grit-blasting medium in the very outer sur-
face. The uneven surface indicates a quite high degree of de-
formation. Chemical analysis using EDS of the grit-blasted
surface confirmed that the black spots in the outer surface are
alumina oxide particles from the grit-blasting medium.

3.4.4 Shot peened

The shot-peened (SP) surfaces show a quite high presence of
RCL and also a high degree of deformation where the outer
surface is rather flat and deformed by the shot-peened media.
Moreover, these surfaces show lamellar surface cracks located
along the surface to a depth of less than 5μm. The cracks appear
only in the RCL layer and preferably located along the surface.

Table 4 Erosion depth estimations from interferometry measurements

Process Step height [μm]

Shot peening 6.3

High pressure water jet 39.1

Grit blasting 11.3

Fig. 5 Residual stress profile
measurements with XRD of the
different surfaces; the error bars
represent the calculated error for
the peak fitting of the diffraction
data
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3.4.5 Combined post processes

The surface generated by the combined post processes GB +
SP shows residues of the grit-blasting media in the outer sur-
face region and a much flatter surface compared to the solely
grit-blasted sample.

The HPWJ + SP surface shows that the HWPJ process re-
moved the RCL and that the SP operation flattened the sur-
face. However, these surfaces show rather large cracks initiat-
ed along the surface, which are extended in a direction across
the surface. This pattern across the surface is a significant
difference compared to the cracks detected in the shot-
peened samples that appeared as lamellar cracks only along
the surface.

The cracks found in the surface generated by the combined
processes HPWJ + SP are extended quite far into the material.
The example in Fig. 8 exhibited the deepest observed crack
with an extension of roughly 25–30 μm into the surface.

4 Analysis and discussion

The EDM process generates a relatively smooth surface that
contains discontinuous islands of RCL. The initial residual
stress state of the EDM shaft shows quite high tensile residual
stresses surprisingly deep below the surface. Even at depths of
200 μm, the stresses are tensile. Even though this result is
unexpectedly high, similar results were reported by Chen

Fig. 6 Full width half maximum
(FWHM) profiles with XRD of
the different post processed
surfaces

Fig. 7 XRF measurements of the
Zn and Cu content on the surface
of the different samples where the
error bars represent the standard
deviation from the three
measurements for each sample
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et al. who performed fatigue testing on forged and heat-treated
EDM:ed coupons of Inconel 718 [27]. In that study, the resid-
ual stresses after EDMwere at levels around 400 MPa and the
fatigue testing showed a decreased fatigue life with 30%.
However, the influence of the EDM process is only limited
to the outermost layer of approximately 50 μm while the re-
sidual stress state from the casting or forging of the shaft most
likely generated the high tensile stress state that was measured
at greater depths. This rather high tensile residual stress state is
to be avoided, but in this investigation, the RCL removal
capabilities are of interest, as well as how the surface state
was affected by the post processing.

However, in order to recover the surface integrity for an
EDM process, the issue regarding the RCL residue contents as
well as the tensile residual stress state and roughness need to
be addressed.

4.1 Ability for re-cast layer removal

Regarding the cleaning performance of the different post pro-
cesses, an evaluationmethod using XRF to detect the presence
of RCLwas used. This method has been shown to describe the
amount of residue in the surface from the EDM process very
accurately [23]. The results show that the HPWJ process is the
most capable process that completely removes the RCL. Grit
blasting also shows quite good capabilities for removing the
RCL but not to the same extent as HPWJ. In this evaluation, it
was further observed that shot peening only had a very limited
ability to remove RCL. A major part of being able to compare
and determine the different post processes’ ability of cleaning
the surface is the utilisation of chemical analysis of the sur-
face. There are reports in the literature where energy-

dispersive spectroscopy (EDS) has been used in order to iden-
tify the presence of EDMwire residues in the EDM:ed surface
[33, 34] but no similar results reportedwhere anXRF has been
used to relatively quantify the amount and thereby allowing
comparisons between different post processed surfaces. The
main advantages would be that simpler and non-destructive
equipment could be used in normal environment, in compar-
ison to EDS where vacuum is required. The results in this
investigation could be considered as complementary investi-
gations to the prior results showing that this method is a very
useful tool when determining how well the surface has been
cleaned from the different post processes.

4.2 Re-cast layer removal by erosion

The reason for the difference in RCL removal for the three
different processes is that HPWJ and grit blasting (GB) utilise
erosion rather than just deforming the surface which is the
case of shot peening. The influence of the erosion could be
observed in the topography data where the HPWJ increased
the roughness compared to the original EDM surface. This
hydrodynamic erosion that occurs when the high-pressure wa-
ter jet beam strikes the surface is greatly dependent on the
water pressure. This was further described by Taylor [14]
who showed that the erosion and surface roughness depends
on the water jet pressure where an increased pressure resulted
in higher erosion and surface roughness.

Another type of erosion occurs for grit blasting, which
takes advantage of the rough abrasive grit particles that strike
the surface and spall of material from the exposed surface
layer. The amount of erosion that occurs is influenced by the
type of media and exposure time. Prior work performed on the

Fig. 8 Microstructures of the different samples from SEM images in ×2000 magnification
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same sample evaluated the influence of exposure time and is
presented in [23]. This showed an almost linear increase of the
erosion with exposure time. A comparative investigation per-
formed by Lieblich et al. [19] showed that grit blasting gener-
ated a lower surface roughness compared to AWJ which is in
agreement with the results retrieved in the present investiga-
tion. It was further reported that the mass loss, erosion, of
AWJ was more than double grit blasting which also correlates
well with the results in the present investigation. The mea-
sured erosion from the present study showed that the step
height, erosion, between an EDM surface and the HPWJ sur-
face resulted in more than three times the volumetric erosion
compared to grit blasting and six times greater than the shot-
peened surface.

4.3 Effects on the microstructure

The influence on the microstructure further revealed informa-
tion of how the different post processes have affected the
surface integrity. Most importantly, it was observed that the
shot-peened surface showed lamellar cracks oriented along
the surface at a depth of 20–30 μm.

The lamellar cracks indicate that the built-up pressure from
the shot peening, the Hertzian pressure, was too high for this
material and resulted in cracking, especially when considering
the relatively large change from a high-tensile residual stress
state that the shaft had before the post processing into a high
compressive residual stress state.

Investigating the cross sections also showed a potential
risk that the EDM process creates a relatively rough orig-
inal surface with discontinuous peaks of both the core
material and RCL. Depending on the height of these
peaks and how they deform, there is a risk that this ma-
terial folds onto the surface without any bonding and ap-
pears as cracks, also known as tears and laps. This will
also result in a risk that possible particles or unwanted
residues on the surface will be embedded into the surface
by the following deformation caused by shot peening that
makes the surface flat. Comparing the grit-blasted surface
microstructure to the HPJW surface clearly shows that the
HPWJ surface is totally free of RCL while the grit-blasted
(GB) surface shows minor traces of RCL and abrasive
particles embedded into the rough surface peaks.

Further analysis of the cracks showed that all of them are
initiated only in the outer RCL layer, implying that the brittle
RCL layer has cracked due to the pressure overload from the
shot peening process. It seems that even though the cracks
have initiated in the outer layer, they could eventually propa-
gate into the material as in the case for the combined post
processes’ surface of HPWJ + SP. These results imply that
non-destructive testing using dye penetrant testing would be
important to consider for future work.

4.4 Effects on the surface roughness

This investigation has demonstrated that shot peening
(SP) cannot be considered as an alternative to both re-
move RCL and to create a smooth surface. The results
clearly show that shot peening only removes a very lim-
ited amount of RCL but manages to create a smoothening
of the surface. The topography measurements show that
shot peening lowered the surface roughness with more
than 35%, resulting in a surface roughness of about
1.5 μm. Further improvements of the surface roughness
could probably be achieved if an even smaller diameter of
the shot peening media is to be selected. This is in parity
with the results reported by Zaleski et al. who investigated
the influence of impact energy and shot size [35].

The samples that were post processed using a combined
process of a cleaning operation as well as a shot peening
operation show that the surface is free from RCL and that
the surface roughness is governed by the subsequent shot
peening operation. However, the sample with the combined
grit and shot blasting shows traces of embedded grit-blasting
medium in the outer surface, which is unwanted. The com-
bined HPWJ and shot-peened sample on the other hand shows
cracks in the surface most likely because of a combined im-
pact from the transformation from high tensile stresses into
high compressive stresses generated by two different cold-
working methods.

4.5 Effects on the residual stress state

Concerning the influence on the residual stresses, all three
post processes showed ability to generate quite high compres-
sive residual stresses with relatively large penetration depth.
Shot peening proved to be superior at generating high com-
pressive residual stresses of almost − 1400 MPa at a depth of
50 μm. This is similar to results reported by others showing a
high compressive stress level. For example, Bhowal et al. re-
ported of compressive stresses after shot peening of Inconel
718 of approximately − 1200 MPa which improved the fa-
tigue strength 5–10 times the one of a machined surface with
tensile residual stresses [36]. Such high compressive residual
stresses are desirable from a fatigue perspective and were fur-
ther reported by Chen et al. who showed that shot peening of
Inconel 718 greatly influences the surface performance and
increases the fatigue limits by introducing high compressive
residual stresses [27].

Further, it could be observed that the impact from the shot
peening also governs the residual stress state for the two com-
bined post processes. The difference between the FWHMpro-
files shows very interesting results. According to literature
[20], FWHM can be used as an assessment of the amount of
cold working. The results from this investigation show that the
amount of cold working differs a lot between the different post
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processes. This shows a similar trend as for the residual stress
profiles in the present study where the shot-peened samples
generated the greatest work hardening.

It could also be seen that the grit blasting has generated the
highest amount of cold work but to a lower penetration depth
compared to the shot peened samples.

Finally, the HPWJ and EDM FWHM profiles show the
least amount of cold work and to a fairly low penetration depth
of only 30 μm. This result indicates that the deformations
from the HPWJ processes are superficial while the residual
stress is affected at greater depths.

5 Conclusions

The result from this investigation implies the importance of
performing a thorough surface integrity evaluation, both be-
fore and after processing the material.

With such information, it is possible to understand the out-
come from machining and how to select an appropriate post
process, or processes, to recover the surface integrity. The
following conclusions could be drawn:

& A combination of two post processes is required in
order to recover the surface integrity after EDM pro-
cessing that generates a surface with discontinuous
islands of RCL.

& The HPWJ surface show the largest amount of removal of
EDM wire residue, indicating the highest degree of
cleaning performance closely followed by grit blasting.

& Grit blasting erodes the surface but abrasive particles will
be embedded into the surface.

& The three investigated post processes grit blasting, high
pressure water jet and shot peening generate compressive
residual stresses in the surface region.

& Shot peening generates the highest amounts of compres-
sive residual stresses but has a limited capability for re-
moving RCL.

& Grit blasting and HPWJ cause a roughening of the surface
topography while shot peening generates a smoother
surface.

& Investigating the residual stress state before post process-
ing is required when selecting the shot peening parame-
ters. The total impact energy onto the surface from the
different process steps needs to be evaluated in order to
avoid initiation of cracks.
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