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A B S T R A C T   

The surface integrity of machined metal components is critical to their in-service functionality, longevity and 
overall performance. Surface defects induced by machining operations vary from the nano to macro scale, which 
cause microstructural, mechanical and chemical effects. Hence, they require advanced evaluation and post 
processing techniques. While surface integrity varies significantly across the range of machining processes, this 
paper explores the state-of-the-art of surface integrity research with an emphasis on their governing mechanisms 
and emerging evaluation approaches. In this review, removal mechanisms are grouped by their primary energy 
transfer mechanisms; mechanical, thermal and chemical based. Accordingly, the resultant multi-scale phenom-
ena associated with metal machining are analyzed. The contribution of these material removal mechanisms to 
the workpiece surfaces/subsurface characteristics is reviewed. Post-processing options for the mitigation of 
induced surface defects are also discussed.   

1. Introduction 

Machining generates final component geometries by exploiting a 
range of physical effects, which can be generically described as me-
chanical, thermal and chemical loadings, as well as various combina-
tions of these mechanisms (Fig. 1). Due to the nature of the material 
removal mechanisms in these machining processes, surface damage is 
inevitable at macro and micro scales [1]. These surface alterations, 
which include changes to surface topography (e.g. surface roughness 
and waviness) [2], metallurgical state (e.g. microstructure and micro-
defects) [3,4], mechanical characteristics (e.g. microhardness and re-
sidual stresses) and chemical state (e.g. reaction layers) [5,6], on the 
machined surface and in the sub-surface layer, are considered under the 
generic umbrella term of surface integrity [7]. The formation mecha-
nisms of these surface defects (anomalies) originate from the external 
and internal loads (mechanical, thermal, chemical) that act on the 
workpiece material during machining, which cause physical or chemical 
changes to the workpiece material [8]. 

It is well known that poor surface integrity is detrimental to the 

functional performance characteristics (e.g. fatigue, creep, corrosion 
and wear resistance) of manufactured components. This is of particular 
importance when machining high performance metals such as superal-
loys and hardened steels since they are widely used for high value, high 
performance components in industries such as aerospace, biomedical 
and automotive [9,10]. Generally, machining-induced residual stresses 
and surface roughness largely affect high cycle fatigue (HCF) lifetimes, 
while they have a much lower impact on low cycle fatigue (LCF) [11]. 
However, surface defects (e.g. grain deformation, cracks and white 
layer) can affect fatigue performance under both LCF/HCF regimes [12, 
13]. For instance, white layers on the surface of Ni-superalloys gener-
ated by mechanical machining can lead to a 40% reduction in LCF 
lifetime [13]. This is important for safety critical applications, e.g. the 
aeroengine industry, whereby safety criteria are defined around prop-
erties such as fatigue; hence an understanding of surface integrity is 
needed here. 

With increasing demand for high component performance, signifi-
cant efforts have been made at academic and industrial levels in recent 
years, to elucidate the mechanisms of surface defect generation during 
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machining and their influence on component functional performance, as 
well as to develop methods to reduce this damage. In general, the extent 
and magnitude of these surface defects depends on the machining con-
ditions, e.g. machining parameters, tool wear and cutting fluid appli-
cation [14–17]. Generally, by applying ‘gentle/softer’ machining 
conditions, such as small depths of cut and low feed speeds, higher 
surface integrity can be generated, however this leads to increased 
machining costs (e.g. tooling and human resources) and lower produc-
tivity caused by lower material removal rates. However, in some situa-
tions, reducing certain process parameters can also detrimentally affect 
surface integrity (e.g. cutting edge ploughing effects at very low depth of 
cut without shearing the material). While surface alterations cannot be 
avoided during machining processes, in industrial applications, com-
panies typically have their own standards to quantify these surface 
anomalies to optimise manufacturing costs and maximise component 
performance. However, setting up surface integrity standards over the 
full range of machining conditions and operations requires significant 

resource allocation [18]. Nevertheless, while aggressive cutting condi-
tions are applied to maximise material removal rates, different 
post-processing techniques are also applied to reduce or remove surface 
anomalies, thus mitigating further machining costs and improving 
component performance. 

Metal machining processes are applied to a wide range of materials 
and involve a range of material removal phenomena for different 
functional components/products, as shown in Fig. 1. While existing re-
views mainly focus on surface characterisation after particular opera-
tions (e.g. conventional machining only [19,20]) or materials (e.g. 
nickel/titanium-base superalloys [18,21]), the relationship between 
the physical mechanisms of surface integrity generation and the 
different loading regimes (e.g. mechanical/thermal/chemical) induced 
by machining operations have not been addressed in these reports. 
Hence, Part I of this review paper presents a scientific investigation of 
the surface and subsurface alterations induced by different machining 
methods and details the state-of-the-art in the nature of metal 

Fig. 1. Surface integrity and formation mechanisms induced by different metal material removal processes and their influences in functional performance [5,22–35].  
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machining-induced surface integrity. This is aimed at providing an 
in-depth understanding of the physics that govern the generation of 
surface alterations/defects in machining based on the outcomes of me-
chanical, thermal, chemical and combined loading, which machining 
processes induce on a workpiece surface/near surface, as shown in 
Fig. 1. This not only includes recent advances in surface characterisation 
methods (e.g. microstructural, mechanical and chemical characterisa-
tion), but also the material removal mechanisms that drive the resulting 
surface alterations. Furthermore, a range of viable post processing so-
lutions for removing, reducing and nullifying the surface defects have 
also been studied to support their further application. On this basis, a 
Part II investigation on the influence of surface integrity upon compo-
nent functional performance will also be conducted, also shown in 
Fig. 1. 

2. Mechanisms of surface generation and methods for integrity 
evaluation 

2.1. Surface generation mechanisms 

Machining includes various techniques employing different physical 
mechanisms to remove material from the workpiece. These expose the 
workpiece material to mechanical, thermal and chemical loads, which 
result in the machined workpiece exhibiting various surface and sub-
surface alterations, hence modifying surface integrity [36]. Depending 
on the nature of the loads induced by machining upon the workpiece 
material, the generation of these surface alterations over different scales 
(Fig. 2), is driven by the following mechanisms: 

Mechanical dominant mechanism: This includes processes where the 
surface generation mechanism is primarily determined by mechanical 
loading, including conventional processes such as turning, drilling, 
milling, grinding and polishing [37–40], as well as nonconventional 
processes such as plain or abrasive water/air jet machining [41]. It is 
notable that although conventional mechanical machining was defined 
as a thermo-mechanical process [42,43], thermal damage does not al-
ways occur at the machined surface. Hence, in this paper the mechanical 
dominant mechanism refers to those processes at low cutting tempera-
tures, where surface integrity is not influenced by thermal effects. This 

normally occurs at low material removal rates with abundant/intensive 
application of coolant [44], for which the resultant cutting temperature 
is kept relatively low and the influence of heat on the surface integrity is 
negligible. Hence, mechanically induced surface defects (e.g. grain 
deformation and scratches shown in Fig. 2) are dominant. With me-
chanical loading applied, resulting surface damage depths can cover a 
wide range of length scales from the micron (e.g. finishing) to the mil-
limetre (roughing) scale. 

Thermal dominant mechanism: This includes processes that remove 
material by melting or vaporizing the workpiece, through sparks, e.g. 
electric discharge machining (EDM) [45,46], or high energy beams, e.g. 
laser beam machining (LBM) [47,48], shown in Fig. 2. Under these 
material removal processes, the surface damage is normally induced by 
thermal loading, whereby the dimension of defects is within the microns 
to hundreds of microns scale defined by melt formation and associated 
microstructural changes. 

Chemical dominant mechanism: This includes processes that mainly 
employ chemical dissolution or electrolysis to remove material, such as 
electrochemical machining [49,50]. Surface damage results from the 
chemical action between the solution and the workpiece, although the 
chemical effect does not typically penetrate deeply beneath the surface. 
Hence, surface damage is usually below the micron scale. 

Combined loading mechanism: This is usually achieved by combining 
two (or more) different material removal modalities, often conventional 
machining (mechanical loading) and nonconventional machining 
(thermal/chemical loading) to improve workpiece machinability, e.g. 
laser assisted machining (LAM), electrochemical discharge machining or 
electrochemical grinding [51–53]. In these scenarios, the combination 
of modalities can not only enhance the machining process, but can also 
improve surface integrity. However, in some singular processes (e.g. 
conventional machining with aggressive cutting conditions), due to the 
transformation of mechanical energy into thermal energy, combined 
thermo-mechanical loading can also occur where a high cutting tem-
perature is yielded [54,55]. This can occur in a wide range of machining 
conditions, but especially in conditions of low thermal conductivity of 
workpiece and/or tooling, limiting heat dissipation during cutting, 
enabling severe plastic deformation with a phase transition in the 
workpiece, shown in Fig. 2. 

Fig. 2. Classifications and scales of surface integrity and their formation mechanisms with corresponding different loadings and machining methods [23,56–60].  
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2.2. Emerging approaches in surface integrity evaluation 

2.2.1. Advances in the microstructural characterisation of machined 
surfaces 

A material’s microstructure determines its macroscopic behaviour 
and mechanical response [61]. Depending on the mechanisms through 
which material is removed in a particular machining operation, different 
microstructural alterations may be induced in the near-surface [62]. 

For standard metallographic inspection, machined surfaces are 
sectioned and polished through subsequent steps to a smooth finish that 
can enable microscopic observation. To reveal the presence of different 
phases or grain boundaries, chemical, ion, or electrochemical etching 
strategies can be used. Optical microscopy (OM) can reveal the presence 
of machining-induced material deformation in the form of white layers 

(WL) or highly strained swept grain structures, which appear clearly 
when distorted areas are relatively thick, shown in Fig. 3 (a) for the case 
of Ti–6Al–4V after a mechanical milling operation [63]. OM finds 
extensive application in surface integrity assessment in industrial con-
texts. However, OM alone is often insufficient to collect high-resolution 
surface integrity data at the microstructural scale. 

To perform high-magnification imaging, scanning electron micro-
scopy (SEM) can provide smaller-scale information. The two main im-
aging modes commonly employed within SEM are secondary electron 
(SE) and backscatter electron (BSE) detection, shown in Fig. 3 (b)–(c) for 
surfaces generated by laser and mechanical drilling, respectively. For 
general surface inspection, SE and BSE modes can often be used inter-
changeably as their imaging output is in many ways similar in showing 
the main features of machined surfaces. However, as SE and BSE 

Fig. 3. Example of machined surface integ-
rity analysis and quantification through 
different techniques. (a) Optical microscopy 
[63]. (b) SEM – SE Imaging [6]. (c) SEM – 
BSE Imaging [64]. (d) FIB – Ion contrast 
channelling [65]. (e) TEM – Imaging [68]. (f) 
EBSD mapping – Inverse pole figures and 
pole figures [71]. (g) TEM – SAED analysis 
[70]. (h) Digital surface integrity analysis – 
detection of material drag and white layers 
[72]. (i) EBSD mapping – Misorientation 
mapping and AMIS plots [30]. (j) PED – GND 
mapping [73]. (k) Digital measurement of 
WL’s [74].   
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imaging give rise to different levels of atomic mass contrast and elec-
trons are produced from different depths in the sample interaction vol-
ume. SE micrographs tend to enhance topographical aspects of the 
surface being observed, and detection of secondary electrons can be 
more efficient when surface features are to be reconstructed compared 
to backscattered ones. Hence, SE imaging is convenient when morpho-
logical aspects are of interest (e.g. micro-cracks and burrs). On the other 
hand, backscattered electrons are elastically scattered from the nucleus 
of atoms at greater depths of the interaction volume and BSE imaging 
provides atomic mass contrast in the scanned area. BSE is particularly 
convenient when studying machined surfaces to highlight the presence 
of different metallurgical phases in strain-affected microstructures. 

As understanding the micro and nanoscale material state after 
machining processes has gained significant interest, other advanced 
microscopy techniques have been applied to assess machining-induced 
surface integrity. 

Focused ion beam (FIB) microscopy enables imaging through ion 
contrast channelling, which can reveal the presence and extent of plastic 
deformation in the machined sub-surface [64]. It can reveal changes in 
grain morphology and size, shown in Fig. 3 (d), where white layers and 
grain deformation can be observed in the turned subsurface of a Ni-base 
superalloy [65]. FIB can also deliver sufficient energy to selectively mill 
small portions of the workpiece, allowing the generation of lamellae 
with sub 200 nm thickness. These can be used for very high magnifi-
cation electron imaging with transmission election microscopy (TEM). 

Although TEM has been employed for many years in material sci-
ence, its application to studying surface integrity after machining is 
relatively recent and growing, enabling understanding of surface 
integrity at the sub-micron scale. In fact, TEM imaging on the near 
atomic scale allows the observation of subtle sub-granular defects in the 
crystal lattice, which cannot be captured by SEM. TEM has enabled the 
characterisation of ultra-fine grain structures locally induced by 
machining processes, such as drilling [66], turning [67], or broaching 
[68] as shown in Fig. 3 (e). TEM also allows quantitative understanding 
of local crystal lattice parameters through analysis of the so-called 
selected area electron diffraction (SAED) patterns. As shown in Fig. 3 
(g), TEM is applied to investigate machining-induced surfaces to eluci-
date the different crystallographic structures present in highly-strained 
machined layers [69,70]. 

Electron backscatter diffraction (EBSD) is perhaps the most practical 
and detailed method for spatially characterising and quantifying mate-
rial microstructures from the μm to the mm scale. EBSD provides 
detailed information on the crystallographic state, orientation and 
texture induced by machining processes, e.g. as a consequence of plastic 
deformation induced by mechanical material removal [71,75], shown in 
Fig. 3 (f) for the case of aggressive drilling of the advanced Ni-base su-
peralloy RR1000. Misorientation analysis of EBSD data can also provide 
quantitative information on the relative differences in crystallographic 
angle in machining-affected regions, shown in Fig. 3 (i). The thickness of 
material exhibiting high lattice distortion in EBSD analysis has been 
shown to match well with layers displaying microstructural deformation 
apparent in SEM imaging [72]. Furthermore, a relevant technique to 
understand the severity of plastic deformation induced in the workpiece 
sub-surfaces involves the calculation of the average intra-grain misori-
entation (AMIS) profile from EBSD orientation maps. When analysing 
EBSD map data from material sites presenting machining-induced 
microstructural deformation, the AMIS over M grains belonging to a 
line of N points can be expressed as in Eq. (1), where Θjk represents the 
misorientation angle existing between two points j and k within the 
grain i [76]. 

AMIS=

∑M
i=1

(

1
2

∑N

j

∑j

k
θjk

Ni

)

grain(i)

M
(1) 

In this context, large AMIS values indicate the presence and extent of 

microstructural distortion induced by the machining process, with the 
AMIS trend decreasing when moving away from the machined free- 
surfaces towards the bulk material [30,76,77]. Nevertheless, severe 
deformation states that can be induced by machining processes lead to 
high levels of lattice distortion. This challenges diffraction pattern 
indexing at the most strained surface locations, even when small step 
sizes are used (typically below 100 nm [30,72]). Hence, subsequent 
post-processing techniques (e.g. noise reduction or filling) might be 
needed in some cases to improve the map data. Thus, EBSD analysis of 
machined surface layers is often unable to quantify machining-induced 
plastic strain in absolute values. Nevertheless, in most cases this tech-
nique still allows a convincing distinction between machining-affected 
areas and un-deformed material sites, by identification of the subsur-
face areas where lattice distortion is predominant. More advanced 
techniques for grain orientation mapping in the machined surfaces can 
be performed through electron transmission in the SEM, using trans-
mission Kikuchi diffraction (TKD) analysis [65,78], or in a TEM envi-
ronment, through precession electron diffraction (PED) mapping [73]. 
Although the output datasets given by these techniques are similar, 
there are fundamental differences in complexity, sample preparation 
technique and range of application of these techniques. While TKD and 
PED require FIB lamellae for material analysis, EBSD can be performed 
on fine polished surfaces. However, EBSD indexing is challenged by 
severely strained machining-induced nano-crystalline structures. As 
such, it is often difficult to completely quantify the metallurgical state. 
In this context, TKD and PED strategies can provide better nanoscale 
indexing, but observation regions are limited to areas of a few μm2. 
Furthermore, when analysing highly-strained regions, the distribution 
of geometrically necessary dislocations (GNDs) can be obtained from 
lattice orientation maps [79]. In the context of surface integrity, 
emerging approaches have now adopted GND density mapping to reveal 
the nanoscale mechanisms of surface plastic deformation in relationship 
to the machining-induced condition, as shown in Fig. 3 (j) for the case of 
a milled surface indexed through PED [73]. In parallel to the application 
of more advanced material science techniques for the understanding of 
machined surfaces, such as development of a tri-beam system incorpo-
rating a femtosecond laser into a FIB set-up [80], the surface integrity 
community is adopting approaches from other developing engineering 
fields, such as computer science and digital data analysis. Fig. 3 (h) 
shows the development of a digital approach to automatically identify 
the presence of machining-induced deformation in the form of material 
drag (MD) or white layers (WL) resulting from mechanical material 
removal [72]. Similarly, digital approaches have been developed also in 
the context of grinding-induced white layers [74], as in Fig. 3 (k), and 
grain size and phase content resulting from milling of Ti–6Al–4V [81]. 
As the development of digital techniques for the automation of engi-
neering tasks is accelerating in many disciplines, in particular in mate-
rials science, their application within the machining community will 
further grow with the development of next-generation approaches for 
surface integrity investigation. 

Thus, a wide spectrum of techniques is available to enable micro-
structural analysis of machined surfaces. As summarised in Table 1, 
selection of a suitable surface integrity characterisation approach should 
be carried out considering the effects of the surface features to be 
investigated and their typical lengths. In fact, the existing strive to 
investigate the metallurgy of machined surfaces on ever smaller scales 
coexists with the necessity of ensuring that such properties are repre-
sentative of the surface condition, which plays a crucial role especially 
when focusing on material sites of small scale. Hence, emerging ap-
proaches for characterisation of machining-induced surface integrity 
should still rely on well-established research techniques, which repre-
sent a fundamental basis for future investigations aiming at analysing 
the properties of machined surfaces on ever smaller scales. 

2.2.2. Mechanical characterisation 
Mechanical properties of machining-induced surface layers, such as 
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micro-hardness, residual stresses and micro-mechanical material 
behaviour are critical to the functional performance of the overall 
component. In fact, because of the strain induced by material removal 
processes to the machined workpiece microstructure, significant 
changes in its elasto-plastic mechanical behaviour can be induced at the 
micro and nanoscales. Therefore, micro- and nano-hardness represents a 
key surface integrity metric providing relevant indications of the surface 
metallurgical condition, affecting the in-service performance of 
machined parts. Surface hardness testing can be performed at different 
scales, with indentation hardness protocols similar to well-known 
macro-hardness approaches e.g. Vickers, Knoop, Brinnel. As 
machining processes can induce intensive thermo-mechanical gradients 
in the workpiece volume, a steep variation of their mechanical proper-
ties can be produced in the vicinity of the new surface. Approaches to 
evaluate the subsurface hardness of machined workpieces are hence 
designed to characterise their mechanical response over length-scales 
typically in the range of 1 μm–100 μm [89,90]. 

To further understand the nature of machining-induced material 
layers resulting from the localised loading conditions under which they 
are generated, advanced approaches have been developed to investigate 
and characterise the nano-hardness induced by material removal up to 
the sub-micron scale. In the presence of severe grain refinement and 
recrystallization induced by machining processes, micro-hardness ap-
proaches only allow measurements taken on a relatively large number of 
grains. In these cases, nano-hardness techniques enable the investigation 
of machining-induced layers and extracting their mechanical response 
in much more detail, as shown in Fig. 4 (a) for the analysis of machined 
and burnished subsurfaces [91], and in Fig. 4 (b)–(c) for the case of 
broaching-induced white layers [68]. 

Micro-pillar compression testing has been successfully demonstrated 
for micro-mechanical characterisation of machining-induced layers. As 
shown in Fig. 4 (d), testing requires the preparation of microscale “pil-
lars” (e.g. through FIB milling), which are then loaded under uniaxial 
compression conditions to reveal the failure mechanism and plastic 
response of highly strained regions that can be induced by machining, as 
shown in Fig. 4 (e) for an advanced Ni-base superalloy [30]. Hence, this 
approach not only provides a deep understanding on the metallurgy of 
machining-induced layers, and allows relation of such properties to the 
macroscale component load-bearing performance and failure 
mechanism. 

A well-established approach for the analysis of the mechanical con-
dition of machined surfaces is represented by analysis of the residual 

stress (RS) field. As RS can influence component performance, under-
standing the magnitude and extent of RS-affected region represents a 
primary aspect of machined surface integrity assessment. Different 
machining effects (e.g. mechanical, thermal, thermo-mechanical) can 
induce characteristic RS distributions beneath machined surfaces. 
Measurement of machining-induced RS states can be performed by 
means of different strategies, which can be broadly categorised as 
destructive, semi-destructive and non-destructive [92]. The selection of 
the residual stress measurement technique depends on the information 
required (e.g. surface vs. through-thickness analysis, macroscopic vs. 
microscopic evaluation) and on the measurement application context (e. 
g. laboratory analysis or on-site applications). Techniques that can be 
applied in a non-destructive way (e.g. neutron diffraction, X-ray 
diffraction) are used in several applied and academic contexts and are 
necessary when the integrity of the machined workpiece must be 
retained. Specifically, X-ray diffraction (XRD) allows the mapping of RS 
in the machined workpiece subsurface with typical penetration depths 
in the range of 10–20 μm.This technique can also be employed in a 
destructive way to map the machining-induced residual stress field at 
greater depths. To this aim, electro-polishing can be used to remove 
subsequent layers of material and carry out measurements at deeper 
subsurface sites. XRD is one of the most-widely employed techniques for 
measurements of the RS state of machined surfaces, shown in Fig. 4 (g)– 
(h) where the hoop (Fig. 4 (g)) and axial (Fig. 4 (h)) RS field induced by 
mechanical hole-making have been linked to the workpiece micro-
structural surface integrity from SEM analysis (e.g. the white layer in 
Fig. 4 (f)) [84]. Further approaches with increasing applications for RS 
analysis in machined surfaces include synchrotron diffraction and 
neutron diffraction strategies [93], with continuous focus being placed 
on the development and improvement of existing and emerging tech-
niques to validate the importance of the RS state on surface integrity for 
its primary role in the functional performance of machined parts. 

The most-widely employed research techniques discussed in sections 
2.2.1 and 2.2.2 allow destructive microstructural and mechanical 
characterisation of machined surfaces. Nevertheless, it should be noted 
that non-destructive testing (NDT) strategies are applied to characterise 
machining-induced surface integrity. One of the most relevant ap-
proaches is represented by Barkhausen noise (BN) techniques, which 
enable the detection of surface anomalies through analysis of domain 
wall (DWs) motion under surface magnetisation cycles [94]. In this 
context, BN analysis represents a relevant research strategy to study 
machining-induced surface integrity, e.g. in presence of milling-induced 

Table 1 
The main characteristics of widely employed research techniques for microstructural analysis of machining-induced surface integrity. In particular: applicable length 
scales, benefits, limitations and features of interests are discussed for each technique.  

Length 
scale [m] 

Microstructural Surface 
Integrity analysis 
technique 

Benefits Limitations Machining-induced microstructural features 

10− 3 – 
10− 4 

Optical Microscopy (OM) Fastest implementation; Lowest 
complexity; Limited costs; 

Limited level of detail; Very limited 
magnification; 

Imaging of micro-scale machining anomalies, e.g. 
Material Drag [64,72], White layers [82–84], 
Micro-cracks [32,85], Corrosion pits [82,86], etc. 10− 4 – 

10− 5 
Secondary Electron 
Microscopy (SEM) 

Low complexity; Good level of 
detail; 

Limited beam stability; Moderate 
magnifications; 

10− 4 – 
10− 6 

Field Emission Gun -SEM 
(FEG-SEM) 

Higher magnifications and 
better beam stability than 
standard SEM; 

Higher costs and operational complexity 
than standard SEM; 

10− 4 – 
10− 7 

Ion Contrast Channelling 
(ICC) 

Better channelling contrast than 
electrons 

10− 4 – 
10− 8 

Electron Backscatter 
Diffraction (EBSD) 

High-detail analysis of material 
lattice condition 

High implementation complexity; Long 
scanning times; Reduced extent of 
observable material sites; 

Orientation mapping and texture analysis [71,72,75, 
87] 
Misorientation map analysis [30,76]; 
GNDs calculation [73]; 10− 5 – 

10− 8 
Transmission Kikuchi 
Diffraction (TKD) 

Higher indexing accuracy than 
EBSD; 

Very high implementation complexity; 
Onerous sample preparation through FIB 
milling; 
Most limited in extent of observable 
material sites; 

10− 5 – 
10− 9 

Precession Electron 
Diffraction (PED) 

Highest-nanoscale accuracy and 
resolution; 

10− 5 – 
10− 9 

Transmission Electron 
Microscopy (TEM) 

Highest magnifications; Allows 
nanoscale crystallographic 
analysis; 

Imaging of nano-scale machining-induced features (e. 
g. nanocrystalline layers) [65,70,88]  
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WLs [95], or heat-affected zones (HAZs) induced by grinding [96]. 
Therefore, NDT techniques can improve surface integrity assessment 
after machining and enable new research and development opportu-
nities from both industrial and academic perspectives. 

2.2.3. Chemical characterisation 
Machining not only changes the microstructure and mechanical 

properties of the surface, but can also change both local composition and 
phases. Hence, chemical characterisation is also critical to understand-
ing of surface integrity. Techniques which characterise surface chemis-
try reveal the elemental composition as well as chemical bonding of the 
machined layer. These can affect many properties of the final part, 
including mechanical and corrosive attributes. The techniques described 
in this section include energy dispersive X-ray spectroscopy, electron 
energy loss spectroscopy (EELS) electron probe micro-analysis (EPMA), 
X-ray diffraction, backscattered scanning electron microscopy and X-ray 
photoelectron spectroscopy. 

Energy dispersive X-ray spectroscopy (EDX) is perhaps the most 
widely used chemical analysis technique in the field of machining, given 
it is available within many scanning electron microscopes [97]. By 
interrogating small material volumes (down to a few cubic microns) in 
the near surface, the technique can be used to rapidly map qualitative 
elemental distributions across surfaces by rastering the electron beam, 
or more targeted quantitative composition measurement. It should be 
noted that given the interaction volume associated with EDX (approxi-
mately 5 μm at 20 kV), improper conclusions can easily be made, and 
therefore reducing accelerating voltage may be necessary to limit the 
volume of interaction to that of interest, although quantitative analysis 
may suffer in this case. Due to the interaction volume, cross-sectional 
analysis may yield more accurate information than from the top sur-
face. In EDX, characteristic X-rays generated by interactions between 
electrons and atoms are weighted and used to quantitatively and qual-
itatively assess the composition of materials. EDX is challenged when 
detecting low atomic number elements, as the ratio of Auger electrons to 

Fig. 4. (a) Nano-indentation and nano- 
hardness analysis of machined and bur-
nished subsurface [91]. (b) Nano-hardness 
analysis of broaching-induced white layers 
[68]; (c) Load-displacement curves from 
nano-indentation testing of broached-induced 
layers [68]; (d) Micro-pillar geometry prior to 
testing for bulk material and near-surface 
white (recrystallised) layer regions induced 
by mechanical machining [30]; (e) 
Stress-strain characteristic obtained by 
micro-pillar compression testing to reveal the 
subsurface micro-mechanical behaviour [30]; 
(f) Continuous white layer induced by abusive 
drilling [84]; (g) Hoop RS profile [84]; (h) 
Axial RS profile [84] after different hole 
making operations in a Ni-base superalloy.   
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X-ray photons yielded becomes significant enough to affect quantifica-
tion. This ratio of X-rays to Auger electrons is known as fluorescence 
yield. In theory, all elements except, H, He and Li are identifiable [98]. 
However in practice, many instruments are not suited to detects ele-
ments with Z < 11 [99]). Qualitative analysis of lower atomic numbers 
however is still valid. EDX has become a staple chemical characterisa-
tion technique and would generally be the first port of call for identi-
fying composition and contamination in machined layers. Since the 
technique is dependent on X-rays generated from incident electrons, 
EDX is also commonly used in TEM systems. The high resolution of TEM 
combined with EDX allows elements at very small scales to be identified, 
at the cost of a relatively complex sample preparation procedure. For 
example, Fig. 5 (a) reveals discrete deposits of tool electrode contami-
nants in the EDM surface of single crystal silicon. For assessment of 
carbon as well as other light elements, electron energy loss spectroscopy 
(EELS) is useful. Loss of energy of primary beam electrons, via inelastic 
interaction with electrons from the sample, can provide information 
regarding the composition, stoichiometry and bonding states of the 
sample [100]. Klink for example used EELS to determine the location 
and extent of graphitization of the surface layer of a wire-EDM machined 

grinding wheel [101]. Pacella et al. also used EELS in a TEM in the same 
manner to characterise the extent of graphitization of a laser ablated 
diamond composite [102]. 

X-ray diffraction (XRD) is commonly used to characterise the phase 
structure of mechanically and thermally machined surfaces. For 
example, XRD has been used to characterise and quantify the micro-
structural/phase transformations taking place in the mechanical 
machining induced white layers in Ti–6Al–4V [63], and for 
ED-machined metals [105]. An example of microstructural texturing, i. 
e. phase structure with a preferential orientation induced by mechanical 
milling of Ti–6Al–4V is shown in Fig. 5. XRD is a powerful materials 
characterisation technique for determining the crystal structure of 
typically polycrystalline materials [106]. It can also be used to detect 
changes in overall grain orientation (texture)in polycrystalline samples. 
Normal XRD typically has a significant penetration depth (1–10+ μm 
depending on material), and therefore care should be taken when 
assessing thin layers, or layers with multiple areas of interest. Grazing 
incidence XRD is an adaptation which may be considered assessing the 
very near surface of the sample (10s of nm depth). 

Electron probe micro-analysis (EPMA) is another useful analysis 

Fig. 5. (a) EDX using TEM of an EDM’d surface of 
single crystal silicon, revealing nano-scale deposition 
in a silicon workpiece during EDM [103] (b) Example 
of slip bands as well as precipitates easily identifiable 
using back-scattered electron imaging of a nickel-base 
alloy after abusive drilling [71] and (c) An example of 
preferential phase orientation induced by mechanical 
milling of Ti–6Al–4V [63] (d) EPMA map of carbon in 
the EDM recast layer with superior accuracy [104]. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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technique for the characterisation of the chemical composition of 
machined surfaces for example, recast layers produced by laser drilling 
of stainless steel [107]. The technique was used to determine the level of 
absorption of different assist gases (oxygen, argon and nitrogen). This 
would be challenging without EPMA given its better resolution at lower 
atomic numbers. In addition, it has been to map carbon in the EDM 
recast layer [104] (Fig. 5 (b)). Better resolution, particularly for low 
atomic number elements is produced by EPMA, hence the technique is 
appropriate for the assessment of uptake of carbon into the workpiece 
superficial layer from the dielectric during EDM. In the case of the recast 
layer in Fig. 5 (b) carbon is particularly concentrated at the edges of the 
re-melted material; however, it is clear that carbon still penetrates the 
entire recast layer. EPMA systems are similar to electron microscopes. A 
sample is bombarded with an electron beam, and X-rays at wavelengths 
characteristic to elements are emitted. Typically, wavelength dispersive 
spectroscopy (WDS) is performed in an EPMA system, whereby wave-
lengths of X-rays can be measured with greater accuracy, at an order of 
magnitude better accuracy, and for a larger range of lighter elements, 
than EDX. 

Section 2.1 described the widespread use of scanning electron mi-
croscope imaging as well as backscattered electron (BSE) imaging. While 
secondary electron imaging allows topography imaging, BSE imaging 
offers a powerful, versatile tool to rapidly qualify compositional differ-
ences. Despite not offering an objective, quantifiable method for 
measuring composition, BSE is a highly useful method in identifying the 
location of precipitates for example, without having to etch the sample. 
This means the process is widely used for identifying recast and white 
layers. Examples of some structures in a severely plastically deformed 
nickel alloy by drilling [71], identifiable using simple BSE 
cross-sectional imaging are shown in Fig. 5 (e). BSE images typically do 
not offer as good topographic contrast and therefore it is advised to 
image the same location in secondary electron mode also to pair the 
elemental contrast with topographical features. 

X-ray photoelectron spectroscopy (XPS) is an analytical tool used to 
measure elemental composition as well as, chemical and electronic state 
of the elements on the surface of a material (less than 10 nm) [108], 
compared to EDX which has a typical analysis depth of 1–3 μm. XPS data 
are obtained via irradiation of a material with an X-ray beam, while 
measuring the kinetic energy and number of electrons ejected from the 
top ~10 nm of the target material. By measuring the kinetic energy of 
the emitted electrons, it is possible to determine which surface elements 
and their chemical and electronic state. In terms of mechanical 
machining, XPS has been used in innovative ways. Small XPS penetra-
tion depths, have been exploited to correlate machining chip colour with 
cutting temperature [109]. FeO, Fe3O4 and Fe2O3 on the surface of 
dry-machined H13 steel were identified XPS showed that colour can 
effectively be used to understand cutting temperature and expected 
metallurgical transformations. Similarly, XPS has been used to study the 
oxide layers produced on iron by electrochemical machining [110], with 
the modified layers able to be compared from various current densities. 
The small depth of analysis associated with XPS is a benefit as well as a 
drawback. The sample must be cleaned extremely well as contamination 
will be detected. In the case of machined layers, it is essential that the 
area of interest is within this depth. In addition, XPS incurs a relatively 
long data collection time compared to other surface analysis techniques 
[111]. Another, somewhat more advanced technique for compositional 
and microstructural analysis is atom probe tomography (APT). APT is 
capable of three-dimensional nanoscale chemical mapping of individual 
atoms, and the technique is destructive, consuming the specimen during 
testing. The process works by the application of a strong electric field to 
a small, needle-shaped specimen, causing the atoms at the tip to evap-
orate [112]. Data analysis combines time-of-flight mass spectrometry 
with nanoscale 3D spatial coordinates [113]. This technique has been 
applied to white layers formed by hard turning of a Cr-containing high 
carbon steel, whereby the movement of carbon in mechanically and 
thermally was determined and for example segregation of carbon at 

grain boundaries was detected [114]. Despite the excellent resolution of 
APT and the unique ability to perform three-dimensional compositional 
analysis, the drawbacks of the process should also be considered. 
Preparation of a large number of samples is difficult, expensive and time 
consuming, and specimen fracture is common in the sample, given 
mechanical stresses may approach the cohesive strength of the material 
[112]. In addition, the maximum volume which can be analyzed is 
limited and on the order of 106 nm3. 

3. Mechanisms governing the mechanical effect upon surface 
integrity 

The mechanical effect in machining refers to the mechanical load to 
which the workpiece is subjected to remove material, deforming the 
machined surface and superficial layer, thereby causing surface damage 
[115]. This mainly occurs in conventional machining carried out under 
particular conditions (e.g. low cutting speed, abundant coolant appli-
cation) that yield relatively low cutting temperatures, therefore it is 
considered that mechanical loads are mainly responsible for both 
geometrical (e.g. crack and pluck) and metallurgical (e.g. grain defor-
mation) damage occurring on the workpiece superficial layer. 

3.1. Mechanical effects in conventional machining 

In conventional metal machining, high strains are induced on the 
workpiece due to the contact between cutting tool and the material, 
creating three different deformation zones, shown in Fig. 6 [116,117]. 
The shear strain has highest values in the primary shear zone (Zone I – 
Fig. 6), which leads to severe dislocation cell structures that are greatly 
elongated, shown in Fig. 6 (b). This high strain deformation in the pri-
mary zone, combined with the friction/ploughing effect in the tertiary 
zone (Zone III – Fig. 6), leads to a (severe) plastically deformed layer, 
shown in Fig. 6 (c)–(f), in which a change from highly deformed 
microstructure to undeformed microstructure can be observed. 

3.1.1. Plastic deformation 
Severe workpiece plastic deformation near the free-surface caused by 

mechanical machining, mainly leads to two microstructural alterations: 
deformed grains and grain refinement. The extent of plastic deformation 
is correlated with cutting conditions such as high tool wear, cutting 
speed and feed rate as well as coolant application [118]. At less 
aggressive machining conditions (e.g. low uncut chip thickness and 
reduced level of tool wear), surface damage is mainly represented by 
deformed grains, also known as swept grains or material drag. This can 
easily occur when machining difficult-to-cut materials such as nickel 
and titanium based superalloys that have high mechanical properties (i. 
e. high yield and ultimate tensile strength, hardness), which yield a high 
cutting force and tool wear rate [119], hence deforming the surface and 
superficial layer [78], shown in Fig. 7 (a) and (b). In such cases, grain 
deformation is mainly induced by the glide of dislocations within the 

Fig. 6. The deformation mechanisms in chip and machined surface in orthog-
onal cutting [116]. 
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crystals, while the grain boundary stops dislocation accumulation due to 
its strengthening effect [65,120], shown in Fig. 7 (c) and (d). Hence, 
high dislocation densities within the grains in combination with dislo-
cation pile-up at the grain boundaries, leads not only to plastic defor-
mation of the grains, but also to a work hardening effect beneath the 
machined surface. In this scenario, the material drag direction repre-
sents the paths of dislocations of grain deformation occurring in the 
direction of cutting tool movement relative to the workpiece. This is also 
shown in the EBSD inverse pole figure colour map (Fig. 8), where clear 
grain deformation containing high dislocation densities can be 
observed, aligning with the cutting direction [75]. 

3.1.2. Mechanically induced grain refinement 
When machining under aggressive cutting conditions, (e.g. large 

uncut chip thickness and tool wear), the resultant high mechanical load 
leads to severe workpiece plastic deformation with the possibility of 
grain refinement at the machined surface layer. This machining-induced 
grain refinement layer is also called the white layer as it appears white 
after etching, shown in Fig. 9. The white layer usually appears as a hard 
and brittle layer, which can facilitate crack initiation and propagation at 
the workpiece surface, which, in many cases, limits the fatigue strength 
of the end product [121]. Guo et al. (2010) [122] concluded that white 
layers could reduce the fatigue life by as much as eight times compared 

Fig. 7. Examples of features of superficial layers from machined nickel-based superalloy: (a) SEM and (b) EBSD observation of plastic deformed grains [78], (c) 
dislocations activities and (d) pile-ups around the grain boundary in the plastic deformation layer [65]. 

Fig. 8. EBSD-Inverse pole figure colour map showing plastic deformation areas in the superficial layer of orthogonal cut Inconel 718 [75]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Z. Liao et al.                                                                                                                                                                                                                                     



International Journal of Machine Tools and Manufacture 162 (2021) 103687

11

to surfaces free from white layers resulting after machining of AISI 
52100 steel. Consequently, white layers require removal or mini-
misation when manufacturing safety-critical components for applica-
tions where high surface integrity is required (e.g. aerospace industry). 

White layers can occur under both high and low cutting temperature 
modes. More specifically, when this is generated by high mechanical 
loading during low temperature cutting, it is also called the 
mechanically-induced white layer (M-WL) [70], where grain refinement 
is mainly due to the severe plastic deformation while there is no/limited 
thermal effect. However, the white layer can also occur under both high 
mechanical loading and cutting temperatures, whereby dynamic 
recrystallization occurs, namely the thermal induced white layer 
(T-WL). While this section is mainly focused on the mechanical effect of 
machining, the T-WL will be discussed in Section 6 – where combined 
effects are explored. 

Although different white layer formation mechanisms have been 
elucidated when machining various materials with their specific char-
acteristics, in general, it is agreed that grain refinement occurs in both 
M-WL and T-WL, leading to grains of tens or hundreds of nanometres in 
size. The M-WL, resulting from severe plastic deformation at relatively 
low temperatures, e.g. well below the parent phase transformation 
temperature, contains only the parent phases with no new phases. In this 
case, the parent grains are deformed and fragmented by the high strain 
induced by the mechanical load, resulting in breakage of the original 
grains or an elongated sub-grain structure where re-orientation occurs 
along the shear direction (Fig. 10 (b)) by the dynamic recovery mech-
anism [114]. Since this occurs at relatively low cutting temperature 
conditions (e.g. below the phase transformation temperature), the 
original phases remain unchanged in M-WL (e.g. θ-carbides in AISI 
52100 steel, Fig. 10 (c)). It is also worth noting that, as a high me-
chanical load is imposed on the workpiece material, the M-WL is always 
accompanied by a layer of material drag/deformed grains beneath the 
layer due to the gradient of the plastic strain, shown in Fig. 9. In this 
case, the deformed grains can be considered as a pre-generation of the 

white layer where the induced dislocation is not dense enough to break 
the grains. 

Nevertheless, the formation of this ultrafine grain structure is not 
only dependent on the cutting strain but also the strain rate promoted by 
cutting speed. A range of ultrafine grains and nanoscale dislocation 
structures in the mechanically induced white layer formed under 
various strains (1–15) and strain rates (10–100,000 s− 1 corresponding to 
1–5 m/s cutting speed) and temperatures of up to 0.4 Tm (melting point) 
can be seen in Fig. 11, an example from orthogonal cutting of high purity 
copper (99.999%) [126]. Three different mechanisms have been 
revealed: (i) at low strain and strain rate the microstructure mainly 
consists of subgrains with lower misorientation and diffuse grain 
boundaries formed from the elongation of original grains due to the 
shear deformation of the grains, which also yields a work hardening 
effect; (ii) at low strain but large strain rate mechanical twinning occurs 
with similar work hardening effect to the deformed grains due to the 
larger number of crystal defects; (iii) at a high level of both strain and 
strain rate dynamic recrystallization occurs and leads to an equiaxed 
morphology accompanied by annealing twinning and larger mis-
orientations. It is worth noting that in scenario (iii), as a high defor-
mation temperature would be induced in the workpiece, the 
recrystallization is mainly driven by the intrinsic deformation-induced 
heating in conjunction with the added strain, and hence the white 
layer formed in this case is considered as a temperature induced white 
layer. 

The mechanically induced white layer, M-WL, in general can be 
attributed to the increase of strain (corresponding to the machining 
shear deformation) and strain rate (corresponding to the cutting speed 
and feed rate). In this case, the microstructure is mainly characterised by 
a broken-down and elongated sub-structure [127], through the mecha-
nism of dynamic recovery. This grain refinement phenomenon can be 
also described through the model proposed by Ding et al. [78] (Fig. 12), 
which summarises the microstructural evolution of the white layer in 
five steps: (a) the machining mechanical load induces some dislocations 

Fig. 9. White layer in mechanically machined (a) carbon steel [123], (b) titanium-based superalloy [124], and (c) nickel-base superalloy [125].  

Fig. 10. (a) Crystal structure of bulk material, (b) elongated sub-grain structure and (c) 3D atom maps of C and Cr distribution in the M-WL of AISI 52100 steel by 
hard turning [114]. 
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into the original grains; (b) original grains are deformed or elongated 
along the shear direction through slip bands or dislocation and (c) cause 
re-orientation within the original grains; (d) the original grains are 
broken/partition into elongated cells and subgrains through the slip 
bands or dislocation walls and form the M-WL; (e) if the machining 
condition is aggressive enough to generate a high deformation temper-
ature, a thermally assisted deformation mechanism may occur and cause 
dynamic recrystallization, i.e. a T-WL. 

3.1.3. Work hardening 
Due to the mechanical load induced upon the workpiece during 

machining, a work hardening effect can result, changing the hardness 
and residual stress within the superficial layer. This typically occurs 
when machining high strength materials, e.g. hardened steels and su-
peralloys, with which high cutting forces are yielded. In general, a sig-
nificant increase in hardness occurs in the superficial layer, which could 
be related to the plastic deformation of the grains therein allowing the 

accumulation of atomic dislocations. In sufficient density, these serve to 
drastically increase local hardness. On the other hand, grain refinement, 
where nanocrystalline structures appear on the surficial layer can also 
lead to a hardening effect due to the increase in grain boundaries, i.e. the 
Hall–Petch effect. Fig. 13 shows the increased hardness on the superfi-
cial layer of machined Inconel 718, which is mainly induced by grain 
refinement and substructures such as dislocations and mechanical 
twining [67]. 

As the cutting tool slides upon the workpiece during cutting, 
mechanically-induced subsurface plastic deformation also leads to 
compressive residual stress in the machined workpiece. Fig. 13 (b) 
shows a residual stress profile of milled Inconel 718, where increased 
compressive stresses are found on the superficial layer, reaching a peak 
value at around 20 μm depth and diminishing beyond 120 μm [128]. 
Moreover, the mechanical energy exerted on the surface during the 
cutting process is high enough to produce a great number of disloca-
tions. The interaction due to the strain fields around the generated 

Fig. 11. TEM images of the microstructure of copper at select values of strain (0–12) and deformation rate (cutting speed: 0–5 m/s) from plane strain machining; R′

and M′ correspond to the same deformation conditions as R and M, respectively [126]. 

Fig. 12. Schematic illustration of microstructural evolution of the white layer induced by conventional machining [78].  
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dislocations leads to “strain hardening” in the material (i.e. proportional 
to ̅̅̅ρ√ , where ρ is the dislocation density) upon further deformation, 
which results in an increase in the material yield strength [129]. Plastic 
deformation also leads to changes in crystal lattice orientations within 
each grain. Hence, by calculating the orientation differences between 
the indexed pixels of the acquired EBSD map, e.g. kernel average 
misorientation (KAM) map (Fig. 14 (a)), and the average intragrain 
misorientation (AMIS, Fig. 14 (b)), the extent of plastic deformation/-
strain can also be quantitatively evaluated [77]. These compressive re-
sidual stresses, along with the increase in hardness, can be beneficial to 
fatigue performance of the machined components. However, although 
the mechanical effect can induce compressive stress in the superficial 
layer, in many conditions it may also be compensated by the thermally 
induced tensile stress, hence exhibiting a varying residual stress distri-
bution along the surface layer. This will be discussed in Section 6 
(combined thermo-mechanical effect). 

Nevertheless, although the severe plastic deformed layer is unde-
sirable for most safety critical applications due to the deterioration of 
fatigue performance, it can also be beneficial when machining low to 
moderate strength metals and alloys, e.g. carburized bearing steel [130] 
and aluminium alloys [131] for specific applications such as bearings, 
gears and shafts. That is, those severe plastic deformed layer formed 
under the machining conditions that do not lead to phase trans-
formation, tearing-cracking or tensile residual stresses would still be 
considered beneficial. This is because the ultrafine grain structure 
induced by high mechanical machining (e.g. hard turning) usually 
contains a high dislocation density (Fig. 15 (a)), which can lead to 

higher strength, hardness and wear-resistance than their coarse grained 
counterparts [132]. This machining-induced strengthening effect is also 
comparable to other multiple-stage deformation processing operations 
such as equal channel angular processing, high pressure torsion and cold 
rolling (Fig. 15 (b)), while it offers economic benefits as only one pass is 
needed to create significant strains [133]. 

3.1.4. Geometrical defects 
In addition to the microstructural alterations, there are also other 

manifestations of surface defects induced by high mechanical loads from 
machining, which are mainly of geometrical nature, such as micro- 
cracking [134], plucking [84], surface tearing [77,135], material rede-
position [136,137] and debris [138,139], summarised in Fig. 16. In 
general, these defects appear when unsuitable cutting conditions are 
applied, e.g. large chip thickness and tool wear. Specifically, surface 
tearing and grooves can be attributed to the dragging of particles that 
are generated during machining (e.g. hard precipitate from the work-
piece material or chipping from the cutting edge/insert) [134,135]. 
Redeposition and debris are caused by the adhesion of the workpiece or 
tool material to the machined surface under high contact stress. 
Smearing is produced by severe plastic deformation of the surface 
caused by the flank face of the cutting tool, hence this may mostly 
happen in severe tool wear conditions [18]. Plucking occurs due to the 
removal/pull out of small and hard particles/grains from the surface 
[140]. Cracking occurs mainly in the machining of brittle and 
semi-brittle alloys, e.g. γTiAl, due to their low ductility and high crack 
growth rates. However, when machining ductile alloys in which hard 
phases are present, cracks can also occur, mainly in the vicinity of hard 

Fig. 13. Examples of work hardening on the conventional machining of Inconel 718 results in (a) surface hardening [67] and (b) compressive residual stress in the 
superficial layer [128]. 

Fig. 14. (a) Strain contouring maps defined by crystal misorientation and (b) average misorientation profiles of finish turned Inconel 718 [77].  
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carbides present in the work material, due to the mismatch of the ma-
terial properties between the matrix and carbides [77]. These surface 
defects are, in general, caused by the high mechanical and thermal loads 
that are induced by unsuitable cutting parameters. Since such defects 
can present a high risk in safety critical applications, it is therefore 
essential to optimise the cutting conditions to reduce the severity of 
these surface defects, although it may not be possible to completely 
avoid them. 

3.2. Abrasive waterjet cutting 

Abrasive waterjet machining (AWJ) is a mechanical material 
removal method whereby the workpiece material is eroded by a mixture 
of abrasives and a high velocity waterjet stream under high pressure (up 
to 700 MPa [142]). Due to the high hardness and sharpness of applied 
abrasive particles (e.g. garnet), which are entrained by a high energy 
density waterjet, small chips are removed from the substrate material 
and flushed away by the waterjet (Fig. 17 (a)) [143]. This process yields 
low average cutting forces and temperatures, and hence leads to reduced 

mechanical and negligible thermal damage on the workpiece material 
compared to conventional mechanical machining [144]. In general, two 
different material removal mechanisms, ductile or brittle removal, 
depending on workpiece material properties, can occur in AWJ 
machining, leading to different surface damage modes. 

When machining ductile workpieces, the material removal mecha-
nism is dominated by the plastic removal mode. Due to the high speed 
impact of the abrasive particles (up to 700 m/s [145]), the workpiece 
surface usually suffers mechanical damage such as scratching and 
chipping [146], embedment of fractured abrasives [60], striations 
[147], as well as high plastic deformations in very small areas (where 
the individual grains impacted the surface) which may even refine the 
grains [148]. This damage is distributed on the near surface layer, i.e. by 
scratching and abrasive embedment, as the particles slip on the surface 
while imparting their kinetic energy to the work and, sometime, 
embedding into the surface or subsurface layer, i.e. causing plastic 
deformation due to the high energy impinging of the abrasive particles. 
These scratches and abrasive embedding phenomena, in general, can act 
as stress concentrators on the surface and initiate cracks which can result 

Fig. 15. TEM images of grain refinement of CP Ti produced by (a) orthogonal cutting [132] and (b) multi-pass cold rolling [133].  

Fig. 16. Examples of geometrical anomalies in conventional machining of metals: (a) material smearing [77], (b) surface tearing [135], (c) redeposition [137], (d) 
pluck [141], (e) crack [134], (f) metal debris [138]. 
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Fig. 17. (a) Schematic of AWJM process [150] and some examples of surface damages generated by the process: (b) abrasive embedment (NiTi) [60], (c) scratch 
(NiTi) [60], (d) striation marks (Ti64) [147], (e) chipping (NiTi) [146] (f) grain refinement and (g) zones with high density dislocations measured by an EBSD 
dislocation density map (microcrystalline nickel) [148]. 

Fig. 18. (a) Brittle erosion mechanism [151] in waterjet machining, and surface damage generation: (b) crack initiation, (c) stress wave propagation, (d) micropits 
generation and (e) intergranular fracture in γ-TiAl [152]. 
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in deterioration of fatigue life by as much as 30% [149]. Hence, a sec-
ondary process (e.g. surface modification or finishing procedure) is 
required to remove these defects [150]. Fig. 17 (f) and (g) show the high 
strain deformation layer inside the microstructure (microcrystalline 
nickel workpiece) near the machined surface, within which grain 
refinement can be observed on the top surface due to dislocation ac-
commodation, resulting from the effect of abrasive grit impingement of 
the surface. This grain refinement induced by high compressive defor-
mation, on the other hand, has a work hardening effect with large plastic 
strains on the superficial layer and can enhance surface properties, 
beneficially effecting hardness, wear resistance and even fatigue life as 
no tensile residual stress is produced. 

When (abrasive) waterjet machining brittle metals (e.g. γ-TiAl), the 
workpiece is removed/eroded mainly by a repetitive fracturing mech-
anism instead of plastic deformation due to the hammer effect of the 
accelerated abrasives or water droplets on the workpiece, shown in 
Fig. 18. Specifically, the abrasive impact generates compressive stress 
which initiates a radial and lateral crack, propagating downwards and 
away from the base of the deformed area when exceeding the fracture 
threshold [151]. While the lateral crack determines chip formation 
(Fig. 18 (a)), the radial crack degrades the surface integrity, whereby 
severe cavity and crack damage would be left on the machined surface. 
This crack damage is usually developed at highly tensile stressed zones 
situated at grain boundaries of crystalline materials, interfaces between 
the matrix and inclusions of multiphase materials or pre-existing inter-
faces/cracks/pits [151]. An example can be explained from Kong’s 
model of waterjet machining of γ-TiAl wherein four steps are proposed: 
(i) plastic deformation and crack initiation; (ii) stress wave propagation; 
(iii) micropits due to joining of crack lines; (iv) intergranular crack-
ing/fracture, triple splitting and interlamellar/translamellar fracture 
[152]. 

4. Mechanisms governing the thermal effect upon surface 
integrity 

Alongside mechanical machining (e.g. conventional machining), 
thermal machining processes are also widely used for manufacturing 
components for a wide range of industries. In this case, generally, the 
material is removed by melting or vaporisation by applying a heat 
source, with negligible/limited mechanical force applied in the solid 
state. Different heat sources are applied, such as plasma (electrical 
discharge machining (EDM) and plasma beam machining (PBM)), pho-
tons (laser beam machining, LBM) and electrons (electron beam 
machining, EBM). However, due to high thermal loads, many secondary 
phenomena can result from machining. These can include the formation 
of heat-affected zones, recast layers, and micro-cracking as well as 
thermal softening effects, which can lead to a reduction in fatigue life of 
the machined component. 

4.1. Laser beam machining 

4.1.1. Physical process of continuous wave and pulsed laser machining 
Laser processing of solids is a direct, local, and material-selective 

process, which has been employed for machining of difficult-to- 
machine, hard and brittle materials. With the aid of lasers, it is 
possible to remove material without mechanical damage, while having 
no tool wear and excellent dimensional accuracy. In metals, photon 
energy is absorbed by free electrons in a thin superficial layer, typically 
≈10 nm, and leads to melting, vaporisation, and ionisation of the 
absorbing media [153,154]. Depending on the ratio between pulse 
width and characteristic lattice heating time, the lattice will experience 
different levels of heat-related effects, exemplified in Fig. 19 (a)–(b). For 
most metals, lattice heating time is on the order of 1–100 ps [155], 
representing a border between thermal and non-thermal removal 

Fig. 19. (a) Long (nanosecond, microsecond and longer 
pulses) and (b) ultrashort (picosecond, femtosecond and 
shorter) pulse laser ablation. Nanosecond and longer pul-
ses do not prevent heat propagation and thermal effects, 
leading to heat affected zone and collateral workpiece 
material damage [156]. Typical removal mechanisms via 
long pulse ablation (adapted from Ref. [157]): (c) melting 
and vaporisation, (d) melt displacement, caused by recoil 
pressure, and (e) melt ejection in pulsed laser machining.   
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mechanisms. 
In long pulse ablation (nanosecond and longer) and continuous wave 

cutting, heat is absorbed by electrons and followed by fast energy 
transfer to the lattice by collisions, diffusion, or electron-phonon 
coupling. Laser irradiation first heats localised volumes to the melting 
point and then to vaporisation. During long pulses, absorbed energy 
propagates into the workpiece by heat conduction. Presence of heat- 
affected zones, melted zones, recast layers are typical for long pulse 
ablation and continuous wave cutting. The depth of heat propagation 
into the workpiece is determined by the thermal diffusion length lth =

2
̅̅̅̅̅̅̅̅
Dτp

√
, where D is thermal diffusivity and τp is the lattice heating time 

[158]. Heat affected zones depend not only on thermal diffusion lengths, 
but also on the ability of such irradiation to ablate material, i.e. laser 
fluence, ablation thresholds, heat accumulation effects, and pulse 
repetition rates. Regarding high power density irradiation, melt pool 
formation is followed by material vaporisation. Sufficiently long and 
intensive pulses can be absorbed by vapour, often leading to its ionisa-
tion. The vapour/plasma plume creates large recoil pressures, which 
produces a shock wave that propagates through the material. This often 
leads to collateral damage and generates compressive residual stresses 
when pulse energy is sufficient. Recoil pressure induces melt pool flow 
that extrudes melt from the irradiated area. This forms pits on the crater 
sides and dictates recast layer shapes. In continuous wave cutting, the 
recoil pressure repulses the melt and forms a cavity filled with high 
pressure vapour, called a keyhole. Laser absorptivity within the cavity 
increases due to increased vapour absorptivity, and multiple reflection 
of the beam, often referred to Fresnel absorption [159]. Consequently, 
the cavity deepens, and the vapour pressure blows out the molten wall. 
Typically, material ejection from the molten area is enhanced by a co-
axial gas get. 

When it comes to high-quality machining in conductive materials by 
pulsed laser ablation, ultrashort pulses (ps-fs scale) must be considered. 
At femtosecond scales, photon energy is absorbed by free electrons and 
is primarily exchanged among them. Electron-lattice interaction is 
governed by relatively slow electron-phonon interactions [158]. Heat 
transfer becomes non-equilibrium with high electron temperatures and 
the cold lattice, described by two-temperature model [160]. 
Non-equilibrium temperature distribution leads to significant surface 
evaporation, preventing heat propagation into the workpiece. There-
fore, the process progresses directly from solid to vapour/plasma, 
allowing precise material processing with the absence of molten mate-
rial formation at the work and hence recast layers, and heat-affected 
zone. 

The main removal mechanisms for long and short pulse ablations are:  

• Melt expulsion, or liquid displacement to the crater sides resulting 
from recoil pressure (Fig. 19 (d)). This is the typical removal mech-
anism in continuous wave to nanosecond long pulse ablation [157, 
158].  

• Spallation, or material disintegration due to high tensile stresses 
associated with rapid expansion. Can occur in all thermal ablation 
regimes. However, its relative contribution to material removal is 
higher in nanosecond pulse ablation [161].  

• Explosive boiling, sometimes referred to “phase explosion” or “melt 
ejection”, is the disintegration of overheated liquid, leading to sub-
surface nucleation of vapour bubbles and ejection of the liquid ma-
terial from the melt pool. This is the typical removal mechanism in 
short ablation, i.e. nanosecond to picosecond (Fig. 19 (e)) [162].  

• Fragmentation, or dissociation of the surface of supercritical liquid 
metal into fine droplets due to rapid thermal expansion. Fragmen-
tation suppresses phase explosion mechanism and tends to dominate 
removal mechanisms with shorter, pico- and femtosecond laser 
pulses [162].  

• Direct vaporisation, often with absence of thermal effects. This is the 
distinguishing mechanism in ultrashort femtosecond pulse ablation 
(Fig. 19 (b)) [157,158]. 

Fishburn et al. [157] studied nanosecond ablation with a molecular 
dynamics simulation and found material removal at low fluences is 
solely caused by melt displacement. With increased laser fluence, the 
melt displacement is accompanied by vaporisation, and after a critical 
laser fluence, explosive boiling dominates the removal mechanism. 
Nevertheless, the characteristic removal mechanism is a complex 
interplay between material properties (absorption, characteristic lattice 
heating time and thermal properties), and incident beam conditions 
(pulse duration, fluence, and wavelength). The contribution of each is a 
field for rich and often controversial scientific discussion [161, 
163–167]. 

4.1.2. Typical defects in continuous wave machining, long, and short pulse 
ablation 

Surface integrity of laser machined workpieces, summarised in 
Fig. 20, is dependent on the dominant material removal mechanism and 
heat transfer within the material which, in turn, depends on the laser 
irradiation parameters, and especially on pulse duration (including 
continuous lasers). Melt expulsion results in the recast layer on the sides 
of workpiece surface and newly generated surface, which leads to an 
elevation on the sides such as in laser drilling (Fig. 20 (a), (d), (e), (i)). 
Explosive boiling (Fig. 20 (f)) and fragmentation (Fig. 20 (g)) eject liquid 
droplets, which can then solidify and form spatter on the sides of 
machined features and be ejected from the melt pool in the case of 
explosive boiling, or its surface in the case of fragmentation. Vaporisation 
is responsible for material recondensation [168] and generation of recoil 
pressure that can induce mechanical damage. Upon solidification, the 
surface can be covered with a layer of reacted melt with processing gas, 
typically an oxide layer [169]. This becomes especially pronounced 
when the material includes more reactive ingredients, such as chro-
mium, nickel and niobium in Inconel 718 (Fig. 20 (b)). Solidification of 
the generated melt pool, recast layer or debris generate high stresses due 
to thermal shrinkage, often resulting in the formation of micro-cracks 
(Fig. 20 (d)) [170]. Propagated heat can result in heat-affected zones 
(Fig. 20 (c), (h)) and phase transformations [171], which is, in general, 
an unfavourable result of laser machining. 

4.1.3. Recast layer and spattering 
The microstructure of the ejected material, forming the recast layer 

and spatter, is typically columnar and perpendicular to the crater cur-
vature due to high solidification rates, however different grain mor-
phologies are also found within recast layers determined by process 
thermodynamics [175–177]. Mechanical properties of recast layers and 
spatter can be different from the bulk material, being brittle in nature 
due to oxidation (formation of other intermetallic regions due to reac-
tion with processing gases), microcracked, and having hardness 
different from the base material. 

Various attempts have been made to reduce recast layers. Low et al. 
[178] investigated the influence of assistant gas on spatter generated 
during laser percussion drilling. The authors found that spatter depends 
on the reactiveness of the assisting gas. Spatter bonding in N2 and Ar 
atmospheres is higher than in O2, and therefore material removal is 
more difficult. Ejected spatter is thinner when oxygen assisted the dril-
ling, shown in Fig. 21 (a)–(b), and had lower bonding strength, 
compared to Ar assistance. Zhao and Yu [179] revealed recast layer 
self-cleaning during picosecond percussion drilling when the energy of 
the tail of the Gaussian laser beam was sufficient to remove the gener-
ated melt from the sides of the crater. 

One technique utilized for heat, and therefore recast layer manage-
ment during ablation is wet ablation. Nisar et al. [180] investigated dry 
and wet environments (deionised water and propanol), finding that 
recast layers could not be observed in wet environments. Due to active 
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cooling being more pronounced in wet environments, higher thermal 
gradients developed in water and propanol lead to fine subsurface mi-
crostructures or their complete absence. Kudryashov and co-workers 
studied pressures developed in underwater ablation, where recoil pres-
sure was 5-times higher, due to dynamic water confinement [181]. High 

recoil pressure collapse explains high removal rates and spatter-free 
surfaces in wet ablation. Kang et al. compared removal rates in air 
and water, finding that ablation performance increased by 700% in 
water [182]. Kang attributed this increase to thermal desorption of the 
target (induced by thermal stresses), resulting in material fracture and 

Fig. 20. Surface imperfections in percussion drilling of metals. (a)–(c) recast layer, oxidation and HAZ of nickel superalloy (Nimonic 263) [169]; (d) cracking of the 
recast layer [170]; (e), (f) recast layer and surface debris on Al–Si alloy after 5(e) and 100 (f) pulses [172]; (g) solidified microdroplets and vapour on the sides of the 
hole due to fragmentation and recondensation [173]; (h) and (i) HAZ and recast layer after 5 and 50 ns pulses on titanium surface [174]. 

Fig. 21. SEM micrographs showing the typical spatter formation (plan view) of holes drilled with (a) oxygen assist gas and (b) argon assist gas [178].  
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crack formation, and spallation dominated the process. 
The microstructures of recast layers vary significantly from one case 

to another. While laser cutting can generate cooling rates of 103 K/s, thin 
recast layers can develop at cooling rates as high as 1011 K/s [183]. This 
wide range of cooling rates, possible during laser drilling, are respon-
sible for the varied grain morphologies, shown in Fig. 22. Variation in 
cooling rates depends on material properties, ablation regime, most 
importantly pulse duration, pulse energy and repetition rate. Rapid so-
lidification leads to fine grains (see Fig. 22 (b) and (c)) [184]. Shorter 
pulses increase solidification rates leading to fine columnar cellular, 
columnar dendritic and equiaxed recast microstructures (see Fig. 22 (a) 
and (b), (d)) [175]. Compositional changes can be also found in recast 
layers. Garofano et al. revealed the formation of nanoscale Ti-rich car-
bide precipitates between dendrite arms in Ni-based superalloys [176], 
which was attributed as a strengthening obstacle. Compared to the base 
material, the recast layer was softer due to the domination of micro-
structural influence on the mechanical properties. 

4.1.4. Microcracks 
At high cooling rates, high tensile stresses can be generated in the 

metal. Yielding of these stresses to the tensile strength of a given ma-
terial causes solidified layer cracking. This often combines with the 
formation of brittle intermetallic layers (in most cases oxides), affecting 
development of cracks, as shown in Fig. 23. Microcracks are developed 
in the oxidized layer and propagate further into the recast layer or 
parent material [185,186]. 

Thermal management, for instance with assisting gases, can influ-
ence cracking behaviour of the recast and oxide layers. Transverse 
microcracks, perpendicular to the processed surface, are formed within 
the recast layer due to in-plane thermal gradients upon solidification, 
while longitudinal cracks are formed at the interface between the recast 

and oxide layers. These cracks accumulate Griffith energy during 
propagation and are easier to propagate within recast layers and parent 
materials, and can cause component failures as indicated by Morar et al. 
[187]. The authors studied crack formation in laser trepanning drilling 
of a Nickel-based superalloy and found that pulse energy and pulse 
duration are the main parameters dictating microcrack and recast layer 
formation. Their findings revealed formation of both transverse and 
longitudinal cracks, shown in Fig. 23 (c). Transverse cracks, caused by 
in-plane thermal gradients during machining, were considered a critical 
defect since they can penetrate through the recast layer into the work-
piece. However, it is important to acknowledge the importance of lon-
gitudinal cracks, caused by out-of-plane thermal gradients; these cracks 
propagate parallel to the surface, and potentially cause delamination of 
oxide and/or recast layer. 

4.1.5. Hardness 
Recast layer hardness is usually different from the base material. 

Recast layer hardness can be higher than the base material, for example 
Inconel 718 alloy cut with a continuous-wave CO2 laser, which results in 
carbide and carbonitride formation on the surface after laser cutting 
operations, and high cooling rates during solidification of the recast 
[57]. Surprisingly, recast layer hardness can be also lower than that of 
the base material, as it was found in the work of Ahmed et al. on 
microsecond laser drilling of the same alloy [188]. Authors attributed 
this to low density of γ′ and γ′′ precipitates at the surface and grain 
sliding. A possible reason for such a divergence in findings can be 
ascribed to the difference in formation of the recast: continuous wave 
melting creates a continuous, dense surficial layer, while pulsed lasers 
eject material in series. This can lead to higher porosity of the recast and 
loose solidification of the lamellar layers, eventually decreasing hard-
ness. Overall, the relative change in surface hardness is a complex 

Fig. 22. Different grain morphologies found in the recast layer of laser-drilled Ni-superalloy. (a), cellular morphology of the recast [176]; (b) dendritic micro-
structure [175]; (c) and (d) fine columnar and equiaxed grains [177]. 
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interplay among various phenomena, including recast microstructures, 
ambient environments during laser processing and laser output char-
acteristics, and material parameters. 

4.1.6. Residual stress 
Several mechanisms can lead to residual stresses upon laser 

machining. Solidification, accompanied by material cooling and 
shrinkage, promote tensile stresses in surface and sub-surface layers. 
Formation of expanding vapour and plasma induces shock waves, which 
can lead to plastic deformation of the material if pulse energies are 
sufficient for such deformation [189]. Thermal gradients and material 
plasticity, metallurgical transformations, and chemical reactions can 

Fig. 23. Surface integrity defects formed during millisecond laser drilling of Ni superalloys. (a) Cracks in the recast layer [185]; (b) transverse cracks in the oxide 
layer [187]; (c) longitudinal cracks in the oxide layer [187]. 

Fig. 24. (a) Kerf surface micrograph of laser trepan drilled Ti–6Al–4V with a CO2 laser [191]; (b) residual stress distribution [193].  
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also be responsible for residual stress generation in subsurface areas. 
Yilbas et al. studied laser trepan drilling with a high power CO2 laser 

[190–192], developing several numerical models combining heat 
transfer with a viscoplastic model, validating stress fields with XRD 
measurements. Tensile stresses of 330 MPa were measured at the vi-
cinity of the cut surface in Ti–6Al–4V, more than a third of the material 
yield strength. Melting and subsequent cooling of the material created 
striations, shown in Fig. 24, which were bent at the surface due to gas 
flow. This was attributed to the presence of assisting gas, leading to melt 
accumulation and solidification in a periodic manner, and should not be 
confused with mechanically induced strain. This also helped recast layer 
removal, which was estimated to be 5 μm. Considering XRD penetration 
depth is ca. 10–20 μm from the free surface, developed residual stresses 
propagate deeper than the recast layer, supported by numerical results. 
Maeda et al. [193] also found tensile residual stresses (>150 MPa) after 
laser cutting, resulting from material cooling. 

The work of Cha et al. [194] investigated residual stresses formed 
upon laser ablation of compressor blades with a nanosecond pulsed 
laser. On the contrary, residual stresses were not different from the bulk 
material, evaluated through a local misorientation map. This could 
signify the absence of residual stresses, or rather the inability of the 
technique to evaluate stress in small regions. 

Plasma-induced pressure waves can lead to plastic deformation and 
generate residual stresses. This phenomenon becomes noticeable only 
when the pulse energy is sufficient for rapid ionisation, typically in the 
Joule range in nanosecond scale pulses [189]. These pulses are used to 
generate favourable compressive residual stresses on workpiece sur-
faces, which can be enhanced by adding a confining media like water or 
glass. Laser shock peening is now exploited industrially and is the sub-
ject of widespread investigation. 

Typically used pulse energies (mJ range) for laser microfabrication 
do not induce surface damage. This is why little attention is paid to 
investigation of residual stresses in laser machined workpieces. Never-
theless, generation of compressive residual stresses in-situ during laser 
machining is an attractive field for research and industrial application. 

4.1.7. Ultrashort pulse laser ablation and typical defects 
Compared to continuous wave irradiation and long pulse ablation, 

the physical process changes significantly in the case of ultrashort, 
femtosecond laser ablation. Ultrashort pulses have negligible thermal 
diffusion and direct vaporisation is often the prevailing material 
removal mechanism [164,195]. However, fragmentation and explosive 
boiling are also reported [162,196,197]. Rapidly removed material has 
a thin heat-affected zone, causing less material damage. Ablation of steel 
with different pulse durations, shown in Fig. 25 indicates a transition 
between pronounced thermal ablation regimes (ns and ps ablation), and 
clean, defect-free ablation using ultrashort femtosecond laser ablation, 
due to evaporation, negligible heat conduction, and absence of liquid 
phase [198]. However, in some cases, heat accumulation in the work-
piece exists and affects resultant surface integrity. Hong-qiang Dou et al. 
[145] studied femtosecond ablation of Al–Mg alloy with relatively low 
repetition rate (100 Hz), which led to heat accumulation, formation of 
melt on the surface, and eventually microcracking upon cooling (Fig. 26 

(a)). 
The choice of appropriate pulse duration is often a trade-off between 

process efficiency, acceptable level of damage, and equipment cost. 
Although femtosecond ablation is an attractive technique for clean, 
defect-free machining, wider application of femtosecond lasers is 
limited due to the complexity of the equipment able to produce ultra-
short pulses with pulse energy sufficient for ablation [199]. While the 
ablation threshold fluence is independent of pulse duration in the 
sub-picosecond regime [200], laser intensity is still inversely propor-
tional to pulse duration. This is the limiting factor for machining with 
shorter pulses in mode-locked lasers. This limitation has been overcome 
via chirped pulse amplification (CPA), where initial seeding pulse was 
first stretched by separating the wavelength components of the seeding 
pulse (typically by diffraction gratings). Different wavelengths are 
delayed due to different path lengths, amplified separately at safe power 
densities, and then compressed back. The idea was proposed in 1985 
[201], receiving the 2018 Nobel Prize in Physics, which is still the 
current state-of-the-art technique for short pulse, high power density 
lasers already available for machining. 

Even in femtosecond regimes, melt pool formation due to heat 
accumulation is possible in low melting point materials, which can 
result in recast layer cracking, shown in Fig. 26. Some studies on mode- 
locked femtosecond lasers without further chirped amplification utilize 
sub-threshold fluence for machining; in this case, ablation relies on in-
cubation effect, i.e. when ablation threshold drops for multi-shot abla-
tion [202] (especially pronounced with high repetition rates [203]). 
Heat accumulation enables material removal with lower fluences, but 
leads to noticeable melt pools [204], effectively changing the removal 
regime to thermal ablation. Interestingly, ultra-high repetition rate la-
sers can have behaviour different from typical ablation: recently, Kerse 
et al. [205] used ultra-high repetition rate ablation to exploit ablation 
cooling phenomena. To increase ablation efficiency and reduce material 
damage, the authors used ultrafast laser bursts (GHz pulse repetition 
rate). When the first pulse arrives, it heats up the laser spot vicinity and 
reduces ablation threshold and the energy necessary for ablation by the 
succeeding pulse. The work showed that by selecting a suitable pulse 
frequency, it is possible to utilize thermal energy of previous pulses, 
thereby suppressing heat propagation into the bulk. 

Due to the nature of non-thermal ablation with rapid material 
evaporation and absence of workpiece thermal damage, femtosecond 
lasers have an increased interest for microfabrication. For defect-free 
laser micromachining, femtosecond lasers have become a state-of-the- 
art technology, and are maturing into a widely available production 
tool. 

4.2. Electrical discharge machining 

4.2.1. Principle of material removal and formation of a recast layer 
Electrical discharge machining (EDM) is an important process able to 

machine regardless of workpiece mechanical properties, and hence it is 
particularly useful for machining hard and tough, electrically conduc-
tive materials. EDM comes in the form of sinking EDM, in which an 
opposite shape of the tool electrode is formed in the workpiece, or less 

Fig. 25. Micrographs of the laser-drilled holes on steel with long, short and ultrashort pulses. The pulse widths are (a) 3.3 ns, (b) 80 ps, and (c) 200 fs [198].  
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commonly by the 3D movement of a simple electrode as in milling, and 
wire-EDM, in which a continuously spooling electrically conductive 
wire slices through the workpiece. In both versions, the material 
removal process is the same. A schematic of the material removal pro-
cess, which incurs a recast layer, is shown in Fig. 27. 

The exact mechanism of material removal in EDM is complex and 
still not agreed on. However, in basic terms EDM occurs as a result of a 
pulsed potential difference between an electrode and a conductive 
workpiece, which initiates an electrical discharge as a result of dielectric 
breakdown. In doing so, a plasma is formed with high temperatures and 
pressures, causing melting and evaporation of material from both elec-
trode surfaces, one being the tool and the other the workpiece. In the 
case of ceramic materials (which are sufficiently electrically conduc-
tive), a porous surface may be produced from which the binder phase is 
preferentially removed, or in the case of thermal shock sensitive mate-
rials, material may be removed by spalling [213]. In addition, decom-
position and oxidation have been identified as general removal 
mechanisms during EDM of ceramics [214]. In the case of metal-ceramic 
composites there, these mechanisms should also be considered to play a 
role. During discharge on-time, melt pools are generated on both elec-
trode surfaces. Some researchers [207–209] believe that most material 
removal takes place at the end of discharge, as boiling of the superheated 
material is prevented by downward bubble pressure during discharge. 

However observation of the gap using X-rays has showed that 85% of 
material removal takes place during discharge duration [210], and 
direct imaging of EDM debris has showed significant material removal 
occurs during discharge duration [211]. Pressure build-up in the melt 
pool during discharge, and overcoming of the binding force is now 
thought to be one of the mechanisms of material removal in EDM [212]. 
Not all the material melted by a single discharge is removed by EDM. 
Yang et al. [215] theorised using a molecular dynamics model that the 
ratio of ejected to melted material per discharge is in the range of 
0.02–0.05. Net material removal in EDM occurs due to large numbers of 
discrete sparks. Re-solidified material not ejected comprises the recast 
layer, which tends to have different properties to the parent material, 
along with a heat affected zone (HAZ) beneath this. The recast layer has 
characteristics which can negatively impact mechanical properties. 
Reduced material removal and recast layer on the tool electrode comes 
about by use of high melting point and high thermal conductivity ma-
terials, as well as correct choice of polarity. Such materials include 
copper, graphite, tungsten and brass. 

4.2.2. Microstructure of the recast layer 
The recast layer on EDM surfaces is made of material melted and 

solidified at a rate typically faster and in a different compositional 
environment than when the bulk workpiece was formed with new grain 

Fig. 26. Percussion-drilled hole in Al–Mg alloy in air with a femtosecond laser, revealing melt formation and hot cracking [206].  

Fig. 27. Schematic of the EDM process showing (1) melting of both workpiece and tool electrode via bombardment by electrons and ions respectively and material 
removal via boiling, and (2) removal mechanism based on explosion of molten material into discharge gap after rapid drop in pressure. A recast layer forms where 
molten material is not removed. Several sources have been combined to create this summary of the mechanism ([207–212]). 
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structures expected as a result. Recast layer microstructures affect me-
chanical properties, and therefore the properties of the whole part. In 
metals, the recast layer is known to be typically fine-grained, brittle and 
hard due to rapid cooling rates [216], with good adherence to the bulk 
material [217]. The small scale of expected phases and structures in the 
EDM recast layer has limited its characterisation to high magnification 
SEM, TEM, or X-ray diffraction. For example, pores of several to tens of 
microns diameter and observable under SEM and optical microscopy are 
often expected in EDM recast layers [218,219], examples of which are 
shown in Fig. 28 (a). Pores can vary in dimensions, depending of pro-
cessing conditions and workpiece materials, leading to nanoscale pores 
as reported in silicon [103] In addition, contamination within the recast 
layer, as well as dislocation dense regions are observable beneath the 
recast layer, giving evidence of localised stress upon cooling of the recast 
layer just beneath the interface between it and the bulk. 

Wear performance of materials is known to suffer as a result of 
porosity. The presence of porosity can decrease delamination wear 
performance of materials, via stress concentrations and collection sites 
for wear debris, as exemplified in iron [220] as well as bulk SiC/Cu 
composites [221]. 

Significant material transformations are expected in EDM recast 
layers. To date, steels have been the subject of the most significant and 
detailed research into typical microstructures – nevertheless, generic 
information which applies to metal can be drawn from these studies. 
Owing to the uptake of carbon from hydrocarbon dielectric oils, for-
mation of retained austenite is often expected [222], and this structural 
formation tends to be independent of tool electrode material, since 
carbon absorption is predominantly from the dielectric (in the case of 
hydrocarbon dielectrics) which envelopes the EDM process. In the case 
of de-ionised water, carbon uptake and subsequently retained austenite 
formation is dependent entirely on using carbon-based electrodes, e.g. 
graphite. Carbon uptake is also known to be responsible for cementite 
formation after EDM [217], and the amount of carbon present in the 
recast layer can be as high as 14 wt% as measured in cross-section via 
Auger spectroscopy. To demonstrate the complex nature of phase 
transformations in EDM layers, a simple ferritic steel produced a mixture 
of cementite, residual austenite, with martensitic needles and an 

austenitic layer at the interface between the recast and the heat-affected 
zone [217], demonstrating the impact of cooling from the top surface 
and into the bulk as well the presence of carbon. Columnar structures are 
produced at both the top of the recast layer and the bulk gives evidence 
for two solidification fronts. It has also been noted that the EDM surface 
can consist of two or three single layer-type recast layers that overlap on 
one another, formed from the expulsion of molten metal onto an existing 
recast surface [222]. This is shown in the cross-sectioned sample in 
Fig. 29 (a). In the non-melted heat-affected zone, modification of the 
microstructure is typical, and may manifest as tempered martensite in 

Fig. 28. (a)–(c) Exemplar images of the impact of EDM on a material surface as demonstrated through TEM of EDM machined single crystal silicon, revealing recast 
layer with porosity of size down to 10s of nm. Dislocations and lattice strain beneath the recast layer show these were regions of maximum stress upon cooling of the 
recast layer [103]. (d) and (e) show typical structures formed after EDM of an of a ferritic steel, including martensitic needles and retained austenite due to carbon 
uptake [217]. 

Fig. 29. EDM processed austenitic stainless steels (a) in cross-section showing a 
large recast layer with cracks penetrating perpendicularly and terminating at 
the bulk interface and (b) showing surface cracks. Images are unpublished from 
the authors, and were created using EDM under roughing 
machining conditions. 
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the case of steel, however this HAZ does not typically display porosity or 
cracking. In the case of single crystal silicon used to demonstrate the 
impact of EDM on microstructure, the mechanical stress effect can be 
clearly seen in the HAZ in the form of dislocations [103] (Fig. 28). 
Transformations specific to different compositions however should be 
the subject of further work. 

4.2.3. Cracks 
Cracks typically extend from the surface to the recast-bulk interface 

[223], examples of which are shown in Fig. 29 (a). Cracking is a key 
problem for EDM surfaces since it reduces fatigue life [223–225]. The 
presence of cracks combined with tensile residual stresses at the surface 
shortens the two stage process of fatigue failure – crack formation fol-
lowed by crack propagation [225,226], with a fatigue strength reduction 
of 15–30% observed in Ti–6Al–4V under aggressive EDM parameters 
[171]. This is because crack tips themselves can also act as stress con-
centrators. Degradation was also correlated with the thickness and 
roughness of the recast layers created by EDM. Therefore, elimination of 
EDM surface cracks is desirable for improving the service lives of 
stamping dies and other EDM processed components subject to cyclical 
loads. 

Crack formation can be attributed to the application of tensile 
stresses in the EDM component. Tensile stresses are generated when the 
melted material contracts more than the unaffected parent material 
during cooling. Lee et al. [223] investigated the relationship between 
EDM parameters and crack formation and made several conclusions. 
Thicker recast layers and higher induced stresses promote cracking, 
although crack density remains similar for thick and thin recast layers. 
The tendency for crack formation is greater for materials with lower 
thermal conductivities and increases with both pulse on-time and 
discharge current, although on-time has been observed as the most 
significant contributor [223,227]. Patel et al.‘s study [227] confirmed 
low fracture toughness and low thermal shock resistance contribute to 
cracking. 

4.2.4. Surface morphology 
Typical surface textures of EDM components are characterised by 

random arrays of craters associated with individual discharge events. 

These overlapping craters result in a significant level of surface rough-
ness on EDM surfaces, dependent on machining parameters. Excessive 
surface roughness of EDM processed materials often causes problems, 
particularly for moulds and dies, where surface defects are replicated to 
the subsequently manufactured parts [228]. For these reasons, surface 
finishing, as well as complete recast removal of such components is often 
desirable. 

Recast layer thickness depends on the dielectric type, with some 
evidence that kerosene yields thinner recast layers than deionised water, 
water-in-oil emulsion and a water solution, with Ni-superalloy as an 
example [229]. It was hypothesised that the suppression of the discharge 
channels was greater, leading to a thinner recast layer, however this 
requires further clarification, and consideration of liquid viscosity and 
bubble expansion created by machining. It has also been determined 
that a water-in-oil emulsion dielectric can generate a thicker, rougher 
but harder recast layer than kerosene and deionised water [230]. There 
is evidence that water in oil emulsion can cause an increased level of 
porosity and cracking in the recast layer (see Fig. 30) [230]. Increased 
porosity can be explained by an increased gas volume generated 
compared to kerosene, and smaller droplets of water which are more 
easily vaporised compared to deionised water. These gas bubbles 
generated become supersaturated gas in the molten pool, which leads to 
void generation. 

4.2.5. Residual stress 
Rapid cooling of recast layers on the surface of a solid bulk results in 

contraction and residual stress formation. These stresses, as expected, 
are mostly tensile in nature. This is typical of coatings cooling from the 
melt on substrates which are at much lower temperatures, since upon 
cooling, the layer is effectively constrained from contraction and pulled 
when it maintains a bond with the underlying bulk. The magnitude of 
these stresses increases with discharge energy [231]. In steels, retained 
austenite formation and distorted martensite have a strong correlation 
with residual stress [222]. Tensile residual stresses in EDM recast layers 
are a source of poor surface integrity, stimulating crack propagation and 
ultimate failure of the material [232]. To evaluate residual stresses of 
layers such as those produced by EDM, electro-chemical polishing 
techniques can be used to incrementally and accurately remove 

Fig. 30. (a) Roughness and (b) crack density of the workpiece for three dielectric types, with de-ionised water yielding superior recast layer properties in all cases 
[230]. Cross-sectional micrographs sowing increased thickness and void density in EDM recast layers machined using water-in-oil emulsion [230]. 
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material, and combined with X-ray diffraction, allows measurement of 
residual stress levels with depth. This has been performed on various 
steels by Ekmekci et al. [222,231], with Fig. 31 (a) showing the corre-
lation of the distribution of the residual stresses with depth from the 
surface. Klink et al. [233] also showed the influence of depth, dielectric 
type and roughing condition on the magnitude of residual stress in EDM 
layers revealing an extremely strong dependence of depth over which 
residual stress is present, on machining condition. 

Residual stresses increase rapidly to a maximum tensile stress, close 
to the material’s ultimate tensile strength near to the surface, then 
decrease to a relatively small compressive stress beneath the white layer 
[222], after which stress converges back to a zero value. The earlier 
work of Das et al. [232] supports the trend seen by Ekmekci with their 
residual stress model and experimental data, suggesting that just 
beneath the top surface, even from one single spark the residual stress 
level can reach close to the tensile strength of the material hence 
cracking commonly observed in EDM. At the end of a single discharge, 
the remaining melt pool quenches rapidly from the top due to the sur-
rounding dielectric liquid, and from the base due to conduction, thereby 
yielding two solid-liquid interfaces with molten material between. It is 
thought that the temperature gradient at the surface is higher, and 
melted material rushes to fill cavities after end of discharge, and it is 
proposed that the final constriction of a region of cooling liquid between 
two, now solid regions of the recast layer, causes maximum tensile re-
sidual stress, near to but just beneath the top surface [222]. However, it 
should be noted this mechanism has only been theorised. 

4.2.6. Surface enhancement via powder-mixed EDM 
Luo [234] determined that the presence of gap debris actually sta-

bilises the machining process, enhancing the distribution of discharges 
between electrodes in EDM, despite the ejection of debris from the 
machining gap being a fundamental practice of EDM to avoid cata-
strophic unintended sparking. Powder-mixed EDM (PMEDM) is a strat-
egy while utilises debris in the gap to improve the surface finish of 
components machined by EDM. 

It is known that powder added to the dielectric can manipulate 
discharge behaviour, and therefore change resulting recast layer prop-
erties [235,236]. Powders in the discharge gap generally modify its size 
resulting in enhanced flushing and debris removal, and a modified 
plasma energy density reaching the workpiece. In PMEDM, the stabil-
ising effect of conductive powder added to the dielectric is exploited, 
enabling machining conditions that can yield better surface finishes 
upon machining. It is thought that the presence of electrically conduc-
tive powder effectively lowers the dielectric breakdown voltage, 
enabling discharges to occur across wider gaps. This facilitates flushing 
and reduces servo hunting, promoting more stable machining 
[235–237]. It has been shown that graphite, silicon and aluminium 
powder are the most effective at distributing discharges and creating 
glossy surfaces, using steels as example workpieces [235]. Several fac-
tors may explain why these materials are most successful. Firstly, they 
have good levels of electrical conductivity which is essential for 
providing an electrical pathway for dielectric breakdown. It has also 
been proposed that high thermal conductivity, i.e. in the case of 

Fig. 31. Residual stress of (a) EDM processed steel 
surfaces, measured by Ekmekci using XRD [222]. 
Experiments were with kerosene and deionised water 
as dielectrics, and electrodes were graphite and cop-
per. The abbreviations denote the combination – KG 
(kerosene/graphite), KC (kerosene/copper), WG 
(de-ionised water/graphite), WC (de-ionised water/-
copper). EDM parameters used were not mentioned by 
the author, although parameters were kept constant. 
(b) and (c) residual stress with depth of EDM powder 
metallurgical tool steel after roughing and finishing 
cuts using (b) an oil-based and (c) a water-based 
dielectric [233].   
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graphite, may play a role in dissipating heat if the particle is directly in 
contact with the workpiece surface, thereby dissipating heat, reducing 
effect of the discharge [235]. Wong et al. also proposed that graphite’s 
excellent lubricity may play a role in wetting/distribution of particles on 
the workpiece surface however, this is currently conjecture and not 
verified. It is clear however that buoyancy of the particles plays an 
essential role in their effectiveness in distributing spark location and 
increasing the gap width [238]. A SiC/Al metal-matrix composite has 
also been machined with PMEDM and roughness was decreased by 
31.5%, compared to conventional EDM [239]. Some examples of surface 
and machining enhancements, based on the above mechanisms include 
the following, with images shown in Fig. 32. Silicon and graphite 
powders of 45 and 38 μm respectively have shown to generate a much 
smoother surface finish on steel compared to pure dielectrics [235], 
accompanied by more stable machining and shorter machining times, 
given the avoidance of “servo hunting”, whereby excessive seeking and 
discharge delay time are reduced. A reduction in Ra roughness from 
~0.8 to ~0.4 μm has also been seen in Inconel 718 machined by EDM 
using a 22 nm size graphite powder addition [240]. 

The use of surfactants in combination with an added powder also 
improves the surface integrity of EDM processed steel [241], based on 
the principle of separation of particles which tend to agglomerate 
together, thereby enhancing the actual distribution of powder particles. 
Although aluminium powder improved surface finish and reduced recast 
layer thickness, surfactant addition further improved these metrics. For 
example with Al plus surfactant, the recast layer thickness was 1–2 μm, 
compared to 5–8 μm for the kerosene dielectric. It is proposed that the 
surfactant maintained a more uniform aluminium distribution, thereby 
better maintaining the increased gap width due to the aluminium 
particles. 

Through the analysis of individual discharge events and recast 
layers, further enhancements to the surface integrity of EDM processed 
materials through powder addition are revealed. It has been shown that 
aluminium powder can lead to the thinnest recast layer and the most 
expanded plasma channel in comparison to silicon powder [242], 
possibly explained by its greater impact on discharge distribution owing 
to its lower electrical resistivity. Chen et al. also noted that titanium 
powder of 35–45 μm size has the effect of reducing crack formation in 
pure titanium [243], however an explanation for this was not provided. 
The reasoning may be consistent with that given by Murray et al. [238], 
where the increased gap size resulting from the presence of conductive 
particles results in a less restricted expansion of the bubble formed after 
discharge, resulting in reduced impact force in the melt pool region – an 
indicative schematic of which is shown in Fig. 33. This mechanism is 
likely responsible for the general improvement in surface finish for 
powder mixed machined parts. 

4.2.7. Mitigation of surface defects and electrical discharge coating (EDC) 
In conventional EDM, avoidance of wear of the tool electrode is 

critical to maintaining machining process accuracy. Tool wear can also 
be exploited to create coatings on workpieces. EDC can also produce 
coatings using powder suspended in the dielectric fluid resulting in 
direct deposition onto a target workpiece surface. In EDC, sparking is 
effectively conducted as normal, albeit with some specific parameter 
sets. Typically negative tool polarity, high gap voltages, short pulse on- 
times and long pulse-off times are used to increase material removal and 
adhesion. The high temperatures associated with discharges allows a 
range of materials to be deposited, including electrically conductive 
ceramics [213,244]. A unique advantage of EDCs is that they can be 
combined into a unified process chain whereby normal machining of a 
complex shape by EDM is performed, followed by coating of the 
machined surface by a hard layer. 

EDCs have a thickness that matches that of the recast layer expected, 
if machined under normal conditions. Effectively, coating deposition 
rates match the removal rates of substrate materials via the sparking 
mechanism. This means that material from the sacrificial tool electrode, 
or material suspended in the dielectric, is absorbed into the molten zone 
formed via sparks. The most commonly deposited material via EDC is 
TiC [245,246]. TiC has been deposited as a thin coating via both sus-
pended TiC powder, a Ti electrode reacting in-situ with carbon in the 
dielectric, and directly via a sacrificial sintered tool electrode. 

To more widely use ED coatings in real load bearing applications, an 
understanding of the microstructure of such coatings is essential. To 
demonstrate a typical scenario under which EDCs may be applied, mi-
crostructures of TiC-based coatings on steel substrates have been studied 
using TEM of both single deposits and continuum coatings [247]. 
Coatings contain a majority (approximately 70% by weight) of TiC, with 
the remainder comprising substrate material. The TiC comprises equi-
axed grains of down to ~50 nm size near the top surface, beneath which 
is a columnar zone of TiC, followed by a region of more equiaxed TiC 
grains between this region and the substrate-coating interface. Substrate 

Fig. 32. EDM (a) without and (b) with powder-mixed in dielectric [235], (c)–(f) show the effect of aluminium powder + surfactant in the dielectric on surface 
morphology and recast layer thickness in tool steel [241]. 

Fig. 33. Mechanism of reduced recast layer defects and roughness via expan-
sion of the discharge gap through powder. Adapted from the authors’ prior 
work [238]. 
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material, (mainly Fe in the case of the referenced study) is present be-
tween most grains in the coating, drawn up into the coating through 
capillary action during melt lifetime, and the coating is a composite - 
Fig. 34 shows cross-sectional images of an EDC-fabricated TiC based 
coating. The understanding of such coatings as composites is important 
for their final application, given a combination of properties of coating 
and substrate materials may be introduced and define the overall 
coating properties. 

Depending on the coating or substrate material, and deposition pa-
rameters, cracking and porosity may be introduced into EDCs. Hard 
ceramics, like TiC, exhibit lower thermal expansion coefficients than 
most metals. As a result, such ED coatings are sometimes characterised 
by high crack densities. Cracking and porosity have been observed in TiC 
coatings produced from titanium/graphite sandwiched electrodes 
[248], and coatings of TiC produced from Ti particles suspended in oil 
[249]. Porosity associated with EDM and EDC can be attributed to either 
boiling of the material or trapping of gas. The proliferation of cracks is 
thought to occur through aggressive sparking conditions, or by the 
development of multiple phases with differing thermal expansion co-
efficients [250]. Using a silicon sacrificial electrode combined with a TiC 
coating can yield a crack free layer [238], shown in Fig. 35. In this way, 
with correct experimental conditions and choice of electrode type, the 
negative effects of cracks and pores can be mitigated. 

Future applications of EDCs such combination of materials should be 
considered for manipulation of the morphological properties, while 
mostly maintaining the mechanical properties of the intended coating 
material. It has been shown that the discharge itself can be manipulated 
via the presence of silicon debris in the discharge gap [238]. The silicon 
increases the gap width via its increased buoyancy relative to TiC, 
resulting in less violent material expulsion and re-solidification mech-
anisms. This is thought to be caused by reduced impact forces during 
discharge, however multiple complex mechanisms occur, and short 
discharge time-scale does not allow direct imaging of the phenomena. 
This mechanism is also supported by Sumi et al. [251], who observed a 
similar improvement in crater characteristics when using silicon. 
Therefore, the overall buoyancy of the coating material, and of the 
second material used in the case of a combined coating, should be 
carefully considered when aiming to achieve crack-free EDCs. It should 
be noted that without EDC, methods of mitigating surface defects are 
possible via new generator technologies. For example the “enlarged 
generator” settings can allow flattened EDM craters, thereby mitigating 
some potential negative effects such as increased friction or stress con-
centration. The mechanism of the enhanced crater diameter is that a 

greater channel diameter is reached more quickly, with a reduced cur-
rent density, stopping some of the removal process and thereby causing 
only melting/recasting in certain regions [252]. Adjusting dynamically 
between spark generation technologies is likely to play a key role in 
mitigation of the deleterious recast layer. 

The complex, thermal nature of the EDM process means that as well 
as producing a range of undesirable features on machined metals, there 
are various modifications to it to mitigate some of these defects (Fig. 38), 
which ultimately provide favourable morphological, microstructural 
and mechanical properties. 

In Fig. 36 (a) and (b), different EDM recast layer types are contrasted. 
It is shown that typical EDM surfaces contain porosity, cracking and high 
levels of roughness. However, the addition of certain powders, modifies 
discharge behaviour to produce a less severe recast layer, with reduced 
cracking, porosity and roughness. Furthermore, additions of certain 
electrically conductive powders can also enhance material removal rate. 

Coatings can also be used to mitigate negative recast layer proper-
ties, or enhance certain properties, typically hardness and wear resis-
tance. Schematics of these methods are shown in Fig. 36 (c)–(e). 
Addition of powder directly to the dielectric (see (c), which is agitated or 
suspended, is deposited directly into the workpiece surface via dis-
charges, resulting in coatings which are composites of the powder (in 
this case TiC) and the substrate. Alternatively, as shown in (d) addition 
of carbon-based powder to the dielectric in combination with titanium, 
which can react with carbon, can result in in-situ formation of TiC in the 
recast layer. This approach may have some advantages given graphite 
powders may be more available than TiC powders. This is different to 
the method shown in (e), where powder-sintered electrodes are used, 
and discharges eject material from the electrode into the discharge gap 
and subsequently into the workpiece surface, again forming a composite 
coating. 

5. Mechanisms governing the chemical/electrochemical effects 
upon surface integrity 

Of the chemical/electrochemical machining processes, electro-
chemical machining (ECM) techniques are among the most industrially 
relevant for processing metal workpieces for load-bearing applications. 
Although widely regarded as imparting excellent surface integrity 
directly from the process, ECM can result in an array of surface effects, 
depending on the material and part complexity. Variations in surface 
integrity arise from poor control over the dissolution regime and elec-
trolyte flow conditions over a part resulting from material-electrolyte 

Fig. 34. (a) TEM micrographs of microstructure of TiC-based thin EDCs deposited on stainless steel substrates [247]. (b)–(f) Scanning transmission electron images of 
microstructure. A fine equiaxed near-surface structure of TiC in a Fe matrix is present, below which are columnar grains of TiC followed by larger more randomly 
oriented grain beneath this. 
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interactions, and complex geometries [253]. Material removal can be 
sensitive to workpiece condition (metallurgy, composition, and reac-
tivity) in addition to machining parameters, control over the resulting 
surface integrity is challenging to realise in many alloy systems [254]. In 
ECM, as with anodic dissolution methods such as electropolishing, ma-
terial removal occurs on an atom-by-atom basis. A potential is applied 
between the tool electrode (cathode) and the workpiece (anode), and a 
conductive electrolyte, usually aqueous NaNO3 or NaCl, flows at rela-
tively high velocities (10–60 m/s) in the inter-electrode gap (IEG) [255]. 
The removal process requires a continuous flow of electric charge be-
tween the electrodes through the electrolyte, where the supply of anions 
to the workpiece surface is controlled by convection, diffusion, and 
electrostatic migration [5,256]. As such, ECM processes are sensitive to 

changes to applied energy, electrolyte flow rates and viscosities. As a 
fluid electrolyte is required in ECM, operating temperatures must not 
exceed the boiling point of the electrolyte, where Joule (resistance) 
heating can raise the IEG electrolyte temperature significantly, espe-
cially where there is excessive hydrogen evolution at the cathode [257]. 
However, relatively low operational temperature ranges in aqueous 
electrolytes negate thermal surface effects in most relevant engineering 
materials. Furthermore, as a consequence of the atom-by-atom disso-
lution, material lattice parameters are generally retained from the 
near-surface into the bulk and the subsequent effects on mechanical 
properties such as residual stress and hardness are negligible [255,258, 
259]. Despite this, electrochemical processing methods can impart 
deleterious effects on surface integrity by other mechanisms [260], 

Fig. 35. (a) and (b) TiC based coatings containing some defects and (c) TiC/Si composite coating with defects eliminated [238].  

Fig. 36. Schematics of the various different forms of ED machining and coatings.  
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where inappropriate processing conditions are applied. 
Adaptions of ECM techniques include die-sinking (Fig. 37 (a)) in 

which a cathode tool is sunk into the workpiece, and selective removal 
methods that are suitable for micromachining (depending on tool size 
and geometry), where high precision removal is required [261]. 
Micromachining examples include electrolyte jet machining (EJM) 
[262], wire-ECM [263], and electrochemical micromachining (ECMM) 
that applies ns-pulse power to exploit the linear relationship between 
the charging constant of the electrical double layer and the distance 
from the tool electrode. As such, ECMM can realise sub-micron precision 
[264]. 

In order to consider the surface integrity arising from ECM methods, 
one must understand the different dissolution regimes that can drasti-
cally affect the resulting surface. Generally, reactions in the IEG follow 
Fig. 37 (b), in which a surface metal atom is oxidized by the charge and 
usually hydrolyses in the electrolyte. At the cathode, charge is generally 
transferred by the reduction of water to evolve hydrogen. However, 
material removal can occur in ECM with varying dependence on the 
underlying material, determined by the processing conditions. For 
single-phase materials, this is the difference between isotropic removal 
(polishing) [265], and anisotropic removal (etching) [266]. Most engi-
neering materials are however more complex, being composed of mul-
tiple phases or precipitates, and therefore the resulting surfaces arising 
from ECM are affected by different formation mechanisms. 

5.1. Anisotropy and grain boundary etching 

Ultimately, the anodic dissolution mechanisms in ECM are essen-
tially the same as those for electropolishing [5], and it is broadly un-
derstood that to maintain a smooth workpiece finish (isotropic to the 
underlying material), it is necessary to develop a polishing film at the 
anode. This can be understood through the principle of a diffusion layer 
and can be intuitively expressed generally by either product- or 
acceptor-limited mass transport control [267]. Fundamentally, an 
electrochemical reaction consuming a reactant and generating a product 
at an electrode will create concentration gradients as the reactant is 
consumed and the product is generated (Fig. 37 (c)). Clearly, the 
gradient magnitude is proportional to the reaction rate, and as this 
factor increases, the concentration of the reactant will tend towards zero 
and the product will tend towards its saturation concentration, at the 
electrode. The current density at which either the surface concentration 
of the reactant species reaches zero, or the product reaches saturation, is 
the diffusion limiting current density (Fig. 37 (d)). 

In many cases, dissolution in ECM is governed by the product-limited 
mechanism [267]. Below the limiting current density, where the metal 
cation concentration is below saturation, the location on the surface at 
which a metal atom is liberated is determined mainly by the surface free 
energy. This is dependent on the crystallographic direction of the lattice, 
and any perturbations and discontinuities, such as grain boundaries and 
defect sites [268]. The surface finish is defined by the slow etch di-
rections of the material and therefore becomes anisotropic (Fig. 37 (e)). 

Fig. 37. (a) Typical die-sink ECM setup, 
with electrolyte supply through the tool and 
recirculation. (b) Schematic of the inter- 
electrode gap, showing metal oxidation at 
the anode and hydrogen evolution at the 
cathode. (c) Diagrams showing concentra-
tion gradients in the anode-electrode inter-
face below and (d) above the limiting current 
condition for the product-limited dissolution 
model (adapted from Ref. [271]). Arrows 
indicate diffusion fluxes of the species. (e) 
Anisotropic etching of (100)-oriented Al 
alloy in EJM below limiting current density 
(30 A/cm2) and (f) smooth polished surface 
above limiting current density (300 A/cm2) 
[266]. (g) A broad range of finishes produced 
using EJM on stainless steel [269].   
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Beyond the limiting current condition, the metal ion concentration at 
the anode reaches saturation and a viscous salt film forms over the 
anode, inhibiting dissolution defined by surface energy alone. Instead, 
the dissolution location is determined by the location of vacancies 
within the viscous or compact salt film into which a metal cation product 
must migrate. These vacancies are stochastic in nature, and as such 
material removal is disconnected from the underlying crystallographic 
lattice and a smooth, isotropic texture is revealed (see Fig. 37 (f)) [266]. 

Practically, this means that grain boundary effects and surfaces 
defined by perturbations in the material can be overcome by: i) 
increasing the process current density, ii) lowering flow velocities 
(suppressing the evacuation of salt films), and iii) increasing electrolyte 
viscosity. The latter however, can result in flow marks on the surface 
depending on the supply conditions. This explains the trend towards 
higher current densities and this effect is shown in the context of EJM 
(Fig. 37 (g)), where both anisotropic and isotropic surface finishes can 
be generated [269]. Application of low current densities in ECM has 
been reported to affect the fatigue strength due to the associated 
discontinuous surfaces [270]. EJM is an interesting case in this regard, 
as the high relative velocity of the impinging jet decreases mass trans-
port layer thickness, thus anisotropic surface textures can be observed at 
higher current densities than with conventional ECM. 

5.2. Surface films and corrosion pits 

The formation of high aspect ratio corrosion pits on ECM surfaces is 
closely related to the nature of the surface oxide films that can either be 
native on the metal, or resulting from anodic reactions, as well as the 
precise local electrochemical environment on the anode. A lack of 
parametric control in ECM can lead to poor surface integrity, charac-
terised by high aspect ratio holes on the workpiece surface within or 
beyond the desired machining zone. Surface pits are understood to act as 
stress concentrators and can have significant implications for the fatigue 
life and corrosion resistance of parts [272]. 

For common engineering metals such as steels, Ni-superalloys, and 
Al-alloys, appropriate parameter selection can enable the breakdown of 
native surface oxide films, allowing controlled anodic dissolution of the 
underlying material. Residual oxide films can be retained at the surface 
after machining such materials, for example Borchers et al. [36] re-
ported a thin (50 nm) surface oxidation zone on steel (AISI 4140) after 
ECM. When electrochemically processing passivating materials like 
Ti-alloys, surface films can be particularly problematic. Such materials 
feature widely in applications where corrosion-resistance and high 
specific strength are required. In the context of Ti-alloy ECM, oxide film 

growth occurs at the surface resulting from the reaction with water from 
the electrolyte (see Fig. 38 (a)), which inhibits anodic dissolution of the 
metal. Practically, this is generally overcome through the application of 
electrolytes containing halides, particularly chloride and bromide 
[273]. These anions promote the breakdown of the oxide layer, espe-
cially in areas of the film with greater electrical conductivity [274], and 
lead to pitting. The superposition of these pits enables the formation of a 
stable material removal process. The generation mechanism is related to 
the material and the processing conditions, but the majority of pitting 
events progress through discrete sequential steps. Firstly, initiation – the 
electrochemical breakdown of the passive film (see Fig. 38 (a)), sec-
ondly, propagation – the development of a local aggressive (low pH) 
chemical environment in the pits [275], enabling growth (see Fig. 38 
(b)), and iii) finally, combination – where enlarged cells overlap to form 
larger crevices (see Fig. 38 (c)) [276]. Subsequent combination steps 
allow increasingly larger active dissolution cells to cover more of the 
workpiece leading to stable machining with the polishing condition 
regulated by the salt film condition [265]. 

When processing Ti-alloys with ECM, It has been shown that elec-
trolyte selection can radically alter pitting characteristics [277], and 
surface morphologies throughout electrochemical processing [278, 
279]. In addition, the integrity of the workpiece oxide layer has been 
shown to affect the local propensity of initiation [280]. The develop-
ment of non-aqueous electrolyte systems such as those based on ethylene 
glycol mixtures can reduce the formation of anodic oxides by reducing 
water concentrations [281]. In addition, glycol-based electrolytes 
particularly favour the development of the polishing film condition, 
resulting from higher electrolyte viscosity. This enables the acquisition 
of bright, pit-free finishes [282]. While non-aqueous electrolyte systems 
are emerging as a route through to improving the electrochemical pro-
cessing of highly passivating materials (for example Ti-alloys), further 
research is required to understand the effect of the higher viscosities on 
the surface generation mechanism. This is particularly important 
considering the high susceptibility to debris effects and poorer control 
over the hydrodynamic flow conditions, under ECM conditions (Section 
5.4). 

In some cases, pitting can occur outside the machining zone in ECM, 
away from the tool electrode but within the electrolyte. This is often 
termed ‘stray current attack’, and is indicative of the presence of an 
undesirable non-zero current density in this region. This phenomenon is 
particularly associated with selective electrochemical processing tech-
niques, such as wire-ECM, EJM, and ECMM, where there is a well- 
defined machining region. Furthermore, stray current attack can lead 
to pitting in non-passivating materials such as steels and Ni-superalloys 

Fig. 38. Pitting and stray current attack affect surface integrity in ECM. Stages of pit growth in Ti-alloys: (a) initiation, (b) propagation, and (c) combination and 
oxide removal [276]. (d) Pitting can occur in Ni-superalloys at low current densities, aligning with pre-existing grind marks [283]. (e) Travelling wire-ECM without, 
and (f) with insulating shield to reduce stray current attack [284]. 
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(see Fig. 38 (d)) [283]. Routes to reduce stray current attack and pitting 
include appropriate insulating shielding of the tool electrode (see Fig. 38 
(e)–(f)) [284], changing the flow condition between the electrodes 
[285], and appropriate parameter and electrolyte selection [264]. Ma-
terial removal can also be further localised to the machining zone by 
applying additional energy sources, such as laser power, to increase the 
local electrolytic conductivity and mass transport conditions [52,286]. 
Selective and hybrid methods combining electrochemical processing 
with alternate energy sources such as lasers and electrical discharges 
have been reported, however further work is required to examine pre-
cisely the effect of these combined thermal processing steps of the sur-
face integrity of the finished surface. 

5.3. Preferential phase dissolution 

Materials containing secondary phases like precipitation-hardened 
alloys feature widespread application where the design intent is me-
chanically robust, high-temperature resistant, or hard-facing parts. 
However, secondary phases can often be semiconductors or insulators, 
or dissolve slower in ECM than the matrix material, and therefore pro-
trude from the surface. The dissolution rate is defined by the electro-
chemical equivalent, according to Faraday’s laws of electrolysis [287]. 
This dictates the mass of a substance removed in an ECM process is 
proportional to the charge, atomic mass, and the change in oxidation 
state. For multiple phase materials [58], or even single crystal [288], 
and single-phase materials possessing inhomogeneous compositions, 
this will result in inhomogeneous topography [289]. Phases or locations 
with greater volume-corrected electrochemical equivalent (the material 
mass removed per unit charge) will remove at a faster rate, assuming 
equivalent current density distribution [290]. Therefore, the final sur-
face morphology of complex materials processed by ECM is difficult to 
predict. In most cases however, increasing the anodic dissolution rate (i. 
e. by increasing the machining current density and applied potential) 
will decrease topographic undulations resulting from inhomogeneous 
compositions. 

An example of post-ECM surface finish in a complex material system 
(pearlitic steel hardened by inert lamellar Fe3C), shown in Fig. 39 (a), 
where Fe3C lamellae protrude from the surface after processing, in 

experimentation carried out by Haisch et al. [291]. Fe3C is more brittle 
than the α-ferrite matrix material and this decreases surface integrity. 
The authors acknowledged that while the Fe3C phase is electrically 
conductive, the oxygen evolution reaction (OER) readily occurs instead 
of the anodic dissolution of Fe3C. This means that upon high rate anodic 
dissolution (see Fig. 39 (b)), the anode surface is likely to become 
covered by a film of protruding Fe3C, which may collapse to cover the 
active metal sites as the removal depth approaches the scale of the 
lamellae. The localised current density and electrical field lines at the 
surface of an ideal two-phase pearlitic material were simulated by 
Klocke et al. [292] (see Fig. 39 (c)–(d)). Upon initiation of ECM, the local 
current density is focussed at the interface between the steel and the 
Fe3C, while rounding of Fe3C particles occurs after a time step. The 
focusing of local current density at the interface between phases of 
differing resistance to ECM was experimentally verified in other mate-
rials, such as brass shown in Fig. 39 (e), where more inert brass α-phase 
grains are undermined and often washed out [58]. Similar particle 
wash-out events have been observed in the ECM of Ni-superalloy Inconel 
718 [293]. Particle wash-out phenomena will lead to surface cracks and 
crevices of sharpness partially determined by any angular features in the 
precipitate particle. 

As novel high-temperature materials are developed, like advanced 
metal-matrix composites that hold multiple and often electrochemically 
inert phases, the dissolution mechanisms and the resulting profiles will 
change significantly, which could affect pit formation and enable sig-
nificant undermining and passivation layer formation. In such cases, a 
substantial effort will be required to retain the level of process control 
necessary to impart the required level of surface integrity in a consistent 
manner over a finished component. 

5.4. Flow and gas affected surfaces 

Flow marks are periodic topographic undulations that can occur on 
the surfaces of workpieces processed by ECM. These are the result of 
interplay between both hydrodynamic and electrochemical phenomena 
[290]. Fundamentally, electrolyte flowing across a workpiece surface 
will experience an associated drag force forming a boundary layer, 
which alters the velocity profile. This can lead to local turbulence, 

Fig. 39. (a) SEM micrograph of a post-ECM surface processed in pearlitic steel. (b) Upon dissolution, surfaces are likely to become covered by films of carbide 
materials, limiting active metal sites and promoting oxygen evolution [291]. (c) The local current densities upon ECM in a similar material can be simulated to show 
the evolution of topography, [292]. (e) Colourised SEM of sectioned ECM surface in dual-phase brass showing undermining of the electrochemically resistant 
phase [58]. 
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vortices and bursting phenomena near to the anode surface. Firstly, 
diffusion layer characteristics at the anode are sensitive to changes in 
electrolyte velocity, modifying the electrochemical regime, for example 
between active dissolution and passivation. Furthermore, higher mass 
flow rates are more efficient at electrolysis product evacuation from the 
interface. This will increase the local electrolytic conductivity and result 
in higher current densities, where the electrical field strength and 
electrolyte temperature are constant. In such cases, the dissolution 
topography will tend towards periodic undulations, such as flow grooves 
(Fig. 40 (a)). These can be exacerbated when the material has discrete 
phases, such as precipitates that protrude from the surface after 
machining; these interact with the electrolyte flow disrupting dissolu-
tion, shown in the case of steel (42CrMo4) with protruding carbide 
precipitates (Fig. 40 (b)), although the authors noted that the appear-
ance of grooves was not systematically triggered [260]. This makes it 
challenging to predict the post-ECM surface for 
precipitation-strengthened materials over complex geometries, where 
the hydrodynamic conditions are difficult to control. As such, the 
precondition of the material affects the formation of flow marks, for 
example in Fig. 40 (c)–(d) (Inconel 718), which shows both the 
precipitation-strengthened and solid solution alloy, after ECM [294]. 

In addition to flow effects, ECM surface integrity can be affected by 
the generation of relatively large volumes of oxygen gas at the anode, 
and this must be considered when selecting electrolyte-workpiece 
combinations. Gas bubbles will interfere with the local current density 
distribution (Ohmic effect), disrupting material removal. Oxygen evo-
lution can be observed when processing materials such as Fe and Ni- 
alloys with passivating electrolyte systems, such as NaNO3 [295,296]. 
Additionally, increasing volumes of oxygen gas will increase the Joule 
heating effect in this region, and can lead to vaporisation and uncon-
trolled spark discharges across the IEG. Again, enhancing the flushing 
condition will enable greater evacuation of oxygen gas and other 
dissolution products from the anode. 

6. Combined effects occurring during machining upon surface 
integrity 

While singular material removal mechanisms govern some processes 
(e.g. mechanical effects in AWJ machining and thermal effects in laser 
machining), in most circumstances a combination of these occur. This 
can be manifested in single processes (e.g. conventional machining 
under aggressive cutting conditions), and also in hybrid machining 
processes, e.g. laser assisted machining (LAM), and electrochemical 
discharge machining (ECDM). 

6.1. Combined effects in conventional machining 

6.1.1. Thermo-mechanically induced grain refinement 
In conventional machining (Section 3), apart from mechanically- 

induced load defects, the surface may also be affected by high cutting 
temperatures. This is due to the nature of energy transformation from 
workpiece plastic deformation (primary deformation zone), and friction 
(secondary and tertiary deformation zone) phenomena, that accompa-
nied with mechanical loads, can strongly affect tool performance and 
surface integrity [297,298]. This normally occurs when aggressive cut-
ting conditions are applied, e.g. roughing processes, severe tool wear, 
lack of coolant, or when cutting low thermal conductivity workpieces (e. 
g. superalloys). In these circumstances, when high cutting temperatures 
are induced in combination with mechanical effects, significant surface 
damage can be generated leading to oxidation, corrosion, phase trans-
formation and recrystallization. 

The most common thermal influence is to soften the material, which 
combined with the mechanical effects may significantly deform mate-
rials and lead to severe sub-surface plastic deformation. If temperatures 
are high enough to reach the recrystallization temperature, new grains 
may nucleate by accommodating dislocations from highly deformed 
(broken-down and elongated) grains, leading to equiaxed grains with 
well-defined boundaries. This is termed dynamic recrystallization, or 
thermally-induced white layer (T-WL). This is different from the 

Fig. 40. Flow-affected ECM surfaces. a) Periodic un-
dulations on die steel after ECM [290]. b) 
Precipitate-induced flow grooves in 42CrMo4 steel 
(flow direction marked) [260]. Optical micrographs 
after ECM of c) precipitation-strengthened (aged) 
Inconel 718, showing mottled polished and rough 
areas around precipitates, indicative of complex hy-
drodynamic conditions. d) The ECM process, but with 
the solution-treated Inconel 718 alloy as the work-
piece, showing a polished, undulation-free surface 
[294].   

Z. Liao et al.                                                                                                                                                                                                                                     



International Journal of Machine Tools and Manufacture 162 (2021) 103687

33

mechanically induced white layer, where only subgrains are formed 
from the breakage and elongation of original grains by mechanical 
loads. However, as the cutting heat is caused by the material deforma-
tion (Zone I in Fig. 6) and friction between tool and workpiece in the 
cutting area (Zone II and III in Fig. 6), the thermal effects do not occur in 
isolation, but accompanied by mechanical effects. Hence, in this case, 
the machined white layer could contain two layers: T-WL (dynamic 
recrystallization layer) on the top and M-WL beneath (dynamic recovery 
layer). TEM observation of machined white layers from carbon steel 
(Fig. 41 (b)) show the equiaxed microstructure of the T-WL (average 
grain size ≈10 nm), while beneath the T-WL, a submicron (≈200 nm 
size) grain structured M-WL with a mixture of subgrains and twinned 
grains exists. 

Nevertheless, as high temperatures are reached, the T-WL is always 
accompanied by phase transitions in the near surface region. Due to 
rapid cooling (105–106 K/s) [65,114], these phase transitions are frozen 
and no recovery of the original phases occurs. Fig. 41 (b) shows 
diffraction rings from ferrite (bcc structure), formed in dynamic 
recrystallization layer (T-WL). In the dynamic recovery layer (M-WL), 
only the original phases (e.g. austenite, twinning martensite, and ferrite) 
are found. Similarly, Fig. 42 shows dissolution of γ′ precipitates in the 
T-WL of a machined nickel based superalloy due to high temperature 
damage, while M-WL, γ’ precipitates are deformed rather than dis-
solved. Furthermore, high oxidation rates are also found in the white 
layer, from the high temperature effects. 

Nevertheless, when white layers are formed under combined thermo- 
mechanical effects, their thickness strongly depends on cutting param-
eters and the material properties that influence the resultant mechanical 
loads and cutting temperatures. Li et al. [123] reported that white layer 
thickness in carbon steel increases with feed rate, cutting speed and drill 
diameter (Fig. 43), resulting from the increase in the deformation energy 
imposed on the machined surface. Moreover, this thickness is also 
influenced by workpiece material properties (e.g. hardness) for given 
cutting conditions. For example in Fig. 44, only grain deformation oc-
curs when workpiece hardness is relatively low (2.9 GPa with matrix 
structure of pearlite), while a much thicker (8 μm) white layer is 
generated when machining tempered martensite, which has a higher 
hardness (7.8 GPa). This is due to the higher deformation energies and 
cutting temperatures yielded from harder workpieces, as well as 
decreased thermal stability when heat treatments were employed to 

increase the material hardness, which might decrease the phase trans-
formation temperature. 

6.1.2. Work hardening and thermal softening 
As mentioned in section 3.2, in conventional machining, mechanical 

loading usually generates a hardening effect on the machined surface 
caused by induced plastic deformations. However, when high cutting 
temperatures occur, a softening effect on the machined surface is 
observed, mainly caused by over-aging from the cutting heat energy, 
which eventually reduces machined surface hardness. This usually oc-
curs when machining high strength and/or heat resistant materials (e.g. 
low thermal conductivity) under high material removal rates and/or 
with insufficient coolant applied. When one of these effects is much 
milder and can be neglected, a single effect then can be observed such as 
hardening (Fig. 45 (a)), or softening (Fig. 45 (b)). On the contrary, when 
these two effects yield a similar magnitude, then a combined influence is 
observed, shown in Fig. 45 (c) and (d), where a fluctuating change in 
hardness is induced along the superficial layer, where both hardening 
and softening effects are shown. 

Furthermore, while mechanical effects can generate compressive 
residual stresses in machined workpieces due to plastic deformation, 
thermal effects on the contrary cause localised material expansion and 
lead to tensile residual stresses. Like hardness, when a combination of 
these two effects occurs in machining, i.e. both the compressive and 
tensile stresses are present, and a “hook” profile is usually yielded, due 
to the mutual compensation of these two effects. This is because the 
thermal (tensile) effects usually appear over shallow layers, while me-
chanical effects penetrate much deeper. Specifically, when maximum 
residual stresses from thermal mechanisms are greater than those from 
mechanical mechanisms, resultant residual stresses will be tensile 
immediately beneath the machined surface (near-surface), turning 
compressive with increasing depth beneath the machined surface 
(Fig. 46 (a)). This is disadvantageous as the tensile stresses facilitate the 
initiation and propagation of fatigue cracks and surface rupture. On the 
contrary, when the magnitude of the maximum compressive residual 
stress is greater, only compressive residual stresses would be compiled 
(Fig. 46 (b)), which is beneficial for extending fatigue life of machined 
workpieces. 

This thermo-mechanical mechanism can also impact the superficial 
layer strength, which can be revealed by micromechanical testing [65]. 

Fig. 41. White layer of drilled carbon steel: (a) SEM image from global view, (b) TEM bright field images of T-WL and (c) M-WL [123].  
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Fig. 47 shows a micropillar compression test on the bulk layer, and white 
layer of a machined Ni-based alloy. The resulting plastic strain energy 
(energy dissipated in plastic deformation) and stress-strain curve of the 
micropillars for the bulk material start to increase after the stress reaches 
a critical value (i.e. yield stress-1000 MPa), while in the machined white 
layer, there is almost no elastic recovery even, at low stresses (e.g. 300 
MPa). This ‘direct to plastic’ behaviour explains the deterioration of 
mechanical performance from the high cutting temperatures. 

6.2. Combined effects from hybrid machining 

Hybrid machining processes employ two different energy sources/ 
processes, normally conventional machining (predominantly mechani-
cal loads) and nonconventional machining (predominantly thermal/ 
chemical loads) to improve the machinability of workpiece materials. 
This is achieved either through an assisted effect, where one process 
(normally shear based machining) dominates, e.g. laser-assisted 
machining, or a combined effect, where different processes interact 

simultaneously in the same zone, e.g. simultaneous EDM and ECM. In 
this section only some representative processes are presented to reveal 
the typical governing mechanisms of the surface integrity generation in 
hybrid machining. 

6.2.1. Thermal assisted machining: combining mechanical and thermal 
effects 

Thermal assisted machining (TAM) is usually applied to process 
difficult-to-cut materials like superalloys, where the added heat source 
(e.g. laser, plasma and induction) provides a softening effect to the 
material, thus increasing the machinability [32]. However, due to the 
thermal nature, the machined workpiece is subjected to combined ef-
fects of thermal and mechanical loading. Although the preheating effect 
may soften or even melt the material, significantly altering the material 
(Fig. 48 (a)), in most investigations better surface finishes were gener-
ated from TAM (Fig. 48 (c)), compared with conventional processing 
(Fig. 48 (b)) [125]. This is because the thermal softening effect makes 
the material more prone to deformation and easier to be removed, hence 

Fig. 42. (a) TKD observation and (b)–(d) elemental distribution in superficial layer revealing the evolution of gamma prime in the machining process of a nickel- 
based superalloy [65]. 

Fig. 43. Thickness of white layer of machined Fe–0.56% C steel with an as-quenched martensite structure: (a–c) at different feed rates (cutting rate: 80 m/min, drill 
diameter: 5.0 mm) and (e–g) at different cutting speeds (feed rate: 0.05 mm/rev, drill diameter: 5.0 mm) [123]. 

Fig. 44. Thickness of white layer of machined Fe–0.56% C steels with different matrix microstructures: (a) pearlite, (b) tempered martensite and (c) martensite, (d) 
the relationship between the thickness of white layer and matrix hardness of the material [123]. 
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a smoother surface can be achieved. Nevertheless, although TAM has 
shown in some instances better metallurgical structures, it also gener-
ates higher tensile residual stresses (Fig. 48 (f)) than conventional 
machining (Fig. 48 (e)), due to the high thermal influence (Fig. 48 (d)). 
This deteriorates fatigue performance, hence post processing is neces-
sary to introduce compressive residual stresses to facilitate the increase 
in the fatigue life of the laser assisted machined components. 

6.2.2. Waterjet-assisted laser machining: combining thermal and 
mechanical effects 

Heat-related metallurgical defects induced in the workpiece are 

often caused by long pulse lasers, i.e. nanosecond, microsecond, milli-
second or continuous-wave lasers (Section 4.1). One way to address this 
is by reducing heat transfer to the substrate by employing wet ablation 
[305], and waterjet-assisted laser machining. Here, water is used to cool 
and remove material, which can improve surface integrity by removing 
recast and spatter from machined regions. Y.Z. Liu showed significant 
improvements in surface quality associated with waterjet-assisted laser 
drilling [306]. The authors reported the absence of oxide layers, recast 
layer, HAZ, and phase transformations around the cooling hole. These 
defects are typical for nanosecond laser drilling. Studies by Zhu et al. 
[307] demonstrated material removal of Ge in solid state when high 

Fig. 45. Micro-hardness as a function of depth showing (a) hardening effect (mechanical loading) [90], (b) softening effect (thermal loading) [299], (c) mechanical 
predominated [300] and (d) thermal predominated combined (thermal & mechanical) effect [301] in machining of high strength alloy under different cut-
ting conditions. 

Fig. 46. Combined effect of residual stress from thermal and mechanical effects: (a) and (b) mechanical effect dominated [302], (c) and (d) thermal effect dominated 
[303], (a and c are modified from Ref. [304]). 
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Fig. 47. Micromechanics of thermo-mechanical induced white layer: micropillar in (a) bulk material and (b) white layer, (c) stress-strain curve and (d) plastic strain 
energy [65]. 

Fig. 48. Surface damage and residual stress of (a) and (d) laser heating only, (b) and (e) conventional machining, (c) and (f) laser assisted machining of Inconel 
718 [125]. 

Fig. 49. A comparison of the machined area on aluminium alloy workpiece by (a) laser micromachining in the air; (b)processed by waterjet-assisted laser micro-
machining [310]. (c) Typical setup for hybrid laser-waterjet machining [306]. 
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water pressures (6 MPa) were used. Total internal reflection of lasers in 
water jets was used by Adelmann et al. [306] and Wang et al. [308], 
where a water jet guided laser beam (Fig. 49) does not deflect and is 
capable of cutting metals with lower taper angles and higher aspect 
ratios, while increasing process efficiency [309,310]. 

6.2.3. Electrochemical discharge machining (ECDM): combining chemical 
and thermal effects 

In ECDM, material removal takes place due to the combined effects 
of an electrochemical reaction and electrical discharges. In this system, 
there are two electrodes, creating an electrochemical cell, as well as the 
workpiece. The electrochemical action generates hydrogen at the cath-
ode. The action of the electrical discharge occurs between the tool and 
workpiece due to the breakdown of the insulating layer of gas bubbles. 
The process can be used for machining metals like steel [311] and 
non-conductive materials including glasses [312]. A schematic of the 
ECDM setup and mechanism is shown in Fig. 50, adapted from 
Ref. [313]. 

Because the ECDM mechanism involves discharges, recast layers on 
ECDM-processed materials are produced. Images of an ECDM discharge 
compared to a normal EDM discharge, along with an ECDM surface, are 
shown in Fig. 50 for a Ni-based superalloy. In the crater in (Fig. 50 (b)) 
and on the surface in Fig. 50 (d), spalling, as well as melting/vapor-
isation occur as key material removal mechanisms [59]. Based on this, it 
is believed that the overall removal mechanisms between EDM and 
ECDM are similar. The dominance of the discharge mechanism results in 
cracking in the recast layer. However, evidence for reduced energy of 
the ECDM spark was seen, compared to EDM, indicating that the recast 
layer thickness is lower for ECDM. Evidence of an almost eliminated 
recast layer in the case of ECDM has been shown compared with EDM 
[314], shown in Fig. 50 (e). It is proposed that the recast layer and its 
associated defects are removed by electrolysis during the hybrid process. 
However, this must be sequential as it is not possible for EDM and ECM 
to occur concurrently at a local level. 

6.2.4. Electrochemical grinding (ECG): combining chemical and 
mechanical effects 

Electrochemical grinding (ECG) is a hybrid of ECM and mechanical 
grinding. In this process, ECM dissolves the anode workpiece at high 
speed, using a high current density. Electrolysis products adhering to the 
machined surface are removed by grinding [315]. This hybrid approach 
can yield better surface finishes, higher material removal rates, and 
better accuracy than grinding processes [316]. In addition, most of the 
oxide/passivation layer is removed by grinding, and this is thought to be 
5–10% of material removal [317]. This avoids the need for aggressive 
electrolytes to dissolve this layer. Slight practical variations of the ECG 
process exist (Fig. 51), including inner-jet electrochemical mill-grinding 
and electrochemical deep grinding. 

The ability of ECG to produce high integrity surfaces has been 
demonstrated [23], with electrochemical deep grinding. The enhanced 
surface finished on a Ni-based superalloy compared to both conven-
tional grinding and ECM is shown in Fig. 51. When ECM is added to a 
conventional “deep grinding” process, the removal mechanism of the 
workpiece (anode) changes significantly [23] with the generation of 
ECM precipitates and adhered electrolytic products (Fig. 52). When the 
gap between electrode and workpiece is larger than the height of the 
abrasive particles protruding from the tool, material removal is pri-
marily from ECM. When the gap is reduced to less than the height of the 
abrasives, surface quality deteriorates due to the dominance of me-
chanical removal. Adjusting this parameter can yield good surface fin-
ishes with the ECM process dominating the final material removal 
process. 

7. Post-machining processing to improve surface integrity after 
machining 

In high-value manufacturing, it is widely recognised that surface 
integrity has to be controlled by adopting conservative machining pa-
rameters that inherently yield reduced material removal rates. Hence, 
high surface integrity and low manufacturing cost is usually a 
contradiction. 

As surface defects usually occur at high material removal rate cutting 
conditions, post/secondary processes are normally applied to remove/ 
modify surface damage layers. This can be achieved through fine 
machining (finishing and polishing) or etching, to remove damaged 
layers, or through post-processing methods such as (shot, laser shock) 
peening, blasting and burnishing to enhance the quality of the machined 
superficial layers [319]. This enables manufacturers to exploit produc-
tivity benefits of high material removal rate machining, while achieving 
good surface integrity. 

7.1. Mechanical post processing 

Generally, finishing processes are cost effective routes to remove 
surface defects [320]. This is because, based on controlling the optimal 
material removal value [321], some finishing processes not only remove 
damaged surface layers, but also introduce surface strengthening effects 
(e.g. introducing compressive residual stresses) [322]. In this case, there 
is a need to understand the relationship and interaction between the 
primary and secondary processes. Herbert et al. [121] reported that 
while a layer of surface damage up to 20 μm was introduced by the 
roughing process, a 25 μm depth finishing cut can remove the white 
layer effectively (Fig. 53 (a)) and maintain a compressive stress (Fig. 53 
(b)). 

Grinding followed by polishing is also commonly used to remove 
surface damage, especially after thermal machining (e.g. LBM, EDM), 

Fig. 50. (a) Schematic of ECDM setup and removal mechanism and discharge produced using (b) ECDM with an electrolyte and (c) using EDM with an emulsion, 
under identical parameters [59]. (d) and (e) compare a recast layer produced by EDM of a nickel-base superalloy to that machined by a tube based electrochemical 
discharge method. 
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Fig. 51. Schematics of (a) electrochemical grinding and (b) inner-jet electrochemical mill-grinding (adapted from Ref. [318]), and (c)–(e) A comparison of surface 
morphologies produced by electrochemical deep grinding compared to conventional mechanical grinding and electrochemical machining [23]. 

Fig. 52. Schematic of removal mechanism in electrochemical deep grinding [23].  
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where damaged layers are much thinner compared to mechanical 
machining. As shown in Fig. 54 (laser cut Ti–6Al–4V), post barrel 
grinding and mechanical polishing can effectively remove heat affected 

zones resulting from laser heating [171]. 
When unwanted high tensile residual stresses are present on the 

machined surface, post processing through mechanical surface 

Fig. 53. (a) SEM micrographs (hoop direction) of nickel based alloy after abusive drilling (left) and plunge milling (right) to illustrate sections removed by sub-
sequent finishing operation, (b) the corresponding residual stresses [121]. 

Fig. 54. Thickness of the HAZ dependent on the mechanical post-processing showing a significant decrease in measured HAZ-thickness at the upper cutting 
edge [171]. 

Fig. 55. (a) Electron channelling contrast imaging (ECCI) micrographs and (b) residual stress of the dry-milled surface on Inconel 718, (c) and (d) corresponded shot 
peening process [323]. 
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modification can enhance surface integrity, i.e. introducing compressive 
residual stress. This can be achieved through peening methods, 
including shot peening, laser shock peening, water jet peening, and 
blasting processes. By introducing a high plastic deformation layer, 
these processes can generate high compressive residual stresses on the 
machined surface, retarding surface cracking. It is important to note that 
while these processes can also generate white layers [323], shown in 
Fig. 55, these are induced solely by mechanical mechanisms through 
deformation of the original grains. This is similar to the grain refinement 
mechanism in Fig. 12 of M-WL, introducing work hardening without 
significant thermal influence, generating compressive stresses. 

This hardening mechanism has been explained through micro-pillar 
compression tests over the residual cross-section, shown in Fig. 56. A 
gradient change in grain morphology including the fine grain zone, 
transition zone and bulk material is shown, similar to white layers in 
conventional machining. An increase of three times the yield stress has 
been achieved in the near-surface layer (fine grain zone) compared with 
bulk regions. In this case, Hall-Petch (grain refinement) effects appear to 
be the predominant strengthening mechanism in the fine grain zone, 
while dislocation hardening is the main strengthening mechanism in the 
transition layer. 

7.2. Energy beam irradiation post processing 

Energy beam irradiation and polishing techniques have generated 
research interest as they offer non-contact, selective/non-selective and 
automated surface modification approaches [324]. In addition, me-
chanical properties of the near-surface are often improved. Energy beam 
processes have an advantage over traditional mechanical finishing 
processes to work effectively, given their ability to operate is unaffected 
by the mechanical properties of the part to be finished, in particular: 
hardness, brittleness, and wear resistance. There are several beam 
irradiation processes, which are useful for modifying a variety of 
machined surfaces which are discussed in this section, including: laser 
beams, electron beams, ion beams and plasma beams. 

7.2.1. Laser beam 
Laser beam polishing is a commonly used beam process for compo-

nent finishing. The laser beam irradiates the workpiece surface, yielding 
a shallow melt pool, and melting surfaces at macro (20–200 μm), or 
micro (0.5–5 μm) depths [325]. The generated melt pool melts surface 

asperities, which flow into adjacent troughs on the surface. The process 
mechanism, and an example of the polishing effect are shown in Fig. 57 
(a) and (b) [326]. 

Multidirectional surface tensile effects tend to redistribute material 
around discrete surface asperities [326]. This results in the reduction of 
surface peak-to-valley heights. As the range of depths that can be melted 
by laser beam irradiation matches typical depths of machining-induced 
damage, laser polishing has found wide application in post-processing 
machined surfaces. An example of the effect of laser polishing on both 
EDM processed, and mechanically milled surfaces, is shown in Fig. 57 
(c)–(e). This study focused on surface finish [326], and it was shown that 
>90% reduction in Ra surface roughness is achievable by laser polishing 
of both EDM and milled surfaces, with the correct laser fluence. To avoid 
melting material volumes larger than the surface defects, pulsed laser 
micro-polishing can be used. In this setup, the sample surface is irradi-
ated with pulses (100s of ns), resulting in a melting depth on the order of 
10–100 nm [328]. On milled Ti–6Al–4V, Ra roughness could be reduced 
from 0.206 to 0.070 μm [328]. On many metals, laser polishing can 
increase the near-surface hardness. For example, in laser polishing of 
end-milled Ti-6al-4V, a 25% increase in micro-hardness was measured 
after polishing, caused by martensite formation [329]. In addition, the 
roughness was reduced by over 90% (from 7.3 μm to 0.6 μm Ra) in the 
same study. Some evidence of an improvement in corrosion resistance 
was also seen, which may be explained by a combination of improved 
surface finish and the change in phase structure. 

7.2.2. Electron beam 
High current pulsed electron beam (HCPEB) irradiation is a more 

niche technique than laser beam polishing, and a relatively new addition 
to the array of available surface modification techniques. The process 
uses short (μs) pulses, or shots, of high current electrons over large areas 
(e.g. 60 mm diameter) to rapidly melt surfaces, improving finish and 
some mechanical and chemical properties. A schematic showing the 
irradiation process mechanism given in Fig. 58. 

HCPEB is particularly useful for improving machined surface integ-
rity, especially that produced by thermal machining. This is because the 
process can mitigate many of the negative features produced by laser 
and EDM machining, such as porosity, excessive roughness and poor 
morphology, and in some case cracking. The near surface is typically 
fully melted by the irradiation process; the extent of this depends on the 
melting point of the material. Typically, melt depths are approximately 

Fig. 56. Micromechanical testing reveals the strengthening effect of shot peeing: (a) Crystallography, (b) stress-strain curve, and micropillars (c) before and (d)–(f) 
after compression [56]. 
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5 μm but can be as high as 10 μm. Fig. 58 shows the effect of irradiation 
on an EDM processed surface, demonstrating smoothing as well as 
porosity and crack elimination. The key advantage of this surface 
modification process over laser techniques is the uniformity of the en-
ergy density of the beam over areas approximately 60 mm diameter 
[330]. This is combined with the process ability to modify surfaces with 

equal effect at angles highly acute to the primary beam direction [330], 
therefore allowing treatment of conformal surfaces. Since melting of the 
surface with uniform energy density across the irradiation area occurs 
during pulsed electron beam treatment, the process is attractive for its 
potential to improve surface morphology of EDM surfaces, in particular 
elimination of surface cracking. HCPEB has been used to modify surface 

Fig. 57. (a) A schematic showing the melting and smoothing process caused by laser polishing/melting, and (b) surface profiles showing the effect of the process on 
asperity reduction [326], and examples of the effect of laser polishing on (c) and (d) EDM surfaces and (e) and (f) mechanically milled surfaces, from Dai et al. [327]. 

Fig. 58. (a) Schematic showing the effect of large-area electron beam irradiation on a machined surface such as that cut by EDM. (b) cross-sectional TEM image of a 
steel subject to HCPEB and (c) resultant nano-sized grain sizes from this area [105]. 
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properties of several engineering alloys, such as Ti-alloys and steels. For 
example, mild steel subjected to EDM was treated by Uno et al. [330, 
331], where surface roughness was reduced and evidence of improved 
corrosion behaviour was shown. Okada et al. [332] also demonstrated 
that surface defects created by the EDM process could be reduced by 
75% approximately (60 μm–15 μm height) by applying HCPEB, elimi-
nating many smaller asperities. Murray et al. [333] investigated the 
effect of HCPEB on the surface crack density of stainless steel machined 
by EDM. At appropriate parameters, surface melting eliminated cracks. 
In cross-section, it was observed that a homogenous 4 μm layer of 
melted, crack free material was produced. A unique surface-tension 
based mechanism was found to be responsible for this reparation ef-
fect. Considering there is no direct mechanical force exerted on the 
workpiece, the process can be used to treat intricate components, where 
most surface finishing methods are impossible. 

7.2.3. Ion beam 
Ion beam polishing methods applied on metallic surfaces include 

both low-energy (~2 keV [334]) and high-energy (~200 keV [335]) 
beam types. Ion beam polishing is also referred to as ion beam etching or 
ion beam milling. Low-energy ion beam polishing does not generate 
heat, and therefore is different in principle to laser and electron-based 
methods [336]. Low-energy ion beam polishing exploits elastic colli-
sions between incident ions and the atomic nuclei of the surface layer, 
transferring kinetic energy and resulting in sputtering of atoms from the 
workpiece surface [337]. The mechanism of removal in ion beam pol-
ishing depends on increasing the internal energy of individual atoms. 
For an atom to be removed from the lattice, its internal energy must be 
increased beyond the Helmholtz free energy at the material surface, and 
this is achieved by supply kinetic energy through ion bombardment 
[338]. The energy required for removal must exceed the sum of the 
lattice bonding energy and the surface barrier energy. Ion beam 

polishing has been demonstrated at an accuracy at sub-nm scale [339]. 
However, given the low efficiency of the ion beam polishing process, 
such low-energy high accuracy polishing may not be practical. Me-
chanically finished Ti–6Al–4V at a roughness of an average of ~0.2 μm 
was finished with high current ion beam polishing [340]. Despite the 
already polished surface prior, a roughness of 53 nm Ra average was 
produced after ion beam polishing (60 min) (Fig. 59). 

7.2.4. Plasma beam 
Atmospheric pressure plasma beam is a relatively new (from 2015 

[341]), simple method for finishing of machined surfaces, and an 
innovation from gas shielded arc welding. The process utilises a high 
voltage and small current to generate a discharge plasma at atmospheric 
pressure, between the positive electrode and the negative workpiece 
surface. In this process, the plasma preferentially melts peaks on the 
workpiece surface, ultimately smoothing the surface [336]. Dai et al. 
used a small scale atmospheric plasma irradiation setup to substantially 
improve the surface morphology of cast iron [341], images shown in 
Fig. 60. This process is promising for the non location specific treatment 
of metal surfaces for surface peak and contamination removal, and 
therefore should be the subject of future research and application for the 
field of surface modification in machining. 

7.3. Chemical and electrochemical post processing 

Chemical and electrochemical finishing, such as electropolishing 
(EP) and chemopolishing (CP), are widely applied to metals to remove 
machining surface defects, by smoothing topographies, removing oxide 
scale and other surface impurities, and removing microstructurally 
affected layers. Such finishing can reduce the surface occurrence of fa-
tigue point initiators, improve corrosion resistance, and eliminate re-
sidual stresses arising from prior processing. 

EP shares the same fundamental process physics and chemistry as 
ECM, discussed in Section 5, involving the anodic dissolution of the 
workpiece material (oxidation reaction), which is proportional to the 
charge passed. The difference is mainly one of parameter and electrolyte 
selection, the goal being surface-defect removal rather than bulk mate-
rial removal, for example improving topographical aspects of recast 
layers after EDM [342]. In most cases, EP is performed in a viscous acidic 
electrolytic media, such as solutions of H2SO4 and H3PO4 [5,271]. High 
viscosities and low flow rates promote the generation of a mass 
transport-limited polishing film (Fig. 37 (d)), while the acidity retains 
the solubility of metal cations by preventing hydroxide-type sludge 
formation. Due to reduced flow rate conditions, which cannot suffi-
ciently evacuate generated oxygen from the anode surface, EP is per-
formed at lower potentials than ECM, avoiding the transpassive 
dissolution regime that results in greater material removal and concur-
rent oxygen evolution. The generation of a mass transport-limited pol-
ishing film is essential for anodic brightening and is signalled by the 
current-limiting plateau (Fig. 61 (a)). The process is dependent on the 
applied potential, the workpiece material, electrolyte composition and 
temperature, and flow conditions. As such, EP has a high degree of 
adaptability and can successfully finish most relevant load-bearing en-
gineering materials, such as steels, Ni-superalloys, Ti-alloys, and 
Al-alloys. The process is limited by the ability to position the cathode 
relative to the workpiece, so EP is challenging for large complex parts 
with interior geometries. 

Unlike EP, CP methods are not limited by cathode positioning, as the 
polishing reaction does not always require applied current, electro-
chemical pickling methods being the exception. CP and other chemical 
pickling methods are applied to materials that are machined at high 
temperature, or in parts where oxide scale, surface defects, and impu-
rities can become embedded and certain elements are depleted during 
manufacturing [343]. These can present significant problems when 
affected materials are applied to pressurised and chemically aggressive 
environments. In CP and pickling, the finishing mechanism can occur 

Fig. 59. (a) Ra roughness of mechanically finished Ti–6Al–4V before and after 
ion finishing at various beam currents. (b) and (c) show before and after AFM 
images of the surface topography [340]. 
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either through a reduction or oxidation reaction [344]. In most cases, 
the part is dipped in an acid bath, to provide an aggressive chemical 
environment. This can reduce or oxidise impurities, depending on the 
acid used, with the aim of increasing the solubility of the impurity 
species, while hydrogen gas is evolved at the workpiece, stirring the 
solution and flaking scale by separation (Fig. 61 (b)). Where the 
near-surface metallurgy and local compositions are altered, for example 
in high-temperature machining processes, failure modes like corrosion 
and fatigue can be enabled [345]. For example Cr, which is incorporated 
into many load-bearing alloys to improve corrosion resistance often 
forms carbide precipitates at high temperatures, locally depleting sur-
face layers of solid-solution Cr. CP can remove these element-depleted 
layers, as the solution will preferentially attack the base material, for 

example Fe in steel. However, CP methods evolving hydrogen gas at the 
workpiece require high levels of control as they can lead to hydrogen 
embrittlement. In anodic pickling, the surface is passivated and oxygen 
gas is evolved from the part, which can flake scales resulting from 
machining, but the process is slower. Combinations of CP and EP pro-
cesses can also be applied concurrently to finish parts with interior 
surfaces (Fig. 61 (c)–(e)) [346]. 

8. Conclusions and research opportunities 

This review provides an assessment of fundamental aspects of surface 
integrity in the context of metal machining with special focus on recent 
advances in experimental characterisation methods and their 

Fig. 60. Surface finishing of (a–e) ground steel, and (f–g) cast iron by micro atmospheric plasma beam, (h) effect of current on melt pool depth and (i) changed in 
cross-sectional hardness from (a–e). 

Fig. 61. Typical anodic potential sweep for a metal in EP electrolyte, redrawn from Han et al. [5]. EP is performed at the limiting current plateau, operation in the 
transpassive region leads to O2 evolution and surface deterioration. (b) Acid-bath CP and pickling often relies base metal dissolution to remove oxide scale. (c) 
Unfinished sample of steel 316, (d) after CP and (e) after EP. Taken from Tyagi et al. [346]. 
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application to investigate the characteristics of machined surfaces and 
related subsurface defects. Thanks to the rapid development of analyt-
ical methods for material characterisation (e.g. FIB-SEM, HR-TEM, 
EBSD, X-ray spectroscopy etc.) and their broader application in recent 
years in the machining research community, significant progress has 
been made in understanding the impact of machining process effects on 
microstructure alteration and related surface generation mechanisms. 
The main conclusions of this review are as follows:  

• As the understanding of machining-induced material modifications 
progresses, a pivotal role is played by the possibility of in-depth 
analysis of the workpiece subsurface condition, continuously intro-
ducing evolving surface integrity metrics on ever smaller scales. 
Hence, further growth is expected within the development of cutting- 
edge surface integrity characterisation approaches, both from a 
microstructural and micromechanical perspective, thus revealing 
unique insights into the fundamental mechanisms (e.g. mechanical, 
thermal, chemical effects and their combination) governing surface 
generation in metal machining.  

• The mechanical effects from conventional machining can lead to 
severe plastic deformation of the metal workpieces yielding highly 
deformed grain structure, severe work hardening and even result in 
ultrafine grain refinement under aggressive cutting conditions. The 
presence of machining-induced subsurface defects such as micro- 
cracks, plucking, surface tearing, material re-deposition and debris 
are also concerns which can deteriorate workpiece functional per-
formance. Waterjet machining can lead to scratching and chipping, 
abrasive embedment, striations when machining ductile materials 
while the main surface defect is crack damage when machining 
brittle materials.  

• In thermal machining (e.g. laser machining and EDM) many heat 
affected phenomena can occur due to the nature of the material 
removal mechanism. Over the last few decades, the thermal effect on 
the workpiece has been steadily decreasing by virtue of the devel-
opment of short and ultrashort pulse lasers, thus allowing the 
achievement of high-quality surfaces. Such lasers, when finely tuned 
for a given material, present a unique tool for fine material pro-
cessing and finishing. Finding a way to increase process efficiency 
while keeping a high degree of surface integrity will be advantageous 
for future research of LBM. In EDM, porosity, cracking, high surface 
roughness, carbon uptake and phase transformation all can have a 
major impact on the functional properties of EDM parts, including 
fatigue, wear and corrosion resistance. However the substantial 
research base has allowed several technologies to help mitigate these 
factors – these include powder-mixed EDM in which spark energy 
density and distribution is altered to reduce the severity of the ma-
terial changes associated with the formation of recast layers.  

• In chemical/electrochemical machining, while a high degree of 
surface integrity can be established in most materials with appro-
priate parameter selection, control over surface integrity is chal-
lenging when machining highly passivating alloys and complex 
materials systems with multiple discrete phases, such as next- 
generation metal matrix composites. Future ECM research will 
benefit from applying non-aqueous electrolytes to overcome 
passivation effects and the application of additional energy sources 
in hybrid machining methods to enable the machining of electro-
chemically inert phases.  

• The combination of different mechanisms can be manifested in single 
processes (e.g. conventional machining under aggressive cutting 
conditions), and also in hybrid machining processes, e.g. laser 
assisted machining (LAM), and electrochemical discharge machining 
(ECDM). The former scenario normally combines the mechanical and 
thermal effect in which case both thermally and mechanically 
induced white layers can be generated. In the latter scenario 
although a combination of different material removal mechanisms is 

introduced, normally improved surface integrity can be achieved due 
to the improvement in machinability.  

• A range of methods exist for mitigating the negative effects of 
machining processes on surface integrity. These include mechanical, 
beam based, and chemical methods. Indeed, opportunities exist with 
machining processes themselves to tailor surface properties to be 
favourable. These processes have different limitations, including 
part/surface geometry and depth of affected zone, however each of 
these offers different benefits to morphology and functional prop-
erties. This means that with the correct process chain selection, 
machined components are not sentenced to have application- 
limiting poor surface integrity, but can in fact be enhanced for 
application specific purposes. 

It is expected that the fundamental knowledge obtained from the in- 
depth analysis of machining-induced subsurface layers (down to the nm 
scale) should open new possibilities for the research community to 
develop better physical models to predict surface integrity and its 
impact on the functional performance of a machined component. One of 
the major challenges that remains however, is the translation of this 
knowledge from a laboratory/research environment to industrial set-
tings. In the latter, it is anticipated that research efforts will also be 
needed to develop robust methods for non-destructive testing and sur-
face integrity inspection that could be deployed directly on a machined 
component e.g. in the same way as it has been developed for on-machine 
probing in the context of in-process metrology of complex machined 
surfaces. Hence, the possibility of introducing surface-integrity-oriented 
approaches at all levels of the production chain (i.e. from the product 
design stage to shop floor operations)is a key direction for future 
research and development of this field, with likely impact on the sus-
tainability and cost-efficiency of future machining operations, as well as 
optimisation of the functional performance of next-generation machined 
parts. 
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material removal with ultrafast bursts of pulses, Nature 537 (2016) 84–88, 
https://doi.org/10.1038/nature18619. 

[206] H. qiang Dou, C. zhen Yao, H. Liu, Y. Wan, R. jie Ding, X. dong Yuan, S. zhen Xu, 
Femtosecond laser ablation of Al-Mg alloy in vacuum and air, Appl. Surf. Sci. 447 
(2018) 388–392, https://doi.org/10.1016/j.apsusc.2018.04.003. 

[207] B.N. Zolotykh, The mechanism of electrical erosion of metals in liquid dielectric 
media, Sov. Phys. Tech. Phys. 4 (1959) 1370. 

[208] R. Snoeys, Investigations of EDM operations by means of thermomathematical 
models, Ann. CIRPI. 20 (1971) 35–36. 

[209] J. Tao, J. Ni, A.J. Shih, Modeling of the anode crater formation in electrical 
discharge machining, J. Manuf. Sci. Eng. 134 (2012) 11002–11011, https://doi. 
org/10.1115/1.4005303. 

[210] R. Fujimoto, Observation of electrode wear phenomena, JSEME 6 (1972) 48. 
[211] S. Hayakawa, T. Doke, F. Itoigawa, T. Nakamura, Observation of flying debris 

scattered from discharge point in EDM process, in: 16th Int. Symp. 
Electromachining, ISEM 2010, Shanghai Jiaotong University Press, 2010, 
pp. 121–125. 

[212] X. Yang, J. Guo, X. Chen, M. Kunieda, Molecular dynamics simulation of the 
material removal mechanism in micro-EDM, Precis. Eng. (2011), https://doi.org/ 
10.1016/j.precisioneng.2010.09.005. 

[213] M. Kunieda, B. Lauwers, K.P. Rajurkar, B.M. Schumacher, Advancing EDM 
through fundamental insight into the process, CIRP Ann. - Manuf. Technol. 54 
(2005) 599–622, https://doi.org/10.1016/s0007-8506(07)60020-1. 

[214] B. Lauwers, J.P. Kruth, W. Liu, W. Eeraerts, B. Schacht, P. Bleys, Investigation of 
material removal mechanisms in EDM of composite ceramic materials, J. Mater. 
Process. Technol. 149 (2004) 347–352. 

[215] X. Yang, J. Guo, X. Chen, M. Kunieda, Molecular dynamics simulation of the 
material removal mechanism in micro-EDM, Precis. Eng. 35 (2010) 51–57. 

[216] H. Ramasawmy, L. Blunt, K.P. Rajurkar, Investigation of the relationship between 
the white layer thickness and 3D surface texture parameters in the die sinking 
EDM process, Precis. Eng. 29 (2005) 479–490. 

[217] G. Cusanelli, A. Hessler-Wyser, F. Bobard, R. Demellayer, R. Perez, R. Flükiger, 
Microstructure at submicron scale of the white layer produced by EDM technique, 
J. Mater. Process. Technol. 149 (2004) 289–295. 

Z. Liao et al.                                                                                                                                                                                                                                     

https://doi.org/10.1103/PhysRevLett.89.255504
https://doi.org/10.1103/PhysRevB.67.184102
https://doi.org/10.1103/PhysRevB.67.184102
https://doi.org/10.1063/1.114912
https://doi.org/10.1063/1.114912
https://doi.org/10.1021/cr010459r
https://doi.org/10.1021/jp902294m
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref168
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref168
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref169
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref169
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref169
https://doi.org/10.1007/s00170-006-0454-1
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref171
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref171
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref171
https://doi.org/10.1016/j.surfcoat.2017.03.038
https://doi.org/10.1016/j.surfcoat.2017.03.038
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref173
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref173
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref173
https://doi.org/10.1007/s003390201307
https://doi.org/10.1007/s003390201307
https://doi.org/10.1007/s10853-008-3177-x
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref176
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref176
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref176
https://doi.org/10.1016/j.jmapro.2018.10.001
https://doi.org/10.1016/S0169-4332(99)00427-4
https://doi.org/10.1016/j.optlaseng.2018.01.011
https://doi.org/10.1016/j.apsusc.2012.12.049
https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.104
https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.104
https://doi.org/10.1063/1.2905314
https://doi.org/10.1063/1.2905314
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref183
https://doi.org/10.1016/j.optlastec.2018.02.023
https://doi.org/10.1016/j.optlastec.2018.02.023
https://doi.org/10.1016/j.jmatprotec.2015.10.028
https://doi.org/10.1364/ao.57.005743
https://doi.org/10.1364/ao.57.005743
https://doi.org/10.1007/s00170-017-1481-9
https://doi.org/10.1007/s00170-017-1481-9
https://doi.org/10.1007/s00170-015-7257-1
https://doi.org/10.1007/s00170-015-7257-1
https://doi.org/10.1016/j.apmt.2019.01.005
https://doi.org/10.1016/j.apmt.2019.01.005
https://doi.org/10.1016/j.jmatprotec.2011.02.012
https://doi.org/10.1007/s00170-011-3551-8
https://doi.org/10.1007/s00170-011-3551-8
https://doi.org/10.1016/j.optlastec.2008.07.006
https://doi.org/10.1016/j.optlastec.2008.07.006
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref193
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref193
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref193
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref194
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref194
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref194
https://doi.org/10.1109/3.631270
https://doi.org/10.1109/3.631270
https://doi.org/10.3390/mi5041219
https://doi.org/10.1364/aop.7.000684
https://doi.org/10.1364/aop.7.000684
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref198
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref198
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref198
https://doi.org/10.1002/adfm.201903576
https://doi.org/10.1002/adfm.201903576
https://doi.org/10.1364/josaa.24.001562
https://doi.org/10.1016/0030-4018(85)90120-8
https://doi.org/10.1007/s00339-010-5766-1
https://doi.org/10.1007/s00339-010-5766-1
https://doi.org/10.1016/j.apsusc.2013.12.034
https://doi.org/10.1016/j.apsusc.2013.12.034
https://doi.org/10.1364/oe.22.012200
https://doi.org/10.1364/oe.22.012200
https://doi.org/10.1038/nature18619
https://doi.org/10.1016/j.apsusc.2018.04.003
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref207
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref207
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref208
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref208
https://doi.org/10.1115/1.4005303
https://doi.org/10.1115/1.4005303
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref210
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref211
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref211
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref211
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref211
https://doi.org/10.1016/j.precisioneng.2010.09.005
https://doi.org/10.1016/j.precisioneng.2010.09.005
https://doi.org/10.1016/s0007-8506(07)60020-1
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref214
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref214
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref214
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref215
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref215
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref216
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref216
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref216
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref217
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref217
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref217


International Journal of Machine Tools and Manufacture 162 (2021) 103687

49

[218] B.H. Yan, Y.C. Lin, F.Y. Huang, Surface modification of Al–Zn–Mg alloy by 
combined electrical discharge machining with ball burnish machining, Int. J. 
Mach. Tool Manufact. 42 (2002) 925–934, https://doi.org/10.1016/S0890-6955 
(02)00026-3. 

[219] H.C. Tsai, B.H. Yan, F.Y. Huang, EDM performance of Cr/Cu-based composite 
electrodes, Int. J. Mach. Tool Manufact. 43 (2003) 245–252, https://doi.org/ 
10.1016/S0890-6955(02)00238-9. 

[220] A. Simchi, H. Danninger, Effects of porosity on delamination wear behaviour of 
sintered plain iron, Powder Metall. 47 (2004) 73–80. 

[221] L. Zhang, X. Qu, B. Duan, X. He, M. Qin, Effect of porosity on wear resistance of 
SiCp/Cu composites prepared by pressureless infiltration, Trans. Nonferrous 
Metals Soc. China 18 (2008) 1076–1082, https://doi.org/10.1016/S1003-6326 
(08)60184-3. 

[222] B. Ekmekci, Residual stresses and white layer in electric discharge machining 
(EDM), Appl. Surf. Sci. 253 (2007) 9234–9240. 

[223] H.T. Lee, T.Y. Tai, Relationship between EDM parameters and surface crack 
formation, J. Mater. Process. Technol. 142 (2003) 676–683. 

[224] T.Y. Tai, S.J. Lu, Improving the fatigue life of electro-discharge-machined SDK11 
tool steel via the suppression of surface cracks, Int. J. Fatig. 31 (2009) 433–438, 
https://doi.org/10.1016/j.ijfatigue.2008.07.013. 

[225] O.A.A. Zeid, On the effect of electrodischarge machining parameters on the 
fatigue life of AISI D6 tool steel, J. Mater. Process. Technol. 68 (1997) 27–32, 
https://doi.org/10.1016/b978-008042140-7/50010-x. 

[226] T.M. Mower, Degradation of titanium 6Al-4V fatigue strength due to electrical 
discharge machining, Int. J. Fatig. 64 (2014) 84–96, https://doi.org/10.1016/j. 
ijfatigue.2014.02.018. 

[227] K.M. Patel, P.M. Pandey, P. Venkateswara Rao, Surface integrity and material 
removal mechanisms associated with the EDM of Al2O3 ceramic composite, Int. J. 
Refract. Metals Hard Mater. 27 (2009) 892–899. 

[228] D. Firrao, P. Matteis, G. Scavino, G. Ubertalli, M.G. Ienco, M.R. Pinasco, E. Stagno, 
R. Gerosa, B. Rivolta, A. Silvestri, G. Silva, A. Ghidini, Relationships between 
tensile and fracture mechanics properties and fatigue properties of large plastic 
mould steel blocks, Mater. Sci. Eng. A. 468–470 (2007) 193–200, https://doi.org/ 
10.1016/j.msea.2006.07.166. 

[229] C. Li, X. Xu, Y. Li, H. Tong, S. Ding, Q. Kong, L. Zhao, J. Ding, Effects of dielectric 
fluids on surface integrity for the recast layer in high speed EDM drilling of nickel 
alloy, J. Alloys Compd. 783 (2019) 95–102, https://doi.org/10.1016/j. 
jallcom.2018.12.283. 

[230] Y. Zhang, Y. Liu, R. Ji, B. Cai, Study of the recast layer of a surface machined by 
sinking electrical discharge machining using water-in-oil emulsion as dielectric, 
Appl. Surf. Sci. 257 (2011) 5989–5997, https://doi.org/10.1016/j. 
apsusc.2011.01.083. 

[231] B. Ekmekci, A.E. Tekkaya, A. Erden, A semi-empirical approach for residual 
stresses in electric discharge machining (EDM), Int. J. Mach. Tool Manufact. 46 
(2006) 858–868. 

[232] S. Das, M. Klotz, F. Klocke, EDM simulation: finite element-based calculation of 
deformation, microstructure and residual stresses, J. Mater. Process. Technol. 142 
(2003) 434–451. 

[233] A. Klink, Y.B. Guo, F. Klocke, Surface integrity evolution of powder metallurgical 
tool steel by main cut and finishing trim cuts in wire-EDM, Procedia Eng 19 
(2011) 178–183, https://doi.org/10.1016/j.proeng.2011.11.098. 

[234] Y.F. Luo, The dependence of interspace discharge transitivity upon the gap debris 
in precision electrodischarge machining, J. Mater. Process. Technol. 68 (1997) 
121–131. 

[235] Y.S. Wong, L.C. Lim, I. Rahuman, W.M. Tee, Near-mirror-finish phenomenon in 
EDM using powder-mixed dielectric, J. Mater. Process. Technol. 79 (1998) 30–40. 

[236] P. Peças, E. Henriques, Influence of silicon powder-mixed dielectric on 
conventional electrical discharge machining, Int. J. Mach. Tool Manufact. 43 
(2003) 1465–1471. 

[237] H.K. Kansal, S. Singh, P. Kumar, Parametric optimization of powder mixed 
electrical discharge machining by response surface methodology, J. Mater. 
Process. Technol. 169 (2005) 427–436, https://doi.org/10.1016/j. 
jmatprotec.2005.03.028. 

[238] J.W. Murray, R.B. Cook, N. Senin, S.J. Algodi, A.T. Clare, N. Senin, S.J. Algodi, A. 
T. Clare, Defect-free TiC/Si multi-layer electrical discharge coatings, Mater. Des. 
155 (2018) 352–365, https://doi.org/10.1016/j.matdes.2018.06.019. 

[239] F.Q. Hu, F.Y. Cao, B.Y. Song, P.J. Hou, Y. Zhang, K. Chen, J.Q. Wei, Surface 
properties of SiCp/Al composite by powder-mixed EDM, Procedia CIRP 6 (2013) 
101–106. 

[240] P. Sivaprakasam, P. Hariharan, S. Gowri, Experimental Investigations on Nano 
Powder Mixed Micro-wire EDM Process of Inconel-718 Alloy, 2019, https://doi. 
org/10.1016/j.measurement.2019.07.072. 

[241] K.L. Wu, B.H. Yan, F.Y. Huang, S.C. Chen, Improvement of surface finish on SKD 
steel using electro-discharge machining with aluminum and surfactant added 
dielectric, Int. J. Mach. Tool Manufact. 45 (2005) 1195–1201, https://doi.org/ 
10.1016/j.ijmachtools.2004.12.005. 

[242] F. Klocke, D. Lung, G. Antonoglou, D. Thomaidis, The effects of powder 
suspended dielectrics on the thermal influenced zone by electrodischarge 
machining with small discharge energies, J. Mater. Process. Technol. 149 (2004) 
191–197, https://doi.org/10.1016/j.jmatprotec.2003.10.036. 

[243] S.L. Chen, M.H. Lin, G.X. Huang, C.C. Wang, Research of the recast layer on 
implant surface modified by micro-current electrical discharge machining using 
deionized water mixed with titanium powder as dielectric solvent, Appl. Surf. Sci. 
311 (2014) 47–53, https://doi.org/10.1016/j.apsusc.2014.04.204. 

[244] T. Moro, N. Mohri, H. Otsubo, A. Goto, N. Saito, Study on the surface modification 
system with electrical discharge machine in the practical usage, J. Mater. Process. 
Technol. 149 (2004) 65–70, https://doi.org/10.1016/j.jmatprotec.2003.10.058. 

[245] S.J. Algodi, J.W. Murray, P.D. Brown, A.T. Clare, Wear performance of TiC/Fe 
cermet electrical discharge coatings, Wear 402–403 (2018) 109–123, https://doi. 
org/10.1016/j.wear.2018.02.007. 

[246] S.J. Algodi, J.W. Murray, A.T. Clare, P.D. Brown, Modelling and characterisation 
of electrical discharge TiC-Fe cermet coatings, Procedia CIRP 68 (2018) 28–33, 
https://doi.org/10.1016/j.procir.2017.12.017. 

[247] J.W. Murray, S.J. Algodi, M.W. Fay, P.D. Brown, A.T. Clare, Formation 
mechanism of electrical discharge TiC-Fe composite coatings, J. Mater. Process. 
Technol. 243 (2017) 143–151, https://doi.org/10.1016/j. 
jmatprotec.2016.12.011. 

[248] Y.-L. Hwang, C.-L. Kuo, S.-F. Hwang, The coating of TiC layer on the surface of 
nickel by electric discharge coating (EDC) with a multi-layer electrode, J. Mater. 
Process. Technol. 210 (2010) 642–652, https://doi.org/10.1016/j. 
jmatprotec.2009.11.013. 

[249] P. Janmanee, A. Muttamara, Surface modification of tungsten carbide by 
electrical discharge coating (EDC) using a titanium powder suspension, Appl. 
Surf. Sci. 258 (2012) 7255–7265, https://doi.org/10.1016/j.apsusc.2012.03.054. 

[250] T.C. Lu, J. Yang, Z. Suo, A.G. Evans, R. Hecht, R. Mehrabian, Matrix cracking in 
intermetallic composites caused by thermal expansion mismatch, Acta Metall. 
Mater. 39 (1991) 1883–1890, https://doi.org/10.1016/0956-7151(91)90157-V. 

[251] N. Sumi, C. Kato, K. Shimada, T. Yuzawa, H. Teramoto, A. Mizutani, 
T. Kuriyagawa, Mechanism of defect generation in the TiC layer and Si layer by 
electrical discharge coating, Procedia CIRP 42 (2016) 221–225, https://doi.org/ 
10.1016/j.procir.2016.02.275. 

[252] A. Klink, M. Holsten, L. Hensgen, Crater morphology evaluation of contemporary 
advanced EDM generator technology, CIRP Ann. - Manuf. Technol. 66 (2017) 
197–200, https://doi.org/10.1016/j.cirp.2017.04.137. 

[253] M. Wu, J. Liu, J. He, X. Chen, Z. Guo, Fabrication of surface microstructures by 
mask electrolyte jet machining, Int. J. Mach. Tool Manufact. (2020), https://doi. 
org/10.1016/j.ijmachtools.2019.103471. 

[254] G. Liu, Y. Zhang, W. Natsu, Influence of electrolyte flow mode on characteristics 
of electrochemical machining with electrolyte suction tool, Int. J. Mach. Tool 
Manufact. (2019), https://doi.org/10.1016/j.ijmachtools.2019.04.010. 

[255] K.P. Rajurkar, M.M. Sundaram, A.P. Malshe, Review of electrochemical and 
electrodischarge machining, 2013, pp. 13–26. 

[256] R.J. Leese, A. Ivanov, Electrochemical micromachining: an introduction, Adv. 
Mech. Eng. 8 (2016), https://doi.org/10.1177/1687814015626860, 
168781401562686. 

[257] W.G. Clark, J.A. McGeough, Temperature distribution along the gap in 
electrochemical machining, J. Appl. Electrochem. 7 (1977) 277–286, https://doi. 
org/10.1007/BF01059167. 

[258] F. Klocke, A. Klink, D. Veselovac, D.K. Aspinwall, S.L. Soo, M. Schmidt, J. Schilp, 
G. Levy, J.P. Kruth, Turbomachinery component manufacture by application of 
electrochemical, electro-physical and photonic processes, CIRP Ann. - Manuf. 
Technol. 63 (2014) 703–726, https://doi.org/10.1016/j.cirp.2014.05.004. 

[259] P. Vlcak, J. Fojt, J. Drahokoupil, V. Brezina, J. Sepitka, T. Horazdovsky, 
J. Miksovsky, F. Cerny, M. Lebeda, M. Haubner, Influence of surface pre- 
treatment with mechanical polishing, chemical, electrochemical and ion sputter 
etching on the surface properties, corrosion resistance and MG-63 cell 
colonization of commercially pure titanium, Mater. Sci. Eng. C (2020) 111065. 

[260] F. Klocke, S. Harst, L. Ehle, M. Zeis, A. Klink, Surface integrity in electrochemical 
machining processes: an analysis on material modifications occurring during 
electrochemical machining, Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 232 
(2018) 578–585, https://doi.org/10.1177/0954405417703422. 

[261] K.K. Saxena, J. Qian, D. Reynaerts, A review on process capabilities of 
electrochemical micromachining and its hybrid variants, Int. J. Mach. Tool 
Manufact. 127 (2018) 28–56, https://doi.org/10.1016/j. 
ijmachtools.2018.01.004. 

[262] J. Mitchell-Smith, A. Speidel, J. Gaskell, A.T. Clare, Energy distribution 
modulation by mechanical design for electrochemical jet processing techniques, 
Int. J. Mach. Tool Manufact. 122 (2017) 32–46, https://doi.org/10.1016/j. 
ijmachtools.2017.05.005. 

[263] V. Sharma, D.S. Patel, V.K. Jain, J. Ramkumar, Wire electrochemical 
micromachining: an overview, Int. J. Mach. Tool Manufact. 155 (2020) 103579, 
https://doi.org/10.1016/j.ijmachtools.2020.103579. 

[264] R. Schuster, Electrochemical micromachining, Science 80 (289) (2000) 98–101, 
https://doi.org/10.1126/science.289.5476.98. 

[265] R. Yi, Y. Zhang, X. Zhang, F. Fang, H. Deng, A generic approach of polishing 
metals via isotropic electrochemical etching, Int. J. Mach. Tool Manufact. (2020) 
103517. 

[266] A. Speidel, R. Su, J. Mitchell-Smith, P. Dryburgh, I. Bisterov, D. Pieris, W. Li, 
R. Patel, M. Clark, A.T. Clare, Crystallographic texture can be rapidly determined 
by electrochemical surface analytics, Acta Mater. 159 (2018) 89–101, https://doi. 
org/10.1016/j.actamat.2018.07.059. 

[267] D. Landolt, P.F. Chauvy, O. Zinger, Electrochemical micromachining, polishing 
and surface structuring of metals: fundamental aspects and new developments, in: 
Electrochim. Acta, Elsevier Ltd, 2003, pp. 3185–3201, https://doi.org/10.1016/ 
S0013-4686(03)00368-2. 

[268] M. Datta, Jet and laser-jet electrochemical micromachining of nickel and steel, 
J. Electrochem. Soc. 136 (1989) 2251, https://doi.org/10.1149/1.2097282. 

[269] T. Kawanaka, S. Kato, M. Kunieda, J.W. Murray, A.T. Clare, Selective surface 
texturing using electrolyte jet machining, in: 2nd CIRP Conf. Surf. Integr., 2014. 

Z. Liao et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/S0890-6955(02)00026-3
https://doi.org/10.1016/S0890-6955(02)00026-3
https://doi.org/10.1016/S0890-6955(02)00238-9
https://doi.org/10.1016/S0890-6955(02)00238-9
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref220
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref220
https://doi.org/10.1016/S1003-6326(08)60184-3
https://doi.org/10.1016/S1003-6326(08)60184-3
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref222
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref222
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref223
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref223
https://doi.org/10.1016/j.ijfatigue.2008.07.013
https://doi.org/10.1016/b978-008042140-7/50010-x
https://doi.org/10.1016/j.ijfatigue.2014.02.018
https://doi.org/10.1016/j.ijfatigue.2014.02.018
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref227
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref227
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref227
https://doi.org/10.1016/j.msea.2006.07.166
https://doi.org/10.1016/j.msea.2006.07.166
https://doi.org/10.1016/j.jallcom.2018.12.283
https://doi.org/10.1016/j.jallcom.2018.12.283
https://doi.org/10.1016/j.apsusc.2011.01.083
https://doi.org/10.1016/j.apsusc.2011.01.083
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref231
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref231
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref231
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref232
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref232
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref232
https://doi.org/10.1016/j.proeng.2011.11.098
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref234
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref234
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref234
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref235
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref235
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref236
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref236
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref236
https://doi.org/10.1016/j.jmatprotec.2005.03.028
https://doi.org/10.1016/j.jmatprotec.2005.03.028
https://doi.org/10.1016/j.matdes.2018.06.019
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref239
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref239
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref239
https://doi.org/10.1016/j.measurement.2019.07.072
https://doi.org/10.1016/j.measurement.2019.07.072
https://doi.org/10.1016/j.ijmachtools.2004.12.005
https://doi.org/10.1016/j.ijmachtools.2004.12.005
https://doi.org/10.1016/j.jmatprotec.2003.10.036
https://doi.org/10.1016/j.apsusc.2014.04.204
https://doi.org/10.1016/j.jmatprotec.2003.10.058
https://doi.org/10.1016/j.wear.2018.02.007
https://doi.org/10.1016/j.wear.2018.02.007
https://doi.org/10.1016/j.procir.2017.12.017
https://doi.org/10.1016/j.jmatprotec.2016.12.011
https://doi.org/10.1016/j.jmatprotec.2016.12.011
https://doi.org/10.1016/j.jmatprotec.2009.11.013
https://doi.org/10.1016/j.jmatprotec.2009.11.013
https://doi.org/10.1016/j.apsusc.2012.03.054
https://doi.org/10.1016/0956-7151(91)90157-V
https://doi.org/10.1016/j.procir.2016.02.275
https://doi.org/10.1016/j.procir.2016.02.275
https://doi.org/10.1016/j.cirp.2017.04.137
https://doi.org/10.1016/j.ijmachtools.2019.103471
https://doi.org/10.1016/j.ijmachtools.2019.103471
https://doi.org/10.1016/j.ijmachtools.2019.04.010
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref255
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref255
https://doi.org/10.1177/1687814015626860
https://doi.org/10.1007/BF01059167
https://doi.org/10.1007/BF01059167
https://doi.org/10.1016/j.cirp.2014.05.004
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref259
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref259
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref259
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref259
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref259
https://doi.org/10.1177/0954405417703422
https://doi.org/10.1016/j.ijmachtools.2018.01.004
https://doi.org/10.1016/j.ijmachtools.2018.01.004
https://doi.org/10.1016/j.ijmachtools.2017.05.005
https://doi.org/10.1016/j.ijmachtools.2017.05.005
https://doi.org/10.1016/j.ijmachtools.2020.103579
https://doi.org/10.1126/science.289.5476.98
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref265
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref265
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref265
https://doi.org/10.1016/j.actamat.2018.07.059
https://doi.org/10.1016/j.actamat.2018.07.059
https://doi.org/10.1016/S0013-4686(03)00368-2
https://doi.org/10.1016/S0013-4686(03)00368-2
https://doi.org/10.1149/1.2097282
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref269
http://refhub.elsevier.com/S0890-6955(20)30702-1/sref269


International Journal of Machine Tools and Manufacture 162 (2021) 103687

50

[270] I. Strode, M.B. Bassett, The effect of electrochemical machining on the surface 
integrity and mechanical properties of cast and wrought steels, Wear 109 (1986) 
171–180, https://doi.org/10.1016/0043-1648(86)90262-0. 

[271] D. Landolt, Fundamental aspects of electropolishing, Electrochim. Acta 32 (1987) 
1–11, https://doi.org/10.1016/0013-4686(87)87001-9. 

[272] J. Kozak, The effect of electrochemical machining on the fatigue strength of heat 
resistance alloys, Fatigue Aircr. Struct. 2011 (2011), https://doi.org/10.2478/ 
v10164-010-0038-2. 

[273] A.D. Davydov, T.B. Kabanova, V.M. Volgin, Electrochemical machining of 
titanium, Review, Russ. J. Electrochem. 53 (2017) 941–965, https://doi.org/ 
10.1134/S102319351709004X. 

[274] N. Casillas, Pitting corrosion of titanium, J. Electrochem. Soc. 141 (1994) 636, 
https://doi.org/10.1149/1.2054783. 

[275] J. Soltis, Passivity breakdown, pit initiation and propagation of pits in metallic 
materials – Review, Corrosion Sci. 90 (2015) 5–22, https://doi.org/10.1016/j. 
corsci.2014.10.006. 

[276] W. Liu, S. Ao, Y. Li, Z. Liu, H. Zhang, S.M. Manladan, Z. Luo, Z. Wang, Effect of 
anodic behavior on electrochemical machining of TB6 titanium alloy, 
Electrochim. Acta 233 (2017) 190–200, https://doi.org/10.1016/j. 
electacta.2017.03.025. 

[277] D. Sazou, K. Saltidou, M. Pagitsas, Understanding the effect of bromides on the 
stability of titanium oxide films based on a point defect model, Electrochim. Acta 
76 (2012) 48–61, https://doi.org/10.1016/j.electacta.2012.04.158. 

[278] D. Baehre, A. Ernst, K. Weißhaar, H. Natter, M. Stolpe, R. Busch, Electrochemical 
dissolution behavior of titanium and titanium-based alloys in different 
electrolytes, Procedia CIRP 42 (2016) 137–142, https://doi.org/10.1016/j. 
procir.2016.02.208. 

[279] A. Speidel, J. Mitchell-Smith, I. Bisterov, A.T. Clare, Oscillatory behaviour in the 
electrochemical jet processing of titanium, J. Mater. Process. Technol. 273 (2019) 
116264, https://doi.org/10.1016/j.jmatprotec.2019.116264. 

[280] G. Chi, D. Yi, H. Liu, Effect of roughness on electrochemical and pitting corrosion 
of Ti-6Al-4V alloy in 12 wt.% HCl solution at 35 ◦C, J. Mater. Res. Technol. 9 
(2020) 1162–1174, https://doi.org/10.1016/j.jmrt.2019.11.044. 

[281] W. Liu, H. Zhang, Z. Luo, C. Zhao, S. Ao, F. Gao, Y. Sun, Electrochemical 
micromachining on titanium using the NaCl-containing ethylene glycol 
electrolyte, J. Mater. Process. Technol. 255 (2018) 784–794, https://doi.org/ 
10.1016/j.jmatprotec.2018.01.009. 

[282] W. Liu, Z. Luo, M. Kunieda, Electrolyte jet machining of Ti1023 titanium alloy 
using NaCl ethylene glycol-based electrolyte, J. Mater. Process. Technol. 283 
(2020) 116731, https://doi.org/10.1016/j.jmatprotec.2020.116731. 

[283] D. Wang, Z. Zhu, N. Wang, D. Zhu, H. Wang, Investigation of the electrochemical 
dissolution behavior of Inconel 718 and 304 stainless steel at low current density 
in NaNO3 solution, Electrochim. Acta 156 (2015) 301–307, https://doi.org/ 
10.1016/j.electacta.2014.12.155. 

[284] Y. Zeng, H. Ji, X. Fang, Y. Wang, N. Qu, Analysis and reduction of stray-current 
attack in reciprocated traveling wire electrochemical machining, Adv. Mech. Eng. 
6 (2014) 505932, https://doi.org/10.1155/2014/505932. 

[285] X. Wang, N. Qu, X. Fang, Reducing stray corrosion in jet electrochemical milling 
by adjusting the jet shape, J. Mater. Process. Technol. 264 (2019) 240–248, 
https://doi.org/10.1016/j.jmatprotec.2018.09.017. 

[286] P.T. Pajak, A.K.M. Desilva, D.K. Harrison, J.A. Mcgeough, Precision and efficiency 
of laser assisted jet electrochemical machining, Precis. Eng. 30 (2006) 288–298, 
https://doi.org/10.1016/j.precisioneng.2005.09.006. 

[287] M.M. Lohrengel, K.P. Rataj, T. Münninghoff, Electrochemical 
Machining—mechanisms of anodic dissolution, Electrochim. Acta 201 (2016) 
348–353, https://doi.org/10.1016/j.electacta.2015.12.219. 

[288] M. Burger, L. Koll, E.A. Werner, A. Platz, Electrochemical machining 
characteristics and resulting surface quality of the nickel-base single-crystalline 
material LEK94, J. Manuf. Process. 14 (2012) 62–70, https://doi.org/10.1016/j. 
jmapro.2011.08.001. 

[289] X. Wang, N. Qu, P. Guo, X. Fang, X. Lin, Electrochemical machining properties of 
the laser rapid formed inconel 718 alloy in NaNO 3 solution, J. Electrochem. Soc. 
164 (2017), https://doi.org/10.1149/2.1221714jes. E548–E559. 

[290] J. Kozak, M. Zybura-Skrabalak, Some problems of surface roughness in 
electrochemical machining (ECM), Procedia CIRP 42 (2016) 101–106, https:// 
doi.org/10.1016/j.procir.2016.02.198. 

[291] T. Haisch, E.J. Mittemeijer, J.W. Schultze, On the influence of microstructure and 
carbide content of steels on the electrochemical dissolution process in aqueous 
NaCl-electrolytes, Mater. Corros. 53 (2002) 740–755, https://doi.org/10.1002/ 
1521-4176(200210)53:10<740::AID-MACO740>3.0.CO;2-J. 

[292] F. Klocke, S. Harst, F. Karges, M. Zeis, A. Klink, Modeling of the electrochemical 
dissolution process for a two-phase material in a passivating electrolyte system, 
Procedia CIRP 58 (2017) 169–174, https://doi.org/10.1016/j. 
procir.2017.03.214. 

[293] M.M. Malouche, N. Stein, J. Lecomte, C. Boulanger, M. Rancic, Influence of the 
electrolyte composition on the electrochemical dissolution behavior of forged 
Inconel 718, J. Appl. Electrochem. 50 (2020) 197–206, https://doi.org/10.1007/ 
s10800-019-01386-z. 

[294] D. Zhu, L. Yu, R. Zhang, Dissolution effects with different microstructures of 
inconel 718 on surface integrity in electrochemical machining, J. Electrochem. 
Soc. 165 (2018), https://doi.org/10.1149/2.0761816jes. E872–E878. 

[295] M. Datta, Anodic dissolution of metals at high rates, IBM J. Res. Dev. 37 (1993) 
207–226, https://doi.org/10.1147/rd.372.0207. 

[296] M.M. Lohrengel, C. Rosenkranz, Microelectrochemical surface and product 
investigations during electrochemical machining (ECM) in NaNO3, Corrosion Sci. 
47 (2005) 785–794, https://doi.org/10.1016/j.corsci.2004.07.023. 

[297] Z. Liao, D. Axinte, D. Gao, On modelling of cutting force and temperature in bone 
milling, J. Mater. Process. Technol. 266 (2019) 627–638. 

[298] V. Kryzhanivskyy, R.M. Saoubi, J.E. Ståhl, V. Bushlya, Tool–chip thermal 
conductance coefficient and heat flux in machining: theory, model and 
experiment, Int. J. Mach. Tool Manufact. (2019), 103468, https://doi.org/ 
10.1016/j.ijmachtools.2019.103468. 

[299] C.F. Yao, Q.C. Jin, X.C. Huang, D.X. Wu, J.X. Ren, D.H. Zhang, Research on 
surface integrity of grinding inconel718, Int. J. Adv. Manuf. Technol. 65 (2013) 
1019–1030, https://doi.org/10.1007/s00170-012-4236-7. 

[300] C.H. Che-Haron, A. Jawaid, The effect of machining on surface integrity of 
titanium alloy Ti-6% Al-4% v, J. Mater. Process. Technol. 166 (2005) 188–192, 
https://doi.org/10.1016/j.jmatprotec.2004.08.012. 

[301] M.H. Sadeghi, M.J. Haddad, T. Tawakoli, M. Emami, Minimal quantity 
lubrication-MQL in grinding of Ti–6Al–4V titanium alloy, Int. J. Adv. Manuf. 
Technol. 44 (2009) 487–500. 

[302] J.C. Outeiro, J.C. Pina, R. M’saoubi, F. Pusavec, I.S. Jawahir, Analysis of residual 
stresses induced by dry turning of difficult-to-machine materials, CIRP Ann. 
Technol. 57 (2008) 77–80. 

[303] J.C. Outeiro, A.C. Batista, M.J. Marques, Residual stresses induced by dry and 
cryogenic cooling during machining of AZ31B magnesium alloy, in: Adv. Mater. 
Res., Trans Tech Publ, 2014, pp. 658–663. 

[304] A.B. Sadat, Effect of high cutting speed on surface integrity of AISI 4340 steel 
during turning, Mater. Sci. Technol. 6 (1990) 371–375, https://doi.org/10.1179/ 
mst.1990.6.4.371. 
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