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Abstract
Improving the expected life of nickel-based single-crystal superalloy turbine components by surface
hardening treatments including laser shock peening (LSP) andmechanical shot peening (MSP) are of
particular interest formitigation of life limiting damage such as environmental assisted cracking in hot
section components of gas turbines. In the present study the effects of LSP andMSP on the surface
roughness,microhardness andwork hardening of a nickel-based single crystal superalloy CMSX-4®

have been assessed. Surface roughness wasmeasured using laser profilometry. The degree of work
hardeningwasmeasured using electron backscattered diffractionwith localmisorientation analysis.
The analysis showed evidence for awork hardening layer in theMSP sample to a depth of
approximately 70μm. Sets of slip bands extending far into the bulk of the samplewere observed in the
LSP-treated sample, without any evidence of awork hardening layer.Microhardnessmeasurements
used to gauge the depth of residual stress showed that LSP produced amuch deeper hardness profile
thanMSP, with compressive residual stress depths of 1000μmand 200μmin LSP andMSP
respectively. The retention of hardness after a heat treatment of 50 h at 700 °Cwasmore prominent in
the LSP sample than in theMSP sample. LSP andMSPhave therefore been shown to be at the opposite
ends of the spectrumof surface hardening treatments of CMSX-4, with LSP givingmilder hardening,
but to a greater depth.

1. Introduction

Nickel-based single-crystal superalloys are known for their high resistance to creep, thermal fatigue and
oxidation,making them idealmaterials for turbine blades in the hot section of gas turbine engines [1, 2]. As a
result of an industry drive for improved efficiency,modern gas turbine engines are increasingly spending longer
times at temperatures. The airframes have also predominantlymoved towards twin engine aircraft as a result of a
combination of drivers, simplicity of product portfolio, the increased reliability ofmodern engines and the
multi-mode operation thatmany airline operators increasingly desire.When combined, these factors increase
the susceptibility to environmentally assisted attack, which can result in customer disruption.Whilst historically
it has been known that sulphidation a relatively recent discovery has observed environmental attack at
temperatures below the traditional sulphidation limit of 600 °C [2–4].

Surface hardening treatments such as laser shock peening (LSP) have been successfully employed elsewhere
in the aerospace, defence,marine, power generation and automotive sectors tomitigate fatigue cracking and
stress corrosion cracking (SCC) damage [5–7]. LSP is considered to be amore controllable andflexible,
providing a deeper compressive residual stress (CRS) and a cleaner alternative tomechanical shot peening (MSP)
[8]. By comparison,MSP has been themost widely used surface hardening technique historically due to low cost,
ease of implementation and inexpensivemaintenance [9]. InMSP, small spherical hard shots are fired at high
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velocity on the sample surface to introduce plastic deformation and compressive residual stresses, thereby
improving the fatigue resistance ofmaterials [10, 11]. Both surface hardening techniques have been applied to a
wide range of alloys and ceramics [12]. However, in comparisonwith othermaterials, the surface hardening of
Ni-based single-crystal superalloys has received relatively little attention, both in LSP [13–21] and inMSP
[22, 23]. Further understanding of their effect on the surface properties, coldwork and performance of these
superalloys is still required.

Surface CRSs are known to relax at high temperatures [24–26], while work hardening has been shown to be
retained at high temperatures [27, 28]. Another factor impacting fatigue cracking and environmentally assisted
damage is the surface roughness, as irregular features as peaks and valleys on the sample surface tend to trap
corrosive agents andmay act as crack nucleation sites [29–31]. The effect of a surface hardening treatment on the
sample surface roughnessmust therefore also be consideredwhen evaluating the effectiveness of a given
treatment.

In-depth hardness profiles obtained frommicrohardnessmeasurements can be used to estimate the depth of
CRS andwork hardening in a sample. Surface residual stresses generated in polycrystalline samples by surface
hardening techniques are traditionallymeasured either by x-ray diffraction (XRD), using the sin2ψmethod
[32, 33], or by centre hole drilling [34]. The latter involves themeasurement of the locally relieved strain by
placing a strain gauge rosette around a hole drilled in the sample surface, and taking its readings as the drilled-
out depth is increased incrementally [35]. However, both the XRD sin2ψmethod and centre hole drilling
analysis usually rely on the assumption that the sample’s elastic properties are isotropic. This assumption is
justified for polycrystallinematerials, butmanifestly not for a nickel-based single-crystal superalloy, the stiffness
of which varies substantially with crystallographic orientation [36]. TheOrtnermethod [37, 38], anXRD-based
alternative formeasuring CRS in single crystalmaterials, is complex and extremely time-consuming. It has been
shown thatmicrohardness profiles correlate well with the depth of compressive residual stress in previous
studies on as-treated shot peened alloys [39, 40], and can also be used to indicate the depth of thework hardened
layer. Therefore,microhardness profiles can provide guidance to the depth of CRS andwork hardening during
the assessment of surface hardened single-crystal superalloys.

In the present study, the effects of LSP andMSPon the surface and sub-surface properties of aNi-based
single crystal superalloy CMSX-4® are investigated. The surface roughness,microhardness profile, the structure
and depth of thework hardened layer were characterised in samples treated either by LSP orMSP. The key
differences between the as-treated states induced by both surface hardening treatments are identified and
discussed.

2. Experimental details

2.1. Sample preparation
Thematerial investigated in this paper is a widespread nickel-based single crystal superalloy, CMSX-4. The
chemical composition of the alloy is shown in table 1.

Themicrostructure of CMSX-4 consists of aminority disordered gamma (γ)matrix phase, with dispersed
cuboid gammaprime (γ′) precipitates constitutingmost of the volume. Cylindrical bars of as-cast CMSX-4were
cut bywire-electrical dischargemachining to produce samples of 58mm long, 6mmwide and 4mm thick, with
〈001〉 crystallographic orientations lying along the length of each sample. The secondary crystallographic
orientations normal to the surface hardened faces were uncontrolled. Subsequent analysis showed thatMSP and
LSP samples, investigated using electronmicroscopy, had secondary orientations approximately parallel to
〈100〉 and 〈310〉, respectively. Such variations in secondary orientation have previously been shown to have only
aminor effect on the coldworking of CMSX-4 [34].

A total of 5 samples were produced for this study. Thermal stress relievingwas performed on all samples after
machining at 900 °C for 2 h in vacuum, followingwhich samples were cleaned in an ultrasonic bathwith
isopropyl alcohol for 10 min. Two sets of two samples eachwere then treated either by LSP orMSPunder
identical conditions, specified in sections 2.2.1 and 2.2.2, respectively. One samplewas left bare, without any
surface hardening, for control purposes. A LSP and aMSP samplewere further subjected to a heat treatment of
50 h at 700 °C to assess the effect of thermal exposure on themicrohardness profiles of the samples.

Table 1.Chemical composition of CMSX-4®.

Composition Cr Co Mo Al Ti Ta W Hf Re Ni

Weight% 6.5 9.0 0.6 5.6 1.0 6.5 6.0 0.1 3.0 Bal.
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2.2. Surface hardening treatments
2.2.1. Laser shock peening
LSPwithout an ablative coating as represented infigure 1was performed on two of the samples. LSP involves
pulsing the surface of theworkpiece with a high intensity laser beam,which generates an expanding high-
pressure plasmawith aid of a confinedwater layer. The impact of the plasma upon the surface of theworkpiece
creates shockwaves which travel through thematerial.When the amplitude of the shockwave is greater than the
Hugoniot elastic limit, the dynamic yield strength, thematerial is plastically deformed [41]. Themagnitude of
this plastic deformation decreases with distance from the peened surface, as the amplitude of shockwave also
decreases. Deformation ceases when the amplitude of the shockwave falls below theHugoniot elastic limit [42].

In this study, LSPwas performed at CranfieldUniversity using a bespokeNd:Glass 535 nm laserwith a
power density of 7GWcm−2, a circle spot size of 600μm, and a pulse duration of 10 ns. Two scans per sample
were performed, with travelling speed of 70mm s−1 and overlap of 85%. The LSP parameters were chosen based
on prior work, which established this set of values as resulting in an optimal sample state [43].

2.2.2.Mechanical shot peening
MSPwas performed byMetal Improvement CompanyCurtis-Wright Surface TechnologiesUK. Two samples
were peenedwith 4–6A intensity, cast steel 230H (Hsignifying hard cast steel shot) and 200%coverage. Peening
intensity is an indirectmeasure of the process power, and is dependent on the nozzle pressure, nozzle angle, shot
velocity, and shotmaterial and size. Shot type specifies the size of the peeningmedia used, in thousandths of
inch, and itsmaterial. Coverage is the percentage of the surface to have been impacted, with coverages above
100% signifying a proportionately longer peening time. TheMSPparameters chosen in this study are
representative of those used in industrial applications and have been shown to give a good combination of
properties in polycrystalline samples [28].

Prior toMSP and LSP treatment, the surface of the samples was polished, removing approximately 10μmof
thematerial surface to get rid of anywhite layers induced bymachining.

2.3. Characterisation
2.3.1. Surface roughness
Characterisation of surface roughness in the LSP andMSP samples was performed using aTalysurf 120L surface
scanning profilometer. Three individual line scanswere performed on each sample with a 0.88mmscan path to
ensure accuracy of the roughness values obtained. The parameters Ra, Rq andRzwere used to quantify surface
roughness. Ra is the average deviation of the surface profile from itsmean line. It is themost widely considered
surface parameter and is defined in equation (1-1) [44].

R L y x dx 1 1a
1

0

L
( ) ( - )ò= -

where x is the distance along the surface, y(x)defines the height of the surface profile relative to themean line,
and L is the sampling length.

Rq or the rootmean square (RMS) roughness is equal to one standard deviation of the profile about themean
line. Rq is defined in equation (1-2) [44].

R L y x dx 1 2q
1

0

L
2

0.5

( ( ) ) ( - )ò= -

Rz is themaximumpeak to valley height of the profile within the sampling height.

Figure 1. Schematic representation of (a)MSP and (b) LSP surface treatment. Courtesy of curtiss-wright surface technologies
(copyright).

3

Mater. Res. Express 11 (2024) 076527 AHHakeem et al



2.3.2. Electronmicroscopy
Imaging and analysis of samplemicrostructures was undertaken using an electron backscatter channelling
contrast images (EBSCCI)were recorded using a Zeiss Gemini field emission gun (FEG) scanning electron
microscope (SEM) SEM450. SEM imageswere recorded using a range of beam energies: 5 kV to 20 kV
acceleration voltage, beam currents between 1 and 10nA and afixed position backscattered electron (BSE)
detector. Conditions were optimised for channelling contrast, where BSE yields, hence signal intensity and
contrast is extremely sensitive to crystal orientation. This effect is known as orientation contrast, channelling
contrast, or crystallographic contrast [44] and in extreme circumstances, the technique is sufficiently sensitive to
enable imaging of individual dislocations and crystal defects, including stacking faults, slip bands and
mechanically induced nano-twinning [45].

Electron backscattered diffraction (EBSD)was used to probe the structure of coldwork through the sample
depth away from theworked surface. EBSDdata, giving the crystallographic orientation of thematerial in each
scan pixel, was recordedwith the sample tilted 70°using anOxford Instruments Symmetry detector andAztec
acquisition software, with a scan step size of 0.5μm. EBSDdatawasfiltered, deleting any pixels with fewer than
three indexed nearest neighbours, in order to remove noise from the sample surfaces. Following the acquisition
of EBSDdata, localmisorientation (LM) analysis was performed to obtainmaps of coldworkwithin the sample.
LManalysis takes advantage of the fact that in a coldworked layer, some of the generated dislocations form into
networkswith non-zero net Burgers vectors (geometrically necessary dislocations), thereby creating small local
differences in thematerial crystallographic orientation [45, 46]. The amount of localmisorientation can be
quantified by calculating the kernel average neighbourmisorientation (KANM) parameter for each pixel in an
EBSDdataset. KANMtakes the value of the average difference in crystallographic orientation between the given
pixel and its neighbours within an n×n grid (the kernel) around it [47]. Greater dislocation density results in
larger values of KANM,which allowsKANM to be used as ameasure of local coldwork.

Using a self-written Python-based script, KANMvalues were calculated for each pixel in the EBSDdatasets,
using a 3×3 kernel and a 2° exclusion angle,meaning anymisorientations greater than 2°were excluded to avoid
potential effects of defects or recrystallisation [47]. KANMvalues were then plotted as colourmaps to showcase
the distribution of work hardening in the treated surface cross-sections. The averages and standard deviations of
KANMvalues in each scan linewere plotted against depth from the surface to obtain profiles of coldwork in
each sample. The depth of coldworkwas calculated as the depth at which the average KANMvalue in a given
profile fell below a baseline, defined as the 100 smallest (average+ one standard deviation)KANMvalues in
a scan.

Further, electron transparent TEM samples were prepared in a FEIHelios 600iNanoLabGa focussed ion
beam (FIB) dual beam instrument. Site specific specimenswere sectioned from regions ofmaterial
approximately 35μmbeneath the peened surface of both theMSP and LSP samples. Lamellae were produced by
the lift outmethod [48, 49], and each received a low energy, 5 kVfinal surfacefinish, tominimise the effects of
Ga ion beam induced damage. Bright field, scanning transmission electronmicroscope (BF-STEM) images were
recorded using a probe aberration corrected JEOL 2100FCs S/TEMmicroscope, operating at 200 kV. Contrast
in BF-STEM images results predominantly frommass thickness and diffraction contrast. Hence, in single crystal
CMSX-4 alloy, contrast arises primarily from the difference in density between γ and γʹ phases, and from
diffraction contrast caused by dislocations and stacking faults.

2.3.3.Microhardness
AZwick/Roell Indentecwas employed tomeasure sample Vickersmicrohardness profiles in depth,
perpendicular to 〈001〉. For each sample, five rows of 15 indents eachweremadewith an applied load of 500 g
and 15 s dwell time, starting from the surface to a depth of 2000μm.Themean and standard deviation of
microhardness for each depthwas calculated to obtain the hardness value and ameasure of error for that depth.
The indents were spaced according to the ASTM standard for Vickersmicrohardness tests.

3. Results and discussion

3.1. Surface roughness
The values of the surface roughness parameters—Ra, Rq, Rz—for the bare, LSP andMSP samples are shown in
table 2. As expected, the bare specimen showed the smoothest surface, with an average roughness (Ra) of 0.011
μm, rootmean square value (Rq) of 0.021μmand amaximum roughness depth (Rz) of 0.088μm.As shown
below, these values are considerably lower than the corresponding values for the treated samples.

An increased roughness was observed in the LSP sample, with Ra= 1.116μm,Rq= 1.683μmandRz

= 15.186μm.This is in accordancewith previous studies, which have reported an increase in the surface
roughness after LSP [37, 44]and is due to the high energy plasma being generated during LSP, which alters the
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surface, creating amuch rougher surface compared to bare CMSX-4. TheMSP sample is seen to have amuch
smoother surface, with lower values of Ra, Rq andRzwhen compared to the LSP sample, as was expected from
the pre-testing polishing performed.

3.2.Work hardening
Secondary electron images of the LSP andMSP samples, shown infigure 2, offer a ready comparison between the
two treated samples. Themicrostructure of single crystal CMSX-4 alloy, sectioned close to a 〈001〉
crystallographic orientation, consists of a cube shaped γʹ precipitate distribution in a γmatrix network.
However, there are also inhomogeneities, including solidification shrinkage pores and areas of eutectic phase. In
general, shrinkage pores are near spherical in shape and this was observed inmaterial unaffected byMSP and
LSP processing. However, orientation contrast images showing near surface areas of laser shock peened alloy, to
depths greater than 750μm, revealed image contrast surrounding voids, that indicate a significant amount of
plastic deformation (figure 2(a)). Similar distortionwas also observed inMSPmaterial, but to a depth not greater
than 100μm (figure 2(b)); in contrast, these features were not observed in areas ofmaterial unaffected by
peening. Furthermore, numerous series of parallel features, running approximately 45° to the sample surface
normal andmore pronounced in eutectic regions, were observed in the LSP sample (figure 2(a) inset). The trace
of {111} slip band faults lie in the 〈011〉 crystallographic directions, hence it is argued that these features are in
fact observed due orientation contrast resulting from the presence of slip bands. Slip bandswere also evidenced
in orientation contrast images ofMSPmaterial, again, only to depths less than 100μm.No evidencewas
recorded of either slip bands, or plastic deformation surrounding solidification pores, inmaterial unaffected by
peening processes, hence it is reasoned that these features were not an artifact of sample preparation.

Bright field STEM images revealed a typicalmicrostructure, comprised of comparatively dense, hence dark,
γ channels surrounding brighter cube shaped γʹ precipitates. On occasion, areas of γ, in the plane of the thin
lamellae were captured. These relatively dark expanses of images can be seen toward the top right corner of
figure 3(a), and the lower left corner offigure 3(b).

LSP processedCMSX-4 alloy is shown infigure 3(a). Short dislocation lines can be seen in both γ and γʹ
phases, although the dislocation density appears greater in the γ channels.Many of the deformation features,
residing in the γʹ precipitates were {111} stacking faults lying approximately parallel to 〈011〉 crystallographic
slipping directions, whereas the direction of dislocations in the γphase was less ordered.

Figure 2.Electron channelling contrast orientation images showing (a), deformation in LSPmaterial surrounding voids and slip
bands in the eutectic phase, the direction indicated by arrow (inset) and (b), deformation inMSPmaterial, to a depth of approximately
100 μm.Bands of light and dark in the bulk of both samples show residual dendritic segregation from the casting process.

Table 2. Surface roughness for the bare, LSP
andMSP samples.

Parameter Bare LSP MSP

Ra (μm) 0.011 1.116 0.262

Rq (μm) 0.021 1.683 0.332

Rz (μm) 0.088 15.186 1.083
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Crystal deformationwas also observed in theMSP specimen (figure 3(b)). Stacking faults and dislocations
were observed, {111} stacking faults being ubiquitous throughout the γʹ precipitates; dislocationswere
concentrated in the γmatrix. In contrast to the LSP sample, deformation in the γʹ phase showed a preferred
single 〈011〉 orientation variant. This observation is consistent with SEMobservations, where slip bandswere
seen to adopt a preferred orientation, over large expanses ofmaterial.

In comparisonwith the global differences inmaterial orientation revealed by secondary electron imaging,
KANMmaps represent the localmaterialmisorientation, directly dependent on local dislocation density rather
than the relativemovement of different sections of the sample. KANMmaps and profiles of the bare, LSP and
MSP samples are shown infigure 4. Except at the sample surface, wheremisorientation is high due to the effects
of samplemachining, and in some isolated artefacts caused by scratching or porosity, the bare sample shows an
entirely uniformKANMmap, and aflat KANMprofilefigure 4(a), indicating that there are no areas of increased
dislocation density, as expected.

Similarly to the bare sample, the KANMmapof the LSP sample figure 4(b), shows a slight rise inKANMat
the surface, followed by a largely uniformmap, with no evidence of significant bulk coldwork. Previous studies
on LSP of polycrystalline samples have observed generally low levels of coldwork, with concentrations of

Figure 3.BF-STEM images showing dislocation and slip band distributions in γ and γʹ regions of (a), LSP and (b),MSP processed
CMSX-4 alloy.

Figure 4.Maps of KANMvalues and corresponding depth profiles of the (a) bare, (b) LSP and (c) SP samples. The red horizontal lines
in the profiles indicate the baseline value for eachmap. Black dashed vertical lines indicate the position of the profile ‘depth’. Bright
straight lines, particularly in (a) and (c) are scratches.
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dislocation density near grain boundaries [49, 50]. The complete absence of significant levels of bulk coldwork
in single crystal samples is very interesting. The surface increase in LM is attributable to eithermachining
damage, or a small layer of nanorecrystallisation, seen in literature to occur at LSP surfaces [51].

On the other hand, theMSP sample possesses a clear surface layer of bulk increased dislocation density, seen
as a region of highKANMvalues infigure 4(c), coinciding with the layer of contrast seen infigure 4(b). KANM
values are greatest at the surface of the sample, with line averages of 1.0°, decreasingmonotonously to aflat
baseline of 0.2°. The depth of coldwork for theMSP sample ismeasured as 71μm, andwhen the 10μmof depth
lost to polishing is added to this value, it is consistent with previous work on the dependence ofMSP coldwork
depth on shot peening intensity [22].

Once again, a bulk layer of substantial coldwork is observed in theMSP sample, but not in the LSP sample,
which appears very similar to the bare sample. The absence of bulk coldwork is particularly interesting in light of
the significant increase in thematerialmicrohardness following LSP, particularly within 300μmof the sample
surface (see section 3.3)—precisely the regionwhere no bulk coldwork is observed. This reinforces the notion
that the increase inmicrohardness can be correlated with the inducedCRS.

However, a number of distinctive parallel line features are observed in the LSP sample. These can be seen in
figure , as well as throughoutfigure 4(b). The lines, although faint, are frequent and recur at a constant angle of
approximately 36° to the horizontal. This angle is consistent with the traces of the {111} slip planes inCMSX-4
possessing the greatest resolved shear stress for the given sample crystallographic orientation (figure 5, bottom),
assuming a uniaxial normal stress perpendicular to the sample surface. The line features are thereforemost likely
to be slip bands. The presence and frequency of these slip bands shows that local plastic deformation, as opposed

Figure 5.KANMmapof the LSP sample up to 600μmdepth from the surface, with inverse pole figures showing the average
crystallographic orientation of thematerial relative to the sample X, Y andZ axes as defined in thefigure. X, Y andZ are approximately
parallel to [1 0 0], [21 8 1] and [18 7 1] respectively. A number of slip bands are observed in themiddle of themap, select ones indicated
by grey arrows. Slip bands all lie at approximately 36° to the horizontal, as shown by the red line in thefigure.
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to a bulk increase in dislocation density, is still occurring during LSP, and is likely themechanismbywhich the
compressive residual stress is generated.

3.3.Microhardness
The cross-sectionalmicrohardness of the LSP,MSP and bare CMSX-4was studied in order to analyse the
variation ofmicrohardness with depth from the sample surface. It was found that the averagemicrohardness
value of the bare sample is approximately 420HV, and this valuewas taken as the point of reference to compare
the improvement inmicrohardness of the peened samples.Microhardness profiles of theMSP and LSP samples
are given infigure 6.

As can be seen from figure 6,MSP produced a greater hardening at the sample surface than LSP, with
microhardness increased to amaximumof 656HV in theMSP sample, versus 549HV in LSP, in comparison
with an average value of 420HV for bare CMSX-4. It was also observed that the LSP sample shows amuchmore
gradual gradient ofmicrohardness compared to theMSP sample. The overall hardened depths are
approximately 1000 and 200μmfor the LSP andMSP samples respectively, suggesting amuch greater depth of
CRS in the LSP sample.

There is some evidence that the percentage increase inmicrohardness correlates with the percentage of
sample coldwork [52]. If thismeasure is used, then it can be seen from figure 6 that substantial coldwork (10%)
is present in the LSP sample up to about 500μm, but only up to around 130μm in theMSP sample.

To investigate the thermal stability of the increasedmicrohardness, an LSP and anMSP sample were heat
treated for 50 h at 700 °C.As shown infigure 7, following the thermal exposure, the LSP sample retains its
increased hardness to a greater depthwhen compared toMSP, even though both samples show substantial
decreases in hardness. TheMSP sample still displays the highest surface hardness, but this reduces drastically at
around 50μm, and almost reaches the reference value after 100μm.The decrease in hardness following heat

Figure 6.The variation ofmicrohardness with depth in theMSP and LSP samples. An average value for bare CMSX-4 is given as a
baseline. The vertical axis on the right shows the corresponding percentage increase in hardness above the bare CMSX-4 baseline.

Figure 7.The variation ofmicrohardness with depth in the LSP andMSP samples after thermal exposure of 700 °C for 50 h. Profiles
for un-heat-treatedMSP and LSP samples are plotted for comparison. An average value for bare CMSX-4 is given as a baseline.
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treatment is less pronounced in the LSP sample. Reduction of the peenedmaterial hardness can be explained by
dislocation rearrangement at the high temperature conditions, which results in CRS relaxation. Themuch
smaller coldwork generated by LSPwhen compared toMSP thereforemost likely lead to the smaller CRS
relaxation observed.

4. Conclusions

The fatigue life and resistance to SCCof surface hardened samples is dependent on the cumulative effect of
surface roughness, compressive residual stress and degree of coldwork. In this paper, a comprehensive
comparison of these parameters between samples of a nickel-based single crystal superalloy CMSX-4, subjected
to LSP orMSPunder optimal processing conditions, has beenmade. The following conclusions can be derived:

• The sample subjected to LSP showed a significant increase in roughness when compared to the as-cast bare
sample, in accordance with previous studies [53, 54]. The surface roughness of theMSP sample, greater than
that of the bare sample, showed a significant decrease compared to the LSP. This does not complywith
previous literature, which reports that samples subjected toMSPhave amuch rougher surface compared to
LSP samples [54]. This anomaly can be explained by the fact that before being provided for this study, theMSP
samples were polished, creating amuch smoother surface.

• The results reported also show that themicrohardness of surface hardened samples (both LSP andMSP)
increased considerably compared to bare CMSX-4. TheMSP sample had the highest value of hardness on the
surface, which decreased rapidly down to 200μm. Samples subjected to LSP showed greater retention in
depth of the hardened layer up to 1000μm. Following a thermal exposure of 700 °C for 50 h, bothMSP and
LSP showed a decrease in hardness values. Hardness loss was less pronounced in LSP than inMSP, likely as a
result ofmuch less coldwork induced in the LSP sample.

• A significant difference between LSP andMSPwas seen in the results of the electronmicroscopy. Little or no
coldworkwas detected in the surface of the LSP sample, in constrast with theMSP sample, which possessed a
clear surface layer of increasedmaterialmisorientation to a depth of 71μm. Interestingly, this shows that the
increase inmicrohardness observed in the LSP samplemust be attributable to the compressive residual stress
within the sample surface.

• Slip band traces were seen throughout the depth of the LSP sample, indicating that the sample had undergone
some localised plastic deformation, which is required in order for residual stresses to be present.

This study has established clear differences between the as-processed states of single crystal superalloy samples
subjected to LSP andMSP, and has demonstrated the efficacy of the EBSDKANManalysismethodwhen
comparing these two techniques on a single crystal sample. Subsequent investigations of the corrosion fatigue
behaviour of thismaterial will aim to establish how the observed properties—the differences in surface
roughness, depth and thermal stability of the residual stresses, and the degree of coldworking—influence the
material fagitue life.
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