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Abstract
This study investigated the stress relaxation and fatigue life and strength of laser-peened single-crystal nickel superalloy 
specimens compared to unpeened and shot-peened specimens following hot corrosion exposure and then fatigue testing. The 
specimens were treated by conventional laser peening and a new cyclic laser peening plus thermal microstructure engineering 
process. The latter treatment supports the benefit of a unique process involving application of layers of laser peening using 
high energy with large footprint spots combined with interspersed cyclic annealing. Stress measurements by slitting showed 
the plastic penetration depth of laser peening exceeded shot peening by a factor of 24. Unpeened and peened specimens 
were exposed to sulphate corrosives at 700 °C for 300 h and then fatigue tested. Tests of five non-laser-peened specimens all 
failed in low-cycle fatigue regime, whereas three identically tested laser-peened specimens all achieved multi-million-cycle 
runout without failure, indicating fully consistent large benefit for life by laser peening. Additional tests also showed fatigue 
strength improvement of 2:1 by laser peening. Residual stress measurements post hot-corrosion exposure and fatigue testing 
showed notable 5 mm depth retention of residual eigenstress in a laser-peened specimen.

Keywords  Laser peening · Fatigue strength · Stress relaxation · Corrosion · Ni-based superalloy

1  Introduction

Single crystal (SC) CMSX-4® nickel-based superalloy is 
extensively used in aircraft and power generation gas turbine 
applications for its high-temperature and creep resistance 
[1]. With increasing demand to maximise energy efficiency, 
operating temperatures need to be as high as possible, and 
consequently, next-generation gas turbines need nickel 

superalloy components with enhanced oxidation and stress 
corrosion cracking resistance to offer longer and more reli-
able service lifetime. This can be achieved using mechanical 
surface treatments such as shot peening (SP) and laser peen-
ing (LP). The latter surface treatment utilises laser energy 
which provides high irradiance and large multi-millimetre 
scale footprints on the target surfaces to impart sufficient 
pressure into the sub-surface layers to create local plastic 
deformation and the subsequent formation of deep compres-
sive residual stresses (CRS) and work-hardened sub-surface 
layers [2, 3]. It is established that both deeply penetrating 
CRS and a strong work-hardened surface layer retard crack 
initiation and growth, enabling fatigue life extension of 
metallic components and structures [4].

In recent years, high-energy LP has received much inter-
est as a method for the surface engineering of nickel-based 
superalloys due to its deep level of induced compressive 
stresses, flexibility, high productivity, and environmen-
tally friendly operation. The compressive residual stresses 
from LP significantly enhance the strength of the material 
against surface-initiated failures. There have been a number 
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of studies investigating the effects of LP on SC Ni-based 
superalloy stresses and microstructures [5–11]. LP has been 
shown to produce a large number of dislocation structures 
without compromising the integrity of the strengthening 
mechanisms of the superalloy mainly attributed to γ and γ′ 
phases. Moreover, a high-density of dislocations caused by 
the LP-induced plastic deformation increased the microhard-
ness of the surface and subsurface regions of the SC Ni-
based superalloys that were studied. However, when exposed 
to higher temperatures (> 400 °C), these treated superalloys 
undergo a stress relaxation stage, potentially compromising 
their fatigue resistance.

A limited number of studies have investigated the effects 
of LP on SC Ni-based superalloys in fatigue loading condi-
tions and hot corrosive environments [12–15]. The failure 
of the structure due to hot corrosion and fatigue is caused by 
elevated temperatures, cyclic mechanical loading, combus-
tion gases, and airborne contaminants [16, 17]. Therefore, 
thermal microstructural stability and surface enhancement 
are critical to Ni-based superalloys in order to improve their 
resistance to surface cracking mechanisms such as thermal 
fatigue and stress corrosion cracking damages in extreme 
environments. Geng et al. [12] studied the hot corrosion 
behaviour of a Ni-based SC superalloy treated by laser 
peening against 75 wt.% Na2SO4 + 25 wt.% NaCl molten 
salts at 750°. It was shown that the LP process improved 
the hot corrosion resistance of the SC superalloy. This was 
attributed to the LP-induced high-density dislocations in 
the γ phase that encouraged and facilitated the outward dif-
fusion of Cr. This led to the formation of a Cr-rich oxide 
film. Simultaneously, a lower density of dislocations in 
the strengthening γ′ phase further assisted with the out-
ward diffusion of Al to form a ceramic, Al2O3, layer. It was 
shown that the resultant oxide films that act as a “shield” 
prevented the inward diffusion of corrosive elements such 
as S and improved the corrosion behaviour. Tang et al. [13] 
implemented a modified LP process to evaluate its effect 
on the hot corrosion behaviour of SC Ni-based superalloy. 
Results showed enhanced hot corrosion resistance of the 
treated specimens, and this was attributed to stable disloca-
tion structures; however, the exact mechanism was not clear 
and needed further research.

Also, fatigue behaviour of laser-peened SC Ni-based 
superalloys was investigated by Tang et al. [8] and Lu et al. 
[7]. It was found that the formation of dislocation networks 
and superlattice intrinsic stacking fault (SISF) in the γ and γ′ 
phases by LP treatments hindered the crack growth and ben-
efited fatigue life of superalloy specimens tested. These stud-
ies [5–8] suggest that LP treatments can be used to enhance 
surface and sub-surface properties of SC Ni-based superal-
loys not only by inducing compressive residual stresses and 
work hardening but also through generating highly stable 
dislocation structure and their interactions with precipitates. 

The latter facilitates the reduction of stress relaxation under 
cyclic and thermal-loading conditions [18].

The majority of the aforementioned studies were con-
ducted using laser energies in the sub-joule range, meaning 
that a small spot size had to be used to achieve the desired 
irradiance. Small spot sizes reduce the depth of plastic pen-
etration of the pressure wave by approximately the beam 
diameter (diagonal for a square beam) and that directly 
impacts the effectiveness of the peening process against sur-
face-initiated failures. In spite of these studies, high-energy 
LP of SC Ni-based superalloys has not been fully validated 
for industry use due to a limited understanding of stress 
relaxation and fatigue behaviour under high-temperature 
corrosive environments.

In this study we focus on improving fatigue strength and 
high-temperature corrosion resistance of CMSX-4® superal-
loy through laser peening plus thermal microstructure engi-
neering (LP + TME), that has not been investigated before 
[19]. This treatment supports the benefit of a unique process 
involving application of layers of laser peening using high 
energy with large footprint spots combined with interspersed 
cyclic annealing. LP + TME has shown to provide higher 
CRS than LP, and the relaxation of stresses at elevated tem-
perature is significantly mitigated [20–22], benefiting fatigue 
life extension of the alloy. This thermal stability is attributed 
to the interaction of strengthening precipitates with the dis-
location structures generated by LP + TME. These precipi-
tates act as pinning points on the dislocations and restrict 
their movement [23]. Therefore, high-energy LP + TME of 
single-crystal CMSX-4® superalloy is a promising surface 
engineering technique for extreme environment such the one 
in turbine blade root applications.

2 � Experimental setup

2.1 � Material and specimens

In the present study, the target material is a second-gen-
eration heat-treated single-crystal nickel-based CMSX-4® 
superalloy. The material was provided by a UK aerospace 
manufacturer and supplied in cylinders of 130 mm length, 
23 mm diameter with [001] crystallographic orientation 
lying along the length of the bar. The material chemical 
composition is in weight %: Cr 6.5, Co 9.0, Mo 0.6, Al 5.6, 
Ti 1.0, Ta 6.5, W 6.0, Hf 0.1, Re 3.0, and Ni balance [24].

The heat-treated CMSX-4 bars were cut by wire electri-
cal discharge machining (wire-EDM) and post-processed to 
remove machining remnants to produce two sets of speci-
mens: first, a set of disc specimens for initial screening 
trials to down-select optimal laser peening conditions for 
corrosion and fatigue strength testing. Disc specimens were 
used for microstructural characterisation and residual stress 
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measurements both before and after thermal exposure. Sec-
ondly, a set of semi-circular notch specimens were machined 
to assess fatigue strength of laser-peened and unpeened 
CMSX-4 superalloy, as well as shot peened for comparison 
purpose. Eleven disc specimens were produced with three 
different laser-peening conditions and each disc has 23 mm 
diameter and 10 mm thickness, as shown in Fig. 1. For each 
LP condition, a set of 3 specimens were peened under the 
same conditions to validate findings.

For fatigue testing, four available CMSX-4® single-
crystal cylinder rods were machined into eight semi-cir-
cular 4-point bend test specimens by first cutting off each 
end, making squared up cylinders of 120 mm length. The 
cylinders were then cut in half lengthwise by wire-EDM, 
creating semi-circular sections and finally each was speci-
men precisely machined to 11.0 ± 0.5 mm thickness. Prior to 
peening, a notch of 1 mm width and 0.5 mm depth was wire-
EDM cut at mid-point into the top arc of each specimen. 
This notch created a consistent failure point and simulated 
a local stress riser in an operational turbine component as 
would be expected, for example, at a blade root section by 
a corrosion pit or stress corrosion-assisted micro-cracking. 
A Kt factor of 5.3 was calculated for this notch geometry 
by means of finite element analysis [25] and verified under 
elastic-only load with strain gauges applied to a test speci-
men. Moreover, the fatigue specimen geometry has been 
validated by industrial partners, and the processing param-
eters and resting conditions are described in Sect. 2.5. The 
peening on the disc specimens covered the entire surface 
area, while on the fatigue test specimens, the peening cover-
age extended to the circular surface area including the full 
gauge length (see Fig. 2).

2.2 � Laser peening

The laser peening of all samples was performed at the Metal 
Improvement Company Curtis-Wright Surface Technolo-
gies facility (in Livermore, USA) using a 20 J/pulse Nd-
glass laser employing a Q-switched Nd:YLF master oscil-
lator and phase-conjugated power amplifier operating at 
1053 µm wavelength. Prior to laser peening, the surface of 

Fig. 1   Disc specimens of CMSX-4® superalloy for initial laser 
peening treatment (a) and schematic of disc sample illustrating 
dimensions and crystallographic orientations (b). The primary and 
secondary crystallography orientations were determined by the back-
reflection Laue method

Fig. 2   Schematic of semi-circu-
lar notch bending fatigue speci-
men. Dimensions not to scale
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each sample was ground using SiC papers about 0.2 mm to 
remove remnants of wire-EDM recast on both surfaces and 
followed by an ultrasonic cleaning process. The selected LP 
parameters are shown in Table 1. Laser irradiances ranging 
from 4 to 10 GW/cm2 were used in the initial laser peening 
and stress evaluations, and then an irradiance of 7 GW/cm2 
was chosen for treatment of fatigue test specimens with the 
purpose of maximising compressive residual stress. The irra-
diance range used was based on matching the reported yield 
stress [24] to the calculated pressure generated by the laser 
peening of materials previously peened and evaluated [21], 
but importantly matched to the stiffness (moment of inertia) 
of the test specimen so as to maximise depth and intensity 
of residual stress by limiting specimen strain.

Laser-peening parameters used for actual components 
would depend on component geometry, specifically stiff-
ness, as it relates to component ability to retain stress. Laser 
spots were square and overlapped in both dimensions by 
3%, equating to 100 microns, with the overlap calibrated 
across the pattern width. Deionised water of 15 MΩ mini-
mum resistance and about 1 mm thickness was flowed over 
each spot area with the tamping fluid flow rate sufficient 
to re-establish laminar flow for each individual laser pulse. 
Three or four layers of coverage were applied to each laser-
peened area with no ablative layer used over the metal in the 
process. A schematic of the laser peening process is illus-
trated in Fig. 3.

A shorthand notation of LP processing of samples used 
in this study, for example, LP or LP + TME X–Y-Z, has been 
defined for the laser-peening treatments. The first number 
represents the irradiance (GW/cm2), the second number the 
pulse duration (ns), and the third, the number of laser beam 
coverage layers. The designation TME (thermal microstruc-
tural engineering) is given to a newly developed process by 
Curtiss-Wright in which cyclically a layer of laser peening 
was applied, the specimen annealed, and then subsequent 
peening and annealing performed with this process ending 
with a final peening. Finally, the recast layer of about 5 µm 
thickness generated by peening without an ablative layer is 
removed by fine polishing.

2.3 � Surface topology

The surface topography of the LP samples was characterised 
by an optical 3-D profiler (Talysurf 6000 CCI). Table 2 shows 

the parameters used for carrying out the surface roughness 
(Ra) characterisation. Three arbitrary points were considered 
on each disc specimen for accuracy, and the mean value was 
reported. Only three LP disc specimens, viz., LP 4–18-3, LP 
7–18-3, and LP 10–18-3, were subjected to roughness meas-
urements before and after 50 h of thermal exposure at 700 °C. 
Also, a bare untreated CMSX-4® sample was analysed for 
the comparison.

2.4 � Microscopy and microhardness

The cross-section microstructure of LP samples was character-
ised by scanning electron microscopy (SEM, using a Philips 
Scanning Electron Microscope XL30 S FEG and a Thermo 
Scientific Apreo FE-SEM), using secondary electron imaging 
(SEM SE). The cross-sectioned samples were prepared using 
standard metallographic procedures and then electro-chemi-
cally etched using 10% phosphoric acid, 90% deionised water 
with 2.4 mV applied for 20 s. Lamellas were extracted using a 
focussed ion beam (FIB, TESCAN LYRA FIB-FESEM) mill-
ing method at a distance of 150 µm from the treated surface. 
A transmission electron microscope (TEM, FEI Tecnai F-20) 
was used to generate the highest-resolution images.

To evaluate the magnitude of work hardening due to laser 
peening, preliminary microhardness profiles were measured 

Table 1   Laser peening process parameters

Wavelength 
(µm)

Irradiance 
(GW/cm2)

Pulse dura-
tion (ns)

Area of 
laser spot 
(mm2)

Overlapping 
rate (%)

1053 4, 7, and 10 18 12.7 3

Fig. 3   Illustration of a laser peening setup shows a laser beam inci-
dent on a component’s surface covered with deionised water. The 
laser light passes unabsorbed through the water, striking and heating 
a plasma. The laser irradiance is adjusted so that the plasma creates a 
pressure about 1 to 2 times greater than the dynamic yield strength of 
the material. The plasma pressure propagates into the material plas-
tically yielding and creating resultant stress and strain depending on 
the geometric resistance of the component [26]

Table 2   Talysurf 6000 CCI parameters

Focal point (mm) Magnification Aperture (μm2) Filter

3.4  × 50 360 Red
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on the face perpendicular to the LP surface which is roughly 
parallel to the [010] plane using a Clemex Vickers Micro-
hardness Tester (Clemex Technologies Inc., Canada) with an 
indentation load of 300 gf (~ 3 N) and holding time of 10 s. 
To minimise error, all tests were conducted in triplicates 
and their values were taken as the preliminary results. Fur-
ther experimental tests are ongoing on other laser-peening 
conditions.

2.5 � Residual stress measurements 

In this study the residual stress measurements were made 
using the crack compliance slitting technique introduced by 
[21, 25] and presented in eigenstresses. The “slitting” tech-
nique has been used to measure residual stresses of differ-
ent surface treated materials [27–30]. The slitting technique 
involves a global fitting to strain differences made at pro-
gressive cut depths as measured by a strain gauge positioned 
on the opposite side of the cut surface. A stress distribu-
tion is obtained by a polynomial best fit of the back-side 
measurements to the model and conversion via the material 
elastic modulus. In slitting, measurements of strain releases 
from the gauge on the back side of the sample are recorded 
as wire-EDM cuts; on the order of 100 µm steps are made 
in the depth of the sample. Strain release is measured as a 
function of depth [31]. A schematic diagram of the slitting 
technique procedure is shown in Fig. 4. The ability to meas-
ure stress through nearly the entire thickness of a sample is 
distinct feature of the slitting technique, especially for evalu-
ating deep penetration processes like laser peening.

Extrapolating the thickness of the block to near infin-
ity where the straining becomes infinitely small and stress 
release near zero, an estimate of the depth of plastic defor-
mation generated by the laser peening is obtained as function 
of cutting depth. This is called the eigenstress. Eigenstrain 
and eigenstress, generated by use of the material modulus of 
elasticity, represent the actual plastic response of the mate-
rial in a component to peening independent of its geometry 
[31]. Combining eigenstrain and the finite elements code, 
stress and strain generated in a material of arbitrary geom-
etry can be computed as function of depth.

A polynomial least squares method is used to find the best 
fit of the measured strain changes to the model prediction 

using different orders of polynomial fit. Polynomials of 
orders 3 to 6 are generally considered reasonable for simple 
geometries such as a rectangular block or a disc, as used in 
this work. It was assumed that the specimen was isotropic 
and responded in a linear elastic manner with Young's modu-
lus (E[001]) 128 GPa and Poisson's ratio (v[001]) 0.38, which 
are typical values for CMSX-4 superalloy [24].

2.6 � Fatigue testing

The fatigue testing was done on an Instron 1880 fatigue 
rig in 4-point bending configuration at R = 0.1 incorporat-
ing a wire-EDM notch of 500-micron depth which added a 
Kt factor of 5.3. The Kt factor was calculated using a finite 
element method (see Fig. 5). The notch gave a significant 
stress increase at specimen centre as would be the case for 
stress in a 3-point bending test. The chosen notch depth and 
thus Kt factor were guided by consideration of the geometry 
and subsequent in-service corrosion pits often generated in 
blade root (or platform) areas. The semi-circular specimens 
were utilised to maximise testing from a limited quantity 
of SC bars. The specific geometry, fabrication and peen-
ing coverage used on the specimens are shown in detail in 
Fig. 2. The stress calibration was performed in the same4-
point bending setup with specimens at a room temperature 
of 22 °C ± 5.0 °C. Sinusoidal cyclic loading was applied at 
8 Hz with R = 0.1.

Figure 6 shows the rig setup and the fatigue specimen 
loading configuration with the semi-circular side (tensile 
side under load) of the fatigue specimen oriented down-
ward. To calibrate loading and calculate and confirm the 
model prediction of stress in the specimen, (neglecting the 
Kt increased stress in the notch or subsequent yielding under 
load), a strain gauge was attached to the centre of the flat 
bottom side of a specimen and strain values measured as the 
specimen were statically loaded in 4-point bending on the 
90-kN load frame.

Prior to testing, six of the fatigue specimens were coated 
with one of two corrosive salts, sodium sulphate (Na2SO4), 

Fig. 4   Schematic laser peened with position of the crystallographic 
orientations in respect to cut/slitting direction

Fig. 5   Stress intensity factor modelling of slitted notch of semi-circu-
lar fatigue bending specimen by finite element analysis
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or potassium sulphate (K2SO4), and then thermally pre-
soaked in air at 700 °C for 300 h to mimic hot corrosion 
conditions. The salt deposition was applied on the arc sur-
face area of the specimen with a salt flux target of 0.6 mg/
cm2. Figure 6 shows the specimen design, the notch con-
figuration, and gives the loading used to model and convert 
the applied loads to stresses in the specimens. A thousand 
to several hundred-thousand cycles was chosen as the low-
cycle fatigue criterion and greater than one million cycles 
was set as the run-out condition. A failure criterion of 10% 
displacement compliance was used for the testing. Using the 
strain gauge for calibration, we report the actual stress loads 
applied to the specimens, not making elastic–plastic correc-
tions for the Kt factor or stress redistribution in the notch.

3 � Results and discussions

3.1 � Surface roughness

The average values of the surface roughness of all the 
specimens measured are shown in Table 3. The surface 
roughness of the LP specimens was measured inside the 
laser spot region. It was observed that the bare CMSX-4® 
specimen showed a much smoother surface as expected, 
whereas the LP specimens showed an increase in roughness 
relative to the increase in power density, under the range of 
values tested. This change in surface topography is attrib-
uted to the magnitude of plasma formed on the surface and 

overlap layers resulting from the repetition of high intensity 
LP treatment (from 4, 7, to 10 GW/cm2). This, in turn, cre-
ates deeper regions of plateaus and troughs on the surface 
of the material which make the surface rougher.

After thermal exposure at 700 °C for 50 h, the LP-treated 
specimens denoted as TE (thermally exposed) became 
much smoother, and the roughness slightly decreased (see 
Table 3). The high-temperature exposure leads to surface 
oxidation causing change in the surface roughness under 
conditions exposed and, hence, generating a homog-
enous surface layer. Although, surface roughness of the 
LP + TME specimen was not measured, the findings here 
show that interspersed annealing cycles at 700 °C would 
yield lower roughness than standard LP treatment.

The analysis of surface topography after the LP treatment 
is also crucial as it facilitates the selection of optimal pro-
cess variables as well as maintaining a good surface qual-
ity and hence material’s fatigue life. In general, when the 
specimen is LPed at lower power densities, the compres-
sive residual stresses generated are minimal and would not 
benefit the fatigue life of the peened material to a greater 
extent but provide a relatively smoother surface. On the other 
hand, at higher power densities, even though the roughness 
is increased substantially, the compressive residual stresses 
generated increase the material’s fatigue life greatly. There 
are a number of post-processing techniques such as polishing, 
grit blasting, etc., that can be used to reduce the roughness of 
the material after LP. The main challenge regarding surface 
roughness is to make sure that the material being peened 
has sufficient residual stresses, while also not generating an 
excessively rough surface. Still, it must be considered that LP 
treatment has a very little effect on the roughness of the mate-
rial when compared to other surface treatments such as SP.

3.2 � Microhardness

Microhardness data was collected from all samples at regu-
lar intervals of depth from the LP + TME 7–18-3 surface and 

Fig. 6   Schematic of fatigue specimen and four-point bend test configuration

Table 3   Laser-peened specimens surface roughness

Laser peening Before thermal exposure After thermal exposure

Baseline 15.7 ± 3 nm -
LP 4–18-3 91.1 ± 9 nm 84.4 ± 2.3 nm
LP 7–18-4 111.7 ± 9 nm 99.3 ± 4.7 nm
LP 10–18-5 134.3 ± 10 nm 100.0 ± 4.3 nm
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plotted in Fig. 7. Baseline hardness measurements were taken 
on the same plane to account for error associated with the 
anisotropic material properties inherent to CMSX-4. In the 
LP + TME 7–18-3 condition, a 16% gain in surface microhard-
ness (407 HV) over the baseline sample (352 HV) is observed. 
These results are expected as the 7 GW/cm2 power density 
generates a pressure pulse equivalent to ~ 2 times the Hugoniot 
elastic limit (HEL) of CMSX-4. HEL is a material property 
which describes the transition from purely elastic to an elas-
tic–plastic state under shock loading conditions, and peak val-
ues of plastic strain have been shown to occur between 2 and 
2.5 times the HEL [32]. Thus, 7 GW/cm2 generated maximum 
plastic strain at the surface and elastically deformed the sur-
rounding material, generating a state of compressive residual 
stress. These residual stresses (in confluence with work hard-
ening effects) led to a hardening of the treated surface up to 
a depth of ~ 3 mm (see Fig. 7). Following a 700 °C exposure 
for 300 h, the LP + TME 7–18-3–treated sample retained 
around 99% of its surface microhardness (402 HV) which is 
a testament to the stability of LP + TME-induced dislocation 
structures and their resistance to reorganisation. An additional 
point of note is that the microhardness measurements do not 
attenuate back to the baseline value and the maximum meas-
ured depth of 3 mm due to the residual stress which extend up 
to ~ 4 mm as will be discussed in Sect. 3.3.

To determine the correlation between mechanical proper-
ties and microstructure evolution, electron microscopy was 
conducted on all the specimens following thermal expo-
sure to investigate the mechanisms behind the observed 
enhanced microhardness. Results are presented in the fol-
lowing section.

3.3 � Microstructure

To better understand how LP + TME affects the microstruc-
ture of CMSX-4, SEM images were taken on a face perpen-
dicular to the treated surface (Fig. 8a–d). Figure 8a shows 
a representative image of the microstructure prior to any 
surface treatment. The cuboidal nature of the γ′ (dark grey) 
precipitates indicates a high degree of coherency with the 
surrounding γ matrix (light grey) in the as-cast condition. 
Following LP + TME at 7 GW/cm2, a distinct layer of reso-
lidified material formed due to the rapid heating and cooling 
of the surface (Fig. 8b, c). This layer does not provide any 
strengthening and is typically removed prior to use. In this 
work though, the resolidified layer has been left intact to 
provide an accurate depiction of the surface and subsurface 
microstructure following LP + TME. The image processing 
software ImageJ was used to measure the area fraction of γ′ 
precipitates, and there was found to be no change in the size, 
shape, and distribution of γ′ phases following LP + TME as 
well as after exposure to 700 °C for 300 h (Fig. 8d). Table 3 
shows small changes in area fraction are within the margin 
of error with this method ~ 8%. The results in Fig. 8 and 
Table 4 show that although the material has undergone 
intense plastic deformation from 3 layers of laser peening 
at ~ 2 times the Hugoniot elastic limit (HEL) of CMSX-4 
as well as annealing heat treatments at 700 °C for 8 h, the 
morphology of the γ/γ′ microstructure remains unchanged.

In the design of a post-processing technique which is 
meant to improve the structural characteristics of a mate-
rial, it is of great importance to not degrade any pre-existing 
strengthening mechanisms. CMSX-4 is largely strengthened 

Fig. 7   Microhardness distribu-
tion of the CMSX-4 laser-
peened samples before and after 
thermal exposure at 700 °C
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by the L12-ordered γ′ phases precipitated within the dis-
ordered γ matrix (Fig. 8a). Though the phases are coher-
ent, there is a degree of elastic misfit between them which 
creates stresses in the γ channels (compressive for nega-
tive misfit alloys such as CMSX-4) (Table 5). These misfit 
stresses also contribute to enhanced strength by inhibiting 
dislocation movement within the γ channels. Under intense 
thermo-mechanical loads, the γ′ precipitates begin to take on 
a more rounded shape, which indicates a loss of coherency 
with the matrix and an overall weakening of the material. 

Therefore, it is the goal of LP + TME, from a microstruc-
tural perspective, to create a thermally stable zone of plas-
tic deformation which prevents the relaxation of residual 
stresses without degrading the coherency hardening effects 
and other strengthening mechanisms intrinsic to CMSX-4.

Further microstructural analysis of LP + TME-treated sam-
ples before and after thermal exposure was conducted using 
TEM (Fig. 9). A lamella was extracted from a region 150 µm 
below the treated surface (lamellas taken any closer to the 
surface yielded difficult imaging conditions due to the inten-
sity of plastic deformation) using FIB and was subsequently 
attached to a copper grid and thinned to a width of ~ 100 nm. 

Fig. 8   SEM micrographs of the CMSX-4 microstructure a prior to treatment, b treated surface following LP + TME, c following 7–18-3 
LP + TME treatment, and d following 700 °C thermal exposure for 300 h

Table 4   CMSX-4 fatigue test specimen identification and treatments

No SN Surface treatment Salt deposition Pre-soak

1 RSC-1 Shot peening Na2SO4 300 h at 700 °C
2 RSC-2 CMSX-4 baseline None 300 h at 700 °C
3 RSC-3 LP 7–18-4 Na2SO4 300 h at 700 °C
4 RSC-4 LP + TME 7–18-4 Na2SO4 300 h at 700 °C
5 RSC-5 Bare K2SO4 300 h at 700 °C
6 RSC-6 LP + TME 7–18-4 K2SO4 300 h at 700 °C
7 RSC-7 Bare Na2SO4 300 h at 700 °C

Table 5   Area fraction of γ′ phases in LP + TME-treated CMSX-4® 
before and after thermal exposure

Distance from
LP surface

Baseline LP + TME 
7–18-3

LP + TME 
7–18-3 w
thermal 
exposure

50 µm 51% 55% 51%
 > 5 mm 51% 52% 53%
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Several dislocation configurations were observed following 
LP + TME such as γ/γ′ interfacial dislocations, curved dislo-
cations lines, and dislocation shearing of the γ′ phases which 
can be seen in Fig. 9a and 9b. A close-up view of a curved 
dislocation line is circled in Fig. 9b. The ordered nature of γ′ 
precipitates necessitates the creation of an antiphase boundary 
as well as the passing of an additional dislocation to restore 

the order, and thus, much more energy is needed for dislo-
cations to shear through the γ′ phase than the disordered γ 
phase. Consequently, during mechanical loading, dislocation 
pile up occurs at the phase boundaries until sufficient stress 
allows for the shearing mechanism to activate. These findings 
concur with a study conducted by [9] where the authors found 
precipitate shearing to be a dominant deformation mechanism 

Fig. 9   Bright field TEM images of a region 150  µm from the sam-
ple surface following LP + TME both a, b prior to and c, d following 
thermal exposure with a, c, d evidence of γ′ shearing, b SSFs marked 
by the yellow dashed circle, and b interfacial dislocations marked by 

red triangles. SAED pattern for the pre-thermally exposed condition 
is shown in (b) while the pattern for the thermally exposed condition 
is shown in (d). γ′ precipitates are outlined in (c) due to low contrast 
with the surrounding matrix
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in a single-crystal Ni-based superalloy treated with 3 layers of 
laser peening at 7 GW/cm2 along with glide and climb in the γ 
channels [9]. In addition, superlattice stacking fault (SSF) can 
be observed within the γ′ precipitate in Fig. 9b.

According to previous studies [33–35], SSFs originate 
from the disassociation of an a/2 < 101 > perfect dislocation 
in the following manner:

SSFs were not observed elsewhere within the region of 
interest used for the TEM study, and thus it cannot be said 
conclusively to what extent SSF shearing plays a role in plas-
tic deformation. It is clear though that precipitate shearing is 
a primary mechanism near the LP + TME-treated surface. As 
was seen in the SEM images from Fig. 8, the γ/γ′ microstruc-
ture following thermal exposure remained unchanged with 
the γ′, maintaining its coherency with the matrix (indicated 
by the sharp corners of the precipitates) as well as showing no 
obvious coarsening (Fig. 9c and 9d). Dislocations are again 
observed shearing through precipitates as well as congregat-
ing in the γ channels. Typically, interfacial dislocations aid in 
γ′ coarsening at high temperatures [36], but under the thermal 
loads conducted in this work, the precipitates remained stable. 
Of course, at higher temperatures, this behaviour may change 
and will be investigated further in future work.

3.4 � Residual stresses

Figures 10, 11, and 12 show plots of the residual eigen-
stresses in the laser-peened CMSX-4® coupons determined 

a∕2⟨101⟩ → a∕6⟨112⟩ + a∕6⟨121⟩ + SSFy

by the slitting method, before thermal exposure. Due to the 
single-crystal makeup of the test samples, if was not possi-
ble to use classical X-ray diffraction which more accurately 
measures near-surface stress. Because the slitting technique 
tends to report surface stresses greater than actual, it is 
expected that there is less near-surface stress than indicated 
by the figures and actually a hook-like shape to the eigen-
stress curves starting at about 500 mm depth and reducing 
the surface stress by about 200 MPa. The slitting technique 
is known to be accurate in measuring deeper stress, so there 
is confidence in measurements reported for the deeper 
depths out to and including 8 mm depth [26, 37, 38]. The 
large laser energy which enabled the large beam spot size 
used in this work is the primary reason for the deep levels 
of compressive plastic response and residual stress and thus 
favoured use of the deep measurement capability afforded by 
the crack compliance “slitting”. This approach is not needed 
for techniques such as shot peening and ultrasonic peening 
that generate relatively shallow plastic deformation. How-
ever, the deep plastic deformation generated by laser peening 
results in significant strain even in samples of 25 mm and 
50 mm thicknesses. So in order to more correctly report 
strain at depth and not a combination of stress and strain, we 
use the eigenstress correction. Referring to the figures, in a 
slitting measurement the deepest (right hand) portion of the 
measurement results from the spherical strain induced in the 
given sample. Since the stiffness of the sample increases as 
the cube of the thickness, calculating and subtracting out this 
strain results in a stress value, the eigenstress, independent 
of the thickness of the measurement sample.

Fig. 10   Effects of three different 
laser irradiances on the residual 
stress depth profile of CMSX-
4® laser-peened samples and 
SP sample. The insert plot adds 
the shot-peening result and 
shows a magnified view of the 
shallow shot-peening depth 
contrasting the deeper plastic 
penetration of the laser peening
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The profiles in Fig. 10 show that residual eigenstress in the 
[100] direction penetrates to 5 mm depth, meaning that fully 
half the thickness of the block has been plastically strained. 
As a result, the top layer of the block elongates, resulting in 
a combination of residual stress and bending of the block. In 
comparison, equivalent peening of a block of greater thickness 
would result in less bending strain scaling by the cube of the 
thickness difference. This reduced transition to strain would 
result in greater measured residual stress. The eigenstress 
extrapolates the specimen thickness to infinity and determines 
the stress that would have occurred in a specimen that did not 

strain. This laser-generated strain can then be applied analyti-
cally in a finite element program to a 3D model of the compo-
nent giving accurate prediction of resulting stress and strain 
generated in that particular geometry. High-energy laser peen-
ing, such as used in this work, employs laser energy output in 
the range of 20 J/pulse [39]. The high energy enables the use 
of a relatively large spot size (0.35 to 1 cm2) while keeping 
the irradiance at the required high-power density needed to 
create sufficient pressure to plastically yield the material to the 
deeper depth. This can be contrasted to low-energy laser peen-
ing of 1 J/pulse or less [40] and the correspondingly smaller 

Fig. 11   Effects of different laser 
passes on the residual stress 
(eigenstress) depth profile of 
CMSX-4 laser-peened samples

Fig. 12   Eigenstress depth 
profile of CMSX-4 laser-peened 
specimens before and after 
thermal exposure at 700 °C for 
300 h
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(0.05 cm2) footprint needed to keep the irradiance sufficiently 
high, in the 3 to 10 GW/cm2 range, so as to produce a plastic 
response. The large spot size of the current work enables the 
pressure wave to deeply penetrate as a planar wave before 
geometrically rarefying and dropping below the useful plastic 
response value. These large spot sizes enable deep levels of 
plastic deformation that can reach up to 12 mm or more [41]. 
Deep levels of plastic deformation generate deep compressive 
stresses critically important to enhancing fatigue strength and 
preventing corrosion-initiated cracking.

Figure 11 shows the effect of laser treatment layers on the 
residual eigenstress depth profile generated in the single-crys-
tal CMSX-4 prior to thermal soak and fatigue testing. The 
laser treatment employed 1, 3, 4 layers of peening with 100% 
coverage each layer. Additional treatment of 4 layers with 
annealing cycles at constant 7 GW/cm2 was examined. The 
depth of compressive residual eigenstresses at the surface 
increased in the range of − 564.82 ± 82 to – 1196 ± 16.6 MPa 
as the laser treatment layers progressively increased from 
1 laser pass (LP 7–18-1) to 4 laser passes with annealing 
cycles (LP + TME 7–18-4) conditions. This suggests that the 
depth of compressive residual stress increases with number 
of LP layers applied as expected, but also annealing cycles 
after each layer treated (up to 4 layers) increased the level 
of surface compressive residual stresses as well as provid-
ing good retention post-annealing cycles at 700 °C. Thus, it 
is important to highlight that it is possible to obtain higher 
compressive residual stresses beyond the surface as well as 
its retention through a combination of annealing cycles and 
higher number laser of passes. This approach has the addi-
tional advantage of obtaining higher dislocation networks.

The residual eigenstress profiles in Fig. 12 indicate that 
the stress relaxation following thermal exposure signifi-
cantly reduced residual eigenstress depth profile on both 
LP 7–18-4 and LP + TME 7–18-4 conditions after 300 h at 
700 °C from − 1039 to − 399 MPa and − 1196 to 711 MPa, 
respectively. Despite relaxation, the compressive eigenstress 
depths are similar to pre-thermal exposure, extending around 
5.0 mm beneath the laser-treated surface, and the LP + TME 
processing shows superior stress retention near the surface. 
This is somewhat to be expected as the relaxation is a dif-
fusion process propagating in from the surface. The time 
history of stress relaxation for times exceeding thousands of 
hours will be of importance for practical applications and a 
topic of further study.

The combined effects of thermal and cyclic loading can 
lead to complex stress relaxation [42–44]. Figure 13 shows 
the residual eigenstresses curves for both the SP (RSC-1) and 
an LP + TME (RSC-6) specimen after hot corrosion expo-
sure and then fatigue testing. Compared to Fig. 10 where the 
measurements were performed before thermal exposure and 
fatigue testing, the SP curves show little loss of compressive 
eigenstress but do show the shallow 0.6 mm depth of plas-
tic response. Comparing the LP + TME 7–18-4 eigenstress 
curve of Fig. 10 (before thermal exposure and fatigue test-
ing) to the curve of Fig. 13, the all-important 5 mm depth of 
compressive eigenstress has been retained. Of interest, the 
Fig. 12 eigenstress measurement of the LP + TME specimen 
(after thermal exposure but before fatigue testing) shows a 
reduction of surface stress, whereas Fig. 13 shows this surface 
eigenstress retained after fatigue testing. Since the measure-
ment of Fig. 10 was done by slitting and the geometry of the 

Fig. 13   Eigenstress in shot-
peened and laser-peened fatigue 
specimens after peening, hot 
corrosion exposure, and then 
fatigue tested. Computed 
eigenstresses show the plastic 
strain induced by shot peening 
penetrated to a depth of about 
0.6 mm, whereas the plastic 
strain of the laser peening pen-
etrated and remained to a depth 
of 5 mm
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specimens of Fig. 13 did not allow slitting and were thus done 
by hole drilling, there could be a technique error or the differ-
ence could or could be real and associated with strain hard-
ening resulting from the 12 million cycles of fatigue testing 
that RSC-6 endured and stress loads above yield stress levels. 
Figures 10 and 13 do agree on the 5 mm depth of the pen-
etration of the laser peening. Note that the eigenstress curve 
in a disc for the 7–18-3 process of Fig. 10 compares very 
closely to the eigenstress of RSC-6 of Fig. 13, a semi-circular 
fatigue specimen. This agreement is another confirmation of 
the geometry independence of the eigenstress method. These 
results suggest the importance of the deep level of eigenstress 
for good fatigue life and strength. The fatigue improvement 
observed in this work correlates directly with the depth of the 
eigenstress as the eigenstress in the SP specimen penetrated 
to only 0.6 mm, whereas in the laser-peened specimen it pen-
etrated to 5 mm a difference greater than 8.

It should be also noted that the residual stresses generated 
by laser peening in the measurement samples were near the 
yield stress of the CMSX-4 material (940–1150 MPa), and 
thus elastic–plastic response can generate stress measurement 
errors. In his review and analysis of plasticity effects in slitting 
measurements [45], a detailed analysis and computations were 
defined for quantifying the errors generated by plasticity in 
performing slitting measurements. The most significant issue 
is when the residual stress in the measured sample is near the 
yield stress of the material, as is the case for the laser-peened 
samples of this study. Errors are largest near the surface and 
become smaller as measurements are taken at deeper depths. 
On the positive side for this work, samples with larger thick-
ness-to-width ratio have lower plasticity errors compared to 
thin samples, as is the case for the disc samples used in this 
work with thickness to diameter ratio of 10 mm/23 mm = 0.43. 
It is recognised that in this work plasticity errors would be 
present in the analysis, especially near the surface, but the 
primary intent of the measurements was to choose a laser 
irradiance that would provide deep eigenstress to enable good 
fatigue and corrosion-fatigue performance with minor strain-
ing of the fatigue specimen; subsequent testing showed the 
chosen irradiance of 7 GW/cm2 for peening spot illuminations 
did provide good fatigue performance although a different 
irradiance could be more optimum in a different geometry. It 
is recognised that slitting measurement error maximises near 
the surface and results from the first 0.25 mm should best be 
neglected [45]. For the current work, the mean error, deviation 
in fit of the data to the model, is about 9 MPa and the maxi-
mum error is 22 MPa. The error in determining the depth of 
compressive stress is about 5% in the important 5-mm-depth 
region. Although not done to date, the analysis by [45] could 
in the future be applied to the slitting strain measurements 
obtained in this work to generate the plasticity corrections to 
more accurately determine the stress profiles generated by the 
various laser-peening parameters.

3.5 � Fatigue life and strength

All specimens were initially tested at 4.817 kN (231 MPa) 
load, and when reaching or exceeding runout were uploaded to 
5.538 kN (266 MPa) and further cycled until failure or runout. 
Subsequently, the three laser-peened specimens that did not fail 
were further tested by increasing their load by another 15%, 
testing to approximately 2 million cycles or 10% displacement 
compliance and again uploading and testing until runout or 
failure occurred. Typically, in polycrystalline material fatigue 
specimens progress from first observation of a small visible 
crack to full compliance failure after only a few hundred addi-
tional fatigue cycles. In contrast, for the single-crystal material, 
large cracking would be clearly visible, yet specimens continued 
to operate for thousands of cycles without reaching the 10% 
increased displacement limit. However, cracked specimens 
failed near immediately upon uploading of 15%. This was the 
case for the non-laser-peened specimens, that is the baseline and 
shot-peened pre-hot corrosion exposed specimens (see Fig. 14).

Figure 14 (and Table 6 in Appendix) shows fatigue life test 
results for the eight single-crystal specimens available and tested. 
Although a limited availability of bars prevented fabricating the 
large specimen count needed for statistically significant testing, the 
consistent large fatigue life improvement of the three laser-peened 
specimens compared to the four non-peened and one shot-peened 
specimen strongly suggests the large benefit observed from the 
laser peening is real. All three LP and LP + TME specimens hot 
corrosion exposed after peening showed no hint of fatigue failure 
during the 266 MPa loading and continued uncracked through-
out the 2.2 million cycle test to runout. The statistics of all three 
laser-peened specimens attaining two million cycles and then 
million cycle runouts at higher stress loading without evidence 
of cracking and all non-laser-peened pre-hot corrosion exposed 
specimens failing after substantially fewer cycles at lower loading. 
The non-laser-peened specimens showed easily visible cracks at 
the 231 MPa loading but did not reach the 10% compliance. Once 
uploaded to 266 MPa with relatively large, easily visible cracks 
apparent, these specimens reached displacement failure within 
27,000 or fewer cycles and thus could be considered a failure at 
the lower 231 MPa level where the large cracking developed. For 
reporting purposes, failure was defined as when the specimens 
developed clearly visible cracks.

The runout experienced at 266 MPa loading for the LP and 
LP + TME specimens enabled uploading and consequent eval-
uation of fatigue strength. Figure 15 shows the fatigue strength 
test results where after runout at 266 MPa, the three unfailed 
specimens were uploaded by 15% in stress and further tested. 
After achieving runout at this increased loading and with no 
visible cracking or displacement failure, the three LP speci-
mens were yet further uploaded and tested. Each time runout 
was achieved, specimens were again uploaded by an additional 
15% and tested to runout or until failure did occur. Eventually, 
the LP specimen failed at 413 MPa applied loading, a loading 
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representing 80% increase in fatigue strength over the 231 MPa 
non-LP failures. The LP + TME specimens eventually tested 
to a fatigue strength of 476 MPa with one of the LP + TME 
specimens failing after 1.5 million cycles, a 100% fatigue 
strength increases. However, the other LP + TME specimen 
failed outside the gauge and could thereby only be classified 
as non-failed at this highest stress level.

Overall, the results for both standard high-energy laser peen-
ing and the same processing with the added cyclic annealing 

(LP + TME) both give improved performance of the single-
crystal material after pre-corrosion exposure at high tem-
perature and then fatigue testing at room temperature. How-
ever, the interspersed process appears to be the better. Both 
laser-peening results contrast in our tests to the significantly 
diminished performance clearly observed from untreated and 
shot-peened (shallow depth of compressive stress) specimens. 
The large footprint enabled by the high-energy approach to 
laser peening uniquely enables deep penetration of a plastic 

Fig. 14   Fatigue life of notched 
four-point bending CMSX-4 
nickel-based superalloy speci-
mens left unpeened or treated 
by shot or laser peening then 
with pre-test thermal or chem-
ical-plus-thermal exposure and 
finally fatigue tested as noted

Fig. 15   Fatigue strength test 
results for CMSX-4 specimens. 
Specimens were unpeened or 
peened as noted, then coated 
with sodium sulphate, and 
exposed for 300 h at 700 °C 
before finally fatigue testing at 
room temperature
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pressure wave above the material’s plastic limit and thereby 
generates the deepest level of compressive residual stress. The 
cyclic thermal annealing additionally appears to help lock in the 
deep residual stress and further benefit performance. This deep 
compressive residual stress and thermal stability support the 
enhanced fatigue test results and appear to explain the superior 
corrosion-fatigue performance of the laser process. Additional 
studies will focus on optimising the number of thermal and 
annealing cycles in the LP + TME process while attaining better 
understanding of mechanisms, enabling the corrosion-fatigue 
strength and lifetime enhancements. Importantly, future studies 
will extend evaluations to longer duration and higher tempera-
ture exposures.

3.6 � Fracture surface analysis 

Fracture surfaces of the failed specimens were examined with 
optical microscopy and are presented in Fig. 16 for all four cases. 
As can be seen from Fig. 16a, the fracture face of the unpeened 
pre-hot corrosion exposed fatigue specimen is dominated by 
long cleavages in stepwise ridge patterns perpendicular to the 
load direction, suggesting faster crack growth until the final frac-
ture in the absence of peening. Cleavage and ridge facets were 
also observed in the shot-peened specimen along with second-
ary cracks perpendicular to the crystallographic slip direction, 
as shown in Fig. 16b. This implies obvious weakening of the 
γ/γ′ precipitates-strengthening mechanism and occurrence of 
residual tensile stresses. Both unpeened and shot-peened speci-
men failures were dominated by accelerated crack growth due 
to tensile overload after a stress load increment.

In contrast, fractured cross-sections of laser peened speci-
mens show complex fracture facets with beach-type striations 
along crystallographic planes and clear evidence of slower crack 
growth features are evident even after stress load increments 
(Fig. 16c and 16d). The fracture faces of laser-peened speci-
mens showed improved fatigue resistance properties in CMSX-4 
superalloy which is attributed to the effect of LP generating deep 
compressive residual stresses. However, if we examine the frac-
ture surface of LP and LP + TME pre-hot corrosion exposed 
fatigue specimens, the fracture facets are entirely different. 
There is substantial spacing between fatigue striation steps on 
fracture cross-section of LP + TME (Fig. 17b) compared to fine 
and hairline-type striations observed in LP-fractured specimen 
(Fig. 17a). After laser-peening treatment, compressive residual 
stresses and dislocation slips act as a mechanism of crack growth 
retardation, limiting the crack extension along slip planes and 
delaying the failure occurrence, thus improving the overall life 
of laser-peened alloys. So the inhibitory effects on crack growth 
from the laser peening treatment can be mainly attributed to the 
high levels of compressive residual stresses introduced during 
high-energy peening with interspersed annealing cycles.

Typically, stress corrosion and fatigue crack mechanisms 
are characterised by three stages, viz., incubation and crack 

nucleation, crack growth, and final fracture or overload [46]. 
In this study, slitted notch areas in all fatigued specimens are 
representative of stress raiser areas and crack nucleation. The 
cross-section of the slitted notch area of the SP specimen 
in Fig. 16a shows evidence of surface deterioration caused 
by the corrosion attack during pre-hot corrosion exposure. 
Pits and surface depletion were also observed, as shown in 
Fig. 18a. Although SP treatment introduces compressive 
stresses, it also facilitates inward diffusion of corrosive ele-
ments to the substrate due to poor surface roughness, and 
this acts as a localised stress concentration. As a result, the 
SP greatly reduces resistance to cracking and corrosion due 
to poor surface roughness. On the other hand, as shown in 
Fig. 18b, fracture morphology of the slitted notch area of an 
LP + TME specimen shows no signs of corrosion pitting and 
surface depletion. The lack of degradation due to corrosion 
combined with the much deeper residual stress of the laser 
peening enables the much improved fatigue performance.

It is important to mention that corrosion behaviour in 
single-crystal nickel-based superalloys is strongly affected 
by its γ/γ′ phases and the mechanical properties of its surface 
and near-surface layers [18]. After laser-peening treatment, 
the presence of a surface strain-hardening layer, a network of 
high-density dislocations, and compressive residual stresses 
(CRS) are key mechanisms of corrosion and fatigue resist-
ance in metals. In an SC nickel-based superalloy, high dislo-
cation density in γ/γ′ phases can create a stable outward dif-
fusion of corrosion-resistant elements such as chromium and 
aluminium in γ/γ′ phases, respectively [12, 13]. This outward 
diffusion promotes formation of a dense and homogenous 
protective oxide layer that suppresses the diffusion of corro-
sive elements into the superalloy substrate including sulphur, 
chlorine, sodium, etc. As result, laser peening significantly 
reduces the corrosion attack and crack nucleation. In addi-
tion, the surface strain-hardening layer and CRS induced by 
laser peening aid strong adhesion between the protective 
oxide layer and the substrate as well as retarding the crack 
growth. Moreover, it was demonstrated that the new cyclic 
laser peening plus interspersed annealing (LP + TME) treat-
ment provided excellent thermal stability and good retention 
of CRS under pre-corrosion thermal conditions and thereby 
led to increased fatigue cycles. Therefore, laser-peening treat-
ment can be applied to alloys to improve resistance to high-
temperature corrosion and fatigue.

4 � Conclusions

This study focussed on the relaxation of residual stresses and 
fatigue strength post hot-corrosion exposure of single-crystal 
nickel CMSX-4® superalloy by shot peening, laser peening, 
and cyclic laser peening plus annealing (LP + TME). The 
following conclusions are drawn from the present study:
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•	 The surface roughness of the LP-treated specimens 
increases upon peening with increasing power density, 
from 4 to 10 GW/cm2. Additionally, upon thermal expo-
sure, the surface of the LP specimens became less rough.

•	 Taken in aggregate, the fatigue tests represent five test results 
for specimens that were not laser peened vs. three laser-
peened specimens. All non-laser-peened specimens failed 
after a short number of cycles and all laser-peened speci-
mens exhibited greater than 80 times longer life as none of 
the laser-peened specimens failed until loaded by a factor of 
almost 2 in the stress load. This constitutes relatively con-
vincing initial test statistics that the deep stress of the laser 
peening was retained after the pre-hot corrosion exposure 
to 700 °C for 300 h, yet resulted in the significant fatigue 
strength and lifetime improvement of the laser-peened single-

crystal CMSX-4 specimens under conditions tested. Limited 
availability of single-crystal boules of CMSX-4 prevented 
more extensive testing. Future testing is planned using the 
next-generation CMSX-4 plus material.

•	 After high-energy LP and LP + TME treatment, mor-
phology of the γ/γ′ precipitates remains unchanged, not 
degrading the pre-existing strengthening mechanism. 
After pre-exposure under sulphate corrosives and high-
temperature (300 h at 700 °C), the precipitates remain 
stable. The γ/γ′ interfacial dislocations, curved dislo-
cations lines, and dislocation shearing of the γ′ phases 
observed contributed to thermal stability of LP + TME 
specimens under conditions tested. This yields higher 
retention of the hardened layer and compressive residual 
stresses than after shot peening.

Fig. 16   Fracture faces of pre-corrosion and thermally soaked fatigue specimens. Microscopy images: a unpeened specimen, b shot peened, c 
laser peened, and d cyclic laser peened with interspersed annealing (LP + TME)
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•	 With respect to residual stresses, the high-energy laser 
peening enabled a large spot size of 12 mm2 with 7 GW/
cm2 and thereby introduced deeper compressive eigen-
stresses up to a range of 4 to 5 mm. The accumulation of 
annealing cycles and high number of laser passes facili-
tated generation of high dislocation networks. This con-
tributed to stable retention of compressive eigenstresses 
post thermal exposure and mechanical fatigue loading 
under the conditions tested.

•	 Pits and surface depletion are observed on the fracture 
surfaces of slitted notches of the SP specimen after hot 
corrosion exposure and post fatigue testing. While on 
LP + TME there were no signs of severe corrosion pits 
and surface depletion. The presence of high surface hard-

ening, deeper compressive residual stresses, and a high 
dislocation network are the key mechanisms of corrosion 
and fatigue resistance. These microstructure characteris-
tics generated by LP + TME prevented inward diffusion 
of corrosive species and facilitates outward diffusion of 
protective elements including chromium and aluminium 
in γ/γ′ phases, respectively.

•	 Deeper compressive eigenstresses by high-energy laser 
peening plus interspersed annealing (LP + TME) effec-
tively reduced the notch mean stress and restrained the 
propagation of the crack, thereby improving fatigue 
strength. Fatigue strength of laser peened specimens 
improved by 2:1 or more beyond the counterpart unpeened 
and shot-peened specimens under the conditions tested.

Fig. 17   Micrographs of fracture surface of a LP and b LP + TME specimens showing fatigue striation on fracture cross-sections at higher mag-
nification

Fig. 18   Micrographs of fatigue notch fracture faces: a SP specimen and b LP + TME specimen
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