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Preface

Here with, presents the third issue of the International Journal of Peening 
Science and Technology. This issue propagates new knowledge to academia 
and industry related to the science and fundamental theory of peening science 
and the different strengthening techniques available for engineering materi-
als. This is a great privilege for me and it also bring me a great pleasure, 
because this new journal to cover these specific topics is not only important, 
but acts as a dedicated platform to foster collaboration and extend interest in 
these areas ensuring the advancement of the field. 

It was necessary to specifically introduce this issue and the content within 
it as some of the papers published herein were very briefly presented at the 7th 
International Conference on Laser Peening and Related Phenomena 
(LSP2018), hosted at the campus of the National University of Singapore and 
jointly organised by Coventry University, UK on 17th to 22nd June 2018. 

These papers fit into the wider scope of the journal and were peer-reviewed 
by at least two or more referees to ensure the work being published is novel 
and rigorous. I would firstly like to thanks the authors for taking the time to 
submit theses extended papers. The first paper demonstrates the property of 
different frequency distributions of the bulk and ultrasonic surface waves and 
applies filtering functions together with Hilbert transform, which gives 
instantaneous frequency and amplitude in order to separate and extract the 
detailed features of the ultrasound signal. These findings can be useful to 
investigate defects and monitor thickness of offshore structures in real-time. 

The second paper reported on a new two-stage laser removal process of 
thermal barrier coating and bond layer of an aero engine components as an 
alternative to a conventional chemical bath process. Further implementation 
will result to safer and greener environmental conditions. 

The third paper presents laser shock peening of a silicon nitride ceramic 
and evaluated preliminary findings of a brittle material that is usually uncon-
ventional since ceramics are hard brittle and comprise of low ductility. This 
paper has the potential to advance further work in this line of research.

The fourth paper (although not presented at the LSP2018) was invited and 
is focused on the strengthening a new Hastelloy-X, superalloys with the use 
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of laser shock peening. This work is presented in significant detail, poten-
tially contributing to the application of Hastelloy-X in a gas turbine environ-
ment as well as in high temperature gas cooled reactors where cyclic loads 
are prevalent. 

I sincerely hope these papers aid and inspire researchers to undertake fur-
ther work on these topics and act as a fruitful read to enhance and update 
knowledge, and lastly, encourage researchers to continue their contributions 
to the journal. 

Dr Pratik Shukla
 Coventry University, U.K.
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Characterization of Laser Ultrasonic  
in Ablation Regime Using Filter and  

Hilbert Transform

D. Mangaiyarkarasi, Vinuthashri, T. Zhenkui,  
K. O. Y. Keng, C. Long, S. H. Wei, S. Yali,  
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Laser generated ultrasound in ablation regime provides a large enhance-
ment of longitudinal mode signal which is useful to investigate defects 
and monitor thickness of offshore structures in real time. However, the 
simultaneous generation of bulk and surface acoustic waves (SAW) cre-
ate complexities in the detection of appropriate type of ultrasonic wave. 
This is due to strong surface waves, which propagate along the surface 
interface regions interfering with the reflected longitudinal mode signals 
from the defects as well as from the rear substrate surface. Thus, the sig-
nal is mostly overlapped or hidden in the tail of the surface waves detected 
causing the determination of the arrival time of the ultrasound a challeng-
ing one. This paper utilizes the property of different frequency distribu-
tions of the bulk and surface waves and applies filtering functions together 
with Hilbert transform (HT), which gives instantaneous frequency and 
amplitude in order to separate and extract the detailed features of the 
ultrasound signal. A single, distinct, unipolar waveform (positive peak) 
obtained with bandpass filter followed by HT combination enhances the 
signal amplitude which is essential for B and C scans in the laser ultra-
sonics where the threshold voltages are set by the positive peak voltages. 

Keywords: Laser ultrasonics, ablation, plasma physics, pulsed laser,  
signal processing, hilbert transform, surface acoustics waves

Corresponding author’s e-mail: elehmh@nus.edu.sg



184	 D. Mangaiyarkarasi et al.

1  INTRODUCTION

1.1  Laser Ultrasonics
Non-destructive testing and evaluation (NDT&E) together with structural 
health monitoring (SHM) are two most common approaches used in struc-
tural investigations of materials with the advantage of real-time detection to 
forecast the remaining life cycles of structures and to reduce maintenance 
costs and time [1]. Ultrasound detection has been implemented as a NDE tool 
in various areas, including thickness measurements and defect detection for 
many decades [2]. The problems using conventional piezoelectric transducers 
are the need to use a coupling medium, limited bandwidth, limitation of oper-
ational use at elevated temperatures and the requirement of proper orienta-
tions of the phase sensitive piezoelectric transducer for contoured structures. 
These limitations can be overcome by laser ultrasonics which has the flexibil-
ity in generating ultrasound over a wide range of frequencies, transmitting 
and receiving ultrasound without a coupling medium, the ability to operate in 
harsh environmental conditions and the detection of specimens with complex 
geometry [3-7]. Furthermore, the laser source can be focused to the microns 
scale, at a much higher spatial resolution than the conventional ultrasonic 
beam source (size at mm scale). Meanwhile, the laser beam can raster over 
the sample surfaces at a high speed (dozens of mm per second) to increase the 
NDT throughput. Laser ultrasonics detection is reliable in real industrial situ-
ations and presently used for major industrial applications such as wafer 
inspection, inspection of composite components in aircrafts and wall thick-
ness measurement of seamless steel tubes [8-9].

1.2  Generation of ultrasound with a pulsed laser
When the test sample is irradiated with a short laser pulse (ns or ps) at high 
energy (mJ), light energy is absorbed strongly by the electrons of the material 
and transferred to the lattice. Depending on the energy density, it either leads 
to only a temperature rise (creating thermal waves in the thermoselastic 
regime) or melting, vaporization and then plasma generation in the ablation 
regime (producing shock waves) [10, 11]. At a laser density of < 107 W/cm2, 
the thermoelastic mechanism occurs on the metal surfaces. The absorbed 
laser energy produces thermal expansion and contraction resulting in the pro-
duction of elastic waves. For the emission of ultrasound along normal to the 
surface, the penetration of laser beam should be deeper, and the diameter of 
the beam should be comparable to the wavelength of the ultrasound. How-
ever, when the power density increases above 107 W/cm2, in addition to a 
thermoelastic expansion, the sample surface would melt and material is then 
ablated to create a pit of a few microns deep. The ejected material and the 
surrounding air are ionised by various physical process, producing plasma 
plume and the resulting momentum by the recoiling effect of the outward 
ejected materials in addition to the plasma pressure produces a point force 
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normal to the surface, which then enhances the amplitude of the ultrasound. 
In addition to these regimes, there is also a constrained surface source regime 
that occurs at all power densities in the absence of stress free boundary condi-
tions in the transparent coating that produces normal forces and subsequently 
enhances the amplitude of the bulk waves even with low power densities. 
Among these ultrasound generation mechanisms, the ablation/plasma regime 
provides a large enhancement of longitudinal (compression) and surface 
waves amplitude to many folds which is essential for some critical applica-
tions, such as online monitoring of thickness of seamless steel tubes and for 
weld quality monitoring at elevated temperatures [12]. Strong attenuation of 
ultrasound energy occurs in metals at high temperature which is mainly 
because of the strong background absorption which increases exponentially 
with temperature and the scattering by the growth of the grain size from a few 
10s of microns to 100s of micron with the temperature increase from 1000° 
C to 1250° C [6]. 

A laser source of near IR regions of the laser wavelength is used for met-
als. The frequency or wavelength of the longitudinal ultrasound depends on 
the pulse duration of laser which is a limiting factor and it controls the amount 
of information that can be detected. Usually, thinner samples are measured 
using high frequency ultrasound and thicker samples with low frequency due 
to the attenuation of ultrasound in high frequency range. For NDT high reso-
lution measurements in microelectronic structures, the theoretical minimum 
measurable thickness is one wavelength. So, the thinnest sample or micro 
void size of µm is measured using short laser pulse (ps) to get high 
frequency(1GHz) ultrasound signal and hence the shorter wavelengths that 
are comparable to the sizes. Similarly, moderate duration of the laser pulse 
(100s of ns) or conventional PZT is used to produce low frequency ultrasound 
to measure the thicker samples since the attenuation is minimum for low 
frequency ultrasound [6]. 

1.3 � Detection of ultrasound with a continuous wave laser through 
optical interferometry 

The reflected ultrasound signals from the back surfaces as well as from the 
defects create a small transient surface displacement (~ 10 nm). These sur-
face displacements can be detected with an interferometer in terms of inten-
sity variations and the detected photocurrents are displayed as voltage output 
signals with time on an oscilloscope or digitizing electrical processor. As the 
Fabry -Perot interferometer is less sensitive for low frequencies, there is a 
need however to measure the surface displacement with rough surfaces, 
therefore two wave mixing PR interferometers have the best capability to 
detect broadband signals, were used to overcome these drawbacks. Two wave 
mixing is a dynamic holographic process where two coherent optical beams 
(reference beam and signal beam) interfere within a photorefractive crystal 
(PRC) and the beam emitted from the PR crystals consists of a portion of the 
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transmitted signal beam and also a part of the reference beam, which is dif-
fracted in the direction of the signal beam. The diffracted reference beam 
appears to be wave-front matched as it is a holographic replication of the 
signal beam. These effects can be used to compensate for the distorted wave 
fronts reflected or scattered from the rough sample surface [13-15]. Further-
more it can also compensate for environmental noise if the grating response 
time is fast enough to adapt to the low frequency noise by changing the 
refractive index grating according to the change in the interference pattern 
with the homodyne interferometer, However, for the mid-frequency noise 
which arises from the motion of the probed object will change the speckle 
pattern (phase) of the scattered light or change the frequency by Doppler 
effect. To compensate for the Doppler shift, heterodyne interferometers can 
be used where frequency of the one of the beam is shifted to produce vibra-
tion free signal at the output [15-16]. 

1.4  Objective and motivation of the present study
Laser ultrasonics is less sensitive in the detection of tiny surface displacement 
(pm or few nm), a higher amplitude signal in the ablation regime increases 
the signal to noise ratio by compensating for the long path length in thick 
offshore structures. With pulsed laser incidence on the test piece, all three 
regimes produce longitudinal, shear and Rayleigh (SAW) waves at the same 
time [10, 12]. Compared to thermoelastic regime, where the amplitude of all 
the modes increases linearly with the power density, a greater extent of 
enhancement is observed for longitudinal and SAW waves in the ablation 
regime than shear waves [10]. The Rayleigh wave penetration depth is depen-
dent on the frequency of the ultrasound, thus if the wavelength is comparable 
to its thickness, it propagates between the two boundaries of the sample as a 
Lamb wave [17] or otherwise it remains on the surface as surface skimming 
waves [18-20]. These surface waves are used to detect the microcracks on the 
surface and to determine the thickness of thin films with high precision [19-
20]. Using longitudinal mode which propagates into the bulk of the material, 
higher amplitude laser generated ultrasound signal with multiple echoes are 
observed in the transmission mode to measure the thickness of metals using 
our system. Furthermore, to measure the remaining thickness of complex 
structures like corroded oil tubes and pipes, and to detect defects from the 
internal and surface structures, etc reflection mode signal with pulse echo 
technique provides a straight forward and less complicated method [21-22]. 
The simultaneous generation of longitudinal and SAW waves make the detec-
tion of ultrasound a challenging one in the ablation regime where the interfer-
ometry or the EMAT transducers are sensitive to all modes of the laser 
generated acoustic waves [12, 23] and hence the reflected longitudinal mode 
signal from the defect can be masked by other modes, especially by higher 
amplitude surface skimming waves. In this paper, by utilizing the recent 
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advances in digital signal processing technique such as the Hilbert transform 
with other filtering functions, it provides better signal acquisition method and 
is able to extract detailed features from the defect signal. 

2  EXPERIMENTAL PROCEDURES

2.1  Laser ultrasonic system and measurement methods
The experimental arrangement of the integrated laser ultrasonic system 
which can measure thickness and detect both surface and internal cracks of 
various metals used in this study is shown in Figure 1. This system consists 
of a generation laser, optical interferometry detection system and Labview 
controller for signal analyses. A Nd:YAG laser operating at a wavelength of 
1064 nm and a peak energy of 50 mJ/pulse is focused down to 500 microns 
and then irradiated on the steel surface for ultrasound generation with high 
spatial resolution. The pulse duration is 8 ns with a repetition rate of 20 Hz. 
Then the generated ultrasound propagates from the sample front surface to 
the rear-side surface and the subsequent surface displacement of the trans-
mitted or reflected ultrasound signal is detected by the two-wave-mixing 
interferometry, where the transmitted signal and diffracted reference are 
made to interfere in a photodetector to perform phase demodulation using a 
532 nm CW laser. Since the surface displacement caused by the ultrasound 
is very small, high powered CW laser of 213mW is used for detection (see 
set-up in Figure 1). 

With the optimum pulse duration of 8ns, the ultrasound produced has a 
centre frequency of 23 MHz and the theoretically calculated minimum mea-
surable defect size or thickness value for steel is 0.26 mm (l) to obtain good 
sensitivity. Minimum measurable defect sizes depend on the velocity of 
sound in the material, which also changes significantly with temperature and 
reduces the measurement accuracy. In general, the thickness and the defect of 
the material can be measured using one of the ultrasonic non-destructive test-
ing technique, such as pulse echo [8], resonance [24], or Lamb wave [17]. 
Though the pulse echo method is a simple technique to implement for real 
life applications, thinner samples (less than 1mm) are difficult to be measured 
accurately. It is because the time interval between the incident and echo pulse 
is very short and overlapping may occur between two successive pulses for 
metals whose acoustic velocities are high. For precise and high time resolu-
tion measurements of thinner samples, the short time interval between the 
two successive pulses can be recorded using higher frequency ultrasound 
pulse that has short pulse width and fast response detector with bandwidth of 
1GHz. Using our available laser ultrasonics system with our high response 
time APD detector, we could measure 0.5 mm thick aluminum sample. 
Despite the center frequency of 23 MHz, the signal contains broad optical 
side bands as well. The unipolar stress signals in ablation regime have strong 
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low frequency components thus allowing low frequency ultrasound waves to 
propagate at longer distances such as thicker (60 mm) samples without much 
attenuation. Thus, this laser based ultrasonic detection system has a unique 
advantage with higher sensitivity on rough surfaces, better spatial resolution 
and more tolerance to the industrial vibrations and object motions.

3  RESULTS AND DISCUSSION

3.1  Problems associated with signal detection in the reflection method
Figure 2a shows the acquired ultrasound signal for thickness measurement in 
transmission mode. The waveform shows higher amplitude signal with mul-
tiple echoes. In the reflection mode, the same laser ultrasonic system is used 
with similar experimental conditions as in transmission mode except both 
beams are irradiated on the same side of the sample for generation and defect 
detection. There are some issues related with the interaction between the gen-
eration and detection spots that are in the adjacent regions. Mainly, the sensi-

FIGURE 1
Integrated laser ultrasonic system in reflection mode.
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tivity of the surface displacement of the detection spot is distorted by the 
generation mechanism when two beams are kept close to each other and 
hence a very weak signal is observed in the reflection mode. Furthermore, the 
strong surface waves which propagate along the interface is interfering with 
the reflected longitudinal mode signal. In contrast, the surface skimming 
waves propagates only on the generation side in the transmission mode, 
hence the detection of the longitudinal mode signal is not affected by these 
surface waves. Therefore, some gap between the generation and detection 
beam is maintained to increase the sensitivity (surface roughness) of the sur-
face displacement from the unaffected spot and also to avoid the interference 
by surface waves if the arrival time of the longitudinal is shorter than the 
surface waves. 

If the detection and generation beams are kept apart with some distance 
over 2mm, the normal incident waves are reflected back without much devia-
tion from the normal direction, that creates the problem of detection loss 
whereby the detection laser spot is away from the irradiation spot and this can 
be explained by the directivity of ultrasound propagation [25-26]. As the 
ultrasound waves generated by ablation regime are very sensitive to the inci-
dent angle, the wave propagation is mostly in the force direction. Since we 
used generation beam with normal incidence in order to measure actual val-
ues by the shortest propagation path, the longitudinal wave propagates in the 
force direction and thus multiple reflections from the rear side can reach nor-
mal to the surface. In Figure 2b, two beams are kept 2mm apart, so the first 
echo (T1) which is normal to the surface doesn’t reach the detection spot and 
only slightly deviated higher order echoes would reach the detector. There-
fore, an optimized distance of ~1mm is kept between the two beams without 
ablating the detection spot in order to increase the sensitivity, at the same time 
to acquire the first echo. The signal in Figure 2c shows multiple echoes 
including the first echo (T1) are observed which often overlaps with the tail 
of the strong surface waves for a sample that is 4mm thick. For the reflected 
signal from the defect or the rear side of thinner samples (~ 1mm), the signal 
will mostly be overlapped or hidden in the tail of the surface waves causing 
the determination of the arrival time of the ultrasound to be complicated. It is 
reported that to separate the longitudinal modes from the surface waves and 
other mode converted waves which have different acoustic velocities, a large 
gap is given between the two beams to maximise the difference in their arrival 
times. Ultimately, the signal reaches the receiver end after multiple reflec-
tions, but the signal, especially reflected from the defect has lower amplitude 
and minimal information can be deduced. Studies have also shown that fre-
quency spectra analysis with hanning window is used to extract the useful 
longitudinal mode signals in time of flight measurements where all the modes 
are mixed in ablation regime. Some authors have designed directional EMAT 
to acquire the required laser generated ultrasound mode. Extra or the missing 
feature in the A scan will indicate the scattered signal from the defect in the 



190	 D. Mangaiyarkarasi et al.

FIGURE 2 
Laser ultrasonic signal from Al sample a) in transmission mode b) and c) in reflection mode, with 
varying the distance between two beams at 2mm and 1mm, respectively.
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longitudinal signal. It may also be possible to detect surface breaking crack if 
the surface waves are disrupted. In all these cases, there was a disagreement 
between the line scan A and scan image B [12, 23]. 

3.2  Solutions to extract useful longitudinal mode signal 
Utilising the property of varying frequency components of the bulk and surface 
waves, the desired frequency components of the longitudinal signal from the 
surface waves can be filtered. In most cases, the surface waves have a lower 
frequency distribution compared with the frequency spectra of bulk waves [12]. 
In practice, frequency domain analysis has been done with the original signal 
to determine frequency distribution and is then used with a properly designed 
selective filter to obtain the required signal from the low frequency surface 
waves. Subsequently, the inverse Fourier transform is applied to get the desired 
signal in the time domain to determine the arrival time of the reflected signal 
from the rear side and the defects for defect locations. Although frequency 
domain analysis would be more appropriate for some functions, such as filter-
ing (convolutions), design systems, reconstruction of signals and reduction of 
noise, in a case where the signals are more likely complex and mixed, the selec-
tive band pass filter provides a longitudinal mode signal from the SAW. How-
ever, there is a possibility of the presence of some mid frequency component 
from the surface wave in the filtered signal. Furthermore, FFT would not give 
accurate information in both frequency and time domains simultaneously for 
waveforms like ultrasound signals that are nonlinear and non-stationary in 
nature. Moreover, to scan the entire sample, there is a need to set positive 
threshold voltage values in B and C scan, as the signal detected might have a 
stronger negative peak than positive in tripolar waveforms. Hilbert transform 
phase shifts all the positive frequency signals by -p/2 and negative frequencies 
to p/2 and hence it gives out an instantaneous amplitude and frequency of the 
component that describes the signal more locally in the time domain [27-29]. 
Therefore, with a selective band pass filter followed by the Hilbert transform, 
the phase shifting of the signal into fully positive signals by Hilbert transform 
helps to locate and identify the signal with an increase in instantaneous ampli-
tude and pulse width. This is due to the combined effect of the phase shifted 
mono frequency components from the presence of other high frequency com-
ponent of the surface wave. 

3.3 � Single unipolar waveforms obtained with filter followed  
by Hilbert transform

Comparative studies using various sequences of filtering functions with HT 
are carried out. Figure 3a shows the oscilloscope image of the reflected signal 
from a 1.5mm steel sample. Although the signal has a higher amplitude, it is 
overlapped with a surface wave. The subsequent waveforms in Figure 3b and 
Figure 3c are obtained after processing the original waveform (Figure 3a) in 
the oscilloscope with the Hilbert transform and filter functions in LabVIEW. 
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The signal processing of the original signal using only Hilbert transform 
(HT) shows a clear and distinct first echo (Figure 3i(b)). Figure 3i(c) shows 
the signal obtained with band pass filter followed by HT. However, the signal 
is hidden completely in the original waveform as shown in Figures 3ii (a&b) 
for samples that exhibit weak reflected signal or with strong surface waves. 
The filtering functions followed by HT provides a distinct signal with few 
echoes and there is also a presence of some mid frequency component in the 
waveform near T0 (indicated with a red arrow in Figure 3ii(c)). This may lead 
to the inaccurate location of an unknown test specimen. The phase shifted 
positive signal from Hilbert transform increases the instantaneous amplitude 
and pulse width and thus helps to locate and identify the signal more easily, 
shown in Figure 4b. For example, a high frequency component in the wave-
form for the first order is at 500ns, second at 1000ns, etc. (indicated in arrow) 
is compared with Figure 4a in which the waveform is obtained directly from 
the oscilloscope to the LabVIEW without Hilbert transform. Frequency anal-
yses using FFT are done to know the frequency distribution of the signal and 

FIGURE 3 
Overlapping of ultrasound signal with (i) weak and (ii) strong surface waves amplitude (a) wave-
form obtained directly from the oscilloscope to the labview (b) signal processing using HT only, 
(c) bandpass filter followed by HT.
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SAW waves generated using laser pulse having 8ns pulse duration, so that 
proper filtering bandwidth can be chosen to separate the signal. The fre-
quency spectrum of the original signal from the oscilloscope is shown in 
Figure 4c. The frequency distribution of the surface wave mainly resides 
from 1 to 25MHz, and the longitudinal signal is between 25 to 50MHz.

FIGURE 4 
(a) Waveform obtained directly from the oscilloscope to the labview, (b) signal processing of the 
original signal using HT and (c) the FFT spectrum.
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Systematic studies have been done with the same original signal from Fig-
ure 4a with three different sequences of filtering functions and HT. Figure 4a 
shows a strong amplitude from surface waves and the longitudinal signal is 
overlapped or hidden completely. A band pass, butterworth filter with the 3rd 
order is selected and lower cut off frequency is set at 25MHz and highest cut 
off frequency at 50MHz. In the first approach, only a filter was used to sepa-
rate the signal (Figure 5a) and in the second, the Hilbert transform is applied 
first followed by a filter (Figure 5b), and hence both approaches separates the 
weak useful signal from surface waves and provides distinct ultrasound sig-

FIGURE 5 
Comparative studies of the original signal with varying sequence of filtering functions with HT. 
A) filter only, b) HT followed by filter and c) filter followed by HT.
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nal with tripolar waveform (two positive peaks with a trough) although with 
high frequency noise in HT-filter combination. In the third approach, we used 
a filter first followed by the Hilbert transform. Hence this phase shifts all the 
filtered signals into a positive peak, giving one clear distinct peak with an 
increase in the amplitude from the rest of the high frequency noise that 
improves the signal to noise ratio by denoising (5c). Single, distinct, unipolar 
waveform is obtained with these bandpass filters followed by HT combina-
tion than with the tripolar signal. It is usual that the ultrasound signal may 
have only negative or week positive peak voltage, so the phase shifted posi-
tive signal by HT is essential for B and C scans where the threshold voltages 
are set by the positive peak values. 

3.4  Acquiring signal from defect using this signal processing approach 
In Figure 6i(b), despite the clear first echo in 10mm thick sample, there is an 
absence in the defect signal which is expected to be between T0 and T1 
caused by a tendency of overlapping with SAW waves. However, with a filter 
followed by HT, a clear distinct defect signal is observed from the tail of the 
SAW, as indicated in Figure 6ii(b). The T1 amplitude is lesser, since part of 
the ultrasound signal is reflected from the defect. The amplitude of the signal 
can be increased with a low noise amplifier. Usually for denoising, filtering 
and compression, various signal processing techniques in time and frequency 
domain signals such as SIFT, wavelet transform, etc. are used. From the 
detailed study of the frequency spectral analysis in the ablation regime, the 
distribution of the spectrum is mainly dependent on the material, thickness, 
and laser power density and hence the frequency spectra is used to identify 
the defect signal [12]. Hilbert Huang transform decomposes the signal into 
different intrinsic modes functions in the sifting process, by separating the 
desired signal is applied for the ultrasonic inspection of oil pipes and highly 
attenuating structures using PZT [27-28]. From the frequency component of 
the marginal spectrum which is calibrated from the IMF modes of time 
domain signal, the HHT is used to determine the defect characteristics [30]. 
The signal processing method proposed in our studies using a filter followed 
by Hilbert transform phase shifts the mono frequency components in the low 
frequency oscillatory signal thus showing a more distinct identification of 
defect features from the complex signal with the presence of multimode, 
environmental (excitation laser intensity) and electrical noises and multiple 
reflections from the interfaces. 

4.  CONCLUSION

We have successfully extracted the useful longitudinal mode ultrasound sig-
nal from the surface waves with filter followed by the Hilbert transform. The 
Hilbert transformed signal shows the instantaneous amplitude for high fre-
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FIGURE 6
Weak defect signal observed from the tail of the surface wave with a) HT only and b) HT and filter.
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quency longitudinal signal which is used as a reference to identify the desired 
signal with the filter. The combination of filter followed by HT gives a single 
positive peak with higher amplitude and improved SNR which is essential to 
set the positive threshold voltages for B and C scan. Integrating this signal 
processing method with a portable laser ultrasonic scanning system, high sig-
nal to noise ratio can be achieved without the use of a high voltage supply for 
the photorefractive crystal in the two-wave mixing interferometer. 
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Investigation on High Power Laser Removal of 
Thermal Barrier Coating (TBC) and Bond 
Layer (MCrAlY) from Inconel 718 Alloy
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This paper reports the development of a precise laser removal process of 
thermal barrier coating (TBC) and bond layer (BL) from aero engine 
components as an alternative method to hazardous chemical bath pro-
cesses. A high power Nd:YAG laser (λ=1064 nm, τ=38 ns) system was 
successfully employed to remove yttria-stabilised zirconia (TBC) coating 
and bond layer (MCrAlY) from equiaxial grain Inconel 718 alloy. Inves-
tigation on the different assisting media and process conditions to remove 
TBC coating by high power pulsed laser are reported. A parametric inves-
tigation of direct laser removal process of the TBC coating established 
optimal conditions to achieve 140 mm³/min removal rate. A novel two-
step laser scanning method was developed to remove the bond layer coat-
ing at 10 mm³/min and with a minimal recast layer of 4 µm thickness. A 
wavelength-dispersive X-ray spectroscopy (WDS) analysis identified the 
chemical composition of the laser cleaned surfaces for the complete set of 
conditions tested. It was found that low oxidation levels were attained 
when the laser beam was scanned at 14 kHz followed by a 6 kHz laser 
beam scan which is also the optimal condition for the highest material 
removal rate. An X-ray diffraction (XRD) analysis identified the type and 
magnitude of residual stresses after the laser cleaning process. The mea-
sured residual stresses are tensile in nature with an average magnitude of 
547 MPa, which are comparable to those observed in laser additive pro-
cesses.

Keywords: laser removal, thermal barrier coating, bond layer, MCrAlY, Inconel 718 
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1.  INTRODUCTION

Laser surface treating of super alloys has attracted attention of the scientific 
community in recent years [1-17]. However, research on laser cleaning had 
focussed on areas such as Nd:YAG and CO2 lasers preparation of titanium 
alloy components for joining by electron beam (EB) welding and diffusion 
bonding by Turner et al. [5-8]. Oltra and co-workers reported an enhanced 
oxide film removal from metal surfaces (steel substrate) by the application of 
pulsed laser irradiation in a liquid confinement at controlled electrochemical 
potential [9]. Sezer, H.K. et al. [10-12] have reported bond layer (BL) and 
thermal barrier coating (TBC) delamination mechanisms and the effects of a 
coaxial and a secondary gas jet (with different angles) on the material ejec-
tion process while drilling acute angled holes, typically found on aero-engine 
components, on Nickel alloys with BL/TBC coatings. Feng Q. et al. [13] 
employed a Ti:sapphire femtosecond laser to drill single-crystal superalloy 
Rene N5 through thermal barrier coatings and bond coat (MCrAlY) without 
defects such as delamination, recast layer or spatter. More recently, different 
types of lasers have been employed in selective laser sintering of Inconel 718 
for three dimensional printing and repair of valuable components [14-17]. Jia 
and Gu investigated the effect of laser energy input in selective laser sintering 
of Inconel 718 which modified the microstructure, hardness and wear resis-
tance properties of the produced elements [14]. Bennett, J. et al. found that 
longer cooling and solidification rates of laser deposited Inconel 718 gener-
ated coarser microstructures which reduced the ultimate tensile strength of 
the deposited elements [16]. The generated phases in pulsed Nd:YAG laser 
deposition of Inconel 718 and their effect on stress rupture behaviour of ele-
ments was reported by Sui S. et al. [17].

Modern hot section aero engine components are commonly coated with 
corrosion resistant and thermal barrier coatings. During an overhaul cycle, 
these coatings need to be removed before any repair can be performed. The 
coating thickness may vary due to conditions such as coating location (e.g. 
leading or trailing edge of a vane), tolerance in the coating thickness during 
the application process, diffusion of the coating during engine run and coat-
ing chip-off that may occur due to handling and engine operation.

Various methods have been proposed for the removal of TBC for turbine 
components including the use of shockwaves [18, 19], abrasive water jets 
[20-22] as well as initial explorations with lasers [23]. The current method to 
strip TBC and BL coatings from the aero engine components includes the 
combined use of abrasive blasting and acid baths. However, due to coating 
variation, components’ shape contour, and the cooling holes configuration, 
employing these two methods may cause excessive wear on the parent mate-
rial on some areas and leave remnant coating on other locations. Further-
more, acid stripping can also result in stress corrosion cracking and alloy 
depletion. Therefore, a stripping/cleaning system that is fast and able to 
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remove coating without affecting the base metal will be of interest for aero-
space maintenance repair and overhaul industry. To this end, this research 
work explores for the first time, in a systematic and comprehensive experi-
mental approach, the capability of a laser cleaning process as an alternative 
method for the removal of TBC coating and BL. Lasers are precise, powerful 
and contactless tools capable of removing almost all kinds of materials given 
the selection of the right wavelength, power level and temporal interaction 
(pulse duration). These advantages have allowed their exploration of multiple 
lasers on the removal of coatings, paints and contaminants from various types 
of metals and concrete substrates [24-26] relevant to multiple industrial 
applications. Moreover, computer programmable beam delivery through 
optical fibres combined with galvanometer-scanners and programmable 
focussing optics allows flexible and precise laser beam delivery over three 
dimensional shapes [27]. Here, the explored laser removal method aims to 
build a foundation for an effective and automated approach for the removal of 
TBC and BL coatings from aero-engine components, without introducing 
additional waste to the cleaning system. In this contribution, a high power 
Nd:YAG laser (λ=1064 nm, τ=38 ns) system is investigated to remove the 
TBC and BL coatings from equiaxial Inconel 718 alloy typically employed in 
the manufacture of aero engine components. Since laser cleaning is a thermal 
process, the quality criteria were based on the degree of side-effects such as 
surface oxidation, melting and crack development, micro-structural changes, 
and residual stress on the metal substrates as well as the achievable material 
removal rates. The effects of the high-intensity laser interaction with the Inc-
onel 718 alloy were analysed and the findings discussed. 

Different assisting media were explored to improve the material removal 
rate of thermal barrier coating (TBC) and the quality of the laser cleaned 
surfaces as well as to optimise the consumption of energy. A novel two step 
laser scanning method was developed for the removal of the though interfa-
cial bond layer (BL) at competitive rates, with low oxidation level and mini-
mal recast layer. The chemical and mechanical integrity of the laser cleaned 
surfaces under different process conditions were investigated through WDS 
and XRD analyses as well as optical and SEM microscopy inspection. 

2.  MATERIALS AND METHODS

A nickel base alloy equiaxial Inconel 718 coupons with chemical composi-
tion shown in Table 1 were employed in this work. This Nickel base alloy has 
a polycrystalline structure with fine grains given its solution annealing condi-
tion (AMS 5596). The coupons have the following dimensions 50 x 45 x 3 
mm; they were thoroughly cleaned by acetone wiping and ultrasonic bath (30 
minutes) to remove any contaminants from their surfaces. The coupons were 
first coated with 350 μm bond layer (BL) MCrAlY with a chemical composi-
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tion shown in table 2 and then coated with 1 mm Yttria-stabilised zirconia 
(8%). The coating method was low-pressure plasma spray (LPPS) for the 
bond layer, followed by a diffusion stage and finally atmosphere plasma 
spray (APS) for top coat (TBC). 

A high-power laser beam was directed at the TBC and bond layer to cause 
thermal ablation and their removal. A pulsed mode Nd:YAG laser (DQ x50 S, 
ROFIN Baasel, GbmH) λ=1064 nm, τ=38 ns with an adjustable repetition 
rate of 6 – 15 kHz and maximum average power of 500 W was employed for 
the cleaning operation. The laser beam was delivered by a 600 µm squared 
core optical fibre to a collimating unit and into a galvanometer scanner. A 
telecentric f-theta lens (fl=80mm) focused the laser beam into a top hat square 
spot of 0.6 mm. Figure 1 shows the experimental set up for the multiple 
experiments conducted in this research work.

TABLE 1 
The chemical composition of Inconel 718 employed (in weight percent, wt%).

C Mn P Si Cr Ni Al Mo Cu Cb Ta Ti Co B Fe

0.05 0.08 0.005 0.05 18.26 51.72 0.62 2.89 0.04 5.04 0.01 1.01 0.38 0.003 19.83

TABLE 2 
The chemical composition of bond layer coating (MCrAlY) (in weight percent, wt%).

Ni Cr Al Y Co

32 21 8 0.5 Balance

FIGURE 1 
Experimental set up for the laser removal of TBC and BL (MCrAlY).
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Multiple laser removal techniques and the application of different assist-
ing media were explored. A parametric investigation for the removal of TBC 
and BL from flat samples was conducted under different pulse duration, rep-
etition rates, laser power level, scanning patterns and speed. Furthermore, 
process optimisation was followed to maximise material removal rates, mini-
mise thermal effects, and improve surface quality.

2.1.  Material Characterisation
The laser removal of thermal barrier coating (TBC) was analysed by optical 
microscopy. The samples ablated by the laser beam were measured with an 
Optical Microscope (MX51, Olympus, Corp.) coupled with an image analy-
ser software.

Metallurgical analyses were conducted to determine thermal effects, mate-
rial degradation and surface quality of laser cleaned samples. The Inconel 
718 coupons with the bond layer (MCrAlY) stripped by the laser ablation 
process were cross-sectioned and mounted on hard ceramic for grinding and 
polishing. An etchant solution was prepared with the composition of 15 ml 
hydrochloric acid (HCl), 10 ml acetic acid (CH3COOH) and 10 ml of nitric 
acid (HNO3) to analyse the grain structure on the surface irradiated by the 
laser beam through optical and SEM microscopy. A scanning electron micro-
scope (SEM) (EVO50, Carl Zeiss, AG) was employed to inspect the presence 
of re-solidified material (recast layer thickness) through chemical etching. 
This system was coupled with an EDX analyser to verify the elemental com-
position of the recast layer. A field emission scanning electron microscope 
(FE-SEM) (Ultra Plus, Carl Zeiss, AG) was employed for a wavelength-dis-
persive X-ray spectroscopy (WDS) analysis to verify if the bond layer coat-
ing was completely removed and to measure the oxidation level present on 
the laser cleaned surfaces. Finally, an X-ray diffractometer (µ-X360s, Pul-
setec USA, Inc.) was employed for X-ray powder diffraction (XRD) analysis 
to determine residual stress on the laser cleaned substrates. 

2.2.  Laser removal of thermal barrier coating (TBC)
Laser ablation of the TBC (Yttria-stabilised zirconia 8%) was first investigated. 
A series of preliminary tests identified feasible conditions to remove this mate-
rial. Small areas were employed to tests various process conditions. The TBC 
coated coupons were sectioned into smaller test pieces. Tracks of 2 mm width 
by 12.5 mm length were cleaned through multiple passes of the laser beam 
directed by the galvanometer scanner. The laser beam movement paths were 
tested at 70 and 80 % overlapping. Five power levels 400, 412.5, 425, 437.5 & 
450 W and two locations of the beam focal point position (i.e. at top and bottom 
of the TBC coating) were tested. The laser beam was scanned at 975 mm/s and 
50 passes were applied in each test in a dry condition. The use of two different 
media i.e. Argon gas jet and low-pressure water steam was explored to analyse 
their effect in the laser removal process. Table 3 lists all the tests conducted. 
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The trials with assisting media followed similar conditions differing only on the 
laser beam overlap at 75%. A diagram of the sample sectioning and the various 
conditions tested to assist the removal of the TBC coating are shown in figure 
2. The conditions investigated included dry ablation of TBC, the use of an 
assisting Argon gas jet and the application of a low-pressure water steam jet. 
The complete removal of the coating, under various conditions, was verified 
through optical microscopy. The area of removed TBC coating was measured 
at the cross section of all laser ablated samples and the total volume of removed 
material was computed. The expenditure of energy was then calculated from 
the process parameters. An energy consumption was computed from all condi-
tions tested by the following equation:

TABLE 3 
Laser process conditions tested in the removal of thermal barrier coating - TBC - (Yttria-stabi-
lised zirconia 8%).

Test No. Condition
Beam overlap 

(%)
Focal point posi-

tion (mm) Power level (W)

1 Dry 70 0 400

2 Dry 70 0 412

3 Dry 70 0 425

4 Dry 70 0 437

5 Dry 70 0 450

6 Dry 70 -1 400

7 Dry 70 -1 412

8 Dry 70 -1 425

9 Dry 70 -1 437

10 Dry 70 -1 450

11 Dry 80 0 400

12 Dry 80 0 412

13 Dry 80 0 425

14 Dry 80 0 437

15 Dry 80 0 450

16 Dry 80 -1 400

17 Dry 80 -1 412

18 Dry 80 -1 425

19 Dry 80 -1 437

20 Dry 80 -1 450

21 - 30 Argon gas 75 0, -1 400, 412,425, 437 450

31 - 40 Water steam 75 0, -1 400, 412,425, 437 450
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	 EC
P t

Vm

=
*

	 (1)

Where EC is the energy consumption (J/mm3), P is the average power (W), t is 
the total processing time (s), and Vm is the volume of material removed (mm3).

2.3.  Laser removal of the bond layer (BL) 
Laser cleaning experiments were conducted on Inconel 718 coupons coated 
with bond layer (BL) coating MCrAlY. High material removal rate and mini-
mal thickness of the recast layer formed on top of the laser cleaned surface 
were targeted. The measured thickness of the BL coating was on average 350 
µm. The laser beam was scanned on top of the BL to form a 2 x 12.5 mm 
clean track with a 70 % beam overlapping at four different power levels and 
under four different frequencies. Multiple preliminary tests have shown that 
higher material removal rates result when delivering the laser beam at high 
frequency; however, excessive melting develops which yields a non-uniform 
surface and left behind thick recast layers. On the other hand, delivering the 
laser at the low frequency generated flat uniform surfaces, but the material 
removal rates were very low and the heat input on the pieces was very high. 
Therefore, a novel laser removal process of this hard to process coating was 
implemented by applying two sets of laser scans. The first set was delivered 

FIGURE 2 
Laser removal of thermal barrier coating (TBC) of 1 mm thickness following 70 & 80% laser 
beam overlap, beam focus on top & bottom of the TBC layer, dry ablation, with assisting Argon 
gas jet, and with a low-pressure water steam jet. Clean tracks of 2 x 12.5 mm were obtained after 
50 passes of the laser beam.
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at high frequency (≥8 kHz) which increased the material removal rate and the 
second delivers the laser beam at low frequency (6 kHz) which flattened the 
cleaning track and reduced the recast layer thickness. 

In order to identify which combination of frequencies is ideal for the laser 
removal of this bonding layer a comprehensive experimental work was con-
ducted. Here, two sets of laser beam scans were applied in each test. The first 
scan set comprised a large number of passes (on average 215) of the laser 
beam at four different frequencies i.e. 8,10,12 & 14 kHz, following four 
power levels (315, 360 405 & 450W) and under different traverse speeds and 
the number of laser scans. This initial set of passes at a high frequency 
removed the bulk of the BL coating material. A second scan set comprised 
100 passes of the laser beam at 6 kHz frequency and average power of 315 W 
i.e. 70% of the power available in this laser system at this frequency. This 
secondary set of passes flattened the surface of the clean track and reduced 
the thickness of the recast layer as indicated above. Table 4 list the combina-

TABLE 4 
Laser process conditions tested in the removal of bond layer - BL - (MCrAlY), following a two-
step laser removal process. In the first step, the laser beam is scanned at high pulse frequency (≥8 
kHz) with different number of passes (∼215 passes). In the second step, laser beam is scanned at 
low frequency (6 kHz) with 100 passes.

No.

Beam 
overlap 

(%)

Focal point 
position 

(mm)

First removal step Second removal step

Frequency 
(kHz)

Power level 
(W)

Frequency 
(kHz)

Power level 
(W)

1 70 0 8 315 6 315

2 70 0 8 360 6 315

3 70 0 8 405 6 315

4 70 0 8 450 6 315

5 70 0 10 315 6 315

6 70 0 10 360 6 315

7 70 0 10 405 6 315

8 70 0 10 450 6 315

9 70 0 12 315 6 315

10 70 0 12 360 6 315

11 70 0 12 405 6 315

12 70 0 12 450 6 315

13 70 0 14 315 6 315

14 70 0 14 360 6 315

15 70 0 14 405 6 315

16 70 0 14 450 6 315
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tion of process parameters tested for the removal of bond layer. A schematic 
of the laser removal procedure followed to remove the BL coating is shown 
in figure 3. 

3.  RESULTS

3.1. � Beam overlap effect in laser removal of thermal barrier  
coating (TBC) 

The laser cleaning of TBC with 80% beam overlapping produced clean tracks 
for the power levels and focal point positions tested under 50 passes of the 
laser beam. In contrast, at 70% laser beam overlap under the same process 
conditions did not completely remove the TBC coating. The consumption of 
energy per unit of volume of TBC removed was calculated for all the condi-
tions tested in this experiment following equation 1. At 70% percent laser 
beam overlap, the effect of the focal point position on the energy consump-
tion was minimal yielding only on average 1.64% lower energy consumption 
when the beam was focused at the bottom of the TBC coating as shown in 
figure 4 (b & d). The longer interaction time at 80% overlapping condition 
yielded higher energy consumption. A similar trend was observed when 
increasing the power applied in the removal process. Here, the laser beam 
focused at the bottom of the TBC layer improved on average 6.33% the 
energy consumption efficiency as shown in figure 4 (a & c). This, as the laser 
beam is converging along the depth of the TBC coating layer, which maxi-
mises the removal of material in the laser cleaning process. 

3.2. � Beam focal point location and assisting media effect in laser 
removal of thermal barrier coating (TBC) 

The effect of focusing the laser beam on the top and bottom of the TBC coating 
layer was investigated for a laser beam overlapping of 75% at different power 

FIGURE 3 
Laser removal of bond layer (BL) coating MCrAlY of 350 µm thickness at 70% laser beam overlap, 
focusing on top of the BL layer following two sets of laser scans, first a set of ~ 215 passes at dif-
ferent frequencies 8,10,12 & 14 kHz each followed by a second set of 100 passes at 6 kHz.
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levels in a definitely manner. Since the two previous conditions tested resulted in 
excessive removal (80% overlap) or incomplete removal (70% overlap) of the 
TBC coating layer. Furthermore, the effects of assisting media in the laser clean-
ing process were explored for the focal point position at the bottom of the TBC 
coating layer. In particular, the shear stress produced by an assisting side Argon 
knife gas jet at 2 bars of pressure with an incident angle of ~ 25° and the explosive 
ejection of steam water while in interaction with the laser beam were investi-
gated. In these experiments, five different power levels were employed, while 
maintaining constant the scanning speed of 975 mm/s, the overlapping of the 
scanned lines was set at 75%, and the number of passes at 50 for each condition 
(see Table 3 tests 21-40). The energy consumption per unit of volume in laser 
cleaning of TBC for each condition tested was calculated following equation 1. A 
graphical overview of the results obtained in this experiment is presented in figure 
5. The effect of the beam focal point position was clearly observed at a 400W 

FIGURE 4
Calculated energy consumption in the laser cleaning of TBC at different beam overlapping con-
ditions, power level, and focal point positions. Clean tracks were obtained at 80% beam overlap-
ping at 400W (a) and 450W (c) power levels. Tests at 70% beam overlap showed remnants of 
TBC coating at 400 W (b) and 450 W (d) power levels. 
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power level at the dry condition which generated cleaner tracks when focusing at 
the bottom figure 5(b) as compared to focussing at the top figure 5(a). In general, 
higher power level produced clean tracks as seen in figure 5 (e - h), while the 
action of the Argon gas jet figure 5(d) and low-pressure water steam figure 5(c) 
helped to obtain cleaner tracks than those obtained by the laser beam alone -dry 
condition- figure 5(b). High power level, however, increased the amount of 
energy consumed per unit volume as shown in the graph in figure 5. 

3.3.  Laser removal of bond layer
Multiple experiments were conducted at each of the 16 combinations match-
ing four power levels (315, 360 405 & 450W) with four pulse frequencies (8, 

FIGURE 5
Calculated energy consumption in the laser cleaning of TBC at 75 % overlapping and at different 
focal point positions and assisting media. Dry TBC with laser beam focused on top at 400W (a) 
and 450W (e); Dry TBC with laser beam focused at the bottom at 400W (b) and 450W (f); Water 
steam with laser beam focused at the bottom at 400W (c) and 450W (g); Argon gas jet with laser 
beam focused at the bottom at 400W(d) and 450W (h).
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10, 12 & 14 kHz) to reach the substrate with flat surfaces, avoiding cracks and 
obtaining thin recast layers (see Table 4). The traverse speed and number of 
laser beam passes were adjusted to obtain clean pieces with these combina-
tions of pulse frequencies. Figure 6 shows the cross-section of the BL laser 
removal results for all the combinations investigated. The samples show that 
the BL was completely removed where the laser beam reached the substrate 
and the cleaned tracks had fairly flat surfaces.

The material removal rate was measured for each parameter combination. 
The thickness of the recast layer left on the surface after the laser stripping of 
the BL for each condition was measured by optical microscopy. Figure 7 
shows both the computed material rate and the thicknesses of the recast layer 
measured after the laser stripping process for all the conditions. The recast 
layer thicknesses recorded were below 5 µm in all conditions.
The experimental results show that low frequencies of 8 & 10 kHz, at similar 
power levels, yielded lower material removal rates as compared to higher 
frequencies of 12 & 14 kHz, which improved the rate of material removal. 
The second laser beam scan set of 100 passes at 315W average power and 6 
kHz pulse frequency which yields higher peak power. This second scan flat-
tens the treated surface by the laser beam. The high peak power ablates the 
material uniformly; however, the material removal rate is low and the heat 
input is high.

FIGURE 6
Laser removal of the bond layer by two sets of scanning patterns (two different frequencies) with 
70 % overlapping of the laser beam and different power levels, traverse speed and number of 
passes.
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3.4.  WDS Analysis of laser cleaned surfaces
A Wavelength-Dispersive X-Ray Spectroscopy (WDS) analysis of the laser 
stripped surfaces was conducted to determine the oxygen content after the 
cleaning process (reduction or avoidance of oxidation effects). The analysis 
was conducted on the cross section of the laser treated surfaces. The WDS 
analysis reveals the chemical composition of the recast layer and the substrate 
material Inconel 718 for the complete experimental matrix on BL laser clean-
ing. The analysis identified the proportion of the main elements present in 
Inconel 718 and the bond layer coating MCrAlY. Here, twelve elements were 
analysed at four points in each recast layer cross section. Furthermore, two 
points on the base material for half of the treatments were analysed as shown 
in Figure 8. The best results obtained in terms of low levels of Oxygen were 
obtained when cleaning with laser frequencies of 8 and 14 kHz. Table 5 
shows the elements detected by the WDS analysis of this selected laser 
cleaned surfaces. The second condition at 14 kHz is beneficial for this pro-
cess as it resulted in higher removal rates of the bond layer. 

3.5.  XRD Analysis
An X-ray diffraction (XRD) analysis was conducted to identify the residual 
stresses present in laser cleaned surfaces. This technique has been employed 
by various groups to investigate the degree of change to the residual stresses 
in the sample after subjecting the sample to TBC depositions and cyclic ther-
mal treatments [28-31]. The residual stress analysis was conducted with an 
X-ray diffractometer following the cosα method. The diffractometer employs 
a Chromium X-ray source. The scanning angle was fixed at 35o, while X-rays 
were collimated by a 1mm point collimator. Four measurements were taken 
from the sample surface, each point located 3 mm apart. Figure 9 shows the 
set up employed for this analysis. The results indicated that tensile stresses 

FIGURE 7
Material removal rate and recast layer thickness in the laser removal of BL (MCrAlY) by two 
scanning sets at different frequencies. 
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FIGURE 8
WDS analysis conducted at four locations on the recast layer cross-section and at two locations 
on the substrate.

TABLE 5
Selected WDS results of laser cleaned surfaces at 8 and 14 kHz.

FREQ 
Element 

(weight %) 

Recast layer Inconel 718 

315 W 360 W 405 W 450 W 360 W 405 W 

8 kHz
(+ 6 kHz) 

Ni 55.56 51.74 50.66 54.91 50.81 50.63 

Co 2.77 2.11 0.79 1.25 0.43 0.40 

Fe 19.15 18.24 18.28 19.09 18.64 18.66 

Cr 12.93 13.16 14.00 10.85 17.86 18.25 

Mo 2.30 2.42 2.48 2.37 2.91 2.23 

O 1.21 1.17 2.29 1.79 0.84 0.89 

Al 0.85 1.14 1.00 1.00 1.64 1.70 

14 kHz 
(+ 6 kHz) 

Ni 50.97 49.83 52.23 51.72 50.94 50.48 

Co 0.70 1.43 1.70 5.53 0.36 0.38 

Fe 17.50 16.69 17.26 16.12 18.55 18.29 

Cr 9.94 10.69 9.99 10.26 18.21 18.25 

Mo 3.57 3.15 3.23 2.50 2.86 2.80 

O 3.15 2.81 2.99 2.01 0.79 0.74 

Al 0.91 1.74 1.30 1.74 1.77 1.77 

were present on the surface of the laser cleaned samples as shown in Table 6, 
with an average value of 547 MPa. Conversely, compressive stresses of an 
average value of -264 MPa were measured from the surface of a pristine cou-
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pon. Finally, tensile stresses of an average value of 563 MPa were measured 
from samples subjected to TBC coating process conditions. This residual 
stresses balance between the substrate/coating compound results from 
quenching stresses and the coefficient of thermal expansion (CTE) mismatch 
stress [28-32]. The former develops when the melted TBC coating (Yttria-
stabilised zirconia) rapidly solidifies and cools over the substrate material 
(Inconel 718 + BL) [28, 29]. The latter -CTE- results from the thermal expan-
sion mismatch between the coating materials and the substrates [30, 31]. The 
similar average values of residual stresses obtained from both the TBC coated 
and the laser cleaned samples suggest that the laser cleaning process does not 

FIGURE 9
Set-up for XRD analysis of a laser treated Inconel 718.

TABLE 6
Residual stress (MPa) measurements of Inconel 718, Inconel 718 coated with BL and TBC and 
a laser ablated Inconel 718.

Inconel 718 Inconel + BL + TBC Laser cleaned Inconel 718 

-358 975 347.2

-154 269 456

-361 302 921.2

-183 706 465.5
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induce significant changes to the surface residual stress profile of the sample. 
Tensile stresses were expected on this process as the Inconel 718 substrates 
were heated by the laser removal process which then follows a cooling pro-
cess. These phenomena have been reported on laser additive processes [33]. 

4.  DISCUSSION

4.1.  Laser removal of the thermal barrier coating
From the experimental evidence reported herein, it was observed that the 
focal point position at the bottom of the TBC coating yielded cleaner tracks 
as the laser beam converges along the thickness of the coating. Here, the 
power density continuously increases given the smaller beam spot sizes. The 
opposite effect is observed when the focal point position is located at the top 
of the TBC i.e. the laser beam starts to diverge as it propagates along its thick-
ness. Furthermore, the consumption of energy was better optimised when the 
laser beam was located at the bottom of the TBC coating layer. 

The use of assisting Argon gas jet helped to clean tracks and to reduce the 
energy consumption see figure 5 (d & h). This by ejecting more material from 
the processing area given the shear stress applied to it, this clearing effect also 
enhances the laser-material interaction. Furthermore, water steam also 
reduced the energy consumption per unit of material removed. This by expel-
ling more material from the cleaned surfaces through an explosive boiling 
effect produced when the low-pressure water steam jet interacts with the 
high-power infrared laser beam. Optimal removal conditions were power 
level 400 - 450W, laser beam overlap of 75%, focus at the bottom of the TBC 
layer, 50 passes and 975 mm/s traverse speed. These conditions yielded clean 
traces with average removal rates of 140 mm³/min.

A novel two-step laser scanning process removed the BL (MCrAlY) coat-
ing which is a very tough interface protective layer for the Inconel 718 alloy. 
This layer proved difficult to be removed by a single set of parameters, there-
fore a suitable method has been developed. The combination of different 
scanning sets proved effective for the laser cleaning process of the BL coat-
ing. Here, the scanning of the laser beam at high pulse frequencies improves 
the removal rate of the material. The application of a second scanning set, i.e. 
laser beam delivered at low frequency and high-power level (high peak 
power), flattened the surface of the laser cleaned sample and yielded thinner 
recast layer. This layer cannot be fully avoided as the thermal nature of the 
nanosecond laser removal process; nonetheless, it was minimised as it was 
below 5 µm in thickness in all conditions. The optimal condition identified 
was a set of 170 passes at 14 kHz frequency and 450W (100% of power level 
available). This was followed by a set of 100 passes at 6 kHz and 315W yield-
ing a material removal rate of 10 mm³/min and recast layer of 4 µm.
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A WDS analysis was employed to identify the chemical composition of 
laser cleaned surfaces for the complete set of conditions tested. Since the 
laser removal process is conducted in an open-air environment and under 
high power level condition, the Nickel based alloy is susceptible to oxidation. 
It is important to minimise any oxidation as Inconel 718 is employed in the 
manufacture of valuable elements such as aero-engine and power turbine 
components. In particular, serviced aero-engine components follow a series 
of repairs and coating steps after the cleaning process of TBC and BL; there-
fore, oxidation levels shall be minimised. Results from WDS analysed laser 
treated materials showed that low oxidation levels were attained in pieces 
cleaned by the laser beam scanned at 8 kHz and at 14 kHz followed by 6 kHz 
scanning step. The latter combination i.e. 14 kHz followed by 6 kHz laser 
beam scans at 400W power level was the optimal condition as it yielded 
higher removal rate of the material.

5.  CONCLUSIONS

A laser removal process of TBC was conducted with a high power Nd:YAG 
pulsed laser. Clean tracks were obtained at 75 & 80% overlapping of the top-
hat and 600 µm square laser beam employed. The efficiency of the laser 
cleaning process improved when the focus was located at the bottom of the 
TBC coating as the laser beam converges along its thickness. The assisting 
media, Argon gas jet and low-pressure steam water, improved the material 
removal rate in the TBC laser cleaning process which in turn reduced the 
consumption of energy.

A novel two step laser removal process of the bond layer (MCrAlY) has 
been developed. The first step delivered multiple passes of the laser beam at 
high pulse frequency (14 kHz) which achieved high material removal rate. 
The second step consisted of a set of multiple passes of the laser beam at low 
pulse frequency which flattened the cleaned sample surface and yielded thin-
ner recast layer. 

WDS analysis was employed to identify oxidation levels on BL laser 
cleaned samples. A laser removal process with 170 passes of the laser beam 
at pulse frequency of 14 kHz at 450W, followed by 100 passes of the laser 
beam at pulse frequency of 6 kHz at 315W was found as optimal condition as 
it yielded higher material removal rate with low oxidation at the surface.

XRD analysis helped to identify the type and magnitude of residual 
stresses after the laser cleaning process. Their measured residual stresses are 
tensile in nature with an average magnitude of 547 MPa, which were compa-
rable in magnitude to the tensile stresses from samples subjected to the TBC 
coating process at 563 MPa. The pristine Inconel 718 coupons had compres-
sive residual stress with average value of -264 MPa. 
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Evaluation of Surface Properties of Silicon 
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Laser peening (LP) is a process that has been mainly applied to metals. 
However, few studies have applied LP to ceramics. In this study, laser 
peening without coating (LPwC) was applied to silicon nitride reinforced 
with silicon carbide (Si3N4/SiC). Smooth, laser-peened, and shot-peened 
specimens were prepared, and the surface conditions, surface roughness, 
and residual stresses were investigated. The surface roughness increased 
after LP due to laser ablation. When the LP parameters such as power 
density and coverage were too high, cracks initiated on the surface. Fur-
ther, when appropriate LP parameters were selected, a compressive resid-
ual stress of up to 230 MPa was introduced on the surface and the depth 
was about 50 μm. Although the magnitude of the surface residual stress of 
the laser-peened specimen was smaller than that of the shot-peened spec-
imen, LP was able to introduce a deeper compressive residual stress. 

Keywords: Laser peening, silicon nitride, ceramics, residual stress,  
surface roughness, surface properties

1  INTRODUCTION

Ceramics have excellent properties compared to metals, such as heat shock 
resistance, ablation resistance, and corrosion resistance. Therefore, ceramics 
are used in various applications. However, ceramic materials are brittle. Thus, 
their fracture toughness is much lower than that of metals.

To address this problem, many studies have been conducted with the goal 
of increasing the strength of ceramics by controlling their microstructures 
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and developing composite materials. In addition, surface treatments have also 
been studied. Shot peening (SP) is a technique used to introduce compressive 
residual stress by hitting small shot materials against the surface of the target 
material. In recent years, the effects of SP on ceramics have been studied by 
several researchers [1–8]. Ito et al. reported that the bending strength of par-
tially stabilized zirconia (PSZ) increased after SP [1]. Moon et al. reported 
that a compressive residual stress was introduced by SP on the surface of 
silicon nitride, which improved the apparent fracture toughness [2]. Tanaka et 
al. reported that a compressive residual stress was introduced in silicon nitride 
by fine-particle peening and ultrasonic peening, resulting in improved appar-
ent fracture toughness [3]. Pfeiffer et al. also reported that the compressive 
residual stress introduced by SP increased the static and cyclic load capacities 
of alumina and silicon nitride [4]. Takahashi et al. reported that improve-
ments in the apparent fracture toughness and contact strength of a Si3N4/SiC 
composite material were achieved by SP [5]. Takahashi et al. also showed 
that the bending strength and abrasion resistance of PSZ increased due to the 
effects of the compressive residual stress induced by SP [6, 7]. Shukla 
reported that the surface fracture toughness of a zirconia-advanced ceramic 
increased by micro-shot peening [8]. However, due to the physical contact 
with the shot material during SP, there is a possibility of surface peeling or 
chipping, which can result in large decreases in strength.

Therefore, we focused on laser peening (LP) in this study. LP is a tech-
nique that utilizes the impact force of plasma generated by the irradiation of 
a pulsed laser. LP is used for preventing many forms of damage, such as 
fatigue, wear, and stress corrosion cracking (SCC) in metals. For example, 
introduction of residual stress and improvement of the fatigue performances 
of metal components by LP were reported [9]. Sano et al. investigated the 
residual stress improvement in the surface of SUS304 by laser irradiation 
[10]. In addition, the application of LP to various materials has been studied. 
For example, retardation of crack initiation in austenitic stainless steels [11] 
and improvement in the fatigue life of a titanium alloy [12] were reported. 
Moreover, stress corrosion cracking resistance and significant decreases in 
fatigue crack growth rates in aluminum alloy welded joints were reported 
[13, 14]. Further, introduction of residual stress and improvement of the 
fatigue strength of a nickel-based alloy were reported [15].

Further, the effects of LP on ceramics have been studied as follows. Akita 
et al. reported that compressive residual stresses up to 270 MPa could be 
introduced by applying LP to silicon nitride. They also reported that the 
bending strengths of laser-peened specimens were improved compared to 
those of smooth specimens [16]. Shukla et al. reported that LP improved the 
hardness and fracture toughness of alumina [17] and silicon carbide [18], and 
that compressive residual stresses were introduced to Al2O3 armor ceramics 
[19]. In addition, Shukla and Lawrence applied LP to Si3N4 advanced ceram-
ics and reported an improvement in fracture toughness [20, 21]. Shukla sum-



	 Evaluation of Surface Properties of Silicon Nitride Ceramics� 223

marized the results of LP of ceramics in recent years [22]. Wang et al. applied 
LP to Al2O3 ceramics and reported that compressive residual stresses of up to 
671 MPa were introduced on the surface with a depth of about 1.2 mm [23]. 
Wang et al. also reported that compressive residual stresses of 850~900 MPa 
were generated on the surface of Al2O3 ceramics by LP, and were retained on 
the surface after annealing for 10 h at 1100 ºC and 1300 ºC [24]. Xing et al. 
found that femtosecond LP improved the wear resistance of Al2O3/TiC cut-
ting tools [25]. 

As mentioned above, many studies have applied LP to metals. However, 
the application of LP to ceramics has been limited because of the concerns 
regarding the formation of micro-cracks under the strong LP conditions 
required to introduce large compressive residual stresses. Therefore, when 
LP is applied to ceramics, it is necessary to investigate the relationship 
between LP and the surface conditions. 

In this study, we applied LP to silicon nitride reinforced with silicon car-
bide (Si3N4/SiC) and investigated its surface properties such as the surface 
roughness and residual stress distribution. Finally, we determined the appro-
priate LP conditions for Si3N4/SiC.

2  EXPERIMENTAL PROCEDURES

2.1  Materials and specimens 
In this study, we used silicon nitride reinforced with silicon carbide (Si3N4 /
SiC). The samples were prepared using a mixture of Si3N4 with 20 wt% SiC 
powder and 8 wt% Y2O3 as a sintering additive. The mixed powders were 
dried and subsequently hot-pressed at 1850 °C and 35 MPa for 2 h in a N2 
atmosphere. Detailed methods for preparing the test materials were reported 
previously [26]. The hot-pressed plates were then cut into test specimens 
measuring 3 mm × 4 mm × 40 mm. One face of each specimen was ground 
with a grindstone and polished with a 6 μm diamond slurry to a mirror-like 
finish. The arithmetic average surface roughness (Ra) was 0.025 μm. One of 
the edges of the specimen was chamfered. This specimen is denoted as the 
“smooth specimen.”

2.2  Laser peening process
Laser peening without coating (LPwC) was applied to the smooth specimens 
in water. Table 1 lists the conditions of the LP process. The second harmonic 
of a Q-switched Nd:YAG laser (λ = 532 nm, SAGA, Thales, France) was 
used. The pulse duration (t) was 6.2 ns and the repetition rate was 10 Hz. The 
spot diameter of the laser (D) was fixed as 0.5 mm. The pulse energy (Ep) 
indicates the energy contained per pulse of the laser. The irradiation density 
(Np) indicates the number of pulses irradiated per unit area. The peak power 
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density (G), which is the light intensity per unit area, can be calculated by the 
following equation using the pulse energy, Ep, and spot area, Ap (= πd2/4):

	 G
E

A t
p

p

= 	 (1)

Three power densities, G = 2, 16, and 33 GW/cm2, were selected. 
Figure 1(a) shows the peening area of the specimen, and Figure 1(b) shows 

the peening pattern and laser track in the laser-peened area. Figure 1(c) shows 
the experimental setup of LP. The specimens were submerged in a water bath, 
and then processed by LP. The laser was rastered over the specimens in the y 
(width) direction followed by shifting in the x (longitudinal) direction in one 
layer. The pitches of the laser spot were ranged from 0.063 to 0.25 mm, and 
the corresponding overlap ratios were 50% to 87%. The pitch is the distance 
between two laser-irradiated spots. In Figure 1(c), the pitch in the x direction 
is the same as the pitch in the y direction.

The coverage, Cv, which is the amount of overlap per unit area, is calcu-
lated by the following equation proposed by Sano et al. [10] using the irra-
diation density, Np, and spot area, Ap:

	 Cv = Np Ap	 (2)

TABLE 1 
Conditions of laser peening. 

Specimens 

Pulse 
energy, 
E p [mJ]

Spot 
diam-
eter, D 
[mm]

Power 
density, 
G [GW/

cm2]

Irradiation 
density, 

Np [Pulse/
mm2]

Overlap-
ping 
pitch
[mm]

Overlap 
ratio 
[%]

Cover-
age, Cv 

[%]

Specimen 1 24

0.5

2

16 0.25 50 314

51 0.14 72 1000

153 0.081 84 3000

255 0.063 87 5000

Specimen 2 194 16

16 0.25 50 314

51 0.14 72 1000

153 0.081 84 3000

255 0.063 87 5000

Specimen 3 401 33

16 0.25 50 314

51 0.14 72 1000

153 0.081 84 3000

255 0.063 87 5000
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FIGURE 1
Schematic diagram of peening method applied to the specimen.
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Here, Cv = 314, 1000, 3000, and 5000% were selected. In this LP, we constructed 
1 path. In this study, shot-peened specimens were also prepared for comparison. 
In SP, the shot diameter was 300 μm and the shot pressure was 0.2 MPa [5].

2.3 � Measurement of surface condition, surface roughness,  
and residual stress

Surface observations and surface roughness measurements of the specimens 
were carried out using an optical microscope and a stylus-type surface rough-
ness-measuring machine, respectively. For the surface roughness measure-
ments, three random points on the surface of each test specimen were 
measured in the longitudinal direction, and an average value was calculated. 
The Ra was used as a parameter for the surface roughness.

In addition, the surface residual stresses of the laser-peened specimens in 
the longitudinal direction were measured by the cos α method using an X-ray 
residual stress-measuring device. The residual stress was evaluated at three 
points and an average was calculated. In this study, the (212) diffraction peak 
of Si3N4 was measured using the Cr-Kα characteristic X-ray line.

Furthermore, to evaluate the residual stress distribution in the depth direc-
tion, sequential polishing in the depth direction was performed. During pol-
ishing, the surface of the specimen was mirror-finished by buffing with a 
diamond slurry with a particle diameter of 1 µm. The amount of polishing 
was measured based on the change in the thickness of the specimens before 
and after polishing using a micrometer.

3  RESULTS AND DISCUSSION

3.1  Surface observations and surface roughness 
The surface of each test specimen was observed. Figure 2 shows the opti-
cal micrographs of the surface of each specimen. There was no chipping 
on the edge of the smooth specimens, as shown in Figure 2(a). The 
micrographs in Figure 2(b) and (c) show an enlarged view of the surface 
on which LP was applied. The specimens that were laser peened with a 
power density of 16 GW/cm2 and coverage of 1000% exhibited a par-
tially dark and discolored surface, while the edges remained similar to 
that of the smooth specimens, as shown in Figure 2(b). However, surface 
cracks were observed on the surface of the samples laser peened with a 
power density of 16 GW/cm2 or more and coverage of 3000% or more, as 
shown in Figure 2(c). Chipping and peeling were clearly observed at the 
edges of the shot-peened specimens due to the physical contact of the 
shot material, as shown in Figure 2(d). 

Figure 3 shows the calculated Ra of each test specimen. The Ra of the laser-
peened specimens increased with increasing coverage and power density. The 
asterisk mark in Figure 3 shows that surface cracks occurred due to LP.
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FIGURE 2 
Optical micrographs of the surfaces of the specimens.

(a) Smooth (Non-LP) specimen

(b) Laser-peened specimen
(G = 16 GW/cm2, Cv = 1000%)

(c) Laser-peened specimen

(d) Shot-peened specimen
(G = 16 GW/cm2, Cv = 3000%)
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3.2  Surface residual stress
Figure 4 shows the residual stresses measured at the surfaces of the speci-
mens. Compressive residual stress was introduced by LP. The maximum 
compressive residual stress was about 280 MPa. The specimens that were 
laser peened at 16 and 33 GW/cm2 showed much larger compressive residual 
stresses than those peened at 2 GW/cm2. The asterisk mark in Figure 4 shows 
the occurrence of surface cracks. Surface cracks were observed on the sample 
when the LP parameters such as power density and coverage were too high.

3.3  Residual stress distribution from the surface in the depth direction
Figure 5 shows the residual stress distribution for each coverage. Generally, 
the compressive residual stress and the depth of the crossing point (i.e., the 
point at which the residual stress changes from compression to tension) tend 
to increase as the value of G increases. However, when the Cv values were 
314% and 1000%, the compressive residual stress values saturated at G = 16 
GW/cm2. The amount of heat input increases as the value of G increases. 
Therefore, it was expected that the compressive residual stress would become 
small. When the Cv was 314%, the compressive residual stress values were 
smaller than those at other Cv values.

When SP was applied to Si3N4/SiC, the compressive residual stress on the 
surface was about 1500 MPa and the introduction depth was about 40 µm, as 

FIGURE 3
Surface roughness (Ra) of each surface-treated specimen.
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shown in Figure 6. The residual stress of the shot-peened specimen greatly 
decreased and approached 0 MPa as the depth exceeded 20 µm. On the other 
hand, the laser-peened specimen retained the compressive residual stress even 
at a depth of 40 µm. From this observation, it was concluded that although the 
laser-peened sample had a smaller surface residual stress than the shot-peened 
sample, the compressive residual stress could be introduced deeper below the 
surface. The optimal LP conditions were found to be a G value of 16 GW/cm2 
and a Cv of 1000%. This is because the surface compressive residual stress was 
the largest among the specimens with no surface cracking after LP.

4  CONCLUSIONS

LPwC was applied to Si3N4/SiC composite materials to increase the surface 
strengths of the ceramics. The influences of LP on the surface conditions, 
surface roughness, and distribution of residual stress in the depth direction 
were investigated.

(1)	 Surface roughness increased by LP due to laser ablation. When the LP 
parameters such as power density and coverage were too high, surface 
cracks appeared on the sample.

FIGURE 4 
Surface residual stress at each power density and coverage.
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FIGURE 5 
Residual stress distributions for Si3N4/SiC samples after LP.

FIGURE 6
Comparison of residual stress distributions of laser-peened and shot-peened specimens.
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(2)	 Compressive residual stresses up to 230 MPa were introduced by LP 
without peeling or chipping of the surface.

(3)	 The depth of the compressive residual stress was about 50 µm. The sur-
face compressive residual stress of the laser-peened specimen was 
smaller than that of the shot-peened specimens. However, the depths of 
compressive residual stress in laser-peened specimens were deeper than 
those of the shot-peened specimens.

Nomenclature 
t	 Pulse duration (ns)
D	 Spot diameter of the laser (mm)
Ep	 Pulse energy (mJ)
Np	 Irradiation density (mm-2)
G	 Power density (GW/cm2)
Ap	 Spot area (mm2)
Cv	 Coverage (%)
Ra	 Arithmetic average surface roughness (μm)

Greek symbols
λ	 Wavelength of pulse laser (nm) 
σ	 Residual stress (MPa)
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The goals of the present study are to strengthen a new, Hastelloy-X superal-
loys by prestressing the surface with laser-plasma driven shock waves and 
also to quantify the effect of Laser Shock Peening (LSP) on the evolution 
of phase, residual stress (both through thickness and on the surface), dislo-
cation density, and hardness of Hastelloy-X superalloys. Dislocation densi-
ties in the peened and unpeened samples were measured by Wiliamson and 
Smallman approach to analyze the severity of plastic deformation follow-
ing LSP surface treatment. The maximum compressive residual stress mea-
sured on the peened surface of Hastelloy-X samples using incremental hole 
drilling technique was 850 MPa. In addition, it was found that the LSP 
parameters have a dominant effect in tailoring the surface hardening behav-
ior and residual stress in Hastelloy-X superalloys. 

Keywords: Laser shock peening, residual stress, incremental hole drilling, 
dislocation density, strain hardening

1  INTRODUCTION

Hastelloy-X is a solid solution-strengthened nickel-based superalloy with 
excellent oxidation resistance, formability, and high-temperature strength 
[1-3]. Hastelloy-X superalloys are extensively used in gas turbine engines for 
combustion-zone components, tail pipes, and are being considered as poten-
tial material for high-temperature gas-cooled reactor (HTGR) [4]. However, 
failure in these materials was reported due to intergranular attack and internal 
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oxidation in high-temperature gas mixtures [3, 5]. The thermal stress induced 
cracks are responsible for the generation of intergranular attacks and occur-
rence of internal oxidation in Hastelloy-X superalloys.

Laser shock peening (LSP) is a surface severe plastic deformation process 
which involves plastic deformation of the material by high pressure shock 
waves resulting from interaction of energetic laser with a material [6, 7]. The 
generated shock waves not only deform the material in contact plastically, but 
also induce compressive residual stress on the surface of the material [7-10]. 
The generation of compressive residual stress helps to delay the crack growth/
propagation, thereby increasing the fatigue strength of the material [11, 12]. 
The use of LSP process has also been extended to strain harden materials’ 
surface which increases the hardness, toughness and tribological properties 
of the metallic and ceramic systems [10, 13, 14]. 

LSP of many advanced materials have been investigated which include 
aluminum alloys [15- 19], nickel alloys [20-29], titanium alloys [30- 35], iron 
alloys [36-40], magnesium alloys [41, 42], copper alloys [43] etc. Interest-
ingly, LSP studies have not been limited to only metallic systems, it has also 
been studied on non-metallic systems [13, 14]. The LSP of these conven-
tional and advanced materials have shown to improve not only the surface 
hardening and fatigue strength, but also significantly contributed to the 
improvement of corrosion and wear resistance properties [30, 44]. Grain size 
reduction and surface nano-crystallizations have also been observed follow-
ing LSP [19, 42]. The work carried out by Tradan et al [19] showed an 
increase in the dislocation density following LSP which was responsible for 
the evolution of ultra-fine grains in the near surface microstructure. 

Studies on LSP of Ni-based superalloys were mostly reported on the 
mechanical properties and residual stress development. Gill et al [26] com-
pared the effect of advanced mechanical surface treatments (laser shock 
peening, cavitation shotless peening and ultrasonic nanostructure modifica-
tion) on IN718 SPF and investigated the process effect on residual stress 
development, surface hardening, microstructural evolution etc. The measured 
residual stress and hardness were lowest amongst all the three surface treat-
ment processes with no signature of nano-crystallization [26]. Wang et al 
[20], however, reported grain refinement following LSP of K403 Ni alloy. 
The studies on LSP of Ni-based superalloys depict only on qualitative dislo-
cation density without providing the much needed quantitative information. 

The aim of the present investigation is to study the effect of LSP on the 
properties of Hastelloy-X superalloys and to understand the strengthening 
mechanisms. The study is mainly focused on studying the phase distribution/
evolution, microstrain development, surface hardening behavior, and evolu-
tion of dislocation density and residual stress following LSP. Microstrain and 
dislocation density have been measured and critically discussed to under-
stand the strain hardening behavior in Hastelloy-X superalloys following 
LSP. In-depth residual stress measurement has been carried out using incre-
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mental hole drilling technique to quantify the depth of residual stress in the 
material following LSP surface treatment. 

2  MATERIALS AND METHODS 

2.1  Materials
LSP was carried out on rectangular Hastelloy-X superalloy samples (30 mm 
× 10 mm × 10 mm dimension), whose composition and mechanical proper-
ties are mentioned in Table 1. Prior to LSP, these superalloy samples were 
stress relieved at 1175 ºC for an hour followed by grinding in 600 µm grit size 
SiC papers to remove the surface residues and oxides. Ultrasonic cleaning 
was carried out in acetone and isopropyl alcohol baths to remove any con-
taminants present on the surface followed by blower drying. 

2.2  Laser shock peening
In the present study, a 10 J pulsed Nd:YAG laser system (LPY10J; Litron) 
was used for the laser shock peening (LSP) study. The schematic of the LSP 
set up is shown in Fig.1. The LSP studies were carried out with a radiation 
wavelength of 1064 nm and a pulse duration of 8 ns long at a repetition rate 
of 10 Hz. The raw beam diameter was 25 mm which was then focused down 
to 3 - 7.5 mm on the sample’s surface using a fused silica lens (focal length = 
50 mm). The laser beam divergence was 0.5 mrad (M2 ≈ 1.99). The laser 
beam radiance density were measured to be between 6.44 to 22.65 J.cm2.Sr-1.
µm [46–49]. Black polyisobutylene tape with a thickness of 500 mm was 
used as an absorptive layer to prevent any thermal effect on the sample during 
LSP process. Water with a flow rate of 2 L/min was used as a confinement 
medium in the present study. All the samples were treated with single shot 
laser pulse with an overlap of 50%. The process map adopted in the present 
study are presented in Figure. 2. Four different systems were developed based 
on the laser energy and beam diameter combinations. This led to four differ-
ent laser power densities used in the present study.

LSP involves irradiating the surface of the target using a high energy laser 
which then forms an expanding plasma, following laser-material interaction, 
with high pressure shock waves propagating into the material. The material is 

TABLE 1
Nominal composition and mechanical properties of Hastelloy-X used for LSP.

Composition (wt.%) Young’s 
modulus 

(GPa)

Yield 
strength 
(MPa)

Dynamic 
yield strength 

(MPa)Ni Cr Fe C Mo Si W

Bal. 20 19.8 0.1 7 0.3 0.5 190 380 570[45]
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considered to deform plastically when the shock wave pressure exceeds the 
Hugoniot Elastic Limit (HEL) of the material. 

According to Fabbro et al [50] and Peyre et al [7, 8], the peak plasma pres-
sure, P, can be expressed as

	 P(GP ) =α
α

α
0.01

2 3 2 2 0 2+


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
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τ
 is the laser power density and Pavg, f, τ, A, Z, and 

α are the average power (W), pulse repetition rate (Hz), pulse duration (ns), 
laser spot area (cm2), reduced shock impedance between the material and 
the confining medium, and efficiency of plasma-material interaction (0.1 – 
0.2) [8], respectively. The importance of α during laser-material interaction 
is that it contributes to the total energy (Et) by converting part of energy 
(αE) to thermal energy and rest of the energy ((1 - α)E) is used to generate 
and ionize plasma. The increased in thermal energy increases the pressure 
of the plasma. 

The reduced shock impedance is expressed as [8] 

	 2 1 1

1 2z z z
= + 	 (2)

FIGURE 1
Schematic representation of laser shock peening (LSP) process.
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where, Z1 and Z2 are the shock impedances of target material and confining 
medium, respectively. In the present study, Z1 (nickel) = 4.14 × 106 gcm-2s-1 
and Z2 (water) = 0.165 × 106 g.cm-2.s-1 [20]. 

The reduced shock impedance according to Equation. (2) is measured to 
be 0.32 × 106 g.cm-2.s-1. The value of peak pressure developed on the sam-
ple’s surface following LSP was calculated according to Equation. (1) is 
shown in Figure. 2. The HEL of any material is related to its dynamic yield 
strength (σYdyn) as [6, 45]

	 HEL Y
dyn=

−
−

1

1 2

ϑ
ϑ

σ 	 (3)

where, υ is the Poisson’s ratio of the material. The value of σY
dyn  was taken 

from ref. [45] for the calculation of HEL. The calculated value of HEL was 
measured using Equation. (3) and is shown in Figure. 2.

The laser shock peening parameters were chosen to ensure that the peak 
plasma pressure exceeds the HEL of the material to plastically deform the 
material. 

2.3  Material characterization 

2.3.1  Phase analysis
X-ray diffraction (XRD) (D8 Discover; Bruker Corporation) was used to 
study the phase evolution following LSP using a Cu Kα radiation with a scan 
step of of 0.02°/s and time per step of 0.1 s. For the measurement of full width 
at half maximum (FWHM) of the diffraction peaks, scanning speed of 0.01°/s 
and time per step of 5 s were employed to ensure higher peak counts. Each 
peak was then fitted using Pseudo-Voight function with Origin8.5 software 
platform. 

FIGURE 2
Process Map For The Laser Shock Peening Of Hastelloy-X Superalloys.
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The Williamson-Hall method for Uniform Stress Deformation Model 
(USDM) considering the anisotropic nature of the strain was used for the 
determination of microstrain developed in the crystal lattice following 
LSP. The equation used to calculate the microstrain is presented below 
[51, 52].

	 β θ
λ σ

θhkl hkl
hkl

hkl
k

D E
cos = +







4 sin 	 (4)

where, β is the full width half maximum (FWHM), θ is the diffraction angle, 
K (≈ 1) is a constant, λ is the X-ray wavelength, and D is the crystallite size 
(or domain size). The suffix, hkl, refers to a crystallographic plane.

From the slope and intercept of the plot between βhkl cosθ and 4sinθ/Ehkl, 
the lattice deformation stress, σ, and the crystallite size, D, were measured, 
respectively.

The microstrain (ε) can be re-written as ε
σhkl

hklE
=







, where Ehkl is the 

Young’s modulus in a crystallographic direction perpendicular to the lattice 
plain (hkl). 

2.3.2  Microstructural analysis
Optical microscopy of the LSP treated surface was carried out using a light 
optical microscope (Axio Observer; ZIESS) to measure the grain size. The 
grain size was measured using linear intercept method according to ASTM 
E112 – 13. Microstructural analysis of the LSP treated surface was carried 
out using scanning electron microscope (SEM) (Gemini SEM; ZIESS). The 
samples were chemical etched prior to microstructural study. The etchant 
used to etch Hastelloy-X samples was Waterless Kalings reagent. The etching 
time was optimized to be 30 seconds for Hastelloy-X samples.

2.3.3  Dislocation density measurement
Wiliamson and Smallman method [53] was used to measure dislocation den-
sity in untreated and LSP treated samples. The method assumes the crystallite 
size and microstrain are related to dislocation density as:

	 ρ
ε

=
2 3 2 1 2/

Db
	 5)

where, <ϵ2>1/2 is the root mean square (rms) microstrain, D is the size of 
coherently diffracting domains, and b is the burger vector in <110> direction 
and for an FCC crystal it is expressed as b= <110> a/2, where a is the lattice 
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parameter. The lattice parameter was measured using XRD and it was to be 
0.355 nm for Hastelloy-X superalloy.

2.3.4 � Residual stress measurement using incremental hole drilling technique
The incremental hole drilling technique was used to measure residual 
stress along the depth of the sample. The measurement was carried out 
using a hole drilling apparatus (Restan-MTS3000; SINT Technologies) 
which consists of both the mechanical and electronic drills. For this study 
here, the electrical drill was employed. The obtained data was then evalu-
ated by a control software (RMS) and back calculation software (EVAL). 
The drilling device was mounted using magnetic feet on a 12 mm thick 
mild steel plate. The identification of the surface of the sample (reference 
point for drilling) was controlled by the electrical contact between the 
endmill and the metallic sample. The end mill diameter was 1.5 mm. The 
drilling speed was kept at 0.1 mm/min. The acquisition delay and the 
drilling delay were kept at 4s and 3s, respectively. The residual stresses 
were calculated by the HDM method using the constant spline function 
with eccentricity correction between the drilled hole and the center of the 
strain gage rosette.

2.3.5  Microhardness Measurement
Vickers microhardness tester (DURASCAN-70; Struers) was used to mea-
sure the hardness of untreated and LSP treated samples using 100 gf load and 
a dwelling time of 10 seconds. 

3.  Results

3.1  Microstructural characterisation
Figure. 3 shows the optical micrographs of (a) LSP-1, (b) LSP-2, (c) LSP-3, 
(d) LSP-4, and (e) unpeened sample. Surface microstructure modification is 
evident from the cross-section of optical micrographs following LSP. The 
depth of microstructural modification varies between 40 to 90 mm as shown 
by the dotted lines. Higher depth of microstructural modification can be 
observed for sample treated with a peak power density of 14.1 GW/cm2 
(LSP-4). The grain sizes were measured on three different samples using lin-
ear intercept method (ASTM E112 – 13) and the lowest grain size of 23 mm 
(± 1.5 mm) was measured for LSP-4 (14.1 GW/cm2). The measured grain 
size for LSP-1 (1.12 GW/cm2), LSP-2 (2.95 GW/cm2), and LSP-3 (7.96 GW/
cm2) were 30 mm (± 2.8 mm), 28 mm (± 2.3 mm), and 25 mm (± 1.8 mm), 
respectively. The measured grain size in an unpeened sample was 57 mm (± 
5.2 mm).
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Figure. 4 shows the scanning electron micrograph of the cross-section of 
(a) LSP-1, (b) LSP-2, (c) LSP-3, and (d) LSP-4. From Figure. 4 (a-d), the 
deformation induced grain size reduction is evident. Hastelloy-X is a solid 
solution strengthened Ni-Fe superalloy. Presence several annealing twins in 
the austenitic matrix is evident in the microstructure of the Hastelloy-X 
superalloys which formed due to solution annealing treatment of samples to 
relieve any trapped stress before LSP.

High magnification scanning electron micrographs of an unpeened sample 
(Figure. 5a) and LSP-4 (Figure. 5b) are shown in Figure. 5. The high magni-
fication micrographs don’t show any sign of significant microstructural 
refinement with only presence of sub-grains (as shown by arrows) in a grain 

FIGURE 3
Cross-sectional optical micrographs of (a) LSP-1, (b) LSP-2, (c) LSP-3, (d) LSP-4, and (e) 
unpeened sample.
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as shown in Figure. 5b with the dotted line. No evidence of surface melting is 
also observed in Figure. 5b which confirms the process was purely mechani-
cal without any thermal effect.

3.2  Phase analysis
Figure. 6 shows the XRD phase scans of an untreated Hastelloy-X superalloy 
(plot 1), LSP-1 (plot 2), LSP-2 (plot 3), LSP-3 (plot 3), and LSP-4 (plot 5). 
The XRD phase scans reveal presence of face centered cubic (FCC) reflec-
tions of nickel (Ni) matrix in both untreated and laser shock peened samples. 
There is no trace of reflections from any other phase suggesting that there was 
no separate phase formation (oxides) or phase transformation due to high 
pressure shock waves during LSP which corroborates microstructural studies 
indicating absence of melting (no thermal effect). The lattice parameter in the 
unpeened and LSP treated Hastelloy-X samples were measured to be 0.355 

FIGURE 4
Cross-sectional scanning electron micrographs of (a) LSP-1, (b) LSP-2, (c) LSP-3, (d) LSP-4, 
(e) unpeened sample.
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nm which was used to calculate burger vector in the ˂110˃ direction and 
hence, the dislocation density. 

The crystallite size (D) and rms microstrain (ϵrms) in laser shock peened 
samples were estimated from the XRD peak broadening using Uniform Stress 
Deformation Model (USDM) and the estimated values are plotted in Figure. 
7. It should be noted here that, D is the size of the homogeneous domains 
contributing to coherent diffraction under XRD, and is less than the grain 

FIGURE 5
Scanning electron micrographs of cross-section of (a) as-received Hastelloy-X and (b) LSP-4.
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FIGURE 6
X-ray diffraction scans of an untreated hastelloy x superalloy (plot 1), LSP-1 (plot 2), LSP-2 
(plot 3), LSP-3 (plot 3), and LSP-4 (plot 5).

FIGURE 7
Variation of crystallite size and microstrain with laser power density.
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size, which was estimated by optical microscopy and scanning electron 
microscopy. On the other hand, dislocations are considered to be the line 
defects which are responsible for the peak shift, broadening and asymmetry 
in the XRD pattern. The measurement and analysis of dislocation density and 
peak broadening are discussed in the following sections. The crystallite size 
of an untreated Hastelloy-X superalloy was measured to be 56 nm. It is inter-
esting to note that with the application of LSP surface treatment the crystal-
lite size increases which is evident from Figure. 7. The crystallite sizes of 
LSP-1, LSP-2, LSP-3, and LSP-4 were measured to be 76 nm, 75 nm, 72 nm, 
and 66 nm, respectively. From Figure. 7, it can be observed that the crystallite 
size decreases with increase in the laser power density which implies that 
higher the plastic deformation, the lower is the crystallite size. The root mean 
square (rms) microstrains were measured using the microstrains observed in 
different crystallographic directions. Figure. 7 shows the rms microstrain 
developed on the laser shock peened samples. The microstrain measured in 
the Hastelloy-X samples were also found to be dependent on the laser power 
density. With the increase in the laser power density, the microstrain devel-
oped on the surface of the sample increases as shown in Figure. 7. 

Figure. 8 shows the variation of dislocation density with laser power den-
sity. Measuring dislocation density in laser shock peened samples is an effec-
tive way to quantify plastic deformation. High strain rate surface plastic 
deformation of the metallic systems were reported to increase the dislocation 

FIGURE 8
Variation of dislocation density with laser power density.
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density which resulted in surface hardening as well as formation of nano-
structured zone on the surface [24, 54]. From Figure. 8, it may be noted that 
the dislocation density in an untreated sample is 6.3 × 1013 m-2 which increases 
to a maximum value of 26.3 × 1013 m-2 for LSP-4. The dislocation density in 
LSP-1, LSP-2, and LSP-3 were measured to be 18.7 × 1013 m-2, 19.7 × 1013 
m-2, and 25 × 1013 m-2, respectively.

3.3  Incremental hole drilling
LSP is a process where plastic loading and unloading takes place which 
leads to the development of compressive residual stress in the material. 
Residual stress distributions in the untreated and LSP treated samples as 
a function of depth are shown in Figure. 9 (a-e). Stresses were measured 
in two directions perpendicular to each other. The initial stress on the 
untreated sample’s surface is tensile in nature (Smax= 23 MPa and Smin= 9 
MPa) as shown in Figure. 9 (a). From Figure. 9 (b-e), it can be observed 
that the LSP treated samples shows development of compressive residual 
stress following LSP and the maximum compressive residual stress was 
measured just below the surface. The compressive nature of the residual 
stress developed on the samples following LSP confirms the theoretical 

FIGURE 9
Incremental hole drilling residual stress measurement of (a) as-received Hastelloy-X sample, (b) 
LSP-1, (c) LSP-2, (d) LSP-3, and (4) LSP-4.
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data shown in Figure. 2. It is to be noted that the depth of compressive 
residual stresses in LSP-1 to LSP-4 varies between 0.1 mm to 0.35 mm. 
The previous studies have shown the depth of compressive stress is 
extended up to 1 mm [24, 54, 55]. The difference in depth of compres-
sively stressed zone in the present study and previous studies may be 
attributed to the use single shot laser pulse instead of multiple shots [55]. 
This is because of the work hardening of the material due to dislocations 
generation in first shot which then decreases the rate of attenuation of the 
subsequent pressure pulse followed by a higher peak pressure to deform 
deeper into the material on successive shots. The compressive residual 
stress components Smax and Smin for LSP-1 were measured to be 140 MPa 
and 50 MPa, respectively as shown in Figure. 9 (b). Residual compressive 
stress components for LSP-2 were 481 MPa (Smax) and 280 MPa (Smin) as 
shown in Figure. 9 (c). Maximum compressive residual stresses of 697 
MPa (Smax) and 834 MPa (Smin) were measured at 39 mm below the sur-
face for LSP-3 as shown in Figure. 9 (d). On the other hand, the compres-
sive residual stresses measured for LSP-4 were 637 MPa (Smax) and 73 
MPa (Smin).

4  Discussion

LSP is a high strain rate deformation process which results in producing 
nanostructured zones in the surface microstructure. Table 2 compares the 
results obtained in the present study and reported works on LSP of Ni-based 
superalloys. These will be discussed in the following section. It is important 
to mention here that no other studies on LSP of Ni-based alloys have used 
incremental hole drilling technique to measure the residual stress through 
depth.

Following grain size measurements using Figure. 3 (a-d), a maximum 
reduction in grain size of 60% with a laser power density of 14.1 GW/cm2 

was observed. The increased shock wave pressure at higher laser power den-
sity is the reason behind the reduction in grain size. Hua et al [25] reported 
similar reduction in grain size following LSP. The reported value of grain size 
following LSP was 18.5 mm as compared to 33.3 mm in an untreated GH586 
superalloy. The grain size reduction observed in the present study is not so 
significant as compared to several other studies where grain sizes were in the 
order of nanometer following LSP [24, 54]. However, reported studies were 
conducted with multiple laser shots during LSP which resulted in a grain size 
reduction whereas a single-shot strategy was used in the present study. Stud-
ies carried out by Trdan et al [19] and Kattoura et al [24] showed the grain 
size in the near surface regions were in the range of 20-50 nm following LSP 
Al-Mg-Si alloys and ATI 718Plus alloy, respectively. Interestingly, a laser 
power density of 4.7 GW/cm2 was shown to produce a nanostructured zone 
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near the surface in Ni-based superalloys [24] whereas a laser power density 
of 14.1 GW/cm2 in the present study didn’t result in the formation of nano-
meter sized grains in Hastelloy-X samples. No grain refinement in Inconel 
718 SPF alloy was, however, observed by Gill et al [26] following LSP with 
a laser power density of 16 GW/cm2. The reason of the observation may be 
related to single-shot LSP strategy. Nonetheless, with the use of single-shot 
LSP a significant decrease in grain size was observed which would help to 
fine tune the LSP process further for getting higher surface strength and 
improved surface properties. A transmission electron microscopy study will 
be done in future to measure the grain size in the near surface zone. Nonethe-
less, grain size reduction is evident, however, a nanostructured zone is not 
evident. Comparing Figure. 5a and Figure. 5b, it may also be noted that the 
surface of LSP-4 is wavier than the surface of the unpeened sample. The sur-
face waviness is believed to be due to the laser shock wave induced deforma-
tion. 

In LSP, the severity of plastic deformation increases with the increase in 
the peak pressure exerted on the sample. The peak plasma pressure can be 
controlled by exploiting the laser power density and the reduced shock 
impedance according to Equation. (1). Moreover, the peak plasma pressure 
can also be controlled by using different absorptive mediums and confining 
mediums [6, 56, 57]. In the present study, water was used as a confinement 
medium and black vinyl tape was used as an absorptive medium. However, 
laser power density was varied. 

The increase in dislocation density in the LSP treated samples indicates 
an increase in the magnitude of plastic deformation which is necessary to 
obtain a hardened surface and to induce compressive residual stress on the 
surface of the superalloy. By looking at Equation. (1), it is clear that with 
the increase in laser power density, the peak plasma pressure on the surface 
increases. An increased peak plasma pressure then deforms the material by 
pure mechanical effect. In the present study, a 4-fold increase in the magni-
tude of dislocation density was observed following LSP with a laser power 
density of 14.1 GW/cm2 as shown in Figure. 8. A 2.5 times increase in 
dislocation density (measured using Smith–Guttman linear intercept tech-
nique) was reported by Tradan et al [19] following LSP of aluminum alloy. 
It is to be noted that no reported dislocation density on Ni-based alloys fol-
lowing LSP was found to compare with the present study. The increase in 
the dislocation density is attributed to the peak plasma pressure of 13.98 
GPa (cf. Figure. 2) which is much higher than the HEL of the material (≈ 
1.11 GPa). Three-fold increase in the dislocation density was also observed 
when the sample was LSP treated with a laser power density of 1.13 GW/
cm2 as compared to the untreated sample. It is important to mention here 
that a laser power density of 1.13 GW/cm2 induces a peak plasma pressure 
of 1.12 GPa on the surface of the sample as mentioned in Figure. 2. The 
minimum plasma pressure requires to induce plastic deformation in the 
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material is 1.11 GPa (≈ HEL). The small difference of ~5% in the measured 
dislocation density between LSP-1 and LSP-2 is due to the smaller change 
in the laser power density in LSP-2 than in LSP-1 as shown in Figure. 8. 
However, a considerable increase in dislocation density of almost 27% can 
be observed following an increase in the laser power density from 2.95 
GW/cm2 to 7.96 GW/cm2 as evident from Figure. 8 which is attributed to 
increase in peak plasma pressure. Figure. 8 also depicts that the dislocation 
density in LSP-4 shows a change of only ~5% as compared to LSP-3. This 
is almost similar to the difference between LSP-1 and LSP-2. However, the 
difference in laser power density between LSP-3 and LSP-4 is more as 
compared to the difference between LSP-1 and LSP-2. It is believed that the 
confinement layer breakdown phenomenon may be the reason behind the 
small increase in the dislocation density [6]. Confinement layer breakdown 
phenomenon indicates that the confining dielectric medium (water in this 
case) is no more transparent to the incident laser radiation due to increase 
in plasma in the dielectric volume and the transmission of laser radiation 
through the confining medium to the interface is severely disrupted by the 
inverse Bremsstrahlung mechanism. This behavior is characterized by satu-
ration in plasma pressure with increase in laser power density.

The generation of compressive stress is also dependent on the applied 
laser power density. That is why higher values of compressive stress were 
measured for LSP-3 and LSP-4 as compared to LSP-1 and LSP-2 samples. It 
should also be noted that reported results were also shown to have tensile 
residual stress which is due to surface melting during LSP [21]. The reported 
compressive residual stress values were between -227 MPa and – 882 MPa 
[20, 21, 23, 24, 26-29]. The reported compressive residual stresses using sin-
gle-shot LSP were 633 MPa [20] and 583 MPa [29]. The variation in the 
reported values and the value measured in the present study is believed to be 
due to the different LSP conditions/parameters employed herein. Moreover, 
the LSP-4 sample showed lower stress value than LSP-3 which may be due 
to the confinement layer break down phenomena. The confinement layer 
breakdown phenomena is observed when the laser power density increases to 
a critical value (as happened for LSP-4) beyond which the peak plasma pres-
sure is no longer a linear function of laser power density and a scattered 
compressive stress may be observed beyond this point [6]. The increased 
compressive residual stress in Hastelloy-X superalloys following LSP sur-
face treatment may be beneficial in improving the fatigue strength of the 
superalloy under study which is in scope of future study. The improvement in 
microhardness is related to the strain hardening phenomena which is observed 
following LSP surface treatment. 

Figure. 10 shows the microhardness distribution in the LSP treated sam-
ples LSP-1, LSP-2, LSP-3, and LSP-4. A maximum hardness of 243 HV0.1 
was measured on the surface of LSP-4. The surface hardness of LSP-1, LSP-
2, and LSP-3 were measured to be 212 HV0.1, 223 HV0.1, and 240 HV0.1, 
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respectively as shown in Figure. 10. From Figure. 10, it is evident that the 
microhardness on the surface is higher than the interior with a gradual distri-
bution of microhardness across its depth. From Figure. 10, the LSP surface 
treatment shows improved surface hardening as compared to an untreated 
sample. A maximum increment in hardness of ~16.8% was measured follow-
ing LSP. Wang et al [20] found an increment in microhardness of 16.5% in 
K403 alloy following single-shot LSP which is close to what was measured 
in the present study. The depth of hardened zone is extended up to 500 mm 
which is greater than the value (300 mm) reported by Wang et al [20]. Hua et 
al [25] found an increment in microhardness of 27% and the depth of hard-
ened zone was found to be 250 mm. A ~20% increase in the microhardness 
value and wide hardened zone of ~700 mm was reported by Gill et al [26]. A 
wider hardened zone may be obtained by multiple impacts at the same point 
during LSP. The gradual decrease in the microhardness values with depth is 
related to the decrease in the dislocation density with depth as shock pressure 
decreases as the shock waves travel from surface towards interior of the sam-
ple. The surface experiences a maximum shock pressure which goes on in a 
decreasing trend. The observed surface hardening phenomena is related to the 
increased dislocation density following LSP surface treatment (cf. Figure. 8). 
The enhanced surface hardening behavior of Hastelloy-X superalloys follow-
ing LSP surface treatment would also improve the wear resistance of the 

FIGURE 10
Microhardness distribution with depth in laser shock peened Hastelloy-X superalloy samples.
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superalloy under study and should be a subject of future studies. It may be 
noted that there are some anomalies in the plot for LSP-2 and LSP-3 which 
indicates some additional mechanisms taking place here which is a subject 
for future study. 

5  CONCLUSIONS

This investigation aims at studying the effectiveness of Laser Shock Peening 
(LSP) to tailor the surface properties of a new Hastelloy-X superalloys. This 
was done by focusing on understanding the evolution of phase, dislocation 
density, microstructure, surface hardening, and residual stress following LSP. 
A single-shot strategy was used to quantify depth of compressive residual 
stress following LSP. Microstructure and property analyses were undertaken 
to establish the mechanism of surface hardening. The investigation led to the 
following conclusions.

(i)	 Microstructural refinement and reduction in gran size were observed 
with single-shot LSP. The measured grain sizes were between 23 mm to 
30 mm. The single-shot LSP showed ~60% reduction in grain size as 
compared to the untreated sample.

(ii)	 A maximum rms microstrain of 1.321 × 10-3 was measured on the sur-
face of the Hastelloy-X. The rms microstrain increased with increase in 
the laser power density except for LSP-4 where confinement layer break-
down was believed to have occurred. Crystallite size showed a boost 
following LSP as compared to an untreated sample. With increase in 
laser power density, the crystallite size, respectively, showed a decreas-
ing trend.

(iii)	Single-shot LSP showed increase in dislocation density. A maximum 
dislocation density of 26.3 × 1013 m-2 was measured for the laser power 
density of 14.1 GW/cm2. With increase in the laser power density, the 
dislocation density increased. However, the increment was within the 
same order of magnitude of untreated sample. 

(iv)	 Single-shot LSP induced a maximum compressive residual stress of 850 
MPa when laser shock peened with a laser power density of 7.96 GW/
cm2. On the other hand, a laser power density of 14.1 GW/cm2 showed 
comparatively lower residual stress development which may be due to 
the confinement layer breakdown phenomena. In-depth residual stress 
measurement showed the depth and magnitude of compressively 
deformed zone varies with laser power density. 

(v)	 The surface hardening was achieved following LSP. A maximum surface 
hardness of 243 HV0.1 was measured following LSP. The increased 
hardness of the Hastelloy-X samples following LSP will increase the 
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strength and wear resistance and hence, it is expected to increase the 
component life and reduce the repair cost although further testing and 
analyses are necessary. 

The enhanced hardness and significantly high compressive residual stress 
observed in the present study would significantly contribute to the application 
of Hastelloy-X in a gas turbine environment as well as in high temperature 
gas cooled reactors where cyclic loads are prevalent. 
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NOMENCLATURE

M2	 Beam quality factor
HEL 	 Hugoniot Elastic Limit (GPa)
P	 Peak plasma pressure (GPa) 
I0	 Laser power density (W/cm2)
Pavg	 Average laser power (W)
f	 Pulse repetition rate (Hz) 
Z	 Reduced shock impedance (gcm-2s-1)
Z1	 Reduced shock impedance of nickel (4.14 × 106 gcm-2s-1)
Z2	 Reduced shock impedance of water (0.165 × 106 gcm-2s-1)
A	 Laser spot area (cm2)
E	 Laser energy (J)
Et	 Total available energy (J)
K	 Scherer constant (≈ 1)
D	 Crystallite size or domain size (nm) 
hkl	 Indices of a crystallographic plane
σ	 Lattice deformation stress (MPa)
b	 Burger vector (nm)
a	 Lattice parameter (nm)
Smax	 Maximum residual stress (MPa)
Smin	 Minimum residual stress (MPa)

Greek symbols
α	 Efficiency of laser-material interaction (0.1 – 0.2)
τ	 Laser pulse duration (ns)
υ	 Poisson’s ratio of the material. 
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σY
dyn	 Dynamic Yield strength (MPa)

β	 Full width half maximum (Radian)
θ	 X-ray diffraction angle (°)
λ	 X-ray wavelength (nm) 
ε	 Microstrain
εhkl	 Microstrain in the hkl direction
<ϵ2>1/2	 Root mean square microstrain
ρ	 Dislocation density (1/m2)
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