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Nanoindention tests and SEM microstructure observations were conducted on a single crystal nickel base
superalloy after laser shock peening (LSP). Distinct surface hardening behavior was found to occur under the
selected LSP technology. A large discrepancy in γʹ areas happened on laser shocked regions and the large plastic
deformation embodied in γʹ phases’ deformation brought a signiﬁcant hardening eﬀect.

1. Introduction
Single crystal nickel base superalloys have been used commonly as
blade materials for aircraft turbines because of their good resistance to
plastic deformation [1,2]. The microstructure of these alloys consists of
a γ matrix in which cuboidal γʹ precipitates are embedded coherently
and one of the most striking material characteristics of them is the
anisotropy [2]. Laser shock peening (LSP) is used to enhance material
lifetimes predominantly under fatigue-related conditions [3–6]. The
laser shock eﬀects on mechanical properties of metallic materials, such
as steel [7,8], aluminum [9–11], titanium [12–14], have been studied
extensively over the last few decades due to the requirement of high
fatigue resistance. However, few studies have reported on how the
mechanical properties are aﬀected by LSP for single crystal superalloys,
particularly in terms of the nano-hardness. This paper describes how
the nano-hardnesses are aﬀected by LSP for a single crystal nickel base
superalloy. In addition, the corresponding microstructure evolution
and deformation mechanism are also involved.
2. Experimental
The nominal chemical composition of the selected single crystal
nickel base superalloy was listed in Table 1. And the related heat
treatment was carried out on the alloy as follows: homogenization
(1300 °C/2 h+1310 °C/2 h, air cooling (AC)) and two-step annealing
(1130 °C/4 h, AC+900 °C/16 h, AC). The single crystal specimen was
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cut into rectangular shape with edge length no less than 7 mm. The
surfaces peened by LSP were those roughly parallel to [001] orientation
and they were mechanically polished prior to the LSP treatment.
The process of LSP was implemented through a Nd:YAG laser
operating at 2 Hz with a wavelength of 1064 nm, laser local diameter of
2 mm, laser energy 6 J per pulse and the full wave at half maximum
(FWHM) of the pulse of 14 ns. The laser intensity was about 13.6 GW/
cm2 under this experimental condition. Before laser irradiation, the
sample surface to be processed was coated with a black tape and a
ﬂowing water curtain in sequence. The black tape was served as an
ablative medium, and the ﬂowing water was used as a conﬁning layer
[15,16]. Of particular note is that the sample was treated by one single
laser spot with one time.
After the LSP treatment the sample surface was taken to conduct
nano-hardness tests. Nanoindention tests were performed using
Agilent Nano Indenter G200 equipped with a Berkovich diamond
indenter. A load of 13.7 mN, corresponding to an equivalent penetration diameter of ~1.8 µm, was applied for each indent to probe a large
volume compared to the γ/γʹ microstructure [17]. The regions with
certain distances to the center of laser spot were measured twice.
Microstructures of diﬀerent laser treated regions after chemical etching
were analyzed by JEOL JSM-5800 scanning electron microscopy
(SEM), which was used at voltage of 20 kV. Moreover, γʹ sizes were
quantitated through Image Pro software.
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3. Results

Table 1
Nominal chemical composition (wt%) of the selected experimental alloy.
Co

Cr

W

Al

Mo

Ta

Re

Ni

7–9

6–8

4–6

6–8

2–4

6–8

3–4

Bal.

A circle pit formed on sample surface after laser shock treatment,
and a testing path from the center of laser spot to non-shocked regions
was chosen as shown in Fig. 1. Three varied laser treated regions could
be identiﬁed according to the distance to the center of laser spot along
the testing path, namely laser shocked regions, laser aﬀected regions
and non-shocked regions, respectively. It should be pointed out that,
during the nanoindention tests, the surface relief zones [18] on the
laser shocked regions were avoided for reducing errors.
Hardness cartography was established to map out the local surface
hardness of diﬀerent laser treated regions in Fig. 1. By means of
abnormal data deletion, the known nano-hardness data were ﬁtted
with an exponent to form a curve. The nanoindention results of Fig. 1
presented the signiﬁcant hardening eﬀect for the laser shocked regions.
And it can be gained that the hardnesses of the three regions was on the
decrease. Fig. 2 was constructed to demonstrate detailed load-displacement curves of the labelled testing points in Fig. 1 additionally. It
showed a diversity in penetration depths of the three testing points
under the same indention load and the varied penetration depths
corresponded to the diﬀerent nano-hardness kept. Namely that the
testing point, which kept a larger hardness, obtained a relatively small
penetration depth.
A detailed analysis of the microstructure in diﬀerent laser treated
regions was performed using SEM images of the surface. The observation zones with distances to the center of laser spot of about 0.6 mm,
1.2 mm and 2 mm were selected and the corresponding SEM graphs
were shown in Fig. 3. It was observed from Fig. 3(a, b) that the γʹ cubes’
edges were not well aligned, attesting to a scatter in the size of the γʹ
precipitates. In contrast, Fig. 3(c) gained a relative uniformity in the
sizes of the γʹ precipitates. As for γ channels, a distinct change was
gained that the widths of γ channels in Fig. 3(a) became inhomogeneous. Some widened and narrowed γ channels appeared in Fig. 3(a) as
compared to the origin γ channels shown in Fig. 3(c).
4. Discussions
Laser shock achieves its reinforcement eﬀect via surface severe
plastic deformation [19]. Large nano-hardnesses kept by laser shocked
regions are due to the high work hardening level generated by large
plastic deformation degree [4]. The speciﬁc manifestations of the large
deformation are expressed detailedly as follows.
The sizes of γʹ precipitates were characterized through areas. The
values of γʹ areas were estimated from Fig. 3 by using Image Pro
software and statistic data of γʹ areas were used to establish the
associated probability density function (PDF) (Fig. 4). In terms of the
PDF of γʹ areas shown in Fig. 4, γʹ areas showed a greater dispersion
degree for the laser shocked and aﬀected regions as compared to the
sizes of γʹ precipitates in non-shocked regions. Further, the average
areas of γʹ precipitates of the two laser treated regions slightly
increased. The statistical data of γʹ precipitates were listed in Table 2
and diﬀerent distortion degrees of γʹ precipitates for diﬀerent regions
were conﬁrmed by quantitative assessments.
Some experimental results of previous publications conﬁrm that, as
the main strengthening phase, γʹ precipitates possess the higher
strength and hardness than γ matrix phases [17,20]. And therefore γʹ
precipitates are of a relatively strong resistance to deformation.
Extrusion deformation generally happens on material surface under
the impact of high pressure. Under the given condition, the γʹ
precipitates deform in the mode of lateral expansion (Parallel to
sample surface), and therefore γ channels are directly extruded. On
the basis of the principle of volume invariably, γ channels extend
longitudinally (The opposite direction of laser shock) simultaneously.
Schematic diagrams of longitudinal section were given in Fig. 3 and it
illustrated the mentioned deformation mechanism. Given that, the
lateral expansion of γʹ precipitates resulted in the larger γʹ area in

Fig. 1. The measured nano-hardness values of diﬀerent laser treated regions in the
indentation test. Above is the metallographic graph of the sample surface after LSP, and
the nanoindention testing path was graphically illustrated. The three green stars indicate
the testing points in Fig. 2. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

Fig. 2. The measured load-displacement curves at a maximum load of about 13.7 mN in
the indention test. “Dist-X” represents the testing point which keeps a distance of X to
the center of laser spot.
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Fig. 3. The SEM micrographs of sample surfaces with varied distances to the center of laser spot. (a), (b), (c) represent the laser-shocked region, laser-aﬀected region and non-shocked
region respectively.

5. Conclusion
Nano-hardness tests and microstructure observations were conducted on diﬀerent laser treated regions. The nano-hardnesses of the
laser shocked regions increased dramatically. In addition, for the laser
shocked regions, both γʹ size and standard deviation of γʹ sizes were
larger as compared to the origin surface regions. The γʹ deformation
indicated that a large deformation degree was obtained by the laser
shocked regions and the brilliant hardening eﬀect resulted from that.
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