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Laser shock peening is promising surface treatment technique to improve the mechanical

properties of metals material through introducing a deep compressive residual stresses region. In

this work, LSP was employed to treat Zr based bulk metallic glasses (BMGs). In contrast to the

work softening in BMGs, laser shock peened BMG shows significant hardening in the plastic

deformed region. Furthermore, the plastic deformation region exhibits unique deformation

features, which is dependent on the thickness of the samples. The deformation morphology under

the impacted region was also studied. The mechanism for the hardening and formation of unique

deformation features is discussed.
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Introduction
Bulk metallic glasses (BMGs) are well known for their
high strength and high elastic stain limit. However,
the applications of BMGs in structural materials are
impeded by the catastrophic brittle fracture at room
temperature, owing to the highly localised deformation
in shear bands and the work softening behaviour.1,2

Recently, great efforts have been made to enhance the
plastic deformation capability of BMGs. Apart from the
composite strategy, several attempts have been made to
improve the plasticity of monolithic BMGs, including
prior cold rolling,3,4 and shot peening.5 The improved
plasticity is attributed to the induced residual stress and
the implanted shear bands. However, subsequent studies
showed that shot peening produced a soft layer (tens of
micrometres), which may sacrifice the fatigue property
of BMG.6,7

Similar to but having more advantages over shot
peening, laser shock peening (LSP) has been widely used
to improve wear resistance and fatigue performance in
metallic materials.8–10 In the LSP process, a shock wave
is generated and propagates into the target through the
interaction of a pulsed high intensity laser beam and
absorption layer on the metallic target surface. Laser shock
peening appears to achieve a much greater depth of residual
stress (typical on the order of 1–2 mm) than conventional
shot peening (less than 0?25 mm). Furthermore, LSP
produces a high strain rate deformation caused by shock
wave (normally 105–107 s21). These also provide a unique

condition for the study of deformation behaviour of BMG
deformed under high rates, as well as the interaction
mechanism between shock wave and metallic glass
materials. However, less attention has been paid on the
LSP effect on the BMGs up to now.11 In this work, LSP
was applied to treat a Zr based BMG. The deformation
feature and properties evolution in the BMG after LSP
were investigated.

Experimental procedures
Bulk metallic glass of composition Zr47?9Ti0?3Cu39?3Ni3?1Al9?4

(at-%) was prepared by arc melting the elemental
constituents in argon atmosphere, followed by drop
casting into cylindrical rods with 5 mm in diameter.
Before casting, the arc melted buttons were remelted at
least five times to ensure compositional homogeneity. The
structure of the as cast alloys was characterised by X-ray
diffraction and differential scanning calorimetry with a
heating rate of 20 K min21. The samples are cut into
0?5 or 2 mm in thickness, grinded and polished under
standard metallographical procedure to a mirror finish.

Laser shock peening was performed with a Q-
switched high power Nd : YAG pulse laser operating at
1064 nm wavelength and a maximum of 2?5 J output
energy per shot can be achieved through a two-step
amplification system. The full width at half maximum is
approximately 7?32 ns. The original laser beam size is
about 12 mm in diameter and a focusing lens was used
to adjust the beam size to 2 mm such that the laser
intensity was above 7 GW cm22 at the specimen surface.
The target surface is glued with an Al foil as an
absorption layer, confined by a 4?00 mm thick K9 glass
against the laser irradiation. An appropriate thickness of
the Al foil (y60 mm here) was chosen to ensure that
only the upper part of the Al foil was melted and ionised
by the laser energy. The K9 glass is fully clamped with
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the target without a cushion at the back surface by a
specially designed holder. After LSP, the detailed
morphology of the impacted areas was observed by
optical microscopy, scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The hardness was
measured by Vickers indenter.

Results and discussion
The amorphous structure of the as cast Zr47?9Ti0?3

Ni3?1Cu39?3Al9?4 BMG is confirmed by X-ray diffrac-
tion. Glass transition temperature (Tg), crystallisation
temperature (Tx) and the supercooled liquid region
[(DTx5Tx2Tg)] of the BMG are characterised to be 702,
762 and 60 K, respectively, through differential scann-
ing calorimetry measurements at the heating rate of
20 K min21.

Thick (2 mm) and thin (0?5 mm) samples were peened
by a single pulse laser. An indent with the diameter of
y1?8 mm formed, respectively, on the peened surface of
the Zr based BMG sample after laser shock, which
indicates that the materials have undergone a significant
plastic deformation. The detailed surface features
of the thick sample (2 mm thick) shocked by a single
pulse laser are shown in Fig. 1. Inhomogeneous plastic
deformation can be found on the indent surface, which
is characterised by the numerous random distributed
half-round areas, with the diameter of 5–20 mm. These
features are consistent with our previous results for the
sample alloy with 5 mm thickness.11 The morphology of
the deformed region for the thin sample after peening is
shown in Fig. 2. Random distributed half-round defor-
mation regions are also found at the central part of the
indent (Fig. 2a). However, another deformation feature,
radial deformation steps, is dominated in other parts
of the indent. They show lengths in scale of hundreds
of micrometres and spacing in scale of 100 mm.
Furthermore, AFM was used to make a further study
on the deformation feature on the impacted surface.
Figure 3 shows two typical morphologies of the radial
deformation steps. It can be found that the step height is
in the order of hundreds of nanometres, which tends to
decrease with increasing the radial distance from the
centre of the indent. The height of the radial steps is
higher than that of the half-round steps. This is due to
the lower number density of the former, thereby each

radial step accommodates more plastic strain during the
formation of the indent.

The above results show that the shock peened BMG
revealed a sample thickness dependent of deformation
morphology. The thick sample is dominated by half-
round steps, while the thin sample shows two kinds of
steps, half-round and radial shaped, with the latter
located on the outer regions within the indent surface.
The thickness dependent of deformation feature could
be related to the shock propagation process in the
different samples. Upon the forming of the plasma
shock wave, an elastic and plastic compression wave
starts to move into the sample. The elastic wave is
reflected at the free sample end as a tensile wave and
comes back to the plastic front. Then this elastic tensile
wave is reflected again at the plastic front as a
compression wave, moves back, and so on. With a
coupling pressure analytical method, the pressure
transmitted to the BMG through shock wave was
estimated to have a peak value about 8?2 GPa and full
width at half maximum about 35 ns.11,12 Moreover, the
time (t), when the elastic precursor wave reaches the free
back end of the sample, is calculated by

t~
h

c
~h

(1{2v) 1zvð Þr
(1{v)E

� �1=2

(1)

where E is elastic modulus, r is the density of the BMG,
h is the thickness of sample, n is poisson’s ratio. For
h50?5 mm, t is calculated to be y95?5 ns, which is not
far beyond the pulse width of the shock wave. Due to
the high peak pressure and the short time duration, the
reflected tensile wave may still have a pressure higher
than dynamic yield stress of the BMG, which leads to a
tensile strain superimposing on the previous compressive
strain. This causes complex plastic features on plastic
deformed surface. As for the thick sample (h52 mm), t
is y382 ns, far beyond the pulse width of the shock
wave. When the elastic precursor wave approaching the
back end of the sample, the energy attenuates greatly
due to the long propagation time, and is transferred to
the sample. The reflected tensile wave may have a much
lower pressure than the dynamic yield stress of the
BMG, not giving rise to a tensile strain in the sample.
This is thought to be the reason that the deformation
feature of the thick sample is dominated by the half-
round shape steps.

1 a SEM morphology of thick sample after LSP and b high magnification micrograph corresponding to a
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In order to investigate the plastic deformation feature
underneath the peened surface, a bonded interface
sample (schematically shown in Fig. 4a) was employed.
The two BMG blocks were polished and bonded by high
strength glue with a gap width of about 5 mm. The
height of the sample is about 3 mm. The laser beam
was focused on the centre of the interface. After LSP
treatment, the bonded blocks are separated and

observed by optical microscopy and SEM. Typical
morphology of the deformed region under the surface
is shown in Fig. 4b. It can be seen that a large number of
shear bands, which is typical plastic deformation feature
of BMGs, are found under the surface. The shear bands
have an average length of about 10 mm, changing with
the depth under the surface. The depth of the plastic
deformation region, characterised by the appearance of

a central part; b outer parts
2 Morphology (SEM) of thin sample after LSP

3 Images (AFM) of deformed surface on thin sample after LSP
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shear bands is about 1?5 mm. This also proves that the
plastic deformation does not reach the bottom end of
thick sample, because of the attenuated wave pressure.

Vickers hardness measurements were used to char-
acterise the effect of LSP on the hardness change of the
BMG. The hardness distribution of the impacted zone
after LSP is shown in Fig. 5. The hardness of the central
part of deformed region is found to be higher than that
on edges, and the average hardness of the central region
(y0?8 mm diameter) is about 618 HV, which is 17%
higher than that of untreated sample.

It is known that crystalline metals show a distinct
hardening upon plastic deformation, due to dislocation
multiplication. However, metallic glasses normally
exhibit work-softening feature. The formation of shear

bands was reported to cause the dilatation and soft-
ening.13,14 As a result of shear softening, shot peening, in
fact, produces a soft surface layer (y80 mm) in BMGs.5

It should be noted that significant hardening occurs in
the present BMG treated by LSP, which is promising for
the improvement of the fatigue properties in BMGs. The
hardening of the BMG may caused by the super high
speed densification of the alloy, which overcomes the
softening by forming shear bands. To further prove this,
the hardness of the LSP treated sample was compared
with that of the relaxed samples. The as cast samples
were isothermally annealed at 651 K for 6 and 24 h,
respectively. The measured hardness as well as that of
the fully crystallised sample is listed in Table 1. The
peened sample shows a much higher hardness than
highly relaxed samples, but is softer than the crystallised
alloy. The relaxation of the BMG gives rise to the
annihilation of extra free volume and drives the alloy
into a metastable equilibrium state. The higher hardness
of the peened sample implies a more condensed glassy
structure with less free volume. Moreover, the work
hardening mechanism of the BMG under LSP may also
be related to the residual compressive stresses induced
by LSP. Although the residual compressive stress does
not increase the hardness obviously,15 the combined
effect of the structural densification and residual
compressive stress could contribute to the significant
hardening of the BMG.

The deformation feature of the present LSP sample,
does not show pile-ups and shear bands around the indent,
unlike the deformation morphology of BMGs under
indentation.16,17 The maximum strain rate of the present
LSP treatment is estimated to be about 2?56106 s21.
However, the unique plastic deformation features can not

4 a schematic diagram of bonded interface technique and b shear bands pattern underneath deformed surface

5 Hardness distribution of impacted region after LSP

Table 1 Vickers hardness of as cast, relaxed, crystallised, and as peened BMG

Sample As cast 6 h-relaxed 24 h-relaxed Crystallised As peened (central)

Hardness/HV 530 542 568 639 618
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only be ascribed to high strain rate, as they were not
observed in other high speed experiments (e.g. plate
impact).18,19 The formation of the half-round and radial
shape steps may be related to collective microscaled
deformation during the densification of the BMG.
Further study is needed to clarify the mechanism for the
novel plastic deformation behaviour in BMGs.

Summary
Bulk metallic glass of composition Zr47?9Ti0?3Cu39?3Ni3?1Al9?34

(at-%) has been treated by LSP technology. In addition to
forming a millimetre scaled indent, half-round and radial
shape deformation steps are formed on the deformed
surface, with the type depending on sample thickness. The
plastic deformation region has a depth of about 1?5 mm,
and is characterised by profuse short shear bands.
Significant hardening is achieved after LSP. The mechan-
ism is ascribed to the high speed densification of the
material to a more closely packed structure, which
overcomes the local softening by shear bands.
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