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Laser shock peening (LSP) experiments were conducted on an AZ31B Mg alloy sheet. The results show that the
room-temperature stretch formability of Mg alloy sheet can be enhanced by LSP, particularly through an in-
tegrated texture weakening and grain refinement effect induced by the laser shock loading.

1. Introduction

As the lightest structural metals, magnesium (Mg) and its alloys
possess high specific strength, good recyclability, and desirable bio-
compatibility [1] which make them attractive for broad industrial ap-
plications [2]. However, applications of Mg alloys are restricted by
their poor formability at room temperature [3]. This challenge is as-
sociated with their hexagonal closed packed (HCP) structure which
present insufficient independent slip systems [4]. Wrought Mg alloys
also present strong basal texture, giving rise to anisotropic deformation
behavior [5].

Several strategies have been developed to enhance the room-tem-
perature formability of Mg alloys, either through alloying or processing.
The addition of rare earth (RE) alloying elements, such as Ce [6], Gd
[71, Y [8], and Ca [9], has been proved to be efficient in improving the
formability [10,11]. However, the addition of rare earth elements
renders the Mg alloys expensive and incompatible with recycling con-
straints [12]. On the other hand, processing-oriented options, such as
pre-compression [13], high temperature rolling [14], differential speed
rolling [15], electo-plastic differential speed rolling [16], cross-wavy
bending [17], and equal channel angular processing [18], provide ef-
fective alternatives with advantages of bulk processing, high controll-
ability, and large scale manufacturing. From a metallurgical perspec-
tive, the formability of Mg alloys can be improved either by basal
texture weakening or grain refinement. A weakened basal texture al-
lows more homogeneous plastic deformation and refined grains pro-
motes grain boundary sliding (GBS) which provides additional
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deformation mode [19,20].

In recent years, laser shock peening (LSP) emerges as a promising
technology to improve the engineering performance of Mg alloys by
enhancing their surface strength [21], biocompatibility [22], fatigue
life [23], tribological performance [24] and corrosion resistance [25].
Compared with processing methods mentioned above, LSP is excep-
tional due to its capability of processing samples with complex geo-
metries and generating deep plastic deformation without degrading the
surface quality [26,27]. Our recent studies indicate that LSP of Mg al-
loys leads to the generation of a high density of {1012} extension twins,
leading to a crystallographic lattice orientation of 86.3° around 1210
zone axis [28,29]. The lattice reorientation induced by pre-twinning
provides an approach to tailor the basal texture of Mg alloys [30,31]. In
addition, grain refinement by LSP of metallic materials has been ex-
tensively reported [23,32,33]. All these findings indicate that LSP could
potentially enhance the formability of Mg alloys.

In this study the applicability of LSP to improve the room-tem-
perature stretch formability of Mg alloy sheet is investigated. LSP ex-
periments were conducted on an AZ31B Mg alloy. The microstructure
was characterized using optical microscopy (OM) and electron back-
scattered diffraction (EBSD) microscopy. Erichsen tests were carried out
to evaluate the stretch formability. The results show that LSP can
provide a combined texture weakening and grain refinement, leading to
improved room-temperature stretch formability of the Mg alloy sheet.

Received 24 January 2019; Received in revised form 11 April 2019; Accepted 13 April 2019

Available online 16 April 2019
0921-5093/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2019.04.054
https://doi.org/10.1016/j.msea.2019.04.054
mailto:yliao@unr.edu
https://doi.org/10.1016/j.msea.2019.04.054
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2019.04.054&domain=pdf

B. Mao, et al.

Table 1

Chemical composition of AZ31B Mg alloy (wt %).
Element Al Zn Mn  Si Cu Ca Fe Ni Mg
Weight 3.1 1.0 0.2 0.1 0.03 0.02 0.002  0.005  Balance

2. Experiments

A commercial rolled AZ31B Mg alloy block was used for experi-
ments. The chemical composition of the block is listed in Table 1. The
sheet samples were machined to a thickness of 1 mm. The surfaces of
the sheet samples were perpendicular to normal direction (ND). Before
LSP, the samples were grinded using SiC sandpapers, followed by fine
polishing using 3 pm diamond suspension. Afterwards, all samples were
annealed at 300 °C for 4 h in a vacuum furnace to remove the possible
artifacts induced by machining or polishing.

A schematic of the setup of the LSP process is shown in Fig. 1a. A Q-
switched Nd-YAG laser (1064 nm wavelength and 7 ns pulse width),
was used to deliver the laser energy. The laser beam diameter was
2 mm. Black tape with a thickness of 100 um and BK7 glass were used as
the ablative coating and transparent confinement, respectively. The LSP
scan path is schematically illustrated in Fig. 1b. The distance between
two neighboring spots is 1 mm and the overlapping ratio is 39%. LSP
was performed along ND to process the whole surfaces of samples.
During LSP, the nanosecond pulsed laser energy is absorbed by ablative
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coating, leading to the generation of a high shockwave pressure
(~GPa) propagating into the sample [26,34,35]. The temporal evolu-
tion of laser shockwave pressure as affected by the laser intensity can be
estimated by Fabbro's model [36] (Fig. 1c). For instance, given a laser
intensity of 4 GW/cm?, the peak shock pressure reaches 3.5 GPa.

The room-temperature stretch formability of laser processed sam-
ples was evaluated by the Erichsen tests. A schematic configuration of
Erichsen test is illustrated in Fig. 1d. The diameter of the lower mold
and upper mold were 15 and 17 mm, respectively. An Instron testing
machine was used to control the forming speed and record the load vs.
displacement behavior. The forming load was applied on a hemi-
spherical shape punch with a diameter of 10 mm at a constant speed of
0.01 mm/s. The movement of the punch stopped as cracks initiated
(indicated by a 10% drop of the maximum load) on the lower surface
(LSP processed surface) of the sample. The values of limit dome height
(LDH), i.e., stretch formability, defined as the depth of the punch at
fracture initiation, were then measured. To investigate the effect of LSP
on the mechanical properties of Mg alloys, tensile tests were carried out
using the “dog-bone” samples with a gauge area of 16 mm (RD) by
6 mm (TD) and a thickness of 2 mm (ND) machined from the Mg block,
as shown in Fig. le. Both sides of the gauge area of the samples sub-
jected to tensile tests were LSP processed. The strain rates were set as
0.0005/s in the tensile tests.
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Fig. 1. (a) Schematic setup of the LSP process. (b) LSP scan path. (c) The temporal evolution of laser shockwave pressure as affected by the laser intensity in LSP
experiments, estimated by Fabbro's model. Schematic configurations of the (d) Erichsen test and (e) tensile test.
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Fig. 2. (a) Load vs. displacement curves of unprocessed and LSP processed Mg alloy samples in the Erichsen tests. (b) Side view of the Mg alloy samples after Erichsen
tests. (c) Tensile stress-strain curves of unprocessed and LSP processed Mg alloy samples.

3. Results and discussion

Results of the Erichsen tests are shown in Fig. 2. As observed in the
load vs. displacement curves (Fig. 2a), LSP enhances stretch formability
of Mg alloy sheet. As compared to the unprocessed sample, a lower load
is needed for processed samples to reach the same displacement. For
instance, to reach a deformation displacement of 1.0 mm, the load for
sample processed by LSP with a laser intensity of 1.0 GW/cm? is 310N,
which is only 48% of the load used for unprocessed sample (650 N). In
addition, the enhanced stretch formability is confirmed by the side view
of the samples after Erichsen tests (Fig. 2b). It can be seen that the
processed samples exhibit a higher value of LDH as compared to the
unprocessed one. For instance, the unprocessed sample has a LDH value
of 1.67 mm, whereas for the sample processed by LSP with a laser in-
tensity of 4.0 GW/cm?, the LDH value increases by 63% to 2.73 mm.
Moreover, a higher laser intensity results in a higher LDH value. The
value of LDH increases from 2.21 to 2.73 mm as the laser intensity in-
creases from 1.0 to 4.0 GW/cm?.

Tensile testing results are shown in Fig. 2c. It is observed that the
yield strength and ultimate tensile strength (UTS) of LSP processed
samples are lower than those of the unprocessed one, while the fracture
elongation (FE) of LSP processed samples are greater than that of the
unprocessed one. Moreover, both the UTS and FE increase with the
increase of laser intensity. For instance, as the laser intensity increases
from 1.0 to 4.0 GW/cm?, the UTS increases from 212 to 241 MPa, and
the FE increases from 10.5% to 13.8%.

To reveal the mechanism responsible for the enhanced formability
of Mg alloys by LSP, EBSD analysis was performed. The inverse pole
figure (IPF) maps, image quality maps, and pole figure maps of the
surface of the unprocessed and processed samples are presented in
Fig. 3a-d. It can be seen that the unprocessed sample exhibits a strong
basal texture together with a twin-free equiaxial grain structure
(Fig. 3a). After LSP, a high density of twin lamellas, mostly identified as

{1012}1011 extension twins (Fig. 3b—d), were generated. A higher laser
intensity leads to a higher twin volume fraction (Fig. 3b-d). As an
evidence of texture weakening effect, the pole figure maps show that
the {0002} poles spread along the RD after LSP and this trend becomes
more apparent as the laser intensity increases due to the increase of
twin volume fraction. Note that, the appearance of high density {1012}
twins in this study seems abnormal since its activation is most favorable
when a tensile stress is applied along the c-axis or a compressive stress
is applied perpendicular to the c-axis of Mg crystals [37]. In this study
where a compressive stress is applied along c-axis, the activation of
{1012} twins should be suppressed (Fig. 3e). To address this paradox,
single pulse LSP experiment with a laser intensity of 2.0 GW/cm? and a
beam diameter of 2.0 mm was conducted on Mg alloy samples along
ND. The microstructure of the processed surface was examined by OM
(Fig. 3f-h). A donut-like distribution of twins can be identified in
Fig. 3f, where the twinning zone is marked between the yellow and red
dash lines. The twinned zone is located along the perimeter of laser
processed area (Fig. 3h), while few twins can be found in the center
area with a diameter equal to the diameter of laser beam (Fig. 3g).
Similar findings have been reported in Refs. [38,39], in which the
{1012} twins tend to form on the perimetric area of an indentation
where the stresses favor extension twinning. Therefore, in the con-
tinuous LSP experiment along ND where the sample surface is com-
pletely processed with a laser beam overlapping ratio of 75%, surface
twinning with a high density can be achieved (as observed in Fig. 3d),
leading to the texture weakening effect.

In addition, the cross-sectional microstructure (RD-ND plane) at a
depth of 300 um before and after LSP was characterized using EBSD
(Fig. 4). The unprocessed sample (Fig. 4a) possesses a relatively
homogenous distribution of equiaxed grains with a grain size of
20-40 um, while the processed sample (Fig. 4b) exhibits a bimodal
microstructure containing both coarse and fine grains. Grains with a
size of a few microns can be found in Fig. 4b and c, indicating that the
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Fig. 3. EBSD analysis of the surface microstructure (perpendicular to ND) of the Mg alloy samples: (a) As-received sample, and samples processed by LSP with a laser
intensity of (b) 1.0 GW/cm?, (c) 2.0 GW/cm?, and (d) 4.0 GW/cm?. (e) Initial texture of the as-received sample and schematic of stress distribution during single pulse
LSP. Optical microcopy images of the surface processed by single pulse LSP with a laser intensity of 2.0 GW/cm?: (f) LSP created a donut-shaped zone. (g) Central area

with few twins. (h) Perimetric area with a high density of twins.

grains were refined to a certain extent after LSP. IPF maps of some local
areas with observable grain refinement are shown in Fig. 4d-h.

The grain refinement of metallic materials by LSP has been reported
[23,32,33]. It is normally observed in the layer of severe plastic de-
formation right beneath the processed surface with a thickness of less
than 100 um. However, Fig. 4b-h demonstrate the grain refinement can
occur at a depth around 400 pm in the LSP processed Mg alloys due to
recrystallization. Twin lamellas can be identified in Fig. 4b and c. The
image quality map (Fig. 4c) shows the dominant twin boundaries are
90 + 5°1120 (blue lines) representing {1012}1011 extension twins and
38 + 5°1120 (green lines) representing {1011} + {1012} double twins. It
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is reported that {1012} twins can serve as nucleation sites for dynamic
recrystallization (DRX) during hot working [40]. Wang et al. [41]
showed that deformation with a high strain rate promoted DRX of Mg
alloys due to the elevated activities of deformation twinning. In LSP, the
strain rate is as high as 106/s and the duration of laser shock loading is
as short as 100 ns, the plastic work stored in a confined volume may
trigger nucleation and growth of new grains. DRX can be proved by the
misorientation angle distribution of the grain boundaries as shown in
Fig. 4i. The peak intensity at a low misorientation angle of 5° is an
indication of the extensive subgrain structures, whereas the mis-
orientation peak at 30° is mainly attributed to the 30° <0001>
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Fig. 4. EBSD analysis of the cross-sectional microstructure (ND-RD plane) of the Mg alloy samples: (a) IPF map of the as-received sample; (b) IPF map and (c) image
quality map of the sample processed by continuous LSP with a laser intensity of 2.0 GW/cm? (d)-(h) IPF maps of some local areas showing significant grain
refinement. (i) Corresponding misorientation angle distribution for (b). (j) EBSD maps distinguishing the DRXed grains (blue area), subgrains (yellow area), and
deformed grains (red area) for (g). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

misorientation relationship during the growth of DRXed grains [42,43].
In Fig. 4j, EBSD analysis was used to distinguish the deformed grains,
sub-grains, and recrystallized grains, following the method used in Refs.
[44-46]. Large amounts of subgrains with extensive low angle grain
boundaries and several DRXed grains with an average grain size around
3 um can be identified.

Based on the microstructural analysis, the mechanism responsible
for the improved formability of Mg alloys by LSP can be proposed.
During the Erichsen test, biaxial tensile stress field is applied on sample
sheet [47,48]. The microstructure of the LSP processed samples is
composed of a mixture of parent grains, twinned grains and refined
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grains. For the parent grains, the compressive strain along the thickness
direction activates pyramidal ¢ + a slip or contraction twinning, whose
critical resolve shear stresses are higher than those of a slip (basal and
prismatic) or extension twinning. Therefore, deformation of rolled Mg
alloys with a strong basal texture along the thickness direction is dif-
ficult, leading to a poor stretch formability. In contrast, for the twinned
grains with crystallographic orientation rotated by ~90°, “re-twinning”
[31], or “de-twinning” [49] can be activated to accommodate the
plastic strain, enabling an easier and more homogenous plastic de-
formation. For polycrystalline materials, individual crystals deform
only along specific crystallographic orientations, thus deformation
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compatibility among grains is often required to accommodate the
macroscopic shape changes [50,51]. In this regard, the weakened basal
texture induced by pre-twinning contributes to the deformation com-
patibility and improves the stretch formability. Moreover, the refined
grains induced by LSP could provide additional plastic deformation
modes, i. e., grain boundary sliding (GBS), leading to the improved
stretch formability [52]. GBS has been perceived as important approach
to realize the superplasticity of metals. Despite that GBS often occurs at
elevated temperatures, recent studies [53-55] indicate that it can be
activated in Mg alloys at room temperature once the grain size is re-
duced to one micron or sub-micron, leading to significantly improved
formability. In our study, plastic stain can be accommodated through
the above discussed mechanisms. As the laser intensity increases, more
refined grains are generated, leading to the decrease of average grain
size. As a result, according to the Hall-Petch relationship [56,57], the
grain boundary hardening effect leads to the increase of the stress re-
quired for plastic deformation. Therefore, both the loading forces in
load-displacement curves (Fig. 2a) and strength levels in stress-strain
curves (Fig. 2¢) increase with the increase of laser intensity.

4. Conclusion

In summary, enhanced room-temperature stretch formability of Mg
alloy sheet by LSP is investigated. The results show the formability of
Mg alloys can be increased by 63%. Based on the microstructural
analysis, a combination of texture weakening by extension twinning
and grain refinement induced by LSP may account for the improved
stretch formability of the Mg alloy.
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