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Abstract

Laser shock peening (LSP) is an advanced laser-based surface processing technique
which has been widely utilized to enhance the engineering performance of metallic
materials. Among a variety of metallic materials, magnesium (Mg) and its alloys have
attracted tremendous research interests due to their low density and high specific strength.
However, the applications of Mg alloys is often restricted by their poor mechanical
properties.  Recently, LSP has been utilized to tailor the microstructure and
crystallographic texture of Mg alloys for enhancing their surface hardness, wear resistance,
corrosion resistance, fatigue durability, and stretch formability. Despite these promising
experimental results of enhancing the engineering performance of Mg alloys by LSP, the
fundamental processing-microstructure relationship has not been fully understood.
Microstructure evolution of metallic materials during LSP is of great practically
importance for the LSP process development and control for optimized mechanical
performance. Moreover, the effectiveness and efficiency of LSP for enhancing the
engineering performance of Mg alloys have not been fully explored, which is mainly due
to a lack of fundamental understanding of the deformation mechanism of Mg alloys during
LSP process. The complex deformation modes of Mg alloys render their microstructural
and mechanical response to thermal-mechanical processing significantly different and
complicated from their high symmetry counterparts, like steels and aluminum alloys with
a cubic structure. Specific scientific knowledge gaps for the LSP processing of Mg alloy

are: (1) how would the twinning behavior of Mg alloys subjected to LSP be different from



it is under quasi-static loading condition? (2) how do the activation and distribution of

twins affect the mechanical properties of Mg alloys?

In this study, LSP experiments are conducted on a rolled AZ31b Mg alloy. The
microstructure before and after laser processing are characterized. A focus is placed on
understanding the deformation twinning mechanism. The effect of laser intensity on the
twin volume fraction is investigated. The surface hardness as associated with the twin
density is measured. The mechanism responsible for the formation of gradient twinning
microstructure and the twinning-induced hardening effect are discussed. The anisotropic
response to LSP in terms of microstructure and hardness improvement in Mg samples is
discussed. Twin-twin interactions during LSP is examined and a non-dislocation based
mechanism is proposed. Tribological testing and room temperature stretch-formability
testing are carried out on the LSP processed Mg alloys to further explore the opportunities

of using LSP for enhancing the mechanical properties.

Through this study, it has been found that: (1) Deformation twinning, in particular, the
{1012}(1011) tension twinning mode, plays a critical role during the LSP processing of
Mg alloys. A gradient twinning microstructure in which the density of twins decreases
with depth was introduced to an AZ31B Mg alloy plate by LSP. Gradient surface
hardening effect was accompanied with the gradient twinning distribution. (2) Twin-twin
interactions profusely exist in Mg alloys as processed by LSP. Interfaces between different
tension twin variants shows that these interfaces present abnormal morphologies that
cannot be accounted for by twinning dislocation theories. Patches of one variant can be

completely surrounded by another variant. Such an abnormal behavior of twin-twin



iii
interaction can only be explained by non-twinning-dislocation theories that fundamentally
differ from the classical twinning theory. (3) The tribological performance of Mg alloys
can be improved by LSP processing. Both the surface friction coefficient and wear rate
decreases with the volume fraction of twins introduced by LSP. The improved tribo-
performance of Mg alloys by LSP are attributed to the twinning-induced hardening effect,
twin growth and saturation phenomenon, and twinning-induced surface crystallographic
texture change during sliding. (4) The room temperature-stretch formability of Mg alloys
can be enhanced by LSP processing. 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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Chapter 1. Introduction

1.1. Laser shock peening

Laser shock peening (LSP) is an advanced laser-based surface engineering process that
utilizes high energy laser pulses with a duration of nanoseconds or femtoseconds to
improve the engineering performance of metallic materials [1-3]. It was firstly developed
in 1972 by Fairand et al. [4] who utilized a laser induced shockwave to improve the
mechanical properties of 7075 aluminum alloys. Later on, LSP was applied to improve the
fatigue strength of turbine engine blade of military aircraft [5, 6]. With the advances of
laser technology and theory of laser materials interaction, novel LSP technologies such as
warm LSP and thermal engineering LSP were developed in recent years [7, 8]. Compared
with other surface strengthening treatment technologies, such as shot peening [9] or deep
rolling [10], LSP holds several advantages such as excellent controllability, high flexibility,
and good uniformity with no heat affected zone [11]. LSP also stands out due to its
capability to introduce greater depth and higher magnitude of compressive residual stress
with good controllability and significant strengthening effect [12]. Therefore, LSP has
been widely used to enhance the fatigue durability [13], wear resistance [3], corrosion
resistance [2], and other mechanical properties of metallic materials in aerospace, military,

and bio-medical applications.

1.2. Magnesium alloys

Magnesium (Mg) and its alloys are the lightest structural metallic materials, with a

density of 1.74g/cm? which is only 22% as that of steels (7.87g/cm?) and 64% of aluminum



(2.7g/cm®) [14]. It is abundant in earth’s crust (2.7% in mass percentage) and can be
extracted from sea water [15]. Magnesium alloys possess some superior physical and
mechanical properties such as high strength-to-weight ratio [16], good recyclability [17],
excellent thermal conductivity[18], and desirable bio-compatibility [19]. All of these
characteristics make magnesium and its alloys very promising in the applications of aircraft

[20], automotive [21], bio-implants [22], and electronic devices [23].

Although Mg and its alloys offer significant potential for a variety of applications, they
have not been widely utilized due to their undesirable mechanical properties. Unlike most
engineering materials such as steels and aluminum alloys which have a cubic crystal
structures, magnesium and it alloys have a hexagonal close-packed (HCP) structure with
only two “easy” independent plastic deformation modes, {0001}(1120) basal slip and
{1012}(1011) tension twin deformation twinning, in ambient condition. Other slip
systems such as prismatic slip and pyramidal slip which have the same slip direction in
common but much larger critical resolved shear stress (CRSS) might be activated in high
temperature [24]. Moreover, a strong basal texture in which most grains have their c-axes
along the normal direction of rolled plates is often developed during the thermomechanical
treatment process [25, 26]. Therefore, pyramidal (c + a) dislocations need to be activated
to accommodate the plastic stain along crystallographic cdirection. While several studies
showed that pyramidal (c + a) has a much higher CRSS than basal slip and requires

substantial thermal energy to be activated [27-29].

Deformation twinning is usually activated to maintain the compatibility of plastic

deformation of magnesium alloys, especially the {1012}(1011) tension twin and



{1011}(1012) contraction twin [30-32]. {1012}(1011) tension twin is the most prevalent
twinning mode in Mg alloys due to its low CRSS and invasive growth capability [33, 34].
It can be easily activated when a tensile load is applied to a Mg crystal along the [0002]
direction [35]. {1011}(1012) contraction twin, on the contrary, can be activated to
accommodate the compression strain along [0002] direction with a much higher CRSS
[36]. {1012} — {1011} double twin (DTW), corresponding to the secondary
{1012} twinning within the primary {1011} twins are sometimes observed and correlated

with the onset of stress localization and fracture in Mg alloys [37].

The particular crystallographic characteristics and complex deformation modes endow
Mg alloys some unique mechanical performances, such as anisotropic plastic hardening
[38], low ductility [27], low yield strength [39], and tension-compression yielding
asymmetry [40]. Therefore, their applications are restricted by their limited ductility, poor
formability and low wear resistance at room temperature [21, 41]. However, the
compelling need for lightweight, environmentally friendly, and energy-efficient materials
continue to drive the research and development of Mg alloys that address the issue of

strength, durability, and formability.
1.3. Significance and Motivation

Various metallurgical strategies including thermomechanical processing and alloying
have been developed to enhance the engineering performance of Mg alloys [42-44], with
particular focus on improving their ductility, formability, fatigue educability and
tribological properties. These methods include micro-alloying [45], equal-channel angular

processing (ECAP) [46], and surface mechanical attrition treatment (SMAT) [47]. For



instance, Amanov et al. [48] utilized an ultrasonic nanocrystalline surface modification
method to process an AZ91D Mg alloy and showed that the surface wear rate and friction
coefficient were reduced by about 23% and 30% respectively compared with the untreated
samples. Homma et al. [49] showed that the strength of an Mg-1.8Gd-1.8Y-0.7Zn-0.2Zr
alloy could reach to 542 MPa with an hot extrusion process followed by aging. Chen al.
[50] carried out multi-pass rolling method to process a ZK61 Mg alloy and demonstrated

the total elongation can be increased to 35% without sacrificing the strength.

In addition to these processing approaches, LSP is exceptional due to its high process
efficiency, flexibility, and controllability [51, 52]. LSP is a surface processing process
utilizing pulsed laser energy to introduce compressive residual stresses and a work-
hardened layer to the surfaces of metallic materials for enhanced durability [11, 53].
Recent studies indicate that LSP is promising to improve the engineering performance of
Mg alloys by enhancing their surface strength [54], biocompatibility [55], fatigue
resistance [56], and anti-corrosion ability [57]. For instance, Ye et al. [54] showed that
LSP resulted in the increase of surface hardness of AZ31B Mg alloy from 57 to 69 HV and
the yield strength from 128 to 152 MPa. Vinodh [55] et al. reported that the corrosion rate
of the Mg-calcium (Mg-Ca) alloy samples without laser processing was 2.5 times higher
than that of the samples processed by LSP. In addition, laser processed samples exhibited
a significantly improved biocompatibility. Ge et al. [58] investigated the effect of LSP on
the stress corrosion cracking behavior of AZ31B Mg alloy and showed that the SCC
susceptibility index of the LSP treated samples was decreased by 47.5% as compared to

the as-received samples. Sealy et al. [59] studied the fatigue performance of Mg-Ca alloys



subjected to LSP and found that the rotating bending fatigue life of the laser peened

samples was ten times higher than that of the untreated samples.

However, the effectiveness and efficiency of LSP for enhancing the engineering
performance of Mg alloys have not been fully explored. This is attributed to the lack of
in-depth understanding of microstructure evolution behaviors, particularly deformation
twinning mechanism, of Mg alloys subjected to LSP processing. Mg alloys have a low
symmetry HCP crystal structure and possess enormous deformation mechanisms,
including dislocation slip and deformation twinning. The complex deformation modes
render their microstructural and mechanical response to thermal-mechanical processing
significantly different and complicated from their high symmetry counterparts, like steels
and aluminum alloys with a cubic structure [60, 61]. Specific scientific knowledge gaps
for the LSP processing of Mg alloy are: (1) how would the twinning behavior of Mg alloys
subjected to LSP be different from it is under quasi-static loading condition? (2) how do

the activation and distribution of twins affect the mechanical properties of Mg alloys?

Moreover, current challenges for the applications of Mg alloys offer an opportunity to
explore the applicability of LSP to enhance the mechanical properties of Mg alloys, such
as strength, wear resistance, and formability. The technology gaps for LSP processing of
Mg alloy are: (1) could we extend the applications of LSP of Mg alloys to solve the
bottlenecks that limited the performance of Mg alloys? (2) How to design and optimize the

LSP processing parameters to enhance the mechanical properties of Mg alloys?



1.4. Research objectives and outlines

With the research motivation discussed above, the current research aims to investigate
the microstructure evolution of Mg alloys during LSP process and therefore enhance the
mechanical properties of Mg alloys by LSP. The following main objectives have been

focused on and achieved throughout the course of this dissertation:

(1) The investigation of microstructure evolution of Mg alloys during LSP process.
Emphases are place on the deformation twinning behavior, twin-twin interactions, and

dynamic recrystallization in the LSP process.

(2) The study of anisotropic microstructural and mechanical response of magnesium alloys
to LSP. The shock response behavior of Mg alloys in different loading directions will be

studied.

(3) The analysis of the mechanism responsible for the enhanced mechanical properties,
such as hardness, wear resistance and formability of Mg alloys processed by LSP. The
relationship of processing parameters-microstructure-mechanical properties will be

established.

To achieve these goals, research efforts will be put in three interrelated parts: LSP
processing, microscopic characterization and mechanical properties testing. LSP
experiments will be conducted first, with optimal processing parameters such as laser
intensity, beam size, and overlapping ratio. The microstructure evolution as affected by
these parameters will be characterized by optical microcopy (OM), 3-D surface
profilometer, scanning electron microscopy (SEM), and electron backscattered diffraction

(EBSD) techniques. To investigate the mechanical properties of Mg alloys processed by



LSP, surface micro-hardness tests, tribological test, as well as stretch formability test will
be carried out. With detailed microstructural analysis and mechanical properties evaluation,
the mechanism responsible for the microstructure evolution and mechanical properties

enhancement of Mg alloys processed by LSP will be enlighten.

According to the research objectives and outline listed above, the current study will
contribute to the following intellectual merits and broaden impacts to the research and

development of Mg alloys for better industrial applications.

(1) Understand the effect of LSP process on Mg alloys in terms of the relationship among

the process, property and microstructure.

(2) Understand the ultra-high-strain rate (10°-107/s) deformation behavior of Mg alloys,
with focus on the twinning mechanism, twin-twin interactions, dynamic recrystallization

process, and plastic anisotropy behavior.

(3) Develop a novel surface approach with optimized processing parameters for enhancing
mechanical properties, such as, surface hardness, wear resistance, and stretch formability

of Mg alloys.



Chapter 2. Literature review

2.1. LSP

2.1.1. Mechanism of LSP

A schematic illustration of LSP process is shown in Figure 2.1. During LSP process,
the target is typically covered by an ablative coating and a transparent confinement layer.
As the laser pulse passes through the confinement and interacts with the ablative coating,
the ablative coating the ablative coating layer is quickly evaporated and ionized by laser-
matter interaction, leading to the formation of laser-induced plasma [62]. The
hydrodynamic expansion of plasma is restricted by the transparent confinement, generating
a shockwave with a high peak pressure (on the order of GPa). The laser-induced
shockwave propagates into the target. When the pressure of the shockwave exceeds the
dynamic yield strength of the target material, plastic deformation with an ultra-high strain

rate (10°~10%/s) is induced in the near surface [63, 64].

Laser Beam

Transparent
Confinement

Ablative
Coating

Specimen

Figure 2.1. Schematic illustration of the LSP configuration.



2.1.2. Effects of LSP on the microstructure evolution of metallic materials

Microstructure evolution of metallic materials during LSP is of great practical
importance for the LSP process development and control for optimized mechanical
performance [53]. The formation or activities of dislocations [60, 61], shear bands [65,
66], phase transformation [67, 68] and surface nanocrystallization [69, 70] of several
commonly used metallic materials processed by LSP have been extensively studied. In
particular, LSP can bring a significant grain refinement effect on the surface of processed
materials. It is typically assumed that this grain refinement effect is highly related to the
dislocation activities during the high-strain-rate deformation process induced by LSP [61,
70]. For instance, Trdan et al. [66] showed that a layer with ultra-fine (60-200 nm) grains
were produced in an Al-Mg-Si alloy by LSP. They attributed the grain refinement effect
to the exceptional increase of dislocation density by ultra-high strain rate plastic
deformation induced by LSP. The grain refinement in AISI 304 stainless steels and LY?2
aluminum alloys processed by LSP has been studied by Lu et al. [69, 71]. They proposed
that dislocation walls and dislocation tangles were produced on the top surface layer of
processed materials during LSP. The original grains were divided into subgrains by these

dislocations and then turned into refined grains through dynamic recrystallization.
2.1.3. Effects of LSP on the mechanical properties of metallic materials

LSP can effectively improve the mechanical properties such as surface hardness, fatigue
limit, stress corrosion resistance, and wear resistance of most metallic materials due to the
surface plastic deformation and compressive residual stress introduced in this process. It

is generally accepted that LSP can bring a strengthening effect and a compressive residual
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stress to the surface of metallic materials. A variety of studies have been carried out to
investigate the effects of LSP on the mechanical properties of materials. For instance,
Zhang et al. [72] showed that the fatigue life of a LY2 aluminum alloy can be improved
from 12000 cycles for the untreated samples to 26000 cycles for the samples processed by
LSP. Sanchez-Santana et al. [3] reported that the wear resistance of an AA6061 aluminum
alloys can be enhanced by 2-3 times with the LSP processing. Lu et al. [73] demonstrated
that the nano-hardness of a Fe-Ni alloy can be improved from 1.99 GPa to 2.41 GPa after

LSP process.
2.2. Mg alloys and their mechanical behavior

2.2.1. Plastic deformation modes in Mg

(a) ®
e %%

Figure 2.2. Slip modes in Mg and its alloys. (a) Basal slip, (b) prismatic slip, (c)
pyramidal slip along (a), and (d) pyramidal slip along {(c + a).
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A number of experimental observations and numerical works have been carried out to

obtain information regarding the activated slip system in Mg and its alloys [28, 74-76].

Generally, slip modes in Mg and its alloys include the {0001}(1120) basal slip,

{1010}(1120) prismatic slip, {1011}(1120) pyramidal slip, and {1011}(1123) second

order-pyramidal slip systems. The crystallographic schematics and the CRSS in room

temperature of each slip system are shown in Figure 2.2 and summarized in Table 1.

Table 1. Slip systems in Mg alloys.

Slip system Slip plane Slip Number of | CRSS at room | Reference
direction | independent temperature
slip systems

Basal slip {0001} | (1120) 2 1.07 [77]
Prismatic slip | {1010} | (1120) 2 8 [78]
Pyramidal slip | {1011} | (1120) 4 0.51 [79]

along (a)
Pyramidal slip | {1011} | (1123) 5 40 [80]
along (c + a)

In addition to dislocation slip, magnesium exhibits a strong propensity for deformation

twinning, especially the {1012}(1011) tension twin and {1011}(1012) contraction twin.

Tension twins and compression twins are typically activated to accommodate extension

and compression strain along (c) axis, respectively. According to the classical twinning
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theory, deformation twin was defined as “a region of a crystalline body which has
undergoes a homogenous shape deformation in such a way that the crystal of the resulting
product is identical with that of the parent, but oriented differently” [81]. Therefore, the
boundary plane, also known as the twinning plane, must remain invariant during twinning.
In deformation twinning, the crystallographic relationship between the parent and twin
lattice can be described by a set of four parameters, {K;, K,,1n1,1,}, where K; refers to the
invariant plane of the shear, n,is the shear direction, and K,,represents the conjugate
twinning plane and 7, conjugate twinning direction, respectively. The twinning elements

as well as their CRSS for tension twin and contraction twin are listed in Table 2.

(a) % (b) :;’ff;?"
Q @w | Q Q 0 i
@ - o -@. O\86 30 @ o 8 ]
°% 298 ©° %
1012} @ 9
1011}

@ ,@a@
920, ® @
%0 %9 @ o

<1Oh> (1012)

Figure 2.3 Twinning modes in Mg alloys: (a) {1012}(1011) tension twin and (b)
{1011}(1012) contraction twin.
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Table 2. Twinning elements and CRSS values for tension twin and compression twin.

Twinning K; M K, 1 Twinning | CRSS | Reference

mode shear (MPa)

Tension | o1} | (fow1) | @02} | (1om) | 0129 | L7L [82]

twinning

Contraction | 1011} <10i§> {1013} <303§> 0.138 110 [74]

twinning

{1012}(1011) tension twin is the most commonly observed deformation twinning mode
in Mg alloys and therefore has received much more attention than others. According to the
classical twinning theory, it is assumed that a finite twinning shear is involved and twinning
dislocations are needed in mediating the twin boundary migration [30]. Since the
interplanar spacing of {1012} plane is 0.19 nm and the magnitude of twinning shear is
around 0.129, the Burgers vector of a hypothesized “elementary twinning dislocation” is
only 0.025 nm, which only of 1/31 of the lattice vector of the (1011) direction. As a result,

3

the growth of twin boundary may need a “zonal dislocation” instead of any partial
dislocations [83]. However, numerous experimental observations show that
{1012}(1011) twinning mode exhibit some unique features which cannot be explained by

the classical twinning theory. These unique features include extremely incoherent twin

boundary [84], large deviation of twinning plane to the twin boundary [85], negligible twin-
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precipitates interaction [86], non-Schmid behavior [87], and twinning-detwinning

phenomenon [88].

In recent years, Li and Ma proposed that {1012}{1011) twinning mode is
accommodated by pure atomic shuffling [89]. In their model, the lattice conversion
between twin and parent is accomplished by atomic shuffling that converts the basal planes
of parent to the prismatic planes of twin, and the prismatic planes of the parent to the basal
planes of the twin. As shown in Fig. 3, the parent and twin are shown in red and blue
lattice, respectively. The shaded {1012} plane is shared by the parent and the distorted
twin lattice. A homogeneous shear cannot occurs on the {1012} plane and atomic
shuffling is needed to accomplish the lattice transformation. Since shuffling alone is
sufficient to accomplish the lattice transformation, the twinning shear cannot be any finite

value but zero [90].

o 83
Q
o
o N )
®<1210> ©Twin
® Parent

Figure 2.4. Lattice correspondence showing the crystallographic relationship between
parent and twins according to Li and Ma’s deformation twinning theory. (a) 3-D analysis
of the lattice transformation and (b) shuffles in projection view along the (1210) zone

axis. Adapted with permission from [90].
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2.2.2. Mechanical properties of Mg alloys
Plastic anisotropy

It has been widely accepted that metallic materials with a HCP crystal structure exhibit
a strong plastic anisotropy [91, 92]. Plastic anisotropy is an intrinsic property of Mg and
its alloys and rooted from their HCP crystal structure which has a low symmetry [79]. In
lattice scale, the CRSS for basal slip is much lower than {(c + a) slip [27]. In bulk scale,
Mg and its alloys often develop a strong basal texture in which most of grains are oriented
such that their basal planes are perpendicular to the normal direction (ND) [93]. These

characteristics give rise to their directional dependence of mechanical properties.

Plastic anisotropy has been a long standing issue in the research and applications of Mg
alloys. Recent studies show that the plastic anisotropy has a significant impact on their
monotonic tension [26, 94] and compression response [92, 95], fatigue endurance [96-98],
tribological performance [99, 100], and processing behavior, like drawing and rolling [101].
For instance, Park et al. [95] reported that the magnitude of stress of an extrude AZ31 Mg
alloys during monotonic compression tests along ND are 1.7 times higher than it is along
RD at a strain of 0.04. Xiong et al. [102] showed that an AZ80 Mg alloy exhibit lowest
fatigue resistance when the cyclic loading is applied along ND at a given strain amplitude.
Guo et al. [103] measured the stress-strain curves of an rolled AZ31B Mg alloy for different
tilt angles between ND and loading direction (LD) under uniaxial compression. The result
isshown in Figure 2.3. It is found that the Mg alloys behave a very pronounced orientation-
dependence of deformation behavior. When the compressive loading is along ND, the

stress-strain curve exhibit a typical slip dominated plastic deformation. While the
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compressive loading is along TD, the flow curve is characterized by a S-shape, indicating
the role of twinning during the plastic deformation process. As the angle between the LD
and ND increases from 0° to 90° the deformation process change from a mode where

twinning is negligible to a case dominated by twinning.
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Figure 2.4 Stress-strain curves under uniaxial compression for different tilt angles
between ND and LD, adapted with permission from [103].

Friction and wear behavior

In many applications, such as pistons, valves, bearing, sliding seals and gears, Mg alloys
are subjected to sliding motion that can cause severe wear problem [104, 105]. Moreover,
sliding wear is an important consideration in the forming process of Mg alloys, such as
rolling, extrusion and forging [106]. Recent studies show that Mg and its alloys often
exhibit very poor wear resistance. Therefore, understanding and improving the tribological

properties of Mg alloys is of critical importance for expanding their applications.
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Several strategies have been developed to improve the tribological performance of Mg
alloys, either by fabricating a hard surface coating or introducing a nano-crystallization
surface layer. For instance, Yu et al. [107] utilized a plasma electrolytic oxidation method
to fabricate SiC based coatings on the surface of an AZ31 Mg alloy. The wear rates of the
coated Mg alloy samples were reduced by 75% as compared with the untreated ones.
Wang et al. [108] developed a laser cladding approach to fabricate Al-Si coatings on the
surface of an AZ91 Mg alloy. The results showed that the wear rate can be significantly
decreased by laser cladding. Sun et al. [109] carried out a surface mechanical attrition
treatment on an AZ91D Mg alloy and found that the coefficient of friction (COF) of the

processed samples can be reduced by 15% with the presence of nano-grains.
Stretch formability

It is widely accepted that Mg alloys exhibit very poor formability in ambient conditions
[110]. The poor room temperature formability of Mg alloys has been a long standing issue
in the applications and research of Mg alloys [43]. It is widely accepted that this drawback
is associated with their HCP structure which possesses insufficient independent slip
systems, together with their strong basal texture with most basal planes aligned
perpendicular to the normal direction (ND) [27]. Several strategies have been developed
to enhance the room-temperature formability of Mg alloys, either through alloying or
processing. The addition of rare earth (RE) alloying elements, such as Ce [111], Gd [112],
Y [113], and Ca [114], has been proved to be efficient in improving the formability [115,
116]. However, the addition of rare earth elements renders the Mg alloys expensive and

incompatible with recycling constraints [117]. On the other hand, processing-oriented
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options, such as pre-compression [118], high temperature rolling [119], differential speed
rolling [120], electo-plastic differential speed rolling [121], cross-wavy bending [122], and
equal channel angular processing [123], provide effective alternatives with advantages of
bulk processing, high controllability, and large scale manufacturing. From a metallurgical
perspective, the formability of Mg alloys can be improved either by basal texture
weakening or grain refinement. A weakened basal texture allows more homogeneous
plastic deformation and refined grains promotes grain boundary sliding (GBS) which

provides additional deformation mode [124, 125].
2.2.3. Dynamic recrystallization in Mg alloys

Due to their due to their poor formability at ambient environment, metallurgical
processing of Mg and its alloys such as rolling, extrusion, and sheet forming are typically
performed at elevated temperature [42]. Dynamic recrystallization (DRX) plays an
important role during the hot processing of Mg alloys and significantly affect their
microstructure and mechanical behavior, such as grain size [126], texture evolution [127],

plasticity [128] and brittle-ductile transition [129].

Recent studies showed that the DRX can be exploited to refine the grain size and weaken
the texture of Mg alloys and therefore enhance the mechanical properties of Mg alloys [128,
130-132]. For instance, Mohri et al. [128] showed that a rolled AZ91 Mg alloy could
deform to a elongation of 604% at a temperature of 573K and strain rate of 1.5x1072/s
through DRX which resulted in a fine grain structure. Fatemi-Varzaneh et al. [133]
reported that the average grain size of an AZ31 Mg alloy can be reduced from 7 um to 2

um by accumulative back extrusion (ABE) process. The DRX fraction increases while the
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grain size decreases with the increasing number of ABE passes. Zhu et al. [134] carried
out research on the microstructure evolution of ZK60 Mg alloys in the high strain-rate
(50/s) rolling process, the results showed that an enhanced DRX behavior occurred with
increased strain rate and resulted in an weakened texture and improved mechanical

properties.

Due to its scientific importance, extensive investigations have been carried out to
study the mechanism of DRX of Mg and its alloy. To date, three DRX mechanisms have
been proposed. They are : (1) continuous DRX (CDRX), where new grains gradually form
from the low-angle grain boundaries without nucleation [135, 136]; (2) discontinuous DRX
(DDRX) [137], which involves the nucleation and growth of the new grains; and (3)
twinning induced DRX (TDRX) [138], which new grains occur in twins and twin-twin
boundaries. Moreover, the relationship between the DRX behavior with temperature [139,
140], grain size [141, 142], and initial texture [93, 143] of Mg alloys have been

experimentally and numerically studied.
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Chapter 3. Characterization and testing techniques

3.1. Microstructure characterization

3.1.1. Optical and scanning electron microcopy

The microstructure of Mg alloys processed before and after LSP are characterized using
Leica DM2700 optical microscopy (OM), JEOL-7100FT field emission scanning electron
microscope (FESEM). Samples for OM and FESEM characterization were prepared by
sectioning, mounting, polishing, and chemical etching. The solution used for etching was
a mixed acetic picral solution (10 ml acetic acid + 4.2 g picric acid + 10 ml distilled water
+ 70 ml ethanol). The well-polished samples were immersed into the solution for 10

seconds and then washed by ethanol and dried by a heater fan [144].
3.1.2. Electron backscattered diffraction

Electron Backscatter Diffraction (EBSD) is a SEM-based technique that gives
crystallographic information about the microstructure of a sample. In EBSD, a stationary
electron beam interacts with a tilted crystalline sample and the diffracted electrons form a
pattern that can be detected with a fluorescent screen. In this study, EBSD analysis was
carried out to investigate microstructure and crystallographic texture evolution. EBSD
characterization was performed at an operating voltage of 25 kV, a working distance of 25
mm and a sample tilt angle of 70°. The data acquisition was performed with Channel 5

software with a different step size ranging from 0.1-3.0 um.
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3.2. Mechanical property testing

3.2.1. Hardness test

The surface micro-hardness of Mg alloys before and after laser processing were
measured using a Wilson Hardness tester with a 500 g load and 10 s holding time. To get
the in-depth hardness distribution, an electrolytic polisher was used to remove the material
layer by layer for in-depth hardness testing. At each depth, the hardness values were

measured 5 times.
3.2.2. Tribological test

The tribological properties, such as friction, and transfer layer formation of Mg alloys
were investigated using a scratch test. The scratch tests were performed as per ASTM G133
on the samples. The scratch tests were performed using an Rtec multi-function tribometer
5000 which is equipped with a high-resolution 1D normal force load cell (15 mN resolution)
and a 1D friction force load cell (6 mN resolution). Before each test, the pin and sample
surface were thoroughly cleaned in an aqueous soap solution followed by ultrasonic
cleaning in acetone. The repeatability and consistency of the results was verified by

performing each scratch test three times.
3.2.3. Tensile test

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. The strain rates were

set as 0.0005/s in the tensile tests.
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3.2.4. Stretch formability test

The room-temperature stretch formability of the Mg alloys are evaluated by the
Erichsen tests. 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
hemispherical 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 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.



23

Chapter 4. Gradient twinning microstructure generated by LSP in Mg

alloys

4.1. Introduction

Despite extensive experimental efforts has been put on understanding the effect of LSP
on enhancing performance of Mg alloys, little attention has been paid to study the surface
microstructure evolution during LSP. Although surface grain refinement of Mg alloys
during LSP was reported in [145, 146], no particular investigation has been focused on
elucidating the formation of high density deformation twins as a result of surface plastic
deformation with an ultrahigh strain rate of 105~107/s in the LSP process. Deformation
twinning in HCP structure plays a fundamental role in enhancing mechanical performance
of Mg alloys [30, 147]. In addition, the microstructural anisotropic response to LSP should
be considered. A better understanding of twining mechanisms in Mg alloys as subjected
to LSP may lead to improved process development and control for optimized mechanical

performance.

This chapter is to establish the process-microstructure relationship of Mg alloys as
processed by LSP. A focus is placed on understanding deformation twinning mechanism.
LSP experiments are conducted on a rolled AZ31b Mg alloy. The microstructures before
and after laser processing are characterized using optical microscopy, EBSD, and SEM.
The effect of laser intensity on the twin volume fraction is investigated. The surface
hardness as associated with the twin density is measured. The mechanisms responsible for
the formation of gradient twinning microstructures and the twinning-induced strain

hardening effect are discussed. The anisotropic response to LSP in terms of microstructure
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and hardness improvement in Mg samples are compared and discussed. Notably, this part

of content is basically adapted from [148] (with permission from publisher).
4.2. Experiments

Rolled AZ31B Mg alloy block (3.0 wt% Al, 1.0 wt% Zn, Mg balance) purchased from
Metalmart.com was used for experiments. Cubic samples with a dimension of 1 inch by 1
inch were machined from the block for LSP processing. Prior to laser processing, the
samples were grinded using SiC sandpapers with different grit numbers (from 320 to 1200),
followed by fine polishing using 3 micron diamond suspension. Afterwards, the samples

were ultrasonically cleaned in an ethanol solution.

Figure 4.1a shows a schematic view of the LSP configuration. In this work, a Q-
switched Nd-YAG laser (Surelite 111 from Continuum, Inc.), operating at a wavelength of
1064 nm and a pulse width of 5 ns (full width at half maximum), was used to deliver the
laser energy. The laser beam diameter was 2 mm. The laser power intensity was adjusted
by adjusting the Q-switched delay time. Black tape with a thickness of 100 um was used
as the ablative coating material. BK7 glass with a high shock impedance was used as the
transparent confinement. LSP experiments were performed along the rolling direction (RD)

of the specimen (Figure 4.1Db).
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Figure 4.1. Schematic illustrations of: (a) LSP experimental set up, and (b) LSP direction
and examined cross-section of the processed specimen, where the RD, TD, and ND are

rolling, transverse, and normal direction, respectively.

The microstructure before and after LSP was characterized using OM, SEM and EBSD.
EBSD characterization was performed in the stage control model with TSL data acquisition
software on an area of 200 pm by 200 um with a step size of 0.5 um. All the microstructure

characterization was performed on a cross-section perpendicular to the ND.

The surface micro-hardness of samples before and after laser processing were measured
using a Wilson Hardness tester with a 500 g load and 10 s holding time. In order to study
the effect of the gradient twinning microstructure on the material strength, in-depth
hardness was measured from the top surface to a depth of 2300 um on TD-ND planes in
Figure 4.1b. An electrolytic polisher was used to remove the material layer by layer for

in-depth hardness testing. At each depth, the hardness values were measured 5 times.
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4.3. Results and discussion

4.3.1. Laser-induced shockwave pressure and propagation

In order to understand the process-microstructure relationship, the shockwave pressure
during LSP is theoretically estimated. According to the widely accepted Fabbro’s laser

shock processing mode (Eq. 1-3) [11, 149], the magnitude of shockwave pressure P(t)
can be estimated as a function of the shock impedance Z (confining media Z, and target
material Z,) and the laser intensity 1(t), where L(t) is the layer thickness of laser-

induced plasma, « is the efficiency of the interaction (= 0.1), and t is the time.
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where 1, is the maximum laser intensity, Q is the pulse laser energy, d is the beam diameter,

and At is the laser pulse duration. The value of o and , can be estimated from the effective

laser duration FWHM (full width at half maximum), FWHM = 2+/2In 20 ~ 2.3556=5ns

and u=6o .

Based on Eq. 1-5, the temporal evolution of shockwave pressure for various laser
intensities is calculated as shown in Figure 4.2. It can be seen that the shockwave pressure
in LSP experiments increases to their peak values within 20 ns and then decays gradually
with time. As the shockwave propagates into the Mg block, the effective pressure decays

with the increase of depth [152, 153].
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Figure 4.2. The temporal evolution of laser shockwave pressure as affected by the laser

intensity in LSP experiments, estimated by Fabbro’s model.
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It is typically assumed that shock pressure follows a Gaussian spatial distribution, the

spatially uniform shock pressure P(t) relates to the spatially non-uniform shock pressure as
[154] :

P(r,t) = P(t)exp(—zr—:zj , (6)

0

where r, is the laser beam radius, and r is the distance from the center of the laser beam.

4.3.2. Gradient twinning microstructure

Figure 4.3 shows the initial microstructure of the specimen. It can be seen that the
material has a twin-free equiaxed grain structure with an average grain size of 25 um (Fig
3a and 3c). The EBSD phase mapping indicates a strong basal texture where most basal

planes align parallel to the rolling direction (Figure 4.3b and d).
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Figure 4.3. Initial microstructure of the cross-section perpendicular to ND of the as-
received rolled AZ31b Mg alloys. (a) Inverse pole figure map, (b) (0002) pole figure, (c)
a crystallographic orientation map, and (d) point to point misorientation angle distribution

for grain boundaries.

Optical microscopy images in Figure 4.4 show the microstructure of the specimen
processed by single pulse LSP with laser intensities of 2.21, 4.25, and 6.03 GW/cm?. It
can be seen that a depth-dependent microstructure in the specimens is generated by LSP.
In Figure 4.4a, surface micro-indentations are observed on the top surfaces. A
hemispherical distribution of twins can be identified and is marked by the red dashed lines
in Figure 4.4b, c, and d. With the increase of laser intensity, the depth of LSP affected
zone increases. For instance, the depth of the twinned area is about 850 um in the specimen

processed by LSP with a laser intensity of 2.21 GW/cm?, while for the specimen processed
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by LSP with a laser intensity of 6.03 GW/cm?, the twinned area reaches to around 1650
um. Moreover, a twin saturation or exhausted zone (i.e. the matrix is almost totally twinned)
can be observed and marked by the blue dashed lines in Figure 4.4c and d. The saturated
and unsaturated twinning areas can be easily identified, since after etching with acetic
picral solution, the twin exhausted area (Figure 4.4e) exhibits a different color as compared

to the unsaturated twin area (Fig. 4.4f).

a)
I,=2.21 GW/em? L=4.25 GW/em? I=6.03 GW/em?

50 pm
—

Figure 4.4. Optical microscopy images showing microstructure of AZ31b Mg alloy
processed by single pulse LSP: (a) An overview of the cross-section of laser processed
samples with surface micro-indentations; (b), (c), and (d) microstructure of the specimen
processed by LSP with a laser intensity of 2.21, 4.25, and 6.03 GW/cm?, respectively; (e)

twinning exhausted area and (f) twinning unsaturated area.

EBSD analysis was conducted to characterize the gradient twinning microstructure
generated by LSP. In Figure 4.5, the three inverse pole figure (IPF) maps at different
depths are picked from the examined cross-section of Mg alloy samples processed by LSP

with a laser intensity of 6.03 GW/cm?. Compared with the initial microstructure, the
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texture and crystallographic orientation distribution are dramatically changed by LSP,
owing to the growth of deformation twinning. At a depth of 500 um within the twin
exhausted area, the parent grains are almost totally twinned. As the depth increases to 1000
um, twins in green and blue can be seen but remaining parent grains can be identified.
Moreover, some refined grains can be observed. At the depth of 1500 um, needle-like
twins with a low density can be observed and the majority of the parent grains remain are

not twinned.

Figure 4.5. EBSD analysis of the detailed microstructure in three different depths of
sample processed by LSP with a laser intensity of 6.03 GW/cm?.

Figure 4.6 shows a detailed EBSD analysis of the microstructure of sample processed
by LSP with a laser intensity of 6.03 GW/cm? at a depth of 500 pm. Figure 4.6a shows a
very non-uniform grain size distribution, with both large grains and refined grains.

Moreover, very few parent grains can be seen, indicating it is a twin saturated area. Figure
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4.6b and 6¢ show some local areas which contain small patches of remaining parent grains.
The point to point misorientation line profiles show that the misorientations between the
parent grain and twin bands are about 86° (Figure 4.6d and e). This indicates that all the

twin bands were generated by {1012} twinning [30].
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Figure 4.6. Inverse pole figure maps and crystallographic orientation analysis of
microstructure of sample processed by LSP with a laser intensity of 6.03 GW/cm? at a
depth of 500 um. (a) Inverse pole figure map; (b) and (c) crystallographic orientation

maps obtained from (a); (d) and (e) point to point misorientation line profiles along the

direction indicated as an arrow in (b) and (c), respectively.

The effect of LSP on surface grain refinement of metallic materials has been
extensively reported in literature [69, 71]. Ge et al. [56] reported that nano-grains with an
average size of 17.5 nm can be generated in the top surface of AZ31b Mg alloy through
LSP, and the thickness of the nanostructured layer is around 20 um. Ren et al. [155] also

demonstrated nano-structured surface layer can be fabricated in AZ91D Mg alloy by LSP.
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In Figure 4.6, some very small untwinned grains are observed, showing the grain
refinement effect. However, the grain refinement in the AZ31B Mg alloys subjected to
LSP along RD is not as conspicuous as in metals in which dislocations dominate the plastic
deformation. In addition to small grains, large grains can also be observed in Figure 4.6a.
Hong et al. [156] investigated the twin morphology and texture evolution of AZ31B Mg
alloys subjected to compression along TD. It was found that with a small deformation
strain, the effective grain size tended to become smaller due to the grain refinement caused
by twin nucleation. However, given a relatively large deformation strain, a grain
coarsening effect was observed, leading to an increased grain size. The large grains
observed in Figure 4.6a could be attributed to the relatively large strain at the near-surface
region. On the other hand, no large grains can be found at the depth of 1500 um (Fig. 7).
The presence of large grains in Figure 4.6a is a unique phenomenon on Mg alloy samples
subjected to LSP since most other metallic materials only exhibit grain refinement behavior
after LSP [69, 157, 158]. These abnormally large grains might be related to one of the
dynamic recrystallization (DRX) mechanisms-discontinuous DRX by grain boundaries
migration [144, 159], or the twins coalescence in which the mechanism have been
discussed in [156]. However, the presence of the large grains is not a general phenomenon

and only occasionally observed in some areas.

Most of the investigation as mentioned above attributed the surface nano-crystallization
to the dislocation glide driven by laser shockwave. However, these pioneer studies did not
take into consideration the highly anisotropic mechanical behavior of Mg alloys. It is well
known that for rolled Mg alloys, when the tensile stress is applied along the c-axis or the

compression stress is applied perpendicular to the c-axis, as the case of LSP experiments
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in this paper, deformation twinning is the dominant mechanism responsible for the plastic
deformation [91]. In fact, as the critical resolved shear stress for {1012} twinning is so
small (comparable to basal slip and much lower than prismatic slip [160]), the plastic strain
iIs accommodated by deformation twinning rather than the dislocation slip. Therefore, in
the LSP process, if the laser shock loading is along RD or TD direction, the deformation

twinning plays a dominant role in the microstructure-property relationship.

Figure 4.7 shows the EBSD analysis of the microstructure of the specimen processed
by LSP with a laser intensity of 6.03 GW/cm? at a depth of 1500 um. It can be seen that
the majority of the grains exhibit the initial basal texture, indicating a low twin density.
Figure 4.7a shows that the twins appear as thin needle-shape, which have a different
morphology as compared with the twins in Figure 4.6a.  Figure 4.7b shows a local grain
which contains four twin laths, and the misorientation profiles in Figure 4.7c shows that
those four twin laths have the same crystal orientation. Although {1012} twinning has six
possible twin variants, it can be seen that in most grains only one dominant twin variant is
activated, as shown in Figure 4.7b. However, some grains do have more than one variants,
as the twin 2-1 and twin 2-2 in Figure 4.7c. The activation of a twinning system depends

on the initial crystal texture and shockwave pressure [161, 162].
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Figure 4.7. Inverse pole figure maps and crystallographic orientation analysis of the
microstructure of sample processed by LSP with a laser intensity of 6.03 GW/cm? at a
depth of 1500 um. (a) Inverse pole figure map; (b) and (c) crystallographic orientation

maps obtained from (a); (d) and (e) point to point misorientation line profiles along the

direction indicated as an arrow in (b) and (c), respectively.

The evolution of the twin density and morphology with depth of the samples processed
by LSP are presented in Figure 4.8. Figure 4.8a shows the effect of laser intensity on the
gradient twinning microstructure of AZ31B Mg alloys generated by LSP. The value of d
on each micrograph indicates the depth from the top surface where the microstructure is
characterized. Each micrograph has a dimension of 250 by 180 um. The twin volume
fraction (TVF) at each depth is summarized in Fig. 8b. The optical microscopy analysis
(Figure 4.8a) indicates a gradually decrease of twin density with increasing depth, which

is consistent with the overall microstructure in Fig. 4.4. For example, at the depth of 90
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um, all the microstructures show a very high twin density, which are 82.3, 96.0, and 96.5%
for the samples processed by LSP with a laser intensity of 2.21, 4.25, and 6.03 GW/cm?,
respectively. As the depth reaches 1530 pum, twins can barely be observed in the sample
processed with a laser intensity of 2.21 GW/cm?, and the twin densities for the samples
processed with a laser intensity of 4.25 and 6.03 GW/cm? are 40.2 % and 78.3%,
respectively. Moreover, a higher laser intensity leads to a higher TVF at the same depth.
For instance, at the depth of 1170 um, the sample processed with a laser intensity of 6.03
GW/cm? shows a saturated twinning zone, while much fewer twins can be identified for
the specimen processed with a laser intensity of 4.25 and 2.21 GW/cm?. At the depth of
2250 pm, there is a small amount of twins (11.4%) for the sample processed with a laser
intensity of 6.03 GW/cm?, while no twins can be observed in the other two samples

processed with a lower laser intensity.
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Figure 4.8. (a) Optical microscopy images of the in-depth microstructure of AZ31b Mg
alloy samples processed by LSP with various laser intensities, and (b) variation of twin
volume fraction with depth in AZ31b Mg alloy processed by LSP with different laser

intensities.
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In the LSP process, the amount of twin volume fraction in Mg alloys is related to the
plastic strain that needs to be accommodated. The quantitative expression for the

contribution of deformation twinning to plastic strain can be given as [156, 163].

gtwin = ftwin X 7/twin xm (7)

where ¢,,, denotes the macroscopic strain, f,,;, is the twin volume fraction, 7, is the

magnitude of twinning shear, and m is the average Schmid factor of the twinning systems.
Eq. 7 explains the gradient twinning microstructure of Mg alloys generated by LSP. With
an increase of depth, the laser shock pressure decays [164], and thus the value of ¢,
decreases, leading to the decrease of twin volume fraction. Moreover, since the shockwave
peak pressure for laser intensities used in this study is much higher than the dynamic yield
strength of the AZ31B Mg alloys, a high plastic strain is expected at the near-surface area,

resulting in the saturated twining zone.

(2) (b) Parent

LSP
TD

Figure 4.9. A schematic view of deformation mechanism of Mg alloys by LSP. (a) Initial

crystal configuration, and (b) crystal configuration after LSP.
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The deformation mechanism of the AZ31B Mg alloys processed by LSP along RD is
illustrated in Figure 4.9. Figure 4.9a shows the initial crystal configuration for the as-
received specimen, where the material exhibits the basal texture with a-axis parallel to the
RD. Figure 4.9b shows the crystal configuration when the material is subjected to laser
shock loading along a-axis direction. Noted that although several different twin variants
might be activated in one grain, the variant with the highest Schmid factor value dominates,
which agrees with the analysis by Hong et al. [156]. As shown in Figure 4.9b, due to the
laser shock loading, the initial crystals (marked by dark color) with c-axis parallel to ND
are transferred to twin crystals (marked by green color) with c-axis perpendicular to ND
with a crystallographic lattice orientation of 86.3°. This crystal reorientation is attributed

to the generation of {1012} extension twins [30].
4.3.3. Gradient strain hardening mechanism

To investigate the effect of gradient twinning microstructure on the mechanical
properties of the AZ31B Mg alloy, micro-hardness tests at various depths were conducted
as shown in Figure 4.10. It can be noted that Vickers hardness numbers (VHN) of the
specimen processed by LSP decrease with increasing depth till 60 VHN, which is the
hardness of the base materials. The maximum VHNs for three different laser processing
intensities are all around 74 VHN, indicating a saturation point for hardness improvement
by LSP. The saturation of surface strength by LSP has also been reported for other metallic
materials [53]. It is also observed in Figure 4.10 that a higher laser intensity leads to a

larger hardening depth. For example, by increasing laser intensity from 2.21 to 6.03



40

GW/cm?, the depth of full-hardened layer (72 VHN) increases from around 500 to 1500

um.
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Figure 4.10. In-depth hardness distribution of AZ31b Mg alloys processed by LSP with
various laser intensities of: (a) 2.21, (b) 4.25, and (c) 6.03 GW/cm?.

Surface hardening effect induced by LSP on metallic materials has been extensively
studied. It is well accepted that the improved hardness is due to the grain refinement [69,
71] for the metallic materials with a BCC or FCC crystal structure, like steels and aluminum
alloys [8, 63], in which the plastic deformation is accommodated by dislocation slip.
However, for Mg alloys with a HCP crystal structure, in addition to grain refinement,
deformation twinning is another important factor contributing to the surface hardening by
LSP. Texture change by deformation twinning will change the deformation modes and
thus affect the surface hardness. If an external compressive stress is applied along the a-
axis, {1012} twinning dominated deformation will induce a relatively lower flow stress,
while if the compressive stress is applied along the c-axis, the deformation mode is highly
favorable for slip or contraction twinning, which have a higher CRSS (critical resolved
shear stress), and thus induce a higher flow stress [156, 162]. Knezevic et al. [165]

proposed that the main contribution of extension twining to the strain hardening in TD-RD
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compressed samples is texturing hardening. In this study, the crystal reorientation by LSP
will change the deformation mode from an easy-to-deform direction (compression along
a-axis) to a difficult-to-deform direction (compression along c-axis). Asa result, both grain
refinement and texture change are expected to contribute to the surface hardening of Mg

alloys processed by LSP.
4.3.4. Anisotropic microstructural and mechanical response to LSP

For Mg alloys, their anisotropic mechanical properties may lead to an anisotropic
microstructural response to LSP. To study this effect, LSP experiments with a laser
intensity of 2.21 GW/cm? were carried out both along ND and RD. As the SEM images
shown in Figure 4.11, high density twins can be observed when LSP is along the RD, while
almost no twins can be observed when LSP is along the ND. This result is consistent with
observation of the microstructure evolution under static compression along ND conducted
by previous researchers [103, 166]. When a compressive stress is applied along ND, the
plastic deformation is mostly accommodated by dislocation slip on the basal and pyramidal
planes [167]. Thus twinning microstructure cannot be achieved by LSP along ND.
However, some refined grains can be identified in the near surface area in Figure 4.11b, as
marked by the yellow circle. Since the plastic deformation of Mg alloys is dominated by
dislocation activities instead of twinning in compression along ND [38, 168], the grain
refinement in AZ31B magnesium alloy processed by LSP along ND should be attributed
to the formation of dislocation walls and cells as in the cases of other metallic materials
subjected to LSP, like steels [71], aluminum alloys [69] , and titanium alloys [158]. When

the Mg alloys are subjected to plastic deformation induced by LSP along ND, dislocations



42

accumulate and rearrange for minimizing the total energy state, resulting the formation of
dense dislocation walls and cells. These dislocation walls and cells subdivide the original

grains and finally lead to the formation of refined grains.

LSP direction (b) - LSP direction

3 .Rélﬂfx_ed grains

20 pm

¢ 20 pm

Figure 4.11. SEM images of microstructure of the AZ31B Mg alloys processed by LSP

along (a) RD, and (b) ND. Red arrow indicates the direction of laser shock loading.

The surface (RD-TD plane) hardness tests of the AZ31B Mg alloys processed by LSP
along ND with different laser intensities were also conducted and the results were
compared with those of samples processed by LSP along RD. As shown in Figure 4.12, it
can be seen that the surface hardness value of AZ31B Mg alloy increases from 63.2 VHN
for the untreated specimen to 72.3 VHN for the sample processed by LSP along ND with
a laser intensity of 2.21 GW/cm?, corresponding to a 14.4% increase. The surface hardness
improvement is mainly attributed to the grain refinement generated by LSP. As the laser
intensity increases from 2.21 GW/cm? to 6.03 GW/cm?, the surface hardness value only

increases from 72.3 to 74.1 VHN, which is due to the plastic deformation saturation effect
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[51]. Moreover, it should be noted that the surface hardness values of the AZ31B Mg
alloy before and after LSP along ND are all slightly higher than those of samples processed
by LSP along RD regardless of laser intensity. This difference is mainly attributed to the
fact the strain hardening effect induced by dislocation (LSP along ND and hardness tests
on RD-TD plane) is typically more prominent than it is induced by twinning (LSP along
RD and hardness tests on TD-ND plane) [165]. Nevertheless, LSP along ND and RD can

both efficiently improve the surface hardness.
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Figure 4.12. Anisotropy in hardness improvement of the AZ31B Mg alloy processed by
LSP with different laser intensities.

4.4, Summary

In this chapter, a systematic study is carried out on the process-microstructure
relationship of Mg alloys as processed by LSP. A focus is placed on understanding the

deformation twinning mechanism and twinning-induced strain hardening effect during
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LSP. The twinning type, morphology, variation in TVF vs depth, and corresponding in-

depth hardening effect are analyzed. Following conclusions can be drawn:

(1) When LSP is along RD, a gradient twinning microstructure is generated. The twins are
identified as {1012} extension twins. The density of twins decreases with increasing depth,

and a higher laser intensity results in a deeper twinned zone.

(2) A gradient hardness distribution well corresponds to the gradient twinning
microstructure. The hardness of laser-processed samples decreases with an increase of
depth from the saturation value of 74 VHN to the base value of 60 VHN. The LSP-induced
strain hardening is attributed to the grain refinement and the texture change induced by

nucleation and propagation of twinning structures.

(3) Anisotropic microstructural and mechanical response to LSP is observed. High density
twins can be observed when LSP is along the RD, whereas some refined grains can be
observed when LSP is along the ND. LSP treatment of AZ31B Mg alloys along ND and

RD can both enhance the surface hardness.
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Chapter 5. Twin-twin interaction in Mg alloys processed by LSP
5.1. Introduction

{1012}(1011) twinning plays an important role during plastic deformation of Mg
alloys and has been extensively studied in the past decades [30, 34, 169]. It can be easily
activated when a Mg crystal is subjected to tensile stress along the c-axis and results in a
lattice orientation of 86.3< around (1210) zone axis [35]. Under some loading
circumstances, multiple twin variants can be activated simultaneously and interact with
each other, leading to twin-twin interaction. Recent studies show that twin-twin interaction
has an important impact on twin propagation, de-twining, and twinning-induced strain

hardening effect of Mg alloys [170-173].

Due to its scientific significance, experimental and numerical studies have been carried
out to investigate twin-twin interactions of Mg alloys. For instance, Yu et al. [174]
proposed that when two twin crystals with large misorientation angles interact with each
other, their slip transmission is difficult. Chen et al. [175] reported that when a twin variant
propagates and impinges on another, its growth will be retarded at the location of
impingement, but the retardation depends on the angle between the sides of the intersecting
twins. Gong et al. [176] studied the non-co-zone twin-twin interactions via atomistic

simulations and showed that the growth of both twins are impeded upon interaction.

Despite these works, little efforts have been made to investigate twin-twin interaction
in Mg alloys under ultra-high strain rate deformation (~108/s). The twinning behavior
might be affected by the strain rate [177, 178] and additional twinning modes could be

activated and interact with each other with a higher strain rate [179]. Thus, it is of
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importance to explore twin-twin interaction in Mg alloys under extreme deformation

conditions.

LSP a surface treatment technique that has been widely used to study high strain-rate
response of metallic materials [11, 63, 180]. During LSP, pulsed laser with an ultra-short
duration (on an order of nanosecond) is delivered to an ablative coating, forming a high-
temperature plasma and generating a high shockwave pressure (on the order of GPa) on
the sample being processed. As the shockwave propagates into the target materials, the
near surface layer (typically 0~2000 pum) undergoes an ultra-high strain rate plastic
deformation [11, 148, 181]. In this work, twin-twin interaction in an AZ31B Mg alloy
under ultra-high strain rate compression introduced by LSP was studied. The morphology
of twin variants was characterized by EBSD characterization. Notably, this part of content

is basically adapted from [182] (with permission from publisher).
5.2. Experiments

Samples for LSP experiments were cut from a rolled AZ31B Mg block (3.0 wt% Al, 1.0
wt% Zn, Mg balance) purchased from Metalmart.com. Prior to LSP, the surface containing
the ND and the TD of the sample was mechanically grinded with a series of sand papers
(down to 1200 grit number) followed by a final polishing using 3 micron diamond
suspension. The examined RD-TD cross section was cut along the diameter direction of
the laser beam spot by a low-speed diamond saw and then prepared for EBSD

characterization.
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5.3. Results and discussion

5.3.1. Abnormal twin-twin interactions

The initial microstructure and texture of the RD-TD cross-section of the as-received Mg
alloy sample before LSP is shown in Figure 5.1a. It can be seen that, before LSP, the
material has a twin-free, equiaxed grain structure with a strong basal texture. After LSP,
EBSD analysis was performed at the depths of 500, 700, 900 and 1100 um from the
processed surface and the results are shown in Figure 5.1b-e. From the inverse pole figure
(IPF) maps and the (0002) pole figures, it can be seen that {1012} extension twinning was
activated. Close to the surface, the parent grains were nearly all twinned (Figure 5.1b),
because the loading condition strongly favors {1012}(1011) twinning [34]. Due to the
attenuation of the laser intensity [183], the twin volume fraction decreases with depth. To
characterize the nature of interfaces, we highlight different types of grain boundaries with
different colors in the image quality maps: the blue lines represent twin boundaries (TBS)
of 86.345<1120), characteristic of {1012} extension twins; the yellow lines represent TBs
of 56451120) from {1011} contraction twins which have a very low density; a few
green lines of 3845<1120) can also be seen, which represent {1011} + (1012) double
twins. Notably, a quite high density of red boundaries can be identified in the LSP affected
areas. These are 605<1010) boundaries formed when different {1012} twin variants
impinge [174]. The density of 6045<1010) boundaries decreases with increasing depth,
indicating that multiple {1012} twin variants were activated and strongly interacted with
each other during LSP processing. More detailed analysis of the twin variants their

orientations are provided below.
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Figure 5.1. (a) Microstructure and texture of the as-received AZ31B Mg alloy. (b-e)
Evolution of microstructure and texture at various depths from the laser processed
surface: (b) 500 um; (c) 700 pum; (d) 900 um; (e) 1100 pm. The twin volume fraction
decreases with increasing depth. The density of 6045<1010) boundaries (in red) also

decreases with increasing depth.
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EBSD scans with a higher resolution were then performed in selected areas which
contain multiple twin variants such that details of twin-twin interaction can be better
revealed. The red patches, marked as M, are the leftover of parent grains that are not totally
twinned. These parent grains contain two twin variants: T1 and T2 (Figure 5.2a). The image
quality map (Figure 5.2b) and crystallographic orientation analysis (Figure 5.2c-d) indicate
that the interfaces between T1 and T, are 6045<1010) type, which result from twin-twin
interaction. Secondary twins can also be observed. For example, T3 is another primary
twin variant and this variant was transformed to secondary twins T4 and Ts. Note that the
boundary between T4 and Ts also satisfies 6045<1010). The unit cells and crystallographic

relationship among M, T3, T4 and Ts is shown in Figure 5.2e.
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{0002}

Figure 5.2. (a) IPF map of a selected area. Two twin variants Ty and T are activated in
the parent M. (b) Image quality map. The yellow lines are the interfaces between T and
T>. (c) Corresponding (0002) pole figure. (d) Unit cells of the parent M, and the two twin
variants Ty and T2. (e) Unit cells of parent M, primary twin variant T3, and two secondary

twin variants T4 and Ts.

A salient feature of the boundaries resulting from twin-twin interaction induced by
ultra-high strain rate deformation is the closed, circular interfaces, as shown in Figure 5.3.
Highly irregular interfaces between {1012} twin variants were only recently reported by
Chenetal. inan AZ31 Mg alloys with very coarse grains (~120 um). Figure 5.3a-b show
several isolated twin variants of T that are surrounded by variant T1. The misorientation

angle between variant T1 and T satisfies 6045<1010), as shown in the image quality map
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in Figure 5.3b. The parent grain has almost been totally twinned into variant T1. However,
some variants T» are completely surrounded by variant T1. It is likely that during twin
growth, variant Ty outgrew the twin lamella of T2 and then totally enclosed T: inside. As
the interaction continued, part of the T> may have been transformed to Ty, leading to the
disconnected, abnormal morphology. A similar scenario is shown in Figure 5.3c-d in which
some disconnected islands can be observed. These disconnected islands belong to the same

twin variant Ts.

Figure 5.3. (a) Twin variant T2 is surronded by twin variant T1, leading to the isolated T2

islands in a parent grain. (b) Image quality map of (a). (c) Twin variants T4 is surronded

by twin variant T3, leading to isolated T4 islands in another grain. (d) Image quality map
of ().
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5.3.2. The mechanism of twin-twin interactions

The abnormal morphology of the interface between different twin variants simply
cannot be explained by any twinning dislocation theories because, by definition, a twinning
dislocation can only glide on the twinning plane and produce a simple shear. When two or
more variants approach each other, the stress field of the twinning dislocations of one twin
variant will repel the twinning dislocations of the other twin variants, if we assume the
interfaces between a twin variant and the matrix are composed of a multitude of twinning
dislocation loops on consecutive twinning planes and lateral growth of the twin is
controlled by the expansion of the loops [30]. Thus, it is unlikely that, as one variant
impinges on a different variant, the growth front of the incident variant branches out and
changes the habit plane. This is exactly the case in twinning in FCC and BCC metals, as
schematically demonstrated in Figure 5.4a. The expansion of twins has to halt when two
variants approach close to each other because the twinning dislocations cannot penetrate
the twin boundaries. As a result, the parent grains cannot be twinned by 100%. To account
for the fact that parent grains can be totally twinned by {1012} twinning in HCP metals,
Song and Gray [184] first questioned the twinning dislocation theories in which {1012} is
mediated by twinning dislocations just like other twinning modes. They proposed that the
growth of {1012} twins was controlled by coordinated movements of a large number of

atoms rather than by twinning dislocations gliding on the twinning plane.

Recently, Li and Ma [185] proposed that {1012} twinning is mediated purely by
atomic shuffling, not by twinning dislocations. The atomic shuffles transform the parent

basal plane to the twin prismatic plane and vice versa, without involving any twinning
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dislocations. More recently, Li and Zhang [90] proved that the {1012} twinning plane is
not an invariant plane. Consequently, no twinning shear can occur on the twinning plane.
As such, {1012} twin boundaries can be extremely incoherent, as confirmed by numerous
experimental studies [85, 138, 186-189]. The abnormal interfacial structure between
different {1012} twin variants can be well explained by these non-twinning-dislocation
models. As shown in Figure 5.4b, two or more twin variants are activated inside a parent
grain. As observed in extensive transmission electron microscopy (TEM) experiments, the
twin boundaries can be extremely incoherent, although microscopically the twin variants
still assume a lamellar shape [85, 190-192]. As the twin variants approach each other, one
variant may impinge on the other. However, the twin growth is not halted by the
impingement. Instead, one variant can branch out and change the habit plane because no
twinning dislocations are gliding on the twin boundary which should coincide with the
twinning plane according to classical twinning theory. As a result of such non-classical
twin growth, a parent grain can be twinned 100% and a twin variant can be totally

surrounded by another variant.

Based on atomistic simulations, Serra et al. [193, 194] proposed that {1012} twinning
i1s mediated by “disconnections” rather than zonal twinning dislocations. However, as
analyzed in recent work [191] the lattice correspondence in the reports of “disconnections”
is exactly the same as the Li-Ma shuffling model [89]. In fact, the “basal to prismatic and
prismatic to basal” lattice transformation can be readily identified in most of the atomistic
simulations in the literature. Such a transformation must distort the structure of the

twinning plane and thus no twinning shear should occur on the twinning plane [90].
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The abnormal interaction between different twin variants provide new insight on the
non-classical twinning behavior that has been observed extensively in experimental studies.
For example, Li et al. [195] observed in TEM that a twin variant was able to penetrate a
grain boundary and extend into the neighboring grain. It is well known that a twinning
dislocation cannot penetrate a grain boundary. The well-observed “apparent crossing”
during twin-twin interaction [171-174, 196] in Mg alloys and other HCP metals can now
be well explained. Shi et al. [171] showed that when one twin impinges on another twin
lamella, it looks like that a new twin with the same crystallographic orientation emerges
on the other side of the impinged lamella. Mokdad et al. [172] also observed that impinging
twins were linked on each side of twin lamella. Similar observation is also found in Figure
5.2a-b, in which two twin variants T1 are linked on each side of T,. A schematic explanation
of these phenomena is shown in Figure 5.4c, when two {1012} twin variants impinge, one
variant can spread laterally and grow around the other variant. When a cross-sectional view

is made, it looks like that one variant crosses the other.
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Figure 5.4. (a) Twin-twin interaction when growth of the twin variants is controlled by
twinning dislocations on the twin boundaries. The growth of the twin variants will be
impeded as the variants approach close to each other because the twinning dislocations
are unable to penetrate the twin boundaries. (b) Non-dislocation mediated twin growth. A
twin variant can branch out by changing the habit plane and surround the other variant.
Eventually, the parent grain can be totally twinned. (c) Non-dislocation mediated twin
growth. A twin variant can spread laterally and grow around the other variant, forming an

“apparent crossing” structure.

5.4. Summary

In this chapter, the twin-twin interactions in an AZ31B magnesium alloy subjected LSP
was investigated. EBSD characterization of the interfaces between different {1012} twin
variants shows that these interfaces present abnormal morphologies that cannot be

accounted for by twinning dislocation theories. Patches of one variant can be completely
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surrounded by another variant. Such an abnormal behavior of twin-twin interaction can
only be explained by non-twinning-dislocation theories that fundamentally differ from the

classical twinning theory.
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Chapter 6. Enhanced tribological properties of Mg alloys processed by

LSP

6.1. Introduction

Mg its alloys offer lightweight alternatives to conventional metallic materials due to
their good strength-to-weight ratio, machinability and recyclability [14, 197]. However,
their potential applications are currently restricted due to their poor formability, limited
ductility and low wear resistance at room temperature [15, 46, 198]. New alloy design and
processing strategies have been developed in recent years in order to overcome these
barriers [122, 199, 200], while most of them aim to improve the ductility and/or strength
of Mg alloys. Insome applications, such as pistons, valves, bearing, sliding seals and gears,
Mg alloys are subjected to sliding motion where friction and wear performance is of
specific importance [104, 201]. Moreover, sliding wear is an important consideration in
the forming process of Mg alloys, such as drawing, extrusion and forging [106]. Therefore,
improving the tribological properties of Mg alloys is of critical importance for expanding

their engineering applications.

Several studies have been conducted to investigate the tribological properties of Mg
alloys as affected by various tribological conditions including applied load, sliding speed,
temperature and lubricated conditions [106, 109, 202-207]. For instance, Anbu et al. [203]
studied the wear mechanism of a casted ZE41A Mg alloy. Five wear mechanisms were
proposed including abrasion, oxidation, delamination, plastic deformation, and melting.
Taltavull et al. [204] investigated the effects of applied load and sliding speed on the wear

behavior of an AM50 Mg alloy. It was found that the wear behavior transitioned from
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abrasion and adhesion to severe plastic deformation with increasing applied load and
sliding velocity. Liang et al. [208] explored the correlation between friction-induced
microstructural evolution and tribological properties of AZ31 Mg alloys. It was found that
a solidified layer formed beneath the worn surface followed by a dynamic recrystallization

zone and a deformed zone.

Despite the aforementioned studies, little attention has been placed on investigating
how the tribo-performance of Mg alloys is affected by deformation twinning, which is the
prevalent plastic deformation mechanism in Mg alloys due to their limited slip systems at
ambient temperature [89]. Twins are lenticular grains with a different but well-defined
crystallographic orientation from the parent grain activated typically by a homogeneous
simple shear [30]. Among the multiple modes, {1012}(1011) extension twinning is the
most commonly observed twinning mode in Mg alloys. Recent studies show that the pre-
existing {1012}(1011) twins can effectively improve the surface hardness [148] , tensile
strength [209], and stretch formability [210] of Mg alloy. It is of specific scientific and
technical importance to investigate the effect of surface pre-twinning on the friction and

wear performance of Mg alloys processed by LSP.

This research aims to understand the friction and wear properties of Mg alloys as affect
by deformation twinning introduced by LSP. AZ31B Mg alloy samples with various twin
volume fraction (TVF) are prepared by LSP. Sliding tests under dry condition are
conducted for friction and wear testing. The COF values and wear tracks are measured
and analyzed. The relationship among the TVF, COF, and wear resistance are discussed.

A possible mechanism responsible for the effect of TVF on the tribo-performance of Mg



59

alloys is proposed. We envision the results in the present study can offer new insights on
designing and developing Mg alloys towards enhanced tribological performance. Notably,

this part of content is basically adapted from [211] (with permission from publisher).
6.2. Experiments

Rolled AZ31B Mg alloy plate purchased from Metalmart International Inc. was used
for our experiments. Square plate samples with a width of 25 mm and a thickness of 10
mm were cut and then processed by LSP to prepare samples with various TVFs. Prior to
LSP, sample surfaces were grinded using SiC sandpapers with different grit numbers (from
320 to 1200), followed by fine polishing using 3 micron diamond suspension. LSP
experiments were conducted with a laser intensity of 1.5 GW/cm? along the RD of the
sample. The schematic view of LSP configuration is shown in Figure 6.1a. In this study,
a Q-switched Nd-YAG laser operating at a wavelength of 1064 nm and a pulse width of 7
ns (full width at half maximum), was used to deliver the laser energy. A black tape was

used as the ablative coating and BK7 glass was used as the transparent confinement.

Note that in addition to high density of deformation twinning, nano-sized grains might
be produced in the very top surface layer of Mg alloys by LSP [145, 212, 213]. In order to
eliminate the effect of grain refinement on tribological properties, the LSP-processed
samples were electrochemically polished to remove the top layer with a thickness of 50
um. This will also eliminate the surface roughening effect induced by LSP [64]. Mg alloy
samples with various TVFs were prepared by electrochemical polishing of laser-processed

samples to remove the top layer with a series of thickness from 50-450 um, as shown in
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Figure 6.1b. All the samples subjected to tribological tests were polished to reach a surface

roughness less than 100 nm and then ultrasonically cleaned by acetone.
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Figure 6.1. Schematic illustrations of (a) the LSP process and (b) preparation of Mg alloy
samples with different TVFs.

Tribological properties of the Mg alloy samples were tested using a pin-on-plate sliding
configuration using an R-Tech Muti-Functional Tribometer at room temperature in air with
a relative humidity of about 20%. The experimental setup is schematically illustrated in
Figure 6.2. The cylindrical pin with a hemispherical tip (a diameter of 0.25 inch) was made
of an aluminum alloy 6061 (AA6061) with a Vickers hardness of 110 VHN. Dry sliding
tests were conducted on the surface of Mg alloy samples with different TVFs. Applied
loads of 10, 20, 30, 50 N and a sliding velocity of 2 mm/s were used in the tests. The
variation of COF values with sliding distance for each specimen was recorded. After
sliding tests, the worn surface morphologies of both the Mg alloy substrate and AA6061
pin were characterized using three-dimensional (3-D) optical profilometer, SEM, and

energy dispersive spectroscopy (EDS).
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Figure 6.2. Schematic illustration of the pin-on-plate test.

6.3. Results

6.3.1 Gradient twinning microstructure generated by LSP

Figure 6.3a shows gradient twinning microstructure in an AZ31B Mg alloy generated
by LSP. The originally equiaxed grains with a strong basal texture now contain a high
density of deformation twins that are in a gradient distribution through the thickness can
be observed in the top surface layer of the laser-processed sample (as shown in Figure 6.3a).
A number of needle-like twin lamellas (with a dark brown color after etching) can be
identified in the OM images showing microstructure at a depth of 0, 100, and 150 um
(Figure 6.3b). With the increase of depth, fewer twins can be observed. At the depth of
350 um, most of the grains contain almost no twins. The TVF can be measured by dividing

the area of twins to the overall area by ImageJ software based on color difference between
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twins and parents [35]. Figure 6.3c shows TVF vs. depth from the top surface. It can be

seen that the TVF decreases from 38% at a depth of 50 um to 0% at a depth of 350 pm.
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Figure 6.3. Twinning microstructure in an AZ31B Mg alloy generated by LSP: (a) an OM
image showing gradient twinning microstructure, (b) OM images showing various TVFs
at different depths, and (c) TVF vs. depth from top surface.

EBSD analysis was performed to study the twinning microstructure of laser-processed
sample at a depth of 100 um. The inverse pole figure map in Figure 6.4a shows that a large
number of twin lamellas are formed in the parent grains which exhibit a basal texture. The
crystallographic orientation of one twin variant and the parent grain in Figure 6.4b shows
the misorientation between twin and parent is about 86°, indicating that the twinning type
is {1012}(1011) tension twin [90]. Different types of twin boundaries with specific

misorientation angles are highlighted by different colors in the image quality map as shown
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in Figure 6.4c. The dominant twin boundaries are 8645<1120) (in blue) representing
{1012}(1011) extension twins. The red twin boundaries (only very few) are 5645<1120),
representing {1011}(1012) contraction twins. The yellow boundaries are 605<1010),
which are generated when different extension twin variants interact. The green boundaries
are 3845°(1120), representing the {1011} + (1012) double twins. Obviously, the
extension twins is the dominant twinning mode. Moreover, {0002} pole figure map in
Figure 6.4d shows that several twin variants have been activated, which is consistent with
results in the previous studies which state that several twin variants could be activated

under ultra-high strain-rate deformation [178, 214].
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Figure 6.4. EBSD analysis of the microstructure of laser-processed Mg alloy at a depth of
100 um with a TVF of 30%. (a) Inverse pole figure map; (b) the misorientation between
the parent and the twin crystals; (c) Quality map in which different types of twin
boundaries are highlighted; (d) {0002} pole figure.
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6.3.2 Effect of TVF on friction coefficient

Figure 6.5 shows the effect of TVF on the COF as measured by the sliding tests with a
load of 20 N and a sliding velocity of 2 mm/s. Figure 6.5a and b show COFs with sliding
distance for the samples with a TVF of 0% and 38%, respectively. It is found that the value
of COF more or less remains constant with sliding distance for both samples. Moreover,
with an increase of TVF from 0% to 38%, the mean value of COF is decreased by around
50% from 0.148 to 0.072. Figure 6.5c shows that the friction value gradually decreases
with the increase of TVF. For instance, the COF values for the samples with a TVF of 8%
and 24% are 0.135 and 0.112, respectively. The experimental results in Figure 6.5 indicate

that the friction performance of Mg alloy is highly affected by the twinning microstructure

in terms of TVF.
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Figure 6.5. Effect of TVF on the COF of Mg alloy samples in sliding tests under the load
of 20 N. (a) and (b), COFs of samples with TVF of 0% and 38%, respectively; and (c)
COF vs. TVF.
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6.3.3 Effect of TVF on wear performance

The 3-D profiles of the worn surface of the AZ31B Mg alloy with different TVFs after
sliding tests under an applied load of 20 N are presented in Figure 6.6a-d. It can be seen
the wear tracks are composed of grooves along the sliding direction. Material is displaced
to the two sides of the wear tracks due to the plowing effect during dry sliding. To
quantitatively compare the effect of TVF on the wear performance of AZ31B Mg alloys,
cross-sectional profiles of the worn surfaces of the samples with different TVFs are
summarized in Figure 6.6e. It is found that the average wear track depth decreases with
the increase of TVF. For instance, the wear track depths are around 1.76 and 0.55 um for
the sample with a TVF of 0% (free of twins) and 38%, respectively. This indicates the
wear volume has been significantly reduced by the presence of high density extension twins.
Moreover, it is found that the height of the material displaced to the sides of wear track for
the sample with a TVF of 0% (0.4 um) is much larger than that of the sample with a TVF
of 38% (0.15 um), demonstrating a stronger plowing effect during the sliding test for the

sample with a lower TVF.
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Figure 6.6. Surface profiles of wear tracks of the samples with different TVFs subjected
to sliding tests under an applied load of 20 N: (a) TVF=38%, (b) TVF=24%, (c)
TVF=8%, and (d) TVF=0 (free of twins); and (e) cross-sectional profiles of the worn
surfaces of the samples with different TVFs.

Wear rates of samples with different TVFs as affected by applied loading in the sliding
tests are shown in Figure 6.7. It can be seen that the wear rate increases with the increase
of applied loading for all samples. For instance, as the load increases from 10 to 50 N, the
wear rate increases from 9.24x107° to 82.15x10°° mm?/cm-N for the sample with a TVF
of 0%. Since AA6061 pin has a much higher surface micro-hardness as compared to Mg
alloys, increasing applied load causes a higher degree of plowing of softer counterpart
[198]. Moreover, the wear rate decreases as the TVF increases at all loading circumstances.

For example, given the applied loading of 50 N, the wear rate is reduced by 58% from
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82.15x107° t0 31.32x10"°> mm®/cm:N as the TVF increases from 0% to 38%. Figure 6.6

and 6.7 demonstrate the effect of TVF on the enhanced wear resistance of Mg alloy.
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Figure 6.7. Wear rates of samples with different TVFs as affected by applied loading in
the sliding tests.

6.4. Discussion
6.4.1. Effect of deformation twinning on friction

The COF has two components, i.e. the adhesion component and the plowing component.
The adhesion component depends on the material pair, lubrication and also on the real area
of contact, while the plowing component depends on the “degree of plastic deformation”
taking place at the asperity level [215-217]. The twin-induced surface hardening effect is
expected to change the real area of contact and the degree of plastic deformation and thus

influence the COF between the AA6061 pin and Mg alloy as a function of TVF [218].

To understand the effect of deformation twinning on the COF, Vickers micro-hardness

tests were conducted on the surface of Mg alloy samples with different TVFs, as shown in
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Figure 6.8. The hardness value of the AA6061 pin is also indicated in the figure for
comparison. It can be seen that the micro-hardness value of Mg sample gradually increases
with the TVF. For instance, the Vickers hardness number (VHN) increases from 62 to 72
VHN as the TVF increases from 8% to 38%. The twinning-induced hardening of Mg alloys
has been reported by several studies [162, 219, 220] and two mechanisms are assumed to
be responsible for the improved hardness. The first mechanism is dynamic Hall-Petch
effect. Twins subdivide the parent grains and induce a grain refinement effect [219]. The
other is texture hardening. The presence of twins can change the surface crystallographic
texture as {1012}(1011) twinning reorients the parent lattice by nearly 90°(Fig. 4). Thus,
the orientation of the parent grains is changed from an easy-to-deform direction to a
difficult-to-deform direction [165]. As the surface hardness of Mg alloy increases with the
increase of TVF, the hardness difference between the tribo-pair of AA6061 pin and Mg
alloy substrate decreases. This means that the plowing of AA6061 pin (and thus the
frictional force) in the Mg sample decreases with the increase of TVF. Therefore, a higher

TVF in Mg alloys lead to a lower COF.
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Figure 6.8. Variation of surface micro-hardness values of Mg alloy samples with TVF.

The hardness value of AA6061 pin is also indicated in the figure for comparison.

6.4.2. Effect of deformation twinning on wear

To study the effect of deformation twinning on the wear behavior of Mg alloys, the
worn surfaces after sliding tests were analyzed by SEM. Figure 6.9 shows micrographs
and EDS analysis of the worn surfaces for the samples with a TVF of 0% or 38% after
sliding tests under the load of 20 N. Large numbers of grooves on the wear tracks along
the scratch direction can be observed in Figure 6.9a and c. The width of the wear track for
the sample with a TVF of 0% is around 297 um, which is wider than that of the sample
with a TVF of 38% (253 um in width). Moreover, the higher magnification image (Figure
6.9c) of the sample with 0% TVF indicates that there are coarse wear debris and
delamination damage on the worn surfaces. In contrast, the size of wear debris on the worn

surface of the sample with 38% TVF is much finer as shown in Figure 6.9d, and no apparent
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delamination can be observed. The EDS analysis shows that the chemical compositions of

the wear debris in both samples are mainly magnesium and oxygen. According to the wear

mechanism of Mg alloys as discussed in [106, 202, 204, 221, 222], the dominant wear

mechanisms in the current study are abrasion together with delamination and oxidation.

When the aluminum pin slides against the Mg alloy substrate, the softer counterpart (Mg

alloy) is subjected to wear and oxidation due to the plowing and frictional heating [221,

223]. More importantly, by comparing the width of wear tracks (Figure 6.9a and c) and

the size of wear debris (Figure 6.9b and d), it can be concluded that both the abrasive wear

and delamination wear in AZ31B Mg alloy have been significantly reduced by increasing

the TVF.
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Figure 6.9. SEM images and EDS analysis of worn surfaces of samples with a TVF of (a)
0% and (c) 38%; images (b) and (d) correspond to the locally enlarged figures for (a) and
(c) ; and spectrum 1 and 2 correspond to the wear debris in (b) and (d), respectively.
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The contact surfaces of the AA6061 pins were also examined by EDS phase mapping.
Figure 6.10a-c and Figure 6.10d-f show the results for the Al, Mg, and O signals on the tip
surfaces of the AA6061 pins after sliding against the Mg alloy substrates with TVF of 0%
and 38%, respectively. The scratching tests were conducted with a normal load of 20 N.
It can be seen that a substantial amount of Mg was transferred to the AA6061 pin surfaces
in both cases, and the contact area of Mg is consistent with the width of the wear tracks in
Figure 6.9. Moreover, oxidation is involved during the sliding process, as shown in Figure
6.10 c and f. The amount of Mg and O elements observed in Fig. 10e and 10f are lower
than that in Figure 6.10b and c, indicating the sample with a TVF of 38% exhibits a greater

wear resistance (less plowing) as compared to the sample with free of twins.

Figure 6.10. EDS phase mapping results of the (a, d) Al signal, (b, €) Mg signal, and (c, f)
O signal for the tip surface of the Al pins after sliding against the Mg alloy substrates
with free of twins (a, b, ¢) and with a TVF of 38% (d, e, f).

According to the Archard’s law [224], the relationship between the hardness of the

wear volume can be described as: V = LKTW , Where V is the wear volume, L is the sliding



72

distance, W is the normal load, H is the hardness of the softer material in the contacting
pair, and k is the wear coefficient. Given the twinning-induced hardening effect, the wear
volume is expected to be reduced substantially by the presence of twins. It can be seen that
although the wear depth is more than three times for the surface with free of twins as
compared to the surface with a TVF of 38%, the hardness is improved only by 16.1%. This
indicates that apart from the improved surface hardness by the presence of twins, other
factors such as twinning-induced surface crystallographic texture change [165] might also

contribute to the enhanced wear resistance.
6.4.3. The mechanism of improved tribological properties of Mg alloys by LSP

To reveal the mechanism of the effect of TVF on the tribological behavior of Mg alloys,
the subsurface microstructure of Mg alloy samples (TVF= 0% and 38%) before and after
sliding tests were characterized using SEM and EBSD. As shown in Figure 6.11, the
sample free of twins exhibits the microstructure prior to deformation in which no twin can
be identified. After the sliding test, a wear track is generated on the sample surface (Figure
6.11c). Figure 6.11b shows the microstructure of sample with TVF of 38%. After the
sliding test, a wear track is also observed (Figure 6.11d). EBSD analysis was carried out
to study the microstructure beneath the wear tracks of the samples after sliding tests. The
inverse pole figure maps for samples TVF of 0% and 38% are shown Figure 6.11e and f,
respectively. The corresponding {0002} pole figure maps are shown in Figure 6.11g and
h. For the sample without twins, it can be observed in Figure 6.11e that an area with high
density twins (TVF is estimated to be around 80%) beneath the wear track is revealed after

sliding tests. The nucleation and growth of the twins beneath the wear track is caused by



73

the plastic deformation induced by the penetration of the AA 6061 pin to the Mg alloy
substrate. Similar observations were reported by Liang et al. [208]. For the sample with a
TVF of 38%, TVF dramatically increases to almost 100% after sliding tests (Figure 6.11f),
indicating that the occurrence of extensive twin-growth activities till twin saturation. Note
that the samples free of twins exhibit a strong basal texture as shown in our previous study
[148]. The {0002} pole figures in Figure 6.11g and h imply that the crystallographic
texture of the microstructure has been significantly changed with the growth and saturation
of twins during sliding tests. This twin growth and saturation and twinning-induced surface
crystallographic texture change during sliding motion of Mg alloys might contribute to the

change of COF and wear resistance.
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Figure 6.11. SEM images of microstructure of samples with a TVF of 0% and 38%
before (a and b) and after (c and d) sliding tests, respectively; EBSD analysis of the
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microstructure beneath the wear track: inverse pole figure maps and {0002} pole figure

maps of samples with a TVF of 0% (e and g) and 38% (f and h) after sliding tests,
respectively.

Based on the above analysis and discussion, the mechanism responsible for the

influence of TVFs on COF and wear resistance of Mg alloy is proposed and schematically

illustrated in Figure 6.12. Figure 6.12a-b and c-d show the contacting and sliding

conditions between tribo-pair of AA6061 pin and AZ31 substrate with a low TVF and a
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high TVF, respectively. The red hexagons represent the grains prior to deformation (Figure
6.12a) which have a strong basal texture, and the blue lamellas (Figure 6.12c) represent the
pre-existing twins introduced by LSP processing before sliding. The blue hexagons (Figure
6.12d) and green lamellas (Figure 6.12b and d) represent the fully twinned grains and
newly developed twins in the sliding tests, respectively. As shown in Figure 6.12b,
twinning is responsible for the plastic deformation of the substrate when the AA6061 pin
IS penetrated into it. However, for the sample with a high TVF (Figure 6.12c), subsequent
twinning (growth of pre-existing twins and nucleation of new twins) occurs until the
microstructure near the wear track is fully twinned (Figure 6.12d). Non-basal slip systems
with higher critical resolved shear stresses need to be activated to accommodate further
plastic deformation during sliding (Figure 6.12d) [225, 226]. Therefore, the penetration
depth and the contacting area of the aluminum pin against the substrate in Figure 6.12d are
smaller than those in Figure 6.12b. As a result, the plowing effect in Mg alloy samples
with a high TVF (Figure 6.12d) is weaker than that in samples with a low TVF (Figure
6.12b), resulting in a lower COF and reduced wear volume [63, 227, 228]. Similarly, for
samples with a higher TVF, saturation of twinning and activation of non-basal slip should
occur earlier than that for samples with a lower TVF, leading to a more prominent effect

in reducing the COF and enhancing the wear resistance.
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Figure 6.12. Schematic illustration of proposed mechanism responsible for the influence
of TVFs on COF and wear resistance of Mg alloy: AA6061 pins sliding against the
surfaces of Mg alloy with (a, b) a low TVF and (c, d) a high TVF.

6.5. Summary

In this chapter, the influence of surface pre-twinning induced by LSP on the tribological
performance of an AZ31B Mg alloy is investigated. Sliding tests are performed on surfaces
with different TVFs under dry condition. The microstructure of the worn surface and
subsurface of Mg alloy samples after sliding tests are characterized and analyzed. The
relationships among the TVF, COF, and wear resistance are discussed. Following

conclusions can be drawn:
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(1) Pre-twinning introduced by LSP on Mg alloys can bring a surface hardening
effect. A higher TVF results in a greater surface hardness number due to the twinning-

induced hardening effect.
(2) The COF decreases with the increase of TVF in Mg alloy samples.
(3) The wear resistance increases with the increase of TVF in Mg alloys.

(4) Twin growth/saturation and twinning-induced crystallographic texture change

are observed beneath the wear track of Mg alloy samples after sliding tests.

(5) The mechanism responsible for the influence of pre-twinning on COF and wear
resistance of Mg alloy is proposed. It is discussed that the reduced COF and enhanced
wear resistance of Mg alloy with increase of TVF are attributed to the twinning-induced
hardening effect, twin growth and saturation phenomenon, and twinning-induced surface

crystallographic texture change during the sliding.
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Chapter 7. Enhanced room temperature stretch formability of Mg

alloys by LSP

7.1. Introduction

In recent years, LSP emerges as a promising technology to improve the engineering
performance of Mg alloys by enhancing their surface strength [148] , biocompatibility
[229], fatigue life [56], tribological performance [211] and corrosion resistance [57].
Compared with processing methods mentioned above, LSP is exceptional due to its
capability of processing samples with complex geometries and generating deep plastic

deformation without degrading the surface quality [11, 53]. The previous chapters indicate

that LSP of Mg alloys leads to the generation of a high density of {1012} extension twins,
leading to a crystallographic lattice orientation of 86.3 Zaround (1210} zone axis [35, 182].
The lattice reorientation induced by pre-twinning provides an approach to tailor the basal
texture of Mg alloys [210, 230]. In addition, grain refinement by LSP of metallic materials
has been extensively reported [56, 155, 212]. 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-temperature stretch
formability of Mg alloy sheet is investigated. LSP experiments were conducted on an
AZ31B Mg alloy. The microstructure was characterized using optical microscopy (OM)
and 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. Notably,

this part of content is basically adapted from [231] (with permission from publisher).
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7.2. Experiments

A schematic of the setup of the LSP process is shown in Figure 7.1a. 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 coating, leading to the generation of a high shockwave pressure (~GPa)
propagating into the sample [64, 232]. The temporal evolution of laser shockwave pressure
as affected by the laser intensity can be estimated by Fabbro’s model [233] (Figure 7.1c).

For instance, given a laser intensity of 4GW/cm?, the peak shock pressure reaches 3.5 GPa.

The room-temperature stretch formability of laser processed samples was evaluated by
the Erichsen tests. A schematic configuration of Erichsen test is illustrated in Figure 7.1d.
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 hemispherical 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,
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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 Figure 7.1e. Both sides of the gauge area of the samples subjected to tensile tests were

LSP processed. The strain rates were set as 0.0005/s in the tensile tests.
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Figure 7.1. (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
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experiments, estimated by Fabbro’s model. Schematic configurations of the (d) Erichsen

test and (e) tensile test.

7.3. Results and discussion

7.3.1. Improved stretch-formability of Mg alloys by LSP

Results of the Erichsen tests are shown in Figure 7.2a-b. As observed in the load vs.
displacement curves (Figure 7.2a), 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 310 N, 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 (Figure
7.2b). 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 intensity 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

increases from 1.0 to 4.0 GW/cm?.

Tensile testing results are shown in Figure 7.2c. 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
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GW/cm?, the UTS increases from 212 to 241 MPa, and the FE increases from 10.5% to

13.8%.
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Figure 7.2. (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.

7.3.2. Texture evolution during LSP

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 Figure 7.3a-d. It can be seen that the unprocessed sample exhibits a strong basal texture

together with a twin-free equiaxial grain structure (Figure 7.3a). After LSP, a high density
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of twin lamellas, mostly identified as {10?2}(1011) extension twins (Figure 7.3b-d), were
generated. A higher laser intensity leads to a higher twin volume fraction (Figure 7.3b-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 [30]. In this study where a compressive stress is

applied along c-axis, the activation of {1012} twins should be suppressed (Figure 7.3e).
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 (Figure 7.3f-g). A donut-
like distribution of twins can be identified in Figure 7.3f, 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 (Figure 7.3f), while few twins can be found in the center
area with a diameter equal to the diameter of laser beam (Figure 7.3g). Therefore, in the
continuous LSP experiment along ND where the sample surface is completely 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.
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Figure 7.3. 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.
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7.3.3. Grain refinement effect

In addition, the cross-sectional microstructure (RD-ND plane) at a depth of 300 pm
before and after LSP was characterized using EBSD (Figure 7.4). The unprocessed sample
(Figure 7.4a) possesses a relatively homogenous distribution of equiaxed grains with a
grain size of 20-40 um, while the processed sample (Figure 7.4b) exhibits a bimodal
microstructure containing both coarse and fine grains. Grains with a size of a few microns
can be found in Figure 7.4b-c, indicating that the grains were refined to a certain extent
after LSP. IPF maps of some local areas with observable grain refinement are shown in

Figure 7.4d-h.

The grain refinement of metallic materials by LSP has been reported [56, 155, 212]. It
is normally observed in the layer of severe plastic deformation right beneath the processed
surface with a thickness of less than 100 um. However, Figure 7.4b-h demonstrate the
grain refinement can occur at a depth around 500 um in the LSP processed Mg alloys due
to recrystallization. Twin lamellas can be identified in Fig. 4b and 4c. The image quality

map (Figure 7.4c) shows the dominant twin boundaries are 90 4+ 5°(1120) (blue lines)
representing {1012}(1011) extension twins and 38 + 5°(1120) (green lines) representing

{1011} + {1012} double twins. It is reported that {1012} twins can serve as nucleation
sites for dynamic recrystallization (DRX) during hot working [138]. Wang et al. [234]
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 108/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
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by the misorientation angle distribution of the grain boundaries as shown in Figure 7.4i.
The peak intensity at a low misorientation angle of 5° is an indication of the extensive
subgrain structures, whereas the misorientation peak at 30° is mainly attributed to the 30°
<0001> misorientation relationship during the growth of DRXed grains [235, 236]. In
Figure 7.4j, EBSD analysis was used to distinguish the deformed grains, sub-grains, and
recrystallized grains, following the method used in [237-239]. 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.
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quality map of the sample processed by continuous LSP with a laser intensity of 2.0
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(9).



88

7.3.4. The mechanism of enhanced stretch formability of Mg alloys by LSP

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 [240, 241]. The microstructure of the LSP processed
samples is composed of a mixture of parent grains, twinned grains and refined grains. For
the parent grains, the compressive strain along the thickness direction activates pyramidal
(c + 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 difficult,
leading to a poor stretch formability. In contrast, for the twinned grains with
crystallographic orientation rotated by ~90°, “re-twinning” [230], or “de-twinning” [242]
can be activated to accommodate the plastic strain, enabling an easier and more
homogenous plastic deformation [243]. For polycrystalline materials, individual crystals
deform only along specific crystallographic orientations, thus deformation compatibility
among grains is often required to accommodate the macroscopic shape changes [244, 245].
In this regard, the weakened basal texture induced by pre-twinning contributes to the
deformation compatibility 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 [246]. GBS has been
perceived as important approach to realize the superplasticity of metals. Despite that GBS
often occurs at elevated temperatures, recent studies [247-249] indicate that it can be
activated in Mg alloys at room temperature once the grain size is reduced to one micron or

sub-micron, leading to significantly improved formability. In our study, plastic stain can
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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 [250, 251], the grain boundary
hardening effect leads to the increase of the stress required for plastic deformation.
Therefore, both the loading forces in load-displacement curves (Fig. 2a) and strength levels

in stress-strain curves (Fig. 2c) increase with the increase of laser intensity.
7.4. Summary

In this chapter, the 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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Chapter 8. Conclusions

In this dissertation, the microstructure evolution and enhanced mechanical properties of
Mg alloys processed by LSP was investigated. LSP was performed on an AZ31B Mg
alloys and the resultant microstructure was analyzed by OM, SEM and EBSD. A particular
focus was put on the twinning behavior of Mg alloys during LSP. Surface micro-hardness
test, tribological property test, tensile test, and stretch-formability test were carried out to
evaluate the mechanical properties enhancement. The following conclusions can be

reached:

(1) Deformation twinning, especially {1012}(1011) tension twinning mode, plays an
important role during the LSP processing of Mg alloys. A gradient twinning microstructure
in which the density of twins decreases with depth was introduced to an AZ31B Mg alloy

plate by LSP.

(2). A gradient hardness distribution well corresponds to the gradient twinning
microstructure. The hardness of laser-processed samples decreases with an increase of
depth from the saturation value of 74 VHN to the base value of 60 VHN. The LSP-induced
strain hardening is attributed to the grain refinement and the texture change induced by

nucleation and propagation of twinning structures.

(3). Anisotropic microstructural and mechanical response to LSP is observed. High density
twins can be observed when LSP is along the RD, whereas some refined grains can be
observed when LSP is along the ND. LSP treatment of AZ31B Mg alloys along ND and

RD can both enhance the surface hardness.
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(4). Twin-twin interactions profusely exist in Mg alloys as processed by LSP. Interfaces
between different {1012} twin variants shows that these interfaces present abnormal
morphologies that cannot be accounted for by twinning dislocation theories. Patches of one
variant can be completely surrounded by another variant. Such an abnormal behavior of
twin-twin interaction can only be explained by non-twinning-dislocation theories that

fundamentally differ from the classical twinning theory.

(5). The tribological performance of Mg alloys is improved by LSP processing. Both the
COF and wear rate decrease with the increase of TVF. The improved tribo-performance
of Mg alloys by LSP are attributed to the twinning-induced hardening effect, twin growth
and saturation phenomenon, and twinning-induced surface crystallographic texture change

during sliding.

(6). The room temperature stretch-formability of Mg alloys is improved by LSP. By
optimizing the processing parameters, the limit dome height 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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