Crinese Puysica Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Balancing strength and plasticity of dual-phase amorphous/crystalline nanostructured Mg alloys

Jia-Yi Wang(ZEf£14), Hai-Yang Song(AR i), Min-Rong An(Z(5¢), Qiong Deng(*3#5), Yu-Long Li(Z= L %)
Citation:Chin. Phys. B . 2020, 29(6): 066201 . doi: 10.1088/1674-1056/ab84d5
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Anisotropic plasticity of nanocrystalline Ti: A molecular dynamics simulation

Minrong An(‘Z5%), Mengjia Su(fiz & 3%), Qiong Deng(Xs#5), Haiyang Song(ARifFi#), Chen Wang(£ /=), Yu Shang(it k)
Chin. Phys. B . 2020, 29(4): 046201 . doi: 10.1088/1674-1056/ab7188

Investigation of mechanical properties of twin gold crystal nanowires under uniaxial load by
molecular dynamics method

Guo-Wei Zhang (7 [E 1), Zai-Lin Yang(#7E4k), Gang Luo(% M)
Chin. Phys. B . 2016, 25(8): 086203 . d0i: 10.1088/1674-1056/25/8/086203

ReaxFF molecular dynamics study on oxidationbehavior of 3C-SiC: Polar face effects

Sun Yu, Liu Yi-Jun, Xu Fei
Chin. Phys. B . 2015, 24(9): 096203 . doi: 10.1088/1674-1056/24/9/096203

Effects of tilt interface boundary on mechanical properties of Cu/Ni nanoscale metallic multilayer
composites

Yang Meng, Xu Jian-Gang, Song Hai-Yang, Zhang Yun-Guang
Chin. Phys. B . 2015, 24(9): 096202 . d0i: 10.1088/1674-1056/24/9/096202

Dynamic strength behavior of a Zr-based bulk metallic glassunder shock loading

Yu Yu-Ying, Xi Feng, Dai Cheng-Da, Cai Ling-Cang, Tan Ye, Li Xue-Mei, Wu Qiang, Tan Hua
Chin. Phys. B . 2015, 24(6): 066201 . d0i: 10.1088/1674-1056/24/6/066201


http://cpb.iphy.ac.cn/EN/abstract/abstract75770.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract75554.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67861.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67861.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65489.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65167.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65167.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64287.shtml

Chin. Phys. B Vol. 29, No. 6 (2020) 066201

Balancing strength and plasticity of dual-phase
amorphous/crystalline nanostructured Mg alloys*

Jia-Yi Wang( £ #14)"2, Hai-Yang Song(A##7) T, Min-Rong An(‘Z#5%)!,
Qiong Deng(X$#1)?, and Yu-Long Li(Z= K Jr)>*

1 College of Material Science and Engineering, Xi’an Shiyou University, Xi’an 710065, China
2School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China

(Received 2 February 2020; revised manuscript received 29 March 2020; accepted manuscript online 31 March 2020)

The dual-phase amorphous/crystalline nanostructured model proves to be an effective method to improve the plasticity
of Mg alloys. The purpose of this paper is to explore an approach to improving the ductility and strength of Mg alloys at the
same time. Here, the effect of amorphous phase strength, crystalline phase strength, and amorphous boundary (AB) spacing
on the mechanical properties of dual-phase Mg alloys (DPMAs) under tensile loading are investigated by the molecular
dynamics simulation method. The results confirm that the strength of DPMA can be significantly improved while its
excellent plasticity is maintained by adjusting the strength of the amorphous phase or crystalline phase and optimizing the
AB spacing. For the DPMA, when the amorphous phase (or crystalline phase) is strengthened to enhance its strength, the
AB spacing should be increased (or reduced) to obtain superior plasticity at the same time. The results also indicate that the
DPMA containing high strength amorphous phase exhibits three different deformation modes during plastic deformation
with the increase of AB spacing. The research results will present a theoretical basis and early guidance for designing and
developing the high-performance dual-phase hexagonal close-packed nanostructured metals.
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1. Introduction

To a large extent, today’s technological development de-
pends on materials such as metals, semiconductors or ceram-
ics. Nanocrystalline materials have considerable mechanical
strength, ductility, and other properties compared with tradi-
tional coarse-grained materials.!! However, to date, the regu-
latory mechanisms of the properties of nanocrystalline materi-
als on a nanoscale, especially hexagonal close-packed (HCP)
crystal materials, are still not clear. The in-depth understand-
ing of these mechanisms is still a hot topic of basic research.
Recently, a considerable number of researches reported that
the properties of crystalline materials, such as mechanical
strength, electric conductivity, optical properties, efc., can be
controlled by some approaches.[>-%! On the one hand, their
properties can be adjusted by modifying their chemical mi-
crostructures, such as introducing different phases or vary-
ing chemical compositions.!>%! On the other hand, they can
also be controlled by introducing lattice defects such as inter-
crystalline interfaces and dislocations.>*! At present, there are
abundant achievements in the study of the mechanical prop-
erties and deformation mechanisms of nano-polycrystalline
metals, but these mainly concentrate on the face-centered cu-
bic (FCC) metals, especially copper and its alloys.!”~°! How-
ever, the research on the deformation behavior of HCP met-
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als is still insufficient, and many phenomena need revealing
urgently.['%11] Magnesium (Mg), as a typical HCP structural
material, has been widely used in the traffic-vehicle, aviation,
and industry field in recent years as a result of its excellent
properties of low density and high strength ratio. These promi-
nent performances motivate researchers to extend the applica-
tion of Mg and its alloys. Unfortunately, for Mg alloys, the
plasticity at room temperature is poor due to the HCP struc-
ture coupled with low stacking fault energy. These inherent
material properties restrict greatly the practical utility of Mg
alloys in various fields.!'>!3] The deformation behavior and
strengthening mechanism of HCP structured metals are obvi-
ously different from those of the metals with FCC structure.
In the past several years, a great number of investigations have
proposed that low-cost Mg rare earth alloys can improve the

14151 However, the mechanical prop-

plasticity of Mg alloys.!
erties of Mg alloys are still far from the expected requirements
for alloying. Therefore, it is vital to search for an effective new
method or technology to improve the plasticity of Mg and its
alloys.

In the last few years, amorphous metallic alloys, or the
so-called metallic glasses (MGs), have emerged as a new
category of advanced materials. The striking properties of

MGs are extraordinary yield strength, elastic strain, and wear
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resistance.l'18] The shear transformation zone (STZ) and
shear bands (SBs) are important deformation behavior affect-
ing the mechanical properties of MGs, which is unlike the
scenario of crystalline metals. This is responsible for their
poor ductility and catastrophic failure, which hinders greatly
their applications. Fortunately, micropillar compression ex-
periments on amorphous Pd77Si;3 film have shown that below
a pillar diameter of 400 nm, the deformation mechanism of
the sample is homogeneous deformation.!'”! The nano-tension
tests of MGs also indicated that there exists a critical thickness
which makes the MGs exhibit good plasticity.?%?!l In addi-
tion, the study also pointed out that the properties of MGs can
be improved by modifying the interface structure.!>?!
Recently, a large number of dual-phase alloys, consisting
of crystalline and amorphous phases, have been reported to
be used as the technologically-important materials due to the
outstanding mechanical properties of these alloys. For exam-
ple, the crystalline phase was introduced into the amorphous
phase to form MGs matrix composites, which significantly
improves the plasticity of amorphous alloys with large size
due to multiple SBs’ interactions.?>># On the one hand, the
amorphous-crystalline interfaces (ACI) can activate the nucle-
ation of SBs, and on the other hand, it can impede the prop-
agation of the catastrophic SBs, thus promoting the homo-
geneous plastic deformation of amorphous materials, and the
dual-phase composites exhibit a combination of high strength
and ductility.[>>) Drawing on the idea of improving MGs plas-
ticity, the question is raised whether the dual-phase nanostruc-
tured Mg alloys (DPMAs) into which the small-sized amor-
phous phase with good plasticity are introduced, can amelio-
rate the mechanical properties of Mg alloys. For this pur-
pose, we first proposed a crystalline/amorphous DPMA model
and found that the model can improve the plasticity of Mg
alloys, which is attributed to the unconventional plastic de-
formation mechanism. %! Wu et al. have achieved great suc-
cess in preparing a DPMA thin film with near-ideal strength
through magnetron-sputtering technology.?”! Therefore, we
also studied the effect of amorphous boundary (AB) spacing
on the plastic deformation mechanism of the DPMA.[28:2%]
The optimal matching relationship between the size of amor-
phous phase and that of crystalline phase is obtained. How-
ever, the relationship between the strength and plasticity of
DPMA still needs further studying. The purpose of the present
work is to explore an approach to improving the tensile duc-
tility of DPMA without sacrificing excellent strength, which
serves as an advanced theory for designing and developing
the high-performance dual-phase nanostructured HCP met-
als. For dual-phase structured metals, two factors are con-
sidered to achieve this goal: one is to improve the strength
by changing the microstructure of amorphous phase; the other
is to strengthen the crystalline phase. Of course, the syner-

gistic effect between the amorphous phase and the crystalline
phase is very important, which can be coordinated by adjust-
ing the size of the amorphous phase and crystalline phase. In
various experimental and theoretical methods, the method of
the molecular dynamics (MD) simulation proves to be use-
ful, particularly in investigating macroscopic and microscopic

[30-321 and it is reliable in revealing

phenomena of materials,
the strengthening mechanism and deformation mechanism of
metal materials.[3*! Here, the effect of the crystalline orienta-
tion, the component of the amorphous phase and AB spacing
on the deformation behavior of DPMA under tensile loading
are investigated by the MD simulation method. The results
show that the DPMA can obtain a superior combination of
strength and plasticity by optimizing the microstructure of the

dual-phase nanostructured model.

2. Simulation model and method

In this paper, the DPMA model consists of Mg crystalline
phase and MgAl amorphous phase in our atomic simulation.
The deformation behavior of MgAl MG has been studied in
recent years.[??) Here, for simplicity, the composition of the
amorphous phase in DPMAs is MgsgAlsy or MgygAlgg. The
crystalline phase of each sample is composed of four grains
with a columnar structure, and the amorphous phase separates
the crystalline grains as a boundary. The initial configuration
of the DPMA is shown in Fig. 1(a), where d represents the
AB spacing. Figure 1(b) gives the DPMA sample prepared
by magnetron sputtering method,!?’! and it is obvious that the
nanocrystalline grains embedded in the Mg-rich amorphous
shell. Here, two kinds of DPMA models are proposed. Four
crystalline grains of the first DPMA model have different crys-
talline orientations (i.e., the crystalline Mg with different crys-
talline orientations is combined with the MgoAlgy amorphous
phase), and those of the second DPMA model have the same
crystalline orientation (namely, the crystalline Mg with iden-
tical crystalline orientation is combined with MgsoAlsy amor-
phous phase).

— x
z [1120]

Fig. 1. (a) Atomic configuration of DPMA model. The red and gray atoms
denote crystalline and amorphous phase atoms, respectively, (b) DPMA
sample prepared by magnetron sputtering method,?”! with nanocrystal be-
ing marked by yellow dashed line.
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For the first DPMA model, each grain rotates a certain
angle around the Z axis, which is similar to previous models
of nano-polycrystal Mg.3*31 In order to investigate the ef-
fect of AB spacing on the deformation behavior of the first
DPMA model, the samples with AB spacing of 1.0, 3.0, 5.0,
7.0, 8.0, and 9.0 nm are constructed, respectively. In addition,
to explore whether the strengthening of the crystalline phase
can improve the mechanical properties of DPMA, the effect
of crystalline orientation on the second DPMA model is sys-
tematically investigated for convenience. That is to say, the
strength of the crystalline phase in the second DPMA model
is enhanced by changing the orientation of the crystal. Here,
four crystalline grains in the second DPMA model rotate the
same angle around Z axis, such as 0°, 11.25°, 33.75°, 56.25°,
78.75°, and 90°. The dimension for each of all samples is ap-
proximately 45.0 nmx52.0 nmx1.9 nm. The dimension of
this model is comparable to that of the DPMA material, which
is obtained through magnetron sputtering method. %’}

The selection of potential function plays an important role
in MD simulation, which determines the accuracy of the cal-
culation results. Here, the embedded atom method (EAM) po-
tential function is used to describe the interatomic interactions
of Mg-Mg, Al-Al, and Mg-Al in the simulation.*®! The pe-
riodic boundary condition (PBC) is applied to all three direc-
tions to eliminate surface effects. The atomic-scaled structures
of the samples and their evolutions during the tensile deforma-
tion are analyzed by common neighbor analysis (CNA) and
von Mises atomic shear strain in terms of the local structure
of the atoms, utilizing the Open Visualization Tool (OVITO)
software.37] According to the local structure of the atoms,
the lattice defects of the crystalline phase, such as dislocation,
stacking fault and twin boundary, are discerned by CNA. The
microstructures of DPMA model are identified, in which the
HCP atoms, FCC atoms, and other structured atoms are col-
ored red, green, and gray, respectively. To capture deformation
behavior and describe the mechanical properties of the amor-
phous phase, the Von Mises atomic shear strain is used to visu-
alize the microscopic evolution and shear strain conditions of
amorphous phase atoms. The stress is calculated by the Virial
theorem, which is commonly used in atomistic simulations. [38]
A constant tensile strain of 5 x 10~# is applied to the ¥ direc-
tion of the sample. The simulation is performed at a constant
temperature of 300 K.

3. Results and discussion
3.1. Effect of amorphous phase

Previous studies have systematically investigated the me-

chanical behavior of the DMPA with MgsoAlsg amorphous

26,29

phase.?®2°l The results show that the improvement of the

plasticity of DMPA is at the expense of the strength of the

alloys. Therefore, it is considered whether the sacrifice of the
strength of DMPA can be reduced by changing the microstruc-
ture of amorphous phase while maintaining excellent plastic-
ity, thus obtaining the DMPA with high strength and superior
plasticity. First of all, the effect of the component of the amor-
phous phase on the mechanical properties of MG is investi-
gated. Here, the alloys of MgsgAlsg MG and MgypAlgg MG
are considered. The mechanical response to the strain of the
MgsoAlsg MG and the MgygAlgg MG are shown in Fig. 2.

1.4
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1.2F == Mg50A150 MG
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Fig. 2. Stress—strain curve of MgsoAlsg MG and MgypAlgy MG.

It can be seen from Fig. 2 that the strength of MgoAlsg
MG is obviously higher than that of MgsgAlsg MG. On the
one hand, the local structure around the Mg trends to be main-
tained as fragments when Al content is less. With the increase
of Al atoms, the fragments of Mg are eventually disaggregated
into the discrete Mg atoms. Therefore, the atomic structure of
Mg and Al in MgspAlsg tend to concentrate in some local re-
gions and the uniform distribution of Mg atoms and Al atoms
are revealed in MgyoAlgg.?*! According to Zhou et al.,[*%! the
region where the Al and Mg atoms are concentrated is con-
sidered to be a weak zone, and defects may be preferentially
generated. On the other hand, this may be attributed to the
fact that the MgAl MG is mainly composed of icosahedral-
related clusters with Al as the central atom, which is disor-
derly connected. Like CuZr MG, the MgjoAlgp has more Al-
centered icosahedra and exhibits a greater strength, i.e., higher
resistance to the initiation of flows but an increased propen-
sity to strain localization, which MgspAlsg is opposite to. As
a consequence, the first DPMA model with the amorphous
phase of MgypAlgg is established to explore the mechanical
behavior of the DPMA with excellent strength and plastic-
ity. In order to obtain the optimal matching relationship be-
tween AB spacing and the crystalline phase size of DPMA,
the effect of AB spacing on the deformation behavior of the
first DPMA model is investigated. Here, the AB spacing is
1.0, 3.0, 5.0, 7.0, 8.0, and 9.0 nm, respectively. The stress—
strain curves corresponding to the samples with various AB
spacing are given in Fig. 3(a). Additionally, it has been con-
firmed that for the first DPMA model, when the AB spacing
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reaches 5.0 nm, the sample exhibits superior plasticity.!2%->]

For comparison, the stress—strain curve of the first DPMA
model with the amorphous phase of MgsgAlsg is also given
in Fig. 3(a).”! When the AB spacing is 5.0 nm, the peak
stress of the MgsoAlsg DPMA model is 1.34 GPa and that of
the MgypAlgo DPMA model can achieve 1.57 GPa. That is to
say, when the amorphous phase of MgjoAlg is used instead of
the amorphous phase of MgsoAlsy in the DPMA, the strength
of alloys increases by 17.2%. In addition, it can be observed
in Fig. 3(a) that when the AB spacing is larger than 5.0 nm,
the deformation-induced stress drops, almost disappear for the
MgroAlgg DPMA model and the nearly perfect plastic flow
behavior occurs during plastic deformation. In other words,
the samples with large AB spacing exhibit perfect plasticity.
Consequently, the results confirm that the strength of DPMA
can be greatly enhanced while the superior plasticity is main-
tained by changing the microstructure of the amorphous phase.
And the curves in Fig. 3(a) show that all the DPMA models
first deform elastically until shortly before the stress reach-
ing the peak stress, and the flow behaviors deviate from the
linear relationship after onset of plastic deformation. It is ap-
parent that the peak stress of the MgygAlgy DPMA model is
closely related to AB spacing. In detail, the peak stresses of
the MgroAlgg DPMA samples with the AB spacing of 1.0, 3.0,
5.0, 7.0, 8.0, and 9.0 nm are 1.81, 1.71, 1.57, 1.53, 1.50, and
1.47 GPa, respectively. Namely, the peak stress of the sample
decreases with the increase of AB spacing. It may be attributed
to the fact that the crystalline phase acts as the hard phase in
the DPMA. The proportion of the crystalline phase is higher
for the samples with smaller AB spacing, behaving as the re-
inforcement phase, therefore the ability to resist the shear de-
formation is improved. Of course, the synergistic interaction
between the crystalline phase and the amorphous phase also
plays an important role in enhancing the strength of DPMA.
During the whole deformation stage, 7, reflects the peak
stress while 7g can be regarded as the average flow stress of
the sample. Here, the average flow stress at the strain between
0.15 and 0.20 is calculated for all samples. The difference be-
tween Ty and Ts lies in the stress drop (AT = 7, — 75). As shown
in Fig. 3(a), when the AB spacing is 1.0 nm and 3.0 nm, the
MgypAlgg DPMA model exhibits the abrupt stress drop. How-
ever, with the further increase of AB spacing, the deformation-
induced stress drops almost vanish. In our simulation, we de-
fine p = 7, /At as a parameter to evaluate the plasticity of the
DPMA. The larger value of p indicates that the sample has
better plasticity.[*!#? For the Mgy0Algy DPMA model, the
values of p with AB spacing of 1.0, 3.0, 5.0, 7.0, 8.0, and
9.0 nm are 2.33, 4.54, 6.67, 8.33, 9.09, and 11.11, respec-
tively. According to the values of 7, and p of the samples,
the mechanical properties of the DPMA are representatively
characterized in Fig. 3(b). Previous study has shown that for

the MgsoAlso DPMA model, when the AB spacing is 5.0 nm,
the plasticity of the sample is excellent.[>”! Here, for compari-
son, the values of 7, and p of the MgsoAlso DPMA models in
the previous study are also given in Fig. 3(b). The AB spac-
ing values of these samples are 3.0, 5.0, and 7.0 nm, respec-
tively. As can be clearly described from Fig. 3(b), each of the
MgsoAlgy DPMA models in regime I has excellent strength
but poor plasticity. While for the samples within the regime II,
although the strength of the Mgy9Algy) DPMA model decreases
slightly, the samples each possess great strength and supe-
rior plasticity compared with the MgsgAls) DPMA model, as
indicated by the grey ellipse. This probably means that the
MgypAlgo DPMA models in regime I and regime II possess
different plastic deformation mechanisms. Present in regime
IIT is only the MgsgAls) DPMA model with the AB spacing
of 7.0 nm, which exhibits extremely low strength. In addition,
it can be concluded from Fig. 3(b) that the peak stress of the
MgroAlgy DPMA model is better than that of the MgsgAlsg
DPMA model at the same AB spacing. The results indicate
that the Mgy0Algo DPMA model has a more attractive integra-
tion of outstanding mechanical properties. In other words, the
strength of the DPMA can be improved by strengthening the
amorphous phase, and the DPMA with excellent strength and
superior plasticity can be obtained.
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Fig. 3. (a) Typical stress—strain curves of the first DPMA model with vary-
ing AB spacing, and (b) comparison among curves of T, versus p of the first
DPMA model.

For the potential plastic deformation behavior of the
MgsoAlgy DPMA model, the atomic snapshots of the sam-
ples with various AB spacing under different strains are shown
in Figs. 4 and 5. The atomic configurations of the MgyoAlgg

066201-4



Chin. Phys. B Vol. 29, No. 6 (2020) 066201

DPMA model with the AB spacing of 1.0 nm are exhibited
in Fig. 4. At the preliminary stage of plastic deformation,
the basal dislocation nucleated from ACI is emitted into the
grain interior as shown in Fig. 4(a). As the applied strain in-
creases, the significant stress drop in the stress—strain curve
corresponds to the generation and growth of basal/prismatic
(BP) interface (i.e., the generation and growth of the new
grains mentioned in our previous literature!?%43441) " which is
caused by atomic rearrangement as shown in Fig. 4(b). Ulti-
mately, as the strain increases up to 0.20, the new grains almost

completely engulf the entire matrix grains. Simultaneously,
the stacking faults occur due to the partial dislocations emit-
ted along the slip plane within grains. The result shows that
as the strain increases, the capacity of the amorphous phase in
the MgyoAlgy DPMA model to accommodate plastic deforma-
tion is insufficient when the AB spacing is small, the defor-
mation mechanism of the sample is dominated by dislocations

slipping and new grains forming in the later stage of plastic

deformation.

Fig. 5. (a) Atomic configuration of Mgy Algg DPMA model with AB spacing of 5.0 nm under the strain of 0.20. Atomic configurations of the MgyoAlgg
DPMA model with the AB spacing of 8.0 nm under the strain of (b) 0.14 and (c) 0.20, respectively.

Figure 5 shows the atomic configurations of the Mgz Algg
DPMA model with larger AB spacing. Figure 5(a) clearly
shows that there are a few stacking faults in the crystalline
phase, caused by the dislocation slipping near the ACI, which
is attributed to the local stress imbalance at the ACI inter-
face. Moreover, the stacking faults appear in the early stage
of the MgypAlgy DPMA model deformation, and the slip
of other dislocations is not found with the further increase
of strain. Namely, the contribution of the crystalline phase
to the plastic deformation of the sample can be neglected.
This indicates that the plastic deformation mechanism of the
MgypAlgg DPMA model with the AB spacing of 5.0 nm is al-
most completely dependent on the deformation of the amor-
phous phase. This is in reasonably good consistence with
previous studies.?®2%%] What is interesting is that when the

AB spacing increases to 8.0 nm, the new grain is formed in
the crystalline phase of the MgoAlggo DPMA model under the
strain of 0.14 as shown in Fig. 5(b). However, compared with
the growth of grain in the MgypAlggo DPMA model with the
AB spacing of 1.0 nm, the growth of new grain is very slow
as shown in Fig. 5(c). Does this imply the conversion of the
deformation mechanism of the MgygAlgg DPMA model?

To further reveal the transformation of the deformation
mechanism of the MgygAlgy DPMA model with the increase
of AB spacing, the atomic shear strain snapshots of the sam-
ples with the AB spacing of 3.0 nm and 8.0 nm under different
strains are presented, and atoms colors refer to the shear strain
for clarity as shown in Fig. 6. The red atom means higher
atomic shear strain, and the blue atom refers to lower atomic
shear strain. For the MgyoAlgg DPMA model with the AB
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spacing of 3.0 nm, at the initial stages of plastic deformation,
some STZs are activated near the ACI due to stress concen-
tration. With the increase of strain, STZs occupy the whole
amorphous phase. The ability of small-sized amorphous phase
to undertake plastic deformation is limited, so the emission
of dislocations and the nucleation of new grains occur in the
crystalline phase as shown in Fig. 6(a). However, as shown in
Fig. 6(b), for the MgypAlgy DPMA model with the AB spac-
ing of 8.0 nm, as the strain increases, the new grains appear
again in the crystalline phase. This may be attributed to the
fact that with the increase of AB spacing, the amorphous phase
has larger space, which makes it easier for STZs to aggregate
and form mature SBs. The SBs interact with and “pinned”
to each other, causing pronounced stress to concentrate, ulti-
mately resulting in the formation of new grains near the inter-
section of SBs, which is observed in Figs. 5(b) and 6(b). For
the MgyoAlgg DPMA model with the AB spacing of 5.0 nm, a
transition mechanism takes effect. Since the AB spacing is not
large enough to cause the STZs to aggregate into SBs and the
amorphous phase is just enough to undertake the plastic defor-
mation of the sample, the crystalline phase of the MgAlgg
DPMA model does not participate in the plastic deformation
and no new grains appear in the crystalline phase. Therefore,
the MgypAlgo DPMA model with the AB spacing of 5.0 nm
exhibits a superplastic deformation behavior, which can pos-
sess brilliant plasticity without sacrificing strength.

[en]
w

i 0

Fig. 6. (a) Snapshot of the Mgy Algo DPMA model (a) with AB spacing of
3.0 nm under strain of 0.12, and (b) with AB spacing of 8.0 nm under strain
of 0.14.

3.2. Effect of crystalline phase

As mentioned above, changing the microstructure (i.e.,
strength) of the amorphous phase can enhance the strength of
DPMA while its plasticity is maintained. Can the mechanical
properties of DPMA be improved by enhancing the strength
of the crystalline phase? In order to pursue an alternative ap-
proach to improving the strength of Mg alloys while excellent
plasticity is maintained, an ideal model of DPMA with the
same crystalline orientation (i.e., the second DPMA model)
is established. Here, to compare with the previous work, the
amorphous phase of the second DPMA model, i.e., MgsoAlso,

is adopted. It is worth noting that the strength of the crys-
talline phase is here adjusted by changing the orientation of the
crystalline grains. This is achieved by rotating the crystalline
phase at a certain angle, that is, four crystalline grains in the
MgsoAls) DPMA model have the same crystalline orientation,
and rotate the same angle around the Z axis. The rotation an-
gleis 0, and 0 is 0°, 11.25°, 33.75°, 56.25°, 78.75°, and 90°,
respectively. Firstly, when the AB spacing is 5.0 nm, the effect
of rotation angle (i.e., crystalline orientation) on the mechan-
ical properties of the MgsoAlso DPMA model is investigated.
Figure 7(a) shows the stress—strain curves of the MgsgAlsg
DPMA model with different rotation angles under tensile load-
ing. The results indicate that the peak stress of the MgsgAlsg
DPMA model greatly depends on crystalline orientation. This
illustrates that the mechanical properties of DPMA can be im-
proved by enhancing the strength of the crystalline phase. It
is formulated in Fig. 7(a) that when the rotation angle is 90°,
the MgsoAlso DPMA model has the strongest peak stress and
the value is 1.39 GPa. This is due to the fact that the loading
direction is perpendicular to the basal plane of the crystalline
phase when the rotation angle is 90° and the Schmidt factor
tends to be 0.0. Moreover, according to the above analysis,
all the samples have the advantages of excellent plasticity as
shown in Fig. 7(a). In order to investigate the effect of AB
spacing on the deformation behavior of the maximum strength
model, the stress—strain curves of the 90° samples with the
AB spacing of 1.0, 2.0, 3.0, 4.0, and 5.0 nm are shown in
Fig. 7(b). For comparison, the curves of the first MgsgAlsg
DPMA model in previous literature are also given, in which
the orientations of four grains are different.*’! The AB spac-
ing of the first MgsoAlsg DPMA model is 5.0 nm and 7.0 nm,
separately. It reveals that the second MgsgAls) DPMA model
exhibits the abrupt stress drop when the AB spacing is small.
For the samples with the AB spacing of 4.0 nm and 5.0 nm, the
sudden drop in stress disappears. Here, the mechanical proper-
ties of the 90° DPMA models are characterized by calculating
the value of p of each sample. When AB spacing is 4.0 nm,
the p of the 90° DPMA model is 8.10. It reveals that the sam-
ple with the AB spacing of 4.0 nm has brilliant plasticity. For
comparison, the p value of the first MgsgAls) DPMA model
with the AB spacing of 5.0 nm and 7.0 nm are also calculated,
which is 6.7 and 8.2 separately. Additionally, as shown in
Fig. 7(b), the peak stress of the 90° DPMA model is 1.39 GPa
when the AB spacing is 5.0 nm. At the same AB spacing, it is
3.7% greater than the peak stress of the first MgsgAlso DPMA
model. Meantime, based on the stress—strain curves, when AB
spacing reaches the critical value, such as 4.0 nm, the 90°
DPMA model exhibits superplastic deformation behavior. It

is very striking that compared with the previous results, the
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AB spacing decreases when the 90° MgsoAlso DPMA model
exhibits superplastic deformation behavior by enhancing the
strength of the crystalline phase.”””) This might be due to
the fact that strengthening crystalline phase can greatly pro-
mote the resistance of crystalline phase to plastic deformation.
When the AB spacing reaches the critical value, the plastic
deformation mechanism of the DPMA mainly depends on the
deformation of the amorphous phase, and the DPMA exhibits
perfect plasticity. However, the critical value is related to the
strength and plasticity of the amorphous phase and crystalline
phase. Therefore, by adjusting the strength of the amorphous
phase and crystalline phase and optimizing the AB spacing,
the DPMA with both excellent strength and perfect plasticity
can be produced. This result is conductive to improving the
strength of the DPMA by strengthening the crystalline phase
while its plasticity is maintained. Additionally, according to
Wu et al.’s research, >’ MgCu, can be used as the reinforc-
ing phase to obtain the ultra-high-strength DPMA. Therefore,
it is assumed that the DPMA with excellent strength and plas-
ticity can be obtained by taking MgCu; with high strength as
the crystalline phase and adjusting the size of amorphous and
crystalline phase appropriately.

For the better revealing of the deformation mechanism of
DPMA, figure 8 exhibits the deformation snapshots of the 90°
MgsgAls) DPMA model with different AB spacing under vari-
ous strains. As shown in Figs. 8(a)-8(c), the pyramidal (c +a)
dislocations are observed in the preliminary stage of plastic
deformation for the sample with small AB spacing. When the
strain increases to 0.07, the appearance of the BP interface
(i.e., the nucleation of new grain) is observed, which corre-
sponds to the significant stress drop on the stress—strain curve.
Moreover, Luo et al. suggested that the accumulation of local
stress at the triple junction of polycrystalline metal is called
back stress, which can activate the nucleation of defects.[#0! In
our simulation, the observations can be explained by the fact
that when the AB spacing is small enough, the back stress at
the triple junction may reach the critical value and new grains
are preferentially activated in the grain opposite the triple junc-
tion as shown in Fig. 8(a). As the strain goes up to 0.20,

X

the new grains almost completely penetrate the entire matrix
grains. This may be because when the tensile loading is per-
pendicular to the basal plane of crystalline Mg, the slip of basal
plane is restricted, thus pyramidal slips, new grains, and BP in-
terfaces occur in the crystalline phase. For the sample with the
AB spacing of 4.0 nm, it is evident in Fig. 8(d) that even if the
strain reaches to 0.20, there are only a few basal stacking faults
that can be observed in the crystalline phase. Previous studies
have suggested that the nucleation and propagation of SBs oc-
cur in amorphous phase with the increase of strain when AB
spacing increases to a critical value in the second MgsgAlsg
DPMA model. The critical resolved shear stress of the basal
dislocation is very small, the movement of atoms in SBs in
amorphous phase results in the nucleating and slipping of the
basal dislocations, which leads the basal stacking faults to oc-
cur in the crystalline phase.
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Fig. 7. Stress—strain curves of the second DPMA model (a) with var-
ious rotation angles when AB spacing is 5.0 nm, and (b) with various
AB spacings when rotation angle is 90°.

==
o

Fig. 8. Atomic configurations of 90° MgsoAls) DPMA model with AB spacing of 2.0 nm under the strain of (a) 0.04, (b) 0.07, and (c) 0.20.
(d) Atomic configuration of the 90° MgsoAls) DPMA model with AB spacing of 4.0 nm under strain of 0.20.
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In addition, when AB spacing is 5.0 nm, the mechani-
cal property of the 90° MgoAlgg DPMA model is also in-
vestigated. Figure 9 shows the stress—strain curve of the
90° MgzoAlgo DPMA model and the 90° Mg50Al5() DPMA
model. It is clearly demonstrated from Fig. 9 that the 90°
MgypAlgg DPMA model exhibits greater strength while its ex-
cellent plasticity is maintained. Research results further con-
firm that by adjusting the strength of the amorphous phase, the
strength of the DPMA can be significantly improved while its
excellent plasticity is maintained when the strength of the crys-
talline phase is constant. Of course, the superplastic deforma-
tion of DPMA can be obtained by increasing the AB spacing.
Namely, for the DPMA model, when the amorphous phase (or
crystalline phase) is strengthened, it is necessary to increase
(or reduce) the AB spacing to achieve superior plasticity. The
above research clearly reveals that the mechanical properties
of the DPMA can be significantly improved by strengthening

both crystalline phase and amorphous phase as well.

1.8
1.6}
1.4}
1.2F
1.0F
0.8}
0.6}

Stress/GPa

—— Mgs0Als5 (the second DPMA model)
0.4 —— MgsoAlgo (the second DPMA model)

0.2 1 1
0 0.06

0.12 0.18
Strain

Fig. 9. Stress—strain curve of 90° MgsoAlso and 90° MgyoAlgg DPMA
model when AB spacing is 5.0 nm.

4. Conclusions

The effect of the crystalline orientation, the component
of the amorphous phase and AB spacing on the mechanical
properties of DPMA under tensile loading are investigated by
the MD simulation method. The results indicate that compared
with the previous results, the strength of the first DPMA model
increases by 17% while its excellent plasticity is maintained.
In other words, the strength of the DPMA can be improved
by strengthening the amorphous phase. For the first DPMA
model, with the increase of AB spacing, the plastic deforma-
tion mode changes from the generation of dislocations and
new grains in the crystalline phase to the plastic deformation
dominated almost entirely by amorphous phase. What is inter-
esting is that when the AB spacing further increases to 8.0 nm,
the new grain is again formed in the crystalline phase of the
first DPMA model due to the interaction with and “pinned” of
SBs to each other in the amorphous phase. However, com-

paring with the sample with small AB spacing, the growth

of new grain is very slow, and the plastic deformation of the
sample is still mainly the amorphous phase. The results also
show that by adjusting the strength of the crystalline phase, the
strength of the DPMA can also be obviously improved while
the good plasticity is maintained. This might be due to the
fact that strengthening the crystalline phase can greatly pro-
mote the resistance to the plastic deformation of crystalline
phase. The results further indicate that for the DPMA model,
when the amorphous phase (or crystalline phase) is strength-
ened to enhance its strength, the AB spacing must be increased
(or reduced) to obtain its excellent plasticity at the same time.
Namely, the strength of DPMA can be significantly improved
while its excellent plasticity is maintained by adjusting the
strength of the amorphous phase or crystalline phase and op-
timizing the AB spacing. The present work provides a strong
theoretical basis and reference for designing and developing
the high-performance dual-phase HCP nanostructured metals

material.
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