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Effect of amorphous lamella on the crack propagation behavior of
crystalline Mg/amorphous Mg–Al nanocomposites∗
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The effects of amorphous lamella on the crack propagation behavior in crystalline/amorphous (C/A) Mg/Mg–Al
nanocomposites under tensile loading are investigated using the molecular dynamics simulation method. The sample with
an initial crack of orientation (12̄10) [0001] is considered here. For the nano-monocrystal Mg, the crack growth exhibits
brittle cleavage. However, for the C/A Mg/Mg–Al nanocomposites, the ‘double hump’ behavior can be observed in all
the stress–strain curves regardless of the amorphous lamella thickness. The results indicate that the amorphous lamella
plays a critical role in the crack deformation, and it can effectively resist the crack propagation. The above mentioned crack
deformation behaviors are also disclosed and analyzed in the present work. The results here provide a strategy for designing
the high-performance hexagonal-close-packed metal and alloy materials.
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1. Introduction
As one of the lightweight materials, Mg and its al-

loys have attracted considerable attention due to their
potential applications in aerospace industries and energy
conservation.[1–6] However, Mg and its alloys exhibit rela-
tively low ductility and fracture toughness compared with
face-centered cubic (fcc) and body-centered cubic (bcc) met-
als. Both its low ductility and low fracture toughness are
detrimental to its applications. It is well known that the exis-
tence of a proper interfacial boundary in metal material will
strongly affect their mechanical properties.[7–9] Amorphous
alloy has sparked renewed interest in recent years due to its
superior mechanical properties besides great wear and corro-
sion resistance.[10–17] A switching from the catastrophic fail-
ure to homogenous plasticity has also been reported for metal-
lic glasses.[18,19] Some researches have shown that the crys-
talline/amorphous (C/A) Cu/Cu–Zr composites present high
strength and potentially superior ductility.[20,21] Fracture be-
havior on an atomic scale is strongly dependent on the atom-
istic structure and the discrete nature of matter distribution.
Very recently, Wu and Curtin[22] studied the crack deforma-
tion behavior in Mg for a broad range of crack orientations.
They found that Mg was intrinsically brittle because crack tip
dislocation nucleation was not observed in almost all geome-
tries. Could the introduction of an amorphous phase into Mg
and its alloys improve their mechanical properties? Relevant

study on the crack deformation behavior of metals in Mg and
its alloys is still very rare. In addition, the crack growth behav-
ior of C/A composites is also very different from that of pure
metals. In this work, we investigate the effect of amorphous
lamella on the crack deformation behavior of C/A Mg/Mg–Al
composites under tensile loading using molecular dynamics
(MD) simulation. Some interesting results are obtained.

The rest of the paper is organized in the following way.
In Section 2 we describe the simulation model and method for
MD simulation. Section 3 provides results and discussion. Fi-
nally, some concluding remarks are given in Section 4.

2. Simulation model and method
The sample used in our simulation is divided into the

crystalline phase and amorphous phase. Here, the amorphous
phase is composed of the two elements Mg and Al.[23–26] The
numbers of Al atoms and Mg atoms in the amorphous phase
are equal.[24–26] In constructing the amorphous phase, Mg–Al
composition is first relaxed at 1000 K (higher than the melting
temperature of Mg–Al compositions alloy) for 0.3 ns, while
constraining the atoms of nanocrystalline Mg sections to be-
ing immobile. Subsequently, the amorphous phase is equi-
librated at 0.01 K for 0.3 ns. Finally, the overall system is
relaxed at 5 K for 0.3 ns prior to loading. After the sample
is relaxed completely, the edge cracks are introduced by re-
moving the atoms from the perfect crystalline phase as shown
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in Fig. 1. The crack growth rate is strongly dependent on the
crystal orientation of the initial crack. The crack growth rate of
orientation (12̄10) [0001] is the highest among all crystalline
orientations.[2] To study the suppression ability for amorphous
lamella to crack growth, the sample with an initial crack of ori-
entation (12̄10) [0001] is considered here. It is well known that
the crack growth behaviors observably depend on its shape.
Blunting a crack tip even by an atomic layer can cause a brittle-
to-ductile transition. Here, the length and width of the initial
atomically sharp crack are about 6.0 nm and 0.6 nm, respec-
tively. The distance between the crack tip and the amorphous
boundary of each sample is 4.8 nm. The amorphous lamella
thickness (d) ranges from 1.5 nm to 10.0 nm. The dimensions
of the simulation system in the x, y, and z directions are about
26.5, 51.6, and 2.2 nm, respectively. The numbers of atoms in
both the computational models are 131376. Periodic bound-
ary conditions are applied in z and y directions, while the free
surface is used for the x direction. In all samples, a constant
strain of 0.001 is applied along the y direction, which is per-
pendicular to the crack plane. The inter-atomic potential used
in this study is an embedded atom method (EAM) potential
developed by Liu et al.[27] A 3.0-fs time step is used in all MD
simulations.[28] All simulations are performed at a constant
temperature of 5.0 K. Common neighbor analysis[29,30] is em-
ployed to visualize the defect in the nanocrystal, and colors
are assigned according to the local crystal structure of atoms.
This is implemented by using the Open Visualization Tool.[31]

Here, the hcp, fcc, and non-structured atoms are colored red,
green, and gray, respectively.
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Fig. 1. (color online) Model geometry of C/A Mg/Mg–Al nanocompos-
ite containing an initial crack.

3. Results and discussion
Figure 2 shows the stress–strain curves of C/A Mg/Mg–

Al nanocomposites with d varying from 1.5 nm to 10.0 nm un-
der tension loading. For comparison, we also give the stress–

strain curves of nano-monocrystal Mg (namely, d is equal to
0.0 nm) in Fig. 2. The stress–strain relationship provides the
overall mechanical response of a material subjected to me-
chanical loading. Here, the stress used to describe the stress–
strain relation is calculated using the virial theorem. Figure 2
shows that the stress–strain curve is divided into elastic and
plastic stages before and after the strain of 0.02. At the first de-
formation stage, the stress increases linearly with the increase
of the applied strain and the samples undergo purely elas-
tic deformation, regardless of the amorphous lamella thick-
ness. Subsequently, the stress increases with the increase of
the strain and reaches a peak, showing a strain hardening be-
havior. It is observed that the mechanical behaviors of samples
are obviously all affected by d. Figure 2 shows that the peak
stresses of C/A Mg/Mg–Al nanocomposites decrease with the
increase of d. In detail, the peak stresses of samples with d
values of 1.5 nm and 10.0 nm are 1.29 GPa and 1.09 GPa, re-
spectively. The reason can be given that the strength for the
nanocrystalline Mg under tension loading presented in our re-
search is stronger than the amorphous one due to the regu-
larly long-range ordered structure. Hence, for the sample with
larger d, which means the proportion of crystal is higher, the
peak stress is higher than that of smaller d. Figure 2 also indi-
cates that for nano-monocrystal Mg, a rapid drop in the stress
occurs immediately upon reaching the peak stress. However,
this behavior obviously changes and the deformation-induced
stress softening is smooth rather than abrupt when the amor-
phous phase is introduced into Mg. It is also interesting to note
from Fig. 2 that the ‘double hump’ behavior is observed in all
the stress–strain curves of C/A Mg/Mg–Al nanocomposites.
The above-mentioned behaviors observed in Fig. 2 indicate
that the amorphous lamella in C/A Mg/Mg–Al nanocompos-
ites can improve crack resistance.
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Fig. 2. (color online) Stress–strain curves of C/A Mg/Mg–Al nanocom-
posites with different d values under tension loading.

To understand the rapid drop behavior of stress for nano-
monocrystal Mg, figure 3 shows the atomic configurations of
nano-monocrystal Mg with a sharp crack under various strain
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values. Figure 3(a) gives the atomic structure at a tensile strain
of 0.045, which is associated with the stress peak in nano-
monocrystal Mg as shown in Fig. 2. Following this event, the
crack rapidly grows via cleavage along the [0001] direction in
the (12̄10) plane due to the stress concentration and reaches
the edge at only a tensile strain of 0.050 as shown in Fig. 3(b).
Namely, the crack growth exhibits brittle cleavage. It can also
be seen from Fig. 3 that dislocation does not occur at the crack
tip during crack growth, and the crack tip is not significantly
blunted. The potential reason is that the crack here is very
sharp on the one hand, and that except for the basal plane,
there are no other possible slip planes with resolved stress to
be opened on the other hand. This result is in agreement with
the previous result of the crack growth behavior in the same
crystal orientation.[2]

(a) (b)

Fig. 3. (color online) Snapshots of nano-monocrystal Mg, under tensile
strain values of (a) 0.045 and (b) 0.050. The atoms are colored according to
the common neighbor analysis.

Searching for more details of the ‘double hump’ behavior
in the strain–stress curve of C/A Mg/Mg–Al nanocomposites,
figure 4 gives the atomic structure of nanocomposites with the
d value of 1.5 nm under various strain values. It can be clearly
seen from Fig. 4(a) that the deformation occurs in the crack
tip and the slight blunting is observed at the crack tip due to
stress concentration. As strain goes up to 0.050, the vacancy
is discovered near the crack tip and the crack growth is trig-
gered, resulting in first rapid drop in the stress. It can also
be seen from Fig. 4(b) that the crack exhibits a brittle fracture
along the [0001] direction accompanied with obvious blunt-
ing around crack tips. Subsequently, the crack reaches the
C/A boundary when the strain goes up to 0.054 as shown in
Fig. 4(c). After that, the crack growth is hindered by the C/A
boundary and the stress increasing behavior is re-present as
shown in Fig. 2. Namely, as strain further increases, the stress
does not suffer a further drop, but increases in turn, showing a
strain hardening behavior. In addition, it can be observed from
Figs. 4(a)–4(c) that the dislocation does not occur at the crack
tip of nanocomposites, and it works in a similar way to that
of nano-monocrystal Mg. As the strain increases to 0.080, the
local plastic deformation triggers the relaxation of the stress
concentration ahead of the crack tip. As shown in Fig. 4(d), the
prismatic dislocation nucleates and emits from the amorphous

boundary adjacent to the crack tip. It corresponds to the drop
of the stress–strain curve at the second peak stress displayed
in Fig. 2. Dislocation motions provide an effective way to re-
lease the stress concentration around the crack tip. Here, the
amorphous boundary acts as the dislocation resource which is
similar to the grain boundary and twin boundary in nanocrys-
tal metal material. With the increase of the strain, a pyramidal
slip dislocation emission occurs from the amorphous bound-
ary adjacent to the crack tips as shown in Fig. 4(e). Shortly
afterwards, the blunted crack starts to grow along the pyra-
midal slip plane, leading to a gradual stress drop as shown
in Fig. 2. In other words, the crack propagation path is de-
flected when the crack penetrates the amorphous boundary.
The primary reason for the crack growth again is that disloca-
tion slip is difficult to relieve the excessive stress, and the high
stress concentration triggers the crack propagation. Figure 5
shows the stress distributions in the y direction at the strain
values of 0.050 and 0.118, respectively. The color assigned to
each atom in Fig. 5 represents the magnitude of σy. Clearly,
the stress concentration occurs at the crack tip and results in
atomic cleavage at the crack tips.

(a) (b) (c)

(f)(e)(d)

Fig. 4. (color online) Snapshots of C/A Mg/Mg–Al nanocomposites with d
value of 1.5 nm, under tensile strain values of (a) 0.032, (b) 0.050, (c) 0.054,
(d) 0.080, (e) 0.082, and (f) 0.118. The atoms are colored according to the
common neighbor analysis. The perfect hcp atoms are removed for clarity.
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Fig. 5. (color online) Stress distributions in the y direction at the strain val-
ues of 0.050 and 0.118, respectively.
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In order to investigate the effect of d on the crack growth
behavior of nanocomposites, figure 6 gives the atomic struc-
ture of nanocomposites with a d of 10.0 nm under various
strain values. It can be seen from Fig. 6(a) that for a sample
with a d of 10.0 nm, the crack growth behavior is similar to
the case of d being equal to 1.5 nm when the strain is less than
0.10. However, as strain further increases, the new grain nu-
cleates and grows quickly from the amorphous boundary adja-
cent to the crack tips due to the stress concentration as shown
in Fig. 6(b). This novel plastic deformation behavior (new
grain nucleation and growth) in Mg have been reported in our
previous simulation[32] and Liu et al.’s experiment results.[33]

The reason for the nucleation of new grain mainly is that dis-
location slip is difficult to relieve the excessive stress, and the
high stress concentration induces atomic rearrangement. Then
a crack nucleates at the interface between new and old grains,
and quickly reaches the C/A boundary as shown in Fig. 6(c).
It should be noted that with further increasing strain, the crack
growth mainly depends on the stable sliding of the amorphous
section as shown in Fig. 6(d). This deformation behavior is
dramatically different from the case of d being equal to 1.5 nm,
in which the subsequent crack growth is dominated by the slip-
ping of the pyramidal plane. This is evident from the fact that
the deformations of the amorphous section dominate the plas-
tic behavior of C/A Mg/Mg–Al nanocomposites as the d be-
comes larger. This result is in agreement with a recent result
of C/A Mg/Mg–Al nanocomposites.[34] In addition, this slid-
ing behavior of amorphous can also be changed by the uni-
form introduction of a notch at the surface of the amorphous
section.[35]

(a) (b)

(c) (d)

Fig. 6. (color online) Snapshots of C/A Mg/Mg–Al nanocomposites
with d of 10.0 nm, under tensile strain values of (a) 0.055, (b) 0.120, (c)
0.143, and (d) 0.252. The atoms are colored according to the common
neighbor analysis.

The study mentioned above indicates that the C/A bound-
ary plays a critical role in the crack deformation, and it can
effectively resist the crack propagation regardless of the amor-
phous lamella thickness. The simulation results here suggest
that the introduction of a C/A boundary within hcp metal is a
viable route toward developing high-performance lightweight
materials.

4. Conclusions
Using the MD simulation method, we investigate the

crack deformation behavior of C/A Mg/Mg–Al nanocompos-
ites under tension loading. The microstructure evolutions of
crack growth in C/A Mg/Mg–Al nanocomposites and nano-
monocrystal Mg are also given. The results show that the
C/A boundary plays a critical role in the crack deformation.
For the nano-monocrystal Mg, a rapid drop in the stress oc-
curs immediately upon reaching the peak stress and the crack
growth exhibits brittle cleavage. However, for C/A Mg/Mg–
Al nanocomposites, the ‘double hump’ behavior is observed
in each of all the stress–strain curves, regardless of the amor-
phous lamella thickness. The crack growth in C/A Mg/Mg–Al
nanocomposites is dominated by the slipping of the pyramidal
plane or amorphous lamella. The simulation results indicate
that the amorphous lamella has an important effect on crack
deformation behavior and it can effectively resist the crack
propagation regardless of the amorphous lamella thickness.

References
[1] Kaushik V, Narasimhan R and Mishra P K 2014 Mater. Sci. Eng. A 590

174
[2] Tang T, Kim S and Horstemeyer M F 2010 Comput. Mater. Sci. 48 426
[3] Tang T, Kim S, Jordon J B, Horstemeyer M F and Wang P T 2011

Comput. Mater. Sci. 50 2977
[4] Song H Y and Li Y L 2012 J. Appl. Phys. 111 044322
[5] Song H Y, An M R, Li Y L and Deng Q 2014 J. Appl. Phys. 116 214305
[6] Song H Y and Li Y L 2012 Phys. Lett. A 376 529
[7] Zhu Y T, Liao X Z and Wu X L 2012 Prog. Mater. Sci. 57 1
[8] Yuan F P and Wu X L 2013 J. Appl. Phys. 113 203516
[9] An M R, Song H Y and Su J F 2012 Chin. Phys. B 21 106202

[10] Miracle D B 2014 Nat. Mater. 13 432
[11] Gu X W, Jafary-Zadeh M, Chen D Z, Wu Z X, Zhang Y W, Srolovitz

D J and Greer J R 2014 Nano Lett. 14 5858
[12] Zhou H F, Zhong C, Cao Q P, Qu S X, Wang X D and Yang W 2014

Acta Mater. 68 32
[13] Imran M, Hussain F, Rashid M, Cai Y Q and Ahmad S A 2013 Chin.

Phys. B 22 096101
[14] Wang G H, Pan H, Ke F J, Xia M F and Bai Y L 2008 Chin. Phys. B 17

259
[15] Jiang M Q, Wilde G and Dai L H 2015 Mech. Mater. 81 72
[16] Ma B Y, Zhang A M, Shang H L, Sun S Y and Li G Y 2014 Acta Phys.

Sin. 63 136801 (in Chinese)
[17] Wei H Q, Long Z L, Xu F, Zhang P and Tang Y 2014 Acta Phys. Sin.

63 118101 (in Chinese)
[18] Zhao P, Li J and Wang Y Z 2014 Acta Mater. 73 149
[19] Wang Z, Sun B A, Bai H Y and Wang W H 2014 Nat. Commun. 5 5823
[20] Wang Y M, Li J, Hamza A B and Barbee T W 2007 Porc. Natl. Acad.

Sci. 104 11155

026802-4

http://dx.doi.org/10.1016/j.msea.2013.10.018
http://dx.doi.org/10.1016/j.msea.2013.10.018
http://dx.doi.org/10.1016/j.commatsci.2010.02.003
http://dx.doi.org/10.1016/j.commatsci.2011.05.016
http://dx.doi.org/10.1016/j.commatsci.2011.05.016
http://dx.doi.org/10.1063/1.3687908
http://dx.doi.org/10.1063/1.4903526
http://dx.doi.org/10.1016/j.physleta.2011.11.025
http://dx.doi.org/10.1016/j.pmatsci.2011.05.001
http://dx.doi.org/10.1063/1.4808096
http://dx.doi.org/10.1088/1674-1056/21/10/106202
http://dx.doi.org/10.1038/nmat3958
http://dx.doi.org/10.1021/nl5027869
http://dx.doi.org/10.1016/j.actamat.2014.01.003
http://dx.doi.org/10.1016/j.actamat.2014.01.003
http://dx.doi.org/10.1088/1674-1056/22/9/096101
http://dx.doi.org/10.1088/1674-1056/22/9/096101
http://dx.doi.org/10.1088/1674-1056/17/1/045
http://dx.doi.org/10.1088/1674-1056/17/1/045
http://dx.doi.org/10.1016/j.mechmat.2014.10.002
http://dx.doi.org/10.7498/aps.63.136801
http://dx.doi.org/10.7498/aps.63.136801
http://dx.doi.org/10.7498/aps.63.118101
http://dx.doi.org/10.7498/aps.63.118101
http://dx.doi.org/10.1016/j.actamat.2014.03.068
http://dx.doi.org/10.1038/ncomms6823
http://dx.doi.org/10.1073/pnas.0702344104
http://dx.doi.org/10.1073/pnas.0702344104


Chin. Phys. B Vol. 25, No. 2 (2016) 026802

[21] Guo W, Jagle E, Choi P P, Yao J H, Kostka A, Schneider J M and Raabe
D 2014 Phys. Rev. Lett. 113 035501

[22] Wu Z and Curtin W A 2015 Acta Mater. 88 1
[23] Wang L and Liu H 2006 J. Non-Cryst. Solids 352 2880
[24] Liu F X, Liu R S, Hou Z Y, Liu H R, Tian Z A and Zhou L L 2009 Ann.

Phys. 324 332
[25] Wang C C and Wong C H 2011 J. Alloys Compd. 509 10222
[26] Hou Z Y, Liu L X, Liu R S, Tian Z A and Wang J G 2011 J. Non-Cryst.

Solids 357 1430
[27] Liu X Y, Ohotnicky P P, Adams J B, Lane Rohrer C and Hyland R W

1997 Surf. Sci. 373 357

[28] Li B and Ma E 2009 Acta Mater. 57 1734
[29] Li D, Wang F C, Yang Z Y and Zhao Y P 2014 Sci. China-Phys. Mech.

Astron. 57 2177
[30] Faken D and Jonsson H 1994 Comput. Mater. Sci. 2 279
[31] Stukowski A 2010 Modell. Simul. Mater. Sci. Eng. 18 015012
[32] Song H Y and Li Y L 2012 J. Appl. Phys. 112 054322
[33] Liu B Y, Wang J, Li B, Lu L, Zhang X Y, Shan Z W, Li J, Jia C L, Sun

J and Ma E 2014 Nat. Commun. 5 3297
[34] Song H Y and Li Y L 2015 Phys. Lett. A 379 2087
[35] Sha Z D, Pei Q X, Liu Z S, Zhang Y W and Wang T J 2015 Sci. Rep. 5

10797

026802-5

http://dx.doi.org/10.1103/PhysRevLett.113.035501
http://dx.doi.org/10.1016/j.actamat.2015.01.023
http://dx.doi.org/10.1016/j.jnoncrysol.2006.02.090
http://dx.doi.org/10.1016/j.aop.2008.10.010
http://dx.doi.org/10.1016/j.aop.2008.10.010
http://dx.doi.org/10.1016/j.jallcom.2011.08.075
http://dx.doi.org/10.1016/j.jnoncrysol.2010.11.014
http://dx.doi.org/10.1016/j.jnoncrysol.2010.11.014
http://dx.doi.org/10.1016/S0039-6028(96)01154-5
http://dx.doi.org/10.1016/j.actamat.2008.12.016
http://dx.doi.org/10.1007/s11433-014-5617-8
http://dx.doi.org/10.1007/s11433-014-5617-8
http://dx.doi.org/10.1016/0927-0256(94)90109-0
http://dx.doi.org/10.1088/0965-0393/18/1/015012
http://dx.doi.org/10.1063/1.4752024
http://dx.doi.org/10.1038/ncomms4297
http://dx.doi.org/10.1016/j.physleta.2015.06.038
http://dx.doi.org/10.1038/srep10797
http://dx.doi.org/10.1038/srep10797

	1. Introduction
	2. Simulation model and method
	3. Results and discussion
	4. Conclusions
	References

