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Tensile behaviors of Ti/Ni nanolaminate with model-I crack are investigated by molecular dynamics simulations.
The Ti/Ni nanolaminates with center crack either in Ti layer or in Ni layer under different loading directions are utilized
to systematically study the mechanical performance of the cracked material. The results indicate that pre-existing crack
dramatically changes the plastic deformation mechanism of the Ti/Ni nanolaminate. Unlike the initial plastic deformation
originating from the interface or weak Ti layer of the crack-free samples, the plastic behavior of cracked Ti/Ni nanolam-
inate first occurs at the crack tip due to the local stress concentration. Subsequent plastic deformation is dominated by
the interaction between the crack and interface. The Ti/Ni interface not only impedes the movement of the initial plastic
deformation carriers (dislocation, slip band, and deformation twinning) from the crack tip, but also promotes the movement
of interfacial dislocations in the tension process. Microstructure evolution analysis further confirms that the plastic defor-
mation mechanism transition is ascribed to the orientation-dependent tensile behavior at the crack tip, which is intrinsically
attributed to the anisotropy of the certain crystal structure and loading direction of the cracked Ti/Ni nanolaminate. In
addition, by analyzing the effects of different plastic deformation carriers on crack propagation in specific crystal, it can be
discovered that the interfacial dislocations moving towards the crack tip can further promote the crack growth.

Keywords: molecular dynamics, Ti/Ni nanolaminate, plastic deformation mechanisms, crack propagation
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1. Introduction

Ti/Ni nano-laminated material fabricated by alternately
depositing hexagonal close-packed (HCP) and face-centered
cubic (FCC) metal is widely used in high-tech fields
due to its marvelous optical,[1,2] magnetic,[3] and reactive
properties.[4,5] And these unique properties are closely related
to the HCP/FCC heterointerface in the Ti/Ni nanolaminate.
Besides considerable investigations of above physical and
chemical properties, quite a few researchers focus on explor-
ing the mechanical properties of Ti/Ni nano-laminated materi-
als. And the novel mechanical properties, such as orientation-
dependent hardness and size-dependent strain rate sensitiv-
ity transition, could be obtained in as-deposited and annealed
Ti/Ni nanolaminate.[6–9] However, the role of dense interface
in the mechanical properties of Ti/Ni nanolaminate is still un-
clear. To ensure the high-efficiency use of the material, more
attention should be paid to the effect of the interface on the
mechanical behavior of Ti/Ni nanolaminate.

There are dense interfaces in the internal metallic nano-
materials, therefore the effects of different interfaces on the
mechanical performance of nanomaterials should be meticu-

lously taken into consideration. Fruitful investigations have
shown that internal interfaces significantly influence mechan-
ical behaviors of the metallic nanomaterials.[10–12] Nano-
laminated materials are a kind of two-dimensional metallic
nanomaterial, where dense interfaces (crystalline/crystalline,
crystalline/amorphous, and amorphous/amorphous interfaces)
are formed at the junction of the components. Therefore, the
interfaces also dramatically affect the mechanical performance
of the nano-laminated material.[13,14] Numerous experiments
and molecular dynamics (MD) simulations indicate that the
interface structure is a key factor that determines the mechan-
ical properties of the nanolaminate. The interfaces can serve
as sources, sinks and barriers for incoming plastic deforma-
tion carriers (dislocations, twinning, slip bands, and shear
bands), resulting in the dramatic enhancement in strength and
ductility.[15–19] For the most studied crystalline/crystalline in-
terfaces, the interfaces can be further divided into transpar-
ent and opaque interfaces according to their matching degrees
of adjacent lattices.[16] Transparent interface is often formed
between two layers with the same crystal structure, such as
Cu/Ni (FCC/FCC) and Cu/Ag (FCC/FCC) interfaces. Trans-
parent interface has little resistance to dislocations movement
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due to the same slip systems of the two adjacent layers. And
the resistance against dislocations passing through the inter-
face mainly comes from the coherent strain.[16,20] Opaque in-
terface is often formed between two layers with different crys-
tal structures, and most widely studied interface is about the
Cu/Nb (face-centered cubic/body-centered cubic, FCC/BCC)
interface. Slip systems on both sides of an opaque interface
are usually discontinuous, and the interface becomes a bar-
rier to dislocations slip.[11] The interaction between opaque
interface and dislocation is more complicated than that of a
transparent interface. The dislocation propagation will be im-
peded by the interface, which leads to the high strength of the
material. At the same time, the interaction between the in-
terface and dislocation provides effective plastic deformation
path to promote better plasticity.[21–23] However, most of the
current studies focus on the FCC/FCC and FCC/BCC inter-
faces, while the study of HCP/FCC interface has been rarely
reported except that by An et al.[24] They performed MD
simulations to evaluate the effects of coherent (transparent)
and incoherent (opaque) interfaces on the tensile behaviors of
Ti/Al (HCP/FCC) nanolaminates. The results demonstrated
that plastic deformation mechanism varies with the interfacial
structure. And the interface-dependent plastic deformation is
due to different mismatch dislocation networks forming at the
interface and different slip systems of gliding dislocations in
Ti and Al layers. Although HCP/FCC nanolaminate is a kind
of functional material, the role of the interface on the mechan-
ical performance and interaction between HCP/FCC interface
and different defects are still unclear.

The microcrack can be unavoidably generated in the brit-
tle interlayers or interface between the nano-laminated com-
posites in the preparation process. These microcracks strik-
ingly reduce the strength of the materials by introducing lo-
cal stress concentration. Furthermore, the crack propagation
and interaction with interface will greatly affect the toughness
of the material.[25–27] In contrast to fruitful work focusing on
strength of the nanolaminates, only a small amount of work
has been done to explore the toughness of the nano-laminated
materials. Zhang et al. performed uniaxial tensile testing to
study the fracture behaviors of various FCC/BCC nanolami-
nates, and they found that the microcracks are initiated from
the brittle layer but blocked by the interface, resulting in the
improvement in the toughness of the Cu/X nanolaminates.[25]

Li et al. used MD method to study the crack propagation be-
havior in Cu/Nb nanolaminates, and found the weak Cu/Nb
interface can suppress the crack propagation in two ways: in-
terfacial dislocation nucleation relieves the high stress at the
crack tip; interface can also blunt the crack tip through inter-
facial slip.[27] The current work has revealed that the inter-
face can impede the crack propagation. However, the specific
mechanism of the interplay between crack and different in-

terphase interfaces, especially HCP/FCC interface, is still un-
clear. Therefore, a lot of investigations are needed to obtain
the interaction mechanism of crack and interface in different
types of nano-laminated materials.

In this work, the MD method is performed to reveal the
effect of crack on the tensile behavior of Ti/Ni nanolaminate.
The center crack is introduced to explore the interaction be-
tween the interface and crack. The results indicate that pre-
existing crack significantly changes the strength and plastic
deformation mechanism of the Ti/Ni nanolaminate. The prop-
agation of the interfacial dislocations and their interaction with
plastic deformation carries initiated from crack dominate the
plastic deformation of the material. All these results have great
significance for promoting the theoretical research and practi-
cal application of Ti/Ni nano-laminated materials.

2. Simulation methods
To investigate the role of crack and interface in the ten-

sile behavior of Ti/Ni nano-laminated composites, the vari-
ous mode-I crack models are established. Considering the
components (crystallographic structures and orientations) also
have great impact on the overall mechanical properties of the
nanolaminates, four cracked models with crack in different
layers (Ti or Ni layer) under different loading directions (par-
allel or perpendicular to the interface) are employed to system-
atically study the tensile behaviors of cracked Ti/Ni nanolam-
inates. The schematic of cracked Ti/Ni nanolaminates under
different loading directions is depicted in Fig. 1, and initial
crystalline orientations of Ti and Ni are also plotted at the
bottom of Fig. 1. In the present study, the thickness of the
top layer and the thickness of the bottom layer are both set
to be 6.10 nm, while the thickness of the middle layer is as-
sumed to be 12.16 nm. Hence, modulation ratio R is fixed
at 1:1 in all specimens. The total length in the Z direction
is 24.36 nm, and the size in the X direction and the size in
the Y direction are 3.54 nm and 18.99 nm, respectively. The
microcrack is established by removing a portion of the atoms
in the center of the structure. The length of the microcrack
is 2.93 nm, which is three times larger than the cut-off radius.
Periodic boundary conditions (PBCs) are used in all directions
to eliminate surface effect and pay more attention to the role of
crack and interface in the mechanical properties of the cracked
Ti/Ni nanolaminates. For comparation, the same-sized crack-
free Ti/Ni nanolaminates under different loading directions are
also built. It is known that different stacking orders and sur-
faces may result in different mechanical properties of crack-
free nano-laminated material in nanoindentation testing.[19]

However, the PBCs are applied in all directions to form an in-
finite crack-free Ti/Ni sample. Thus, different stacking orders
have negligible effect on the tensile behaviors of crack-free
sample in this work. For convenience, the crack-free model
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with a middle Ti layer is discussed only in the present work as
shown in Fig. 1. The most closed-packed planes of Ti (0001)
and Ni (111) are stacked along the Z direction in all models, as
the gaseous atoms prefer to deposit along those planes to gain
the minimum energetic state during the preparation.[6–9]

The interatomic potential is vital for the accuracy of
the MD simulations, the embedded atomic method (EAM)
potential[28,29] is utilized to predict atomic interaction for
various atoms, which has been successfully used to de-
scribe the mechanical behaviors of nano-laminated materials
of Ti/Al,[24] Cu/Au,[30] Cu/Ni,[31] and Cu/Ag.[32] During the
simulation, Verlet integral algorithm is used to describe the
motion of the newton atoms, and the time step is fixed at 3 fs
(10−15 s). To reduce the thermal vibration of the system, the
near-zero temperature of 0.01 K is selected to catch the effect
of true strain energy on the plasticity of the crack and inter-

face. Before being loaded, samples are first relaxed at NVT
ensemble to reach a minimum energetic state. After that, ten-
sion loading is implemented by uniformly giving a constant
strain of 0.0005 to all the atoms. Then, the system is relaxed
to a new equilibrium state. These tension-relaxation processes
are repeated until the tensile strain arrives at 0.25. Atomic
stress of the model is obtained through the Virial theorem.[33]

To observe the atomic configuration evolution, open visualiza-
tion tool (OVITO)[34] is employed, where numerous powerful
modules are integrated in the software. The atomic configu-
rations and the defects in nanocrystal are visualized through
common neighbor analysis (CNA),[35] the FCC, BCC, HCP,
and non-structure atoms are marked in green, blue, red, and
light gray, respectively. The dislocation motion in the tension
process is identified by the dislocation extraction algorithm
(DXA).[36]

Ni

Ti

Ni
interface

crack

Ti

Ni

Ti

non structure

BCC

HCP

FCC

Z []

Y []

Z [] X []

Z []

NiTi

- -

-

-

-
Y []

(a)

(b)

Fig. 1. Schematic diagram of cracked and crack-free Ti/Ni nanolaminates with tension loading applied along (a) Y direction and (b) Z direction.
Atoms are colored according to the CNA method. And coordinate systems represent the initial crystalline orientation of Ti and Ni, respectively.

3. Results and discussion
3.1. Tensile properties of cracked Ti/Ni nanolaminates

Figure 2 shows the stress–strain curves of disparate Ti/Ni
nanolaminates with tension loading applied along different di-
rections. Linear stages of the stress–strain curves for differ-
ent models almost overlap, implying that the microcrack has
little influence on the elastic properties of the Ti/Ni nanolam-

inates. However, yield stress (the endpoint of the linear elas-

tic stage) of the cracked model is lower than that the crack-

free Ti/Ni nanolaminate has, indicating the pre-existing crack

truly reduces the strength of the Ti/Ni nanolaminate. After

reaching the peak stress (maximum value in the stress–strain

curve), the stress of the crack-free sample drops rapidly, while

the stress of cracked sample maintains a relatively high value
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in the tension processes. It demonstrates that plasticity of
cracked Ti/Ni nanolaminate is better than that of the crack-
free Ti/Ni nanolaminate, which is ascribed to the couple effect
of the Ti/Ni interface and crack. The stress–strain relationship
provides the overall tensile response of Ti/Ni nanolaminate in
a certain loading direction, and microstructure evolutions of
different Ti/Ni nanolaminates are displayed in the following
parts.
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Fig. 2. Stress–strain curves of disparate Ti/Ni nanolaminates in different
loading directions: (a) Y direction and (b) Z direction.

3.2. Tensile behaviors of cracked Ti/Ni nanolaminates with
loading applied parallelly to interface

To reveal the role of the interface in the tensile behav-
ior of Ti/Ni nanolaminate, the relaxation properties of Ti/Ni
interface in crack-free sample are first shown in Figs. 3(a)
and 3(b). Different crystal structures of atoms are colored
according to the CNA method. In this work, semi-coherent
Ti (0001)/Ni (111) interfaces with the periodic mismatch dis-
location networks are formed at the junction of two crystals,
corresponding stress distribution in the Y direction is also
shown in Figs. 3(a′) and 3(b′). In the atomic stress distribu-
tion diagram, the atoms are colored according to the value of
the Virial stress in the tensile processes. Although misfit dis-
locations balance the local strain, the stress distribution of the
interface changes profoundly. There is stress concentration at
the nodes (dash circles), which are the intersection of disloca-
tion networks. The nodes of interface in Ti layer bear larger
positive stress, while nodes of interface in Ni layer bear larger

negative stress. Positive stress indicates that the atoms are in
the tensile state, and vice versa. Generally, the reason for the
complex stress distribution at the interface is the mismatch-
ing of lattice parameters in different components. Due to the
complex microstructure and stress distribution of the interface,
dislocations and other plastic deformation carriers will proba-
bly nucleate and evolve from the interface. The interface can
serve as a source and sink of these plastic deformation carri-
ers, which promotes the ability to sustain the deformation of
the material.[22–24]

Figures 3(c)–3(f) show the microstructure evolutions of
the crack-free Ti/Ni nanolaminate. The sample first yields at
a strain of 0.098, which is defined as the yield point. Some
BCC embryos are generated in Ti layer neighboring the inter-
face, and dislocations nucleate in Ni layer near the interface.
The growth of BCC embryos and dislocations facilitates stress
releasing at the interface as shown in Fig. 3(c′). Upon being
further loaded, the BCC-Ti grows fleetly to reach the oppo-
site interface, partial dislocations with b1 = 1/6⟨112⟩, shown
by black circles in Fig. 3(d), evolve from interface and slide
along the {111} planes in Ni layer. At a tensile strain of 0.109,
the FCC–Ti nucleates and grows quickly in Ti layer, and vast
partial dislocations glide in Ni layer until they are absorbed
by the opposite interface. Finally, the entire HCP phase trans-
forms into the FCC phase in Ti layer, with a certain number
of HCP stacking faults left at the internal Ti layer. Dislocation
propagation dominates the subsequent plastic behavior of Ni
layer. As shown in Fig. 3, allotropic phase transformation is
observed in Ti layer in the tension process. Generally, phase
transformation is observed during mechanical testing of HCP
material due to a finite slip system. The HCP material can
achieve plastic deformation through phase transformation un-
der a certain crystal structure and loading mode.[37–40] Atomic
shuffle of the basal atoms contributes to the transient phase
transformation of HCP-to-BCC structure.[39,40] In this work,
due to stress concentration at the Ti/Ni interface, atoms around
the interface are more easily to active the atomic shuffle, thus
the BCC atoms first emerge near the interface. While the phase
transformation of BCC-to-FCC structures is mainly caused by
dense dislocation propagation and accumulation of FCC stack-
ing faults.[39,40] For the tensile behavior of crack-free Ti/Ni
nanolaminate with loading applied parallel to the interface, the
allotropic phase transformation of HCP–BCC–FCC dominates
the plastic deformation in Ti layer, and continuous dislocation
propagation dominates the plastic behavior in Ni layer. In-
terface in crack-free Ti/Ni nanolaminate can not only act as
dislocations source and sink, but also promote the phase trans-
formation in Ti layer.
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Atomic stress/GPa -7.69 10.95

BCCFCCatomic configuration HCP non structure

(c)

Z

Y

(f)(e)(d)

ε=0.101 ε=0.109 ε=0.162ε=0.098

node(b)

interface in Ni

node(b′)

Y

X

node(a)

(a′)

interface in Ti

node

Y

X

Z

Y

b1

(c′) (d′) (e′)

(a′)

(f′)

Fig. 3. Microstructure evolutions and atomic stress evolutions of crack-free Ti/Ni nanolaminate with tension loading applied along the Y direction,
showing [(a) and (b)] relaxation configuration of Ti/Ni interface, (c)–(f) microstructure evolutions at various tensile strains, where atoms are colored
according to the CNA method, (a′)–(f′) corresponding atomic stress evolutions, where atoms are colored according to the value of the Virial stress.
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Fig. 4. Microstructure evolutions and atomic stress evolutions of Ti/Ni nanolaminate with crack in Ti layer under tension loading applied along Y
direction, showing [(a)–(d)] microstructure evolutions at various tensile strains, atoms are colored according to CNA method, (a′)–(d′) corresponding
atomic stress evolutions, atoms are colored according to Virial stress value.
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The plastic deformation behaviors of the Ti/Ni nanolam-
inate with crack in Ti layer are shown in Fig. 4. Unlike the
crack-free Ti/Ni nanolaminate, the plastic deformation first oc-
curs at the crack tip. At a strain of 0.076, FCC–Ti nucleates
at the blunt crack tip. Corresponding stress distribution dia-
gram demonstrates that the stress concentration on the crack
tip facilitates the formation of new phase. Upon being further
loaded, the FCC phase grows quickly until the grain bound-
aries reach the interface. And the stress distribution shows
that high stress near the crack front is released by expand-
ing new grains as shown in Fig. 4(b). The phase transforma-

tion of HCP-to-FCC structure in Ti layer is also related to the
dislocation propagation and accumulation of dense stacking
faults.[37–40] Go on loading, the FCC grains gradually grow in
Ti layer, and some partial dislocations with 𝑏2= 1/6⟨112⟩ nu-
cleate and arise from the crack tip in FCC regions. A mass of
partial dislocations with 𝑏3= 1/6⟨112⟩ initiated from the inter-
face and are absorbed by the opposite interface in Ni layer as
shown by black circles in Fig. 4(c). At larger tensile strain, the
interaction between interfacial dislocations and dislocations
initiated from the interface dominates the plastic behaviors in
FCC–Ti layer.

(b) ε=0.106 (c) ε=0.127 (d) ε=0.171(a) ε=0.101

non structure

Y

X

Y

Z

Y

Z

BCCFCCatomic configuration HCP

Fig. 5. Interactions between crack and Ti/Ni interface at strain (a) 0.101, (b) 0.106, (c) 0.127, and (d) 0.171. Top panels are atomic configura-
tions of Ti/Ni interface in Ni layer, middle panels are microstructure evolutions of cracked nanolaminate, and bottom pictures are corresponding
defect propagations at various tensile strains. Atoms are colored according to CNA method.

Figure 5 shows the details of the interaction between the
crack and Ti/Ni interface, and the microstructure evolutions af-
ter FCC grain boundaries have reached interface. The middle
panels in Fig. 5 displays the atomic configuration evolutions
at various strains, while the top and bottom panels show the
microstructure of interface in Ni layer and defect propagations
at corresponding tensile strains. At the tensile strain of 0.101,
the FCC grain boundaries reach the interface, leading to the
original mismatch dislocation networks to break down, par-
tial semi-coherent interface turns into an incoherent region as
shown by the dash line on the top of Fig. 5(a). Simultaneously,
dislocations nucleate at the Ti/Ni interface and propagate in Ni
layer. With the loading going on, the FCC grains grow paral-
lel to the interface in Ti layer, resulting in the expansion of the
incoherent interface. While partial dislocations nucleate and
glide in FCC–Ti layer and Ni layer as described in Figs. 5(b)
and 5(c). At a strain of 0.171, the incipient HCP phase has
completely transformed to the FCC phase, where dense HCP
stacking faults form in the Ti layer due to nucleation and prop-

agation of numerous dislocations from the crack tip. At this

moment, the Ti/Ni interface integrally becomes incoherent in-

terface. The yellow lines in the middle picture indicate that

none of incoherent interfaces is of planar structure. Contin-

uous dislocation emission and absorption ultimately lead to

the rugged interface. Moreover, interfacial dislocations propa-

gate and interact with the dislocations or stacking faults, which

consumes the energy of the system and leads to the stable plas-

tic flow stress. In the tensile process, the semi-coherent Ti/Ni

interface is a barrier to defect expansion and provides nucle-

ation sites for various plastic deformation carriers. While for

the succeeding incoherent interface, the interface can serve as

the dislocation source to maintain the steady plastic deforma-

tion in the adjacent layer. Although the microcrack reduces

the strength of the nanolaminate, the interaction between dis-

locations evolving from the crack tip and the interfacial dislo-

cations guarantees the better plastic properties of the cracked

nanolaminate.
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Fig. 6. Microstructure evolutions and atomic stress evolutions of Ti/Ni nanolaminate with crack in Ni layer under tension loading applied
along Y direction, showing [(a)–(d)] microstructure evolutions at various tensile strains, where atoms are colored according to CNA method,
[(a′)–(d′)] corresponding atomic stress evolutions, where atoms are colored according to Virial stress value.

As for the case of crack in Ni layer, the first full disloca-
tion with 𝑏4 = 1/2⟨110⟩ nucleates and emits from the crack tip
to release the high stress around the crack front. With tension
process going on, the full dislocations glide along the {111}
planes until they are absorbed by the Ti/Ni interface as shown
in Fig. 6(b). The absorption of dislocations leads the semi-
coherent interface and stress concentration to gradually de-
struct in the opaque interface. Thus, the stress-induced phase
transformation of HCP to FCC structure is easier to trigger in
a Ti layer as shown in Fig. 6(c). With the increase of tensile
strain, full dislocations and multiple dislocations continuously
emitting from the crack tip lead the cracks to propagate in Ni
layer. At the same time, HCP–Ti is finally completely con-
verted into the FCC phase, leaving a large number of HCP
stacking faults in Ti layer. It is worth pointing out that the
plastic behavior first occurs at the crack tip for the cracked
sample. This phenomenon is different from the initial plastic
behavior of cracked Cu/Nb nanolaminate, in which the partial
dislocations first nucleate at the weak Cu/Nb interface.[27] In
this work, the semi-coherent Ti/Ni interface is a strong inter-
face, the critical stress to initiate plasticity in Ti/Ni interface is
larger than that of the crack tip. Furthermore, the yield stress
and strain of the perfect model are 11.002 GPa and 0.098,
which are higher than the yield stress and strain of cracked
model, indicating that the Ti/Ni interface can withstand greater
elastic deformation and higher elastic stress. Therefore, initial
plasticity turns to occur in another stress-concentrated area,
i.e., crack tip, as the lower stress is required to evolve plastic
behavior in cracked Ti/Ni nanolaminate.

As shown in Figs. 3–6, pre-existing microcrack leads to

great changes in the plastic deformation mechanism of Ti/Ni
nanolaminate with loading applied parallel to the interface.
The local stress state may greatly change the deformation
mode of the material. For the crack-free sample, the plas-
ticity first occurs nearby the Ti/Ni interface due to the local
stress concentration on the interface, the phase transformation
of HCP to BCC structure in Ti layer and dislocations glid-
ing in Ni layer dominate the initial plastic behavior of Ti/Ni
nanolaminate. As for the sample with crack in Ti layer, the
initial plastic behavior first occurs at the crack tip, and the
phase transformation of HCP to FCC structure arises due to
the stress concentration at the crack tip. While for the sample
with a crack in Ni layer, primary plastic behavior is full dislo-
cations gliding along a certain plane near the crack tip with the
stress concentrating on the crack tip. Moreover, subsequent
plastic behaviors of cracked samples contain the propagation
of plastic deformation carries and their interaction with the in-
terface. Therefore, microcrack significantly reforms the stress
distribution of the Ti/Ni nanolaminate, leading the plastic be-
haviors to occur first at the crack tip. The interaction between
the defects initiated from the crack tip and interfacial defects
improves the plastic properties of the material, and eventually
causes the vital difference in the plastic deformation mecha-
nism between the crack-free and cracked Ti/Ni nanolaminate.

3.3. Tensile behaviors of cracked Ti/Ni nanolaminates with
loading applied perpendicularly to the interface

As described above, microcrack has great influence on
the plastic deformation of Ti/Ni nanolaminate with tension
loading applied parallel to the interface. Further exploring of
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the deformation behaviors of Ti/Ni nanolaminate with loading
applied perpendicular to the interface, the atomic configura-
tion evolutions of different models are shown in Fig. 7. The
deformation behaviors are markedly different from the case of
tension loading applied parallel to the interface, showing the
orientation-dependent behavior in the tension process. Fig-
ure 7(a) shows the plastic behaviors of Ti/Ni nanolaminate
with crack in Ti layer. The slip band (indicated by the yellow
arrow) first emits from the crack tip at a tensile strain of 0.039,
which glides along the (1011) pyramidal plane before reach-
ing the Ti/Ni interface as shown in Fig. 7(a). The pyramidal
slip band was also discovered in tensile process of cracked Mg
and Ti materials, in which the crystallographic orientation of
the initial crack was also (0001)[1010].[41,42] Therefore, pyra-
midal slip band is also in an important plastic deformation
form at the crack tip in HCP-based material. As the stretch

process continues, the slip bands arrive at the interface and
are absorbed by the interface, leading the stress distribution to
vary at the interface. The new grains nucleate and grow near
the interface at the internal Ti layer. Concurrently, dislocations
nucleate from the interface and propagate in the Ni layer. At
a strain of 0.076, two twin variants with different crystalline
orientations are discovered in the internal Ti layer. To bet-
ter clarify the orientation relationship between the matrix and
twin variants, the deformed sample is sliced perpendicular to
the [1210] axis of the matrix as shown in the inset of Fig. 7(b).
Meanwhile, the local crystalline axes are also plotted in the re-
spective grains. As shown in the illustration, the basal planes
({0001} planes) of matrix and variant I are perpendicular
to the observational plane, and the basal plane of variant II
is located in the observed plane. It should be noted here that

matrix

twin 
variants

I

II

BCCFCCAtomic configuration HCP

(c)

(b)

(a)

twin 
boundary

pyramidal slip band 

Z

Y

Z

Y

Z

Y

view along [1210] 
axis of the matrix

I

II
matrix

b5

ε=0.076

ε=0.084 ε=0.178

ε=0.201ε=0.122ε=0.103ε=0.089
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-
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-
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-

- -
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[0001]

-

-

non structure

Fig. 7. Microstructure evolutions of Ti/Ni nanolaminates with tension loading perpendicular to the interface, showing (a) Ti/Ni nanolaminate with crack
in Ti layer, (b) Ti/Ni nanolaminate with crack in Ni layer, (c) crack-free Ti/Ni nanolaminate, where atoms are colored according to CNA method. Insets
display enlarged details in the tensile process.
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the basal planes of the two twin variants are perpendicular to
the basal plane of the matrix. And the angle between the basal
planes of the matrix and variants is slightly larger than the an-
gle of {1012}⟨1011⟩ twins, in which the crystal orientations
on the two sides differ by 84.78∘, theoretically. Therefore, the
grain reorientation in the present work is a twinning-like be-
havior. The concrete mechanism and the orientation relation-
ship between matrix and twins have been discussed in our pre-
vious work of perfect Ti/Ni nanowires,[43] indicating that the
grain reorientation behavior is favored with loading applied
in the Z direction. At the large strain, the grain reorientation
is completed in Ti layer, the twinning continually generates
from the crack tip. Meanwhile, numerous dislocations are ac-
tivated and finally absorbed by opposite interface in Ni layer.
Twinning in crack tip and dislocation propagation in Ni layer
ensure the good plasticity of cracked nanolaminate. As for
the crack in Ni layer, partial dislocations with 𝑏5 = 1/6⟨112⟩
sprout first from the crack tip to release high stress. There-
after, partial dislocations continually emit from the crack tip
and glide along the adjacent planes, resulting in the abnor-
mal deformation twinning in Ni layer (enlarged illustration
of Fig. 7(b)), which is consistent with the results in cracked
Al and Ni.[44–46] Upon being further loaded, dislocations nu-
cleate from the interface, glide in Ni layer, and interact with
twin boundaries, and grain reorientation also takes place in Ti
layer, which maintains good plasticity of cracked nanolami-
nate. Deformation behavior of crack-free Ti/Ni nanolaminate
is presented in Fig. 7(c). The FCC embryos first emerge in the
weakened Ti layer and gradually grow until they reach the in-
terface, leading the interfacial structure to be destructed. Then
a series of partial dislocations nucleates from the interface and
interacts with each other in Ni layer. Like the tensile behav-
iors of the sample with loading applied along the Y direction,
the pre-existing crack induces the plasticity to initially occur
at the crack tip, resulting in the plastic deformation mecha-
nism transitioning between the crack-free and cracked Ti/Ni
nanolaminates. The interaction between the plastic deforma-
tion carriers generating from the crack tip and the interface
makes the cracked Ti/Ni nanolaminates possess more abun-
dant plastic deformation capacity, thus showing better plastic
properties than crack-free models. Namely, the microcrack
indeed changes the stress state inside the nano-laminated ma-
terial, resulting in a significant variation in the plastic defor-
mation mechanism of Ti/Ni nanolaminates.

3.4. Orientation-dependent tensile behaviors at crack tip

As mentioned above, different initial plastic behaviors
at the crack tip finally lead the plastic deformation mecha-

nism to transition for the cracked Ti/Ni nanolaminate. Thus,

orientation-dependent tensile behavior at the crack tip should

be concerned to seize the nature of different plastic deforma-

tion mechanisms.

Figure 8 summarizes plastic behaviors at the crack tip for

different cracked Ti/Ni nanolaminates. In a panel, number 1 or

2 refers to microstructure evolution at the crack tip, which is

visualized by the CNA method, while number 3 or 4 means its

corresponding dislocation or other defect distribution, which

contains crack, grain boundary, slip band and twin boundary,

shown by the gray mesh in the graphs. The dislocation lines

are colored according to the DXA method in specific crystal,

and the gray arrow denotes the Burges vector of respective

dislocation. For the better observation, atoms in defect distri-

bution diagram have been removed. It can be seen from Fig. 8

that defects are initiated from the crack tip and propagate in

a ductile manner, which evolves through dislocation propaga-

tion or deformation twinning rather than brittle cleavage. As

tension loading is parallel to the interface, the phase transfor-

mation of HCP to FCC structure in the Ti layer occurs first

at the crack tip as shown by the black rectangle in panel 1 of

Fig. 8(a). Due to the difference in crystal lattice, there are dis-

locations existing at junction of two phases as shown in panel

3 of Fig. 8(a). Then, partial dislocations with Burges vector

of 𝑏2 = 1/6⟨112⟩ arise from the crack tip and interact with

the interfacial dislocations in FCC Ti. While for the model

of crack in Ni layer, full dislocations (blue lines, which are

perpendicular to the observational plane) with Burges vector

of 𝑏4 = 1/2⟨110⟩ first emit from the crack tip. And subse-

quent multiple dislocations, which contain partial dislocations

and stair-rod dislocations, sprout from patulous crack tip and

interact with the dislocations generating from the interfaces

as shown in Fig. 8(b). For the case where the tension load-

ing is perpendicular to the interface, slip band emits first from

the crack tip and glides along the (1011) plane in Ti layer.

The DXA indicates that the dislocation motions cannot be ac-

tivated under this loading condition, and the pyramidal slip

band turns to be emitted at the crack tip, as plotted in panels 1

and 3 of Fig. 8(c). After the completion of grain reorientation,

the deformation twinning turns to be generated from the crack

tip, and the analysis of DXA demonstrates that there are little

dislocation motions near the crack tip under this loading con-

dition as shown in panels 2 and 4 of Fig. 8(c). For the last case,

the partial dislocation with Burges vector of 𝑏5 = 1/6⟨112⟩ is

continually emitted from the crack tip and glides along the ad-

jacent plane, resulting in the deformation twinning at the crack

front as shown in Fig. 8(d).
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Fig. 8. Crack propagations in different loading directions for Ti/Ni nanolaminates, with crack in (a) Ti layer and (b) Ni layer with loading
applied along Y direction, and crack in (c) Ti layer and (d) Ni layer with loading applied along Z direction. In panel, number 1 or 2 shows
the atomic configuration, which is colored according to the CNA method, 3 or 4 displays corresponding defect distribution, which is identified
by the DXA method. In panel, 1 or 2 shows the atomic configuration, which is colored according to the CNA method, 3 or 4 displays the
corresponding defect distribution, which is identified by the DXA method.

Table 1 summarizes the main plastic behaviors of crack
tips in different tension loading directions. For comparison,
the models with crack in pure Ti and pure Ni are also listed.
Orientation-dependent tensile behavior at the crack tip is pre-
sented in Table 1. Essentially, anisotropic plasticity is related
to crystallographic orientation of Ti and Ni in the specific
tension process. As the loading applied along the Y direc-
tion, Ti [1010] crystalline axis bears the tension loading. The
phase transformation and subsequent dislocation propagation
in HCP Ti are favored in this direction.[37–39] For the loading
applied along the Z direction, the tension loading is applied
along the Ti [0001] crystalline axis. The grain reorientation
and deformation twinning in Ti layer are supported under this
loading condition.[38] Additionally, the full dislocations or de-
formation twinning in cracked Ni layer are formed due to the

movement of partial dislocations in different slip planes.[45]

The first partial dislocation is emitted from the crack tip, leav-
ing the stacking faults in the front of crack . And the second
partial dislocation is crucial for subsequent plastic behavior. If
the trailing partial dislocation propagates along the same plane
as the leading dislocation and Burges vector of trailing partial
dislocation is complementary to the leading dislocation, then
the stacking faults are erased by the trailing dislocation and
full dislocations are formed. If the trailing partial dislocation
propagates along the adjacent plane with the same Burges vec-
tor as the leading dislocation, then the twining partial disloca-
tion erases stable stacking faults and forms the twin faults at
the crack tip. This “microtwin” grows with the applied stress
increasing and finally forms the twinning at the crack tip.[45]
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Table 1. Main plastic behavior around crack tip in different loading directions.

Orientation Models Crack Plastic behavior Burgers vector

Y direction (parallel to the interface)

Ti/Ni nanolaminates

in Ti phase transformation and partial dislocations
(FCC-Ti)

–
1/6⟨112⟩

in Ni full dislocations and multiple dislocations 1/2⟨110⟩
–

pure Ti phase transformation and partial dislocations
(FCC-Ti)

–
1/6⟨112⟩

pure Ni full dislocations 1/2⟨110⟩

Z direction (perpendicular to the interface)

Ti/Ni nanolaminates
in Ti slip bands grain reorientation and twinning –
in Ni partial dislocations 1/6⟨112⟩

pure Ti slip bands grain reorientation and twinning –
pure Ni partial dislocations and

full dislocations
1/6⟨112⟩
1/2⟨110⟩

Quantitatively measuring the crack propagation behaviors
of the Ti/Ni nanolaminates, the variations of crack length with
tensile strains for different models are obtained and shown in
Fig. 9. Here, the crack length is calculated as the straight dis-
tance between the two crack tips. As the loading is applied
along the Y direction, the crack length of the sample with the
crack in Ni layer is larger than the other samples, and the full
dislocations and subsequent multiple dislocations dominate
the plastic behavior at the crack tip. While in the Z direction,
the crack length of the sample with a crack in Ti layer is larger
than the other samples, which deform mainly through defor-
mation twinning after the grain has been reorientated. It can
be inferred that the full dislocations and succedent multiple
dislocations in FCC Ni and deformation twinning in HCP Ti
sharpen the crack tip, which promotes the crack growth. How-
ever, partial dislocation emissions in FCC Ti or Ni blunt the
crack, which is not conducive to the crack growth. The con-
clusions of the present work are slightly different from those in
the Ref. [47]. They studied tensile behaviors of center-cracked
Zr (HCP) and Nb (BCC) and concluded that full dislocations
blunted the crack tip, while the twinning sharpened the crack
tip and promoted the crack propagation. In the present paper,
the full dislocations and multiple dislocations in FCC Ni and
twinning in HCP Ti emitted from the crack tip can also pro-
mote the crack growth, and the partial dislocations in FCC Ni
make the crack passivated. The difference may be ascribed
to the joint action of full dislocations and multiple disloca-
tions in the present work. Continuous emission of full disloca-
tions from the crack tip causes the “step structure” to accumu-
late. Meanwhile, the subsequent multiple dislocations further
sharpen the crack tip. The co-operation between full disloca-
tions and multiple dislocations eventually accelerates the crack
growth. However, dense stacking faults induced by the partial
dislocations evolve from the crack tip eventually passivate the
crack tip. In addition, it is also necessary to emphasize that
the crack propagation of cracked Ti/Ni nanolaminates is larger
than that of the pure model. This is related to the fact that
dislocations generating from the interface move towards the

crack tip and further sharpen the crack.
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Fig. 9. Variations of crack length with tensile strains under different loading
directions, showing tension loading applied along (a) Y and (b) Z directions,
with brackets in the legend indicating crack at a certain internal layer.

Pre-existing crack significantly affects the mechanical
properties and plastic deformation mechanism of nanostruc-
tured material. Generally, crack propagation in a nanostruc-
tured material is a complex problem. It is affected not only
by the intrinsic crystallographic orientation of the sample and
morphology of the crack tip, but also by extrinsic tempera-
ture and strain rate.[41,42,45,46] The attempt in the present work
only focuses on the effects of loading direction and crystal-
lographic orientation on the crack growth and deformation
mechanism of Ti/Ni nanolaminate. Therefore, more efforts
are needed to obtain more comprehensive deformation mech-
anism in cracked nano-laminated material.
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4. Conclusions
In this paper, we investigate the effect of pre-existing

crack on plastic deformation mechanism of Ti/Ni nanolami-
nate. The results demonstrate that the pre-existing crack sig-
nificantly changes the plastic deformation mechanism of Ti/Ni
nanolaminate. The plastic deformation transition of cracked
Ti/Ni nanolaminate is ascribed to orientation-dependent ten-
sile behaviors at the crack tip, which is due to the anisotropy
of the certain crystal structure and loading direction. The main
results of this paper are listed as follows.

(i) High stress concentration on the pre-existing crack
causes the plastic deformation to occur first at the crack rather
than the interface in cracked Ti/Ni nanolaminate, which dra-
matically reduces the strength of Ti/Ni nanolaminate.

(ii) Unlike the case of crack-free Ti/Ni nanolaminate,
plastic deformation mechanism dramatically change with
cracks either in Ti layer or in Ni layerin different loading di-
rections. The interaction between the interfacial dislocations
and different plastic deformation carriers initiated from the
crack tip dominates the subsequent plastic deformation of the
cracked Ti/Ni nanolaminate.

(iii) As the tension loading is applied parallel to the in-
terface (Y direction), the main deformation behaviors of Ti/Ni
nanolaminate with crack in Ti layer are phase transformation
of HCP to FCC structure in Ti layer and partial dislocations
gliding in Ni layer. As for the sample with the crack in Ni
layer, full dislocations continually emitted from the crack tip
in Ni layer, and phase transformation of HCP to FCC structure
in Ti layer dominate the plastic behaviors of the cracked Ti/Ni
nanolaminate. The Ti/Ni interface impedes the movement of
the initial defects, but it can also serve as a dislocation source
and sink in the tension process.

(iv) When the loading is applied perpendicularly to the
interface (Z direction), the grain reorientation in Ti layer and
dislocation propagation in Ni layer dominate the plastic de-
formation of Ti/Ni nanolaminate with crack in Ti layer. As
for the sample with crack in Ni layer, continuous partial dis-
locations are emitted from the crack tip and glide along the
adjacent planes, resulting in deformation twinning in Ni layer,
and grain reorientation occurring in Ti layer. The interaction
between the interface and defect arising from the crack tip also
ensures good plastic properties of cracked Ti/Ni nanolaminate.

(v) Full dislocations and subsequent multiple dislocations
in FCC structure and deformation twinning in HCP structure
can easily trigger the crack growth, while the partial disloca-
tions in the FCC structure blunt the crack. Besides, the in-
terfacial dislocations moving towards the crack tip can further
sharpen the crack in Ti/Ni nanolaminate.
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