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ABSTRACT

Manipulation of the microstructural evolution to achieve controllable deformation and fracture behav-
iors in crystalline/amorphous nanolaminates is a grand challenge from the perspective of constraining
effects of a crystalline on an amorphous phase. In this work, crystalline/amorphous Ag/Cu-Zr and Mo/Cu-
Zr nanolaminates were respectively prepared by using magnetron sputtering. The microstructural evo-
lution, tensile ductility, and fracture mode were investigated within a wide range of modulation ratio 7
(the thickness ratio of amorphous to crystalline layer) from 0.1 to 9.0. The Ag/Cu-Zr nanolaminates
showed the tensile ductility firstly decreased and subsequently increased with raising 7, leaving a
minimum value at the critical n* of ~1.0. The fracture mode was accordingly transformed from shearing to
opening. However, the Mo/Cu-Zr nanolaminates exhibited a different n-dependence where the tensile
ductility monotonically increased with 5, with fracture mode unchanged as opening. The strong con-
stituent effect on the deformation and fracture of crystalline/amorphous nanolaminates was rationalized
in light of the deformation-induced devitrification behaviors in the amorphous layers, which was tuned
by the constituent-dependent elastic modulus mismatch and the amorphous layer thickness. Further-
more, the devitrification behaviors were qualitatively interpreted in terms of the image force between
constituents and the stress field of a dislocation. These findings manifest a microstructural design by
controlled constituents to achieve enhanced mechanical properties in the crystalline/amorphous
nanolaminates.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

conferring great ductility on MGs without sacrificing their high
strength is a grand challenge for structural applications. Tremen-

The amorphous microstructure with short-to-medium-range
ordering in metallic glasses (MGs) underlies their desirable
merits, e.g. high strength and large elasticity on one hand [1,2], and
their fatal drawbacks, e.g. limited tensile ductility and thermody-
namically metastable nature on the other hand [3—5]. The near-
zero tensile ductility at ambient temperature caused by macro-
scopically localized shear bands (SBs) associated with strain soft-
ening remarkably impede exploitation of their excellent
mechanical strength as engineering materials. Therefore,
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dous efforts in recent years have been devoted to enabling MGs to
exhibit a visible tensile ductility [6—8], among which one potential
method is synthesizing the MG-matrix composites [9]. Embedding
an ordered crystalline phase into the disordered amorphous matrix
has been revealed, in some circumstances, to improve the ductility
of the MG composite by confining the inhomogeneous shear
banding and uniformizing the spatial distribution of plasticity
[6,10], but also in some other cases to achieve the enhancement in
strength [9,11].

A representative example is the addition of a crystalline phase
into the MG-matrix to form crystalline/amorphous nanolaminates
(C/ANLs) [12—15], which utilize the size-dependent homogeneous
plasticity of nanoscaled MGs as well as the inhomogeneous
microstructure with isolated crystalline layers stabilizing the MGs
against catastrophic failure. For example, the tensile ductility of
35nm Cu/5nm amorphous Cu-Zr multilayers can be sustained
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~13.8% with a high yield stress of ~1.09 GPa [12]. A large compres-
sive deformability of >20% and a high strength of >1.5 GPa have
been found in the uniaxial compression of Cu/Cu-Zr micropillars
[16]. In these C/ANLs, the propagation, even the nucleation of SBs
can be effectively suppressed by reducing the amorphous layer
thickness and/or increasing the constraining effect by ultra-strong
nanocrystals to improve their ductility and toughness [13,14,17].
Specifically, the crystalline/amorphous interfaces (CAls) with weak
shear strength play critical roles in plastic deformation of C/ANLs
[12], as they serve as dislocation sources/sinks, but also manifest
unique inelastic shear transfer characteristics, i.e., geometric com-
patibilities of the interfaces [18]. To achieve these improvements,
careful control over the identity, volume fraction and size of the
crystalline phases engineered within the MG-matrix is definitely
required [10]. However, there is no general rule to guide such
microstructure sensitive design in MG-matrix composites to ach-
ieve their optimized mechanical properties, in particular the effects
of volume fraction of crystalline phase and different CAls on frac-
ture behaviors of MGs under tensile condition at nanoscale.

In addition, the intrinsically metastable nature renders MGs
susceptible to transformation into more stable crystalline phases
upon deformation, closely correlated with the stress state [19,20],
sample size [21] and constraining condition [22,23]. Although
extensive researches have been focused on exploiting the
deformation-induced devitrification (DID) mechanisms and its in-
fluence on the mechanical behaviors of MGs and/or MG-based
composites [24—26], there still are some discrepancies. For
instance, some experimental results have revealed that DID in MG
matrix could enable the dislocation-related work hardening to
effectively hinder the propagation of SBs and prevent work soft-
ening [27,28], whereas others drew the opposite conclusion in
deformed samples with a high volume fraction of crystallites
[29,30]. However, neither the process of shear-induced viscous flow
[25,27,31] nor the local temperature increase [32] in highly local-
ized SBs for DID of MGs can eliminate this mentioned discrepancy
yet. This is likely caused by the presence of the crystalline phase,
which exerts a strong constraining effect on the amorphous phase.
The most critical issue is thus whether or not the constraining effect
derived from the adjacent crystalline layers induces the size- and
constituent-dependence of DID during plastic deformation. Once
this issue is resolved, it likely provides an explanation in terms of
the fraction of nanocrystallites in MGs concerning the DID effects
on plasticity of MG-matrix composites. This brings to the forefront
that the kinetics of crystallization plays a central role in deforming
MGs.

In this work, we aim to investigate the microstructural evolution
(i.e., DID) in amorphous Cu-Zr nanolayers under different con-
straining effects from the neighboring crystalline Ag or Mo nano-
layers, and how this crystallization influences the tensile ductility
and fracture behavior of the two C/ANLs deposited on polyimide
substrates. It is uncovered that the elastic modulus mismatch be-
tween constituents can be employed to guide the CAI design in the
C/ANLs and control the occurrence of DID behavior. Below a critical
(volume) fraction of nanocrystallites, it is of benefit to enhance the
ductility via blocking the propagation of SBs by DID, above this, DID
deteriorates the ductility. Our findings provide valuable insight into
the understanding of deformation mechanism of nanoscaled MGs
and the CAI design criterion from the perspective of constraining
effects of crystalline phases for engineering ductile C/ANLs.

2. Experimental details
2.1. Material synthesis and characterization

The specimens used for uniaxial tensile testing are Ag/Cu-Zr and

Mo/Cu-Zr C/ANLs with a constant modulation period A ~100 nm
(defined as the sum of the amorphous layer thickness ha and the
crystalline layer thickness hc, A = ha + hc) but different modulation
ratios 1 (n = ha/hc = 0.1-9.0) deposited on the 125 pm-thick poly-
imide (Dupont Kapton®) substrates using magnetron sputtering at
ambient temperature. Pure Cu (99.995%) and Zr (99.99%) targets
(direct current sputtering) were employed to prepare the amor-
phous Cu-Zr nanolayers, and pure Ag (99.99%) and Mo (99.95%)
targets (radio frequency sputtering) for the crystalline Ag and Mo
nanolayers. Before the deposition process, the base pressure in the
chamber was below 3.0 x 10~/ Torr, and the argon pressure was
maintained to be 7.5 x 10~3 Torr during sputtering. The composi-
tions of the Cu-Zr amorphous nanolayers are Cu75Zr25 and every
C/ANLs has a total thickness of ~2.0 um. Besides, the first layer
deposited on the substrate was the amorphous Cu-Zr, and the cap
layer was permanently a crystalline metal. High resolution trans-
mission electron microscope (HRTEM) was performed on a JEOL
JEM-2100F microscope for determining the microstructure of the
specimens.

2.2. Uniaxial tensile testing

The mechanical properties of the polyimide-supported C/ANLs
were evaluated by tensile testing at an identical strain rate of
1.0 x 10~% s~ via a Micro-Force Test System (MTS® Tytron 250) at
ambient temperature. The gauge section of all specimens was
30mm in length and ~4.0 mm in width. A critical macroscopic
strain (ecq), representing formation of the microcrack on the
macroscopic level, instead of the fracture strain or elongation, was
utilized for characterizing the plastic deformability or ductility of
the C/ANLs. Tensile testing associated with an electrical resistance
change method has been developed to in-situ measure the eq of
the polymer-supported metal thin films [33]. Although the various
crystalline constituent layers have different electrical resistivity, the
relative change in electrical resistance of the films is highly
remarkable before and after the initiation of microcracks. In addi-
tion, the plastic polyimide substrates with good elasticity are
nonconducting completely and make no impact on the measure-
ment of electrical performance. Therefore, this measured critical
strain eq can indeed reflect the inherent ductility of the C/ANLs
without the influence of substrate of electrical resistivity. All
specimens stretched to 10% strain were cross-sectioned and
investigated via dual-beam focused ion beam (FIB) combined with
scanning electron microscope (SEM) using an FEI microscope for
analyzing the failure mechanism. The fracture angle 6, defined as
the angle between the stress direction and the macrocrack direc-
tion, was utilized to characterize the fracture modes (e.g. opening
and shearing fracture).

3. Results
3.1. Microstructure of the C/ANLs

The typical microstructures of as-deposited C/ANLs examined
via HRTEM are presented in Fig. 1. One can clearly see the modu-
lated layered structure with distinct CAls between crystalline Ag or
Mo and fully amorphous Cu-Zr nanolayers in the as-deposited C/
ANLs, as displayed in Fig. 1(a)-(b). In addition, the Ag layers show
columnar grains with the average grain size comparable to the layer
thickness, while the Mo layers display undistinguished fine-
columnar nanograins. The correspondingly selected area diffrac-
tion patterns (SADPs) in the inset of Fig. 1(a)-(b) definitely
demonstrate polycrystalline diffraction spots with Ag (111), Ag
(200), Ag (220) and Mo (110), Mo (200), Mo (211) textures, as well
as the diffuse amorphous ring arising from the Cu-Zr nanolayers.
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Fig. 1. Representative TEM and HRTEM images of as-deposited Ag/Cu-Zr (a, ¢) and Mo/
Cu-Zr (b, d) C/ANLs with 7= 1.0, respectively. The SADPs inserted in (a—b) exhibit the
strong crystalline texture and diffuse amorphous rings. Fast Fourier transforms (FFTs)
from two interesting regions RI (in the metal layer) and RII (in the Cu-Zr layer) in (c—d)
indicate the crystalline and amorphous structure, respectively.

Fig. 1(c)-(d) show the distinct CAls in C/ANLs, and the fast Fourier
transforms (FFTs) analyses indicate the crystalline structure in
metal layers and the disordered amorphous structure in Cu-Zr
layers.

To identify the crystallization behavior of the amorphous
nanolayers during plastic deformation, cross-sectional TEM sam-
ples were fabricated from the 10% stretched C/ANLs to examine the
microstructure features in detail. As shown in Fig. 2(a)-(b), the C/
ANLs still retain their intact modulated structure with sharp in-
terfaces. However, we can distinguish easily that dispersed pre-
cipitates of the orthogonal CugZr; phase are distributed in the
deformed amorphous Cu-Zr layers in these two C/ANLs (see
Fig. 2(c)-(d)), as supported by the newly emerged diffraction spots
in the inserted SADPs (marked by red in Fig. 2(a)-(b)) and the FFTs &
inverse FFTs analyses in Fig. 2(e)-(f). The stoichiometric ratio of
CugZrs intermetallic is close to the chemical composition of the
Cu75Zr25 amorphous nanolayers, implying a structural affinity
between the amorphous Cu75Zr25 matrix and the precipitated
CugZrz phase and no requirement of significant diffusion.

In addition, the average fraction and size of nanocrystallites that
emerged in the amorphous Cu-Zr layers are measured statistically
from the cross-sectional HRTEM images. More concretely, all the
nanocrystallites are assumed to be spherical, and the area fraction
instead of the volume fraction of nanocrystallites is calculated as
fe = S1L1Aq/A, where n is the number of nanocrystallites in a
selected area A, and Ac is the area of a nanocrystallite. Fig. 3 reveals
that the crystallization percentage f. in amorphous Cu-Zr nano-
layers monotonically increases with reducing the modulation ratio
7 for both of the C/ANLs, indicating strong size-dependence of the
DID. Moreover, the fc value in Mo/Cu-Zr is about twice as large as
that in Ag/Cu-Zr, while the nanocrystallites in Ag/Cu-Zr and Mo/Cu-
Zr are roughly uniform in size with d. ~ 5—9 nm.

—Mo(211)
——*Mo(200)

Mo(110)

Fig. 2. Representative TEM and HRTEM images of Ag/Cu-Zr (a, c, e) and Mo/Cu-Zr (b, d,
f) C/ANLs with = 3.0 after tensile testing to 10% strain. There obviously exist a few
nanocrystallites dispersed in the amorphous Cu-Zr nanolayer (indicated by the red
dashed line in (c—d)). The FFT and inverse FFT results of boxed regions in (e—f)
demonstrate the existence of a nanocrystalline CugZrs phase within the Cu-Zr nano-
layer. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. Dependences of the crystallization percentage f. and average crystallite size d.
of the nanocrystalline CugZr; phase on the modulation ratio 5 in the amorphous Cu-Zr
layers of the two C/ANLs, respectively.
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3.2. Tensile ductility of the C/ANLs

The C/ANLs are stretched to 10% strain to measure the critical
strain eq of nucleated microcrack(s) to characterize their tensile
ductility [21,33]. Fig. 4 shows the tensile ductility (ec) of the Ag/Cu-
Zr (upper part) and Mo/Cu-Zr (lower part) C/ANLs as a function of .
It appears that the Ag/Cu-Zr C/ANLs exhibit a non-monotonic ten-
sile ductility, i.e., e firstly reduces and then increases with raising
n, reaching a minimum eg; at a critical modulation ratio " ~1.0.
However, it is interesting to find that e monotonically increases
with increasing 7 in the Mo/Cu-Zr C/ANLs, remarkably different
from their Ag/Cu-Zr siblings. In addition, Ag/Cu-Zr C/ANLs exhibit a
higher &. than the Mo/Cu-Zr at a given 7, which is related to the
dislocation slips in different crystalline structures, i.e., FCC and BCC.
This unusual n-dependence of the tensile ductility observed in
these two C/ANLs likely stems from the constraining effect of the
crystalline nanolayers on the amorphous Cu-Zr nanolayers and its
related thickness-dependent DID behavior, which will be discussed
in the next section.

3.3. Fracture behavior of the C/ANLs

The fracture behavior of C/ANLs is closely related to the defor-
mation of constituent nanolayers and their constraining between
each other. The cross-sectional microcrack morphologies of the
10%-stretched C/ANLs using the FIB are displayed for representative
Ag/Cu-Zr and Mo/Cu-Zr C/ANLs along with their respective
sketches in Fig. 5(a) and (b). From these cross-sectional observa-
tions inside a SEM, one can notice apparent necking in the Ag layers
at n ~0.3, implying obvious plastic deformation of ductile Ag. A
zigzag macrocrack inclined to the films/substrate interface with ¢
~40° is finally created by multiple microcracks connected via
ductile fracture of Ag layers. Actually, it can be seen from Fig. 5(a)
that shearing fracture is evident for n below ~1.0, with fracture
angles # spanning from ~40° to 70° with increasing 7 to ~1.0, as
shown in Fig. 6. Further increasing 7, e.g. n ~3.0, obvious plastic
deformation is generated in the amorphous Cu-Zr rather than the
Ag nanolayers, and microcracks are mainly initiated in Ag layers,
implying a brittle behavior of the crystalline Ag nanolayers with
thickness below ~50 nm [33]. Accordingly, the fracture mode is
then transformed to opening fracture with # close to 90° (see Fig. 6).

However, unlike Ag nanolayers, the crystalline Mo nanolayers
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Fig. 4. Experimental measurements on the 7-dependent tensile critical strain ec of
the Ag/Cu-Zr (upper part) and Mo/Cu-Zr C/ANLs (lower part).

themselves are hard and brittle compared to the amorphous Cu-Zr
layers. The SEM/FIB observations of Mo/Cu-Zr C/ANLs shown in
Fig. 5(b) unveil that the brittle Mo nanolayers always fracture firstly
[34] in the studied n-range at small strain due to the initiation of
microcracks at the crystalline Mo layers. Additionally, the amor-
phous Cu-Zr nanolayers exhibit limited plastic deformation,
implying that they cannot effectively block the propagation of
microcracks initiated in Mo due to the strong stress field intensity.
Thus, we always observe opening fracture for the whole range of 5
in Mo/Cu-Zr C/ANLs, seeing Fig. 5(b). Whereas, the fractural angle ¢
seems to show somewhat drop from ~90° at small 7 to ~82° at large
1 in the Mo/Cu-Zr C/ANLs, as shown in Fig. 6.

4. Discussion
4.1. Size- and constituent-dependent DID

Previous studies have clearly demonstrated that DID of MGs can
happen via stress-induced viscous flow during deformation in the
absence of substantial temperature increase, which is strongly size-
and stress state-dependent [21,25,31]. Specifically, our previous
work has illuminated that the thickness-dependent DID was
induced by the more STZs or atomic clusters in the thinner Cu-Zr
films/layers, which could act as the embryo crystallites for DID
[21]. In the present C/ANLs, we have to consider two heterogeneous
materials bonded together at the atomic level to create a tightly
contacted interface, i.e., the CAls. Upon loading, the image force is
unavoidably introduced in the C/ANLs due to the elastic modulus
mismatch between these two constituents, which certainly con-
tributes to the movement of dislocations near the CAls at the
nanoscale. During the plastic deformation, the amorphous Cu-Zr
layers are certainly constrained by the neighboring crystalline
layers, inducing the Koehler image force on the dislocations near to
interface [35]. Assuming that a dislocation having Burgers vector b
and a distance r from the CAI in crystalline layer, the resolved
shearing stress required to drive the dislocation into the interface
can be described as [35].

Rucb sin 6
4nr

Timage = (1)
where R = (ua-uc)/(ua+pc), pa and pc are the shear modulus of the
amorphous and crystalline materials respectively, and 6 is the
smallest angle between the interface and the glide planes of crystal.
The dislocation will be attracted from its image if R is negative, i.e.,
dislocations are susceptive to move across the CAI and be absorbed
by the amorphous layer, inducing more STZ-mediated operations
for the plasticity of amorphous layer. Conversely, a positive R im-
plies that the dislocations are hard to move across the CAI into
amorphous layer under the applied image force. Therefore, the DID
in amorphous Cu-Zr is closely related to the elastic modulus of the
crystalline counterparts.

For Ag/Cu-Zr C/ANLs, the emitted dislocations are inclined to
stay/glide in Ag layers due to the positive image force caused by the
smaller elastic modulus of Ag, thus the STZ-mediated plastic
deformation in amorphous Cu-Zr is weakly enhanced by the
dislocation interactions with the flow unit STZs, which could
facilitate the subsequent DID behavior. However, for Mo/Cu-Zr C/
ANLs, dislocations are strongly attracted by their images in the
amorphous Cu-Zr layers because of the larger elastic modulus of
Mo induced negative image force, and then a relatively large
amount of STZs can be activated by the stimulation of absorbed
dislocations for the nucleation of embryos, further promoting the
crystallization behavior. In addition, DID can also be rationalized
from the view of the stress field of an emitted dislocation, which is
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Fig. 5. Typical FIB cross-sectional images of the stretched Ag/Cu-Zr (a) and Mo/Cu-Zr (b) C/ANLs with n=0.3, 1.0, and 3.0, respectively. Sketches of the fracture mechanisms are
correspondingly given, showing a transition from shearing to opening fracture in Ag/Cu-Zr but an unchanged opening fracture in Mo/Cu-Zr C/ANLs.
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Fig. 6. Dependence of the fracture angle # on the modulation ratio 7 in the two C/ANLs.
The fracture mode transforms from shearing at small 7 to opening at large 7 for Ag/Cu-
Zr, yet always remains unchanged opening fracture in Mo/Cu-Zr C/ANLs.

proportional to the product of shear modulus uc and magnitude of
Burges vector b, i.e., ucb. That is to say, a greater value of ucb leads to

a stronger stress field. Once an emitted dislocation with a higher
stress field runs into the amorphous Cu-Zr layer, it could attract
more affinitive atoms in its stress field to adjust their positions for
atomic rearrangements [36,37], stimulating more STZs to
contribute to DID. Specifically, the dislocations could likely trigger
different sizes of discrete STZs, in which those operative STZ sizes
are dominated by the applied stress or the intensity of stress field
[38]. In other words, for a given C/ANLs there will be a critical STZ
size below which the STZs could rapidly relax comparing with the
loading rate and make a contribution to the inelastic response, yet
above which the STZs could essentially maintain their initial
configuration unless the applied stress increases large enough to
activate their rearrangement [39]. In Mo/Cu-Zr C/ANLs, the inter-
atomic interactions in a stronger stress field can activate relatively
more STZs but with smaller size, most of which can subsequently
relax quickly and promote the diffusion motion of the constituent
atoms. Thus, they will require less energy barrier for diffusion of an
atom transporting from the amorphous matrix to the crystal nuclei
or the precursor ordered clusters, inducing a higher nucleation rate
for beneficial DID. By contrast, in Ag/Cu-Zr C/ANLs a relatively small
amount of larger sized STZs can be triggered, most of which are
difficult to activate relaxation and diffusion effectively. These
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different micro-processes likely contribute to the observed dis-
crepancies in the fractions and sizes of nanocrystallites in amor-
phous Cu-Zr nanolayers. Therefore, one can claim that the
constituent dependent-modulus mismatch controls the DID pro-
pensity of different C/ANLs, and that STZ-mediated DID is more
favorable to occur in stretched Mo/Cu-Zr C/ANLs at a given 7.

The n-dependent DID can be understood in terms of the relative
thickness or fraction of the constituents. Under the applied strain,
the thicker crystalline layer could generate much more dislocations
due to the included more sources or defect sites. That is to say, at a
given C/ANLs, a greater thickness or fraction of metal nanolayers
with lower flow stresses due to larger grains supplies more dislo-
cations for the absorption by amorphous Cu-Zr nanolayers to
activate more STZs, leading to a higher propensity of DID in the
thinner amorphous Cu-Zr nanolayers. However, the monotonically
n-dependent DID observed in the present experiment is probably
caused by the fact that the stress field size is sufficiently smaller
than the amorphous Cu-Zr layer thickness. Once the stress field size
could be comparable or even larger than the amorphous layer
thickness with decreasing 7, there would be more dislocations
annihilating in the thinner amorphous nanolayers [12], rendering
more significant counterbalance of stress fields caused by disloca-
tions with opposite sign. In such a case, the stress field effect of
dislocations on DID could be remarkably suppressed, even no DID
might occur. This scenario is consistent with the findings in the
35 nm Cu/5 nm Cu-Zr C/ANLs without DID [12].

4.2. Size- and constituent-dependent tensile fracture behavior

The Ag/Cu-Zr C/ANLs manifest a non-monotonic n-dependent
ductility, while the fracture angle § monotonically increases with 7
increasing from 0.1 to 9.0, namely, these C/ANLs are more prone to
rupture in a shearing mode at smaller » and an opening mode at
larger 7. This is against the general belief that greater tensile
ductility leads to smaller fracture angles in the form of shearing in
nanolaminates [40,41]. By contrast, the Mo/Cu-Zr C/ANLs present a
gradually reduced 6 from ~90° to ~82° in the form of opening with
slightly increased e with increasing 7. These findings suggest that
constraining effects of nanocrystalline metals on amorphous Cu-Zr
can affect the microstructural evolution, thus influence the fracture
behavior of C/ANLs.

4.2.1. The coupling effects of DID and constraining on the tensile
ductility

Previous studies have uncovered that the ductility of monolithic
crystalline thin films (e.g. Cu) decreases with reduction in film
thickness, while the amorphous films just show the opposite trend
[21]. In the C/ANLs, their size-dependent ductility becomes
complicated due to the mutual constraining effects between the
constituents. Microcracks would be nucleated in either the crys-
talline (Ag or Mo) nanolayers or the amorphous Cu-Zr nanolayers,
relying on their relative ductility. However, the ductility of amor-
phous Cu-Zr nanolayers is significantly influenced by the DID
process, thus affecting the nucleation sites of microcracks. As dis-
cussed before, the DID in amorphous Cu-Zr nanolayers is achieved
by altering the stress field intensity of a dislocation caused by the
modulus mismatch at the CAls. In other words, a stronger stress
field due to larger elastic mismatch is more favorable to promote
DID. Therefore, the effect of the stress field of a dislocation on the
microcrack nucleation is stronger in Mo/Cu-Zr and weaker in Ag/
Cu-Zr at a given 7.

For the Ag/Cu-Zr C/ANLs, their non-monotonic dependence of
tensile ductility on the modulation ratio » (upper part of Fig. 4) can
be understood in terms of DID and the mutual constraining effect
between the crystalline and amorphous nanolayers. At small 5 ~0.1,

the thicker ductile crystalline Ag nanolayers and the (possible)
nanocrystallites in amorphous Cu-Zr nanolayers can suppress the
propagation of microcracks initiated in the thinner amorphous Cu-
Zr nanolayers [26,42], since the stress field intensity of the crack tip
is quite weak, resulting in higher ductility in C/ANLs. However, at
medium 7 (e.g. ~1.0), the crystalline Ag layers due to the insuffi-
cient volume become more brittle and harder to constrain the
microcracks propagation [43], and simultaneously the amorphous
Cu-Zr nanolayers with a higher fraction of nanocrystallites can only
contribute limited ductility. In such a case, microcracks can
simultaneously nucleate in both Ag and Cu-Zr nanolayers,
rendering the minimum ductility of C/ANLs due to loss of the
constraining effect. At large n ~9.0, the thicker amorphous Cu-Zr
layers with the assistance of DID could impose a constraining ef-
fect on microcracks initiated in brittle crystalline Ag layers, thus
exhibiting enhanced high ductility with further increasing 7.

By contrast, for the Mo/Cu-Zr C/ANLs, a unilateral constraining
effect is presented on the monotonic tensile ductility, shown as the
lower part of Fig. 4. Because the crystalline Mo nanolayers them-
selves are hard and brittle compared with the Cu-Zr amorphous
nanolayers, no mutual constraining effect is sustained. Instead,
there is only an exclusive constraining effect of amorphous Cu-Zr
on microcracks initiated in Mo layers in Mo/Cu-Zr C/ANLs. In such
a case, microcracks will be always initiated in the brittle Mo
nanolayers and propagate rapidly towards the CAIL At small 7, the
plastic amorphous Cu-Zr layer is so thin that it cannot block the
propagation of microcracks, because the stress field intensity of the
crack tip (proportional to the thickness of Mo layer) is large enough
to overcome its shielding effect [41]. However, with increasing 7,
the plasticity of amorphous Cu-Zr nanolayers likely increases with
the assistance of modest DID. Thus, the thicker amorphous Cu-Zr
layers with enhanced plasticity can somewhat impede the micro-
crack propagation due to the coupling effects of the reduced stress
field intensity of the crack tip in thin Mo layers and the nano-
crystallites induced by DID in amorphous Cu-Zr layers. Therefore, a
monotonic size-dependent ductility is observed in the Mo/Cu-Zr C/
ANLs that increases with increasing 7.

Generally, the activatable slip systems in FCC Ag are more than
that in BCC Mo, implying that the Ag could be more ductile than Mo
layers with the assistance of mobile dislocations for enhancing the
plastic deformation. Upon tension, the Ag layers not only can
manifest greater plastic deformability by the generation and
migration of dislocations, but also block the shear steps in amor-
phous Cu-Zr layers through the CAls, which play a vital role in
transferring plasticity between the two constituents and trigger
more homogeneous deformation in the amorphous Cu-Zr layers
[44,45]. Thus, for a given C/ANLs, the Ag/Cu-Zr exhibited higher
critical strain than that of Mo/Cu-Zr, as shown in Fig. 4. In addition,
through the uniaxial tension of amorphous Cu-Nb single layer film
and Cu/Cu-Nb C/ANLs with different constituent volume fraction on
polyimide substrates, Fan et al. [43,45] investigated the constraint
on amorphous layers by crystalline phase for enhancing the plas-
ticity. They found that increasing the fraction of crystalline phase or
decreasing the dimension of amorphous phase could effectively
improve the critical strain or plasticity of C/ANLs, i.e., size-
dependent tensile ductility, since a critical thickness of crystalline
layer is required to impede the incipient SBs in Cu-Nb layers.
Meanwhile, it was also demonstrated the transition of fracture
surface morphology from brittle featureless to column-like and
eventually ductile dimples (river patters) with increasing the vol-
ume fraction of Cu, corresponding to the transformation of fracture
behavior from brittleness to ductility. In fact, this transformation
was derived from the constraining effect of crystalline phase on the
amorphous phase.
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4.2.2. The coupling effects of DID and constraining on the fracture
modes

The fracture angle 6 in general reflects the constraining effect of
the ductile phase on the brittle phase in nanolaminated materials.
In crystalline/crystalline nanolaminates (C/CNLs), strong con-
straining of the ductile phase on the brittle phase often renders
shearing fracture with # approaching to 45° (in ductile nano-
laminates), whereas weak constraining usually leads to opening
fracture with # approaching to 90° (in brittle nanolaminates) [41].
The tensile ductility and fracture angle are mutually exclusive to
each other, i.e., the higher ductility the smaller the fracture angle is
in C/CNLs, such as Cu/Zr, Cu/Nb and Cu/Cr [40,41]. However, in the
present C/ANLs, two striking features different from that of C/CNLs
are observed due to the occurrence of DID: (i) For Mo/Cu-Zr C/ANLs,
the enhanced fracture strain relates to the reduced fracture angles,
but the fracture mode remains opening in the studied 5 range. (ii)
For Ag/Cu-Zr C/ANLs, higher ductility not only occurred with
smaller fracture angles at 7 < 1.0, but also with larger fracture an-
gles at n> 1.0. Next, we explain these two features in light of the
coupling effects of DID and constraining.

Firstly, consider the effect of DID from the perspective of stress-
affected zones (SAZ) of the crystalline particles, which could pro-
duce significant effects on the plasticity of C/ANLs and the propa-
gation direction of microcracks. We can assume that every
crystalline particle regularly embedded in the amorphous Cu-Zr
nanolayers is surrounded by a SAZ of width w, spaced by the dis-
tance L to an adjacent SAZ. For the uniformly distributed nano-
crystallites in the amorphous matrix, L can be expressed as

L=1/{/fc/(wd3/6) —w by considering a cubic shape with a unit
length, where f; is the nanocrystallization fraction and d. is the
diameter of the nanocrystallite, see the sketches in Fig. 7(a). For a
dilute nanocrystallite distribution (L>w), the shear bands are
prone to propagate along the direction of maximum shear stress
(~45°), since the spacing L is large enough so that the SAZs cannot
produce interaction with the shear bands to disturb their propa-
gation, therefore the nanocrystallites almost have no blocking ef-
fect on the propagation of shear bands. This situation is consistent
with the shear fracture mode of single layer amorphous Cu-Nb
films through the formation of SBs [43]. While for a larger popu-
lation of SAZs (w > L > 0), the shear bands would repeatedly deflect
from the maximum shear stress direction under the influence of
SAZs. Consequently, the ductility of the amorphous nanolayer will
be enhanced under this condition and the fracture angle is larger
than 45° but smaller than 90°, as displayed in Fig. 7(a). As the
crystallization behavior aggravates so that the SAZs start to overlap,
i.e. L <0, the shear bands affected by SAZs will be prone to prop-
agate confined through these weakest regions between two adja-
cent SAZs, oriented along the direction almost perpendicular to the
loading axis. Taken together, as shown in Fig. 7(b), the shearing
fracture of an amorphous layer occurs in region I and II with the
corresponding fracture angle # spanning from ~45° to ~90°, and the
opening fracture prevails in region Il with 6 ~90°. However, the
enhancement of ductility due to DID only occurs in region IL

In what follows, we elucidate the fracture of the two C/ANLs
based on this concept. For the Ag/Cu-Zr C/ANLs, as shown in
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Fig. 7. (a) Schematic diagram on the propagation direction of the microcracks at different size L in the amorphous nanolayer. The fracture angle § is prone to align along the
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Fig. 5(a), at large n ~9.0, the thicker amorphous Cu-Zr layers with
relatively smaller crystallization percentage f. exhibit ductile
shearing deformation, while the microcracks initiated in the
thinner crystalline Ag layers could propagate slowly into the
amorphous layers almost without suffering from blocking effects of
nanocrystallites. Once the amorphous Cu-Zr layer is unable to
balance the growing energy ahead of the microcrack tip upon
progressively applied stresses, the microcracks will penetrate into
the Cu-Zr layers and trigger opening fracture with angle 6 close to
90°, but apparent tensile ductility. By contrast, the amorphous Cu-
Zr nanolayers at 1 ~1.0 exhibit limited plastic deformation capacity
associated with excessive DID, while the crystalline layers still
could initiate microcracks easily at this size. These two factors along
with the weak blocking effect of nanocrystallites render a slightly
inclined shearing fracture angle (~72°) but inferior ductility in C/
ANLs. For the small  ~0.1, the propagation of microcracks initiated
in the thinner/brittle Cu-Zr nanolayers is shielded by the thicker/
soft crystalline nanolayers, which exhibit evident plastic defor-
mation, finally resulting in a typical shearing fracture with 6 ~45°.
Considering the Mo/Cu-Zr C/ANLs, due to the exorbitant DID
behavior in the amorphous Cu-Zr layers (L <0) and the brittle
crystalline Mo layers, there will always be opening fracture mode at
different 7 (see Fig. 5(b)), accompanying poor ductility. Therefore,
although the amorphous Cu-Zr layers in Mo/Cu-Zr present more
significant DID, the nanocrystallites in the amorphous Cu-Zr layers
likely weaken the plasticity for the structural inhomogeneity once
the volume fraction of nanocrystallites is above a certain level
[29,46], referring to Fig. 7. Actually, severe nanocrystallization
would induce a reduction in free volume in amorphous Cu-Zr
layers, which in turn renders the disordered amorphous layers
lose the capability for cooperative plastic flow. Particularly, when
excessive nanocrystallites are distributed in the amorphous layers,
microcracks are prone to initiate at the weakest overlapping re-
gions of the SAZs [46], deteriorating the ductility. Instead, the
moderate nanoparticles formed during the subsequent deforma-
tion of amorphous Cu-Zr layers not only release the internal stress,
but also blunt the crack tips to obstruct their further propagation
[26], facilitating improvement of plasticity.

5. Conclusions

This work systematically investigated the microstructure evo-
lution, tensile ductility and fracture mode of Ag/Cu-Zr and Mo/Cu-
Zr crystalline/amorphous nanolaminates (C/ANLs) under different
constituent constraining conditions. Experimental results demon-
strate that the deformation-induced devitrification (DID) in C/ANLs
is tunable via controlling the elastic modulus mismatch between
the constituent materials and the amorphous layer thickness. This
DID mechanism is qualitatively elucidated in terms of the stress
field of an emitted dislocation near the CAls and the image force
between the constituents.

The fracture behavior of the C/ANLs is closely related to the DID
process in amorphous Cu-Zr layers and the constraining effects
between constituent nanolayers. The DID marginally emerging in
the C/ANLs systems with small elastic modulus mismatch could
promote their subsequent plasticity due to the effective blocking of
the nanocrystallites in amorphous Cu-Zr layers and the ductile
crystalline layers on microcracks, such as Ag/Cu-Zr. However, the
DID prominently emerging in the C/ANLs with large elastic
modulus mismatch deteriorates their subsequent plasticity
because of the inferior constraining effect of the excessive nano-
crystallites and the brittle crystalline layers, such as Mo/Cu-Zr. Our
findings provide a valuable avenue to design high performance
crystalline/amorphous composites from the perspective of the
constraining effect of a crystalline on the amorphous phase.
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