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Abstract

Introducing a soft crystalline phase into an amorphous alloy can promote the compound’s ductility. Here we synthesized multilayered
nanolaminates consisting of alternating amorphous CusyZr4s and nanocrystalline Cu layers. The Cu layer thickness was systematically
varied in different samples. Mechanical loading was imposed by nanoindentation and micropillar compression. Increasing the Cu layer
thickness from 10 to 100 nm led to a transition from sharp, cross-phase shear banding to gradual bending and co-deformation of the two
layer types (amorphous/nanocrystalline). Specimens with a sequence of 100 nm amorphous Cus4Zr4 and 50 nm Cu layers show a com-
pressive flow stress of 2.57 + 0.21 GPa, matching the strength of pure CuZr metallic glass, hence exceeding the linear rule of mixtures. In
pillar compression, 40% strain without fracture was achieved by the suppression of percolative shear band propagation. The results show
that inserting a ductile nanocrystalline phase into a metallic glass prevents catastrophic shear banding. The mechanical response of such

nanolaminates can be tuned by adjusting the layer thickness.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The plastic deformation of metallic glasses profoundly
differs from that of crystalline materials due to the absence
of long-range atomic periodicity. While plasticity of crystals
is mainly achieved by dislocations, metallic glass is
deformed through shear transformation zones [1]and shear
bands [2]. Shear bands nucleate and propagate unpredict-
ably upon yielding, accompanied by strain softening and
catastrophic failure [3]. This impedes the widespread use
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of metallic glasses as structural materials, even though they
possess some superior physical [4], chemical [5,6] and
mechanical properties such as high strength [7,8] and high
hardness [9] when compared to crystalline matter.

An important approach to increasing the ductility of a
metallic glass is to introduce a softer crystalline phase into
it [1]. This approach works for Zr-based [10] and Cu-based
[11] bulk metallic glasses. The soft crystalline phase is
assumed to act as an absorber for deformation localization.
It arrests the shear band and disperses the stress, either by
dislocation slip or phase transformation. However, a
systematic study of the effects of size, shape and volume
fraction of the soft crystalline phase on the shear band
controlled deformation has not been conducted due to
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the difficulty of synthesizing well-defined amorphous/crys-
talline composites.

Another way to enhance the plastic deformation of
metallic glasses, besides inserting crystalline portions, is
shape confinement: A decrease in the aspect ratio of the
sample (i.e. samples with small dimensions in the directions
perpendicular to the applied load) generates interacting,
deflected shear bands with a wavy shape [12]. Previous
works revealed the role of shape confinement in plasticity
enhancement [13] or even fracture prevention [12,14]. It
was also found that reducing the sample size changes
the deformation mode of metallic glasses at the sub-
micrometer scale [15]. Instantaneous propagation of shear
bands can be effectively suppressed, resulting in a transition
from highly localized shear banding to more homogeneous
deformation under uniaxial compression. For example, a
Zr-based metallic glass has been reported to be “strong
yet ductile” when probed at pillar size diameters of
100 nm [16]. Such apparent strength increase of metallic
glasses by size reduction can also originate from experi-
mental factors. Therefore, these phenomena require more
clarification.

Some pure nanocrystalline (nc) materials probed in sub-
micron scale mechanical experiments indeed exhibit a dif-
ferent trend. For example, Jang and Greer [17] studied
Ni pillars with a grain size of 60 nm and micro-pillar diam-
eters between 600 and 2500 nm. They found that pillars fol-
lowed a “smaller is weaker” trend, caused by the increasing
surface-dominated dislocation motion. They attributed this
to a transition from dislocation-driven deformation in lar-
ger pillars to grain-boundary-mediated deformation in
smaller pillars. In view of these two different observations,
the question arises whether the deformation behavior is
dominated by the nc phase or by the glassy phase in the
case of a composite containing both glassy and nc portions
at the sub-micron scale.

These two ideas, namely promoting ductilization by
amorphous—crystalline composite design and by size con-
trol, motivated us to synthesize a multilayered glass-
containing composite with confined metallic glass fractions.
The aim is to investigate the mechanical response and the
governing deformation mode of such materials at the
sub-micron scale.

Recently, investigations on such amorphous/nanocrys-
talline (am/nc) CuZr/Cu multilayers (also referred to as
nanolaminates) have attracted considerable interest
[18-22]. These earlier works showed that the phase frac-
tions can be tuned by controlling the layer thickness. For
example, Kim et al. [20] studied 112 nm CuZr/16 nm nc
Cu multilayers and found an enhanced maximum strength
by adding nc Cu layers. Liu et al. [19] found that 500 nm
CuZr/500 nm Cu nanolaminates exhibit a strong barreling
effect (preferential deformation) of the nc Cu layers,
whereas 100 nm CuZr/100 nm Cu nanolaminates showed
higher strain compatibility. Zhang et al. [18] deformed
CuZr/Cu (am/nc) nanolaminate pillars with equal layer
thickness from 5 to 50 nm and observed a transition from

pronounced shear-banding to homogeneous deformation
with increasing layer thickness. The above studies revealed
that a multilayer structure consisting of an amorphous and
a crystalline phase may suppress percolative and hence cat-
astrophic shear bands and enable plastic co-deformation of
the abutting phases if the layer thickness is carefully tuned.
While it is clear that changing the layer thickness allows
optimizing the mechanical response, the underlying reason
for the optimal thickness of the layers has yet to be identi-
fied. Additionally, in crystalline/crystalline nanolaminates
it was found that the yield stress increases when the layer
thickness decreased due to “confined layered slip” [23]. In
the am/nc case, however, modifying the Cu layer thickness
changes not only the stress in the Cu layer but also the
stress state in the glassy phase fraction. The influence of
the nc Cu layer thickness on the shear band morphology
at small length scales is not yet clarified and will be also
addressed in this work.

Therefore, in this work, amorphous CuZr/nc Cu nan-
olaminates with varying Cu layer thickness were synthe-
sized. We first used nanoindentation testing to study the
mechanical response of these multilayers. Also, we fabri-
cated micron- and submicron-scale pillars to study the
effect of the crystalline (Cu) layer thickness on the deforma-
tion behavior of these nanolaminates. Based on the exper-
imental observations, we study the deformation behavior
as a function of the intrinsic Cu layer thickness and also
of the extrinsic pillar size effect.

2. Experimental procedures
2.1. Material synthesis of the aminc laminates

Amorphous CuZr/nc Cu nanolaminates were deposited
on Si (100) wafers by direct current magnetron sputtering.
Targets of pure Cu (99.99%) and Zr (99.99%), each 5.08 cm
in diameter, were used to deposit alternating layers of
amorphous CuZr layer and pure nc Cu layers. The base
pressure was <10’ mbar and the processing pressure
was 3 x 107 mbar using pure Ar gas. The substrate
rotated at a frequency of 10 min™'. Three kinds of nanola-
minates with different layer thickness were prepared,
namely, 100 nm CuZr (amorphous)/10 nm nc Cu (referred
to as MS10), 100 nm CuZr (amorphous)/50 nm nc Cu
(MS50) and 100 nm CuZr (amorphous)/100 nm nc Cu
(MS100). The total stacked thickness of the CuZr/Cu mul-
tilayer compounds is ~1200 nm with an amorphous CuZr
cap layer. The structure of the as-deposited thinfilms was
characterized by X-ray diffraction (XRD; Bruker D8 dif-
fractometer), field-emission scanning electron microscopy
(SEM; FEI Helios Nanolab 600) and transmission electron
microscopy (TEM;J EOL JEM-2200FS).

2.2. Nanoindentation tests

The hardness and indentation modulus of the multilay-
ers were measured with a diamond Berkovich indenter tip
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in conjunction with a load and depth sensing nanoindenter
system (Hysitron Tribolndenter 800). The indentation
depth amounted to ~5-15% of the total film thickness. A
minimum of 12 indents were performed on each specimen
to obtain averages and standard deviations for hardness
and reduced modulus. Fused silica was employed for tip
area function calibration according to the method of Oliver
and Pharr [24]. The Young’s modulus of the (100) Si sub-
strate assumed in the analysis is 130 GPa [25] and its Pois-
son’s ratio is v,; = 0.278 [26]. From the literature [27,28],
the Young’s modulus of nc Cu is taken as 108-128 GPa
and that of pure CuZr metallic glass as 84 GPa. The
Young’s modulus of the sputtered CuZr/Cu multilayers,
as determined by wusing King’s method [29] was
~100 GPa. The value varied slightly with the thickness of
the Cu layer, i.e. 100 +£2 GPa for MS10 and MS50 and
98 + 2 GPa for MS100, respectively.

2.3. Micropillar compression tests

To explore the mechanical properties of the multilayers,
pillars with initial diameters (®) between ~300 and
~2000 nm were fabricated using a dual-beam focused ion
beam (FIB) system (FEI Helios Nanolab 600) operated
at a final beam current of 86 pA and a constant accelerat-
ing voltage of 30 kV. The pillars were inside a 25 um-
diameter crater, leaving enough space for the 10 um-diameter
diamond flat punch to avoid simultaneous contact with
surrounding bulk and the pillar. The pillar compression
tests were conducted in a nanoindentation system (MTS
nanoindenter G200). In order to achieve an approximately
constant strain rate in the elastic regime up to the yield
point, the loading rate for each pillar was scaled with its
diameter to give a constant engineering stress increase rate
of 7 x 10*Pas™! with loading rates ranging from 6 to
300 uN's~'. The displacement during the compression
was recorded at a frequency of 50 Hz. After reaching the
preset maximum displacement, a 10s holding segment
followed. Unloading was done at the same rate as loading.
The morphology of the pillars after deformation was
further examined by SEM.

The engineering stress, ¢ = F'/4y, was calculated from
the measured force F and the pillar cross-sectional area
Ao at 20% of its height away from the top of the pillar
(deformation was confined to the top due to the tapered
geometry). To avoid an ambiguous determination of a first
deviation from linear elasticity (yield stress) and reduce the
influence of early plasticity and the artificial, i.e. geometric,
work-hardening due to the tapered geometry, we select 5%
plastic strain as a compromise to determine the flow stress.
For calculating the engineering strain, the displacement
was firstly corrected by using Eq. (1) [30,31]:

(1—v)P (1—v)
L= Lmedé‘ Eidi Esidsi (1)
where P is the applied load and d; and d;; are the diameters
of the pillar top and bottom, respectively. E; and E; are the

Young’s modulus of diamond (1220 GPa [32]) and of the
(100) Si substrate (130 GPa [25]), respectively. V;=~ 0.2
and V;=0.278 [26] are the Poisson’s ratio of diamond
and of the Si substrate, respectively. The engineering strain
is obtained by dividing the corrected displacement over the
film thickness.

3. Experimental results
3.1. Microstructure analysis

The XRD patterns of the as-deposited CuZr/Cu nanola-
minates (see Fig. 1) reveal that the thickness increase of the
Cu layers matches the intensity increase of the Cu (111), Cu
(200) and Cu (222) peaks. Comparing the ratio of the (200)
and (222) XRD intensities in the CuZr/Cu nanolaminates
with that in pure Cu shows that the as-deposited layers
are textured with a majority of the crystals oriented with
their {111}-planes in the layer plane. This is confirmed
by selected area diffraction patterns (SADP, see inset in
Fig. 2a). The extra (111) spots in reciprocal space indicate
the existence of nanotwins. Cross-sectional microstructures
of the nanolaminates were examined in detail. A represen-
tative bright field TEM micrograph of MS50 (Fig. 2a)
shows a drastic contrast difference between the amorphous
CuZr layer and the nc Cu layer, clearly revealing the lay-
ered structure. The double spots around (111) in the inset
SADP and fringes in the dark grains (the ones in Bragg
condition) indicate (111) nanotwins in the as-deposited
state, which is common in magnetron sputtered Cu thin
films [33]. High resolution TEM images (Fig. 2b) show that
neither crystalline phases in the amorphous layer nor tran-
sitional crystalline structures at the am/nc interfaces are
present. The chemical composition of the materials was
determined by atom probe tomography (LEAP 3000X
HR, Cameca Instruments). The results show that the Cu
concentration is 54.2 + 0.3 at.% in the amorphous CuZr
layer and 99.2 4+ 0.5 at.% in the nc Cu layer.
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Fig. 1. XRD patterns ... for the amorphous (am) CuZr/nanocrystalline
(nc) Cu nanolaminates ... and the pure Cu film.
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(b)

Fig. 2. Representative TEM image (a) and HRTEM image (b) of 100 nm amorphous CuZr/50 nm nc Cu nanolaminates. The SADP inset in panel (a)
reveals the existence of a (111) texture and nanotwins in the Cu layers in the as-deposited state. The insets in panel (b) show the fast Fourier transform
(FFT) from two regions of interest, R1 (in the amorphous layer) and R2 (in the nc layer).

3.2. Nanoindentation results for the aminc laminates

Representative loading/unloading curves and the corre-
sponding hardness of the am/nc CuZr/Cu nanolaminates
are summarized in Fig. 3 for different penetration depths.
No obvious “pop-in” (strain burst) events were detected
in the load—displacement curves, indicating that no cata-
strophic shear bands occur during loading [22]. Table 1
summarizes the nominal hardness values derived from
~10% penetration depth of the film thickness (data from
3 mN load). We find the trend of a decreasing hardness
level as a function of an increasing Cu layer thickness
and Cu volume fraction in the laminates.

The cross-sectional samples of MS10 and MS50 after
5mN indentation were cut by FIB for subsequent SEM
and TEM probing. Fig. 4 shows a series of micrographs
with increasing magnification in the indented sample
MSI10. Fig. 4a shows, as marked by red arrows, that the
glass layers are locally deformed along the plane of maxi-
mum shear load. The localized stress cannot be dissipated
by the top Cu layer alone; hence the load is transmitted
to the layers beneath. The layered morphology remains
intact along the shear plane, with no apparent discontinu-
ities or cracks. This indicates that even Cu layers with only
10 nm thickness can suppress catastrophic shear band fail-
ure of the metallic glass matrix. This is fully consistent with
the observed absence of pop-in or pronounced strain burst
events when the MS10 samples are subjected to nanoinden-
tation. The Cu layer away from the kinked region under-
goes a strain below ~0.3 in the layer thickness direction,
while the strain around the kinked region is above 0.8 in
layer thickness direction. Fig. 4c shows a higher resolution
image of this sheared region: the Moiré fringes [34] indicate
that there are many dislocations located in this region,
accommodating the shear, and that the Cu layer is prefer-
entially thinned. However, for the unstrained portion of
the nc Cu layer next to the shear band, the thickness

remains ~10 nm, suggesting that intra-layer slip in Cu does
not contribute much to the overall laminate deformation.

Fig. 5 shows a cross-sectional TEM micrograph of sam-
ple MS50 after 5 mN loading. In contrast to sample MS10,
no plastic instability was observed. Instead, the Cu layer
tends to rotate to comply with the local load. Apparently,
the two different layers were co-deformed, as shown by the
thickness reduction of both the nc Cu and the amorphous
layer in Fig. 5b. The variance in thickness reduction at dif-
ferent positions arises from the inhomogeneous deforma-
tion state below indents. The absence of preferential
thinning of the Cu layers and the absence of shear bands
indicate a homogeneous deformation of the CuZr layer
for this sample.

3.3. Pillar compression testing of the aml/nc laminates

3.3.1. Intrinsic size effects

Fig. 6d shows the engineering stress—strain curves from
the pillar compression tests for the three sample types.
From the literature, the stress—strain curves of a fully
amorphous homogeneous CuZr pillar [18] and of a fully
nc Cu pillar [35] are also shown for comparison. Sample
MS10 reveals pronounced discrete plastic strain bursts, a
behavior typical of sub-micron metallic scale pillars [36]
and of metallic glasses strained at room temperature [37].
Here three short strain bursts are indicative of the propaga-
tion of shear bands or the repeated propagation of one
shear band [38]. The bands extend from the top of the
pillars, owing to their tapered geometry (top 600 nm, bot-
tom 800 nm). These shape-driven shear bands can propa-
gate and penetrate the Cu and the amorphous CuZr
layers, Fig. 6a.

The compressed MS50pillar shows only two well-
defined shear bands nucleated in the amorphous layer.
They do not penetrate the underlying Cu layer but remain
confined inside the amorphous zone. Accordingly, the
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Fig. 3. (a) Nanoindentation load—displacement curves for three different
CuZr/Cu nanolaminates: MS10 (100 nm amorphous CuZr/10 nm nc Cu),
MS50 (100 nm amorphous CuZr/50 nm nc Cu) and MS100 (100 nm
amorphous CuZr/100nm nc Cu). (b) Plot of loading hardness vs.
indentation maximum load for the same three CuZr/Cu nanolaminates.
Also shown in this figure are published nanoindentation hardness values
of an amorphous CusyZr,e film [9] and a nc Cu film.

Table 1

Hardness measured by Berkovich indentation in different nanolaminate
systems: MS10 (100 nm amorphous CuZr/10 nm nc Cu); MS50 (100 nm
amorphous CuZr/50 nm nc Cu); and MS100 (100 nm amorphous CuZr/
100 nm nc Cu).

MS100
3.83+0.03

MSI10
5.42+0.03

MS50
4.50 +0.04

Material system
Hardness (GPa)

stress—strain curve does not show significant strain bursts,
Fig. 6d. This means that each shear band event in sample
MS50 released less elastic stored energy than a correspond-
ing event in sample MS10. We choose the stress at 5%
plastic strain to compare the flow stress of different mate-
rial systems. Interestingly, the flow stress of sample MS50
is comparable with that of sample MS10, indicating that
the amorphous/crystalline interfaces are characterized by
a certain strengthening plus confinement effect.

W. Guo et al. | Acta Materialia 80 (2014) 94-106

Sample MS100 has a flow stress of 1.72 GPa, mainly due
to preferential deformation of the Cu layers, as revealed by
their slight individual barreling, Fig. 6¢c. As the strain
increases, strong work-hardening occurs, due to the high
work-hardening capacity of nc Cu. Also, the topmost amor-
phous CuZr layer deformed homogeneously, expanding its
diameter from ~600 to ~700 nm. When compared to the
stress—strain curve of the nc Cu pillars (data taken from
Ref. [35]), the MS100 nanolaminate pillar shows no signifi-
cant strain bursts, indicating more homogeneous deforma-
tion of the latter sample. Although the flow stress of the
MS100 pillar is below that of the samples MS10 and
MS50, it is still much higher than that of pure nc Cu, Fig. 6d.

3.3.2. Extrinsic size effects

2 um diameter pillars were fabricated for each of the
multilayer samples. Fig. 7 shows a 52° tilted SEM image
of the 2 pm diameter pillars deformed to ~40% strain
(MS50, MS100). Sample MS50 shows multiple shear bands
at the pillar surface, Fig. 7a. Most of the shear bands are
either deflected or “captured” by the Cu layers, but a few
of the bands penetrate through multiple layers. Accord-
ingly, the plateau after yielding in the stress—strain curve
(stage IT in Fig. 7d) indicates that there is no work-harden-
ing during further plastic deformation. For sample MS100,
there are no visible shear bands on the entire pillar surface.
As the deformation of the pillar increases, barreling of the
entire nanolaminate occurs, but there is no obvious extru-
sion of the copper layers. This indicates that no preferential
deformation of the nc Cu layers takes place.

Fig. 8 shows the effect of the pillar diameter on the
deformation behavior of the three types of nanolaminates.
For the MS10 pillars, Fig. 8a—c shows that few large shear
bands control the deformation of the pillars for all sizes.
For the smallest MS50 and MSI100 pillars (300 nm,
Fig. 8d and g), strong barreling of the Cu layers is
observed. However, the barreling of the Cu layers
decreases with the increase in pillar size, suggesting more
deformation and dislocation interactions within the Cu
layer and also enhanced strain compatibility between the
nc and amorphous layers. For larger pillar sizes (900 nm,
Fig. 8f), the shear bands are either deflected or absorbed
by the underlying Cu layers. More confined shear bands
with length scales close to the amorphous layer thickness
are formed for strain accommodation. For the large pillars
in the MS100 samples, the absence of shear steps and the
diameter changes after deformation indicate a more homo-
geneous co-deformation [11-13].

The compressive stress—strain curves for the pillar com-
pression tests are shown in Fig. 9. The strong barreling
observed for the large pillars and the associated increase
in the cross-sectional area lead to a high unloading modu-
lus and will not be further analyzed here. However, the
flow stress values taken at 5% flow strain are rather reliable
in describing the stress state of the pillars. When the pillar
diameter is reduced from 2000 to 750 nm, the flow stress of
the MS10 pillars firstly decreased from 3.01 to 2.25 GPa.
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Fig. 4. Micrographs of a 100 nm amorphous CuZr/10 nm nc Cu nanolaminate (MS10) after 5 mN nanoindentation. (a) SEM backscattered electron
image. The arrows show the plastic instabilities at necked regions in the Cu layers. (b) Bright field TEM images of a shear band region. (c) High resolution
TEM image of the region marked red in (b), together with a FFT of the region marked in white. The location of several dislocations is indicated close to
the necked region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

AR W e .

100 nm m h’

Fig. 5. TEM micrographs of a 100 nm CuZr/50 nm nc Cu nanolaminate (MS50) after 5 mN nanoindentation. (a) Dark field TEM micrograph. (b) Bright
field TEM micrograph from the region marked in red in (a) showing co-deformation of both the amorphous CuZr layers and the nc Cu layers in the
absence of visible shear bands. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

As the pillar diameter further shrinks to 300 nm, the flow
stress increases to 2.62 GPa. The same trends are also
observed in samples MS50 and MS100 when decreasing
the pillar size from 2000 to 300 nm.

4. Discussion
4.1. Intrinsic size effects

4.1.1. Flow stress anisotropy and nanotwins

Fig. 10 summarizes the flow stress values obtained from
both the pillar tests (using ~8% strain offset; symbols) and
the nanoindentation tests where the flow stress was
calculated as hardness/2.7 (dotted lines) [23]. The flow

stress derived from indentation is smaller than the flow
stress measured by uniaxial compression. A possible rea-
son for this is the difference in strength of the hetero-
interfaces when exposed to different types of stress states.
If we correlate previous TEM observations with the
hardness decrease upon increasing indentation depth, we
conclude that the am/nc interface plane is relatively weak
when exposed to shear. Hence, rotation of the interface
regions may facilitate interfacial slip. The strain would
then be localized inside the interface region, resulting in
work-softening, such as observed for the nanolaminates
at high strain.

Another possible explanation involves
nanotwins that may contribute to

the {111}
out-of-plane
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MS 10:100 nm CuZr (amorphous)/ 10 nm nc-Cu
MS 50:100 nm CuZr (amorphous) / 50 nm nc-Cu
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Fig. 6. (a—) 52°-tilted SEM images of ~600 nm diameter pillars before and after compression. (a) 100 nm amorphous CuZr/10 nm nc Cu (MS10). (b)
100 nm amorphous CuZr/50 nm nc Cu (MS50). Note the shear bands indicated by red arrows in the inset. (¢) 100 nm amorphous CuZr/100 nm nc Cu
(MS100). (d) Corresponding stress—strain curves of the pillars compressed to 15-20% strain. Also shown in this figure are published stress—strain curves of
amorphous CuZr [20] and nc Cu [37] compressed pillars with similar pillar diameter. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

deformation in the as-deposited nc Cu layers. You et al.
[39] studied nanotwin-induced plastic anisotropy in direct
current electrodeposited nc Cu sheets by changing the
loading direction with respect to the twin planes. They
found that when the uniaxial stress was employed either
perpendicular or parallel to the twin planes, it would trig-
ger a “hard mode” slip situation, where the dislocation
slip plane is inclined towards the twin boundaries and
hence dislocations experience higher flow resistance,
Fig. 11. However, if the loading direction is 45° relative

3

to the twin boundary plane, “soft mode” slip is enabled,
where dislocations move parallel to the twin boundaries,
leading to a low flow stress. Such anisotropy associated
with dislocation slip in nc Cu was also reported elsewhere
[40-42]. In the current uniaxial compression tests, when
the compression axis is perpendicular to the {111} twin
boundaries, the {111}(110) hard mode slip is active, i.e.
twin boundaries tend to act as slip barriers against dislo-
cation glide. In our Berkovich nanoindentation tests, the
65.3° tool angle promotes a higher load component at
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Fig. 7. (a—) 52°-tilted SEM images of ~2 um diameter pillars after compression. (a) 100 nm amorphous CuZr/50 nm nc Cu (MS50). (b) 100 nm
amorphous CuZr/100 nm nc Cu (MS100). (c¢) Cross-section view of MS50 after compression cut approximately at the location indicated in (a).
(d) Corresponding stress—strain curves of pillars compressed to 40-50% strain. Note that the fracture strain of these two laminates would be higher based
on the SEM morphology.
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Fig. 8. Representative 52°-tilted SEM images of pillars after 15-20% strain in uniaxial compression test. (a—c) MS10 (100 nm amorphous CuZr/10 nm nc
Cu) pillars with different diameters show shear deformation with a limited number of shear bands. (d-f) MS50 (100 nm amorphous CuZr/50 nm nc Cu)
pillars show a transition from slight extrusion of Cu layers to co-deformation of both CuZr and Cu layers as the pillar size increases. (g-i) MS100 (100 nm
amorphous CuZr/100 nm nc Cu) pillars exhibit the same trend as MS50. However, no shear bands are visible in the amorphous CuZr layers.
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Fig. 9. Engineering stress-strain curves for pillars with different extrinsic and intrinsic size scales. (a) MS10 (100 nm amorphous CuZr/10 nm nc Cu)
pillars. (b) MS50 (100 nm amorphous CuZr/50 nm nc Cu) pillars. (¢) MS100 (100 nm amorphous CuZr/100 nm nc Cu) pillars. The numbers above the
curves indicate the pillar diameters before deformation. Note that the curves have been shifted along the abscissa for improved clarity.

45° to the twin boundary plane, so that “soft mode” dis-
location slip is favored. Then, more dislocations glide
along the twin boundaries instead of being blocked by
them. Hence, dislocation glide in the nc Cu layers is easier
in nanoindentation than under uniaxial compression,
Fig. 10.

Fig. 11 gives an example of the nanotwin alignment and
of the high nanotwin density observed inside the Cu layer
in sample MS10. The average twin spacing amounts to
~5 42 nm in samples MS10 and MS50 and 7 + 3 nm in
sample MS100. This means that the nanotwin spacing does
not change substantially with the Cu layer thickness. This
is plausible since the same deposition conditions were
employed for all samples.

4.1.2. Confined layered slip and effect of Cu layer thickness

The high flow stress of am/crystalline nanolaminates
results in part from the hetero-interfaces confining disloca-
tion slip inside the nc Cu layers. In laminates composed of
soft/ductile layers and hard/brittle phases, plastic flow is
initially governed by the soft/ductile phase [23,43.44]. In
the present case, the stress required by a single dislocation
for gliding inside one of the Cu layers can be expressed
through the confined layer slip (CLS) model as:

YL *h (4 — ah'  f wh

O = Mgy <1 - v>lnb AT @)
where M = 3.7 is the Taylor factor of the {111} textured
Cu, / is the Cu layer thickness, 4’ = ﬁ is the thickness of
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Fig. 10. Dependence of flow stress on extrinsic and intrinsic size effects in
amorphous CuZr/nc Cu nanolaminates. The flow stress values were
obtained both from the pillar tests (~8% strain offset; full symbols) and
also from nanoindentation tests, where the flow stress was calculated as
hardness/2.7 (dotted lines). We studied three different materials systems:
MS10 (100 nm amorphous CuZr/10 nm nc Cu), MS50 (100 nm amor-
phous CuZr/50 nm nc Cu) and MS100 (100 nm amorphous CuZr/100 nm
nc Cu). The samples exhibit no extrinsic pillar size effect.

the layer parallel to the glide plane, 0 is the angle between
the slip plane and the interface, b = ~0.2556 nm is the
magnitude of the Burgers vector, v ~ 0.343 is the Poisson
ratio of Cu and u* is the effective shear modulus of the
(111) Cu layer. The geometrical factor o ~ 0-1 represents
the core cut-off parameter and contains the contribution
of the extrinsic size constraint effect on the layer strength;
is the mean spacing of glide loops in a parallel array; and
£~ 0.5-1.1 Jm~? is the characteristic am/crystalline inter-
face stress [45]. When inserting o« =0.6, L=12.5nm,
" =30.6 GPa and f= 0.6 m ? into Eq. (2), a stress level
as shown in Table 2 results for the CLS model. The pre-
dicted values, 2.38 GPa for sample MS50 and 2.00 GPa
for MS100, generally agree with the flow stress measured
in the pillar compression tests. However, the value

suggested by the CLS model for sample MSI10 is
4.40 GPa, i.e. it strongly overestimates the flow stress level
observed experimentally, namely, 2.37-3.01 GPa. We inter-
pret this deviation in terms of a transition from the disloca-
tion-dominated CLS mechanism for the case of the thicker
Cu layers to a co-deformation mechanism where shear
band penetration initiated by the amorphous phase pre-
vails when the Cu layer thickness is reduced down to
10 nm. This means that those samples with the largest vol-
ume fraction of amorphous phase are prone to develop
shear bands that can more easily intersect numerous nc
Cu layers. When increasing the nc Cu layer thickness, how-
ever, such multi-layer penetration of shear bands is reduced
[46]. Therefore, we propose that the MS10 specimens are
prone to develop shear bands that penetrate numerous lay-
ers. The morphology of such shear bands is parallel to
those observed in monolithic metallic glasses. Generally,
the Cu layers are deformed by dislocation glide and get
thinned to a few nanometers (cf. Fig. 4b). Such a process
may even alter the local structures and induce mechanical
alloying of the shear banded regions, as will be discussed
in more detail below [47,48].

4.1.3. Shear banding and Cu layer thickness

Kim et al. [22] investigated CuZr/polyisoprene nanola-
minates by micropillar compression tests and suggested
that the soft polyisoprene layers may act as stress absorbers
and dissipate or redistribute the localized stress of the shear
bands coming from the metallic glass layers. In the present
study, the mechanism of suppressing catastrophic shear
banding is similar: highly localized stresses arising from
confined early stage shear bands may be partially absorbed
by the abutting Cu layers and hence be accommodated by
co-deforming the Cu layers. In our experimental set-up we
had strictly controlled the amorphous layer thickness to
remain constant while that of the Cu layers varied between
10 and 100 nm. The suppression of shear bands and the
absence of strain bursts in Fig. 6 clearly reveal that thicker
Cu layers are indeed more efficient in arresting emerging

Fig. 11. Example of the nanotwin alignment and of the high nanotwin density observed by TEM inside the Cu layer in sample MS10. The average twin
spacing amounts to ~5 4+ 2 nm in samples MS10 and MS50 and 7 4 3 nm in sample MS100 (MS10: 100 nm amorphous CuZr/10 nm nc Cu; MS50:
100 nm amorphous CuZr/50 nm nc Cu; MS100: 100 nm amorphous CuZr/100 nm nc Cu).
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Table 2

Comparison between CLS calculated flow stress values (cf. Eq. (2)) for the crystalline Cu layers and the pillar flow stress values obtained from uniaxial
compression experiments. MS10 (100 nm amorphous CuZr/10 nm nc Cu); MS50 (100 nm amorphous CuZr/50 nm nc Cu); and MS100 (100 nm

amorphous CuZr/100 nm nc Cu).

Material system MSI10 MS50 MS100

Cu layer flow stress calculated by CLS model (GPa) 4.40 2.38 2.00

Flow stress from uniaxial pillar compression (GPa) 2.37-3.01 2.36-2.78 1.72-2.29

shear bands. More confined, i.e. localized shear bands have O = G la +o Inc (3)
. - a nc

to be formed if larger shear bands cannot penetrate ty + tye ty + tuc

through the Cu layers. The instability associated with the
nucleation and expansion of large shear bands that pene-
trate multiple layers will thus be suppressed since the
imposed load is dissipated in the form of a high dispersion
of more confined shear bands. Thus, the strain bursts
observed in the load-controlled experiments are weaker
compared to those observed in homophase metallic glasses.
Finally, in all interpretations it has to be considered that
the tapered geometry of the pillars is associated with a
stress decrease from top to bottom so that mechanical
inhomogeneity cannot be entirely excluded.

4.2. Extrinsic effects

A previous work [18] on Cu/CuZr crystalline/amor-
phous nanolaminates with equal amorphous and nc layer
thicknesses between 5 and 50 nm analyzed the compression
of pillars between 325 and 1425 nm diameter. The yield
strength data presented in this paper reveal a “smaller is
stronger” trend.

In order to check such effects in the present study, we
calculated the flow stress values based on the topmost
diameter, for avoiding underestimation of the pillar flow
stresses. However, as shown in Fig. 10, no extrinsic size
effect can be observed when the pillar diameters are
reduced from 2000 to 300 nm for all three multilayer sys-
tems. This finding is in contrast to observations made in
a previous work: CuZr/Cu multilayered samples with a
5nm thickness period were reported to exhibit a yield
strength of 4.8 GPa for ® = 350 nm pillars and of 3 GPa
for ® = 1425 nm pillars [18]. One reason for this difference
is that in the previous study [18] smaller layer thicknesses
were used (down to 5 nm). Another reason is that in our
current samples we use unequal layer thicknesses for the
two phases while the previous work used equal layer thick-
nesses. One should also note that systematic scattering
always occurs for pillar tests at sub-micron scales, which
may resemble a size effect. This means that pronounced
extrinsic size effects are not observed among our three mul-
tilayered samples.

4.3. Transition in deformation mode

4.3.1. 1 Flow stress vs. linear rule-of-mixture

As a lower bound estimate, i.e. neglecting the hetero-
interface strengthening, we approximate the flow stress of
the laminates by a linear rule-of-mixtures [49-51]:

where oy; describes the lower bound flow stress of the com-
pound, o, = 2370 MPa is the flow stress of the amorphous
CuZr layer [9], 0, = 920 MPa is the flow stress of pure nc
Cu, as calculated from previous reports of pure electrode-
posited nc Cu [52,53] and ¢, and ¢,. are the thickness of
the amorphous and nc layers, respectively.

The observed flow stress values exceed the linear rule-of-
mixture approximation for all multilayered samples: For
the MS10 specimens we found an experimental range of
2370-3010 MPa for the flow stress, which roughly matches
the lower bound value suggested by the linear rule-of-
mixtures, i.e. 2240 MPa, Fig. 12. For the MS50 specimens
the linear rule-of-mixtures suggests only 1887 MPa for the
flow stress, underestimating the experimentally observed
strength of the pillar samples which fall into the range
2360-2780 MPa, Fig. 12. We attribute this to the large
scatter of the experimental data. For the MS100 specimens
the values are 1720-2290 MPa vs. 1645 MPa predicted as
lower bound by the linear rule-of-mixtures.

4.3.2. Transition in deformation mode depending on layer
thickness

When the thickness of the Cu layer is only 10 nm
(MS10), dislocation slip inside the nc Cu layers cannot
accommodate the imposed strain intrinsically. Therefore,
these thin Cu layers cannot easily prevent the cross-phase
propagation of shear bands stemming from the amorphous
CuZr layers. The stress concentration acting on the amor-
phous/crystalline interfaces leads to a localized dislocation
flux along the path of the shear band [46]. The dislocations,
when crossing the CuZr/Cu interfaces, will drag Cu atoms
into the CuZr layer, leading to chemical mixing [54] and
even local amorphization of the crystalline layer. The
deformation of the MS10 samples is hence dominated by
amorphous shear banding and its cross-phase percolation,
Fig. 12.

When increasing the Cu layer thickness to 100 nm
(MS100), pillar deformation is initially practically only car-
ried by the Cu layers, due to their lower initial flow stress
compared to that of the amorphous CuZr layers. Conven-
tional plastic deformation mechanisms, such as dislocation
multiplication, intra-phase glide and pile-up-induced
work-hardening, first dominate the Cu deformation. As
deformation proceeds, the flow stress in the nc Cu layers
hence rapidly approaches that of the metallic glass layers
due to intra-layer strain hardening.
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Fig. 12. (a) Schematic illustration of the deformation mechanism in the
metallic amorphous/crystalline nanolaminates as a function of Cu layer
thickness (MSB: mature shear band penetrating multiple layers; PSB:
preliminary (confined) shear band). (b) The data are taken from Fig. 10,
here plotted as a function of the Cu layer thickness, together with two
model predictions (confined layer slip: blue dotted line; linear rule of
mixture: red dotted line) as well as the range of expected flow stress values
for pure amorphous CuZr and pure nc Cu. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

When the Cu layers assume an “ideal” thickness, such as
50 nm, as observed here, the effect of plastic co-deforma-
tion on the strength increase is even more pronounced since
the strengthening potential of both layer types is ideally
coupled. The CuZr metallic glass layers sustain consider-
able intrinsic, i.e. intra-phase, plasticity via shear banding
which, however, remains confined inside the layers. The
Cu layers can further dissipate these localized loads, such
as originating from the incoming confined shear bands,
by intrinsic plastic deformation without strong localiza-
tion. Due to the coupled deformation mechanisms of the
Cu layers and the metallic glass layers, a strong and yet
ductile mechanical response can be achieved in the MS50
samples. A proper design and sequence of the laminate
architecture seem thus to be crucial for the enhancement
of the mechanical properties by utilizing these different
mechanisms simultaneously.

4.3.3. Influence of the aminc interfaces on dislocation motion

The influence of the am/nc hetero-interfaces on disloca-
tion motion inside the Cu is two-fold. At low strains, the
debris from elongated expanding dislocation loops get
deposited at the hetero-interfaces. Reactions with inclined
dislocations produce dislocations with Burgers vectors in
the interface plane, i.e. interfacial dislocations [23]. The

interfacial dislocations can move along the interface and
dissipate localized strains induced by the small shear bands
from the amorphous CuZr layer. The CuZr/Cu interfaces
serve as barriers against dislocations, promoting work-
hardening of the Cu. When the nanolaminate is deformed
further, the interface, according to previous molecular
dynamics simulations [21], may in turn attract dislocations,
drawing them into it, thus reducing the dislocation density
[46], Fig. 4. Therefore, such am/nc interfaces may reveal
better strain dissipation potential compared to crystal-
line/crystalline interfaces since the incoming strain from
the amorphous phase is not limited by fixed Burgers vec-
tors and slip planes. Instead, omnidirectional atomic
motions and shear transformation zones can facilitate both
dislocation movement in the crystal and inelastic shear/dis-
location shuffling among the layers [55]. Such interface
controlled co-deformation mechanisms also lead to struc-
tural/chemical mixing at higher deformations (mechanical
alloying), which will be discussed elsewhere [54].

The analysis also shows that both extrinsic size effects
(pillar size, taper, loading type, tool design, compression
vs. indentation, surface-to-volume ratio etc. [31,56-62])
and intrinsic size effects (intra-layer substructure, layer
thickness, interface structure) should be jointly considered
when interpreting mechanical size effects in nanolaminates,
specifically possible transitions in the co-deformation
mode.

5. Conclusions

We synthesized multilayer nanolaminates consisting of
alternating layers of amorphous CussZrss and nc Cu by
direct current sputtering. The probed combinations were
based on 100 nm CuZr amorphous layers and nc Cu layers
of varying thickness (10, 50 and 100 nm). Loading was
exerted by nanoindentation and pillar compression. The
main findings are as follows:

1. An increase in Cu layer thickness can suppress cata-
strophic propagation of shear bands. For 10 nm Cu lay-
ers, small confined shear bands can readily develop into
larger, i.e. percolative shear bands. For 50 and 100 nm
thick Cu layers a higher fraction of confined shear bands
forms in the amorphous layers at low strains (10%), dis-
tributing the load more homogeneously. Generally, the
interplay of shear bands with the crystalline Cu layers
increases the compound’s toughness and ductility.

2. In the three multilayer systems studied here, the experi-
mentally observed compressive flow strength of the sub-
micron/micron pillars exceeds the lower bounds given
by a linear rule-of-mixture approximation. Specially,
the MS50 pillars not only have flow stresses
(2.57 £ 0.21 GPa) that match the value of pure CuZr
metallic glass, but also accommodate high compressive
plastic strains (>40%) by the confinement of small shear
bands inside the metallic glass layers. This composite
behavior reveals a path to design am/nc composite
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structures that are “strong and ductile” by utilizing the
cooperation of the deformation modes in the two differ-
ent types of layers.

3. Decreasing the pillar diameter from 2000 to 300 nm
shows no obvious extrinsic size effect among the three
types of multilayer systems. Both extrinsic and intrinsic
influence factors should be generally considered when
interpreting apparent mechanical size effects.

4. The “confined layer” dislocation slip mode well explains
the flow stress of Cu in the 100/50 and 100/100 nm
CuZr/Cu nanolaminates but overestimates the flow
stress in the 100/10 nm CuZr/Cu nanolaminates, where
shear band penetration prevails the nanolaminate
co-deformation.
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