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In Cu/Cr multilayers with modulation period (k) ranging from 10 to 250 nm, maxima are observed for both tensile ductility and
fracture at a critical k  50 nm, diﬀerent from the monotonic k dependence known for monolithic ﬁlms. This unusual behavior is
explained, via quantitative assessments based on a micromechanical model, by considering the competing thickness eﬀects on the
size of the microcracks initiated in the Cr layers and on the role of the ductile Cu layer in blocking crack propagation.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanostructured multilayer ﬁlms (NMFs) are not
only scientiﬁcally interesting but also useful for many
technological applications [1–5]. At room temperature,
NMFs with nanoscale modulation periods (denoted
as k) can withstand stresses as high as 1/2–1/3 of the theoretical strength [6–8]. In both face-centered cubic (fcc)/
body-centered cubic (bcc) type (e.g. Cu/Cr [6], Cu/Nb
[6] and Al/Nb [9]) and fcc/fcc type (e.g. Cu/Ag [10] and
Cu/Ni [10]) NMFs the strength increases monotonically
with decreasing k. The trend for the accompanying tensile
ductility of the NMFs is the opposite: generally it decreases with decreasing k [2].
In this paper, we report that in some NMFs composed
of alternating soft/hard layers, the toughness and tensile
ductility do not exhibit a monotonic k dependence.
Instead, there exists a critical k at which the ductility (or
toughness) reaches a peak. We illustrate the underlying
mechanism, and demonstrate the ductilization/constraint
eﬀect of the soft layers on the hard (more brittle) layers.
Cu/Cr NMFs deposited on compliant polymer
substrates are chosen as the model materials here (this
conﬁguration is similar to that of ﬂexible electronics
[11,12] and helps to suppress strain localization [13,14]).
A macroscopic strain (eC ) corresponding to a critical
degree of microcracking (measured in situ using an electrical resistance change method, ERCM [15]), in lieu of the
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rupture strain or elongation, is used to characterize the
ductility. The fracture toughness of the Cu/Cr NMFs is
derived using a micromechanical model.
Polyimide-supported Cu/Cr NMFs (total thickness
500 nm) with equal individual layer thickness hM but
diﬀerent k (k ¼ 2hM ) of 10, 25, 50, 62.5, 100 and
250 nm were synthesized by means of direct current
(DC) magnetron sputtering at room temperature.
X-ray diﬀraction revealed a strong h1 1 1i out-of-plane
texture for the Cu layers and a weak h1 1 0i out-of-plane
texture for Cr layers, while the in-plane orientations are
random. Cross-sectional views of the NMFs from the
transmission electron microscopy (TEM) observations
are displayed in Figure 1, and show columnar grains
in the Cu layers and ultraﬁne nanocrystals in the Cr layers. The average grain sizes of both Cu and Cr scale with
layer thickness. It can be seen that there are bright
fringes along the interface between the Cu layer and
Cr layer (e.g. in Fig. 1b). Further high-resolution (HR)
TEM examinations reveal that these fringes are a very
thin (2 nm) intermixing layer, as typically shown in
Figure 1c. The disordered regions of intermixing layer
arise from intermixing between Cu and Cr driven by
the surface energy during the non-equilibrium deposition process, which is similar to previous reports in the
binary immiscible metallic multilayers such as Ag/Ni
[15] and Ag/Nb [16]. For comparison, single-layer
monolithic Cr thin ﬁlms with thicknesses (h) in the 25–
200 nm range were also prepared on the polyimide
substrate. No columnar porosities have been detected
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of eC as h is reduced [19]. Interestingly, over this hM
range the eC of the NMFs increases ﬁrst, followed by a
cri
peak at a critical hcri
 50 nm). Below
M  25 nm (or k
cri
hM , eC decreases with reducing hM (k), similar to the
behavior of single-layer ﬁlms, while above hcri
M , a smaller
hM leads to higher eC (eC is doubled when hM is reduced
from 125 to 25 nm). Compared with the h = 25 nm
monolithic Cr, the eC of the NMF is a factor of 5 higher.
As mentioned above, the residual stress in the singlelayer Cr ﬁlm and multilayer ﬁlms is insensitive to the
ﬁlm thickness and the modulation period, respectively,
and the two kinds of ﬁlms have similar residual stress.
This indicates that the present experimental results are
not predominantly related to the residual stress. It is
the introduction of the soft Cu layers that is responsible
for the improvement of the ductility.
Figure 2b–d show the cross-sectional SEM images of
the tested samples with k = 250, 50 and 25 nm, respectively. Microcracks are seen to initiate within, and run
across, the Cr layer, which is the more brittle of the
two constituent materials (especially since it tends to
incorporate some oxygen during deposition). Further
propagation of the microcracks is arrested by the more
ductile Cu layers (Fig. 2b). Whether the microcracks
can be stopped depends on two factors. The ﬁrst is the
intensity of stress–strain ﬁelds p(ISFs)
ahead of the
ﬃﬃﬃﬃﬃﬃ
microcrack tip. ISF scales with hM [21] as the size of
the crack is approximately hM . This would lead to the
expectation that a smaller hM is favorable for suppressed
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Figure 1. Bright-ﬁeld cross-sectional TEM micrograph showing the
microstructure of the Cu/Cr NMFs with (a) k ¼ 250 nm and (b)
k ¼ 25 nm. Insert shows the corresponding selected area diﬀraction
patterns (SADPs). (c) HRTEM image typically showing a very thin
intermixing layer (2 nm) formed at the Cu/Cr interface.

in both the multilayer and the single-layer ﬁlms. After
annealing at 150 °C for 2 h, residual stress of the ﬁlms
has been measured by X-ray diﬀraction using the “sin2w
method” [17,18]. The residual stress in the single-layer
Cr ﬁlms is determined to be about 200 ± 50 MPa, varying less with thickness. Similarly, the residual stress in
the multilayer ﬁlms is also insensitive to the modulation
periods, having a value of 250 ± 150 MPa. Uniaxial tensile testing Òwas performed using a Micro-Force Test System (MTS Tytron 250) at a constant strain rate of
1  104 s1 at room temperature. The dog-bone
shaped samples had a total length of 65 mm, and a
gauge section of 30 mm in length and 4 mm in width.
The displacement was recorded via a HR laser detecting
system [19,20]. In order to analyze the failure mechanism, tested Cu/Cr NMMFs were cross-sectioned and
characterized using a FEI dual-beam focused ion
beam/scanning electron microscope (FIB/SEM).
Figure 2a shows the dependence of eC on hM or h. The
single-layer ﬁlms (shown here for Cr; Cu behaves the
same way) are known to exhibit a monotonic decrease
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Figure 2. (a) Dependence of eC on hM for the Cu/Cr NMFs and on h
for the single-layer Cr ﬁlms. Lines are visual guides. The (b)
hM = 125 nm, (c) hM = 25 nm and (d) hM = 12.5 nm samples after tests
are displayed in the corresponding panels, respectively, with SEM
cross-sectional images of microcracks and schematics of their
behavior.
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n¼

pr2 hT
ð1  m2 Þgða; bÞ;
2E

ð2Þ

where r is the tensile stress of the ﬁlms at the critical
point of eC , which can be determined from the stress–
strain curve of the ﬁlms, hT is the total ﬁlm thickness,
and gða; bÞ is a dimensionless quantity that can be calculated from the elastic mismatch between the ﬁlm and
substrate, with a and b being the two Dundurs’ parameters [24]. For our case, a ﬃ 0:95 and b ¼ a=4. Using
experimental data together with Eqs. (1) and (2), the calculated K IC as a function of hM is shown in Figure 3a.
The k-dependent K IC behaves similarly to eC , which also
has a maximum at hM = 25 nm.
The K IC behavior in fact compares well quantitatively
with predictions obtained from a micromechanical fracture model [25] in laminates consisting of alternating
ductile and brittle layers (see Fig. 3b); this model was
constructed based on the dislocation blunting of crack
tips and dislocations piling up at an interface and sending a back-stress to the crack tip, hindering further dislocation emission. At a given load level, the equilibrium
number (n) of dislocations is [25]:
pﬃﬃﬃ
!
~ app ~
h
4pð1  mÞ K
/
pﬃﬃﬃﬃﬃﬃ sin / cos  ~c ;
n¼
ð3Þ
 
2
ln ~
h=~r
A 2p
where / is the angle that the slip plane inclines from the
interface (chosen as 45°); A is a factor slightly greater
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crack growth and improved ductility. The other factor is
the shielding on microcrack propagation by the plastic
deformation (dislocation) activities in Cu, which become
rather limited when the hM is too small. This renders
very thin Cu less eﬀective in improving ductility. The
two competing eﬀects lead to the peak in the k
dependence and the maximum in ductility observed in
Figure 2a.
Above hcri
M , plastic deformation in the Cu layers is not
a problem and the ISF is the controlling factor. Reducing hM would then promote crack suppression and improve eC . Indeed, comparing Figure 2b and c, shorter
and multiple isolated cracks are observed in thinner Cr
layers. Only at hM = 125 nm can the microcrack in the
Cr layer overcome the Cu shielding eﬀect and penetrate
across the entire NMF. Below hcri
M , the very thin Cu layers themselves become more and more brittle as they
lose the ability to accommodate dislocation activities,
weakening the shielding eﬀect of the Cu layers. The
microcracks in the Cr layers, although small, can now
break loose to cause failure (Fig. 2d). As a result, the
NMF ductility behavior reverses to decrease with hM
(Fig. 2a).
The propagation of microcracks can be analyzed in
the framework of fracture mechanics. The fracture
toughness (K IC ) of the ﬁlms is generally given by [22]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
En
;
ð1Þ
K IC ¼
1  m2
where E is the Young’s modulus of the metal ﬁlms, m is
the Poisson’s ratio (1/3) and n is the steady-state energy release rate [23]:
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Figure 3. (a) Dependence of K IC on hM (dots and right y-axis) for the
Cu/Cr NMFs. Calculated normalized K IC (dashed lines) are also
included for comparison. (b) Sketch of the micromechanical fracture
model. (c) Model predicted nmax at diﬀerent normalized cohesive
strengths (~
rc ) as a function of hM .

than unity; ~r  2:7r0 =b with r0 being the eﬀective core
radius and b the Burgers vector of the dislocation in
~ app , ~h and ~c are the normalized valthe ductile material; K
ues p
ofﬃﬃﬃﬃﬃﬃﬃﬃ
the
ﬃ far-ﬁeld mode I stress intensity K app (=1.12
rapp phM [21]), the maximum distance h/ ¼ hM = sin /
that the leading dislocation can travel and the surface
energy c, respectively.
h/
c
app ~
~ app ¼ Kp
ﬃﬃﬃ ; h ¼ ; ~c ¼
;
K
lb
b
l b

ð4Þ

where l is the shear modulus of the Cu layers. The tensile stress at the blunted crack tip (~
rtip ¼ rtip =l) is related
~ app as [25]:
to n and K
rﬃﬃﬃ

2 !
pﬃﬃﬃ
3 sin / cos /2
2~
~tip n ¼ 2
K app 1 
r
p
lnð~h=~rÞ
12A
/
~c sin / cos :
þ pﬃﬃﬃ
2
~h lnð~h=~rÞ

ð5Þ

Upon increasing the applied load, further dislocation
emission competes with the cleavage at the blunted
~tip
crack tip. When the microcrack tip tensile stress r
reaches the normalized cohesive strength of the material,
~c (=rc =l), fracture occurs in the ductile Cu layer and
r
the microcrack will propagate to form a channel crack.
According to Hsia et al. [25], the fracture mode of various conﬁned layered metals is likely to be cleavage because the movement of dislocations is greatly restricted.
The far-ﬁeld applied stress intensity under this condition
is then the fracture toughness of the layered ﬁlms, i.e.
~ IC ¼ K
~ app 
K
. Based on this criterion, the maximum
~tip ¼~
rc
r
number of dislocations emitted from the microcrack
~ IC can be
tip prior to fracture (nmax ) and then the K
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obtained from Eqs. (3) and (5). Calculated results1 of
~ IC vs. hM shown in Figure 3a also reveals a maximum
K
value at hM 25 nm. In particular, the calculations at
~c = 0.4 ﬁt well with the measurements.
r
The predicted nmax , Figure 3c, lends support to the
explanation given above. Below hcri
M , it can be seen that
nmax sharply decreases when hM is reduced down to less
than about hcri
M , quantitatively demonstrating that the
Cu layer will lose much of its plastic deformation capability when a few dislocations are emitted. Conversely,
with appropriate selection of hM at or slightly above
hcri
M , a brittle material can be toughened via the multilayer scheme, Figure 2a, without sacriﬁcing much of
the strength.
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