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Nanoscaled bimetallic Cu/Ta multilayers were fabricated and their deformation behaviors characterized
under nanoindentation. The individual Cu and Ta layers had equal thickness (~30 nm) but quite different
grain sizes. By evaluating the hardness of the bi-metal system at various strain rates, a transitional point
of its strain rate sensitivity at the strain rate of 10-3 s~1 was observed. Contributions from dislocation
and grain boundary (GB) motions to plastic deformation are found to be strongly dependent upon strain
rate as well as grain size in alternative constituent layers. Whilst dislocation-mediated motions take up
the majority of deformation in a Cu/Ta multilayer at high strain rates, GB motions occurring mainly in
the Ta layers take over at low strain rates.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Whilst the deformation behaviors of metallic nano-multilayers
have been studied extensively, the focus has been mainly placed on
bi-metallic systems having equal individual layer thickness [1-6].
As the grain size in an individual layer was in general implicitly
assumed to be equal to its layer thickness, the bilayer thickness
was considered as the sole parameter when evaluating the mechan-
ical properties of the system. However, in practice, the grain size
is not always equal to the individual layer thickness and, under
certain circumstances, the effects of grain size on the mechanical
properties of nano-multilayers cannot be neglected.

The plastic deformation mechanism of polycrystalline metals is
typically grain size dependent, and the transition of deformation
mechanism from dislocation to grain boundary (GB) mediated pro-
cesses occurs when the average grain size is reduced to a critical
value [7,8]. In addition to the average grain size, the distribution
of grain sizes may also play a crucial role in plastic deformation
as the contributions from dislocation- and GB-related motions in
large grains could be quite different from those in small grains.
Existing studies on the effects of grain size distribution upon defor-
mation mechanism transition have been predominantly based on
the studies of single-phase nanocrystalline metals [9]. Little knowl-
edge, if any, has been gained about the mechanical transition in
nanoscale metallic multilayers and it is yet clear whether deforma-
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tion mechanism transition appears in nanoscale multilayer layers
if the grain sizes in alternative layers are considerably different. To
address this issue, bi-metallic nanoscale multilayers with unequal
grain sizes in individual layers would be an interesting system to
explore. The mechanism transition, if proven true, could improve
our understanding of the deformation behavior of nano-multilayers
and enrich the list of plastic deformation mechanisms for nanoscale
composite systems.

The primary aim of the present study was to evaluate the
deformation behavior, microstructure and possible mechanism
transition of unequal grained metallic nano-multilayers. The syn-
thesis of nanoscale Cu/B-Ta multilayers with unequal grain sizes
was firstly reported. Subsequently, to distinguish the control-
ling mechanisms of nanoscaled metallic materials [10-16], the
hardness and strain rate sensitivity were determined by conduct-
ing nanoindentation testing of the fabricated Cu/Ta multilayers.
Enhanced strain rate sensitivity at relatively low strain rates was
observed, and its significance in the mechanism transition of nano-
multilayers was discussed.

2. Experimental details

Cu/Ta multilayers were deposited on single crystalline Si (111)
substrate using a d.c. magnetron sputtering system under an argon
pressure of 0.3 Pa at room temperature, with deposition rate fixed
at 0.239nmy/s for Cu and 0.177 nm/s for Ta. The nominal individ-
ual layer thickness is 30 nm, and the total thickness of a multilayer
is 1 wm. The microstructure of the as-deposited Cu/Ta multilayer
was examined with both X-ray diffraction (XRD) and transmission
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electron microscope (TEM). XRD was carried out on a PANalyti-
cal’'s X'Pert Pro X-ray Materials Research Diffractometer using Cu ka
radiation at an acceleration voltage of 45 kV. A Philips CM201 TEM
operated at 200 kV was used to determine the grain size distribu-
tion and identify the deformation mechanisms in the multilayers.

Hardness tests were conducted using MTS Nanoindenter XP®
system (MTS, Inc) under Continuous Stiffness Measurement (CSM)
mode over arange of loading strain rates, from 10~1s~1to 103 s~ 1.
The tip of indenter is a Berkovich diamond indenter with a nomi-
nal tip radius of curvature of around 50 nm. Whilst the maximum
indentation depth was set as ~500m, the average hardness was
obtained at an indentation depth ranging from 50 to 150 nm, which
isless than about one-seventh of the film thickness, in order to elim-
inate the substrate effects. Thermal drift correction was applied to
correct drift effects in the nanoindentation tests, with data obtained
when the drift rate exceeded 0.03 nm/s discarded. At each load-
ing strain rate, at least 10 effective sets of test data were used for
subsequent analysis.

3. Results
3.1. Microstructure

The cross-sectional TEM image shown in Fig. 1(a) revealed
that the Cu/Ta multilayers have the same individual thickness of
~30nm. XRD analysis (inset of Fig. 1(a)) showed that the Cu layer
has a strong (11 1) peak with face centered cubic (fcc) structure,
whilst the Ta layer exhibits a tetragonal structure ($-Ta) with a
stronger (002) peak (33.4°) and a weaker (004) peak (70.5°). High
resolution TEM (HRTEM) examinations showed that the plane spac-
ing of the inclined lines in Fig. 1(b) is 0.207 nm in Cu layers and
0.264nm in B-Ta layers. Consistent with the strongest peaks in
Cu and B-Ta layers revealed by XRD analysis of Fig. 1(a), these
fringes can be related to (111) Cu (d=0.208 nm) and (002) 8-Ta
(d=0.266 nm).

Subsequently, upon checking the in-plane thinning area of the
multilayers, we successfully identified a few representative zones
for both Cu (Fig. 2(a)) and Ta layers (Fig. 2(b)). Quantitative analysis
of the plane-view grain size distribution indicated that the average
and peak grain sizes are about 28 nm and 26 nm for Cu layers and
9.5nm and 10 nm for Ta layers, respectively. In addition, the out-
of-plane distributions of grain size for both Cu and Ta layers were
similar to the plane-view ones, suggesting that the grains in these
layers are equiaxed.

The HRTEM images presented in Fig. 3(a)-(c) shows in more
detail the microstructure of the deformed Cu layer, with twins and
dislocations near the grain boundary clearly observed. In contrast,
no detectable dislocation and twin in the deformed B-Ta layer of
Fig. 3(d) could be seen.

3.2. Mechanical properties

Fig. 4(a) plots the indentation depth as a function of inden-
tation load for selected strain rates at room temperature. The
curves exhibit an experimentally detectable discrepancy, as a
higher indentation load is required to reach the same displacement
at a larger strain rate. This observation is consistent with previ-
ous reports on nanocrystalline metals [17,18], suggesting that the
present Cu/Ta multilayers have a positive strain rate sensitivity of
stress.

To explore further the strain rate dependent behavior of Cu/Ta
multilayers, Fig. 4(b) presents the typical double logarithmic
hardness versus loading strain rate curves. A pronounced strain
rate dependence of hardness is observed: the hardness increased
rapidly from about 1 GPa to 8 GPa as the strain rate was increased

* 0.264nm

o

Fig. 1. (a) Bright-field TEM cross-sectional image of 30 nm Cu/Ta multilayer. Inset
shows XRD profile of as-deposited multilayer; Cu has fcc structure and Ta has tetrag-
onal structure. (b) HRTEM cross-sectional image of Cu/Ta interlayer.

from 10~ to 10~1 s~1. The strain rate sensitivity m was determined
by [17]:
__dlog H

" dlog ¢ (1)

where H and ¢ are the hardness of the multilayer and the corre-
sponding loading strain rate, respectively. In the strain rate range
considered in the present study, the double logarithmic curves
of Fig. 4(b) exhibit two distinct linear regimes with m=0.091 at
&>10s"1and0.286até < 10351,

It should be noted that the generated stress state underneath
indenter is highly heterogeneous [19] which is very different than
those occurring in tensile test. Unlike tensile test, the deformed vol-
ume underneath the indenter is continually expanding to the area
previously un-deformed. Therefore, in general, the strain rate of
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Fig. 2. In-plane TEM images of (a) Cu layer and (b) Ta layer, and corresponding grain size distribution of (c) Cu layer and (d) Ta layer.

indentation test is defined as the ratio of instantaneous penetration
depth rate over instantaneous penetration depth for geometrically
similarindenter [20], e.g., Berkovich indenter used in present study.
Whilst the definition of the strain rate of indentation is deduced
from heterogeneous stress state which differs from tensile test,
numerous studies indicated that both the magnitude and the varia-
tion trends of mechanical parameters, i.e., hardness and strain rate
sensitivity, derived from indentation test are comparable to those
derived from tensile test [7,17,21-23]. Therefore, Eq. (1) could be
used to determine the strain rate sensitivity from constant inden-
tation strain rate tests.

It has been established that the 8-Ta phase was unstable with
a negative m value, and phase transformation occurred in 9 nm
grained $-Ta under nanoindentation [24]. For the present Cu/-Ta
multilayers, the variation of hardness from ~8 GPa to ~1 GPa should
mainly be attributed to -Ta, since the hardness of 28 nm grained
Cu could only reach ~2 GPa [22] whereas that of 9 nm grained -
Ta could reach as high as ~16 GPa [24]. This observation indicates
that the $-Ta layer had a positive m value in the present Cu/g-Ta
multilayers.

4. Discussion

For nanocrystalline metallic materials, it is widely accepted
that the dominant deformation mechanism will change from
dislocation-mediated to GB-mediated process when the grain size
is reduced to less than a critical value. Such mechanism transition

is in general associated with either an elevation or reduction of the
strain rate sensitivity m, and hence m has important implications
in understanding the deformation mechanisms of nanocrystalline
metals [10,11,14-17,23]. Specifically, a large m is expected when
GB-mediated processes dominate the plastic deformation whereas,
in contrast, m would decrease when dislocation-mediated activi-
ties prevail [10,12,13]. Therefore, the observed sudden increase of
m as the strain rate was reduced to less than 103 s~ (Fig. 4(b))
suggests that the transition of deformation mechanisms occurred
in the Cu/B-Ta multilayers.

The high strain rate sensitivity of a nanocrystalline metal is
related to the enhanced interaction between dislocations and GBs.
Extensive MD (molecular dynamics) simulations have demon-
strated that dislocations in Nanocrystalline metals could be emitted
from the GBs and eventually absorbed by GBs on the opposing
side [8]. Recently, a study indicated that dislocation absorption by
GBs could be enhanced significantly by varying the strain rate and
grain size. The absorption process can be described by a parameter
termed as the probability of a dislocation absorbed by GB, as [25]:

Pas = [1-(1-eM"]

where N is the number of attempted jumps by dislocation core
atoms to the GB during an average time absorption, J is the total
number of atoms on the dislocation core jumping into the GB, and
M is a mobility factor. As the magnitude of N is inversely propor-
tional to strain rate and grain size, the Py;s is highly sensitive to

(2)
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Fig. 3. (a) Low-magnification in-plane TEM image of Cu layer; (b) magnified image
of zone “1”, showing a twin near GB conjunction; (c) magnified image of zone “2”,
showing the existence of dislocation in Cu grain; (d) HRTEM cross-sectional image
of B-Ta layer.
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Fig. 4. (a) Load plotted as a function of nanoindentation depth for selected strain
rates ranging from 10~ s=! to 103 s~1; (b) hardness plotted as a function of strain
rate.

strain rate and grain size [25]. With these pictures in mind, the
value of m and its transition as observed in Fig. 4(b) could be inter-
preted by considering the effects of both strain rate and grain size
on m of the present Cu/Ta multilayers.

4.1. Effect of strain rate

According to the analysis of Carlton [25], a faster strain rate
results in a smaller Py;s whereas a larger Py;s corresponds to a slower
strain rate. We consider first the effects of strain rate on local grain
structure and stress state. Given that dislocations are generally
nucleated from ledges located in GBs and the nucleation process
can effectively release the local stress concentration [26,27], the
GB structure could be more homogenized by emitting dislocations
from GBs. Therefore, there should be less ledges and reduced local
stress concentrations in nanoscale grains. With these pictures in
mind, then, the strain rate dependent microstructure evolution
might be described by the following scenario.

When nanoscale grains deform at a faster strain rate with a
smaller Pg;5, more dislocations emit from the ledges to impinge on
opposite GBs per unit time. Compared with the case of a slower
strain rate, less time was left for the absorption process of the
emitted dislocations to complete, and heavier dislocation-storage
at the opposite GBs was built. The higher internal stresses
generated from the repeated emit-absorb process will then effec-
tively obstruct the processes of nucleation and emission of new
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Dislocation motions

GB motions

Fig. 5. Schematic illustration of strain rate sensitivity m as a function of grain size
d.

dislocations from the GB, leaving more ledges at the GB source.
At a slower strain rate with a larger Pgy;s, the absorption process
is relatively easy to operate, resulting in lighter dislocation stor-
age and lower internal back stresses and hence, more homogenous
grain structures. Consequently, the less ledges and lower internal
stresses at slow strain rates may effectively enhance the GB motion
compatibility between neighboring grains, resulting in a higher m
attributed from both the Cu and Ta layers.

4.2. Effect of grain size

Along strain rate, grain size is another important parameter gov-
erning the plastic deformation of nanocrystalline metals. For Cu,
the critical value of grain size below which GB-mediated mecha-
nism dominates the plastic deformation is 10-15nm [28], which
is much smaller than the grain size found in the present Cu lay-
ers. Moreover, the size of in-plane grains and the presence of twins
and dislocations shown separately in Figs. 2(a) and 3(a)-(c) indi-
cate that the deformation of the Cu layer should be dominated by
dislocation-mediated mechanisms as illustrated in Fig. 5.

In contrast to Cu, the critical grain size of Ta is still less under-
stood as only a few studies concerned the deformation mechanism
of nanocrystalline Ta [19,29]. Noting that the total volume fraction
of GBs and triple junctions in a ~10 nm grained nanocrystalline
metal could reach as high as 25%, the GB motions in the present
9nm grained B-Ta layer should have more mobility than those in
the 28 nm grained Cu layer. Pan et al. [30] revealed that the break-
down of the Hall-Petch relation occurred in Ta with grain sizes
ranging from 4 to 13 nm, which involved grain rotation, GB sliding
and dislocation motions, and a strain rate sensitivity of ~0.14 in
6.5 nm grained Ta was obtained. However, as this value is still 3
times smaller than that expected from GB sliding (m=0.5 [31]), the
dominant mechanism of the 9 nm grained Ta layer is most likely to
be GB motions accommodated by dislocation-mediated processes;
see Fig. 5.

To evaluate the effects of grain size, we need to consider the
dislocation-mean-free-path (I) defined as the distance traveled by a
dislocation segment from nucleation source to where it is finally
stored by interaction with GB. The representative [ in the 9 nm Ta
layer should be much smaller than that in the 28 nm grained Cu
layer as [ is proportional to grain size. Hence, the emitted disloca-
tions can reach the opposite GBs more easily in the 9 nm Ta layer,
resulting in the increase of Pyg;s.

The random grain orientations (Fig. 3(d)) and the relatively small
grain size (9 nm) of 8-Ta layers are beneficial for uncorrelated atom
shuffling and stress-assisted diffusion [32]. Meanwhile, the large

percentage of GB atoms/total atoms in the $-Ta layers favors the
GB-related mechanisms, leading to a higher m.

In view of the discussion above for nanoscaled Cu/S8-Ta mul-
tilayers, the variation of m shown in Fig. 4 may be interpreted
by separating the strain rate into two regimes, and the scenar-
ios underlying the sudden change of strain rate sensitivity may be
visualized, as illustrated in the following sub-section.

4.3. Deformation mechanisms of Cu/Ta multilayers under
nanoindentation

In the high strain rate (>10-3s-1) regime, the large stresses
enable easier nucleation and emission of dislocations from GBs in
both Cu and Ta layers, and the dislocation-mediated mechanism
dominates the plastic deformation of the multilayer. Since dislo-
cations are typically formed in the softer layer within a multilayer
having different hardness in alternating layers [5,6], upon inden-
tation loading plastic yielding should initially occur in Cu grains in
the present Cu/Ta multilayer. The nucleation and emission of dis-
locations in 9nm grained $-Ta will require much higher stresses
than the 28 nm grained Cu and hence serve only as subordinate
processes.

At high strain rates, the more ledges available and large internal
stresses generated may effectively impede the GB motion compat-
ibility as discussed in Section 4.1, resulting in smaller m values.
In addition, given that the grain size is another crucial parameter,
the shorter | in 9 nm grained Ta layers leaves less time for dislo-
cation absorption than that in 28 nm grained Cu layers, leading to
smaller Pg;s and m. The plastic deformation of Cu/Ta multilayers
exhibits therefore relatively less rate sensitivity in the high strain
rate regime, as observed in the present experimental study.

As the strain rate is reduced to below 10~3 s~ (i.e., low strain
rate regime), the relatively small internal stresses may not be suffi-
cient for dislocation nucleation and emission at GBs and, as a result,
GB deformation in 8-Ta may increasingly become preferable. In
this regime, the measured value of m (0.286) is close to that (0.5)
due to GB sliding, indicating that the contribution of GB-mediated
processes is significantly enhanced. This may be attributed to the
fact that, in addition to the relatively sufficient time for dislocation
absorption, the shorter [ traveled by dislocation segments can con-
currently increase the Py;s and hence enlarge the magnitude of m
in 9nm grained B-Ta layers. Note that the value of m (0.286) for
& < 1073571 is about 2 and 3 times higher than the maximum m
reported previously for ultra-fine grained Cu [33] and nanocrys-
talline Cu [11], respectively. This suggests that the increase of m as
the strainrate in reduced to less than 10~3 s~ is mainly attributable
to the 8-Ta layers, not the Cu layers.

On the other hand, the existence of disorientations in 8-Ta layers
as shown in Fig. 3d could enable the GB region to easily deform via
diffusion and sliding. The deformation of -Ta layers would there-
fore dominate the plastic deformation of the multilayer as well as
its strain rate sensitivity m, with dislocation-mediated processes in
Cu layers acting as the subordinate mechanism.

It should be pointed out that the effects of interfaces on m
have not been considered here, and it would be difficult at this
stage to determine the actual contribution of each layer to the
total plastic deformation in each strain rate regime. More thorough
examinations concerning the effects of grain size, layer thickness
and interface properties on the plastic deformation of nanoscaled
metallic multilayers are needed.

5. Conclusion

Nanoscaled Cu/Ta multilayers having equal individual layer
thickness but distinct grain sizes in alternative layers were
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successfully fabricated and their deformation behaviors under
nanoindentation characterized, with focus placed on strain rate
sensitivity and transition of deformation mechanisms. By evalu-
ating the hardness at selected strain rates, the transition of strain
rate sensitivity at strain rate as high as 10~3 s~1 was observed for
the first time. The appearance of the transition was interpreted
as competitions between dislocation-mediated and GB-mediated
mechanisms in Cuand Ta layers as the strainrate is varied. At higher
strain rates (>10~3 s~ 1), plastic deformation of the Cu/Ta multilayer
is dominated by dislocation-mediated mechanisms in Cu. At low
strain rates (<103 s~1), the GB-mediated mechanisms in Ta domi-
nate, increasing significantly the strain rate sensitivity of the Cu/Ta
multilayers.
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