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Multiple twins are experimentally observed within Cu grains in nanostructured Cu/Zr multilayer films.
Formation of the multiple twins occurs through the sequential emission of partial dislocations not only
from the grain boundaries but also from the Cu/Zr interfaces, which are driven by extremely high internal
stresses and highly complex stress state caused by the inhomogeneous microstructures. The multilayers
with multiple twins exhibit hardness higher than those with single or coplanar twins, indicative of a

significant strengthening effect of the multiple twins.
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1. Introduction

Recently, nanocrystalline face-centered cubic (fcc) metals with
a high density of nano-sized twins have been of great interest
because of their excellent mechanical properties, such as high
strength and high ductility [1-3]. The significant strengthening
effect of twins is owing to the unique dislocation-twin bound-
ary interaction [4,5], and the strengthening response is closely
dependent on the density or the thickness of the twins [3,6]. In
nanostructured thin films, the hardness was also found to increase
monotonically with increasing volume fraction of twined grains [7].
The twins used for studying their strengthening effect in nanocrys-
talline fcc metals are usually coplanar or single twins [1,6,7]. For
example, the twins in sputtered Cu and stainless-steel films are
preferentially oriented perpendicular to growth direction [8] and
the twins within a same grain are parallel in electrodeposited Cu [6].
Multiple twins, where two or more twins meet in a confined area,
have been frequently observed [9-14] in nanocrystalline fcc met-
als that are prepared by severe plastic deformation techniques. But
the separated effect of multiple twins on strength is hard to deter-
mine, because the severe plastic deformation will simultaneously
cause remarkable refinement in grain size and noticeable increase
in dislocation density, which makes the strengthening effects
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interrelated and complicated. How can the multiple twins con-
tribute to the strength is far from clear, neither quantitatively nor
qualitatively.

In this paper, we demonstrate that abundant multiple twins
are formed within the Cu grains in nanostructured Cu/Zr multi-
layer films even under no external stress. It is conformed that the
formation occurs through the sequential emission of partial dis-
locations from not only the grain boundaries but also the Cu/Zr
interfaces, which are driven by the extremely high lattice mismatch
stress and highly complex stress state caused by the inhomoge-
neous microstructures. Typically, the high lattice mismatch stress
and highly complex stress state are two characteristics of nanocrys-
talline multilayer films (NMFs). The multilayer films with multiple
twins exhibited hardness higher than those with single or copla-
nar twins, indicative of a significant strengthening effect of the
multiple twins. Traditional strengthening models for NMFs mainly
cover the influences of constituent phases, modulation period (A),
and modulation ratio (). Our results presented in this paper show
that the effect of twins, especially multiple twins, should be taken
into account in quantitatively describing the strength/hardness
of NMFs, which may be useful for the development of advanced
nanostructured materials.

2. Experimental procedure

Cu/Zr NMFs with total thickness of 1 wm, were deposited on
oxidized Si substrate by using direct current (DC) magnetron
sputtering method at room temperature. To get better adhesion
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Fig. 1. Representative TEM image of Cu/Zr NMFs with n=2 (a) and n=9 (b); (c) is the Cu and Zr composition mapping corresponding to the marked area in (b); (d) the
corresponding selected area diffraction patterns (SADP); (e) HRTEM image showing the crystalline Cu and Zr phases and the Cu/Zr interface.

between the film and the substrate, the Zr layer was first deposited
onto the substrate and finally the top layer of the multilayer was
Cu. Modulation period was kept constant as A =50 nm, while two
modulation ratios, i.e.,, 7=9 and 2 (n defined as the ratio between
Cu layer thickness and Zr layer thickness) were prepared. The
deposited multilayer films were subsequently annealed at 150°C
for 1h in a high vacuum environment (less than 10~8 mbar) to
stabilize the microstructure. The residual stress of NMFs was deter-
mined by using X-ray diffraction (XRD) and the traditional “sin 2y
method”. This method is based on the measurement of the shift of
a diffraction peak position recorded for different ¥ angles [15,16].
In this approach, the strain e, is defined as the difference in the
d spacing for stress free and stressed lattice, as given in Eq. (1).
This strain was measured along laboratory co-ordinate axis, per-
pendicular to a particular (hkl) plane used in the coordinate axes
and expressed in terms of stress after assuming that the film is
isotropic and the stress state is biaxial, and inserting Hook’s law.
The resultant equation takes a simple form of Eq. (1) and residual
stress in the film is calculated using

. Cdyy—do 1+
oy do E

) "
0 sin® Y — Flo11 +022), (1)

where dy, is the lattice spacing of (hkI) planes titled by ¥ and
rotated by ¢ within the plane of the film with respect to axes o1,
and dy is the strain free lattice spacing. The terms E, v,and o, are the
elastic constant, Poisson ratio, and normal stress in the direction ¢,
respectively. From the plot of dy, vs. sin? 1, the residual tress in
the Cu layer (6V) and Zr layer (0Z") can be respectively calculated
from the slope of the line. Data was taken at ten different v tilts
for getting accurate d spacing shift. The total residual stress of the
NMFs, o7, is finally determined by simply averaging on the two
constituent layers as

tCuUSu + tZrUrzr 2
op = O A0 (2)
teu + tzr

where tcy, and tz. are the thickness of the Cu layer and Zr
layer, respectively. The residual stresses were determined about
230+ 80 MPa for all the annealed Cu/Zr NMFs, which is far lower
than their yield strength. Transmission electron microscopy (TEM)
experiments were performed on a JEOL-2100F, operating at 200 kV
to observe the grain structure and the interface. The in-plane grain
size of the Cu layer were measured using quantitative bright-field
TEM images. Due to contrast variations in delineating the grain
boundaries, some inaccuracies were introduced.

The hardness of multilayers was measured at room temperature
by instructed nanoindentation experiments, which was performed
by using Fischerscope HM2000XYp indenter with a Vickers inden-
ter tip (Triboindenter, Hysitron, Minneapolis,MN). The load was
increased to maximum loads for 5s, held for 2 s, and then unloaded
for 5s. The maximum load was kept below a contact depth of
200nm to avoid the substrate effect. Before every testing, drift
monitor/correction was performed. Nine indents were made on
each sample with an inter-indent spacing of 8 wm.

3. Results and discussion
3.1. Microstructure

Cross-sectional TEM images are displayed in Fig. 1(a and b),
respectively, for the Cu/Zr NMFs with n=2 and 9, clearly showing
alternate layers. Composition mapping in Fig. 1(c) corresponding
to the square area in Fig. 1(b) shows the two phases of Cu and Zr.
Single layer of grains are found in every Cu layer, which means
the out-of-plane size of the Cu grains is equal to the thickness of
the Cu layer. The average in-plane grain size of the Cu layer was
determined, as presented in Table 1. Selected area diffraction pat-
terns (SADP) reveal a main (11 1) out-of-plane orientation for the
Cu layer and a (101 0) for the Zr layer (Fig. 1(d)). The high resolu-
tion TEM image (Fig. 1(e)) shows a sharp interface between the Cu
and Zr layers. Fig. 2 shows the planar TEM images of the Cu grains
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Fig. 2. Representative planar TEM images of the Cu grains ((a and c)) and Zr grains ((b and d)) in the =2 ((a and b)) and 9 ((c and d)) Cu/Zr NMFs, respectively. Note that the
Zr layer is very thin and so it is very hard to obtain the planar TEM image of the single Zr layer without the Cu layer. Dark field TEM images are therefore taken to select the

Zr grains in (b and d).

((a and c)) and Zr grains ((b and d)) in the n=2 ((a and b)) and
9 ((c and d)) Cu/Zr NMFs, respectively. Note that the Zr layer is
very thin and so it is very hard to obtain the planar TEM image of
the single Zr layer without the Cu layer. Dark field TEM images are
therefore taken to select the Zr grains in Fig. 2(b and d).

Careful microstructural observations revealed that abundant
twins were existed within the Cu grains in both the two NMFs.
Statistical results based on examination of above 800 grains show
only a sight difference in the percentage of twined Cu grains (f;: the
ratio between the number of Cu grains with twins and the number
of all countered Cu grains) between the two NMFs, as presented in
Table 1. However, the twins in 7 =2 multilayers are predominantly
single twins, while most of the twined Cu grains in n =9 multilayers
contain multiple twins. See Table 1, the percentage of Cu grains with
multiple twins, fmt, is as high as 50% in the n =9 multilayers. Mul-
tiple twins, including three-fold, four-fold and five-fold twins, are
clearly visible. A typical five-fold twin is shown in Fig. 3. Fig. 3(a) is
a low magnification cross-section TEM image to show the position
of the five-fold twin as marked by white lines. Fig. 3(b) is a mag-
nified image of the five-fold twin, where the five twin boundaries
are labeled TB1-TB5 in anticlockwise order. The corresponding fast
Fourier transformation (FFT) and inverse FFT image of the five-fold
twin is shown in Fig. 3(c and d), respectively. Generally, the ideal
twin angle of 70.5° would leave a gap of about 7.4° when closing

Table 1

Summary of the microstructural parameters and hardness.
Multilayer hey (nm) dcy (nm) [t (%) St (%) H (GPa)
Cu/Zr (n=2) 333 43 +4 70 £ 5 11+£3 490 + 0.1
Cu/Zr (n=9) 45.0 45 +5 72 +£3 52+ 8 545+ 0.1

the 360° to form five-fold twin [17]. In present five-fold twin, as
typically shown in Fig. 3(b), all of the angles between TBs are larger
than 70.5°. But the deviation between the maximum and minimum
angle is only 2°, indicating that the 7.4° gap is evenly shared by the
five twins. This gap is accommodated by the elastic strain origi-
nating from the lattice mismatch stress, which will be discussed
later.

3.2. Formation of multiple twins

Zhu et al. [17] proposed that the five-fold twins in nanocrys-
talline fcc metals are formed via sequential twining through the
emission of Shockley partials from the grain boundaries or twin
boundaries. According to this mechanism, the five-fold twins are
evolved from two-fold, three-fold and four-fold twins step by step.
It is expected that some intermediate three- and four-fold twins
will be coexistent with the five-fold twins. In present NMFs, abun-
dant three- and four-fold twins were observed besides the five-fold
twins. Fig. 4(a) typically shows a four-fold twin within another Cu
grain. This confirms the formation mechanism of sequential par-
tial emission to some extent. Compared with previous reports on
multiple twins [9,17-20], a distinct finding in the NMFs is that the
partials can be also emitted from Cu/Zr interfaces. The interfaces
promote and mediate the formation of multiple twins in NMFs. One
can find that the twin boundaries TB2, TB4 and TB5 in Fig. 3(b) are
from the Cu/Zr interface, while the twin boundaries TB1 and TB3
from the grain boundaries.

Two critical requirements have been derived from the sequen-
tial twining mechanism: high stress and variation in stress
orientation [17]. The high stress is needed to emit Shockley partials,
while the variation in stress orientation is to ensure the emission
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Fig. 3. (a) Overview of a five-fold twin in the =9 NMFs; (b) magnified TEM image of the five-fold twin; (c and d) are the fast Fourier transformation image and inverse fast
Fourier transformation of the five-fold twin, respectively. The twin boundaries of TB2, TB4, and TB5 are from Cu/Zr interfaces, while TB1 and TB3 from Cu grain boundaries.

of partials from different orientations. Severe plastic deforma-
tion techniques, such as ball milling [21] and high-press torsion
[11,12,18], involve high external stress and complex stress states,
meeting the requirements for forming five-fold twins. Besides the
high external stress, atomic simulations have found that local inter-
nal stress at the grain boundaries of nanocrystalline fcc metals can
reach several GPa [20], sufficient to initiate Shockley partials even
with no external stress. Annealing treatment is required to relax
the internal stress and to trigger the emission of partial disloca-
tions. In present Cu/Zr NMFs, the driving force for forming five-fold
and multiple twins is come from the high internal stress, in particu-
lar the lattice mismatch stress between the two constituent layers.
A lattice mismatch of g, ~ —5.6% can be estimated [22] in the Cu
layer. This lattice mismatch corresponds to a compressive interface
mismatch stress of above 10 GPa (0 s = Ycu&mis With Y, ~ 190 GPa
[23] being the biaxial modulus of Cu). While the critical stress o,
to nucleate Shockley partials is estimated about 2.5 GPa by using
Chen et al.’s expression [24]

_ ZO[Gbp Vst
()'c—M(Dcu +E , 3)

where « is a parameter reflecting the character of the dislocation
(=1.0), G is shear modulus of the Cu (48 GPa), ys (78 mJ/m?) is
the stacking fault energy, b, (0.148 nm) the magnitude of Burgers
vectors of the partial dislocations, and M (~3.1) the Schmid fac-
tor [25]. Obviously, the interface mismatch stress is much larger
than o.. During annealing treatment, Shockley partials will be
favorably emitted from the Cu/Zr interfaces to relax the extremely
high interface mismatch stress. Moreover, the present Cu/Zr NMFs
have inhomogeneous microstructure, which is characterized by the
interfaces and grain boundaries surrounding the Cu grains. This

makes the internal stress state in Cu grains highly complex. The
second requirement for forming five-fold twins and other multi-
ple twins, i.e., variation in stress orientation, is substantially met
in the NMFs by partials emission from both interfaces and grain
boundaries. As a result, multiple twins and even five-fold twins
can be formed. Fig. 4(b) shows the intersection of two twins that
are from interface and grain boundary, respectively. In the five-fold
twin formed in present NMFs (Fig. 3(b)), strained planes adjacent
toTB1, and TB3 are induced to accommodate the five-fold twin. The
elastic strain is mainly produced by the internal lattice mismatch
stress as mentioned above, which again demonstrate the charac-
teristic of NMFs. For comparison, we show in Fig. 4(c) a TEM image
of 60 nm-thick Cu thin film prepared by the same technologies,
where only coplanar twins can be observed in the Cu grains with
size ~50 nm. This further indicates that the formation of multiple
twins as reported here is characteristic in NMFs.

A question come from the statistical results is why so many mul-
tiple twins are in the n =9 multilayers, while much fewer in the n =2
ones (Table 1). Two possible reasons are responsible for this differ-
ence. The first is related to the size-dependent “promotion-to-the
next-layer” probability for twin formation [26]. The nucleation of
one partial, while accounting for the stacking faults, is a necessary
but not a sufficient condition for twins. Uncorrelated random emis-
sions of individual partials cannot accidentally form a twin several
of atomic layers thick, as those seen in Fig. 4(b). The emissions
of partial dislocations, from both grain boundaries and interfaces,
need to be spatially, and likely temporally, correlated. This layer-
by-layer promotional effect may well be due to the inertia of a plane
n partial dislocation, which can accumulate huge kinetic energy and
move very fast after emission, driven by the high stress in grain
interior, with total energy several times the stationary dislocation
self-energy as it hits the grain boundary/interface, thus satisfying
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Fig.4. (a) TEMimage of a five-fold twin in the =9 NMFs, insert is the corresponding
inverse fast Fourier transformation image; (b) TEM image displaying the intersection
of two twins nucleated at interface and grain boundary, respectively; (c) TEM image
of 60 nm-thick Cu single film showing the exclusive coplanar twins in grains, which
is contrary to the multiple twins in Cu/Zr NMFs.

energy conservation for the creation of a partial dislocation on the
plane n+1. The “promotion-to-the next-layer” probability is pro-
portional to the grain size [26], i.e., the smaller is the grain, the
less is the probability for forming twins. The Cu grains in n=2
NMFs, although having an in-plane size d¢, close to those in n=9
NMFs, are thinner in the out-of-plane direction (Table 1). The suc-
cessive partial emission and resultantly twin formation from grain
boundaries will be suppressed in the n=2 NMFs. Fewer multiple
twins are then formed in these multilayers compared to their n=9
counterparts. The second possible reason is related to the grain
shape-dependent stress gradient distribution in the Cu grains. For
the Cu grains confined in layered structure, previous calculations
[27] based on finite element methods showed that the difference
in stress gradient between at interfaces and at grain boundaries is
minimum, when the aspect ratio (A: the ratio between out-of-plane
size and in-plane size) of the Cu grains is equal to 1. Under this con-
dition, the partials can be readily emitted from both interfaces and
grain boundaries. As the aspect ratio apart from 1, the difference
between stress gradients at interfaces and at grain boundaries will
be gradually broadened. Correspondingly, the partials will be pref-
erentially emitted from either grain boundaries (A> 1) or interfaces
(A<1)and predominantly form single twins or coplanar twins. The
Cu grains in =9 NMFs have an aspect ratio of about 1 (Table 1),
indicating a more possibility of forming multiple twins thanin n=2
NMFs that have an aspect ratio of about 0.75.

3.3. Strengthening effect of multiple twins

Deformation mechanisms in NMFs have been extensively stud-
ied and some dislocation models have been suggested to account
for the multilayer flow strength as a function of length scale from
greater than a micrometer down to less than a nanometer [28-30].
When the layer thickness is only a few tens of nanometer, as in the
case of present Cu/Zr NMFs, a confined layer slip (CLS) model can be
used to well describe the increase in strength of the NMFs, which
yield the following expression [30]

ub (4—v ahl’ F ure
M (0) () 5+ dow “)
where o is the stress required to propagate a glide loop of Burg-
ers vector b confined to one softer Cu layer, M is the Taylor factor
(~3), i’ layer thickness parallel to the glide plane, v is the Pois-
son ratio of Cu, w*=ucutzr/2(Vzr by + Veuldzr) is the mean shear
modulus of Cu/Zr multilayers which can be estimated by the shear
modulus pcy and volume fraction V¢, of the Cu layer and those of
the Zr layer, the volume fraction of the Cu or Zr layer is directly
related to the modulation ratio (e.g., Vcy =n/(1+1)), « represents
the core cut-off parameter, F is the characteristic interface stress
of multilayer, and the in-plane plastic strain ¢ is chosen as 1% here
to calculate the flow strength [30]. With the parameters [30-32]
of ey =48.3 GPa, 7 =32.8 GPa, v=0.343,b=0.2556 nm, « =1, and
h’=h=50n/(1+n)nm, the dependence of yield strength on interface
stress F as a function of 7 is quantitatively calculated, as shown in
Fig. 5. Yield strength is found to be insensitive to F within the range
of F=2-4]/m?2, but remarkably dependent on 7, i.e., the smaller
is n and the higher is yield strength. This trend agrees well with
general observation that smaller is stronger. When turn to the
experimental results, however, it is surprising that the n=9 Cu/Zr
NMFs exhibit hardness or flow stress greater than the =2 NMFs,
distinct from predicted trend. Since no other obvious differences
existed between the two NMFs, such as in surface morphology,
residual stress, and interface conditions, this discrepancy can be
only explained by the difference in twins. Multiple twins is respon-
sible for the higher hardness of the =9 Cu/Zr NMFs, and the single
twins in 77 =2 Cu/Zr NMFs make much less contribution to hardness.
The significant strengthening effect caused by multiple twins can

Ocls =
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Fig. 5. Calculated dependence of flow stress on interface stress (F) as a function
of n, showing the decrease in flow stress with increasing 1. The Measured flow
stresses (1/3 of the measured hardness) are also plotted in the figure (dots) to show
a n-dependence distinct from calculations.

be understood as follows. Firstly, the multiple twins, especially the
four-fold and five-fold twins, can impede the dislocation activity
from various directions, which is impossible for the single twins.
Secondly, the formation of multiple twins is accompanied with
the partial relaxation of internal stress at both interfaces and grain
boundaries, it will be hard to further emit partials. While in the case
of single twins formed from interfaces (or grain boundaries), the
partials can be easily emitted from the still-stressed other source
of grain boundaries (or interfaces).

Here, we should mention that the NMFs used in previous inves-
tigations were usually kept n as constant of 1 and changed the
modulation structure only in A, where the interface effect was pre-
dominant over other strengthening factors. In present work, A or
interface density is unchanged and the interface strengthening is
certain, the strengthening effect of multiple twins can be outstood.

4. Conclusions

Alarge number of multiple twins are experimentally observed in
Cu/Zr NMFs with 1 =9. The formation of multiple twins, especially
four-fold and five-fold twins, is confirmed to occur through the
sequential emission of partial dislocations from both interfaces and
grain boundaries, driven by extremely high lattice mismatch stress
and highly inhomogeneous microstructure that are characteris-
tics of NMFs. The Cu/Zr NMFs with multiple twins have hardness
greater than those with single twins, which indicates a significant
strengthening effect of multiple twins.
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