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a b s t r a c t
The phase transition of Nb from body-centered cubic (bcc) to face-centered cubic (fcc) has been found
in Cu/Nb nanostructured multilayers with modulation period () spanning from 5 to 300 nm, and was
analyzed by using a thermodynamic model. As  decreases, the strength of multilayers increase and
approach saturation of ∼2.88 GPa at a few nm layer thickness. Size dependent strengthening in present
fcc/fcc Cu/Nb multilayers is explained in terms of dislocation based strengthening mechanisms. The
enhanced modulus of fcc/fcc Cu/Nb is also observed.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Nanostructured multilayer ﬁlms (NMFs) are of interest due to
the novel properties that emerge as the individual layer thickness
is reduced to nanometer-scale [1–6]. As the layer thickness hM
(one half of the modulation period ) is decreased, three different
regions of hardness are frequently observed in both fcc/bcc type
(such as Cu/Cr [7], Cu/Nb [8] and Al/V [9]) and fcc/fcc type (such as
Cu/Ag [10] and Cu/Ni [11]) NMFs with constant modulation ratio
() ∼1: the ﬁrst region shows Hall–Petch (H–P) behavior; the second region shows an even greater dependence on layer thickness;
and the third region exhibits a plateau or softening of hardness.
Correspondingly, three kinds of strengthening mechanisms have
proposed to describe the variation in hardness/strength of these
materials as their characteristic dimensions shrinking toward to
the nanoregime, e.g. (i) the Hall–Petch like strengthening relationship based on dislocations pile up against the interface [1,7,12],
which works at the sub-micrometer to micron length scales, (ii)
the conﬁned layer slip (CLS) mechanism involving the single dislocation loop glide conﬁned to isolated layers [8,13,14], which is
applicable at few to a few tens of nanometers length scales, and (iii)
the interface barrier strength (IBS) mechanism considering single
dislocation cutting cross the interface [15,16], which comes into
operation at a few nanometers length scales.
Dimensionally induced structural transition in multilayers has
been an area of considerable interest in nanostructured materials
due to the ability to control properties by engineering the structure
of materials at the nanoscale. When hM in a multilayer is reduced to
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the nanoregime, it often exhibits structural transitions resulting in
one or more of the layers adopting a crystal structure different from
its bulk equilibrium state [17–22]. For example, in Al/Ti multilayers,
with increasing  or hM , the Al transformed once from hexagonal
close-packed (hcp) to fcc, but the Ti transformed twice: from hcp to
fcc, then back to hcp [19,20]. Some models are used commonly to
explain structural stabilities in multilayers, involving the inﬂuence
of interfaces on bulk stacking fault energies [23], coherency strains
[24] and the competition between bulk and interfacial free energies
[25–27].
A question naturally arises as to how the phase transition inﬂuences the mechanical properties of NMFs such as hardness/strength
and modulus. In this paper, the transition of bcc Nb to fcc structure, as well as the modulus and hardness enhancement in fcc/fcc
Cu/Nb NMFs with equal hM have been observed. We explained the
phase transition on the base of thermodynamic model constructed
on the competition between bulk and interfacial free energies and
analyzed the unique mechanical behavior in Cu/Nb NMFs.
2. Experiment details
2.1. Sample preparation and microstructure characterization
Cu (99.995%) and Nb (99.99%) targets were used to deposit
Cu/Nb NMFs on Si (1 0 0) wafer with native oxide by direct current
(DC) magnetron sputtering. The chamber was evacuated to a base
pressure of ∼6 × 10−7 Torr, and 1.0–2.5 × 10−3 Torr Ar were used
during deposition. The substrate was neither heated nor cooled
during deposition. The constituents within the Cu/Nb NMFs have
equal individual layer thickness hM (hM = hCu = hNb ) varying from 2.5
to 150 nm. Prior to deposition, the substrates were ﬁrstly cleaned
by Ar ion bombardment with 1 keV. The deposition rates were
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The mechanical properties (hardness H and modulus E) tests
were performed using a MTS nanoindenter XP, equipped with a
Berkovich diamond indenter and patented continuous stiffness
method (CSM) technique, in a constant displacement rate of 2 nm/s.
The maximum indentation depth was 250 nm, with a displacement
resolution of <0.01 nm and a loading resolution of 50 nN. A frequency of 45 Hz was used to avoid sensitivity to thermal drift. A
minimum of 9 indents was performed on each specimen to get an
average hardness value and standard deviation. Generally, a plateau
is reached in the measured hardness vs. indentation depth, and then
an average value of hardness is obtained. Because the thickness
of the multilayers is only 600 nm, a substrate effect probably contribute to the hardness and modulus measurements. To distinguish
thin ﬁlm and substrate contributions in hardness measurement, an
effective method is to measure the corresponding maximum load
and indentation size of multilayers at different penetration depths
of 100, 200, 300, 450, 600, 800 nm, then make a Mayer plot [32].
For present Cu/Nb multilayers, the log–log plot of indentation size
vs. applied load reveals a transition region between the indentation
depths of 300 and 450 nm. This indicates that the hardness value
below 300 nm depth, the plateau value, is the intrinsic hardness of
the multilayer ﬁlm.
For nanoindentation the unloading is considered to be an elastic
affair with no reverse plasticity. The slope of the unloading curve at
any point is called the contact stiffness. The contact stiffness in conjunction with the calculated contact area provides a measurement
of the reduced elastic modulus as follows:
√
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S√ ,
2
A

(1)

where A is the projected area of the contact area, S is the contact
stiffness, and Er is the reduced modulus expressed in terms of the
elastic properties of the indenter (i) and the multilayer (m) as
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Fig. 1. The XRD spectra of Cu/Nb NMFs showing the fcc-Nb with (1 1 1) diffraction
peak and the fcc-Cu with (1 1 1) and (2 0 0) diffraction peak.

2.2. Hardness test

Er =

Cu (111) & Nb(200)
Cu (200)

Nb (111)

Intensity (a.u.)

0.6 nm/s for both Cu and Nb. The Nb layer was ﬁrst deposited on
the substrate and ﬁnally the most top layer of the multilayer was
Cu. The total thickness of the Cu/Nb NMFs was ∼600 nm. The highangle X-ray diffraction (XRD) experiment was carried out using an
improved Rigaku D/max-RB X-ray diffractometer with Cu K␣1 radiation (∼0.15406 nm) and a graphite monochromator to determine
the crystallographic texture and the residual stress of the Cu/Nb
NMFs by using “sin2
method” [28–30]. Transmission electron
microscopy (TEM) observation was performed using a JEOL-2100F
high-resolution transmission electron microscope (HRTEM) with
an acceleration tension of 200 kV to observe the modulation structure and the interface structure. Monolithic Cu ﬁlm and Nb ﬁlm
with thickness ∼600 nm were also deposited onto Si (1 0 0) under
the same condition for comparison.
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(2)

where E is the modulus and v is the Poisson ratio. Eq. (1) is applicable
to a thin ﬁlm on a substrate only if the multilayer and substrate have
the same elastic properties. If the multilayer and substrate are elastically inhomogeneous – which is the case of Cu/Nb multilayer on
the Si substrate – then Eq. (1) returns the composite modulus (multilayers + substrate) because the substrate also contributes to the
measured modulus E. To avoid the substrate effects on the intrinsic
modulus of the Cu/Nb NMFs, we used the simple model developed
by Doerner and Nix [31] to determine the elastic modulus of the
multilayers from the composite modulus, following the treatment

of Ref. [32]. In this model, the empirical relationship among E, Em
and Esb can be expressed as:
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where ˛ is a constant, t is the multilayer thickness and h0 is the
penetration depth.
3. Results and discussion
3.1. Microstructure
The X-ray diffraction (XRD) spectra for present Cu/Nb NMFs
revealed both the Cu layers and Nb layers are polycrystalline structure, as shown in Fig. 1. The Cu layers exhibited a strong <1 1 1>
out-of-plane texture, and diffraction peaks of Cu do not shift compared with the unstressed state, while the fcc Nb (1 1 1) peak
(∼36.8◦ at unstressed state) [33,34] shifted signiﬁcantly toward to
high angle (∼37.1–37.3◦ ), see Fig. 1. Moreover, it monotonically
increases from 37.1◦ to 37.3◦ as the  decreases from 300 to 5 nm.
Correspondingly, the out-of-plane interplanar spacing of (1 1 1) is
about 2.423–2.411 Å. These quite approach the equilibrium state
fcc (1 1 1) interplanar spacing about 2.444 Å (i.e., lattice constant is
about 4.233 Å), indicating interplanar spacing perpendicular to the
ﬁlm plane decreases with decreasing periodicity. The compressed
out-of-plane interplanar spacing of fcc Nb layer is favorable for the
enhanced indentation modulus, which have been found in Cu/W
NMFs [32]. Owing to the distance of atomic planes of Nb (2 0 0) and
(3 1 1) are respectively very close to that of Cu (1 1 1) and (2 2 0)
so that their peaks overlap with each other in the XRD pattern.
For the fcc/bcc Cu/Nb NMFs with Kurdjumov–Sachs (K–S) orientation relationship [5] in the growth direction: {1 1 1}Cu//{1 1 0}Nb;
<1 1 0>Cu//<1 1 1>Nb, the lattice mismatch (ı) between Cu and Nb
is about ∼10.5%, while for the fcc/fcc Cu/Nb NMFs with cube-oncube structure, the ı between Cu and Nb is as high as ∼15.7%. In
fact, the real lattice mismatch is not only proportional to the lattice
constant mismatch but also depends on the speciﬁc interface structure, e.g. with or without interface intermixing layer. Thus, ı may
not be determined accurately. For the sake of simplicity, ı is deﬁned
as a ratio of the lattice constant difference between the two constituent crystals to their mean value without taking account of the
detailed relationship of crystallographic orientation at the interface
[3]. Thus, the ı for fcc/bcc Cu/Nb NMFs is about 9.1%, while the ı for
fcc/fcc ones is about 15.7%. In other words, more misﬁt dislocations
arrange at the fcc/fcc Cu/Nb interfaces.
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Fig. 2. Bright-ﬁeld cross-sectional TEM micrograph typically showing the modulation structure of the Cu/Nb NMFs with (a)  = 150 nm and (c)  = 20 nm. (b) and (d) are
HRTEM images typically showing the crystal structure of Cu/Nb and fcc-Nb layer. Inserts in (a) and (c) are the corresponding selected area diffraction pattern (SADP). Inserts
in (b) are the FFT for Cu and Nb of the squared box area, respectively.

Cross-sectional views of the fcc/fcc Cu/Nb NMFs from the transmission electron microscopy (TEM) observations are displayed in
Fig. 2, showing clear modulation structure and columnar grains
in the Cu layers and ultra-ﬁne nanocrystals in the Nb layers (see
Fig. 2(a) and (c)). Some Cu grains show growth twins. The average grain sizes of both Cu and Nb scale with the layer thickness,
and Cu grain size larger than that of Nb. No signiﬁcant intermixing
between Cu and Nb has been observed as proved by the interface
HR-TEM observation shown in Fig. 2(b). Further HR-TEM examinations reveal that the interplanar spacing is about 0.244 nm, which
provides the other evidence of fcc Nb rather than bcc Nb, as shown
in Fig. 2(b) and (d). The selected-area diffraction patterns (SADP)
of the cross-section samples are consistent with the XRD results.
The phase transitions of bcc Nb to fcc Nb have also been found
in the growth of Nb ﬁlm due to cubic or hcp stacking of the isolated Nb atoms or the NbCl5 molecules adsorbed on the substrate
[34], and in nanocrystalline Nb during deformation (ball milling)
owing to the stored excess energy in nanocrystalline bcc Nb [35,36],
respectively.
As to the bcc to fcc phase transition of Nb, Li et al. [27] proposed a
simple model for structural stability of multilayer systems based on
a thermodynamic model for interface energy and the Goldschmidt
premise for lattice contraction, i.e., when an fcc phase transits to
a bcc phase, the corresponding atomic diameter must contract 3%,
and vice versa. In this model, the corresponding difference of the
interfacial energies between Nb and Cu with certain structures, ,

can be written as follows [27]:
 = in − c =
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where  in is the incoherent interface energy for fcc/bcc Cu/Nb,  c is
the coherent or semi-coherent interface energy for fcc/fcc Cu/Nb;
aNb (aCu ) and Nb (Cu ) are the atomic diameter and shear modulus
of Nb (Cu), respectively; R ∼ 8.314 J/(K mol) is the ideal gas constant,  ∼ 0.343 is the Poisson ratio; ā, H̄m , S̄vib and V̄m are the mean
Nb , H Cu ),
values of the atomic diameter, the melting enthalpy (Hm
m
Nb , S Cu ) and the
vibrational part of the overall melting entropy (Svib
vib

Nb , V Cu ) of corresponding substances consisting
molar volumes (Vm
m
of interfaces, respectively. In Eq. (4), by taking the parameters [27,34]: aNb = 4.08 Å, aCu = 2.9 Å, Nb = 3.75 GPa, Cu = 48.3 GPa,
Nb = 26.4 kJ/mol, H Cu = 13.1 kJ/mol, S Nb = 8.05 J/(K mol), S Cu =
Hm
m
vib
vib

Nb = 10.87 cm3 /mol and V Cu = 7.11 cm3 /mol, we can
8 J/(K mol) Vm
m
get  = −3.69 J/m2 . It means that some extra energy needs to
achieve the phase transition from bcc-Nb to fcc-Nb by means
of contracting the atomic diameter [27]. From thermodynamical
point, it is unfavorable for the phase transition from bcc-Nb to fccNb. However, it is possible to store excessive energy in Nb layers
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Fig. 3. (a) Plot of hardness vs. indentation depth and indentation modulus vs. indentation depth for Cu/Nb NMFs with  = 40 nm plateaus are observed in both cases. (b)
Dependence of ﬂow stress on hM for the Cu/Nb NMFs. The strength of Cu and Nb
ﬁlms is indicated by arrow, the rule of mixtures (ROM) estimates is indicated by
dotted lines. In (b), the CLS , IBS , and H–P are also presented. Misra et al.’s results
[7,8] are also plotted for comparison. (c) Dependence of indentation modulus on hM
for the Cu/Nb NMFs. The modulus of Cu and Nb ﬁlms are also shown (the horizontal
dash line for Cu and dot line for Nb, respectively).

expected on the basis of indentation size effects in bulk materials
[38]. Then the hardness as well as the modulus starts to increase
with increasing depth of indentation and saturates in the indentation depth range of ∼100–225 nm (corresponding to ∼15–40% of
the multilayer thickness). Saha and Nix [38] pointed out that the
effect of the substrate hardness on the ﬁlm hardness was negligible
in the case of soft ﬁlms on hard substrates because the plastic deformation was contained within the ﬁlm and the substrate yielded
plastically only when the indenter penetrated the substrate. Hardness was observed to be constant for indentation depths less than
the ﬁlm thickness and these hardness plateaus to be good estimates
of the true properties of the ﬁlm [38]. Wen et al. [32] investigated the length scale-dependent hardness of Cu/W multilayers
and demonstrated that the plateau value of measured hardness
from a nanoindenter below 50% of the total ﬁlm thickness is the
intrinsic hardness of the multilayers. In our experiments, thus the
hardness as well as the modulus determined as the average value
from the plateau of hardness-indentation depth curve (the indentation depth range of ∼100–225 nm) is reliable and reasonable. For
comparison, the hardness and modulus of monolithic Cu and Nb
ﬁlms were also measured, and they are 3.46 GPa and 125 GPa for
Cu ﬁlm and 5.2 GPa and 112 GPa for Nb ﬁlm, respectively. The ﬂow
stress (estimated as 1/3 of hardness) calculated from the rule of
mixtures (ROM) for the composites is about ROM = 1.45 GPa.
In Fig. 3(b), as hM decreases from 150 to 10 nm, the ﬂow stress
of fcc/fcc Cu/Nb NMFs strongly increases ﬁrst, and then reaches
a plateau with hM further decreases down to 2.5 nm. By contrast,
the hardness of sputtered fcc/bcc Cu/Nb multilayers monotonically
increases at this length scale (2.5–200 nm) [7,8]. The discrepancies
between present fcc/fcc multilayers and sputtered fcc/bcc Cu/Nb
[7,8] are probably caused by the differences in microstructure (e.g.
grain size, lattice mismatch), deposition process, etc. Note that the
maximum hardness achieved in present multilayers is signiﬁcantly
higher than the rule of mixtures estimates shown with dotted lines
in Fig. 3(b). The deformation mechanism transition from dislocation gliding in the conﬁned layer to dislocation cutting cross the
interface, overcoming an additional resistance from the interface
dislocation arrays is responsible for the saturation of the ﬂow stress
or hardness [8,39].
With regard to the metallic multilayers composed of a
softer/ductile layer and a harder/brittle layer, plastic ﬂow is controlled by the softer/ductile phase [13,14,29,40], i.e., the Cu layers.
As the layer thickness hM ≥75 nm, the ﬂow stress H–P can be ﬁtted
well by H–P relationship [8]:
H–P

3.2. Mechanical properties
The nanoindentation data were measured continuously during
the loading of the indenter by the CSM method. Fig. 3(a) shows the
variation in hardness and modulus with penetration depth for the
fcc/fcc Cu/Nb NMFs with  = 40 nm. We see that at small depths of
indentation (<30 nm) the hardness falls with increasing depth, as

=

0

−1/2

+ khM

−1/2

= 0.6 + 7.4hM

,

(5)

where 0 is a constant (∼0.6 GPa) and contains contributions from
lattice friction, grain boundary strengthening, etc.; hM is the layer
√
thickness; and k is the H–P slope (∼7.4 GPa nm) and can be given
as [8]:



k=
during the nonequilibrium deposition process by forming lots of
defects such as vacancy and misﬁt dislocation, increasing free volume [35,36]. For example, in the immiscible system Ag/Nb with
positive enthalpy of formation (∼25 kJ/mol), amorphous alloy can
be obtained during the nonequilibrium deposition [37].
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∗ b
Cu Cu
,
(1 − vCu )

(6)

where * is the barrier strength of interface for slip transmission; Cu (48.3 GPa) is the shear modulus of Cu; bCu (0.2556 nm)
is the magnitude of the Burgers vector of Cu and vCu (0.343) is
the Poisson ratio for Cu. Misra et al. [8] pointed out that the
H–P slope k can be used to estimate the maximum strength IBS
( IBS = 3.06 *) of NMFs. According to Eq. (6), the IBS of present
fcc/fcc Cu/Nb NMFs is ∼2.98 GPa by taking the parameters men√
tioned above and k = 2.42 GPa nm for a H–P ﬁt to shear strength.
It is consistent well with the measured peak strength ∼2.88 GPa, see
Fig. 3(b). At the H–P model applicable region, one can see that the
ROM > H−P , which means the applied load is dominantly undertook by the Cu rather than the Nb. Compared with fcc/bcc Cu/Nb
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NMFs with no signiﬁcant difference between the grain sizes in the
two phases [7,8], the (Nb) grain size effect is not the main reason for present fcc/fcc ones exhibited higher H–P slope. The larger
ı is, the more pre-existing (misﬁt) dislocations at the interfaces.
This can result in higher interface strengthening capability, due to
more glide–interface interactions [3,39–41]. It is supported by the
trend that present fcc/fcc Cu/Nb NMFs exhibits higher H–P slope
√
√
(k = 2.42 GPa nm) than the fcc/bcc one (k = 1.65–2.1 GPa nm
[7,8]).
At the length scales where dislocation pile-up-based H–P model
does not apply, the CLS model [8,39,40] involving the glide of single
dislocation loop in soft phase bounded by two interfaces can be
used to explain the increase in strength with decreasing hM . Thus
the CLS stress ( CLS ) to generate a glide dislocation in the conﬁned
layer can be expressed as [8,29]
CLS

=

M∗ bCu sin ϕ
8hM

4 −  
Cu

1 − Cu

f
∗ ε
,
−
+
2m(1 − Cu )
hM



ln

˛hM
bCu sin ϕ



4. Conclusions
The Nb transformed from bcc to fcc structure was found in
nanostructured Cu/Nb NMFs, which is analyzed by a thermodynamics model. At large length scale (layer thickness > 50 nm), the
strength/hardness follows the H–P relationship; further reducing the length scale the strength/hardness obeys the CLS model.
After that the saturation strength/hardness is attained, which is
caused by dislocation cutting cross the interface. The fcc/fcc Cu/Nb
NMFs exhibits higher strengthening ability than that of fcc/bcc
Cu/Nb NMFs, due to the phase transition-induced larger lattice
mismatch or higher (misﬁt) dislocation density at fcc/fcc interface.
The enhanced modulus results from the compressed interplanar
spacing of Nb layer.
Acknowledgements

(7)

where M is the Taylor factor, is the angle between the slip plane
and the interface, ∗ = (Nb · Cu )/(VNb · Cu + VCu · Nb ) is the shear
modulus of Cu/Nb NMFs which can be estimated by the shear modulus Cu and volume fraction VCu of the Cu layer and those of the
Nb layer, ˛ represents the core cut-off parameter, f is the characteristic interface stress of multilayer, ε is in-plane plastic strain and
m is a strain resolution factor of the order of 0.41 for the active
slip systems of fcc Nb, other symbols have the same meaning as
mentioned above. The CLS model ﬁts experimental data well as
hM decreases down to 10 nm by taking M = 3.06, ˛ = 1, f = 3 J/m2 ,
ε = 1.2% and = 70.5◦ into Eq. (7), the dependence of CLS on hM
is calculated and plotted in Fig. 3(b) as well. For present fcc/bcc
Cu/Nb NMFs, the intersection point of the IBS line and CLS curve
at about 2.98 GPa yields a critical hcri
∼10 nm, consistent with the
M
experimental data.
From Fig. 3(c), one can ﬁnd that the modulus of fcc/fcc Cu/Nb
multilayer remarkably increases with decreasing hM from 150
down to 10 nm, and then almost reaches a plateau with further
reducing hM . The measured moduli of Cu/Nb NMFs are in agreement
with the calculated ones according to Eq. (3) at a penetration depth
of 125 nm, and much higher than those of monolithic Cu and Nb
ﬁlms. This can be considered as a modulus enhancement effect. At
larger thickness (hM > 10 nm), one can see the interface is sharp and
no intermixing is observed. Hence, the compressed out-of-plane
interplanar spacing of fcc Nb layer contributes the enhanced modulus. In contrast, at smaller layer thickness (hM < 10 nm), the layer
thickness is small and the deposition rate is fast ∼0.6 nm/s, so that
the Nb layers are not fully continuous and dense. Thus, Cu atoms
are probably able to penetrate into the locations of incomplete
coalescence to form some intermixing regions with the microstructure similar to amorphous between grain boundaries in Nb layers
[32,37], even form some local intermixing region at interface during
the sputtering process [2]. As to the modulus, amorphous regions
play a negative role. It was reported that metallic glass has 1% larger
speciﬁc volume (“free volume”) than the crystalline state [42]. Free
volume in the amorphous alloy regions has a negative contribution to the modulus, which results in a decrease of modulus with
decreasing hM because of more interfaces in the multilayers. Except
the compressed out-of-plane interplanar spacing of fcc Nb layer,
the small sized nanocrystalline Nb particles can also cause slight
shrinkage of Nb (1 1 1) atomic planes due to the interface stress [37].
Both of the two effects can promote the enhancement of modulus.
The competition between the factor reducing modulus and the factors increasing modulus probably results the measured modulus
saturated at small layer thickness (hM < 10 nm).
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