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Forced chemical mixing during severe plastic deformation was investigated at Cu-Nb
face-centered-cubic (fcc)/body-centered-cubic (bcc) interfaces using molecular-dynamics
simulations. Three Cu-Nb interfaces were considered, with either Kurdjumov-Sachs or
Nishiyama-Wassermann orientation relationship (OR) between fcc and bcc phases. Forced
mixing of a spherical bcc-Nb precipitate in fcc-Cu was also studied for comparison. Deformation
was imposed by shape-preserving cycles using two different modes, biaxial compression and
biplanar shearing to investigate the effects of strain path. For biplanar shear, the chemical mixing
rate is strongly dependent on structure of the interface, with the Kurdjumov-Sachs OR and
a (111)Cuk(110)Nb habit plane being particularly resistant to mixing. During compression, no such
dependence was found. Influences of interface diffuseness and roughness on stability were also
investigated. The simulations show the interface mixing is inversely related to interface shear
strength during shear deformation, but dominated by dislocation-glide through the Cu phase and
subsequent absorption at Cu-Nb interfaces during compression deformation.

I. INTRODUCTION

Severe plastic deformation (SPD) is commonly ob-
served to force chemical mixing and homogenization of
immiscible two-phase alloys.1–3 In systems with coherent,
coexisting phases it had been suggested that such forced
mixing derives from the random glide of dislocation on
slip planes,4 resulting in a mixing that is ballistic in char-
acter and independent of temperature.5 Molecular dynam-
ics (MD) simulations have provided quantitative support
for this approximation for fcc-fcc, two-phase systems with
low-to-moderate positive heats of mixing and small dif-
ferences in elastic constants of the constitutive elements.6,7

In these systems, slip can transfer across phase boundaries,
which then become both rough and diffuse in response.4,8,9

Subsequent MD simulations by Lund et al.,10 Vo et al.,8

and Delogu11 have shown that mechanical alloying in co-
herent alloy systems with very large positive heats of mixing

or with large differences in elastic constants is not entirely
ballistic, but rather it is guided by the thermochemical and
mechanical properties of the alloys and it is temperature-
dependent. These recent simulations are now able to explain
a number of SPD experiments on coherent systems. For
example, Cu-Ag alloys, which have a small positive heat of
mixing, DHm (� 6 kJ/mol for the equiatomic composition),
form homogeneous solid solutions during low-temperature
ball milling,12 whereas the solubility limits in Ni-Ag alloys,
which have a large positive heat of mixing (� 20 kJ/mol
for the equiatomic composition), can be only slightly ex-
tended.13 Similar results are found experimentally on alloy
systems comprised of elements with different crystallograph-
ic structures. For instance, full mixing is achieved for a wide
range of compositions in Cu-Fe14–17 (DHm � 11 kJ/mol
for the equiatomic composition) and Cu-Co [Ref. 18]
(DHm � 10 kJ/mol for the equiatomic composition), but
only limited extension of solubility has been achieved in
Cu-Nb19 (DHm� 28 kJ/mol for the equiatomic composition).
Whereas forced mixing in two-phase alloys with dis-

similar crystalline structures share some similarities with
coherent structural systems, the detailed mechanisms of
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forced mixing in these alloys remains poorly understood,
and few atomistic simulations of such mixing have been
performed. The complications of forced mixing in such
alloys derives from the fact that mixing results from
dislocation glide, and therefore available slip systems and
their geometrical relationships across interfaces will directly
affect both the extent and character of mixing. Interfaces
between two phases, moreover, can adopt different atomic
structures, even for the same orientation relationship (OR).
In the present work, MD simulations are carried out on Cu-
Nb (fcc/bcc) composites to study the influence of interface
structures on chemical mixing forced during high strain-rate
SPD. The Cu-Nb composites are chosen in this study
because this system has been the subject of a number of
systematic investigations that have elucidated interface
structures and the interactions of dislocations with these
interfaces.20–24 In particular, interfaces, stable either me-
chanically or thermodynamically, have been found in recent
works. For example, thermodynamically stable interfaces
with the {111}fcc k {110}bcc habit plane in the Kurdjumov-
Sachs (KS) or Nishiyama-Wassermann (NW) ORs can be
formed by physical vapor deposition (PVD),25 (we refer to
these interfaces as {111}KS and NW, respectively) and
a mechanically stable interface with the {112}fcc k {112}bcc
habit plane in the Kurdjumov-Sachs (KS) OR can be formed
through severe plasticity deformation via accumulative roll
bonding (ARB) (referred to as {112}KS).26,27 In the present
work, we perform atomistic simulations on these three in-
terfaces under both cyclic biaxial compression and biplanar
shear deformation. In addition, we consider force mixing
for the case of a spherical Nb precipitate embedded in a Cu
matrix for comparison with these planar interfaces.

II. COMPUTATIONAL METHODS

The simulations were performed using Cu-Nb as the
model system, represented by embedded atom method
(EAM) potentials.28 The MD code in LAMMPS29 and
visualization using OVITO30 were employed for all
simulations. Model Cu-Nb bilayers with different inter-
faces were constructed in the experimentally observed
ORs, namely, NW, {111}KS, {112}KS, as well as a Nb
particle in Cu. The planar interfaces were generated by
simply joining two crystals in the ORs listed in Table I. All
samples were then relaxed at 100 K for 100 ps to minimize
the enthalpy. Longer time relaxations show no difference.
The {111}KS interface was examined by common neigh-
bor analysis (CNA)31; it showed the so-called KS1 inter-
face structure as published previously by Demkowicz
et al.32 and Wang et al.24 The spherical interface was
constructed by placing a 5 nm diameter Nb particle in a Cu
matrix with an initially random orientation. The particle
rotated slightly during relaxation at 100 K for 100 ps, but it
then rotated by several degrees during deformation. No
clear stable OR was observed at high strains. Periodic

conditions were applied in all directions for all of the
simulations.

Both biaxial compression and biplanar shear deforma-
tion were applied, using a strain rate of 5 � 109/s and
a temperature of 100 K. For the sake of comparison
between biaxial compression and biplanar shearing, all
strain values are expressed hereafter in terms of von Mises
(equivalent) strains. Biaxial compressive strains were ap-
plied cyclically by scaling atomic positions, a cycle being
comprised of three steps starting with _exx ¼ _eyy, followed
by _eyy ¼ _ezz, and finally _ezz ¼ _exx. Each cycle produced
an equivalent strain of ;0.63, with the sample returning
close to its original shape. For the biplanar shear, each
shear strain cycle corresponds to an equivalent strain of
;1.5. Presently, LAMMPS restricts shear deformation to
the x direction on the x-z plane (exy) and x-y plane (exz),
and the y direction on the x-y plane (eyz). Whereas this
limitation of LAMMPS can be readily remedied, the
asymmetry proves useful for clarifying the role of interfaces
on shear mixing. We therefore first applied biplanar cyclic
shears _exy ¼ _exz ¼ _e, followed by �_exz ¼ _eyz ¼ _e, and
then�_exy ¼ � _eyz ¼ _e, with the interface plane parallel to
x-y plane. We then repeated the deformation, but with the
interface parallel to the x-z plane and then parallel to the y-z
plane. We focus on the biplanar shearing for the Cu/Nb
interface parallel to the x-y plane, as this orientation reveals
more directly the effect of interface shear strength on
chemical mixing, but we provide results for the other
interface planes as well. We define the interface shear
strength (ISS) as the flow stress in the shearing direction.

III. RESULTS AND DISCUSSIONS

A. Evolution and mixing of initially sharp
interfaces

We first consider atomically sharp interfaces, begin-
ning the analysis using the chemical short-range order
parameter, X, as defined by Lund and Schuh10:

X ¼
c

1�c N
B
A þ 1�c

c NA
B

NA
A þ NB

B

� 1 : ð1Þ

TABLE I. Orientations and dimensions of all studied interface systems.

Interface
type

Orientations Dimensions

Cu (FCC) Nb (BCC)
X

(nm)
Y

(nm)

Layer
thickness (nm)

x-axis z-axis x-axis z-axis Cu Nb

Particle ½1�10� [111] – – 7.2 7.2 –

{112}KS [111] ½11�2� [110] ½11�2� 9.4 4.9 9.7 5.1
{111}KS ½0�11� [111] ½1�11� [011] 9.7 7.1 6.0 2.2
NW ½0�11� [111] [001] [110] 7.9 8.5 6.6 2.5
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Here NB
A is the average number of B-nearest neighbors

around A-atoms and c is the atomic fraction of A in the
A-B alloy. X has values of �1, 0 or 1 for microstructures
that are fully decomposed (i.e., phase-separated), random,
or fully ordered, respectively;X is essentially a measure of
A-B bonds, in this case Cu-Nb bonds. Short-range order
and the number of Cu-Nb bonds for the particle interface
under cyclic compression are plotted in Fig. 1(a) as
a function of strain. After a strain of eeq 5 110, the system
does not reach steady state, but it does show a significant
amount of chemical mixing. Figures 1(b)–1(d) show the
atomic configurations at equivalent strains of 0, 28, and
112, respectively, confirming the increase in disorder as
a function of strain. A noteworthy feature in these figures
is the amorphization of Cu regions surrounding the Nb
particles; these regions are enriched with Nb atoms. The
centrosymmetry parameter33 was used to confirm the for-
mation of an amorphous structure. Similar behavior was
reported recently for spherical Nb particles in Cu, where it
was shown that the amorphous Cu-Nb structure is meta-
stable under SPD.7 The observation of an amorphous inter-
face structure helps to explain our finding noted above that
the Nb particle does not find a steady state orientation in Cu
during shearing; the amorphous layer removes any signif-
icant anisotropy in the Cu-Nb OR. These simulations also
reveal that the mixing is highly asymmetric, with Nb atoms
broadly distributed throughout the Cu matrix, but virtually
no Cu atoms within the Nb particle. We discuss this asym-
metry in more detail, below.

Chemical mixing (i.e., number of Cu-Nb bonds) in
systems under biaxial compression and biplanar shear
deformation are plotted as a function of strain in Figs. 2(a)
and 2(b), respectively. Under compression, chemical mix-
ing rates are essentially identical for the three interfaces
investigated, and they are also equal to that for the Nb
particle. For shear, in contrast, the behavior is quite
different. Chemical mixing for the {112}KS interface under
shear is far more efficient than for the NW and {111}KS
interfaces, and approximately equal to that for the Nb
particle. Notably, chemical mixing of {111}KS interface is
nearly absent at strains as high as 150. The NW interface is
stable up to a strain of 30, but then the mixing rate begins
to increase rapidly. Atomic configurations of the four
interfaces after an equivalent strain of 100 under shear are
shown in Fig. 3, illustrating the strong effect of the inter-
face structure on atomic mixing under biplanar shear. We
remind the reader that these results for biplanar shear pertain
to Cu/Nb interface lying in the x-y plane of the simulation
cell and that there are no shearing forces in the direction
normal to the interface plane for this geometry.

Concentration profiles across the {112}KS interface as
a function of strain are plotted in Figs. 4(a) and 4(b) for
both deformation modes. It can be observed that the {112}
KS interface becomes diffuse faster under compression
compared to shearing, in agreement with the results shown

FIG. 1. (a) Short-range order and number of Cu-Nb bonds per unit
initial interfacial area as a function of strain of Cu-Nb particle interface.
Cross sectional slice through the center of the computational cell at strain
of 0 (b), 28 (c), and 112 (d) (Cu: red, Nb: blue).

FIG. 2. Strain evolution of chemical mixing in different interfaces under
(a) biaxial compression deformation, and (b) biplanar shear deformation.
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in Fig. 2. After an equivalent strain of 10, which is a
typical strain level in ARB and wire drawing processes,34

a diffuse interface has formed, with its width ranging
from 1 to 2 nm in both deformation modes. Concentration
profiles across the various interfaces after a strain of
20 under compression and 100 under shear deformation
are plotted in Figs. 4(c) and 4(d), respectively. In compres-
sion, there are no significant differences in the chemical
mixing profiles at the different interfaces. A large differ-
ence is observed, however, under shear, again confirming
the difference in mixing rates shown in Fig. 2(b).

Another key feature revealed in Fig. 4 concerns the
shape of the concentration profiles duringmixing. At strains
of 10, under compression, the concentration profiles are
symmetric and the widths of the interfaces are � 1–2 nm
[Fig. 4(a)]. At higher strains, the concentration profiles for
all interfaces become asymmetric with a long Nb tail
extending into the Cu phase. This is consistent with the
fact that Nb atoms once transported away from the inter-
face undergo very rapid mixing in the Cu phase, owing
to the unobstructed glide of dislocations in that phase.6 In
contrast, Cu atoms that have been transported in the Nb
phase have very limited mobility since there is only little
dislocation activity in the Nb phase. This results in strongly
asymmetric composition profiles. A similar asymmetry is
observed during biplanar shear deformation of the {112}KS
interface. For the {111}KS interface, the interface remains

very narrow under biplanar shear, even at strains up to 150.
The contribution of the very fast transport of Nb atoms in
the Cu phase, therefore, is minimal, and the composition
profile remains symmetric. We conclude this section by
pointing out that the experimental observation of asym-
metric composition profiles in dissimilar materials forced
by SPD35 is perfectly compatible with dislocation-based
mixing mechanisms, without any contribution from ther-
mal diffusion.

As discussed in the introduction, atomistic simulations
indicate that chemical mixing in immiscible systems is
driven by dislocation glide.6,7 We therefore tracked the dis-
location activity in both deformation modes. This was ac-
complished by measuring the relative motion of pairs of
atoms with Cu-Cu bonds (bulk Cu), Nb-Nb bonds (bulk
Nb), and Cu-Nb bonds (interface) during initial straining
(see Ref. 6 for details). The mean square relative displace-
ment (MSRD) between nearest neighbor pairs of atoms,
r2
XYðt1; t2Þ, is given by,

r2
XYðt1; t2Þ ¼

+
NX

i¼ 1

+
ZYðiÞ

j¼1

ðRijÞt2 � ðRijÞt1
h i2

6ð1þ dXYÞ +
NX

i¼ 1

ZYðiÞ
; ð2Þ

where, (Ri,j)t1 is the vector connecting an atom i to a nearest
neighbor atom j at time t1; (Ri,j)t2 is that vector at a later
time t2; NX is the number of atoms of type X, zY is the
number of nearest neighbor XY pairs, and dXY 5 1 if
X 5 Y, and 0 otherwise. In the following, MSRDs are
measured over a time interval t2-t1 corresponding to one
deformation cycle. r2

CuCu and r
2
NbNb provide a measure for

the amount of shear mixing in bulk Cu and Nb respec-
tively, and they are related to the plastic strain in those
phases.6 Figure 5, for example, shows the deformation due
to glide of partial dislocations, resulting in stacking faults
and perfect dislocations. r2

CuNb similarly provides a mea-
sure of the amount of shearing and mixing that occurred at
Cu-Nb interface, resulting from either dislocations cross-
ing through the interface, interface shearing (Cu and Nb
crystals sliding on each other), or atomic rearrangements
in the interface where dislocations are absorbed, i.e.,
atomic shuffling. If r2

CuNb results from dislocations cross-
ing the interface, it should be correlated to r2

CuCu and
r2
NbNb. On the other hand, if r2

CuNb results from interface
shearing, it should be independent ofr2

CuCu andr
2
NbNb, and

if it is due to atomic shuffling, it should be proportional
to the larger value out of r2

CuCu and r2
NbNb.

MSRD for all pairs at small strain, evaluated between
strains of 0 and 15 are shown in Figs. 6(a) and 6(b) for
compression and shear, respectively. Under compression,
r2
CuCu is much larger than r2

NbNb, by a factor � 8 for the
particle, {112}KS, and NW interfaces, and by a factor� 2
for the {111}KS interface. The MSRD value for Cu-Nb

FIG. 3. Atomic configuration at strain of 100 of (a) particle (b) {112}
KS (c) NW and (d) {111}KS interface under biplanar shear deformation
(Cu: red, Nb: blue).
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interface pairs, moreover, is similar to bulk Cu for all
interfaces. Figure 6(a) thus suggests that plasticity in all
studied interface systems under compressive deformation
behave similarly. Plastic deformation is localized in the Cu
phase, which is not surprising because nucleation and
glide of dislocations in Cu is easier than in Nb.2,6,11 We
surmise, therefore, that dislocations are mainly confined to
the Cu lattice, but when they are absorbed in the Cu-Nb
interface, they give rise to atomic shuffling, accompanied
by interface reconstruction and/or a reduction in the local
density of dislocations within the interfaces. Such shuf-
fling reactions were recently discussed as a deformation
mechanism in pure nanocrystalline metals.36 Thus, forced
mixing results from dislocations impinging on an inter-
face, but in contrast to systems with coherent interfaces,4,6

the mixing is not due to dislocations crossing interfaces,
but to their emission and absorption at interfaces. The
mixing rate in compression is observed to be independent
of the interface orientation. This can be understood by con-
sidering dislocation nucleation. In uniaxial tension, Zhang
et al.23 showed that the stress state promotes dislocation
loop nucleation from the network of interface dislocations
for all interfaces investigated here. Once nucleated, the seg-
ments of these dislocation loops lying in the Cu phase
expand (as illustrated in Fig. 5), rather than shearing the
interface. Therefore, the chemical mixing rate is expected

to be largely insensitive to the details of the interface, as we
observe here.

Under shear deformation, Fig. 6(b), a large difference
in MSRD values for different interfaces is observed. First,
as for compressive strain, localization of plastic deforma-
tion is observed in the Cu phase. For the embedded Nb
particle, the MSRD values in bulk Cu and the Cu-Nb
interface are similar and about � 100 times larger than in
bulk Nb. MSRD values for the {111}KS and NW
interfaces, on the other hand, are much higher for Cu-Nb
pairs and lower values for Cu-Cu pairs in comparison to
those for the particle and the {112}KS interface. This
illustrates that many shearing events occur within interface
planes of {111}KS and NW interfaces rather than in bulk
Cu. Visualization (not shown) confirms that the high value
of MSRD of Cu-Nb pairs derives from interface shearing
rather than dislocations crossing the interface. This obser-
vation thus provides the explanation for the large differ-
ence in chemical mixing rate under biplanar shear versus
biaxial compression. Recall that in the systems studied so
far, the interface is parallel to the x-y plane, and therefore
four out of the six shear deformations imposed in each
biplanar shear cycle are applied parallel to the interface
plane. When such shearing is localized at the interface
plane (Cu and Nb phase sliding on each other), chemical
mixing is dramatically reduced because few atoms are

FIG. 4. Concentration profile through {112}KS interface as a function of strain under (a) biaxial compression and (b) biplanar shear. Concentration
profile through all studied interface systems (c) at strain of 20 under biaxial compression and (d) at strain of 100 under biplanar shear. Atomic
configurations are shown in Fig. 3.
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forced across the interface. These results are in agreement
with recent findings by Wang et al.24 that the interface
shear strengths of Cu-Nb {111}KS and NW interfaces are
particularly low, the lowest value being 400 MPa for
{111}KS and 250 MPa for NW.22,23 The {112}KS
interface, moreover, has the highest flow stress and it is
highly anisotropic, the lowest value being 1000MPa along
the ½0�11�Cu k ½1�11�Nb direction.37

B. Evolution and mixing of initially
diffuse interfaces

For better understanding the relationship between the
chemical stability of {111}KS interface and interface
shear strength we varied the ISS of {111}KS interfaces
by replacing the sharp interface by one that is slightly
diffuse. This was accomplished by randomly switching
Cu and Nb atoms located within three layers of the
interface, creating a symmetric profile with the first,
second, and third layers having compositions X, X/2,
and X/4, with X ranging from 0 to 25 at.%, as illustrated
in Fig. 7. Interface shear strength was then measured as
a function of the initial diffuseness X of {111}KS
interfaces in the x and y directions; these correspond to
½1�10� and ½11�2� in the Cu crystal [Fig. 8(a)]. For a sharp
{111}KS interface, X 5 0 at.%, s½1�10� and s½11�2� are found
to be � 0.35 and � 0.62 GPa respectively, illustrating the
anisotropic behavior of ISS, as reported in ref. [24]. As the
level of diffuseness increases, ISS is observed to increase in
both directions as seen in Fig. 8(a). At X 5 15 at.%, ISS
starts to saturate, and beyond X5 15 at.%, values of s½1�10�
and s½11�2� become similar, 0.8–0.9 GPa, indicating a more
isotropic ISS. This result can be understood in terms of
the corresponding interface structures, as illustrated in

Figs. 7(a) and 7(b) for X5 0 at.% and 15 at.%, respectively.
As diffuseness increases, the interface structure transforms
from an ordered array of misfit dislocations32 to an amor-
phous structure, and thus it is anticipated that interface

FIG. 5. Snapshot of the configuration of a {111}KS interface sample
during straining.Blue atoms areNb, red atoms are stacking faults (bounded
by partial dislocations) in Cu, the rest of Cu atoms are not shown.

FIG. 6. Mean square relative displacements of atomic pairs, per unit
strain, for different interface types under (a) biaxial compression
deformation and (b) biplanar shear deformation.

FIG. 7. (a) Cross-section (top) and interface plane-view (bottom) of
{111}KS interface. CNA was performed on first plane of Cu showing
two sets of misfit interface dislocations. Colors are based on local
symmetry from CNA: green for fcc, red for hcp, blue for bcc, white
otherwise. (b) Cross-section and interface plane-view of {111}KS
diffuse interface for X 5 15 at.%. CNA was performed on first plane
of Cu showing a more disordered interface compared with a {111}KS
interface.
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properties such as ISS will evolve from highly anisotropic
to isotropic.

The initial chemical mixing rate, measured from strain
of 0–15, is observed to depend strongly on the diffuseness
of the {111}KS interface under biplanar shear deforma-
tion, as seen in Fig. 8(b). As the diffuseness increases, the
chemical mixing rate also increases significantly, saturat-
ing at X � 15 at.%. The trend is therefore that a sharp
{111}KS interface has low ISS and high chemical stability
under shear, whereas the opposite is true for a highly
diffuse {111}KS interface. We also find this correlation
between ISS and the MSRD of nearest neighbor Cu-Cu,
Nb-Nb and Cu-Nb pairs, as shown in Fig. 9. Whereas
deformation appears to be confined to interface shearing
for sharp {111}KS interfaces, the Cu-Cu and Cu-Nb pair
diffusion coefficients converge toward similar values as
the diffuseness exceeds 12.5 at.%, thus suggesting that the
dominant plastic deformation mode has changed from
interface shearing to bulk deformation of the Cu phase.
Mixing is then enhanced by dislocations gliding into the
interface and stimulating atomic shuffling.

Quantitative analysis of mixing indicates that at a
diffuse {111}KS interface with X 5 25 at.% the rate of
creation of Cu-Nb bonds per Å2 is � 7.1 � 10�3, which
approaches the initial rate measured for the particle case
and for the {112}KS interface,� 2.0�10�2, see Fig. 2(b).

A diffuse {111}KS is therefore no more resistant to forced
chemical mixing than are general interfaces. The present
results also indicate that there should be a positive
feedback loop between strain and mixing rate even at a
sharp {111}KS interface. As strain increases, the diffuse-
ness of the interface slowly increases, which in turn raises
the resistance to interface shearing—the interface becomes
“stronger” with strain, thus promoting dislocation activity
at and near the interface, which ultimately will increase the
mixing rate. A slight increase of the slope of chemical
mixing is indeed measured for the sharp {111}KS in-
terface, as shown in Fig. 2(b), but simulations to even
larger strains would be necessary to confirm this pre-
diction. The response of the NW interface, see Fig. 2(b),
suggests also that a transition from low to high mixing
rates can take place in a nearly “catastrophic”manner, akin
to a bifurcation.

C. Evolution and mixing of stepped interfaces

We also explored the effect of interface roughness on
ISS and shear mixing by creating single-layer step edges.
This was done by first joining Cu and Nb crystals in KS
OR with one layer of (111) Cu and (110) Nb overlapping.
Part of the Cu and Nb overlapped layer was then cut out
to create a pair of steps on the interface [see Figs. 10(a)
and 10(b)]. Similar procedures were used to create a dif-
ferent number of pairs of steps. These pairs of steps have
the same width and are equally spaced. The steps were
created along both x ðCu½110�Þ and y ðCu½112�Þ directions.
Up to five pairs of steps along the x direction and seven
pairs of steps along the y direction were created. All the
created samples were relaxed at 100 K for 100 ps to
minimize their energy. The results are shown in Fig. 11(a)
(step edge along y-axis) and Fig. 11(b) (step edge along x-
axis). Samples with steps behave similarly, independent of
the direction of the steps. Initially, larger number of steps
results in higher chemical mixing rate. All chemical

FIG. 8. (a) Interface shear strength of both x and y orientations as
a function of diffuseness of {111}KS interface. (b) Chemical mixing
rate as a function of diffuseness X of {111}KS interface under biplanar
shear deformation.

FIG. 9. Mean square relative displacement of atomic pairs, per unit
strain, as a function of diffuseness X of {111}KS interface under
biplanar shear deformation mode.
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mixing curves however, come to the same steady state rate
of mixing after a brief period of relaxation (strain), which
is equal to the mixing rate for the sharp and planar {111}
KS interface. We also note that the same steady state is
observed for both step directions. Figures 10(a)–10(f) show
plane and cross-sectional views of the interface at different
strains in a sample initially containing one pair of steps.
Figures 10(a), 10(c), and 10(e) show that Nb atoms ini-
tially belonging to the step layer become randomly dis-
tributed throughout the layer as strain increases. Figures
10(b), 10(d), and 10(f), indicate, however, that Nb re-
location occurs only on the step layer (z plane), and not
below the interface plane, even at a strain of 59. Similar
behavior was observed when multiple steps were intro-
duced. Since Nb atoms are randomly distributed on the
step layer in all cases, all interfaces reach similar configura-
tions, and therefore should also reach similar mixing rates
at steady state, and this is indeed observed in Figs. 11(a)
and 11(b). ISS of all studied step interfaces along x and
y directions are plotted in Fig. 12. For all cases, there is no
significant effect of steps on the ISS, or on its anisotropy.
We thus conclude that the presence of single-layer steps is
not sufficient to prevent interface sliding since it did not
affect the interface shear strength. Since it has been
observed that larger steps present nucleation sites for

dislocation,23,38 it is reasonable to expect that larger steps
will decrease the chemical stability of {111}KS interface
to shear deformation, but we have not examined this
possibility in this work.

D. Effect of interface orientation during biplanar
shearing of KS interfaces

Finally, we investigate the effect of the interface
orientation on the stability of {111}KS and {112}KS

FIG. 10. Interface plane-view (a,c,e) and cross-section (b,d,f) of 2-step
{111}KS interface at strain of 0 (a,b), 15 (c,d), 59 (e,f). Cu: red, Nb:
blue.

FIG. 11. Strain evolution of chemical mixing for different step
numbers along (a) y direction ðCu½112�Þ and (b) x direction ðCu½110�Þ
for {111}KS interface.

FIG. 12. Interface shear strength of two orientations as a function of
number of steps in ½11�2� (open symbols) and ½1�10� (solid symbols)
directions for {111}KS interface.
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interfaces during biplanar shearing. The results presented
so far were for the interface parallel to the x-y plane; we
now consider cases for it parallel to the y-z and z-x planes.
Note that when the interface plane is parallel to the z-x
plane, two out of the six steps in the cycle contain shear
forces normal to the interface plane, and when the inter-
face is parallel to the y-z plane, four steps in the cycle
contain shear forces normal to the interface plane. As
shown in Fig. 13(a), the mixing at {111}KS interfaces
increases substantially as the interface plane is switched
from the x-y plane to the z-x plane, and then again as it is
switched to the y-z plane.We conclude therefore that in the
case of low ISS interfaces, such as {111}KS, there exists
a direct correlation between shear mixing and the number
of steps in the biplanar shear cycle that have force
components normal to the interface plane: Efficient shear
mixing of the {111}KS interface requires shear forces
normal to its habit plane. No effect, on the other hand, is
observed for the {112}KS interface, which is expected
owing to the high shear strength of that interface,
especially in the ,111.Cu k ,110.Nb direction. We
emphasize, however, that for all three interface orienta-
tions the {111}KS interfaces are more resistant to mixing

than {112}KS interfaces, as shown in Fig. 13(a). Part of
this high resistance of {111}KS interfaces to mixing
originates from easy interface sliding when shear forces
are applied in the interface plane. This factor alone is
however not sufficient to rationalize our results as {111}
KS mixing is also low for interfaces in the y-z plane, that
is so, even when shear forces are applied perpendicular to
the interface plane. Visualization of atomic configurations
shows that, in that case, dislocations gliding through the
layers can be absorbed by the {111}KS interface, in
agreement with the attractive interactions between lattice
dislocations and KS interfaces reported by Wang and
Misra.39 Once stored at the interface, dislocations can later
react and annihilate with other stored dislocations, or can
be re-emitted during a subsequent step of the strain cycle.
The mixing rate for {111}KS interfaces parallel to y-z
plane is measured to increase with the strain per cycle, as
illustrated in Fig. 13(b). This increase is consistent with the
fact that dislocation storing at interfaces is more effective
when the dislocation density is low. We conclude this
section by noting that the higher overall resistance to
forced mixing of {111}KS interfaces over {112}KS
interfaces reported here suggests that it would be inter-
esting to measure experimental mixing rates for Cu/Nb
multilayers obtained by PVD and by ARB, since the
dominant interfaces in these materials are {111}KS and
{112}KS, respectively.

IV. CONCLUSION

The forced chemical mixing of atoms in different
Cu-Nb fcc/bcc interface systems during SPD has been
investigated using MD computer simulations. Under
biaxial compression deformation, the chemical mixing
rate is independent of interface type. However, under
biplanar shearing deformation, the chemical mixing rate
is strongly dependent on interface type, and the {111}KS
interface shows remarkable chemical stability at equiva-
lent strains exceeding 150, whereas NW interfaces remain
stable up to equivalent strains of 30. In this deformation
mode, analysis shows that interface shear strength and
interface chemical stability are directly related. The easier
it is to shear an interface, the more stable it is under shear.
Diffuse {111}KS interfaces have a higher interface shear
strength compared to a sharp {111}KS interface, thus
leading to a progressive loss of chemical stability of these
interfaces as the diffuseness increases. In contrast, it is
shown that single-layer step {111}KS interfaces have
the same ISS as the perfectly planar {111}KS interface.
Therefore, these steps are not expected to modify the
chemical stability of specific interfaces during deforma-
tion, which is indeed what was observed in the simu-
lations. The present work offers a clear guide for the
design of Cu-Nb interfaces with high chemical stability
during shear deformation.

FIG. 13. (a) Chemical mixing evolution of KS interface, where in-
terface normal is on different axis. {112}KS interface is included for
reference. (b) Initial chemical mixing rate as a function of strain/cyle of
{111}KS and {112}KS interface.
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