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ABSTRACT: Deformation processing of immiscible systems is Shear Stali
observed to disrupt thermodynamic equilibrium, often resulting in 220w % ©
nonequilibrium microstructures. The microstructural changes
including nanostructuring, hierarchical distribution of phases,
localized solute supersaturation, and oxygen ingress result from
high-strain extended deformation, causing a significant change in
mechanical properties. Because of the dynamic evolution of the - ;
material under large strain shear load, a detailed understanding of e ] —hear dsforad e
. . e i = Base allo)
the t.ransformatlon pathwayl has not been established. Addltlona'lly, e [ - =2 — 0’.3 %
the influence of these microstructural changes on mechanical @ Engineering Strain
properties is also not well characterized. Here, an immiscible Cu-4
at. % Nb alloy is subjected to a high-strain shear deformation (~200); the deformation-induced changes in the morphology, crystal
structure, and composition of Cu and Nb phases as a function of total strain are characterized using transmission electron
microscopy and atom probe tomography. Furthermore, a multimodal experiment-guided computational approach is used to depict
the initiation of deformation by an increase in misorientation boundaries by crystal plasticity-based grain misorientation modeling
(strain ~0.6). Then, co-deformation and nanolamination of Cu and Nb are envisaged by a finite element method-based
computational fluid dynamic model with strain ranging from 10 to 200. Finally, the experimentally observed amorphization of the
severely sheared supersaturated Cu—Nb—O phase was validated using the first principle-based simulation using density functional
theory while highlighting the influence of oxygen ingress during deformation. Furthermore, the nanocrystalline microstructure shows
a >2-fold increase in hardness and compressive yield strength of the alloy, elucidating the potential of deformation processing to
obtain high-strength low-alloyed metals. Our approach presents a step-by-step evolution of a microstructure in an immiscible alloy
undergoing severe shear deformation, which is broadly applicable to materials processing based on friction stir, extrusion, rolling, and
surface shear deformation under wear and can be directly applied to understanding material behavior during these processes.
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1. INTRODUCTION categorized by low strain (<100), where interfacial instabilities
dominate, while at high strain (>100) where the atomic mixing
can be seen.”” Additionally, they propose the effective
temperature model to explain the observation of high solute
superstation tendencies under the high-strain regime.”*
However, another factor that can influence the experimental
observations in these processes is the interaction of the
deforming material with the ambient environment, which
consists of reactive gases such as oxygen. In the past,

Shear deformation-induced microstructural modification
underpins several processing methods such as friction stir-
based processing, roll bonding, drawing, and forging. The
advantages of achieving highly refined and homogeneous
microstructures at a relatively low cost make these deformation
processing techniques extremely desirable.' > However, in
these processes, the dominance of mechanical mixing induced
by the processing disrupts the equilibrium thermodynamic-
driven atomic settlements. In addition, the inherent mechan-

ical—thermal coupling makes it challenging to directly observe Received: December 30, 2021
these atomic-scale diffusion events in real time. These Accepted: April 8, 2022
challenges limit the knowledge of the microstructural trans- Published: April 15, 2022

formation pathways during such extended shear deformation
processing. Detailed work by P. Bellon and group highlights
the strain-dependent modes of microstructural evolution
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metastable supersaturated phases and amorphous structures
have been reported to form in several alloys (Nb—B, Cu—Ta,
Cu—Nb, and Cu—Ag) on extended deformation by mechanical
alloying.”™" In two examples, the grain boundary excess of
oxygen in nanocrystalline (NC) Al was shown to inhibit the
grain boundary rnigration,14 while the Zenner pinning effect of
oxide nanoparticles was shown to stabilize the NC structure in
the Fe—Mg ball-milled alloy."® Both these reports demonstrate
the strong influence of oxygen on microstructural evolution
and stabilization; however, the stabilization of defect-driven
metastability such as amorphization due to the presence of
oxygen has not been demonstrated.

The Cu—Nb alloys and composites have been widely
studied due to their combination of high-mechanical strength
and electrical conductivity.'"'°~"* The Cu—Nb phase diagram
shows a negligibly low mutual solubility in the solid state;
however, extended plastic deformation techniques such as
equal channel angular extrusion'® or high-pressure torsion
(HPT)" have been employed to extend the region of the solid
solution, resulting in a higher strength than pure Cu or Cu-
based miscible alloys.'”* In many cases, complete solubility is
not achieved; however, the fine-scale distribution of immiscible
phases results in a large improvement in the mechanical
properties.’”'* The nanofibers of Nb in Cu—Nb wires
increased the ultimate tensile strength of Cu from 345 to
2230 MPa.'” In addition to strength, Kapoor et al. showed that
the resistance to grain growth at elevated temperatures
increases as a function of Nb concentration in Cu—Nb
alloys.”" Other techniques, such as ball milling,”* accumulative
roll bonding,**~** biaxial compression, and biplanar shearing,*®
are equally effective in processing Cu—Nb alloys. In the
current work, we systematically reveal the influence of high-
strain deformation on the microstructural evolution in an
immiscible Cu—Nb system under tribological deformation in
the ambient environment using a coupled experimental and
computation approach. Materials undergo an extended shear
strain in friction processing techniques such as friction stir
processing and extrusion, where the complicated thermal and
mechanical history makes the microscopic understanding of
the transformation pathway very difficult. Although severe
plastic deformation techniques such as HPT could introduce a
large strain in the material, they are considered high-pressure
techniques where total strain is less and severe plastic
deformation is accomplished by the large pressure (in the
order of GPa) coupled with strain. In a tribological setup, the
local pressure is relatively low (in the order of MPa), while the
repetitive scratching of the surface induces a high strain in the
material, which results in microstructural transformation.>*”~>°
Here, the local pressure, total strain, and deformation rate can
be precisely controlled relatively easily. Hence, the tribological
setup was used for conducting this study. Our approach
allowed us to follow the step-by-step change in the
microstructure as a function of total strain, thus developing a
mechanistic description of the process. In tribological tests, the
plastic strain is limited, but the dislocation density due to
repeated cyclic deformation can be very high, which is similar
to the case of severe plastic deformation by HPT. Hence, in
this work, “extended” or “severe” shear deformation are used
interchangeably to define the extent of deformation.

A pin-on-disk tribometer is used to impart a high-shear
strain in a Cu-4 at. % Nb (Cu—4Nb) alloy. The crystallo-
graphic and morphological changes in the dual-phase micro-
structure are presented as a function of shear strain. The

mechanical properties accessed using indentation hardness and
pillar compression testing show a massive increase in
properties compared to the base alloy. A multiscale
computation approach using finite element methods (FEMs),
crystal plasticity-based models, and first-principle calculations
complementing the experimental observations reveals the
overall pathway involved in the complex microstructural
changes during shear processing. The insights obtained here
are crucial for developing a predictive atomic-to-mesoscale
modeling approach for microstructural evolution under high-
strain deformation.

2. METHODS

2.1. Materials. The binary Cu-4 at. % Nb (Cu—4Nb) alloy
was cast and remelted five times for homogenization (procured
from ACI alloys, California). Samples with dimensions of 20 X
10 X 3 mm cross section were cut using a slow-speed saw,
mechanically ground to 2000 grit, and metallographically
polished using a 0.02 um colloidal silica solution.

2.2. Experiments. The as-cast alloy was subjected to shear
deformation in dry air at room temperature using an Anton
Paar pin-on-disk tribometer. A 6 mm diameter stainless steel
counterface with a load of 1 N and a sliding velocity of 200
mm/s was used in the reciprocating mode for 5000 cycles, with
a stroke length of 7 mm. Keyence VR-5100 white light
interferometry measurements were used to determine the
volume loss of the material by wear. The wear volume was then
divided over the normal load and the sliding distance to obtain
specific wear rates in mm®/N-m.

The microstructures of the undeformed and shear-deformed
regions were characterized using scanning electron microscopy
(SEM) backscattered electron (BSE) imaging, bright field
transmission electron microscopy (BFTEM), high-resolution
TEM (HRTEM), and atom probe tomography (APT). The
sample preparation for HRTEM and APT was performed using
a Thermo Fisher Scientific Quanta 200 focused ion beam
(FIB)—scanning electron microscope outfitted with an Oxford
Instruments energy-dispersive X-ray spectroscopy (EDS)
system for compositional analysis. An Oxford Instruments
electron backscatter diffraction (EBSD) detector was used for
generating the inverse pole figure (IPF) maps, phase maps, and
the image quality (IQ) maps for the as-cast and deformed Cu—
4ND alloy. The Cu—Nb interfaces having Kurdjumov—Sachs
(KS) orientation®" relationship with (111)Cu//(1—10)Nb
and [—110]Cu//[—111]Nb were highlighted with plane and
direction tolerance of 5°. The cross-sectional EBSD results
presented in Figure 4 were obtained from a lamella (10 X 2 X
S pm) lifted out using the FIB from the region of interest. After
EBSD, the sample lamella was further ion milled (10 X <0.0S
X S pm) and made electron transparent for observation under
a transmission electron microscope.

For nanomechanical testing, the micropillars of dimensions
5 X 5 X 10 ym with an aspect ratio of 2:1 were fabricated using
a Helios Hydra UX dual-beam plasma FIB/scanning electron
microscope (PFIB). Five pillars each are milled from the base
metal alloy and the shear-deformed region. The initial trenches
for the pillars were made using 30 kV voltage and 60 nA to
0.20 pA currents with the xenon ion beam. The pillars were
then shaped to their final dimensions at 30 kV, 1—4 nA.
Micropillar compression tests were then performed using an in
situ PI89 Picoindenter assembly inside the PFIB/scanning
electron microscope. The compressive loading was applied
using a diamond flat punch indenter in a displacement-
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controlled fashion with a constant rate of 50 nm/s (equivalent
to a strain rate of approximately 107%/s).

An FEI Titan 80—300 operated at 300 kV was used for
HRTEM. CAMECA LEAP 4000X HR APT was used in the
pulsed voltage mode at a 200 kHz pulse frequency with a 20%
pulse fraction, a specimen temperature of 50—60 K, and a
detection rate that was maintained at 0.005 atoms/pulse.

2.3. Computational Modeling. 2.3.1. Crystal Plasticity
Simulation. The crystal plasticity theory was used to study the
grain misorientation in the initial stage of the co-deformation
of the Cu—Nb [face-centered cubic—body-centered cubic
(FCC—BCC)] bicrystal in the tribological experiments. In the
crystal plasticity theory, the deformation gradient F is
decomposed into the elastic deformation gradient (F,.) and
the plastic deformation gradient (F,), so that

F = EF, W

From the elastic deformation gradient F,, the second Piola—
Kirchhoff (PK) S stress is computed by

S=C:E=C: [l (F;_FFe—I)]
2 (2)

Here, C is the fourth-order elastic stiffness tensor of the
. . 1 .

considered material, E = E(FZFe —1I) is the second-order

Green—Lagrange strain tensor, and the colon represents a

double contraction operation. The second PK stress S

determines the resolved shear stress 7% in the constitutive

level, which drives the plastic slip on the a slip system. The
resolved shear stress 7% is computed by Schmid’s law

" =S: P(Slchmid (3)
P, .4 is the Schmid’s factor defined as
chhmid =s" ® n* (4)

where s” and n” are the unit vectors along the shear direction
and shear plane normal, respectively. In the phenomenological
plastic constitutive law (or power law) used in this work, the
shear strain rate of the a slip system is computed from the
associated resolved shear stress by

n

sgn(7”)

a

& ()

where the reference strain rate 7 and the stress exponent n are

7 =T,

material parameters. £ is the slip resistance and evolves as

follows
sgn[l — %]haa/
¢

0

a
- £
a

o0

& = ny =N _ 1™

ar=1

(6)

Here, N; is the total number of slip systems. h, a, ng, and
h**' are material parameters. 1, and a are model-specific fitting

parameters. é‘; is the upper bound of the slip resistance. K"’ is
the component of the slip—slip interaction matrix between slip
systems @ and @’ that describes crystal hardening, which is self-
hardening for @ = &’ and latent hardening for @ # a’. The
material properties of Cu and Nb are listed in Table 1.
Because of deformation heterogeneity, each grid in the
representative volume element (RVE) has its orientation in the
current conﬁ%uration, which causes kernel average misorienta-
tion (KAM).”* Consider two grids, k and m. Oy and O,, are

Table 1. Material Properties of Cu and Nb Used in the
Crystal Plasticity Simulation”

property Cu Nb
crystal structure FCC BCC
C,, (GPa) 168 250
Cy; (GPa) 121 135
C., (GPa) 75.4 30
7, (ms™") 0.001 0.001
$o (MPa) 16 95/97
&, (MPa) 148 222/413
hy (MPa) 180 1000
coplanar h** 1 1
non-coplanar i*"' (a # a’) 1.4 1.4
n 83.3 20
a 2.25 2

“FCC has one slip system family, and BCC has two slip system
families. Each slip system family has 12 slip systems. For Nb, &, and
£, of these two slip families are listed.

their orientation matrices, respectively. The misorientation
angle Ay, between grids k and m can be calculated by

tr(AO, ) — 1
Ay, = arccos| ——————

2

(7)
A0, = 0,0; (8)
The KAM angle of grid k is defined as

M
1 k

Orxam = — Z Ay
Mk m=1 ' (9)

where M, is the number of the intragranular grids used for
calculating 6 xay, that is, the KAM angle of grid k. In this
work, only the first nearest intragranular neighbors in the two-
dimensional (2D) RVE were used, so M; < 4.

2.3.2. Computational Fluid Dynamic Simulation. To
further understand the material co-deformation mechanism
of the Cu—Nb system under high cyclic shear strain, a
mesoscale computational fluid dynamic (CFD) simulation was
carried out based on the particle-in-cell FEM. This method was
borrowed from a recent work on analyzing the shear-induced
material mixture of metallic multilayer systems during HPT,*
in which material phases were treated as incompressible
nonlinear viscous fluids with distinct effective viscosities 7].¢
(Pa-s) following the power-law relationship.

The initial Cu—Nb morphology for the simulation was based
on a cropped TEM image from an experiment with an
approximate shear strain of 10. Similar to the setting in ref 33,

a reference viscosity of ﬂrljfb = 10’ Pa-s was assigned to the Nb
material phase, whereas the Cu phase was assigned a larger

reference viscosity of nrgfu = 10° Pa-s (viscosity contrast =
Nb
ﬂ"éfu = 10). The power-law component n or the effective

ref
viscosity exponent was set to 3. The VC" value determines the
morphing mechanism of Nb, and a value of 3 was recognized
empirically by comparing it with the experiment. The physical
significance of n in a solid-state immiscible system is still
unknown. Simple cyclic shear boundary conditions with a
strain rate of 100 s™' estimated from the experiment were
applied on the top and bottom surfaces, while periodic
boundary conditions were considered on the left and right

https://doi.org/10.1021/acsomega.1c07368
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Figure 1. Illustration of the studied models for the Cu—Nb system. (a) Crystalline model (random substitutional sites). (b) Amorphous model
(randomly distributed Cu and Nb atoms). (c) Segregated crystalline model.

surfaces of the simulation domain. For each shearing cycle, the
simulation domain undergoes 0.6 shear strain. It took 316
cycles to achieve the target shear strain of 200.

2.3.3. Density Functional Theory. We used three models to
represent the Cu—Nb systems (Figure 1), including a
crystalline model with substitutional Nb in FCC Cu and
substitutional Cu in BCC Nb, an amorphous model with
randomly distributed Cu and Nb atoms, and a segregated
crystalline model with a distorted crystalline lattice in the
crystalline host. These models are referred to as crystalline,
amorphous, and segregated crystalline models, respectively,
hereafter.

The density functional theory (DFT)***° calculations were
performed using the Vienna Ab initio Simulation Package36_39
with the Perdew—Burke—Ernzerhof exchange—correlation
functional’®*' and the projector-augmented wave potential.**
The plane-wave basis set with an energy cutoff of 369.3 and
500 eV was used for Cu—Nb systems without and with
interstitial O, respectively. The I" point alone was used for all
the calculations. The self-consistent field energy convergence
criterion was set at 107> eV. The convergence criteria for
energy minimization were set as 0.05 eV/A for the amorphous
systems due to their complexity, but 107* eV for the other
systems. All the configurations are fully relaxed with respect to
cell shape and size and internal atomic positions. The charge
distribution was analyzed using the Bader charge.”’~** The
computed lattice parameters for Cu and Nb were 3.642 and
3.323 A, respectively, in good agreement with the experimental
values.*”**

The energy with respect to FCC Cu, BCC Nb, and gas-
phase O, used to quantify the stability of the Cu—Nb or Cu—
Nb—O systems is calculated using eq 10

AE = (ESyS — Eg, X ng, — Exy X g, — Eq /2 X g )
/(ney + myy, + 1) (10)
where E is the total energy of the Cu—Nb or Cu—Nb—O

system. Ec, and Ey, are the energies of the bulk Cu and Nb,
respectively, per atom. The n¢, and ny, are the numbers of Cu
and Nb atoms in the system, respectively. The total number of
Cu and Nb atoms (ng, + nyy) is S00, except for the segregated
crystalline model, for which the total number of atoms varies
due to the different densities of atoms in the FCC Cu and
BCC Nb. The Nb concentration [Nb] is calculated as ny,/(n¢,
+ nyp)- Eo, is the energy of O, in the gas phase, and ng (1o =
1) is the total number of O in the Cu—Nb—O system.

For the crystalline model, a fraction of the FCC Cu atoms
were replaced with Nb and, conversely, a fraction of the BCC
Nb atoms were replaced with Cu. In both cases, the Nb
concentration varied from 0 to 100%. The locations of the

13724

Nb, and Cuyy, sites were chosen at random; m configurations
were considered for each Nb concentration (m = 3 in most
cases). Then, their energies were weighted with Boltzmann
factors
SE,
w=e kT (11)

where OE, is the energy of configuration i with respect to the
lowest energy for each Nb concentration, kg is the Boltzmann
constant, and T is the temperature. In the absence of
information on the local temperature during processing, we
set the temperature used to calculate w; to 1000 K.
The weighted average total energy was calculated as
Esys j (Et X M}l)r{lu}l (12)
Similarly, the weighted average fractions of FCC or BCC
phases for each Nb concentration were calculated using eq 13
fraction = (f X w,)/w,
- ’M’ (13)
where f; is the fraction of the BCC or FCC phase in the
configuration i.

3. RESULTS AND DISCUSSION

3.1. Starting Microstructure: Cu—4Nb Alloy. The
starting material in our work is a bulk as-cast Cu—4Nb alloy
(methods section) where the Cu forms the large-grained
matrix phase while the Nb phase (particles) is dispersed in the
form of spherical and near-spherical microprecipitates (the
bright contrast phase in the BSE images in Figure 2a). The Cu
grain size is >500 um, and the particle size for Nb is ~1.5 + 0.2
pum. The EBSD maps (IPF map, phase map, and IQ map in
Figures 2bl and 3) show that the Nb particles in Cu are
randomly orientated. We do not observe a strict orientation
relationship between all of the Nb—Cu interfaces in this as-cast
condition; however, ~65% of the boundaries observed a KS
orientation®" relationship with (111)Cu//(1—10)Nb and
[-110]Cu//[-111]Nb (Figure 2b3).

The BFTEM (Figure 2c1) confirms that the Nb particles are
spherical, and the corresponding EDS maps (Figure 2cl)
together with the selected area electron diffraction (SAED)
patterns (Figure 2c2,c3) consistently index the Nb-rich phase/
particle as BCC and the Cu-rich phase as FCC. The
compositional analysis of the two phases (Nb-rich and Cu-
rich) was carried out using APT (Figure 2d), depicting
extremely low solubility of Nb in the Cu matrix (<0.01 at. %)
(Figure 2d1) and of Cu in Nb particles (<0.01 at. %) (Figure
2d2).

3.2. Tribological Deformation Using a Pin-on-Disk
Tribometer. Tribological experiments were performed in dry

https://doi.org/10.1021/acsomega.1c07368
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Figure 2. Cu-4 at. Nb starting microstructure. (a) SEM image with
the Nb phase (bright contrast particles) dispersed in the Cu matrix.
(b) EBSD results show stress-relieved grains of Cu with the IPF in b1,
the phase map in b2, and the IQ map overlaid with KS OR
[(111)Cu//(1-10)Nb and [—110]Cu//[—111]Nb)] boundaries in
b3. (c) TEM results ambiguously show the FCC Cu matrix and
spherical BCC Nb particles. (d) Composition of each phase is
measured using APT, where d1 shows the reconstruction of the
representative needle prepared from the Cu matrix and d2 is from the
Nb phase. The Cu phase has <0.05 at. % Nb while the Nb phase
shows ~0.5 at. % Cu dissolved in it.

air at room temperature using an Anton Paar pin-on-disk
tribometer (parameters are described in Methods).

After characterizing, the starting alloy condition, the
polished top surface of the specimen was shear deformed by
moving the tribometer pin reciprocally forward and backward
on the surface of the sample, creating a wear track. Figure 3
describes the observations from the surface-wear test on the
Cu—4Nb sample, where Figure 3a has a 2D wear depth and
wear width plot after 5000 sliding reciprocal cycles on the
surface. The inset shows the optical inferometry image of the
wear track, which is used to estimate the wear rate in the alloy.
The steady-state coefficient of friction (COF) was calculated
to be 0.58 + 0.05, while the wear rate was 6.2 + 0.3 X 10™*
mm?/N-m (Figure 3b). The COF versus sliding cycles shows
an initial rise in the COF values till 2000 cycles, and then it
stabilizes. The very early variation in the COF, which is the
initial run-in period (<300 cycles), corresponds to the removal
of the nascent oxide layer on the alloy and the initial grooving
on the surface to attain a perfect mating between the surface
and the counterface. The depth versus sliding cycles in Figure
3c suggests that the rapid depth increase (negative direction)
occurred at ~100 cycles, which was then stabilized at 300
cycles, while the rapid increase in the COF starts at ~500
cycles when the depth remains constant. This indicates
material on the top of the surface undergoes high-strain
deformation without being removed after 500 cycles. Thus, it
can also be indicative of the material hardening resulting from

the deformation; hence, the rapid increase in the COF is
observed.*” ' The strong influence of microstructural changes
on the COF is further highlighted in Figure 3d, where the COF
is plotted from 0—100, 300—400, 1000—1100, and 4000—4100
sliding cycles. A three times increase in the COF was noticed
as the material underwent strain hardening and resists the
removal process.

3.3. Microstructural Characterization of the Sheared
Region Below the Tribometer Wear Track (Strain <1).
This study is interested in the sheared region below the wear
track as a function of total deformation. Hence, FIB foils for
TEM characterization were lifted out along the wear track after
1/2, 10 (low-strain deformation), and S000 cycles (high-strain
deformation). After a single scratch (1/2 cycle), we observed
the shearing of a prior twin boundary to estimate the shear
deformation experienced by the Cu matrix phase (Figure S1).
The apparent shear strain of 0.32 was calculated using y =
cota-cotf, where y is the shear strain and f and « are the initial
and final angles, respectively, that the twin boundary makes
with the surface. Note that the shearing of the twin boundary
takes place by twin migration, leaving the ledges on the parent
twin boundary consistent with some prior observations.””

We now examine the 10-cycle condition. The EBSD results
consisting of the IQ and IPF after 10 cycles of deformation are
shown in Figure 4a,b respectively. The sample was prepared
along the sliding direction by the FIB lift-out technique and
put through EBSD, followed by final ion milling/cleaning
before TEM examination. The Nb phase in the FIB lamella
was indexed with low confidence and hence is masked using
black color while the Cu phase was indexed with high
confidence. However, the EDS maps (Figure 4c—e) con-
clusively show that the unindexed and elongated regions in the
EBSD map are Nb-rich.

The deformation in the large-grained Cu matrix proceeds
with grain fragmentation and rotation. The region 1 ym below
the wear track consisted of highly refined grains (~200 nm),
and one such grain is highlighted using a white arrow in Figure
4b. The Nb particles become elongated due to shear
deformation, and a high density of dislocation loops is
observed in the Nb phase [scanning TEM (STEM) image in
Figure 4f,g]. The formation of these dislocation loops near the
Cu—Nb interfaces has been associated with the collapsing of
lattice planes after the aggregation of profuse vacancies
induced during severe shear deformation.”® We also note
that the dislocation-free twin interacting with the phase
boundary creates a rugged pattern on the interface (Figure
4h). The nucleation of twin structures on the phase boundary
and the growth of them in Cu will facilitate further refinement
of Cu grains.”*** The formation of these dislocation-free twins
is proposed to be induced by severe stress concentration on
the rugged interface.”® Based on our earlier estimation of
apparent shear strain in the Cu matrix after 1/2 cycle (~0.3),
the total apparent strain after 10 cycles can be estimated to be
~6. The average particle size of the Nb phase in the as-cast
microstructure was ~1.5 ym, and the deformed diameter of the
Nb ellipsoid was measured to be ~0.5 ym. The shear strain
induced in the Nb phase can be estimated to be 3 (Figure S2).
Hence, we note that the strain accumulated in the Nb particle
is about half of what is estimated for the Cu phase if the strain
accumulation was assumed to be linearly increasing. However,
the work hardening of the Cu phase can reduce the strain
accumulation in Cu as a function of the number of cycles.
Additionally, a limited dislocation-assisted strain transfer from
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Figure 3. Tribological testing on the Cu—4Nb alloy. (a) Wear depth versus wear width after S000 cycles [(inset) optical image of the wear track
from the top of the track]. (b) COF versus the number of cycles shows an initial increase in the COF, which is stabilized after ~2000 cycles. (c)
Initial regime of the COF versus the number of cycles and wear depth versus the number of cycles are plotted together to compare the starting
point of increase in the COF with material loss. (d) COF in different ranges of the number of cycles is plotted to show an increase in the COF with
material deformation.

Figure 4. Subsurface microstructural characterization after 10 cycles of tribological testing along the sliding direction: (a) IQ map showing the
deformed Cu grains, (b) IPF map, (c) composition map showing Cu (orange) and Nb (blue) from the section highlighted in (a) using a white box,
(d,e) individual Nb and Cu maps, respectively. (f) STEM image showing the interface between Cu and Nb phases after shearing, and (g) BFTEM
and (h) HRTEM images showing the rugged Cu—Nb interface.

the Cu matrix to the Nb particles through the partically strain versus sliding cycle function would involve observations
coherent or noncoherent interfaces can result in a lower shear of material removal, redeposition, work hardening, and
deformation of the Nb phase. An accurate estimation of the microstructural changes at each step. This needs an in situ
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Figure S. (a) SEM image from experimental measurement where Nb precipitates are in green. (b) RVE is used for the crystal plasticity simulation
where the matrix is a single Cu grain (in blue) and Nb precipitates with different orientations (in colors). (c) RVE with 30% shear deformation (1/
2 cycle). (d) RVE with 60% shear deformation (1 cycle). The color in (c,d) represents the KAM angle indicated by the given color bar. The red
region depicts its KAM angle >5°. (e) Histograms of misorientation angles vary with the applied shear strain. The misorientation angle refers only
to the material points in the Cu grain relative to its original orientation. (f) Average misorientation angle to its origin in Cu varies with the applied
shear strain (in red), and the volume fraction of KAM > S° varies with the applied shear strain (in blue).

tool to observe material deformation while testing and is not
the focus of the current work. Hence, the linear extrapolation
of strain based on the measurement performed after initial
deformation cycles is conducted as an approximation to guide
computational simulations for comparison with the exper-
imental results in the current work.

To understand the initiation of plastic deformation at very
low strain (<1 strain), we used a crystal plasticity-based
computation simulation method.

3.4. Simulation of Early-Stage Deformation under
Cyclic Shear Loading. The crystal plasticity theory has been
successfully applied to study different phenomena in Cu—Nb
bicrystals with layered structures deformed under the rolling
process. The investigated phenomena included the hetero-
phase interface stability,”” the effects of the interface-affected
zone,”® and the effects of layer thickness on the deformation
mechanism® and strength® of the layered Cu—Nb bicrystal.
Figure S depicts the initial RVE and deformed RVEs with
misorientation angle distributions. The initial RVE (Figure Sb)
was constructed from the SEM image (Figure Sa). Figure Sc,d

13727

illustrate the deformed RVE and the colors on it show the
KAM angle distribution.

The histograms of the misorientation angles at the three
deformation stages are summarized in Figure Se. The
misorientation angles and volume fractions of KAM > §°
varying with the applied shear strain are given in Figure 5f. It is
seen that the misorientation angles increase with increased
deformation. Larger KAM angles occurred around the Nb
precipitates. This is because the presence of Nb precipitates
resulted in deformation inhomogeneity that caused local large
plastic deformation. Because large misorientation will induce
grain fragmentation, the simulation results imply that grain
refinement may happen around the precipitates first. The
experimental result in Figure 4h depicts the nucleation of the
twin boundary from the rugged Nb—Cu interface after 10
cycles (total strain ~3). However, our simulation results show
that before the high-stress concentration needed for the
nucleation of the twin, the deformation proceeds with the
formation of low-angle boundaries. Our simulation results also
indicate a very limited plastic deformation in the Nb particles
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in the early stage of deformation due to interfacial
strengthening, which is consistent with experimental observa-
tions of the lower shearing response of the Nb phase after 10
cycles discussed earlier.

3.5. Microstructural Characterization after High-
Shear Deformation Below the Tribometer Wear Track
(Strain >1). Now we study the microstructural evolution after
a high-shear strain deformation induced after 5000 cycles of
tribological testing (Figure 6). The wear track from the top
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Figure 6. SEM examination of the subsurface shear deformed
microstructure after the tribological experiment (across the sliding
direction). (a) SEM image of the wear track. Based on the assigned x,
¥, and z directions, the tribometer pin moved in the x-direction, the
width of the track is the y-direction, and the depth of the track
(subsurface) is the z-direction. (b) Cross-sectional SEM image with
the highly refined grain structure below the track extends to ~7 pm.
The strain contrast due to deformation can be seen extending to ~30
pm. The Nb particles are highlighted by the yellow arrow in the
figure. (c) Higher magnification SEM image of the region marked by a
white square in (b). NC grains are visible here, and a sharp change in
grain size is evident beyond ~7 pm, marked by a yellow dotted line.
(d) EBSD result showing the misorientation boundaries, with the
misorientation angle ranging from 0 to S. A high density of
misorientation boundaries with 1—3° misorientation is observed
below the tribometer track. (e) One-dimensional (1D) misorientation
profile is drawn from the base to the wear track, showing a gradual
strain accumulation and increase in misorientation from the base.

view can be seen in Figure 6a, where the different directions (x,
y, z) are highlighted on the bottom left corner of Figure 6a.
The z-direction depicts the direction extending below the
track, while x and y represent the length and breadth in the top
view, respectively. A cross-sectional BSE image showing the z—
y plane displays the extent of the deformed microstructure
extending ~30 pm below the surface, where the top 5 ym has a

highly refined grain structure (delineated with a yellow dotted
line) in Figure 6b,c.

Some bright contrast Nb particles are encircled by yellow
boundaries and highlighted by white arrows in Figure 6b. The
particles are observed to be elongated in the NC Cu matrix
region near the top, while they are close to spherical
morphology in the less deformed lower region of the sample.
The IQ map overlayed with the misorientation boundaries in
Figure 6d shows a high density of 1—3° boundaries formed in
the high-shear region. A misorientation profile from the base to
the sheared region displays the gradual change in the lattice
orientation as the shear strain increases (Figure 6e). The
gradual change in the point to origin misorientation as a
function of distance from the base depicts the formation of
low-angle boundaries and deformation bands in the matrix,
while the plateaus in the plot (highlighted by arrows in Figure
6e) correspond to the large-angle boundaries.*> This means
that this region is still at an early stage of dynamic
recrystallization and the crystal lattice is severely deformed.
The point-to-point misorientation profile (red line in Figure
6e) shows spikes in the region close to the surface, suggesting
the formation of NC grains with large-angle boundaries; that is,
dynamic recrystallization has already finished. This NC region
is detailed further in our TEM examination in Figure 8.

3.6. Comparison of Mechanical Properties of the
Base Alloy and the Shear-Deformed Region. The
composition map clearly illustrates the microstructural changes
in the z—x plane (along the sliding direction) below the wear
track (Figure 7). The Cu and Nb maps plotted using SEM—
EDS highlight the formation of Nb-rich nanofibers or whiskers
near the top (<5 um below the track), while further below (>$
um), the particles are still elongated but much thicker (Figure
7a). The thickness of the Nb particle changes from nano to
micronscale going from the top region to the base, depicting
the change in shear strain experienced by the material. To
measure the change in the mechanical properties as a function
of distance from the surface, we used microindentation
(Vicker’s hardness) and nanopillar compression on the base
and deformation processed alloy. The hardness in the base
varied between 75 and 93 Hv based on the density of
heterogeneously precipitated Nb particles. The regions with a
higher density of Nb particles measured a higher hardness,
likely due to interfacial strengthening. However, the hardness
increases steeply in the highly sheared region with the
redistribution of Cu—Nb phases. The maximum hardness
measured was ~270 Hv close to the surface. Figure 7b shows
the 2-D map of the hardness distribution below the wear track.
To compare the stress—strain behavior of the processed and
base alloy under compression, we conducted nanomechanical
testing using rectangular pillars as shown in Figure 7c. Apart
from the sheared Cu and Nb phases, we also noted a heavy
ingress of O in the alloy that probably occurred during testing
(oxygen map in Figure 7c). More details on oxygen
distribution in the deformed microstructure are obtained
using APT and will be presented later. The comparison of
stress—strain behavior (Figure 7d) clearly shows an increase in
yield stress from ~110 MPa in the base alloy to ~234 MPa in
the sheared region, consistent with the hardness measure-
ments.

3.7. Calculation of Shear Strain as a Function of
Distance from the Surface and the CFD Model for
Depicting Co-Deformation of Cu—Nb under High-Strain
Cyclic Shear Deformation. The elongation and redistrib-
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Figure 7. Cross-sectional microstructure below the wear track and the comparison of mechanical properties in the sheared region with the base
alloy (along the shear direction): (a) SEM—EDS results with the Cu and Nb phase distributions below the wear track. (b)Vicker’s hardness
distribution (2D map) as a function of depth from the surface below the wear track. The y-axis shows the depth in microns (on the left) and
hardness values in Hv (on the right), while the x-axis shows the width of the region that was characterized. The white dotted line delineates the
shear region on top of the base. (c) Micropillars (S * S * 10 ym) were loaded in compression and the SEM image and EDS maps with Cu, Nb, and
O are shown. (d) Engineering stress—strain curves are shown from two representative regions (1 and 2), which are marked on the Nb map (b).
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Figure 8. Simulated pathway for the formation of nanofibers of the Nb phase. (a) Nb composition map is performed using TEM—EDS, showing a
high-magnification image where the highly refined nanofibers of Nb can be seen. (b) Shear strain below the wear track is estimated using the shape
change of the Nb particle below the wear track. The plot shows the distribution of shear strain as a function of depth. The maximum shear strain
experienced near the surface is ~200. (c) Top image is the TEM image showing the region of interest used for the FEM-based CFD model. The
evolution of the Cu and Nb phases as the strain is increased from 10 to 200 under the cyclic loading below the tribometer pin.

ution seen in the SEM results in Figure 7 are more clearly seen out by the red arrow in Figure 8a (~1 ym below the wear
in the TEM results in Figure 8a. Self-organization and track). The average thickness of the Nb fibers in this region
nanolamination of Cu and Nb phases can be seen, as pointed varies from 5 to 50 nm, while below this region the average
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thickness increases to ~100 nm, as pointed out by the yellow
arrow. Dautzenberg and Zaat®® devised a method to estimate
the plastic strain for a spherical grain under simple shear: & ~
D/ (\/ 3c) (D > ), where D is the diameter of the initial
grain/particle and ¢ is the thickness of the sheared grain/
particle. The maximum strain near the top surface (100 nm
below the surface), where the thickness of the Nb phase is ~S
nm, is estimated to be ~173, while it reduces to 30 at 500 nm
below the surface and to 6 at 1500 nm below the wear track.
The change in shear strain is plotted as the distance from the
wear track (where zero is considered close to the top surface
and the maximum shear strain is extrapolated to be ~200 here)
in Figure 8b, which seems to approximately follow an
exponential decay as a function of depth.

It is also seen that the deformation proceeds with material
removal (Figure 3), and hence the material may be worn away
before achieving the theoretical maximum strain by extrapolat-
ing from 1 or 10 cycles. Cai and Bellon et al.* estimated the
strain as a function of depth on a eutectic Ag—Cu alloy after
the tribometer test, indicating a plastic strain of ~7.4 in the
subsurface. The microstructure and solute solubility have been
discussed as a function of total strain in the past. For instance,
Hughes et al. noted that under small to medium strain (¢ =
0.06—0.8), long microbands and dense dislocation walls are
formed, while at large strain (¢ > 1), lamella boundaries
parallel to the deformation direction are formed, in which are
cells or equiaxed subgrains.”* Beach et al. studied Nb in the
solid solution as a function of strain using HPT.*®

We notice a striking difference in the microstructural
refinement in the top 1 pm region compared to the next 1
um region below it. From our estimation, the shear strain in
the region 1—2 ym from the top is ~10 (highlighted by the red
box in Figure 8a). To observe the microstructural trans-
formation from a shear strain of 10—200, an FEM-based CFD
model was employed in which two material phases were
treated as non-Newtonian fluids with different viscosities. The
simulation results are summarized in Figure 8c.

As shown in Figure 8a, when the shear strain increases, the
existing Nb swirl patterns will elongate, fold, and vortex under
the cyclic shear loading, whereas the smaller Nb particles are
gradually dispersed into the Cu matrix and mixed with the Cu
material phase. The elongated Nb swirl patterns become
thinner due to the dispersion of their boundary Nb particles
into the surrounding Cu phase. Finally, at the high-shear strain
of 200, most of the Nb phase is dispersed into the Cu matrix,
with only a few thin Nb swirls existing. This trend is in good
agreement with the high-shear strain region shown in the top 1
pum region in Figure 8a, in which a more complete
microstructural refinement is achieved with only smaller Nb
swirls remaining in the domain. To envisage the morphological
changes in the Nb phase as a function of shear strain, a short
video is provided in the Supporting Information.

3.8. Structure and Morphology of Cu and Nb after
Maximum Shear Strain. Further details on the micro-
structural evolution of Cu—4Nb as a function of the depth
under the wear track are obtained by using detailed
examination in TEM (Figure 9). Figure 9a is a BFTEM
image that shows that the Cu matrix microstructure evolves
from a NC(grain size 10—20 nm) grain to a relatively coarser
ultrafine grain (UFG, grain size ~165 nm at 3000 nm below
the wear track). The SAED patterns embedded in Figure 9a
are consistent with the grain size change. The region near the
surface (<0.5 pm below the wear track) has an average Cu

Figure 9. TEM characterization of the shear deformation layer below
the wear track. (a) BFTEM image with the grain size distribution
from 0 nm (wear track) to 3000 nm below the wear track. The SAEDs
from the different regions are given in the inset. (b) High-
magnification BFTEM image of the region highlighted by a yellow
box in (a). Nanostrings of the Nb phase are seen in the Nb EDS map
of this region, given as the inset. (c) High-magnification BFTEM
image of the region highlighted by a green box in (a). Deformation
twins in the Cu phase can be seen in this region. (d) High-
magnification BFTEM image of the region highlighted by a blue box
in (a). This region shows larger Cu grains and thicker Nb nanofibers
in comparison to those seen in (a,b).

grain size of ~16 nm (Figure 9b). The SAED from this region
depicts a ring pattern, indicating a highly randomized NC
structure. An EDS map of Nb embedded in Figure 9b shows
nanofibers of the Nb phase in this region. Below the NC
region, there is an obvious transition to the UFG region, in
which twinning (Figure 9¢) and elongated Nb particles (Figure
9d) are observed. The twin boundaries in the deformed Cu
phase are noted in two conditions in our analysis (Figure 4
after 10 cycles, and in Figure 9 after 5000 cycles of sliding wear
deformation). On both occasions, the twin boundaries are a
little below the surface of the sample. We expect the heat
dissipation in our process to be very fast, thus limiting the
formation of annealing twins in the region closest to the
surface. However, the frictional heat that is dissipated into the
subsurface region could assist in the formation of dislocation-
free twins in the refined Cu grain structure. At ~1.5 ym below
the wear track, the Cu grain size tends to become stable at
~16S nm. It is worth mentioning that although this region
shows a coarser microstructure than the area near the surface,
it is still very refined compared with the initial Cu grain size
(>500 pm) in Figure 2a. The refinement and redistribution of
the Nb phase along the Cu grain boundaries during the
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deformation-induced nanocrystallization stabilizes the refined
grain structure of Cu.”**% Both the refined Cu grains and the
observation of the elongated Nb-rich phase indicate that
tribological shearing is still affecting the microstructure ~3 pm
below the wear track. However, the larger grain size and
thicker Nb-rich phase indicate that the total strain in this
region is lower than in the region closest to the wear track
(<500 nm).

To further understand the structure and composition of the
two phases in the sheared region, we conducted a detailed
examination employing HRTEM and APT analysis. Figure 10
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Figure 10. Characterization of highly deformed Nb-rich nanofibers.
(a) HRTEM image of the Nb-rich nanofiber at 200 nm below the
wear track shows an amorphous structure. (b) Composition and
three-dimensional distribution of these nanofibers were observed
using APT. (c) 1D compositional profile across one such fiber
depicting the compositional change across the phase.

has a high-resolution phase contract TEM image showing that
amidst the NC Cu grains, the Nb fibers lose their crystallinity,
resulting in localized amorphization of these Nb-enriched
pockets (Figure 10a). On further examination of the

composition of these amorphous fibers using APT (Figure
10b), we notice that even though the Nb concentration in
these pockets is higher than that in the matrix, the fibers are
highly enriched in Cu (>68 at. %). Apart from Cu and Nb, we
also see oxygen enrichment in these Nb whiskers. As the
tribological testing was performed in the ambient environment,
the ingress of oxygen into the topmost shear region is
practically unavoidable considering the high affinity of Nb for
oxygen. A summary of the composition of the Nb and Cu
phases versus distance, obtained by making APT needles at
different locations below the wear track, is given in Table 2 and
plotted in Figure 11. The amorphization of the Nb phase and
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Figure 11. Compositional change as a function of strain below the
wear track. (a) APT reconstruction shows the Cu- and Nb-rich phases
at 1.5 ym below the wear track. (b) Proximity histogram plotting
across the Cu—Nb interface (Nb 10 at. %). (c—e) Composition of
Cu- and Nb-rich phases as a function of strain.

the Cu—Nb phase boundary after high-strain shear or high-
shear stress loading has been reported in previous work and
has been explained based on the forced mixing mechanism.””**
Ashkenazy et al. used large-scale molecular dynamics
simulations to show that an amorphous phase is stable beyond
a strain of 400 in dilute Cu—Nb, Cu—Ta, and Cu—V alloys.6

Table 2. Composition of Nb- and Cu-Rich Phases as the Function of Total Estimated Strain Below the Wear Track

Nb phase (at. %)

Cu phase (at. %)

total strain Nb error Cu error O
173 16.35 0.14 64.35 0.53 19.3
45 20.16 0.15 69.2 0.58 10.64
9 27.21 0.32 64.11 0.59 8.68
0 96.96 0.2 0.49 0.05 2.55

error Nb error Cu error O error
0.25 1.97 0.23 89.22 2.43 8.1 0.58
0.04 0.24 0.02 99.05 0.47 0.1 0.01
0.19 0.09 0 98.9 0.17 0.09 0.01
0.3 0.04 0.05 99.7 0.1 0.1 0.01
13731 https://doi.org/10.1021/acsomega.1c07368
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Amorphization was also seen at some of the Cu—Nb interfaces
after heavy wire drawing (true strain: # = 10.5), which was
interpreted in terms of the thermodynamic destabilization of a
Cu—Nb crystalline phase between 35 and 80 at. % Cu.''
Similarly, the amorphization in the Cu—Ta system has been
observed with a concentration ranging from Cu20Ta to
Cu70Ta."” These observations indicate that the amorphous
phase in the immiscible system forms within a certain chemical
composition under high-shear strain. In our study, the
composition of the maximum strain region was accessed
using APT, evincing ~2 at. % Nb in the NC Cu, where the
total strain is estimated to be ~173. The cyclic mode of shear
deformation in the current study could accelerate the forced
solubility and induce higher solute and lower strain compared
to HPT; however, the presence of oxygen and amorphization is
critically assessed using first-principle calculations in Section
3.8.

The composition of the Nb-rich phase is observed to change
as a function of distance from the top surface and thus as a
function of total strain. Figure 11 summarizes the composi-
tional changes in the Cu-rich matrix and the Nb-rich particle as
a function of strain. The APT reconstruction in Figure 11a is
from the region that is 1.5 ym below the wear track. A
proximity histogram across the Cu—Nb interface plotted in
Figure 11b shows, even in this region (strain ~9), a high Cu
(>40 at. %) and O (>10 at. %) partition toward the Nb-rich
phase (average composition as a function of strain is given in
Table 2).

Figure 11c schematizes the morphological observations of
Cu and Nb phases below the wear track, and Figure 11d,e
show the composition of each phase as a function of strain. It is
noted that the supersaturation of Cu in the Nb phase reaches
>60 at. % at ~10 strain and remains at that level even when the
strain is increased to ~200. The O ingress is notable in the Nb-
rich phase. The O in starting Nb was ~2.5 at. %, while in the
highly shear amorphous Nb-rich phase it is ~19.3 at. %.

3.9. Amorphization of Nb-Rich Phase: First-Princi-
ples-Based Calculation. To better understand the formation
of the amorphous phase from the crystalline phase, the stability
of crystalline and amorphous structures was investigated using
three types of Cu—Nb models (see Figure 1). For the
crystalline model, we investigated the Nb-poor and Nb-rich
separately by incorporating Nb impurities into the Cu FCC
host and Cu impurities into the Nb BCC host, respectively.
The positive energy change AE for all the models (Figure 12a)
suggests that all the studied configurations are thermodynami-
cally unstable with respect to the bulk FCC Cu and BCC Nb.
The stability of the crystalline Cu—Nb systems decreases with
increasing impurity concentration, while the dominant phase is
retained up to [Nb] ~ 25% in the Nb-poor system and down
to [Nb] ~ 50% in the Nb-rich system. The weighted fractions
of the FCC and BCC phases at each Nb concentration (Figure
12b) show the competition between the FCC and BCC phases
in the interval of Nb concentrations of 25—60%, which
suggests the possible formation of amorphous Cu—Nb regions.

Our attempts to model amorphous Cu—Nb by randomly
arranging the Cu and Nb atoms in the simulation supercell and
minimizing the energy concerning the atomic positions and
simulation cell parameters resulted in configurations that are
noticeably less stable than the crystalline structures (Figure
12a). Furthermore, their stability decreases with the increasing
Nb concentration; this effect of the disorder on the stability is
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Figure 12. (a) Energy cost of forming intermixed Cu—Nb systems for
three types of models. Red and blue highlight the region where the
dominant phases are FCC and BCC, respectively. Purple shows the
transition region with a mixture of FCC and BCC phases. (b)
Fraction of FCC and BCC phases in the fully relaxed crystalline
model is shown in panel (a). The dashed lines correspond to the
transition region [see panel (a)], in which the presence of both FCC
and BCC phases is observed.

consistent with the higher cohesive energy of Nb than that of
Cu: 7.57 and 3.49 eV/atom, respectively.

Finally, we considered the model of segregated Cu and Nb
regions by representing them as crystalline spherical inclusions
incorporated into a crystalline host and relaxing these
combined structures. Because Nb is the minor component of
the experimentally considered systems, we focused on the
range of Nb concentrations up to ~60%. In this case, we found
a large fraction of the considered configurations were more
stable than the configurations of the crystalline model, as
shown in Figure 12a. In particular, we found that segregation
of Nb inclusions and Nb dissolution into the Cu FCC phase
compete at low Nb concentrations (<15%), while segregation
clearly dominates at [Nb] of 20~60%.

The energy profile and fraction of the local crystalline phases
(Figure 12) suggest that the Cu—Nb system is more stable as
an FCC crystalline structure at a smaller Nb concentration but
more stable as a BCC crystalline structure at a larger Nb
concentration. Full relaxation of the configurations in the
crystalline model leads to the appearance of the co-existing
region of FCC and BCC phases; this region is especially
prominent in the range of 30—40% Nb. An alternative model
of co-existing FCC and BCC phases considered here, albeit for
segregated Cu and Nb, respectively, shows that in the range of
~20—55% Nb, the formation of segregated Cu and Nb regions
is thermodynamically preferred (Figure 12). In the limit of
small Nb inclusions in Cu and vice versa, the interface-induced
deformations are sufficient to make these regions partially
amorphous (see Figure S3), which is consistent with the
formation of the amorphous phase as shown in Figure 10.

The structural parameters of all the relaxed configurations
are analyzed using the excess volume, bond length distribution,
and angle distribution (see Figure S4). The dependence of
excess volume on the Nb concentration (Figure S4a) shows a
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Figure 13. Charge distribution in selected crystalline phase-segregated Cu—Nb (a) and Cu—Nb—O (b) systems. (a) Cu (red) and Nb (blue)
atomic charges in the oxygen-free Cu—NDb show a strong disproportionation of the electron charge at the Cu/Nb interface, while the inner atoms
remain neutral in both Cu and Nb regions. (b) Interstitial O species in Cu—Nb—O (Nb concentration of 42.7%) further oxidize Nb and create a
distribution of positively and negatively charged Cu species depending on their proximity to the interface. (c) Calculated enthalpy of the Cu—Nb
systems decreases with the addition of oxygen; the stabilizing effect of interstitial O is most prominent if it is located in the Nb-rich regions.

trend similar to that of AE (Figure 12a), as expected for
immiscible systems: as the fraction of Nb in Cu increases, so
does the Cu—Nb interfacial area, resulting in a larger
contribution of Cu—Nb repulsion into the total energy. We
note the excess volume calculated for the segregated crystalline
model is generally larger than that for the crystalline model,
which is attributed to the existence of explicit Cu/Nb
interfaces that facilitate local structural reorganization,
resulting in the larger excess volume and lower interfacial
energy cost. The widths of the distribution of the bond lengths
and angles with the nearest neighbors for all the considered
models reach their maxima at [Nb] ~ 30—50% (Figure S4).
Among the three models, the amorphous and segregated
crystalline models are less ordered than the crystalline model,
which is attributed to the random atomic arrangements in the
amorphous model and the interfacial distortions and partial
amorphization in the segregated Cu—Nb model.

The charge distribution (Figure 13a) in selected config-
urations of the segregated crystalline models shows that the
bulk atoms (i.e., atoms located away from the Cu/Nb
interface), both Cu and Nb, are nearly neutral, suggesting
that the Cu—Nb charge redistribution is confined to their
interface only. Interfacial charge transfers between Cu and Nb
results in positively charged Nb and negatively charged Cu
atoms, which is consistent with their relative electronegativities
of 1.9 and 1.6 for Cu and Nb, respectively.

The calculated charges of Cu, Nb, and interstitial O in Cu—
Nb—O are shown in Figure 13b. Specific O locations within
the Cu region were selected so that all the atoms within 3 A of
these O atoms, that is, within one or more coordination shells,
are Cu atoms only. The same approach was used for O in Nb.
For the interface, we used sites that correspond to relatively
large excess volumes. The charge population analysis suggests
that O atoms preferentially oxidize neighboring Nb rather than
Cu atoms. This suggests that O atoms preferentially oxidize
neighboring Nb rather than Cu atoms, thus creating electro-
static interaction between positive Nb and negative O species
which stabilizes interstitial oxygens (O;). Indeed, the calculated
stability of O; at selected locations in Cu—Nb (see Supporting
Information Table S1) suggests that O; is most stable in the
Nb bulk region, which is consistent with the experimentally
observed higher O concentration in the Nb-rich region (Figure
11).

The effect of interstitial O on the overall stability of selected
segregated crystalline Cu—Nb systems is shown in Figure 13c.

13733

The lower values of AE energies indicate the stabilization
brought about by the incorporation of a single O, The
calculated effect matches the dependence of the O; stability on
its local environment: it is the weakest in the Cu-rich regions
and the strongest in the Nb-rich regions.

4. CONCLUSIONS AND SUMMARY

We studied the extended shear deformation of an immiscible
Cu—Nb alloy. A cyclic shear deformation using pin-on-disk
tribometer results in a strain accumulation in the material,
which increases as a function of sliding cycles. Our work
demonstrates the step-by-step evolution of the microstructure,
starting from an early stage of deformation to a highly strained
condition. Our observations are summarized in the following
points:

1) A combination of experimental observations and crystal
plasticity-based grain misorientation modeling showed
the initiation of plastic deformation by misorientation
boundaries concentrated around the Cu—Nb interface.

2) Continuous shearing results in the co-deformation of
phases, which is depicted by using a CFD finite element
model, presenting the pathway for microstructural
changes resulting in the formation of Nb-rich nanofibers.
Extreme deformation caused both localized super-
saturation and nanocrystallization. The deformation
proceeds with the elongation of the Nb phase
accommodated by high dislocation density while
elongation and pronounced nanocrystallization in the
Cu phase. The concentration of Nb in the Cu grain
decreases from a maximum of 2 at. % near the surface to
<0.05 at. % in the base alloy. The Nb-rich phase forms
nanofibers and exists in an amorphous structure near the
surface, enduring the highest-shear strain deformation.

The shear-deformed microstructure showed a >2-fold
increase in the compressive yield strength when
compared to the base alloy. A comparison of the
hardness values of different Cu-binary alloys (lean and
concentrated) is given in Figure SS. The hardness of
pure Cu increases from 40 to 75 Hv on the addition of 4
at. % Nb and to 95 Hv in Cu-50 at. % Nb (all the alloys
in large-grained as-cast condition). Although the hard-
ness of the Cu—4Nb alloy increased to 270 Hv after
deformation processing. Hence, it clearly shows that
extended solid-state shear processing can be a highly

3)
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efficient method to develop low-solute high-strength
alloys.

4) DFT simulations suggest that segregation of crystalline-
like Nb and Cu regions is thermodynamically preferred
if the local concentration of Nb exceeds ~20%.
However, in the case of small Nb inclusions (~100—
250 atoms), interfacial Cu—Nb interactions alone induce
deformations that may be manifested as the amorphiza-
tion of the Nb inclusions. Simulations also show the
Cu—Nb systems are stabilized by O atoms, especially
when the O atom is placed in the Nb bulk region, which
is consistent with the stronger bonding of O with Nb
than with Cu.

Our current approach using a tribometer presents a high-
throughput method to study alloys under severe plastic
deformation as a function of total strain. Our experimental
results, coupled with computational simulations, reveal that
deformation-induced microstructural evolution, and metastable
solute saturated phases with distinctive defect structures can
result from high-shear strain processes. The influence of
oxygen on high-strain deformation processing in creating
metastable structures and modifying the transformation

pathway is distinctively highlighted by this work.
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