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Introduction

Growing interest towards Cu-based immiscible alloy
systems is due mainly to the exceptional properties
such as thermal stability [1], creep resistance [2],
strength [3], irradiation resistance [4], and further-
more, these alloys can be used as an excellent model
system to investigate the forced mixing and
microstructural evolution under various severe
plastic deformation conditions. To that end, elements
such as Ag, Fe, Nb, Ta, Cr, W, and Mo that have
limited solubility in copper are generally forcibly
distributed in supersaturated solid solution via either
severe plastic deformation techniques or rapid
solidification methods. Forced mixing under extreme
plastic deformation depends primarily on the co-de-
formation extent of the constituent elements, positive
heat of mixing and crystal structure. Extensive
experimental [5-14] and simulation [15-23] work has
been conducted to understand the effect of these
inherent factors on alloy formation in multiple
immiscible alloys systems. For instance, Ashkenazy
et al. [16] investigated the shear-induced chemical
mixing in Cu-X (X = Cu, Ag, Fe, Nb, and V) systems
using molecular dynamics (MD) simulations. In the
case of Cu-FCC systems, the Ag and Ni particles were
reported to dissolve via a superdiffusion mechanism,
while Cu-Nb and Cu-V did not show considerable
material movement across the Cu-BCC interface.
Friction stir processing of Cu-based systems under
comparable experimental conditions exhibited
increased forced mixing compared in Cu-5 wt.%. Fe
compared to Cu-5 wt.%. Cr [5]. Similar results were
observed in high-pressure torsion (HPT) [7] and
mechanical alloying [8] experiments involving Cu-
based immiscible systems. Various mechanisms have
been proposed to explain the formation of miscible
alloys from immiscible systems under severe plastic
deformation conditions [24, 25], including defect-as-
sisted (vacancies, dislocations, and grain boundaries)
diffusion [24-27] and ballistic superdiffusion
[15-17, 28, 29]. However, as will be presented herein,
multiple factors contribute collectively to achieving
extended solubility in immiscible systems.

The microstructure of the severe plastically
deformed Cu-based immiscible alloys generally con-
sists of a nanocrystalline/ultrafine-grained copper
matrix with the immiscible elements in the form of
fine precipitates/particles and/or as supersaturated
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solid solution with copper. Extensive microstructural
refinement is generally noted when Cu-based
immiscible alloys are processed via friction stir pro-
cessing [13, 30], wire drawing [10, 14], HPT [9, 11, 31],
mechanical alloying [8], and accumulative roll
bonding [32]. Furthermore, post-processing aging
treatments typically result in the formation of nano-
sized precipitates that provide grain boundary pin-
ning (Zener pinning) and obstacles to the dislocation
motion [13]. In addition to kinetic factors such as
Zener pinning, thermodynamic effects such as grain
boundary energy minimization via solute segregation
and solute drag generally lead to extreme stability
against grain growth [1]. Furthermore, the presence
of metastable Ta precipitates in a nanocrystalline Cu-
Ta alloy was shown to provide creep resistance up to
0.65 Ty, via grain boundary pinning [2]. A review
article by Ma [33] addresses alloy formation in vari-
ous immiscible systems via several non-equilibrium
processing methods, and a review article by Surya-
narayana [34] mainly discusses the non-equilibrium
alloy formation via mechanical alloying. Among
various Cu-based immiscible alloy systems, Cu-Nb is
among the most investigated and exhibits limited
mutual solubility. For instance, at 973 K, the maxi-
mum solubility of Cu in Nb is about 0.15 at.%, while
Nb solubility in Cu is less than 0.01 at.% [35]. Due to
their limited solubility, conventional casting methods
usually result in limited Nb in solid solution with Cu
and Nb is generally present as coarse primary parti-
cles in the Cu [36].

Among many advanced manufacturing methods,
solid phase processing (SPP) techniques, such as
shear assisted processing and extrusion (ShAPE)
[37-41], friction consolidation (FC) [42-44], friction
extrusion (FE) [35, 45, 46], and friction stir processing
(FSP) [47], are gaining momentum due to the
extraordinary microstructures leading to exceptional
properties in various alloy systems. Furthermore, FSP
of Cu—-Ag-Nb [13] and Cu-Al-Nb [30] immiscible
systems have been carried out to introduce defor-
mation-induced shear mixing. In both cases, forced
mixing and the subsequent precipitation of second
phases were noted. These results reveal that FSW /P
could in fact be utilized to impart extreme deforma-
tion into the deforming material volume to ultimately
force the mixing of the immiscible components. In
addition to forced mixing, FSW/P and similar tech-
niques could potentially be used to produce persis-
tently metastable second phases.
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Initial investigations have shown the potential of
FC and FE methods to fabricate bulk structures with
microstructure and properties not observed in con-
ventional extrusion and consolidation methods.
However, the understanding of the imposed defor-
mation  conditions and the corresponding
microstructural evolution is lacking. The deformation
conditions can be significantly varied via processing
input variables such as tool rotational speed, die
advance rate, axial load, and external cooling to
introduce variability in the evolved microstructure.
Table 1 shows an example of two distinct heuristic
pathways with varying strain, strain rate, and the
resultant temperature of the deformation volume for
two processing paths presented in Table 2.

In this study, the microstructural evolution of Cu-
Nb consolidated via two distinct pathways is inves-
tigated. To that end, microscopy techniques such as
scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) are utilized
to probe the microstructural evolution as a function
of processing pathway. Path 1 exhibits refined Nb
particles and ultrafine-grained Cu grains, while path
2 results in severely deformed Cu and Nb phases.
The presented findings provide an improved under-
standing of the microstructural evolution in Cu-Nb
alloy under high temperature severe plastic defor-
mation conditions.

Materials and methods

Elemental Cu (99.5%) and Nb (99.9% purity) powders
were procured from Alfa Aesar (Massachusetts
USA). The elemental powders in the nominal com-
position of Cu-4 wt.% Nb were weighed and mixed
using a roller mixer. A ShAPE manufactured by
BOND Technologies, Inc. was used to execute the
friction consolidation of the powder mixture. The
overall setup of the friction consolidation process is
presented in Fig. 1. Figure 1a shows the consolida-
tion die on the left and the water-cooled container

Table 1 Key difference in deformation conditions between paths
1 and 2

Strain Strain rate Temperature
Path 1 High High High
Path 2 Low Low Low
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assembly on the right. The Cu-Nb powder mixture
was cold pressed into a powder chamber at 176 MPa
using a hydraulic press. The inner diameter of the
H13 tool steel chamber was 26.0 mm. The powder
compact was then fit onto the container assembly as
shown in Fig. 1a. The inset in Fig. 1a shows the top
view of the consolidation die. The consolidation die
with an outer diameter of 25.4 mm was fabricated
from MP159, a Co-based superalloy. The die face
consisted of two spiral grooves that converged
towards the center. Temperature was measured
using a K-type thermocouple located at 4.2 mm
radially from the center of the die and 1 mm beneath
the root of the scroll groove. The details on the two
distinct processing conditions are presented in
Table 2 in order to impose the qualitative conditions
described in Table 1. The schematic in Fig. 1b cap-
tures the friction consolidation process and various
process variables. The tool rotated at certain rpm
while the container assembly advanced pushing the
material against the die. As noted in Table 2, the forge
force in path 2 was initially increased to 75 kN and
then the rotation of the die was initiated, while on
other hand in path 1, the die was rotated at 200 rpm
and then moved in contact with the cold compacted
powder. The abort temperature in the last column
denotes the temperature at which the consolidation
processes were stopped. In both paths, argon gas
cover was utilized to avoid oxidation. Further details
on the friction consolidation processes can be found
in Refs. [42, 43].

The outcome of the friction consolidation process
was a cylindrical disk (Fig. 1c). For the various
microstructural analyses, the disk was cross-sec-
tioned along the length, mounted in epoxy and pol-
ished to a surface finish of ~ 0.05 pm using colloidal
silica suspension. Light microscopy analysis (in
bright field mode) of the cross-section was conducted
using an Olympus BX51M metallurgical microscope.
SEM and energy-dispersive X-ray spectroscopy (EDS)
analyses, in addition to specimen preparation for
transmission electron microscopy (TEM) analysis,
were conducted using focused ion beam (FIB) milling
on a FEI Quanta 3D field emission gun dual beam
FIB/SEM. Electron backscatter diffraction (EBSD)
analyses were completed using a JEOL JSM-7001F
field emission SEM equipped with a Bruker
x-flash160 EDS detector and a Bruker e-flash HD
EBSD detector. Analysis of EBSD was completed
with the Bruker Esprit 2.1 software package. STEM
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Table 2 Summary of the friction consolidation processing parameters
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Processing Die rotational Container advance Starting forge Abort
conditions speed (RPM) rate (mm/min) force (kN) temperature (K)
Path 1 200 2 0 883

Path 2 25 1 75 523
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Figure 1 a Setup of the friction consolidation process, b schematic of the consolidation process with selected process variables, and ¢ an
image of the processed Cu—Nb consolidate. (For color coding please refer to the online version).

analysis was performed at 200 keV using an aberra-
tion, probe-corrected JEOL ARM 200CF microscope
equipped with a JEOL Centurio silicon drift detector
(SDD) for EDS analysis, and high-angle annular dark
field (HAADF) and STEM bright field (BF) detectors.
STEM-HAADF images were collected using a con-
vergence angle ranging from 27 mrad (1.55°) and a
collection angle between 68-230 mrad (3.90-13.18°),
and STEM-BF images were collected using a con-
vergence angle of 6.9 mrad (0.40°) and a collection
angle of 14 mrad (0.80°). STEM-EDS data acquisition
and analysis was performed with a convergence
angle of 34.4 mrad (1.97°) and a collection angle
between 110-440 mrad (6.3-25.2°) and Pathfinder™
X-ray Microanalysis Software. Microbeam X-ray
diffraction (uXRD) analysis was carried out using a
Rigaku D/Max Rapid II micro-diffraction system
equipped with a 2D image plate detector. X-rays
were generated with a MicroMax 007HF generator
fitted with a rotating Cr anode (i =2.2897 A) and
focused on the specimen through a 300-um-diameter
collimator. The incident angle was oscillated between
15 and 25° o, and the sample was oscillated in its
horizontal plane between — 10 and 10° ¢. 2DP,
Rigaku 2D Data Processing Software (Ver. 1.0,

Rigaku, 2007), was used to integrate the diffraction
rings captured by the detector. Analysis of the
diffraction data was carried out using JADE 9.5.1
(Materials Data, Inc.). TOPAS software (v5, Bruker
AXS, Germany) was used for lattice parameter anal-
ysis with crystal structures obtained from the Inor-
ganic Crystal Structure Database (Fachinformationszentrum
Karlsruhe, Germany).

Results
Starting powder analysis

Morphological analyses of the Cu and Nb elemental
powders in the as-received condition are presented in
Fig. 2. Figure 2a;, b; shows the powder morphology,
while Fig. 2a,, b, shows the backscattered electron
(BSE)-SEM images of the cross-section of the polished
powders. The Cu powder consists of both porous and
solid particles as marked by the solid and dotted
arrows. The particle sizes of the Cu and Nb powders
are 240 £ 92 and 120 + 47 pm, respectively. Inverse
pole figure (IPFx) orientation mapping of the Cu and
Nb particles is presented as an inset in Fig. 2a,, by,
respectively. Based on the EBSD analysis, the grain
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Figure 2 Microstructural analysis of the as-received Cu powder
(a1, ap) and Nb powder (bq, by). ap, b, show the cross-sectional
microstructure of the polished powders. Inset in (a;) and (by)

size of the Cu and Nb particles is 1-100 pm and
1-120 pm, respectively.

Deformation output

The measured approximate tool temperature as a
function of the processing time for the two paths is
presented in Fig. 3a. Path 1 exhibits a high tempera-
ture compared with path 2 due mainly to the higher
die rotational speed and faster container advance rate
that introduced large strain and strain rate into the
deforming volume. The measured tool temperature is
the net effect of heat generation due primarily to: (1)

@ Springer

shows IPF-Z grain orientation map of Cu and Nb particles. (For
color coding, please refer to the online version).

frictional and adiabatic heating due to the interaction
between the tool and deformation volume, (2) the
interaction between the die and the container wall,
and the heat loss (3) through the die to the spindle
assembly and (4) to the container assembly which has
water cooling. While the contribution from all four
factors will be different for paths 1 and 2, it is certain
that the higher rotational speed and advance rate
dominate and will result in faster temperature rise.
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Figure 3 Measured tool temperature with increasing processing
time for the two deformation pathways.

Figure 4 Microstructural analysis of friction consolidated sample
processed via path 1. a Optical microscopy image showing the
cross-section, BSE-SEM images by, b, from interior of the
processing region, ¢y, ¢, adjacent to the boundary, and d; across
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Path 1 microstructural characterization

Figures 4 and 5 show the microstructural evolution in
path 1 analyzed via SEM and STEM techniques,
respectively. Figure 4a shows the light micrograph of
the vertical cross-section of the consolidate, indicat-
ing that the processing depth is nominally 3.90 mm.
Analysis locations for the processed and unprocessed
regions, the boundary separating the two regions,
and SEM and EDS analyses are all marked on the
image (Fig. 4a). Furthermore, the inset in Fig. 4a
shows coarse Nb particles in the unprocessed region.
In the SEM-BSE micrograph, Nb particles appear
brighter than Cu particles due to the higher atomic
number of the former. Figure 4b;, b, and c;, c; shows
the microstructural evolution inside the processed
region, while Fig. 4d;—d; shows the microstructural

“Processed .z . %

Sharp
boundary

Unprocessed

e

the boundary. SEM-EDS maps of d, Cu and dz Nb elements
across the boundary. (For color coding please refer to the online
version).
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Figure 5 a Location of the FIB sample presented on a SEM-BSE
image; overview images of the STEM foil in b; HAADF and b,
BF conditions showing various length scales of Nb particle. ¢;
High-magnification STEM-HAADF image with the corresponding
EDS map of ¢; Cu and c¢3 Nb revealing the nature of the sub-
micron scale Nb particles. d; STEM-EDS line and area scan

features across the boundary. Both micrometer and
sub-micrometer dimension Nb particles are observed
in the processed region as denoted by the solid and
dotted arrows, respectively. There is a significant
reduction in the Nb particle size in the processed
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details are presented on a HAADF image consisting of Cu and Nb
phases, and the corresponding results d, EDS line scan results
across the Cu/Nb phase boundary and d3 area scan on the Nb
particle are also shown. (For color coding, please refer to the
online version).

region (sizes less than 100 nm, Fig. 5¢;) compared
with the unprocessed region (sizes of 1-200 um).
A EBSD-based grain map of a micrometer-sized Nb
particle is presented as an inset in Fig. 4b,. The grain
size of the Nb particle is nominally 0.4-0.6 pm, and
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most of the micrometer-sized Nb particles exhibit
equiaxed fine/ultrafine (<1 um) grains. Addition-
ally, elongated Nb particles of varying thickness are
observed adjacent to the boundary between the pro-
cessed and unprocessed region, as shown by dash-
dotted arrows in Fig. 4c;, cp, and d;_3. These elon-
gated Nb particles are observed only near the
boundary, while the remainder of the processing
volume consists predominantly of micrometer- and
sub-micrometer-sized Nb particles. As noted from
Fig. 4d;—d;, the boundary between processed and
unprocessed regions is sharp, and the nature of the
Nb particles approaching the interface changes with
distance. For instance, a Nb particle that is 10 pm
from the boundary is intact, while Nb particles
neighboring the boundary have sustained significant
deformation and elongation. This can be clearly
noted from the Nb EDS map presented in Fig. 4d;.
Furthermore, regions with sub-micrometer Nb par-
ticles exhibit ultrafine Cu grains due to effective grain
boundary pinning. For instance, the average Cu grain
size near the boundary is ~ 2.3 um, while sub-mi-
crometer (~ 0.7 pym) grains are observed in the
interior of the processing region. Overall, significant
plastic deformation, fracture, further plastic defor-
mation, and continuation of this cycle have led to the
appreciable refinement in both the Cu grains and Nb
particles.

STEM analysis of the evolved microstructure is
presented in Fig. 5 with the location of the FIB sam-
ple on a SEM-BSE image displayed in Fig. 5a. The
STEM sample was taken close to the boundary so that
the analysis of both fine-scale and elongated Nb
particles could be made. The overview STEM-
HAADF and STEM-BF images presented in Fig. 5b;,
b,, respectively, show the presence of coarse elon-
gated and sub-micrometer Nb particles (marked by
solid arrows), and ultrafine Cu grains. The size,
location, and distribution of the sub-micrometer-
sized Nb particles can be seen in the high-magnifi-
cation STEM-HAADF image shown in Fig. 5c; and in
the STEM-EDS area map of Cu and Nb presented in
Fig. 5¢,, c3. Fine-scale, intergranular and transgranu-
lar Nb particles are observed in these images. The
majority of sub-micrometer Nb particles appear to be
clustered and are denoted by dotted arrows. Nb is
not observed to be present as solid solution in the Cu
matrix; the STEM-EDS spot analysis denoted by open
circles in Fig. 5¢c; indicates 100% Cu. Furthermore,
line scan analysis across the Cu/Nb phase boundary

12871

and an area scan inside the Nb particle (the location is
marked by open rectangle in Fig. 5b;) are presented
in Fig. 5d;—d;. The phase boundary was oriented
edge on to the electron beam to avoid projection
issues. The line scan result across the Cu/Nb inter-
face in Fig. 5d, reveals the presence of Cu in Nb
(approximately 2.5 at.%); however, Nb was not
observed in the Cu phase, leading to observations of
asymmetry in forced mixing. The EDS area scan
analysis inside the Nb particle results in an average
Cu concentration of 2.55 at.% (Fig. 5d3).

Path 2 microstructural characterization

SEM and STEM microstructural analyses of Cu-Nb
consolidate processed via path 2 are presented in
Fig. 6. A light micrograph of the vertical cross-section
of the consolidate processed via path 2 is shown in
Fig. 6a, wherein a processing depth of 2.90 mm is
observed. The processed region consists of banded
microstructural evolution, and representative images
are shown in the inset of Fig. 6a and Fig. 6b;. The
high-magnification image of the banded region in
Fig. 6b, shows that the Nb particles are not com-
pletely resolved due to the resolution limit of the
SEM. Furthermore, a qualitative SEM-EDS analysis
indicates that the region contained 1-2 at.% of Nb, as
shown in Fig. 6d. Microstructural analysis outside
the banded region is presented in Fig. 6bs. The fol-
lowing are the key attributes of the Path 2
microstructure: (1) Cu grains (as marked by solid
arrows), (2) coarse Nb particles, and (3) deformed Nb
particles (marked by dotted arrows in Fig. 6bs).
Based on these observations, the banded regions are
more heavily deformed compared with the region
outside the bands. To further understand the
microstructural evolution in the heavily deformed
bands, a FIB lift-out was made from the region
marked by the solid rectangle in Fig. 6b,. The corre-
sponding STEM analysis is presented in Fig. 6c1—cs.
The Cu grains are elongated and extremely strained.
Furthermore, the presence of twinning is also noted
as marked by solid arrows in Fig. 6¢;. In addition to
microstructural imaging, STEM-EDS mapping was
carried out to understand the distribution of the Nb
particles, and the results are presented in Fig. 6c,, cs.
In these images, Nb particles are refined and uni-
formly distributed in the Cu matrix. The analyzed
region exhibits a Nb concentration of 0.6 at.%
(Fig. 6d).
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Figure 6 Microstructural analyses of the friction consolidated
sample processed via path 2. a Light microscopy image showing
the vertical cross-section, BSE-SEM images of the processed
region showing by an overview consisting of banded
microstructural evolution, b, high-magnification BSE image of
the heavily deformed region, and bz deformed Nb particle outside
the banded structure. Solid rectangle in (b,) shows the location of
the TEM sample. ¢; STEM-BF shows the heavily deformed Cu
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with extensive deformation twins (marked by arrows) and STEM-
EDS maps of ¢; Cu and ¢z Nb showing the distribution of Nb
phase in the Cu matrix. The darker regions in (c,) are of Fe-rich.
d Summary of SEM-EDS spot analysis of the four locations
marked in (b,) and (bz) and quantification of STEM-EDS area
analysis of the region presented in (c») and (c3). (For color coding,
please refer to the online version).
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XRD analysis of Cu-Nb

The fine Nb banding shown in Fig. 6b; was of par-
ticular interest, and micro-XRD analysis was per-
formed to further investigate the microstructural
evolution. The XRD analysis of the Cu-Nb consoli-
date processed via path 2 in comparison with the
unprocessed material is presented in Fig. 7. The
observed phases were Cu, Nb, and Cu,O. The main
observation is that the Nb peaks shifted towards
higher angles, while Cu peak positions remained
unchanged in the processed region compared with
the unprocessed material. The lattice parameter of Nb
before and after processing was 3.3114 and 3.3037 A,
respectively. This agrees with the observed presence
of Cu in the Nb lattice. Furthermore, the following
equation can be used to obtain the Cu concentration
in Nb [11]:

Nb _ (@’ /ag) —1

A Y

where CX is the concentration of Cu in Nb, a and ag
are the lattice parameter of Nb alloy and the lattice
parameter of Nb before the consolidation process.
(Av/ V)gﬁ is the relative volume change resulting
from the introduction of one Cu solute atom into the
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Nb lattice. The volume changes for Cu in Nb and Nb
in Cu are —0.25 and 1.1, respectively [16]. The cal-
culation in Eq. (1) yields an average Cu concentration
of 2.80 at.% that is in solid solution with Nb. How-
ever, even at 1000 K, the maximum equilibrium sol-
ubility of Cu in Nb is about 0.15 at.%, denoting the
formation of forced supersaturated solubility via
friction consolidation under Path 2 conditions.

Discussion

In the following section, the microstructural evolu-
tion observed in the two deformation pathways in
comparison with other extreme shear deformation
techniques will be carried out, followed by an
examination of possible mechanisms to explain the
observed asymmetric mixing. The primary findings
are: (1) significant microstructural refinement is
noted for both deformation pathways, (2) significant
differences in microstructural evolution exist
between the two pathways (Fig.8), and (3) an
asymmetry in forced mixing is noted with Cu in Nb
but not vice versa.

Before processing

......... After processing
*:Cu, ¢:Nb,+: Cu,0

% (111)

see % (200)

+#(220)

Figure 7 XRD analysis of
Cu—Nb before and after the
friction consolidation process
(path 2). Data collected using
Cr radiation (4 = 2.2897 A).
El
S
2
()
c
[
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=
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20 30
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Path 1: High strain,
strain rate,
temperature (883 K),
and heating rate (10-
20 K/s)
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Path 2: Low strain,
strain rate,
temperature (523 K),
and heating rate (2-8

Equiaxed Cu grains with annealing
twins and blocky faceted Nb particles

K/s)

Elongated Cu grains with
deformation twins and irregular-
shaped Nb particles

Figure 8 Schematic illustration of microstructural evolution in the high (Path 1) and low (Path 2) strain pathways in the Cu—Nb alloy. (For

color coding, please refer to the online version).

Microstructural evolution in friction
consolidated samples

In the current investigation, path 1 demonstrates the
microstructural evolution for high strain, strain rate,
and temperature processing, while path 2 reveals the
microstructural evolution at low strain and temper-
ature processing. Please note that the evolved
microstructures do not represent the steady-state
microstructure due mainly to high temperature and
shorter time of the friction consolidation process.
Further processing might lead to slightly different
microstructures as compared with the current
observations and will potentially reach steady state
with respect to constant processing temperature and
microstructure. The observed microstructures in this
investigation represent a point in the temperature—

@ Springer

time pathway. This is in contrast with HPT process-
ing where steady-state microstructure is achieved
after total shear strain of 3000 (about 100 HPT turns)
[48]. Furthermore, both paths 1 and 2 friction con-
solidation processes were repeated, and SEM analysis
concluded similar microstructural evolution making
the process reproducible. In path 1, equiaxed ultra-
fine Cu grains with annealing twins, agglomerated
Nb particles located along grain boundaries, and Nb
particle sizes generally above 10 nm in the grain
interior are observed. The presence of Nb particles
along the grain boundary restricts boundary move-
ment due mainly to Zener pinning, while the
nanocrystalline Nb particles inside the Cu grain
provide effective obstacles to dislocation movement,
thereby enhancing strength and thermal stability
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[1, 30]. In Path 2, elongated Cu grains with high
defect density, deformation twinning, and highly
dispersed Nb particles below 10 nm in the heavily
deformed banded region are noted. The larger Nb
particle size in path 1 compared to path 2 reveals the
effect of thermal diffusion on the Nb particle size
evolution, even during processing. The non-spherical
Nb particles below 50 nm in path 2 imply ongoing
deformation and continued microstructural evolu-
tion. The schematic in Fig. 8 summarizes the key
differences in the microstructural evolution between
the high and low strain deformation pathways.
Microstructural evolution in the Cu-Nb model sys-
tem under extreme shear deformation conditions has
been investigated via various experimental
[8, 9, 11, 14, 31] and simulation [15-19] efforts. For
instance, after low and room temperature HPT pro-
cessing, Nb particles reached a steady-state particles
size of ~ 10 nm and 2642 nm, respectively, pro-
viding some indication of the effect of temperature on
the steady-state Nb particle size [9, 31].

Extended solubility of Nb in Cu was noted in
previous investigations employing HPT [9, 11, 31]
and wire drawing [10, 14] techniques, although to a
varying extent. For instance, approximately 1 and
2-3 at.% of Nb in Cu was noted in samples deformed
via HPT at room temperature [31] and at 195 K (using
dry ice cooling) [9], while significantly higher Nb
fractions were observed in a wire drawing [14]
experiment. The noted differences could be due to
the variations in the imposed deformation conditions
and total strain. As noted, temperature had a signif-
icant effect on the evolution of the HPT microstruc-
tures with lower-temperature deformation pathway
leading to relatively higher extended solubility. Fur-
ther effects of temperature on the microstructural
evolution during an SPD process can be clearly seen
from MD simulations of an alloy with a positive heat
of mixing [17]. Up to 500 K, the microstructure
retained the starting random solution with the short-
range order parameter () close to zero, whereas
processing at 800 and 1000 K resulted in a Q value
close to —1 signifying the decomposition of the solid
solution. It is noted that the experiments that repor-
ted extended solubility were conducted at or below
room temperature. In the current investigation, path
1 and path 2 microstructures underwent final pro-
cessing temperatures of ~ 883 and ~ 523 K,
respectively. Nb enrichment in Cu was not observed
in either of these two pathways. An important factor
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to consider in the case of forced mixing is that tem-
perature will ultimately destabilize the supersatu-
rated solid solution. Therefore, in the case of the
friction consolidation process, if there was enhanced
forced mixing during the process due to elevated
processing temperatures, the Nb or Cu solutes could
precipitate out in the respective matrix, albeit at dif-
ferent destabilizing temperature. Therefore, forced
mixing during the deformation cannot be ruled out in
path 1. Interestingly, the presence of Cu in Nb was
noted in both the pathways, leading to asymmetry in
forced mixing across the Cu/Nb interface. Similar
asymmetry was noted in Cu—Cr [49], Cu-Nb [11, 14]
and Cu-Ag-Nb [10]. For example, in HPT processed
Cu-Nb alloy, 11 at.% of Cu in Nb and only 0.80 at.%
Nb in Cu was observed at a shear strain of 5970 [11].
The observation was rationalized based on the dis-
parities in the heat of mixing. The heat of mixing-
based argument is adequate for non-shear-based
processing methods, since it does not fully consider
the shear deformation-driven mixing. Furthermore,
on the contrary to the experimental observations,
results from MD simulations of Cu-Nb noted the
presence of Nb atoms in the Cu matrix but no Cu
atoms in the Nb particles [17]. This was explained
based on the extensive dislocation activity in Cu that
transported Nb atoms away from the interface, while
limited dislocation activity in the Nb particle dimin-
ished the movement of Cu atoms in Nb. Some points
that can rationalize the predictions of the MD simu-
lation are: (1) the Nb particles were ~ 5 nm which
would reduce the deformation extent compared with
the experimental observations, and (2) the presence
of amorphous structure around the Nb particles
could change the mixing characteristics at the inter-
face. The simulation results can be applied to the
deformation of Nb particles in the nanocrystalline
size regime, but much of the structural evolution
during the two friction consolidation pathways took
place at a much larger length scales. Overall,
regardless of the disparity between the experimental
and simulation observations on the asymmetric
forced mixing, the origin of the asymmetry in forced
mixing is not fully understood. A discussion will be
presented in the following subsection.

Mechanism of deformation

Various mechanisms have been proposed to explain
the forced mixing in otherwise immiscible systems,
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including defect-assisted diffusion [24-26], ballistic
effects causing superdiffusion [28, 29, 50], dislocation
shuffling across the interface and shear banding [10],
dissolution of ~ 1-5 nm particles due to capillary
forces [25], mixing through grain boundary regions in
materials with nanocrystalline grain size, and shear
removal of atoms from the particles by the matrix
dislocations [15-17]. The last three mechanisms are
operative only when the grain/particle sizes are of a
few nanometers and hence cannot be used to explain
the mixing behavior in coarser grains/particles.
Defect-assisted diffusion and ballistic mixing partly
explain the mixing process but do not account for the
differences in deformation extent and the relative
mobilities.

Therefore, in the present work, a hypothesis will be
proposed based on deformation conditions, and
thermodynamic and kinetic factors, to explain the
observed asymmetry in mixing. The hypothesis is
presented in Fig. 9 and has two criteria. Criteria I is
based on the differences in deformation characteris-
tics of Cu and Nb, and Criteria II is based on the
differences in diffusion coefficients. The yield
strengths of Cu and Nb at room temperature are 50—
80 MPa [51] and 300-350 MPa [52], respectively.
Therefore, due to the strength disparity between Cu
and Nb, the strength of the Cu should increase via
work hardening for effective load transfer and sub-
sequent deformation of the Nb. In the case of a
AA1050/AIN composites, an increase in the strength
of the Al matrix via strain hardening intensified the
stress experienced by the AIN ceramic particles
indicating the importance of strain hardening on
efficient load transfer [53]. Significant work harden-
ing of Cu was noted up to ~ 573 K [51]. Compared
with Cu, the Nb exhibits limited work hardening [52].
As noted in Fig. 3, the process temperature generally
increases with increasing processing time which
dynamically alters the deformation conditions.
Therefore, during the initial deformation stage, there
should be significant work hardening of Cu. As the
Cu deforms (Fig. 9a), dislocations continue to pile-up
at the Cu-Nb interface leading to the increased
defect-density along the interface. Due to limited
plastic deformation of Nb, the accumulated defect
density on the Nb side of the interface will be lower
compared with the Cu side (Fig. 9b). This non-uni-
form deformation alone has the potential to lead to
uneven material transfer across the interface, with
more Cu atoms traversing the interface into Nb
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(CEe b s TReCU) (Fig. 9¢). As the friction consoli-
dation process proceeds, the deformation and frac-
ture of the Nb particles will increase the strength of
the Cu matrix via composite strengthening. At this
point, increasing the processing temperature beyond
573 K and losing the inherent work hardening of Cu
should not obstruct further deformation of the Nb.
The main hypothesis for Criteria II is based on the
self- and interdiffusion coefficient of Cu and Nb and
differences in deformation-induced vacancy concen-
tration between the Cu and Nb (Fig. 9d). Though the
equilibrium diffusion coefficients are not accurate to
be employed in shear-induced mixing, the thermo-
dynamic aspects might offer an indication of the
observed microstructural evolution. At 1000 K, the
self-diffusion coefficients of Cu and Nb are
7.8593 x 107'? em®/s and 3.2092 x 107" ecm?/s [54],
respectively, and interdiffusion coefficients for Cu
into Nb [55] and Nb into Cu [56] are
47604 x 107 em?/s  and  1.5268 x 107"° cm?/s,
respectively. The vacancy concentration in Cu near
melting is nominally 50 x 107*, which is close to the
Path 2 vacancy concentration calculated based on the
equation. Based on the vacancy concentration calcu-
lations, the self-diffusion coefficient near the melting
point of Cu is 2.7750 x 107° cm?/s. Since similar
information was not available for Nb, a compara-
tively low vacancy concentration and a small self-
diffusion coefficient compared with Cu are assumed.
Overall, the Cu self-diffusion is much higher than the
interdiffusion of Nb into Cu, thus the fraction of Nb
diffusing into Cu would be extremely small. Based on
the above estimations, the probability of Cu atoms
diffusing into Nb would be higher than the reverse
case. Furthermore, differences in the heat of mixing
(AH,,)), i.e. AH,, for Cu in Nb and Nb in Cu are
46 kJ/mol and 98.7 kJ/mol, respectively, would
intensify the asymmetry in material mixing [57].
Overall, the high deformation activity of Cu and
subsequent forced mixing, in addition to the large
interdiffusion coefficient of Cu in Nb compared with
the self-diffusivity of Nb, are expected to result in Cu
supersaturation in Nb. Similarly, the low deforma-
tion activity of Nb and subsequent reduced forced
mixing, in addition to the large self-diffusion coeffi-
cient of Cu compared to the interdiffusion coefficient
of Nb into Cu, are expected to limit the superdiffu-
sive mixing of Nb into Cu. This hypothesis might also
explain the mixing behavior in Cu-Cr and Cu-Fe
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Figure 9 Schematic explaining the forced superdiffusive mixing
leading to asymmetry in composition across the interface. D¢, and
Dyp:  self-diffusivity of Cu and Nb, respectively, D{>:
interdiffusivity of Cu in Nb, DS‘;: interdiffusivity of Nb in Cu,

immiscible systems. In Cu—-Cr, asymmetry in mixing
was noted, while Cu-Fe with constituents of similar
strength did not have asymmetry after HPT [58].

Summary and concluding thoughts

Elemental Cu and Nb powder blends were subjected
to friction consolidation at relatively high (path 1)
and low (path 2) plastic strain conditions. Extensive
deformation of Nb particles is noted in both

C™: excess vacancy concentration, and AHp> and AHS;: heat of
mixing for Cu in Nb and Nb in Cu, respectively. (For color coding
please refer to the online version).

deformation pathways. In path 1, agglomerated Nb
particles in the ultrafine-grained Cu matrix are
observed, while in path 2 highly dispersed Nb is
noted in a heavily deformed Cu matrix. Furthermore,
the presence of Cu in Nb particles is noted; however,
supersaturation of Nb in Cu is not observed. The
occurrence of mixing asymmetry is explained based
on differences in the deformation extent of Cu and
Nb, the corresponding vacancy concentration and
forced mixing disparities. Furthermore, the differ-
ences in self- and interdiffusion coefficients for Cu
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and Nb may also intensify the variation in extent of
mixing across the interface favoring Cu in Nb over
Nb in Cu.

The current findings provide a pathway to under-
stand the effect of shear deformation conditions on
microstructural evolution in various Cu-X immisci-
ble systems such as Cu—Cr, Cu-Ta, and Cu-Fe. Fur-
thermore, the current observations can broadly be
used to interpret the plastic deformation and
microstructural evolution of soft matrix and hard
second phases under various solid phase processing
techniques such as friction extrusion, friction con-

solidation, and shear assisted processing and
extrusion.
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