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Abstract

High-pressure torsion (HPT) processing disrupts the thermodynamic equilibrium in immiscible
systems and often produces nonequilibrium microstructures with unique properties. This study
investigates the microstructural evolution and mechanical behaviour of a Cu-Nb immiscible
alloy subjected to HPT under 6 GPa compressive stress. The HPT processing was performed
on stacked Cu-Nb-Cu layers by up to 200 turns and this produced mechanically alloyed,
homogenized disks free of porosity or cavities. Microstructural characterization using X-ray
diffraction and scanning electron microscopy, coupled with energy-dispersive X-ray
spectroscopy, revealed a stepwise evolution, including the reduction of segregation layers, the
formation of nonequilibrium Cu-17 at. %Nb solid solution in the disc processed at 200 HPT
turns and an increased Nb insertion into the Cu lattice. Additionally, grain refinement and
residual strain increments were observed with increasing torsional turns. Thereafter, the
mechanical properties were evaluated using hardness mapping and tensile testing. The material
exhibited strain hardening behaviour and achieved an ultimate tensile strength (UTS)
exceeding 1.25 GPa. Following post-deformation annealing, the UTS decreased to ~700 MPa
due to recrystallization and recovery. These results provide a preliminary understanding of
microstructural transformations and their impact on the mechanical properties of immiscible

systems subjected to extreme deformation.
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Introduction

Processing through the application of severe plastic deformation (SPD) has attracted much
attention over the last three decades [1-4], primarily because of the early demonstration that
the use of SPD provides the capability of producing materials having submicrometer or even
nanometer grain sizes [5]. Processing by SPD refers to the imposition of exceptionally high
strains but without incurring any significant changes in the overall dimensions of the
workpieces. Several different SPD processing routes are now available but the major
techniques are equal-channel angular pressing (ECAP) [6,7] where a rod or bar is pressed
repetitively through a die contained within a channel bent through a sharp angle, accumulative
roll-bonding (ARB) [8-11] where a plate is rolled repetitively to one half thickness and then
cut in half, degreased and wire brushed, stacked, and then rolled again and high-pressure
torsion (HPT) [12-15] where a small sample, usually in the form of a disk, is subjected to a
high pressure and concurrent torsional straining. In practice, HPT is especially attractive
because it is a continuous process not requiring any additional labour within the straining
operation. Furthermore, by using HPT to consolidate disk specimens in a single operation it is
possible to produce bulk-state reactions and hybrid metals having unusual and exceptional
properties [16,17]. This approach to HPT was first developed using a half-disk setup [18], then
a quarter-disk setup [19] and more recently through stacking disks in a sandwich-type array

[20-22].

Among the various hybrid systems examined to date, copper has been used extensively as a
matrix material due to its ductility, formability and high thermal conductivity at room
temperature [23-25]. In addition, due to the very low solubility of binary metals such as Cu-Ta
[24,26], Cu-Al [23] and Cu-Ag [27], it is possible to form a non-equilibrium homogeneous

binary alloy with an ultrafine grain structure across the whole specimen. Among the immiscible
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alloying systems that are mechanically produced via ball milling, the Cu-Nb has also attracted
much attention [28-34] due to the exceptional mechanical, electrical, and thermal properties,
making it highly relevant for applications in nanostructured materials, high-strength conductors
and radiation-resistant components. Furthermore, the almost negligible solubility of Nb into
Cu at equilibrium conditions, the high formability of Cu and the large difference in atomic sizes
of Cu and Nb make the Cu-Nb system an ideal candidate for investigating solid solution
alloying under SPD. Studying this system provides insights into the manner in which the
application of extreme deformation can enhance solubility beyond the equilibrium limits,
thereby leading to potential advancements in material design. In addition, in many immiscible
alloying systems a complete solubility cannot be achieved but the nano-scale distribution of
immiscible phases leads to a sharp enhancement in the mechanical properties. Thus, it is
possible to mechanically alloy the two metals and apply a subsequent annealing heat treatment

to produce precipitates that contribute to precipitation hardening.

In the ball milling process, the powders of two metals are mechanically mixed together for a
relatively long time to form an alloyed powder such as Cu-Nb [28-30,34-36]. This is typically
followed by high-temperature consolidation to obtain a solid form. However, the existence of
oxygen during the ball milling process induces oxidation into the alloy which leads to the
formation of undesirable phases and results in a deterioration in the mechanical properties with
the final product usually containing internal voids. By studying the stable Nb-oxide particles
formed during powder alloying, it was demonstrated that there is a challenging effect of such
particles on the kinetics and microstructure after heat treatment [37]. By contrast, the HPT
process is capable of forming a mixed alloy composed of metals with almost zero solubility at
room temperature (RT) [26]. The HPT is accompanied by a large torsion where an applied

strain is induced in the material under a high compressive pressure. The advantage of HPT is



the potential for avoiding oxidation because the experiments may be conducted at room
temperature in air. Additionally, the high compressive pressure, in the range of several GPa,
provides the driving force for mechanical alloying as well as preventing porosity and crack

formation.

Despite the extensive research undertaken in the fabrication of Cu-Nb alloys for high
mechanical properties, the issues associated with the mechanical ball milling process produce
relatively poor mechanical properties. For this reason, in the present research an attempt was
made to fabricate a Cu-Nb nanostructured alloy using the HPT process which leads to the
production of a bulk alloy sheet without introducing oxides, pores and/or cracks. An analysis
was performed on the effect of the numbers of turns in producing homogeneity in the alloy
mixture, followed by microstructural characterization and an evaluation of the mechanical
properties. Analyzing the samples after an annealing heat treatment was conducted finally and

the microstructural features were characterized.

Experimental procedures

HPT experiments were carried out at room temperature on the samples through numbers of
turns of 0.25, 5, 10, 20, 50, 100 and 200. The 0.25 test was performed as representative of
almost no turns where the specimen is subjected only to compression. Before the HPT
processing the Cu and Nb disks had a diameter of 10 mm and a thickness of 1 mm. The
specimen configuration used for HPT processing consisted of a single niobium disk
sandwiched between two Cu disks which were compressed at an applied pressure of 6.0 GPa
with the bottom anvil rotating at 1 rpm as shown in Fig. 1. Each HPT anvil had a diameter of
10 mm and a cavity depth of about 0.25 mm, which means that the sample is processed under

quasi-constrained conditions where there is a small outflow of material around the periphery



during the HPT processing [38]. In order to avoid any problems associated with slippage
during the processing operation, all of the HPT processing was conducted using new anvils so
that the surfaces within the cavity were in perfect condition and had enough frictional force to
hold the processed disk sample during rotation. In addition, some preliminary tests were
conducted using the standard practice [39] where the Cu and Nb disks were scribed with marker
lines on the top and bottom surfaces and these tests revealed no evidence for any slippage under
the present experimental conditions. The temperature rise during HPT processing is
proportional to the sample strength, applied pressure and the rotation rate [40]. With a rotation
speed of 1 rpm and applied pressure of 6.0 GPa, typically temperature rises ranging from 5 to
50°C are recorded for various alloys and pure metals [41,42]. It is estimated, therefore, that the
temperature rise during HPT processing of the Cu-Nb alloy should be not more than 50°C.
After HPT processing, the HPT-processed Cu-Nb specimens had a diameter of 10 mm and a
thickness of ~0.8 mm. Post-deformation annealing heat treatments were performed on the 200

turns sample with annealing temperatures at 973 and 1173 K for 60 minutes.
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Fig. 1 Schematic illustration of the quasi-constrained HPT condition.



X-ray diffraction (XRD) was conducted on a Rigaku MiniFlex 600 machine which utilizes a
Cu Ka monochromatic beam (wavelength A = 0.154 nm) at 40 kV and a tube current of 15 mA.
The XRD measurements were carried out between 26 of 10° to 100° with a 0.05° step size at a
scanning speed of 5°min and the XRD patterns were then analyzed to measure crystallite size
and lattice strain of each Cu and Nb using the conventional Williamson-Hall equation [43].
Then, for the microstructural characterization, the cross-sections of the disks were mounted,
ground and polished followed by optical microscopy imaging throughout the whole section. A
Zeiss EVO LS15 scanning electron microscope (SEM) and Oxford Instruments Energy-
Dispersive X-Ray Spectroscopy (EDS) were used for back scattered electron (BSE) imaging
of the samples followed by elemental analysis at 20 keV and 1000 pA probe current for taking
BSE images and 200 pA probe current for EDS mapping and line scanning at 8.5 mm working
distance. High-resolution microstructural analysis was carried out using a transmission electron
microscope (TEM, JEOL3000F) on cross-sectional samples made by the lift-out technique in

focused ion beam (FIB) milling.

The mechanical properties were investigated using a Zwick Z030 Proline testing machine with
a strain rate of 1.0 x 10° s at room temperature. Thus, two off-center miniature tensile
specimens were machined from each HPT sample using electrical discharge wire cutting. Dog-
bone tensile specimens were cut from the HPT samples at the N = 200 turns condition and
with a post-HPT annealing condition. The tensile specimens had gauge widths and gauge
lengths of ~1.0 and ~1.1 mm, respectively. The tensile tests were conducted at least in duplicate
for each condition (HPT-processed and post-HPT annealing) to ensure the reproducibility of
the results. Additionally, the hardness mapping was performed on the cross-sections of the
HPT-processed 0.25, 10, 50, 100 and 200 turns samples. Vickers hardness measurements were
recorded using an FM300 microhardness tester under a load of ~200 gf and a dwell time of 15
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s. Separate measurements were carried out at points along the disk diameters from the bottom
to the top of the cross-section. This hardness mapping represents the overall hardness
distribution over the whole cross-sectional area. The minimum distance between consecutive
indentations was 150 pm in order to avoid any interference between the individual

measurements. Each hardness mapping had at least 300 points of hardness measurements.

Experimental results

a) Microstructural characteristics

The HPT samples were cut into cross-sections and observed via optical microscopy to examine
the stacked layers of Nb and Cu after torsional straining through different numbers of turns
(Fig. 2). As expected, the 0.25 turns condition showed almost no change in the Nb layer. It is
evident that in the 5 turns condition the Nb layer remains as a continuous layer without
becoming disconnected. However, above 10 turns of torsion there is a disconnection in the Nb
layer which helps in mixing it into the Cu. The mixture of Nb and Cu has effectively happened
at the disk edge after 50 turns while the Cu-Nb interface remains visible at the center part of
the disk. Flow stress simulations have also revealed the high strain rate applied to the side of
the HPT disk while the centre is lacking any strain rate [37,43,44]. This is due to the centripetal
acceleration as explained in Eq. 1 where ac is the acceleration applied to an object moving in
a circle at a linear velocity of v and r is the distance from the center of the circle to a specific
point in the circle [45,46]:

ac =— Eqg.l

r

Also, the linear velocity is dependent upon the distance of the object from the centre of the

circle during rotation as described in Eq. 2 where r is the radius and w is the angular velocity:



V=rw Eq. 2

In HPT experiments conducted at a constant angular velocity w, the linear velocity is higher at
the disk edge resulting in greater acceleration. It follows from kinematics that acceleration is a
change in velocity, either in magnitude or in direction or both. In a uniform circular motion,
the direction of the velocity changes constantly, so that there is always an associated
acceleration even though the magnitude of the velocity may be constant. Thus, the Nb layer
near the edge of the disk will rotate with a faster velocity and more acceleration and this
produces a better mixture with the Cu layers. This facilitates a faster uniformity around the
periphery of the disk as can be witnessed visually in the 50 turns condition while in the central
region the Nb interface remains visible until 200 turns when the whole cross-section is

uniformly mixed.

Cu-Nb-Cu
HPT: RT, 6.0 GPa, 1 rpm

Fig. 2 Optical microscopy of HPT Cu-Nb-Cu layers as a function of number of turns at 6.0
GPa compressive force and 1 rpm torsion.

Electron microscopy images were used to complement the optical microscopy results and
compare the inhomogeneity between the 50, 100 and 200 turns samples with the highest torsion

numbers at both the center and edge regions (Fig. 3). Due to the difference in atomic number
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of Cu and Nb, the Z contrast produced in the back scattered electron (BSE) images can reveal
a rough estimation of the segregation levels at the macro scale. A comparison between the edge
and center of the disk shows that in the early stages of HPT (0.25 and 5 in Fig. 2) a continuous
NDb layer continues to hold its position while it starts to break into smaller regions through the
thickness after 50. At the electron microscopic level, the Nb-rich layers (bright regions in Fig.
3) gradually disappear and break into smaller areas until a uniform microstructure is obtained
at 200 turns. A similar trend was observed earlier where a uniform microstructure was obtained
after 150 turns of HPT in a Cu-Ta alloy [26]. By comparing the center and edge of the disks
after 50, 100 and 200 turns, it is observed that the homogeneity of mechanical alloying takes
place effectively at the edge initially (Fig. 3b, 3d, 3f) and later moves towards the center (Fig.
3a, 3¢, 3e). At the initial stage of HPT, the Nb-rich areas appear to form turbulent flow patterns
(Fig. 3a, 3c). Similar observations were reported in the flow patterns formed during HPT of
various metals where it was shown that vortex-like instabilities can form on the metal layers

driven by SPD and local shearing [47-50]. Composition analysis will be further discussed in

the red square regions of Fig. 3a, 3c and 3e in Fig. 6.

e T < B il i L ——

Fig. 3 SEM BSE images taken from a, b) 50, ¢, d) 100, and e, f) 200 turns at a, c, €) centre
and b, d, f) corner of the disk cross-section. Red square regions of Fig. 3a, 3c, and 3e are
magnified in Fig. 6a, 6b, and 6c for further microstructural and compositional analysis.
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For evaluation of the chemical composition homogeneity in the 200 HPT sample, more detailed
analysis was performed using SEM equipped with an EDS detector to reveal the chemical
composition variations within the microscale of the specimen (Fig. 4 and Fig. 5). According to
the back-scattered electron (BSE) images taken from the center (Fig. 4) and the edge of the
circular disk (Fig. 5), the Z-contrast between the Nb and Cu reveals flow patterns during the
test including layers of Cu-Nb segregations in Fig. 4a. At the center, EDS mapping of Cu and
NDb in Fig. 4b locates the depletion and enrichment of the Cu and Nb phases. Considering the
line scanning data taken from a selected location from each region, the widths of the
segregation layers can be estimated as ~3 um. On the other hand, at the edge of the 200 turns
disk almost all segregations have been eliminated and a uniform Cu-20 at% Nb solid solution
is formed. Knowing that the solubility of Nb into Cu at room temperature is almost negligible
under equilibrium conditions, these results clearly demonstrate the effectiveness of the HPT
processing on the supersaturation of Nb into Cu far away from the standard equilibrium
condition and specifically at the edge of the 200 turns disk. As shown in the BSE images of
Fig. 4 and Fig. 5 from the 200 turns condition, the HPT has effectively led to severe plastic
deformation in both the Cu-rich and Nb-rich phases. Nevertheless, the grain structure is not

visible using the scanning electron microscopy technique.

11



Nb Ka

10 pm

Fig. 4 a) BSE image at the centre of the 200 turns condition with EDS b) Cu Ka & Nb Ka
taken from c) high magnification BSE image area from the red square shown in (a)
accompanied by d) selected line scan data of Cu and Nb in at. % shown in (c).

=—Cu =Nb

Nb Ka

10 pm

Fig. 5 a) BSE image at the corner of 200 turns condition with EDS b) Cu Ka, Nb Ka taken
from the red square shown in (a) accompanied by c) selected line scan data of Cu and Nb in
at.% shown in (a).

To compare the effectiveness of mechanical alloying in forcing Nb atoms into the Cu crystal
lattice quantitatively, an EDS line scan was taken from the center of the HPT specimens at the
50, 100 and 200 conditions as presented in Fig. 6. When comparing Fig. 6a, 6b and 6c¢ together,
it is apparent that there is an increase in the solid solutioning of Nb into the Cu phase and vice
versa. From the EDS line scan data, it was measured that the content of Nb substituted into Cu
increased from ~4.91 + 2.8 at. % Nbto ~ 11.7 + 3 at. % Nb and ~ 18 + 2.7 at. % Nb in the 50,
100 and 200 HPT turns specimens, respectively. Additionally, the thickness of the Cu/Nb

segregation was reduced by increasing the numbers of torsional turns.
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Fig. 6 BSE images of the HPT samples at a) 50, b) 100 and c) 200 turn conditions
accompanied by the corresponding quantitative atomic percent line scanning from red lines
shown in BSE images.

Further to confirm the formation of the solid solution of Cu-Nb after HPT processing, XRD
was taken from the cross-sections of all samples after 0.25, 5, 10, 20, 50, 100 and 200 turns as
depicted in Fig. 7. The XRD data were then fitted using Lorentzian fitting to eliminate the
background and only the Cu peaks were considered for analysis. A careful examination of the
Cu peaks reveals a systematic decrease in their relative intensities and noticeable peak
broadening as the number of HPT turns increases. This broadening is attributed to the
refinement of crystallite size and the corresponding increase in internal strain (Fig. 7b).
Additionally, the inability to recrystallize at room temperature in the samples leads to a

reduction of grain size to the sub-micrometer range.
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Fig. 7 a) XRD pattern on Cu-Nb HPT specimens after 0.25, 5, 10, 20, 50, 100 and 200 turns
and b) magnified XRD pattern at (111)cu peak.

Thus, the crystallite size and lattice distortion, which is representative of the residual strain,
were calculated according to the Williamson-Hall method [511] which provides a
straightforward approach to analyzing XRD peak broadening by considering both crystallite
size and lattice strain effects. According to this method, the total broadening (Btota) 0f an XRD
peak obtained by measuring the width of the XRD peak at an intensity equal to the full width
half maximum (FWHM) arises from two primary contributions: size broadening (Bcrystailite)
and lattice strain broadening (Bstrain). The values of Berystaitite and Bstrain Can be obtained

from Eq. 3 and Eq. 4, respectively:

KA

Bcrystallite = I cos Eq. 3
and
Bstrain = Cs tan 0 Eq 4

where A is the wavelength of the monochromatic X-ray used, @ is the Bragg angle, L is the
average crystallite size, K is a shape constant equal to 0.90 and C. is micro strain in the material.

By combining Eg. 3 and Eq. 4, the Williamson-Hall equation is then expressed as
14



Biotar cosO = % + 4 C,sin6 Eqg.5

Plotting Btotai cos 8 against 4 sin 6 yields a linear relationship, where the intercept provides
an estimate of the crystallite size (L), and the slope corresponds to the microstrain (C¢). This
method allows for a more comprehensive evaluation of microstructural changes in materials

subjected to SPD processing such as HPT.

The calculated data were then plotted according to the numbers of turns in Fig. 8 where it shows
a trend of increasing lattice strain as a result of cold working as well as inducing Nb atoms into
the Cu lattice and vice versa. Such a reduction of crystallite size down to the nanoscale regions

was also reported in some pure metals and alloys [26,52].

According to Fig. 7, the peak shifting of Cu towards the left (lower angles) by increasing
numbers of turns indicates an increase in the lattice parameter of Cu due to the dissolution of
Nb atoms in the crystal structure that confirms the Cu-Nb solid solution formation. Since the
size of the Nb atoms is larger than Cu, the insertion of Nb into the Cu-FCC structure leads to
an enhancement of the crystal lattice and hence a reduction in the 26 angle in the Bragg
diffraction. The mean lattice parameter of the Cu in the metastable Cu-Nb alloy was computed
by Materials Analysis Using Diffraction (MAUD) [53] using XRD data. The lattice parameter
of Cu was calculated to be approximately 0.358 nm for 0.25, 5, 10 and 20 turns, while after 50,
100 and 200 turns the lattice parameter was calculated as 0.359, 0.361 and 0.363 nm,
respectively. Since with increasing numbers of HPT turns over 50 the lattice parameter of Cu
increases, it is additional evidence showing the insertion of Nb atoms in the Cu lattice and the
formation of a solid solution of the Cu-Nb alloy. These changes in lattice parameter align with
findings from similar studies, where the formation of a Cu-Nb solid solution resulted in an

expanded Cu lattice parameter [54]. The pure Cu and pure Nb lattice parameters are 0.358 nm
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[55] and 0.334 nm [56], respectively. Considering the calculated mean lattice parameter of the
metastable Cu-Nb alloy and Vegard’s law (Eq. 6) [57], the average concentration of Nb in Cu
within the entire disc processed at 50, 100 and 200 turns achieved ~ 4.2 + 0.1 at. % Nb, ~ 12.5
+ 0.02 at. % Nb, and ~ 17 + 0.02 at. % Nb, respectively. It is noted that, consistent with the
EDX data, these values are remarkably high when using a processing route involving a bulk-

state reaction without the application of an elevated processing temperature. Thus,

aa, p, = (1 —x)aa+xas Eq. 6

where aa,_ g, is the lattice parameter of the solid solution, a4 and as are the lattice parameters

of the pure constituents (here Cu and Nb) and x is the molar fraction of constituent B in which,

if multiplied to 100, it is equivalent to the atomic percentage of constituent B in the solid

solution.
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Fig. 8 Calculated crystallite size and lattice strain in Cu after various HPT turns.
Fig. 9a shows a high magnification transmission electron microscopy (TEM) image from the
center of the disc processed through 200 turns. The Nb-rich regions are in dark color and it is

obvious that the microstructure consists of a matrix of a Cu-rich Cu-Nb alloy with secondary
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Nb-rich regions distributed uniformly throughout the matrix. Overall, the Nb-rich regions are
well distributed over the matrix but their size and shape are different. Fig. 9b shows a high
magnification TEM image from a selected area in Fig. 9a which demonstrates that the Cu-rich
matrix contains very fine crystallites of the order of ~5-10 nm. The interface between these Nb-
rich regions and the Cu-rich matrix exhibits strong atomic bonding, with no detectable porosity
or cracks because of any enhanced diffusion occurring between the Cu and Nb through the

HPT processing.

7| Crystallite
.| number

Size (nm) |~4.7|~58| ~9 |~4.8(~5.5

Fig. 9 a) TEM image of the Cu-Nb from the center of the disc after 200 HPT turns, b) high
magnification image of the Nb-rich regions and the Cu-rich matrix. Cu-rich crystallites are
enveloped in yellow, and their size are presented in the table below the image.

b) Mechanical properties

Initial inspection of the mechanical properties was performed by hardness mapping and the
mapping after 0.25, 10, 50, 100 and 200 turns is depicted in Fig. 10 at a constant color scale of
0 — 350 Hv. The distinction between the hard Nb plate and the soft Cu plate is clearly visible
in the first three samples having low numbers of turns (for N = 0.25, 5 and 10 turns conditions)

in Fig. 10a-10c which is an indication of the heterogeneity after HPT in the early stages.
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Nevertheless, the plastic deformation and work-hardening at room temperature as a result of

SPD is sufficient to boost the hardness of the Cu disk to an average of ~100 ~ 150 Hv which is
relatively higher than the annealed state [42]. On the other hand, the second group consisting
of samples with a higher number of 50 and 100 turns demonstrates a significant boost in
hardness where the centerline Nb disappears and a uniform hardness value of about 350 Hv
exists throughout the sample thickness at the sample edge while an inhomogeneity in hardness
is apparent at the centre of the disks as shown in Fig. "10d and 10e. This is linked to the lack
of driving force for mixing. As discussed earlier, the lower linear velocity during rotation at
smaller r values (i.e. the distance from the centre of the disk) does not provide a sufficient
driving force for mechanical alloying and hence requires more rotation for complete
homogeneity. After 200 turns, however, a homogenous hardness value across the whole
thickness and width of the disk cross-section was obtained (Fig. 10f) and this confirms the
effectiveness of using HPT in the homogenization of the non-equilibrium Cu-Nb alloy system
and producing high-strength materials without requiring any high temperature processing
routes such as solidification or forging. Similar demonstrations were given earlier by producing
homogeneity in the hardness values of the AA7xxx series [58] and the Cu-0.1wt.%Zr alloy [59]
after 10 turns of HPT, whereas in the Cu-Ta alloy there was a homogeneous hardness value of
~350 Hv across the HPT sample after 150 turns [26]. This research found that complete

homogeneity was obtained after 200 turns in the Cu-Nb alloy system.
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Fig. 10 Hardness mapping of samples after N number of turns a) 0.25, b) 5, c) 10, d) 50, e)
100 and f) 200. Dimensions are in millimeters.

To evaluate the mechanical properties of the HPT specimens, the engineering stress-strain
curves of the miniature tensile specimens at 1.0 x 107 % strain rate are shown in Fig. 11. Due
to the uneven composition of the HPT specimen after lower numbers of turns, only the 200
turns sample was targeted for tensile properties as it showed a uniform chemical composition
throughout the disk. An initial comparison between the tensile properties with that of HPT pure
Cu [60] confirms the effectiveness of the HPT mechanical alloying of Cu in boosting the

mechanical properties to ~1250 MPa with a reasonable elongation of ~ 40%. Considering the
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high-volume Cu and less Nb in this newly fabricated Cu-Nb composite, this is a novel strategy

to design Cu-based bi-metallic composites for achieving high mechanical strength.

After applying the post-HPT annealing heat treatment, the yield strength decreased to ~1000
and ~700 MPa by increasing the annealing temperature from 973 K to 1173 K (Fig. 11) which
is a sign of recovery and recrystallization of Cu at these high temperatures. It should be noted
that the yielding point and peak stress position are very close in the engineering stress-strain
curves which leads to the material having limited uniform elongation. This is due to an

extremely saturated high density of dislocations in the microstructure.

1400 + T .
L Cu-Nb-Cu
1200 | HPT: 298 K, 6.0 GPa, 1 rpm, N=200 |
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Fig. 11 Engineering stress-strain curve of the Cu-Nb-Cu subsize tensile specimen after 200
turns HPT compared with annealing using two different heat treatments.

To justify the effect of the annealing heat treatment on the mechanical properties of the HPT
200 turns sample, microstructural analysis using SEM-EDS was performed on samples after
the 973 K and 1173 K annealing heat treatments presented in Fig. 12. By comparing the BSE
image of Fig. 12a taken at the centre of the specimen cross-section with Fig. 4a, some bright
areas enriched in Nb are observed. By taking EDS mapping of Cu and Nb (Fig. 12b) and a

selected line scan profile (Fig. 12c) and comparing with Fig. 4e, it is possible to identify
20



segregation of Nb out of the Cu matrix resulting in an increasing Nb to Cu ratio by thermal
annealing. This is due to the extremely low solubility limit of Nb into Cu in the equilibrium
condition which is provided through the thermal annealing. The same phenomenon also takes

place after the 1173 K annealing heat treatment according to Fig. 12f.

—Cu =Nb
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Fig. 12 Microstructure of 200 turns specimen after a, b, ¢) 973 K and d, e, f) 1173 K
presenting BSE image through thickness and selected area EDS b, e) Cu Ka & Nb Ka
mapping accompanied by c, f) line scan profile data of Cu and Nb in at.%.

Discussion

The microstructural evolution and phase transformation in the Cu-Nb sample during HPT
shows a progressive refinement process. Initially, the Nb layers undergo thinning due to the
applied shear strain, gradually breaking into small Nb-rich layers. As the HPT process
continues, these layers become finer and disperse uniformly within the Cu matrix (Fig. 3 and
6). Since strain distribution is higher at the disc edge, microstructural refinement begins from
the edge and progresses towards the centre with increasing HPT turns (Fig. 2 and 3). At higher

strain levels (200 turns), the entire sample transforms into a homogeneous Cu-Nb alloy,
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demonstrating the effectiveness of HPT in achieving atomic-scale mixing and enhanced

solubility.

With increasing HPT turns, the applied strain leads to further grain refinement in the Cu-Nb
system, introducing more crystalline defects and generating new diffusion pathways for the Cu
and Nb atoms. XRD analysis suggests that substantial atomic diffusion occurs after
approximately 50 HPT turns. The crystallite sizes of Cu at 50, 100 and 200 turns are around
20, 15 and 10 nm, representing size reductions of ~30%, ~46% and ~65%, respectively. These
reductions increase the fractions of grain boundaries which serve as effective diffusion paths.
It can therefore be concluded that after approximately 50 HPT turns, the increased number of
grain boundaries and crystalline defects provide effective diffusion pathways for atoms [61].
As the HPT process continues, the Nb-rich regions become finer as the width of the Nb-rich
regions at 50, 100 and 200 turns decreases gradually through ~ 4.5 + 1.0 um, ~ 2.2 + 0.7 um
and ~ 1.2 + 0.5 um, respectively, further promoting diffusion between Cu and Nb and
facilitating the formation of a solid solution (Fig. 6). Moreover, the solid solution formation of
Cu-Nb alloy after 200 HPT turns was confirmed through an increase in the lattice parameter of
Cu and internal lattice strain through XRD analysis. Therefore, based on the XRD and EDX
data, at 200 HPT turns, the solubility of Nb in Cu reaches notably high levels. These findings
demonstrate that HPT enables the formation of a metastable Cu-Nb solid solution at room

temperature without requiring elevated processing temperatures.

After 200 HPT turns, the Cu-Nb alloy exhibited a UTS of ~ 1250 MPa, an elongation of ~ 40%
and a microhardness of ~ 350 Hv. Compared to HPT-processed pure Cu with a UTS of ~ 500
MPa and hardness of ~120 Hv [60], the strength of the HPT-processed Cu-Nb alloy is
significantly enhanced. Interestingly, despite having a higher Cu content, the presence of Nb

appears to play a major role in strengthening the material.
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The strengthening mechanism can be attributed to the refined microstructure. Additionally, the
alloy consists of a Cu-rich matrix containing dispersed Nb-rich layers which significantly
enhance the mechanical properties. Solid solution strengthening occurs due to the increased
lattice parameter of Cu from the dissolution of Nb atoms. Interface strengthening arises from
the Nb-rich layers acting as barriers to dislocation movement. Finally, crystallite refinement
strengthening results from the severe plastic deformation during HPT, which increases the

density of grain boundaries and further contributes to the enhanced mechanical strength.

The elongation of ~ 40% obtained in the 200 turns HPT-processed Cu-Nb alloy demonstrates
a good balance between high strength and reasonable ductility. Typically, increasing strength
leads to reduced ductility but the HPT-processed Cu-Nb alloy maintains a relatively high
elongation compared to pure HPT-processed Cu after 10 HPT turns (~ 4%) [62]. The improved
ductility of the Cu-Nb alloy is attributed to the interfaces between the Cu-rich matrix and the
Nb-rich layers which influence load transfer and dislocation interactions. These interfaces
provide strain hardening and improve the ability of the alloy to accommodate plastic

deformation thereby resulting in enhanced elongation.

Conclusions

The binary immiscible Cu-Nb alloy was investigated using HPT processing by stacking Cu-
Nb-Cu layers and processing through different numbers of turns under a 6.0 GPa compressive
force to produce mechanically alloyed disks. The microstructural character and the mechanical

properties were analyzed leading to the following conclusions.

e The HPT processing produces a bulk disk material of the immiscible Cu-Nb binary
alloy homogenized after 200 turns without the presence of any porosity, inclusions or
cavities.
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The homogeneity of the torsion samples increases by increasing the number of turns.
While homogeneity at the centre of the disks occurs slowly, segregations at the edge
are easily removed due to the centripetal acceleration which leads to more applied
strain.

The segregation layers become narrower with smaller fluctuations leading to the
formation of a non-equilibrium Cu- ~17 at. %Nb solid solution in the entire disc
processed at 200 HPT turns.

Both residual strain and crystallite size are reduced by increasing the number of HPT
turns indicating both mechanical cold working as well as an increasing Nb insertion
into the Cu crystal structure.

The mechanical properties show a negative work-hardening behavior in the 200 turns
condition with a UTS of over ~ 1250 MPa. Applying the post-HPT annealing heat

treatment reduces the tensile strength to ~700 MPa due to increasing Nb segregation.
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Highlights

HPT process is able to produce bulk disk of immiscible Cu-Nb defect-free
mechanically alloyed sample after 200 turns.

Homogeneity of the composition increases by increasing number of turns. Edge is
easily homogenized while centre needs more shear strain provided by applying further
turns.

Residual strain and crystallite size are increased and reduced respectively by
increasing number of turns.

Negative work-hardening behaviour was observed after tensile properties of 200 turns
with UTS of 1250 MPa.
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