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ABSTRACT OF THE DISSERTATION

Strain-Based Characterization in Severe Plastic Deformation Processing

by

Evander Harrison Ramos

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, December 2021
Dr. Suveen Mathaudhu, Chairperson

Scientific innovation is often driven by novel processing capabilities, which enable the
production of materials with new and exciting properties. Several techniques referred to
as severe plastic deformation (SPD) have recently been established, which utilize extreme
strain conditions to create advanced materials. Such processing has the potential to
provide materials solutions to current technological issues humanity faces in areas such
as energy, transportation, sustainability, and public health. Additionally, these processes
enable exploration of complex microstructures to better understand fundamental

relationships between processing, structure, properties, and performance.

The SPD literature consists of many studies reporting the structures and properties
garnered from a wide variety of techniques, material systems, and processing conditions.
In some cases, reports may be at odds with each other or with expected material behavior,

as has been the case for wear resistance and electrical conductivity. For both properties,



strain-based characterization can improve comparison across the literature to better
understand trends and highlight outlier reports in the established literature. For some
processes, strain-based investigations may not even be reported, so novel characterization

or analysis methods are necessary to enable such comparison across the SPD literature.

In this dissertation, results from experiments on copper subjected to SPD processing has
been compared to reports from the literature to identify trends in wear resistance and
electrical conductivity across SPD techniques. To accomplish this, novel strain-based
analysis and measurement methods have been put forth for the process of high-pressure
torsion. These frameworks of strain-based analysis enabled trends to be drawn from
comparison with the SPD literature, which has also helped to distinguish outlying
existing reports and forecast results of previously untested processes. Additionally, the
newly enabled strain-based characterization has indicated some trends for SPD wear
resistance in relation to strain orientation which had previously gone undetected despite
corroborating evidence being scattered across multiple prior reports. To explore this
relationship between wear path and strain path, the properties of copper subjected to
high-pressure sliding has been explored at different strains and orientations. General
microstructural behavior was found to agree with the greater SPD literature as well as the
identified strain path dependence indicating that lower wear rates are seen when wear is
conducted parallel to the shearing direction. Future works can adapt the comparative
analytical frameworks demonstrated in these studies to identify strain-based relationships
for other properties, such as magnetism or antibacterial resistance, to inform the

development of advanced materials.
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Introduction

The central paradigm driving materials development throughout the history of mankind is
the relationship between processing, structure, properties, and performance. Improved
understanding of the relationship between these four components has unlocked numerous
technological advances throughout the years. With advancement in processing
technologies, opportunities to explore and better understand this paradigm are unlocked.
Within the past few decades, the development of severe plastic deformation (SPD)
processing techniques has enabled the creation of unprecedented materials and opened
many avenues for scientific exploration [1]. SPD techniques are marked by their ability to
impart large strains into worked samples while generally maintaining their original
dimensions. This contrasts with conventional processing techniques such as rolling,
forging, or drawing where dimensions are reduced by mechanical straining. Unlike these
conventional processing techniques, SPD processes have the potential to quickly create
ultrafine grained (UFG) (average grain size between 100 and 1000 nm) or even
nanocrystalline (NC) (<100 nm) microstructures [2]. These microstructures can have
unique properties with significant improvements compared to their conventional coarse-
grained counterparts. While other processes, like thin film deposition techniques, can
create similar microstructures with extremely small grain sizes, the ability of SPD to
produce them in large volumes is ideal for exploration of processing-structure-properties-

performance relationships.



Figure 1: Schematic representation of the method of high-pressure torsion for processing
a sample (orange) between two anvils (grey).

Of the many SPD processing techniques that have been developed, one that has attracted
significant research interest is high-pressure torsion (HPT). In HPT, material is compressed
at high pressures between two anvils, and thereafter one anvil is rotated to impart
significant torsional shearing, as shown schematically in Figure 1.1. Samples are
commonly small discs, measuring around 10 mm in diameter and 1 mm thick, although a
wide variety of sample dimensions have been explored. Some examples of unconventional
sample dimensions include rings [3], thick cylinders [4], or rods via continuous HPT [5].
The deformation under high pressures has been reported to drive phase transformations
that remain stable after processing is complete [6]. HPT can even create composites and
mechanically mix different metals [7]. A wide variety of interesting materials can be made
from HPT, which is why characterizing their properties has been an area of active research.
HPT processing has the potential to provide transformative material solutions to advance

technologies in areas such as energy, transportation, health, and many others.



One issue with HPT is the relatively small samples it can process, which makes it
unattractive for scalable manufacturing. Significant efforts have been advanced to modify
HPT or use alternative deformation schemes at high pressures [8]. One such recent
development is high-pressure sliding (HPS). This technique is essentially a linear version
of HPT, where in lieu of rotational torsion, a sample is sheared uniformly by planar sliding.
This process is more scalable and has been demonstrated to process large volumes of 50 x
100 x 1 mm? sheets [8]. Despite the ease of implementing large strains and the potential
for scalability, HPS is still in its infancy and much work needs to be done to validate the

structures and properties it creates in reference to the other SPD processes.

To provide a broader scope of high strain processing, a few of the other SPD processes will
be highlighted. Alongside HPT, the other technique that has received the most attention
and exploration is equal channel angular extrusion (ECAE). Also referred to as equal
channel angular pressing, ECAE involves pressing a billet through an angled channel.
Traversing through the angled portion of the channel imparts large strain into the billet
without significantly altering the dimensions. With low pressures and low strain
accumulation per pass, this process is typically repeated multiple times to achieve highly
strained samples. Similar to HPS, this technique imparts strain uniformly throughout the
processed material, but the strain path can be varied by rotating the sample between
iterations. Similar to HPT, significant efforts have been put forth to scale this process up
to industrial manufacturing [9]. Alternatively, instead of processing entire volumes of
materials, some SPD techniques are confined to the surface, such as in surface mechanical

attrition treatment (SMAT). In SMAT, hard balls repeatedly strike a surface to induce



significant microstructural refinement in the near surface region. Similar to HPT, this
process results in a gradient in strain throughout the processed sample. The highest strain
is found at the surface, and it rapidly deteriorates as a function of depth. Lastly, although
mechanical alloying is not technically considered an SPD process due to significant
changes in the sample dimensions, it is able to create similar microstructures by extreme
shearing. Powders are sealed in a jar and subjected to vigorous ball milling. The repeated
high-energy impacts alter the powder by either breaking particles down or welding them
back together. Altogether, the result is a stochastic process which can yield powders with
nanostructured or nonequilibrium microstructures, albeit with potentially high levels of
impurities picked up from various sources. These powders can then be consolidated via
powder metallurgy, with additive manufacturing specifically being an area of active

research.

To compare between SPD processes, there has been extensive efforts to calculate idealized
equivalent strains for a given process [10]. Formulae have been developed to describe the
equivalent strain that an idealized grain will endure due to SPD. As these equations are
idealized, they often neglect things like material slipping, deformation from the initial
loading force (as in HPT), or heat evolution from straining. Nevertheless, they provide a
useful and generally accurate way to compare between processes. Among SPD processes,
HPT is most readily able to achieve high strains with minimal processing of only a few
rotations. This strain is also inhomogeneous, with strain increasing linearly as a function

of the radial distance from a theoretically strain-free center.



Structure evolution with strain has been well documented for various SPD processes [2].
SPD processes essentially impart massive amounts of dislocations into processed
materials. These interact and end up forming dislocation cells and sub-grains which
eventually reorganize into well-defined grain boundaries. Further straining of these small
grains can result in dynamic recrystallization, resulting in larger grains which can then
undergo the process again to be refined back into small grains. Therefore, materials can
approach an equilibrium grain size when there is a balance between grain refinement and
dynamic recrystallization from further straining. It should be noted that this description of
grain refinement in SPD is a generalization, as materials pass through the different stages
at different rates based on intrinsic material characteristics such as stacking fault energy.
Researchers often look for ways to exploit and manipulate the structure evolution in SPD
to improve performance, such as by annealing or judicious alloying additions.
Understanding how properties evolve as these structures are developed based on the
imposed straining is key toward taking advantage of these techniques for producing useful
engineering materials. For certain properties, there is good understanding of these

relationships, such as the Hall-Petch effect for hardness [11].

There are gaps in SPD literature reflecting a lack of understanding how certain properties
vary with processing strain. Many works have been devoted to assessing the properties of
materials subjected to various SPD processing conditions. Typically, microhardness is
tested to give an indication of strength and other properties, but actual measurements of
these other properties may at times not follow trends with hardness as expected. For wear

resistance, one review article has noted inconsistent trends where some SPD processes are



beneficial while others are not, with some processes even having conflicting reports on
their improvement [12]. Other properties, such as antibacterial resistance, have not been
described by SPD review articles, although a few articles on different processes have

reported improvements [13], [14].

To understand how properties vary with processing strain, researchers must make a
concerted effort toward strain-based characterization. Specifically for HPT, the
inhomogeneity imparted by the process is often overlooked when characterizing certain
properties. Many HPT works have characterized inhomogeneity by analyzing the
microstructures that are formed in different locations throughout processed samples or by
taking hardness indentations at various locations. Since such characterization can be
applied locally at small, well-defined positions, it is easy to calculate the equivalent strain
for the region of interest and thereby microstructural and hardness evolution with strain is
accomplished. However, many other characterization techniques require larger areas or

volumes of material to be conducted.

For example, wear is commonly tested by sliding tests across sample surfaces. Wear tests
can leave a large footprint, below which a large interaction volume contributes toward the
measured wear response. A representation of the impact this has on wear testing of HPT
materials can be seen in Figure 1.2. Although shorter wear tracks could be used to cover
smaller range of strains, changes in testing procedures alters the wear modes that are being
activated, and thus limits their practicality and utility. As noted in the previous review
paper on conflicting SPD wear results, wear is a complex phenomenon and there is

currently only a loose understanding of its dependence on many different factors [12].
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Figure 2: Schematic illustration demonstrating the ranges of strains that are covered by
conducting wear tests in three different locations on an HPT disc.

For electrical conductivity, measurements are typically taken by stimulating an electrical
response in a certain interaction volume. For various types of tests, this interaction volume
may be a section cut from the sample or even the entire sample itself. Calculation of
electrical properties from measurements is dependent on the dimensions of the interaction
volume, so tests across smaller volumes (i.e. shorter ranges of strains in HPT processed
materials) are prone to higher error. Conductivity evolution with strain for HPT processed
materials has largely been inefficiently conducted by processing many samples and
sectioning them so individual samples reflect individual data points. An improved method
for conductivity characterization with strain in HPT materials can more efficiently probe

variations to better understand processing-structure-property relationships.



With increased ability to characterize variations in properties with processing strain in HPT
materials, the ability to correlate such variations between other SPD processes at similar
strains is enabled. Aside from hardness, a comprehensive understanding of property
evolution as a function of strain irrespective of the specific process used is currently lacking
for many properties. A better understanding of how properties such as wear resistance and
electrical conductivity vary with strain in HPT materials can be compared to the wider SPD

literature to assess trends.

From an applications perspective, it is also imperative to understand the dependence of
wear on strain to forecast resiliency. If SPD materials are to be used in the future, scientists
and engineers should be able to estimate things like their wear properties based on
processing. Improved understanding of these relationships can speed up materials
development and assist in pinpointing what processing strains to target for a desired
performance. On a broader level, wear itself is also a large strain process which can
potentially impart significant microstructural refinement near the surface. Since wear is a
process that can also create UFG structures, a better understanding of the evolution of wear
behavior in UFG materials processed by SPD can be useful for understanding wear in all

materials.

To summarize, this dissertation will address knowledge gaps in property variation with
strain in SPD copper. By using novel testing procedures and analysis, relationships
between equivalent strain and wear resistance and conductivity are measured throughout
HPT discs. These novel measurements enable comparison across SPD processes to develop

a more comprehensive understanding of strain-based property relationships irrespective of

8



the specific processing method. Additionally, such testing will also be conducted on HPS
processed copper to validate postulated overarching strain-based property relationships.
Supplemented with the vast literature for SPD processes, the HPT and HPS results
contribute toward a better mechanistic understanding of the directional dependence of wear

in relation to shear processing.



Chapter 1

Strain effects on the wear rate of severely deformed copper

Evander Ramos?, Takahiro Masuda®, Sina Shahrezaei¢, Zenji Horita®, Suveen
Mathaudhu®**
& Department of Mechanical Engineering, University of California, Riverside, United
States

b Department of Materials Science and Engineering, Kyushu University, Fukuoka 819-
0395, Japan

¢ Department of Materials Science and Engineering, University of California, Riverside,
United States

* Corresponding author: smathaudhu@engr.ucr.edu, Bourns Hall A325, 900 University

Ave., Riverside, CA 92521

Abstract

A variety of severe plastic deformation (SPD) techniques have been developed to process
materials to high strains and impart microstructural refinement. High pressure torsion
(HPT) is one technique that imparts inhomogeneous strain to process discs with low strain
in the center and high strain at the outer edge. In the literature, this inhomogeneity is

typically ignored when characterizing wear properties after HPT. In this work, the wear
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rate of pure copper discs processed by HPT was characterized by conducting dry sliding
reciprocating wear tests at a few judicious locations on the discs. From only two discs, the
wear resistance across many ranges of strains was captured. These measurements agreed
with the literature for other SPD processes at varying strains. Wear rates dropped and
plateaued at about 25% that of the unprocessed state when processing past equivalent
strains of around 15, after which microstructural and microhardness saturation has also
been observed. Some indication of a relationship between the direction of the imposed SPD
shearing and the sliding wear direction was also observed. The incremental microstructure,
microhardness, and wear resistance evolution past equivalent strains of ~15 indicate that

for high purity copper these properties receive no clear benefit from higher SPD strains.

Keywords: Sliding wear, ultrafine-grained, copper, high-pressure torsion, severe plastic

deformation, equivalent strain

1. Introduction

Severe plastic deformation (SPD) techniques have been well-documented for processing
materials to obtain ultrafine-grained (UFG) or nanograined microstructures [15]. Among
SPD processes, high-pressure torsion (HPT) is attractive because the microstructural
refinement it imparts is quick and efficient although also inhomogeneous throughout the
disc at low equivalent strains (i.e. number of turns) [15]. This inhomogeneity varies due to

the amount of imposed equivalent strain (€) throughout the disc during processing, which
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is commonly calculated from equation (1), where r = radial distance, N = number of

rotations, and t = thickness [15].

__ 2nrN

€=t @

In the literature, hardness measurements are commonly used to indicate the degree of
microstructural homogeneity throughout HPT discs [16]. However, other properties such
as wear rate or friction can also vary with the equivalent strain, and they may do so in ways

that do not follow the same trends indicated by hardness variations throughout discs.

Inhomogeneity is often ignored in reports of the wear response of HPT materials.
Continuous ball-on-disc wear testing (ASTM G99) has been used [17]-[20], but these tests
only cover localized and distinct levels of equivalent strain (i.e. sliding along one specific
radial distance), and do not characterize the wear behavior in other regions across the
diameter of the discs. Other studies [21]-[30] have used linear reciprocating ball-on-flat
wear tests (ASTM G133) which cover a wider range of strain regimes and microstructures.
But, these reciprocating wear tests are typically conducted at only one location without
comparing to other locations on the discs. Thus, reported wear rates for HPT materials have
been generalizations based on tests of one section of a disc. Furthermore, a review article
on the wear performance of SPD-processed UFG materials has highlighted conflicting
reports of both improvements and reductions in wear rates observed after HPT for different

material systems, a phenomenon that was also seen in some materials after equal channel
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angular extrusion (ECAE) [12]. This article hypothesized that in some cases the wear
resistance increased due to the smaller grains and higher hardness from SPD, whereas in
other cases the wear resistance decreased due to reduction in ductility and strain hardening
capability after SPD processing. It is also possible that the specific regions of equivalent
strain covered by the wear tests can influence the resulting wear response measured, and
so experiments analyzing different locations of processed samples can be contributing to
these conflicting reports. Thus, the accuracy of wear response characterization in HPT
materials can be improved by accounting for the variation in equivalent strain throughout
discs, facilitating observations of correlations between these properties and the

microstructures produced.

To probe wear properties with respect to the equivalent strain from HPT processing, linear
reciprocating wear tests were conducted at judicious locations covering different ranges of
strains. These results were compared to the literature to observe trends with equivalent
strain across various processing methods. Pure copper was chosen as the material system
due to the wealth of SPD literature accumulated for comparison, along with its relevance
for commercial applications. The present work reports that wear rate follows trends in
microstructural and microhardness evolution with processing strain, but also a relationship

between wear path and strain path has been observed.
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2. Materials and Methods

High purity copper (99.99 wt%) with an initial grain size of ~20 pm was sliced into discs
10 mm in diameter and 1 mm thick before being annealed at 873K for 1 hour. These discs
were subjected to HPT in air and at room temperature at a pressure of 6 GPa for 1 and 10
rotations. After HPT, the flashing was removed, and surfaces were ground flat up to 1200
grit. The discs were kept in air at room temperature for about 2 years before
characterization. To prepare the surfaces for characterization, the discs were
electropolished at 47 V for 90 s in a 200 mL solution of 10:5:5:1
H20:phosphate:ethanol:IPA with 1 g urea [31]. Immediately afterwards, the discs were
rinsed thoroughly in deionized water followed by IPA. Vickers microhardness was
measured with a Phase Il Vickers Microhardness Indenter with a 200 g load and 15 s dwell
time. Indentations were taken along four diameters and spaced 0.5 mm apart.
Microstructural characterization was carried out using an FEI Nano NovaSEM 450
scanning electron microscope (SEM) with a concentric backscatter detector (CBS).
Average grain size was determined using Abrams three-circle procedure. A foil was
extracted from the half radius of the 10 rotation sample using an FEI Quanta™ 3D 2001
focused ion beam (FIB). This foil was used for transmission electron microscopy (TEM)

using a Titan Themis 300 at 300kV.

Unlubricated linear reciprocating ball-on-flat wear tests were conducted on full uncut discs
using a Nanovea mechanical tester in accordance with ASTM G133. A normal force of 5

N was applied for a stroke length of 3 mm at a frequency of 0.25 s for a total sliding
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distance of 10 m and a total time of under 2 hours. Tests were conducted in air at a relative
humidity of 44+2% and at room temperature (22+1.5°C) for all samples. The wear test
parameters used in this study were chosen to ensure mild sliding and to be similar to other
wear studies on pure copper to facilitate comparison. Mild sliding was achieved by using
slow sliding speed to avoid excessive frictional heating and a low load with hard and tough
wear balls to limit external transfer onto the copper surface. A new 3 mm diameter ball of
6% Co-cemented WC was used for each track and inspection determined that negligible
ball wear occurred with little adherence of wear debris. These sliding parameters help to
isolate the mechanical deformation of the ultrafine grained copper microstructure during
wear. A foil from the center of the high strain tangential wear track on the 10 rotation disc
was extracted using FIB lift-out technique and imaged using a Tecnail2 TEM at 150kV.
This wear track was chosen for an initial exploration of the subsurface microstructural

evolution due to it having been deformed to the highest strain level.

On each disc, wear tests were carried out at four locations, one of which spanned along the
radius between 1 and 4 mm away from the center (herein called “radial tests”). The other
three tests were centered at various distances from the center such that they would be
parallel to the tangent of the disc (herein called “tangential tests”). The test locations were
deliberately chosen so the tangential tests were near the highest, lowest, and average
equivalent strain regions of the radial tests. In other words, the tangential tests covered
small ranges of strains corresponding to those encountered at the center and either end of

the radial test. Only one test was conducted at each range of strains, so no standard
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deviations could be provided for the HPT processed disc tests. This is in part due to
dimensional limitations of the processed discs, which may be a contributing factor into
why such tests have not been conducted on HPT discs in the literature. The resulting wear
tracks were cleaned with compressed air and evaluated using a Nanovea optical
profilometer and analysis software to determine the profile of the scar with 10 um
resolution parallel to the track and 1 pum resolution perpendicular to the track. Specific wear
rate was calculated by dividing the measured wear volume at the conclusion of the test by

the total sliding distance and load.

3. Results

3.1. Typical microstructures after HPT

As in prior works on HPT Cu, the microstructures varied radially throughout the processed
discs [32]-[36]. Micrographs of the characteristic microstructures near the center and edge
of discs after 1 and 10 rotations of HPT are shown in Figure 2.1. In the 1 rotation sample
(Figure 2.1A), the grain sizes were heterogeneously distributed with a bimodal
combination of large grains and small sections of highly refined grains. The center of the
disc had the largest average grain size, while the outer edge had more regions of highly
refined grains. From the SEM images taken at various locations throughout the disc, the
overall average grain size was 700 nm £ 200nm. Conversely, the 10 rotation sample had
mostly highly-refined grains with some large grains scattered throughout the disc, giving
an average grain size of 290 nm + 150nm. These large grains were most prevalent near the

center and gradually became scarcer toward the edges.
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Figure 3: Micrographs displaying representative microstructures near the center and the
edge of copper processed by HPT after 1 (A) and 10 (B) rotations.
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Figure 4: Transmission electron micrograph of a foil taken from the half radius of the 10
rotation sample (A) and the accompanying SAED pattern for this location (B).
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The microstructure at the mid-radius of the 10 rotation sample seen using TEM is shown
in Figure 2.2A, further validating the previous observations from SEM. The SAED pattern
of this location shown in Figure 2.2B exhibits a diffuse ring pattern, indicating the presence
of many different grain orientations as well as a high degree of lattice strain. The average
grain size of 250 nm £ 66 nm measured from TEM images agreed with the averages

determined from SEM.

3.2. Microhardness inhomogeneity after 1 rotation, saturation after 10 rotations

The microhardness results for the current study are shown in Figure 2.3A. Microhardness
saturated at around 130 HV for the outer section of the 10 rotation sample, with a slight
decrease near the center. For the 1 rotation sample, microhardness values are highest near
the center, decreasing dramatically to 80 HV at 1.5 mm from the center, after which it
steadily increases with radial distance. The error bars shown represent one standard
deviation but are too small to be seen behind the points themselves for most of the data.
The largest error is seen in the central portion of the 1 rotation sample, where the values

decreased precipitously.

3.3. Higher strain generally decreases wear rate

Wear results for the four wear tests on each disc are shown in Figure 2.3B. The inset
schematic shows the locations of the reciprocating tests on the HPT discs. For the
unprocessed disc, the average specific wear rate for the four tests was 7.0x107° + 1.3x107°

mm?3/N-m. With only one test done for each location on the processed discs, it is difficult
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to tell the statistical significance of the differences between each tested location.
Nevertheless, the specific wear rates for all tested locations on the processed discs were
between 2.7x107° and 1.0x10°> mm?3/N-m, clearly outside the range of the unprocessed disc.
Comparing the two processed discs, each test from the softer 1 rotation disc had a higher
wear rate compared to the corresponding test on the harder 10 rotation disc. This is in
agreement with the Archard equation, stated in equation (2), which relates wear volume V,
a dimensionless constant K, normal load N, total sliding distance L, and the hardness of
the contacting surface H [37].
V=— 2

The Archard equation can also explain differences between the three tangential tests on
each disc. For the 10 rotation disc, microhardness increases slightly with equivalent strain,
and accordingly the wear rate decreases from the low to high strain tests. For the 1 rotation
disc, since the low strain test partially traverses the harder central region of the disc, it has
a wear rate comparable to the high strain test, with the softer middle strain section having
a higher wear rate. Interestingly, the wear rate values for the tangential high strain test on
the 1 rotation disc and the tangential low strain test on the 10 rotation disc are similar
despite the difference in measured microhardness between the two regions (1.6x107°
mm3N-m and 900 MPa vs. 1.7x10° mm3N-m and 1360 MPa, respectively). Most
apparent is that the radial tests, which covered the largest ranges of strain across the discs,

had higher wear rates compared to the tangential tests.
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Figure 5: A) Variation in microhardness vs. equivalent strain throughout the discs after 1
and 10 rotations of HPT. B) Variation in specific wear rate vs. equivalent strain for the
four tests done on each disc. The schematic inset on the right shows the locations of the

reciprocating wear tests on the disc, with a gradient in color to indicate the evolution
from low strain in the center (light) to high strain at the outer edge (dark). For the wear
data, each data point represents the average equivalent strain along the wear track, while
the x-spread represents the range of strains covered.
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To compare the results from the current work to data from the literature for high purity
copper processed by various SPD methods, the variation in normalized wear rate with
equivalent strain was compiled as shown in Figure 2.4. Works that use various different
wear test parameters can be compared via normalized wear rates, as has been previously
shown for aluminum matrix composites [38]. Throughout this paper, normalized wear rate
is calculated by the wear rate of the processed sample divided by the wear rate of the
unprocessed control, both measured under the same conditions. Thus, a normalized wear
rate of 1 indicates no change in wear due to processing, while a higher normalized wear
rate indicates that the wear rate for the processed condition was higher than the unprocessed
control group. A normalized wear rate less than one indicates an improvement in wear rate,
e.g. a normalized wear rate of 0.5 indicates a 50% reduction in wear rate due to processing.
Whenever a work used multiple wear testing parameters, the only results included are from
tests with speed and load closest to the conditions used in the current work, namely 5 N

load and 1.5 mm/s sliding speed.

The strain imposed by an SPD process is quantifiable by calculating equivalent strain. But,
for some works in Figure 2.4, the processing imposes complex strain that is not as readily
guantifiable or comparable, and those cases are simply left as bands across the equivalent
strain axis. While not an SPD method, one work used electro-deposition to create samples
approaching the critical grain size for the breakdown of the Hall-Petch effect [39]. Thus, it
can be thought of as a limiting case for grain refinement encountered in SPD processes.

The work using dynamic plastic deformation (DPD) is distinct from all the others in that it

21



is the only one conducted in a cryogenic environment with high strain rates of 10° s** [40].
The deformation strain for this process has been shown to efficiently refine grains toward
the nanoscale even at small strains, and thus obfuscates direct strain comparison with the
other processes included in Figure 2.4 [41]. For the works using surface mechanical
grinding treatment (SMGT) [42] and surface mechanical attrition treatment (SMAT) [43],
strain decreases as a function of depth from the processed surface. The wear tests in the
SMAT work were performed with varying loads from 5-60 N and saw that larger loads had
higher normalized wear rates due to those tests penetrating toward the larger grained, less
strained regions farther below the processed surface [43]. Another work used columnar
microstructural features in a steel sample to determine SMAT strain, and from an
exponential fit the near surface shear strain was estimated to be around 90 [44]. Thus, the
data points for such surface processing techniques can be reasonably thought of as

corresponding to high equivalent strains.
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Figure 6: Normalized wear rate variation with equivalent strain for the wear tests from
this work compared with other works on >99% pure copper processed by various
methods. Normalized wear rate is calculated by dividing the reported wear rate or wear
volume of the processed condition by the result for the unprocessed condition, thus each
work is essentially normalized against itself.

3.4. Friction response and microstructural evolution below the wear track is similar to
prior works

Although not the focus of the current work, frictional data was also measured continuously
throughout each test. For each track, the coefficient of friction (COF) evolved rapidly,
reaching an early peak after less than a few hundred centimeters of total sliding, after which

it dropped slightly and thereafter slowly climbed to a steady state value for the last few
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meters of the test. The average steady state COF for the four tests was 0.59 + 0.07, 0.57 +
0.04, and 0.52 + 0.04 for the unprocessed, 1 rotation, and 10 rotation discs, respectively.
Unlike the wear rate results, the average steady state COF measurements for the radial tests
were not clearly different from the tangential tests. There was higher variance with the
COFs for the unprocessed disc, probably due to these wear tracks being bumpier and less
smooth. These friction values are lower than some other reported values from the works in
Figure 2.4, which may be attributed to the slower speeds used for this report. Another study
that also used mild reciprocating sliding parameters on copper reported similar COF values
[45]. Generally, the similarities in the friction measurements for all tests indicates that all

tests are dominated by the same wear mode.

The microstructure below the wear track of the high strain tangential test on the 10 rotation
disc is shown in Figure 2.5. A region with a nanocrystalline (NC) microstructure extending
below the wear track to a depth of ~1.5 um can be seen in Figure 2.5A. Below this NC
region, the grains have an UFG structure similar to that which was present before the wear
testing. Prior studies of copper microstructures after wear have also exhibited regions of
nanocrystalline grains extending to various depths below the wear surface followed by a
region of UFG microstructure [46], [47]. In the current study, it is difficult to clearly
differentiate between the wear affected UFG subsurface region typically formed in wear
and the original UFG microstructure. The grains below the nanocrystalline region do
appear slightly coarser than from before the wear testing (compare to Figure 2.2A). The

nanocrystalline grains immediately below the surface are shown more clearly in Figure
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2.5B. The SAED from this region shown in Figure 2.5C gives no indication that any WC
from the sliding ball transferred onto the wear surface, consistent with the intended mild
sliding condition and observations of the ball surface and mass after testing. A large amount
of Cu20 is seen corresponding not only to the oxidized surface of the foil, but also to the
oxides formed at the surface and integrated into the mechanically mixed layer. The
presence of these oxides stabilizes the nanocrystalline structure near the wear surface,
helping to maintain a stable average grain size on the order of 10 nm. The d-spacing for
FCC cobalt (111) is 0.205 nm, similar to the d-spacing for Cu (111) which is 0.208 nm, so
there is the possibility that a small amount of the cobalt binder in the ball could have
transferred into the wear surface and also contributed to stabilizing the near surface
nanocrystalline region. One last notable feature of Figure 2.5A is the high contrast, slightly
angled crack just above the UFG layer. It may have originated within the subsurface due
to the plastic deformation of the sliding or alternatively was formed at the wear surface and
absorbed in the nanocrystalline layer, although it could also just be an artifact from the FIB
lift out process. Further characterization of the subsurface microstructures formed below
the other wear tracks should be done in future work to investigate such potential cracking

in the wear affected regions of SPD processed materials.
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Figure 7: TEM bright field images of the grain structures formed immediately below the
wear surface. A roughly 2 um by 4 um region below the wear surface showing the wear
induced nanocrystalline region above the UFG region is given in (A). A high
magnification image from the nanocrystalline region is given in (B) with the
accompanying SAED pattern from this location in (C). Next to the SAED pattern are half
rings showing the measured d-spacing in nm, along with the closest corresponding
orientation. The sliding direction is parallel to the top of each micrograph.
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4. Discussion

4.1. Microstructural evolution and saturation in grain size and hardness at high equivalent
strains

Many works have characterized the microstructural evolution after HPT processing to
various amounts of equivalent strain [32]-[36]. Dislocations introduced by HPT processing
accumulate into cells within grains that increase misorientation. When sufficient
dislocations accumulate after a certain level of strain, misorientation becomes large enough
that these formed cells become indistinguishable from grain boundaries. Then, after
sufficient straining, a saturation microstructure develops due to a balance between further
dislocation generation and recovery [48]. An early work on copper HPT noted that even at
high strains, grain refinement ceased below an average of about 250 nm [49]. Various
works have claimed that strains between 10 and 20 are sufficient for copper to reach an
equilibrium grain size [34]-[36], [50]. From the SEM and TEM observations collected in
the current work and shown in Figures 2.2 and 2.3, there are no indications that the present

samples are significantly different compared to those from the literature.

While grain size may saturate after a certain amount of strain, the amount of high angle or
twin boundaries may continue to evolve with further straining. Although grain size and
hardness were seen to saturate at an equivalent strain of 15 in one work, it was noted that
the fraction of high angle grain boundaries and average misorientation was still evolving
[50]. In one EBSD investigation of pure copper HPT discs processed similarly to the

current work, the mid radius of discs after 1 and 10 rotations both had similar average grain
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sizes and high angle grain boundary fraction [33]. Conversely, the center of the 10 rotation
disc was mostly the same, but the 1 rotation disc center had larger average grain size and
lower high angle grain boundary fraction. Another work characterized twin boundary
fraction, which was generally low (~5%) and homogeneous in 10 rotation discs whereas
the 1 rotation discs had low twinning at the center and edge but upwards of 38% in the

mid-radius [51].

In addition to grain size and misorientation, defect densities also change with the amount
of strain. One work measured the distribution of vacancy clusters in HPT copper discs and
found that higher rotations increased vacancy concentration with larger clusters found at
the outer edge compared to the center [52]. The same work also measured dislocation
density and saw only a minor increase with increasing rotations. Another work used finite
element methods along with original and literature XRD and TEM measurements and saw
evidence that dislocation densities saturate at equivalent strains less than 10 [53]. Some
works have also documented the microstructural stability of HPT copper, which is
important since the discs in the current work were characterized about two years after they
were initially processed. After 4 weeks, discs processed to 10 rotations had a stable
dislocation density of around 1.5x10°*3 m, while 1 rotation discs underwent recovery
during that time and their dislocation density dropped by half from 6 10"*3xm [54]. Thus,
after 10 rotations saturation in grain size, grain boundary character, and defect density
throughout the disc can be reasonably assumed, whereas a 1 rotation disc may have this

saturation at the outer edge with large variation throughout.
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The microhardness measurements in this study agree with several other works that have
characterized copper processed by HPT and other SPD methods. Indeed, the hardening
behavior of copper subjected to HPT follows from the same saturation in microstructure
that was just described. HPT Cu hardness was seen to saturate around 130 HV after an
equivalent strain of about 20 [55]. Copper processed by ECAE [56] and ARB [57] in the
range of equivalent strains at which saturation occurs also reached around 130 HV. In the
current work, the microhardness measured throughout the 10 rotation disc agrees with these
values. The high microhardness in the low strain central region of the 1 rotation sample
agrees with other studies that have investigated high purity copper samples aged at room
temperature for times ranging from a few weeks to several years after HPT processing [51],
[54], [58]. These works showed the occurrence of self-annealing at room temperature due
to the relatively low melting temperature and stacking fault energy of high purity copper.
This facilitated recrystallization in the outer edges of moderately strained discs due to
higher stored energy there, while the low equivalent strain central portion remained
unrecrystallized and with high hardness due to the compressive stress from the anvils. A
decrease in dislocation density was seen around the mid-radius of discs processed to small
(<1) rotations, corresponding to a sharp drop in hardness before steadily increasing again.
For highly strained discs (>5 rotations), no drop in hardness was observed unless they had
been aged for 7 years, after which a minor drop in the edges was found [58]. The discs in

the current work were characterized two years after they were initially processed, so it is
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reasonable that similar recrystallization is seen in our 1 rotation sample while no

appreciable change is seen in our 10 rotation sample.

Thus, at the sufficiently high equivalent strain applied to the 10 rotation sample, the
hardness, average grain size, ratio of high and low grain boundaries, and defect density is
thought to saturate throughout the disc. As will be seen in the following sections, this
property saturation for the 10 rotation disc is reflected by a saturation in wear properties at
high strains. However some differences are also seen depending on wear path, an

observation which requires further exploration and consideration.

4.2. Wear follows Archard scaling by decreasing with increasing equivalent strain and

leveling off after saturation of microstructure and hardness, with a few notable exceptions
Figure 2.4 shows that normalized wear rate generally decreases with increasing equivalent
strain up to around 15 at which prior works have seen a saturation in microstructure and
hardness. The normalized wear rate levels off at around 0.25 after this strain, i.e. only about
Y4 as much wear occurs after microstructural saturation as compared to the unprocessed
condition. This trend follows the commonly-cited Archard relationship between hardness
and wear resistance given by Equation 2, whereby copper that is work hardened through
straining will have a reduced wear rate [37]. One work on copper processed by ECAE
showed a consistent drop in normalized wear rate with successive passes [59]. Based on
microstructural evolution in SPD materials, this result and those from the current work are

unsurprising. Since increasing strain leads to grain refinement and Hall-Petch
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strengthening, a sharp increase followed by a plateau in hardness should correspond with

an inverse relationship for wear rate, as is illustrated in Figures 2.3 and 2.4.

However, a few works disagree with this trend between normalized wear rate and strain.
Most glaring is the increased wear at high strains measured for 99.9% Cu processed by
consolidating machined chips via HPT [21]. The original unprocessed coarse-grained
copper conductivity in this work was only 71.7% IACS, suggesting that compositional
differences were present even before any processing. It is possible that the machining and
consolidation allowed further contamination from surface oxides to enter the
microstructure. Embrittlement from oxides could have led to the higher wear rate
measured. Another work by the same author on a Cu-0.35Cr-0.5Zr alloy also disagreed
with the trends followed by the low strain works in Figure 2.4 [60]. In this work, increased
wear and brittle fracture occurred at low strains since the elongated grains formed at this
strain were easy to delaminate. Also, unlike the other alloy works in Figure 2.4, this
composition has a supersaturation of Zr, so the zirconium left out of solution could have
caused embrittlement. After 4 passes of ECAE, this zirconium may have been
mechanically forced into solution giving rise to the “brittle to ductile” transition and
increased wear resistance the authors observed at that processing condition. Such
compositional issues encountered in these works are not well accounted for by normalizing
the wear rate and make these works potentially unsuitable for comparison amongst the

others.
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The work on large strain extrusion machining (LSEM) in Figure 2.4 also shows wear
behavior deviating from Archard scaling [61]. Machined chips were processed in this work
at three increasing strains to create elongated nanograins, elongated/equiaxed nanograins,
and equiaxed nanograins. Curiously, the greatest wear resistance was found for the lowest
strain when the microstructure contained elongated nanograins. Wear rates were reported
along three different sliding directions with differing results, although unfortunately these
findings were not analyzed in terms of the microstructural response. In LSEM, strain is
controlled by machining samples of different thicknesses, with thinner samples
corresponding to higher processing strains. One possibility is that the higher wear rate seen
for the high strain samples is an artifact caused by an interaction between the thinness of
the sample and the experimental wear setup. It could also be possible that some aspect of
the LSEM process introduced oxides or other contaminants into the microstructure.
Although the authors stated that processing was slow enough to avoid heating, they do not
state the speed used, and in their other works heating of 50-100°C even at low processing
speeds was reported [62]. Either heating or oxidation could skew the results, or there could

be more complex microstructural response as will be discussed further in the next section.

In Ni-W, another FCC system, wear has been shown to deviate from Archard scaling for
grain sizes in the nanocrystalline regime [63]. Systematic investigation of pin on disc wear
on nanocrystalline Ni-W showed that for the smallest grain sizes, less wear was seen than
would be expected from Archard scaling. Wear rate consistently decreased with grain size,

even at sizes below which the Hall-Petch relationship breaks down and hardness leveled
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off. This was attributed to wear induced hardening from a combination of grain growth and
grain boundary relaxation. Of the works in Figure 2.4, the electro-deposition work and the
SMGT and SMAT works had grain sizes at or past the critical size for Hall-Petch
breakdown in copper. Despite these small grains, the normalized wear rates for these works
arrived at the same plateau as other high strain works with no indication of the Archard
deviation seen for Ni-W. Thus, it is possible that wear induced hardening for extremely
small grains does not occur for copper as it did for Ni-W. The difference could lie in the

two-phase Ni-W having different wear modes compared to single phase high purity copper.

In sum, this work has provided a framework by which wear behavior can be assessed at a
wide range of processing strains. By focusing on characterizing normalized wear rate as a
function of equivalent strain, measurements from two HPT discs were collected that
generally agreed with several other works spanning multiple processing conditions. This
enabled observation of a saturation in wear rate, indicating that processing to strains higher
than ~20 will not improve wear behavior. Similar testing can be conducted on other
materials processed by HPT to improve knowledge of processing-structure-properties
relationships with regards to wear. However, the simplicity of this approach comes with a
few limitations. First, normalized wear rates only go so far in negating the influence of
certain variables. Large differences in solute amounts, sliding speed, or normal force can
significantly alter microstructural evolution and wear behavior. Second, equivalent strain
calculation is often simplified and idealized and therefore has inherent limitations in

describing the microstructures that are created by SPD. At the same equivalent strain, many
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microstructural features like grain size, grain morphology, dislocation density, and
twinning can differ for different processes, or as in the central region of HPT discs, there
may be differences between the calculated and true equivalent strain experienced. Third,
as with any comparative study, there are limitations based on what processing or
characterization information is reported. Along with the myriad wear test parameters, a
better accounting for wear track location in relation to processing textures and equivalent
strains can greatly contribute to better understanding the origins of wear behavior in SPD

materials.

4.3. Wear path influences wear rates after HPT or other directional deformation processes
The difference in wear rates between the radial and tangential tests in the current work
indicates that track location and direction have a significant impact on the measured wear
response for HPT discs. The higher normalized wear rates for the radial tests suggests that
tracks covering a wider range of strains have a lower wear resistance. Such an observation
might make sense for the inhomogeneous 1 rotation disc, but strangely it is also seen for
the homogeneous 10 rotation disc. Since only one test was conducted for each location and
no statistical analysis could be conducted, it is possible the difference in results between
the radial and tangential tests are not truly significant. But, from other reports in the
literature, there is enough indication that these results are significant enough to merit
further exploration. In Figure 2.4, two works by Purcek et al. on Cu-0.7Cr-0.07Zr
processed by HPT show a similar influence of wear path. These works used either

continuous (ASTM G99) wear tests [20] at a radial distance of 5 mm or reciprocating
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(ASTM G133) tests [29] centered at the same radial distance. The continuous test covered
a smaller range of strains and had a comparatively lower wear rate, much like what was
observed in the current work. The high strains used in their studies caused deformation
induced solutionization, making it unlikely that the alloying additions are the main

contributors toward the wear behavior they observed.

It is possible the discrepancy between these two works by Purcek et al. is due to a difference
between continuous and bidirectional sliding. The LSEM work in Figure 2.4 also showed
differences in wear rates between continuous and reciprocating tests, although without
clear trends. Multiple prior works on coarse-grained aluminum, copper, and steel alloys
have seen higher wear rates for unidirectional wear [64]-[66]. Some of these works
attributed their results to the Bauschinger effect, by which a reversal in direction of an
applied stress is accompanied by a decrease in yield strength. Strain hardening defects
generated from stress in one direction may be annihilated upon the change in direction,
resulting in softening. While these works did see a decrease in hardness after a few changes
in direction in agreement with the Bauschinger effect, this softening did not manifest in an
increase in wear rate as might be expected. The microstructures from HPT may have a
complex interaction with the Bauschinger effect, thereby giving rise to the wear response
seen in the current results and the two works by Purcek et al., but validating this would
require further investigation. As a starting point, one computational study found the
number of defects retained is higher in unidirectional sliding of single crystalline and nano-

twinned microstructures, but not for nanograined copper [67]. Thus, it is possible that
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changes in grain boundary character (i.e. twinning amount) for strained samples can be
contributing to their wear response during continuous tests. This may also explain the
unexpected trend between strain and wear rate for the LSEM work. Since the Bauschinger
effect is essentially a microstructural response, it is vital to further discuss how wear

behavior changes due to differences in microstructures encountered along wear tracks.

The influence of crystallographic orientation on wear response can be inferred from some
of the data in Figure 2.4, and it has also been described in works on other materials over
the years. In the current work, due to the shear texture that forms in HPT discs, the
tangential tests with lower wear rate are more parallel to the shearing direction, whereas
the radial tests with higher wear rate are entirely perpendicular to the torsional shearing.
One work from NASA in 1969 reported that 50% rolled aluminum displayed lower wear
when slow, mild sliding was normal to the rolling direction compared to parallel [68]. The
work on extruded copper included in Figure 2.4 also showed decreased wear rate when
disc on shoe sliding was parallel to the extrusion direction with an increase in wear rate for
perpendicular sliding [69]. A work on an aluminum alloy processed by ECAP also had
different wear rates when parallel or normal to the deformation axis [70]. In a work with
polycrystalline cold rolled/drawn steel pins worn on steel discs, changes in wear properties
were observed depending on the orientation with which the pin was cut, and a higher wear
rate was seen when sliding was parallel to the rolling or drawing direction [71]. Another
work on single crystals of copper noted differences in wear particle formation depending

on the orientation of the shear plane in relation to the sliding [72]. The influence of texture
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on wear and vice versa has been studied in a series of works using bronze alloy pins in
continuous pin on disc wear tests by Cai et al. Recently they quantitatively described strain
accumulation and grain rotation for single crystal and coarse grained polycrystalline pins
[73]. All of these results point toward the existence of a unified explanation for the
crystallographic influence on wear properties, one area that tribologists in the SPD

community are uniquely equipped to investigate.

While the current work has focused on post mortem determination of wear rates after dry
sliding wear, another related work monitored changes in deformation behavior due to
lubricated sliding on metals processed at different initial strains [74]. This study used in-
situ video of a lubricated wedge sliding across aluminum samples at initial strains from 0
to 2 to determine the mesoscale strain accumulation after a single pass. The authors
characterized the microstructural response in the wake of this sliding as “laminar” for these
low strains, and higher initial strains incurred a breakdown in this smooth response, with
folds or localized shear bands created instead. Formation of such inhomogeneities leads to
material removal and increases wear rate. Another computational work eschewed the flow-
like treatment of fold formation, and instead presented evidence that bulging is a
crystallographic response by grains of ideal orientations with respect to the sliding force
field [75]. It is possible that the shear textures imposed by HPT processing may be better
oriented for bulge formation when sliding in certain directions, but more work needs to be

done to verify this.
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Outside of the SPD community, the work done by Greiner et al. has illuminated the
microstructural response during early stages of dry sliding for coarse grained copper [45].
The coefficients of friction in that work are in the same range as those in the current work,
further validating that mild sliding was achieved despite different test parameters. One
important feature of this work is that it has shown that dislocations injected from the wear
surface accumulate in the microstructure due to sliding, forming a “dislocation trace line”
a certain depth below the surface. A better understanding of this dislocation trace line
formation in relation to any potential Bauschinger effects is needed. The formation of
amorphous oxygenated clusters at the wear surface in early sliding was also reported in
this work, observing a pathway by which oxygen enters the nanocrystalline layer, as was
observed from the SAED in the current work. Recently, the same research group has
reported another dry sliding study using coarse grained copper membranes with different
aspect ratios to investigate differences in tribology with strain [76]. This membrane work
analyzed strain during sliding as opposed to the current work which analyzed initial
processing strain. They found that membranes with higher aspect ratios experienced more
strain during sliding and exhibited lower COF and less geometrically necessary
dislocations in the subsurface microstructure. Insight gained on the fundamental processes
in wear of coarse-grained materials can be applied toward understanding wear of fine-
grained materials and vice versa to improve basic understanding of wear mechanisms

across all grain sizes.
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To summarize, researchers should be aware that different test locations can give different
measurements of wear response in HPT discs. This should be kept in mind when designing
wear studies, reporting results, and comparing the results of others. Prior works on SMAT
and other surface deformation techniques have probed the wear response of materials with
large gradients in equivalent strain and grain size below the tracks. This work is unique in
analyzing the wear response of samples with a variety of such gradients along the length
of the track. Since HPT produces materials with substantial radial inhomogeneity, they are
prime candidates for exploring tribological response across nonuniform microstructural
regimes. Further research can more comprehensively probe the microstructural response

when sliding wear traverses a wide range of grain sizes.

5. Conclusion

This work has examined variations in wear rate with respect to equivalent strain in HPT
processed copper discs. Microstructural saturation after processing past an equivalent
strain of about 15 reduced wear rate by about 75% compared to unprocessed copper.
Additionally, discrepancies between linear reciprocating wear tests conducted at different
regions of the same disc has indicated that wear resistance is dependent on a relationship
between strain path and wear path. Wear measurements gathered only from 1 and 10
rotation HPT discs agreed with values from the literature for various SPD conditions. The
incremental microstructural and wear evolution shown for high equivalent strains indicate

that materials receive no tribological benefits from higher SPD strains.
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Abstract

High-pressure torsion (HPT) imparts inhomogeneous strain to process discs with low strain
in the center and higher strain at the outer edge. Microscopy and microhardness indentation
have been used to characterize and correlate this inhomogeneity with strain, but similar
exploration with other properties has been uncommon. In this work, the electrical
conductivity of pure copper discs processed by HPT was characterized with respect to
equivalent strain by cutting them into spirals with an incremental, monotonic increase in

strain. Electrical conductivity varied with straining in agreement with the literature and
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expectations based on grain boundary evolution. The spiral conductivity testing method

outlined in this work can improve characterization of HPT materials in future studies.

Keywords: Ultrafine-grained, copper, high-pressure torsion, severe plastic deformation,

equivalent strain, electrical conductivity.

1. Introduction
High-pressure torsion (HPT) is a well-documented severe plastic deformation (SPD)
technique with the potential to impart large strains, albeit inhomogeneously. This

inhomogeneity arises from the torsional straining, which can be described by the equation

__ 2nrN

€= where e=equivalent strain, r=radial distance, N=number of rotations, and
t=thickness [55]. Microscopy and microhardness indentation at discrete locations
throughout samples have been used to characterize inhomogeneity with processing strain.
However, some properties are characterized via tests across large volumes encompassing
wide ranges of strains, thereby obfuscating their evolution with processing.

Electrical conductivity in HPT discs has been characterized via four-point probe in tests
across cut strips [55], [77]-[79] or co-linear surface tests [80], [81], eddy current
techniques [82], and across entire samples [21], [83]. Most works report single values for
the conductivity of discs, disregarding inhomogeneity across the specific tested regions.
Only a few works have explicitly incorporated inhomogeneity in characterizing

conductivity across discs [77]-[80]. However, these tests suffer from inflexibility in

probing different strain levels and measurement errors due to small sample sizes. Thus,
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improved testing methods are necessary for more versatile and accurate strain-based
conductivity characterization of HPT samples.

In this work, HPT processed pure copper discs were cut into uniform spiral wires with
monotonically increasing equivalent strain to probe conductivity. Measurements between
specific strain ranges enabled accurate conductivity characterization across discs. Pure
copper was used for its relevance in electrical applications, along with the wealth of SPD
literature available for comparison. The results gathered agreed with SPD literature,
demonstrating the improved efficiency and precision of this spiral conductivity testing

method for characterizing variations with strain in HPT discs.

2. Materials and Methods

Discs of high purity copper were processed in a prior report, where microhardness and
microstructures at varying strains were also characterized [84]. In this work, an electrical
discharge machine was used to cut these discs into an Archimedean spiral shape with a
uniform 0.6 mm square cross section. This shape facilitated electrical conductivity
characterization using a four-point probe technigque with a Keithley 2636B SourceMeter.
As illustrated in Figure 3.1a, two DC source leads were placed at the center and outer
section of the spiral and two voltage sensing leads were placed at varying points along the
spiral to measure the response at different sections (colored red, blue, and green) as well
as for the entire length. Tests used a current of 1 Amp at room temperature. The current
density applied during these tests was four orders of magnitude below the threshold for

electromigration, so microstructural changes during testing was negligible [85]. Current
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reversal and line cycle integration were used to cancel out thermoelectric electromotive
force and power-line noise, respectively, as recommended for low-voltage measurements
[86]. Resistivity was determined from the uniform cross-sectional area and the length
between probes. Error propagation was calculated as the root sum squared combination of
the measurement uncertainty of the wire thickness, width, and length, as well as the
uncertainty between five measurements for each section. Due to physical constraints
necessary to cut the spirals, the centermost and outermost regions of the discs were

excluded from characterization.
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Figure 8: (a) Spiral cut HPT disc overlaid with the locations of the current source probes
(=) and voltage sense leads (A-D). (b) Electrical resistivity and conductivity variation with
equivalent strain for the three spiral sections (solid filled) and the entire spiral (dashed) for
1 and 10-rotation discs. The y-spread is the standard error of the measurements, while the
x-spread is the range of equivalent strains covered by the tested section.

3. Results and discussion

3.1. Spiral conductivity testing method results
The results of the conductivity tests are shown in Figure 3.1b, with the conductivity of pure

copper, nominally 100% IACS (International Annealed Copper Standard), near the x-axis.
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The conductivities for the entire spirals (A-D) of the 1 and 10-rotation discs were
93.2+2.1% and 89.5£2.1% IACS, respectively. Combining the individual measurements
from the three spiral sections gave 93.8% and 89.7% IACS for the 1 and 10-rotation discs,
respectively, corresponding well with the entire spirals. Generally, the entire spiral covers
a wide range of equivalent strains, much like in prior reports testing conductivity across
cut HPT strips or entire discs. The high conductivity measured for the innermost tested 1-
rotation region (A-B) lies outside the error bars for the entire spiral, so essentially, had
traditional conductivity testing been used, this behavior would not have been observed.
The 1-rotation sample had an average grain size of 700+200 nm, while the 10-rotation
sample had an average of 290£150 nm, as shown previously [84] and in agreement with
published literature [55]. Using an approximation of grain boundary contribution to
electrical resistance in copper at room temperature [87], resistance should increase by about
1.0 nQ-m and 2.5 nQ-m for the 1 and 10-rotation discs, respectively, in line with the values

presented in Figure 3.1b.

3.2. Comparison to SPD literature

The present results were compared across the SPD copper literature in Figure 3.2. Prior
works measuring conductivity after cycles of accumulative roll bonding [88] and equal
channel angular extrusion [56] agreed with the measurements from the 1-rotation disc.
Another HPT work conducted four-point probe testing on strips cut from many discs,
which agreed with the values measured presently from just two discs. Linear extrapolation

of the results from these two discs gave an inflection point for conductivity at an equivalent
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strain around 25, with a minimum value of 87.5% IACS. This agrees with the literature,
where a strain of around 20 has been cited as the onset of saturation in hardness and
microstructural evolution in copper [55], [84]. Although the 10-rotation disc error bars
overlap, they show a slight increase in conductivity with equivalent strain, which was also
indicated in the prior work [55]. The hardness saturation noted from the literature past a
certain strain reflects a saturation in dislocation density, but rearrangements of the
dislocation structures may still occur [2]. Consolidation of dislocation tangles toward more
defined grain boundaries can result in an overall increase in conductive pathways and
explain this slight increase in conductivity. More exploration is required in the future to

determine the limits of this conductivity evolution at high strains.
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Figure 9: Electrical conductivity variation with equivalent strain in the present work and
other SPD studies. All works [55], [56], [88] used 99.99% Cu. Trendlines for the two
discs in the current work are also included.

3.3. Comparison to other strain-based testing methods

Only a few works have characterized conductivity with strain throughout individual HPT
samples. Another Cu work [78] used a four-point probe method on small sections cut from
disc diameters, but they also measured grain boundary length at varying strains and saw no
correlation with conductivity. One explanation for this could be the measurement
procedure itself. With characterization conducted on 1 mm strips, inaccuracy in measuring

such a short length would potentially contribute a large percentage of error for resistivity
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calculations. In the present work, the shortest spiral section was much longer, and
exhaustive efforts were implemented to mitigate and calculate the propagation of error.
Another prior work used colinear four-point probe testing to map conductivity throughout
titanium and zirconium discs [80]. Unfortunately, variation in geometric correction factors
with probe placement adds variability to such mapping, especially near the sample edge.
In another work, ring samples processed by HPT were cut concentrically like a bullseye to
characterize conductivity at three short ranges of equivalent strain [79]. Another recent
work explored thermoelectric properties throughout large HPT samples using a few small
cut strips [77]. The testing methods used in the present work allow for greater flexibility to
probe across broader strain ranges than in these two works. Thus, compared to prior
literature characterizing conductivity in different regions of HPT samples, the spiral
conductivity testing method used in the present work provides an accurate and efficient

framework for exploring electrical behavior with strain.

4. Conclusion

Electrical conductivity in copper discs processed by HPT was probed with respect to
equivalent strain through spiral cutting and four-point probe testing. Measurements
gathered from 1 and 10-rotation discs agree with values from the literature for copper after
various SPD processes and conditions. The spiral conductivity testing method showcased
in this work can improve assessment of processing-structure-property relationships in other

materials, such as alloys, nanocomposites, and thermoelectrics.
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Abstract

A better mechanistic understanding of how microstructural features such as grain size and
morphology affect wear can inform ways to address important tribological problems.
Reports on wear test results on a number of materials processed via directional straining
indicate that a relationship exists between wear path and strain path. Severe plastic
deformation techniques are potentially useful for exploring and validating such strain-
based observations of material behavior. In this study the directional dependence between
wear and strain is explored in copper processed by high-pressure sliding, a severe plastic
deformation technique that imparts unidirectional shear. Differences between wear rates
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for dry sliding conducted parallel and perpendicular to the processing strain are noted.
Microstructural mechanisms underpinning these differences in wear are advanced based

on review of the severe plastic deformation literature.

Introduction

Despite its relevance to many technologies such as energy, transportation, and public
health, a complete understanding of the microstructural basis for wear is currently lacking.
Recent exploration of dry sliding wear on coarse grained copper has led to some advances
in understanding mechanisms in the early stages of wear [45], however in the later stages,
surface sliding imparts significant microstructural refinement throughout the wear-affected
region, creating a nanocrystalline near-surface layer, below which are ultrafine grains
(UFG) (100 nm — 1000 nm average grain size) [89]. Since wear is essentially a large-strain
deformation process [90], tribological studies on materials processed by severe plastic
deformation (SPD) techniques, such as high-pressure torsion (HPT) and equal channel
angular extrusion (ECAE), may inform and represent microstructural evolution in the later

stages of sliding wear.

Prior studies of wear in SPD materials has yielded conflicting reports at times, so further
research is necessary to illuminate the microstructural basis for these discrepancies [12].
For example, wear studies of commercial purity titanium have variously indicated that wear
rates either decrease after ECAE [91] or HPT [27], increase after hydrostatic extrusion

[92], or even that there is no significant effect from ECAE [93]. A prior work by the authors
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explored some of these inconsistencies in the literature and found evidence that wear
resistance in copper generally increases with processing strain and saturates after an
equivalent strain of about 15 [84]. Moreover, the authors also found evidence that wear
rates differed when the sliding tests traversed along different orientations with respect to
the initial shear processing direction. Linear reciprocating tests from the center to the edge
of HPT discs (perpendicular to the circumferential shear processing direction) showed
higher wear rates than identical tests centered about different radial distances (more parallel
to the circumferential shear processing direction). This was indicated from only a single
test at each condition due to the limited space available for testing on HPT discs, making
interpretations of the significance of the results challenging, if not impossible. Further
testing is warranted to investigate the hypothesis that wear rates increase when measured

perpendicular to the shearing direction during SPD.

A newer SPD method that has been developed is high-pressure sliding (HPS), which is a
linear analogue to HPT [94]. Similar to ECAE route A where there is no billet rotation in
between extrusion passes [95], shear stress is applied uniformly throughout the processing,
although HPS instead accumulates strain faster and without the need for multiple passes.
For example, while ECAE can impart an equivalent strain of €=1.15 per pass [95], the HPS
process can impart e=4.1 in a 0.8 mm thick sample after a plunger displacement of 5 mm
[94]. Further, the large volumes of material that can be processed by HPS as compared to
HPT enable more representative wear testing to be conducted for statistical validation of

trends. Additionally, the linear shear path enables more idealized wear path testing that is
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either parallel or perpendicular to the applied shear, as compared to the complex, not

entirely parallel wear path for the prior circumferential shear imparted by HPT.

In the present work, characterization of pure copper processed by HPS has been conducted
for comparison with findings from the extant SPD literature. Microstructural
characterization has been conducted on copper processed by HPS to assess similarities and
differences. Wear testing was then conducted parallel and perpendicular to the processing
(sliding) direction. Multiple wear tests were conducted to lend significance toward testing
the hypothesis that wear rates increase when measured perpendicular to the shearing
direction. The findings of this study do indeed validate this hypothesis, and are presented
alongside discussion of a number of relevant prior reports that further reinforce this

relationship between wear path and shear path.
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Figure 10: (A): Image of as unprocessed and processed samples from both strained
conditions along with the total equivalent processing strain for each condition; (B):
Unprocessed copper microstructure showing large initial average grain size (>20 um);
(©), (E), and (G): Microstructures of the €=5.8 sample; (D), (F), and (H): Microstructures
of the e=11.5 sample. Images (C) and (D) are in the plane of the samples (plane
perpendicular to ND), while (E) and (F) show a cross section (plane perpendicular to
PD), and (G) and (H) show the other cross section (plane perpendicular to TD).
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Materials and Methods

High purity copper (99.99%) was processed by high pressure sliding in accordance with
methods reported previously [94]. Two copper strips with initial nominal dimensions of
100 x 10 x 1 mm? were compressed to 2 GPa on either side of a grooved plunger, as can
be seen in Figure 4.1 of [94]. Sliding was conducted at room temperature by pushing the
plunger at a constant speed of 1 mm/min for two sets of sliding distances, 10 and 20 mm.

These processing conditions correspond to equivalent strains of 5.8 and 11.5 according to

X

the equation € = ey

where x=sliding distance and t=initial thickness [94]. An unprocessed

control sample was also used for comparison, and the three samples are shown in Figure
4.1a. Also indicated in the figure are the directions that will be referred to throughout this
paper, namely the processing direction (PD), transverse direction (TD), and normal

direction (ND).

Metallographic sample preparation, microscopy, Vickers microhardness indentation, and
linear reciprocating wear testing were conducted identically to a prior work by the authors
on HPT Cu, except as indicated in this paragraph [84]. Electropolishing reduced the surface
roughness (Ra<100 nm) for improved microscopy and wear testing. Images for grain size
determination were collected using scanning electron microscopy conducted perpendicular
to the normal direction at 20 mm intervals along the processing direction. Vickers
microhardness was also conducted to gauge homogeneity by making five indentations
across the transverse direction every 10 mm along the processing direction. Electrical

conductivity testing was conducted using a four-point probe technique with a Keithley
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2636B SourceMeter. Five measurements were taken at room temperature with a current of

1 A on a 50 mm section in the middle of each strip.
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Figure 11: Plot of normalized wear rate vs. equivalent strain from the current work and
for a number of other studies on different SPD processes. All results show differences in

wear behavior based on sliding direction in relation to processing direction. [20], [29],
[61], [69]. [84]

Three wear tests were conducted for each of two orientations, parallel and perpendicular
to the direction of the processing sliding (i.e. processing direction and transverse direction,
respectively). All wear tests were conducted in air at a relative humidity of 37£7% and at
room temperature (22.9+1.3°C) within a small 8 mm section in the middle of each strip.
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The resulting wear tracks were cleaned with compressed air and evaluated using a Nanovea
profilometer with analysis software to determine the profile of the scar with <25 pum
resolution parallel to the track and 1 pum resolution perpendicular to the track. Specific wear
rate was calculated by dividing the measured wear volume at the conclusion of the test by
the total sliding distance and load. Furthermore, normalized wear rate was calculated by
dividing the wear rate of the processed tests by that of the unprocessed control, in order to
determine the relative influence of the processing method on wear behavior. To assess
microstructural evolution due to wear, two foils were extracted from the 11.5 equivalent
strain strip using the FIB lift-out technique: one from the center of a perpendicular wear
track and one from the center of a parallel wear track. These foils were extracted about 8
months after the wear test was conducted. Another two foils were extracted parallel to these
but far away from the wear tracks to characterize the bulk microstructures for comparison.

These foils were imaged using a Talos L120C TEM at 120kV.

Results

Microstructure, microhardness, and electrical conductivity typical of SPD copper

Figure 4.1a shows the three samples examined in this study: unprocessed (O strain) and
processed to 10 and 20 mm (equivalent strain of 5.8 and 11.5, respectively). The
corresponding representative microstructures for these samples are shown from images
taken perpendicular to the normal direction in Figures 4.1b-d, perpendicular to the

processing direction in le-f, and perpendicular to the transverse direction in 1g-h. For
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brevity, only one representative image was included in Figure 4.1 for each sample and
orientation. While grains appeared mostly equiaxed in the plane perpendicular to the
normal direction, in the other imaged planes they appeared elongated. The average grain
size perpendicular to the normal direction was relatively static across the imaged sections
of the strips, which also corresponded to uniform microhardness measurements throughout,
as shown in Table 1. However, due to the aforementioned elongation, the actual grain size
is larger. The higher strain condition (¢ = 11.5) shows less elongation, but also some larger
grains scattered throughout and seen in all planes of viewing. This is also reflected in the
microhardness, as the scattered larger grains caused a higher deviation in the values for the
higher strain strip as well as a slightly lower average, whereas the lower strain (¢ = 5.8)
strip had a smaller deviation. The electrical conductivity measured for each sample is also
included in Table 1. The values of 94.5+2.6 and 88.2+1.4 %IACS for the processed

conditions generally scales with the amount of strain applied.

Wear rate shows dependence on sliding direction in relation to processing direction

Wear behavior for all samples and directions is included in Table 1. For all samples,
differences are observed when sliding is parallel or perpendicular to the processing
direction. Figure 4.2 shows this dependence in comparison to other works that have
displayed similar dependence on wear direction. Altogether, it appears there is mounting

evidence that wear will decrease when measured perpendicular to highly strained materials.
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Table 1: Grain size, microhardness, electrical resistivity, and wear properties for the three
strips.

Equivalent | Average Grain | Vickers Electrical | Specific ~ Wear | Steady
Strain Size (um) Microhardness | Resistivity | Rate (mm3/Nm) | State
(HV (kgf/mm?) | (nQm) COF

0 20 47.7+4.1 17.3+0.18 | PD: 8.2E-05 PD: 0.55
2.2E-05

I+

TD: 5.9E-05
2.1E-05

I+

TD: 0.58

5.8 0.313+0.030 |136.5+0.7 18.2+0.65 | PD: 2.3E-05
6.9E-06

I+

PD: 0.52

TD: 2.1E-05
4.9E-06

I+

TD: 0.54

115 0.378£0.053 | 132425 19.5+043 | PD: 1.7E-05
2.8E-06

I+

PD: 0.55

TD: 2.4E-05
2.5E-06

I+

TD: N/A

The wear tests perpendicular to the processing direction (in the transverse direction) have
higher normalized wear rates, indicating a lower wear resistance in this direction. This
difference is more significant in the higher strain condition. The microstructures that
developed below the wear tracks of the higher strained strip are shown in the foils in Figure
4.3. From grain size analysis of the grains near the bottom of these foils, it is apparent that
some coarsening occurred from the original grain sizes shown in Figure 4.1 after wear
testing. Direct comparison of the apparent coarsening of the microstructures extracted from
elsewhere on the strips and from the center of the wear tracks for each orientation gave a
change from 0.32+0.12 pm to 0.53%0.18 pm for the perpendicular foils and from 0.32+0.10
pm to 0.74+0.31 um for the parallel foils. Essentially, from measuring elongated grains of
similar sizes, it can be interpreted that wear testing drove the grains to coarsen at different

magnitudes based on a difference in sliding direction. However, it should be noted that the
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overlap between the error bars for the two grain coarsening measurements is significant,
and these measurements were taken from only two extracted foils, therefore no definative
statements can be made on the grain coarsening behavior below wear tracks at different
orientations, but these results expose a potential relationship that future works can explore

more thoroughly.

PD L»TD

-

Figure 12: Foils extracted from the center of the “parallel” wear track conducted along
the processing direction (A) and for the “perpendicular” wear track conducted along the
transverse direction (B). These foils were extracted from the plane perpendicular to the
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transverse direction (A) and from the plane perpendicular to the processing direction (B).
Each foil is oriented with the wear surface at the top (with the protective carbon layer
visible just above) and with the side attached to the TEM grid on the left. Small arrows
point out what may be wear induced cracks just below the wear surface. For comparison,
representative bulk microstructures from foils extracted in the same orientations but far
away from the wear tracks are shown for the plane perpendicular to the transverse
direction (C) and perpendicular to the processing direction (D). The structure in (C)
corresponds with that of figure 4.1H, while the structure in (D) corresponds to 1F.

A few other observations can be made from the microstructures shown in Figure 4.3. The
depth of the nanocrystalline near surface region is variable for the wear track parallel to the
processing direction, having a “wavy” profile with an average depth of ~1.3 pm.
Immediately below the surface after wear testing, the grains have an average size of 105
nm, in line with prior observations of the extreme grain refinement possible in worn
surfaces [46]. The nanocrystalline layer in the foil for the wear track perpendicular to the
processing direction (Fig. 3b) is unfortunately too thick in the near surface region to allow
the necessary electron transparency in the TEM. This foil was left thick at the wear surface
because a hole was seen to form in this region during thinning with the FIB, so it was not
subsequently milled to avoid further damage. Upon viewing in the TEM, this hole was
revealed to be a nominally 5 um long crack running at an angle of between 4 and 8° from
the wear surface (indicated with an arrow on Fig. 3b). In the other subsurface wear foil,
some cracking is also be seen, but to a much lesser extent. The significance of these
observed cracks is difficult to interpret, as it is possible they are simply the result of damage
during the FIB process. Cracking in both foils occurred near where the foils were attached
to a TEM grid, so it is also possible that the cracks are a result of residual stresses from the
foil mounting. Any residual stresses could either have created cracks or exacerbated

existing ones. Beam damage from the Ga ion gun is also a possibility, although this too
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could either have created or exacerbated existing cracks. No such surface cracks were
visible in the foils extracted from outside of the wear tracks (Figs. 3c and 3d). These cracks
remain inconclusive and in need of further study to better understand the root cause of their
formation, and more so if these can be attributed to the microstructural anisotropy that

informs wear behavior.

Discussion

Microstructures, microhardness, and electrical conductivity agree with prior SPD Cu
literature

No obvious disagreements are found when comparing copper processed by more
established SPD processes with the current characterization of HPS processed copper.
From the representative images in Figure 4.1, it is clear the grains are not equiaxed, but
rather elongated in the sliding direction, in line with prior observations of low strain SPD
processed copper [2], [34]. Additionally, since our work is not on ultra-high purity copper,
the relative stability of the ~300 nm grains may be assumed to be due in part to any
impurities or oxygen pinning grain boundaries [96]. Such grain boundary doping (possibly
due to impurities from the WC-Co wear test ball) is certainly more prevalent in the
nanocrystalline layer just below the wear surface, which has maintained a ~10 nm average
grain size even 8 months after wear testing. Prior reports on HPS have consisted of a
number of different aluminum alloys [94], [97], and it is possible the difference in stacking

fault energy for these aluminum-based samples (ysre = 166 mJ/m?) and Cu (ysre = 78
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mJ/m?) give rise to different microstructural evolution and the elongation observed here

[98].

Another interesting feature of the micrographs is the grain growth displayed in the higher
strained (¢ = 11.8) sample. For SPD processing, input strain may reach a point where it
contributes toward dynamic recrystallization instead of grain refinement. With further
straining, an equilibrium can be reached between the rate of dynamic recrystallization and
refinement of recrystallized grains, leading to an onset in saturation of microstructural
evolution. For copper, this has been measured to be around an equivalent strain of € = 20
[55]. Since the higher strained HPS strip is not yet at this strain, it is plausible that the large

recrystallized grains are nucleating without being significantly refined further.

The hardness and average grain size shown in Table 1 matches well with prior literature
from various SPD processes [34], [55]. In addition to these two properties, the electrical
conductivity also matches well with prior literature [[99]]. The lower electrical
conductivity for the higher strained sample, despite having a comparable grain size to the
lower strained material (378 £ 53 nm vs. 313 + 30 nm, respectively) is indicative of the
increasing dislocation density with straining common in SPD [2]. Compared to other HPS
works, the results presented here also agree well with regards to achieving homogeneity
throughout the processed sample. Thus, it is reasonable to infer that upscaled HPS [100]
or HPS with incremental feeding [101] can be applied to pure copper to make
homogeneous sheets. For other modified varieties of HPS, such as multi-pass HPS [102]

and those that can make pipes [103] and rods [104], prior works have shown that a greater
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amount of strain is necessary to achieve homogeneity. Therefore, the strain-driven grain

growth apparent at higher strains for copper may also be present after these processes.

The appearance of the wavy, uneven nanocrystalline region immediately below the wear
surface, referred to as the nanostructured mixing layer (NML), agrees with prior reports
for low-speed sliding wear [46], [47]. It is surprising that the perpendicular test saw lower
grain coarsening in the region below this NML. Prior work has instead found a correlation
whereby wear rate increases with dynamically recrystallized grain size below the NML
[47]. The lower normal force used for the wear tests in the current study may have
contributed to this difference, as these prior works used higher loads and thus a higher
stress state that may have increased flow stress. Additionally, it is possible that the
deformation for the parallel wear test contributed less toward material removal and more
toward dynamic recrystallization of the microstructure below the track, and vice versa for

the higher wear rate perpendicular test.

Altogether, the measured properties for copper processed by HPS has not shown significant

deviations from expectations based on prior SPD literature.

Wear results validate relationship between strain path and wear path

The present results are in agreement with our prior study of wear in HPT where wear rate
was seen to increase when tested perpendicular to the shear path [84]. In the author’s prior
work, the circumferential shearing made for a slightly different wear path relationship than

the more idealized fully perpendicular vs. fully parallel testing in the present work. The
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prior “radial” wear tests on HPT copper were perpendicular to the shearing along the entire
track, while the “tangential” tests were parallel to the shearing only at the center of the
wear tracks. Depending on the radial distance of the test, both ends of the “tangential” wear
tracks were either less parallel (near center) or more parallel (near edge) to the shear path.
Thus, the observation of a slight decrease in wear rate for the three “tangential” wear tracks
in the highly strained HPT disc in Figure 4.2 work may be considered as a reflection of the
tests becoming increasingly parallel to the shear direction, further solidifying the

hypothesized relationship between wear path and strain path.

While wear anisotropy in SPD materials has been underreported, a mechanistic explanation
for this behavior can be assembled from various reports in the literature on deformation
behaviors. In ECAE for different processing routes, anisotropy in the Bauschinger effect
was seen when testing cyclic tension and compression on different orientations of samples
in relation to the processing shear [105]. All ECAE processing routes showed the lowest
influence of the Bauschinger effect when the samples were oriented parallel to the
extrusion direction, analogous to the orientation of our parallel wear tests in HPS strips.
For ECAE route A, which is most comparable to the HPS in our study, the highest resolved
shear stress was found in tests oriented similarly to our perpendicular wear tests indicating
slip is most likely to occur due to this orientation. In the current reciprocating wear tests,
the Bauschinger effect arises since the microstructure is continually subjected to alternating
tensile and compressive stresses as the wear ball scrapes back and forth across the surface.
Haouaoui et al. noted that texture and grain refinement alone could not account for the

observed behaviors and theorized that grain morphology and grain boundary character play
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a large role. Simulation of plowing on nanocrystalline copper has shown that bulging ahead
of the plow, a precursor to wear and material removal, is dependent on crystallographic
orientation as well [106]. For elongated SPD grains at low strains, as in this work, a
predominant C component to texture was seen for pure copper, whereas equiaxed grains
were oriented in normal shear textures [107]. Another work saw shear components for the
texture of copper processed by HPT under various strains [108]. It has been determined
that in moderately textured copper, significant anisotropy in elastic modulus can be
observed [109]. Such stiffness anisotropy may contribute to differences in deformation
which lead to the different rates of material removal that underpin the observed wear

results.

Reexamining the literature, more wear studies that further reinforce the relationship
between wear rate and processing direction can be identified. Work on rolled aluminum
[68] and steel [71] saw higher wear rates when reciprocating sliding was conducted parallel
to the rolling direction. Due to symmetry, there exists a 90° relationship between the
orientation of rolling texture and shear texture for FCC metals [110], so it is conceivable
that these rolling studies found relationships that were orthogonal to the current study. In a
Al3Ti alloy processed by two routes of ECAE, conflicting anisotropy in wear behavior was
observed [111]. A slight increase in wear rate was seen for parallel tests via route A, while
a stronger decrease was seen for parallel tests in route Bc. Alternatively, prior anisotropic
wear behavior was noted for a magnesium alloy with an HCP crystal structure [112].

Unlike our FCC copper, magnesium has much stronger crystallographic anisotropy.
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Wear rates were also observed to be different for the two sliding directions even for the
unprocessed baseline Cu sample. While not evident from any morphological anisotropy in
the grain structure (Fig. 1b), the initial plate may have been supplied in the as-rolled
condition, thereby containing a preferential strong rolling texture, that would be
superimposed on by the HPS processing. This further highlights the utility of comparing
wear results with normalized wear rates, which helped cancel out the influence of certain
wear test parameters to isolate the influence of the processing changes on wear behavior.
It is the hope of the authors that future works will increasingly utilize normalized wear

rates for comparison across different studies.

While this work dealt with dry sliding of copper, future work can determine if the same
behavior is encountered under lubricated conditions or in other material systems. At
present, it is conjectured that texture from processing will not only affect wear via different
mechanical properties, but also different surface wetting and oxidation behavior. Thus, it
is possible that these mechanisms may dominate such that a different relationship between

wear and processing direction arise for lubricated conditions.

Conclusions

Wear testing at different orientations in relation to HPS processing indicates that wear
resistance in pure copper is stronger for dry sliding along a direction parallel to the shearing
direction. This relationship agrees with numerous prior works. Mechanistic justifications

for this behavior are found in relation to the existence of anisotropy for the Bauschinger
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effect, which may be related to crystallographic texture or other microstructural features.
Furthermore, it has been shown that pure copper processed by HPS exhibits expected
values for average grain size, microhardness, electrical conductivity, and wear rate
compared to similar straining from other SPD processes. Finally, researchers should be
aware of the directional dependence between wear and strain when conducting wear studies

and comparing across the literature.

Acknowledgements

HPT was carried out in the International Research Center on Giant Straining for Advanced
Materials (IRC-GSAM) at Kyushu University, Japan. EHR was supported by the GAANN
Fellowship from the Department of Education through the Mechanical Engineering
Department at the University of California, Riverside. SNM was supported via NSF CMMI

Grant #1663522.

68



Conclusions

In these studies, property variations with strain have been correlated between different SPD
processes for pure copper. After HPT, variations in wear behavior and electrical
conductivity with processing strain have been illuminated through novel data analysis and
testing methods. By using precise strain-based characterization, wear and conductivity
were shown to vary according to similar trends as hardness and microstructural evolution
across equivalent strains. An equivalent strain between 15 and 25, previously shown to be
sufficient for microstructural and hardness saturation in the wider SPD literature, was
sufficient for saturation in wear resistance and electrical conductivity in the studies
presented here. Furthermore, these studies have highlighted a few works in the literature
that prove to be exceptions to the trends. In the case of the wear studies, these exceptions
typically indicated certain confounding factors in the processing methods that complicated
a simple comparison of equivalent strains. In the electrical conductivity study, the deviation
from one work indicated that their testing methods inadequately accounted for error and
variability. Awareness of relationships between certain properties with strain can thus help

reconcile conflicting reports from the literature.

The strain-based conductivity and wear measurements also illuminated some trends with
strain that had previously gone undetected. Past the strain necessary for microhardness
saturation, there was a slight increase in conductivity with strain, as corroborated by a prior
report. This could be explained by strain causing rearrangement of dislocation structures
toward more conductive pathways. Thus, there may be some benefit to straining past
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saturation, although the limits of this increase in conductivity remains to be seen. The
strain-based wear testing in HPT copper indicated a potential relationship between wear
path and strain path. Wear rates were higher when measured perpendicular to the rotational
applied shear as compared to measurements more parallel to this shearing, despite having

the same average strain and all other test parameters being identical.

To explore the directional dependence between wear and strain, wear testing was
conducted on copper processed by HPS both parallel and perpendicular to the processing
direction. Characterization after HPS processing revealed similar structural evolution
compared to prior SPD literature. The HPS wear testing also showed variation in wear
resistance when sliding in different directions with respect to the processing strain. Other
SPD works in the literature also indicated a relationship whereby wear resistance is higher
when measured parallel to the applied processing shear. Since reciprocating sliding wear
creates alternating strain fields below the worn surface, previously reported anisotropy of
the Bauschinger effect can explain the directional dependence of wear. Also contributing
to this directional wear relationship is anisotropy in elastic modulus which relates to the
texture and grain evolution in SPD materials. Thus, researchers should be aware of the
directional dependence of wear measurements, and take this into account when planning

or conducting wear tests and when comparing with other works in the literature.

Altogether, the novel strain-based characterization and analysis used in the present studies
enabled the ability to observe the relationship with strain for conductivity and wear,
demonstrating the power of this investigative framework for property exploration. Future

studies should replicate the strain-based testing and literature comparison conducted herein
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to explore variation in other properties, for example magnetic properties or antibacterial
resistance. Such exploration could be informative for advancing materials development to

address current problems in energy, public health, and beyond.
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