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Using lightweight systems and friction reduction approaches are two main contributors towards modern and
efficient powertrains in the automotive industry. New materials and processes are required to achieve the
demanding and ever-increasing performance requirement of automotive systems. Nanostructure induced by
severe plastic deformation methods involves bimodal microstructures and hence, shows exceptional mechanical
characteristics which can be exploited for automotive application. Through this study, samples were prepared
using pure copper, aluminumalloy (series 7000) and wereprocessed to attainbulknanostructured samplesusinga
Single Step High Pressure Torsion technique with appropriate dimensions applicable as the rolling elements of
automotivebearings.The inducednanostructures resultedmicrohardnessand frictional characteristics of thebulk
samples were assessed using transmission electron (TEM) and atomic force (AFM) microscopies as well as
microhardness evaluations. The results revealed that a fully refined nanostructured samples were achieved with
90% increase in the hardness at the outer diameter of the sample. The AFM measurements indicated that the
friction coefficient of nanostructured copper and aluminum samples were � 25 and � 45% less than that of both
the unprocessed samples, respectively. Characteristics of treated samples suggest that these processes can be
potentially used in demanding conditions of rolling element bearings with reduced weight and frictional losses.

Keywords Automotive Bearings, Friction Reduction, Grain
Refinement, Nanostructured Aluminum,
Nanostructured Copper, Severe Plastic Deformation,
Surface Characteristics

1. Introduction

An increasing demand exists for development of tribolog-
ically high performance, lightweight materials especially in the
automotive industry. The lightweight and efficient material is
particularly important for rolling element bearings of high
speed electric powertrains which tend to operate at tens of
thousands revolutions per minute in order to increase the
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List of Symbols

A Real contact area

E Modulus of Elasticity

Fn Normal load

rp Average radii of curvature of asperity tips

d Extent of deformation

Fa Adhesive friction

H Hardness

Rq Root-mean-square roughness

E* Equivalent reduced elastic modulus

Fd Deformation friction

K A constant

Sq Root-mean-square roughness of the scanned area

Greek Symbols

f Coefficient of Friction

ss Shear strength of the softer counter face material

r Combined root-mean-square of surface asperity heights

t Poisson’s ratio

Abbreviations

AFM Atomic Force Microscopy

NS Nanostructured

TEM Transmission Electron Microscopy

COF Coefficient of friction

SIHPT Single Step High Pressure Torsion

EDE Electric Discharge Erosion

LFM Lateral force microscopy

SPD Severe Plastic Deformation

FIB Focused ion beam

JMEPEG (2023) 32:8807–8817 �The Author(s)
https://doi.org/10.1007/s11665-023-07835-3 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 32(19) October 2023—8807

http://orcid.org/0000-0003-4375-4948
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-023-07835-3&amp;domain=pdf


efficiency of the overall system (Ref 1). At these speeds, the
dynamics of rolling element (rollers) which can normally be
neglected at moderate or low speeds, become significant.
Hence, there is a great potential for any process which can
enhance the performance and applicability of materials such as
Severe Plastic Deformation (SPD) processed copper or lighter
aluminum for bearing applications.

It is now well-established that microstructure refinement in
bulk metals and nano-structuring these metals can significantly
improve their mechanical properties (Ref 2). For instance, more
than a two-fold enhancement in tensile strength of pure and
alloyed metals is reported through microstructural grain
refinement (Ref 3). Recently, SPD has emerged as a promising
technique to produce nanostructured (NS) components.
Although most scientific investigations have focused on various
characteristics of bulk NS samples, including tensile strength
(Ref 4), thermal properties (Ref 5), magnetic behavior (Ref 6),
energy conversion and storage (Ref 7), corrosion (Ref 8),
super-plasticity (Ref 9) and low temperature super-plastic
properties (Ref 10), but there have been less detailed studies on
the tribological performance of NS samples. While a few
assessments addressing the frictional properties of bulk NS
samples, enormous amounts of reported works deal with
frictional properties of NS coatings (Ref 11-14). Prasad et al.,
(Ref 15) concluded that the production of stable NS films
beneath sliding surfaces at high contact pressures is responsible
for the drastic changes in the coefficient of friction (COF) that
increases with the sliding distance augmentation. Henry et al.
(Ref 16) showed that the friction reduction in a nanocrystalline
Ni-Fe alloy depends on the sliding speeds. They revealed that
nano-structuring led to reduction of friction particularly at low
sliding speeds. Various findings on the wear and frictional
behavior of SPD-treated materials were summarized by Gao
et al. (Ref 17). They argue that the COF seems to depend on
many parameters such as the type of material, the method of
nano-structuring and lubrication conditions. The effect of lattice
defects on frictional properties of NS samples using pin on disc
has been reported by Tonotsuka et al. (Ref 18). They reported
that in lubrication regime NS samples show higher friction than
the undeformed samples. Manjunath et al., (Ref 19) reported
that the nano-structuring of Al-10Zn-2Mg alloy helps to
improve the tribological properties of the samples. In addition,
Su et al. (Ref 20) reported superior frictional properties of
aluminum alloys after subject to SPD. As mentioned above,
novel lightweight materials with lower friction in the moving
components with the capability of preserving a required level of
mechanical properties is one of the potential methods to
achieve more efficient systems in the automotive industry. The
lightweight characteristic is particularly important from a
dynamics point of view for ultra-high speed bearings (Ref 1).

It should be noted that friction, as a result of surface
interaction always comes with wear. Although the wear
performance of proposed material here should be investigated
and established as a future research subject, it is well
established that the hardness and hence the wear will improve
by SPD process (Ref 21).

In bearing application, the regime of lubrication depends on
working conditions and lubricant properties such as viscosity,
density and other rheological characteristics. In most cases, the
dominant regime is a mixed regime of lubrication (a combina-
tion of fluid film and boundary; i.e., direct interaction of surface

roughness). SPD, by its nature, affects the surface and
boundary interaction part of the friction rather than the fluid
film formation. Hence, in this paper with a focus on effect of
SPD as a process on lubrication of bearings, only the boundary
regime is investigated.

To understand the frictional characteristics of a NS material
under the boundary regime of lubrication, it is important to
investigate the different friction generating mechanisms. One of
main friction sources is the shear strength of the surface
asperities on the softer of the counter face (ss), which has a
relation with real contact area (A) as Fa ¼ Ass. The real contact
area is the determining parameter in specifying adhesive
friction (Fa). By assuming plastic deformation at asperities,
the real contact area can be estimated by simply dividing
normal carried load (Fn) to softer material hardness (H).
However, in the case of elastic deformation, the real contact
area can be obtained via Eq 1 (Ref 22):

A � 3:2
Fn

E�

ffiffiffiffi

rp
r

r

ðEq 1Þ

where rp is the average radius of curvature of asperity tips and
r is the root-mean-square of surface asperity heights. E� is the
reduced Young�s modulus of elasticity of the contacting solid
pairs, defined as: 1

E� ¼ 1�t21
E1

þ 1�t22
E2

. As the previously mentioned
equations show, Fa is inversely proportional to either material
hardness or the contact reduced modulus of elasticity. Both of
these quantities increase with grain size reduction (Ref 23). For
a NS material, the hardness increases by reducing its grain size,
which leads to a reduction in friction.

Another friction mechanism is through asperity ploughing,
caused by the deformation of the softer counter face asperities
by those on the harder counter face surface. If the deformation
occurs in the plastic region, due to the plastic deformation (Fd),
friction can be estimated by knowing the depth of the
deformation (d) as Fd ¼ pd2H (Ref 24). If asperities undergo
elastic deformation, a similar expression can be used in order to
estimate the generated friction (Eq 2) (Ref 25):

Fd ¼ pd2E�
ffiffiffiffi

r
rp

r

ðEq 2Þ

Unlike the adhesive friction, the ploughing friction is
proportional to the hardness and the reduced elastic modulus.
Contradictory characteristics of friction in NS materials make it
a complex phenomenon. Farhat et al. (Ref 26) has measured the
COF between an NS aluminum film deposited on an aluminum
disc and a steel miniature pin. They reported the friction
coefficient reduction of more than 55% in NS samples
compared to that of a coarse grain structure aluminum disk
under similar test conditions. The thickness of NS aluminum
film and the grain size in their experiment were approximately
10 lm and 15-100 nm, respectively. They also found that the
hardness of the substrate disc affected the mechanism of
friction generation, showing the different frictional behavior of
the NS film in comparison with the bulk NS component. Peng
et al. (Ref 27) has studied the effect of grain size on the
generated friction in adhesion-dominated and ploughing-dom-
inated regimes of friction. They found that with an increasing
grain size, the COF enhances with adhesion and decreases with
ploughing. A study based on large-scale molecular dynamics
simulation by Beckmann et al. (Ref 28) showed that using NS
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patterns on the sliding surfaces can improve wear resistance.
The results of a similar study using molecular dynamics also
revealed the importance of grain size on the friction which can
be sensitive to contact dimensions (Ref 29).

Introducing a bimodal grain size distribution has been
demonstrated an efficient strategy for fabricating high-strength
and ductile metallic materials, where fine grains provide
strength, while coarse grains enable strain hardening and hence
decent ductility (Ref 30). In this study, a recently developed
Single Step High Pressure Torsion (SIHPT) process (Ref 21),
was used to produce NS samples of bulk pure copper and
aluminum alloy (series 7000) as candidate materials for
efficient roller bearing designs. In modern powertrains, in
particular electrified systems, the range of speed has signifi-
cantly increased in comparison with traditional internal com-
bustion engines. Under these high speeds, and with the
presence of electric field due to electromagnetic effects in the
system, two new challenges arise: (1) significant dynamic
behavior of rollers and balls in rolling element bearings (Ref
31), leading to noise and durability problems and (2) a new
failure mode of Electric Discharge Erosion (EDE) in contacts
(Ref 32). Aluminum as one of the selected candidates in this
study provides significantly lower density, being a great choice
to tackle rollers and balls high inertial dynamics. Copper as the
second choice provide new ranges of electric conductivity as
alternative to steel rollers and balls, which will allow power-
train developers to potentially utilize them to manage EDE at a
system level. It should be noted that the main aim of this
research is not to provide a design recommendation, but rather
providing more material options to developers to tackle
abovementioned issues. Thereby, effects of nano-structuring
on mechanical and frictional characteristics of the processed
samples were investigated. The process was designed to
prepare samples potentially applicable as rolling elements of
bearings at automotive applications, size wise. The nano
structure of the processed samples was characterized using
transmission electron microscopy (TEM) to attain the grain
structure refinement level of the samples. The frictional
characteristics of the sample were evaluated conducting an
atomic force microscope (AFM). The presented research on the
effect of SPD technique on pure copper and commercial
aluminum alloy for obtaining superior hard surface and
frictional characteristics appropriate for automotive applica-
tions has not been reported hitherto. Therefore, the goal of this
study was to investigate and compare the unprocessed and
processed samples using copper and aluminum (Al-7075)
materials.

2. Methodology

2.1 Single Step High Pressure Torsion (SIHPT) Technique

SIHPT exposes the material to high torsional stresses under
high hydrostatic pressure. Normally, the magnitude of the
applied pressure is several times of the material yield strength
during the last stage of SIHPT. Figure 1 illustrates a schematic
of the SIHPT method for preparing a NS rod sample. As it is
clear from Fig. 1, the main body of the SIHPT die consists of
two casings and several steppers. This mechanism has been

used for nano-structuring of metallic materials and details of
this technique could be found in reference (Ref 21).

2.2 Sample Production

In the conducted experimental tests, a commercial alu-
minum alloy Al-7075 (composition of 0.2% Cr, 6.0% Zn, 2.8%
Mg, and 1.2% Cu) and a commercially available pure copper
stock with an approximate purity of 99.9% were used to
prepare test samples. All samples were annealed at 700 �C for
an hour before doing the SIHPT procedure. The diameter and
length of the rod-shaped samples were 10 and 30 mm,
respectively. A 100 Ton capacity hydraulic press was used in
order to apply 5 GPa hydrostatic pressure on samples during
the process. Figure 2 indicates the experimental facility used to
conduct the SIHPT method for the samples processing in the
current work. Each part of the sample was twisted through 5
revolutions. The equivalent strain varies between zeros at the
center to approximately 22 at the outside diameter of samples
(Eq 3):

eeq ¼
2pNr

h
ffiffiffi

3
p ðEq 3Þ

where eeq is the equivalent strain, N, r and h denote the number
of SIHPT revolutions, the specimen radius and the thickness of
steppers, respectively.

2.3 Microstructure Characterization

To assure that NS samples were obtained, the SIHPT
processed samples were prepared for microstructural investi-
gations under a TEM by first extracting nanoscale lamellae
from the samples using a focused ion beam (FIB) method. The
nanoscale lamellae were sectioned from the cross section near
the edge of the sample, as shown in the schematic in Fig. 3.
The thin lamellae with dimensions of 20 9 8 lm were
prepared from the processed specimen using the in-situ lift-
out procedure on a dual beam system (FEI NovaNanolab 600).
The lamella was prepared with a thickness less than 150 nm for
the following TEM characterization. Figure 4 represents the
process of preparing lamella by milling process in micro level.

In addition, a field emission gun scanning electron micro-
scope (JEOL 7100F FEGSEM) equipped with an EBSD
camera (EDAX TSL) was operated at 20 kV and � 26 nA is
used for EBSD data collection. Data was collected and then
analyzed using TSL OIM Data Collection and Analysis
software.

2.4 Microhardness

To evaluate changes in the hardness of the processed
samples, a microhardness evaluation was used. The measure-
ments were performed at different cross sections of the samples
in axial and radial directions using a Vickers diamond indenter
with an applied load of 50 gf and a dwell time of 15 s. The
minimum distance between two adjacent indentations and an
indentation from the edge of samples was at least 2.5 times the
indentation size based on ASTM E384. This avoided any
possible interactions between the work-hardened regions and
edge effects. In this regard, two samples were tested that a
section was taken from an �as-drawn� rod (henceforth referred to
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as the unprocessed sample), and a section was taken from the
same designation of processed by SIHPT (henceforth referred
to as the processed sample). Both samples were set in Bakelite
using a Struers LaboPress-1 for ease of handling. The mounted
samples were grinded by hand using progressively finer silicon
carbide papers from 240 grit down to 4000 grits on a Buehler
HandiMet 2.

2.5 Sample Preparation for Topographical Measurements

The surfaces of unprocessed and processed samples were
prepared via grinding and polishing. The same method was
applied to both sets of samples (processed and unprocessed)
prior to testing and the resulting topographies were measured
using white light interferometry (Alicona with the vertical
measurement sensitivity of 1 nm and horizontal lateral sensi-
tivity of 0.174 lm). Grinding of samples was performed using
240 grit, followed by 320 grit Silicon Carbide pads to ensure
surface flatness. Polishing was then carried out using a
Metaserv universal polisher, first with a 6 lm pad, followed
by a 1 lm pad with monocrystalline diamond used as the
lubricant. The samples were then rinsed under a tap and placed
in an ultrasonic bath to erase the residue lubricant. These steps
were repeated until the desired surface topography was
achieved. White light interferometer Alicona Infinite Focus
microscope with an objective magnification of 9 20 was
applied to measure the surface roughness parameters; Root-
mean-square roughness (Rq) and root-mean-square roughness
of the scanned area (Sq) of samples.

2.6 Lateral Force Microscopy (LFM)

A Dimension� 3100 Atomic Force Microscope, made by
Digital Instruments was used in the lateral mode (LFM) to
measure the coefficient of boundary friction (Ref 33). A
schematic of LFM system is shown in Fig. 5. As is shown in
the figure, measurement is conducted using a cantilever. Due to
the lateral movement of AFM, cantilever deforms and reflects
the laser beam to the photodiode surface as a receiver. This
reading specifies the level of deformation in cantilever which is
indeed measure of friction at the interface.

A calibration procedure is required for the tip of the
cantilever beam before LFM takes place for friction measure-
ments (Ref 34, 35). Table 1 shows the specification of the AFM
tip used in this study. A Bruker DNP-10 probe can be used with
4 tips, each on a separate cantilever; however, only tip A was
used with a spring constant of 0.350 Nm�1 and a tip radius of
20 nm. Table 2 presents the set up parameters for the AFM in
this analysis. Both the processed and unprocessed copper and
aluminum samples were measured under nominally dry contact
conditions in a controlled environment maintained at 20 �C and
humidity of 45% RH with a predefined range of applied loads.
It should be noted that the machine elements work at higher
temperatures, but the current research is the first step towards
introducing this new process. Therefore, testing at realistic
temperatures and in a contact level tribometer is the next step
for the further development of this proposed method.

Fig. 1 Illustration of the SIHPT method
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Fig. 2 SIHPT facility attached to hydraulic machine

Fig. 3 Schematic representation of the location and orientation of the nanoscale lamella extracted from the processed sample
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3. Results and Discussion

3.1 Microstructure Characterization Results

Electron Backscatter Diffraction (EBSD) micrographs in
Fig. 6 indicate the microstructural grains of the unprocessed
copper samples. The average grain sizes of both processed and
unprocessed samples were found by the linear intercept method
(Ref 36). As it is obvious from Fig. 6 the average grain size of
unprocessed copper samples was 50 lm. TEM micrographs of
the processed copper are presented in Fig. 7 which indicates
that after processing a fully NS sample with an average grain
size in the range of 150 nm was achieved. This corresponds to a
grain size reduction of 300 times from that of the pure
unprocessed copper sample.

According to Fig. 8 aluminum samples were also showed a
nanostructure after processing. In the case of aluminum
samples, the average grain size of the unprocessed sample
was found to be � 550 nm while the average grain size of the
processed sample was found to be � 150 nm.

Visual screening of TEM images in Fig. 7 and 8, reveals that
the grains were not homogeneous dimensionally and the
microstructures were composed of both fine and coarse grains.
This combined microstructure promotes the exceptional
mechanical properties for the SPD processed samples. The
crucial state of the coarse and fine grain mixture at the
microstructure of metals is known as bimodal grain size
distribution. The effect of bimodal microstructures in NS
materials is a topic that has been studied before in the literature
(Ref 37).

3.2 Microhardness Results

For both copper and aluminum samples, the processed
samples had a greater hardness than that of the unprocessed
samples at every point measured along the samples� radii as
detailed in Fig. 9. This is due to the fact that the hardness of the
cold worked material increases with increase in the dislocation

Fig. 5 Schematic of the AFM experiment

Table 2 AFM set up in LFM

Parameter Value

Scan size 1 lm
Scan rate 2 Hz
Sample lines 256
Aspect ratio 1
Integral gain 2 V
Proportional gain 3 V
Deflection set point 0 V
Scan angle (Friction) 90�

Fig. 4 An electron micrograph taken part-way through the FIB
milling process

Table 1 AFM probe specification

Model DNP-10

Material Non-Conductive Silicon Nitride
f0 50-80 kHz
K 0.350 Nm�1

Tip radius 20 nm
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density. The rate of strains and cold work in SIHPT is more in
outer radii; therefore, outer radii of the sample show higher
hardness than the inner sections and accordingly, the results of
Fig. 9 is reasonable. The increased hardness after undergoing
nano-structuring was expected to alter the friction generated in
the adhesion-dominated regime.

3.3 Topographical Measurements

Figure 10 and 11 present the surface topography of copper
and aluminum samples. Using these plots, the surface rough-
ness parameters could be obtained, as listed in Table 3. The
processed sample was further polished to check the roughness
independency of the AFM results, as explained later. Consid-
ering the measured grain sizes and the surface roughness values

in Table 3, indicates that the ratio of asperities height-to-grain
size in unprocessed, processed and highly polished surface of
the processed samples were 0.016, 3.73 and 0.025, respectively.

3.4 Lateral Force Microscopy (LFM)

The taken measurements using the AFM were from the edge
of each sample, where the greatest degree of plastic deforma-
tion took place for the processed sample. For the anticipated
application of this paper, which is the rolling element for
automotive bearings, the edge of the samples has been the most
appropriate locations since the conjunction between the rolling
element and the bearing races take place at the outer diameter.
The measurements were taken as an average of 3 points
selected circumferentially with equal spacing of 120 degrees.

Fig. 6 EBSD graph of the original and annealed copper sample which shows the grain sizes were in orders of several micrometers

Fig. 7 TEM micrograph of a SIHPT processed copper sample which shows fully nanostructured grain sizes
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The averages summarized in Fig. 12 for (12a) aluminum and
(12b) copper samples, respectively, where the gradient was
representative of the boundary shear strength of asperities, f,
which corresponds to the COF of the asperities. The average
standard deviation for data of processed and unprocessed
aluminum samples were 1.4 and 1.2 nN, respectively. In
Fig. 12 the processed samples have the lowest coefficient of
boundary friction, when compared to the unprocessed samples.
This is representative of a 45 and 25% reduction in the COF for
aluminum and copper samples, respectively, whereby the
presented results were for single scans of each sample,
measuring 256 9 256 data points over an area of 1lm2.

The reduction in friction could be explained by the balance
between adhesive and ploughing components of friction. The
increased hardness of the processed samples increases plough-
ing friction in accord with Eq 2. Conversely, higher hardness
reduces the real area of contact, thus diminish adhesive friction.
For the presented samples, these competing contributions favor
a reduction in adhesive friction rather than an enhancement in
ploughing friction. In another word, the COF depends on the
ration of the asperities tip radii to grain size of the material
microstructure (Ref 29). When the average grain size is smaller
than the tip sizes, the COF is inversely proportional to hardness.
The NS materials have higher hardness and therefore, the
reduced COF is expected.

4. Conclusion

Nanostructured Al-7075 and pure copper samples applying
SPD method were obtained through the current study. Tribo-
logical performance of the processed and unprocessed samples
were compared. Measurements based on TEM micrographs
indicated that the NS samples had the average grain size
of � 150 nm. The micrographs� observations revealed that the
microstructures were composed of fine and coarse grain sizes.
In addition, according to Vickers microhardness measurements,
the hardness of the processed samples showed substantial
increases. The changes in hardness and the microstructural
patterns were reflected in the friction coefficient reduction of
aluminum and copper samples by 45 and 25%, respectively.
The reduction in the friction could be explained by the balance
between adhesive and ploughing components of the friction.
The increased hardness of the processed samples augment the
ploughing friction in accord with Eq 2. Conversely, higher
hardness decline the real area of contacts, thus reduces the

Fig. 8 A bright field TEM micrograph of the microstructure of the
processed aluminum sample

Fig. 9 Comparison of microhardness measurements in as annealed and SIHPT processed aluminum samples
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adhesive friction. For the presented samples, these competing
contributions favor a reduction in the adhesive friction rather
than an enhancement in the ploughing friction. Obtained
superior frictional characteristics of copper and aluminum as
well as surface hardness of lightweight aluminum alloy
proposes ideal combination of the material and process for
the rolling element of automotive bearings specially at ultra-
high speeds. Further study is required to assess the performance
of these processed materials at contact, component and system
level for a rolling element bearing. These assessments can be

Fig. 10 Surface topography of the unprocessed copper sample

Fig. 11 Surface topography of the processed copper sample

Table 3 Surface topographical measures for aluminum
samples

Sample Rq, nm Sq, nm

Unprocessed 620.09 657.13
Processed 559.20 649.33
Processed (Highly polished) 3.75 6.83
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performed in contact level tribometers or component/system
level test rigs.
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