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Abstract In this study, we prepared Cu—graphite com-
posites with a bimodal structure by spark plasma sinter-
ing using CuO, nickel-plated graphite (Ni-Gra) and Y,0;
with different particle sizes. The presence of the bimodal
structure was demonstrated by EBSD. The copper—graph-
ite composites with bimodal structure effectively suppress
strain localization of friction and wear, while graphite has
a lubrication effect, which can greatly reduce the fric-
tion coefficient of the material. The microstructure of
the material surface as well as the abrasion marks were
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analyzed by SEM and 3D profiling. The microstructure
results show that the Cu,O generated during the sam-
ple preparation process can improve the bonding effect
between Ni—Gra and Cu matrix. The frictional wear
results show that the bimodal structure of the copper—
graphite composite is excellent frictional wear perfor-
mance, mainly due to which the ultrafine grains (UFGs)
bear most of the load during the friction process, while
the plastic deformation of the coarse grains (CGs) plays
the role of supporting the UFGs.
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1 Introduction
Copper—graphite composites not only have excellent electri-

cal and thermal conductivity [1, 2], but also possess good
self-lubricating properties [3, 4] and are widely used in

@ Springer

SEM and EDS-Ni

— 2
=@

Reduction

Ball-milling

< |

Graphite

Ball-milling Reduction

Load
+ Reciprocating motion

SOy
AP

vs48 8L

O IATSTS g’ft"
o evielnsts

ARG

Schematic diagram of the friction process

friction materials such as conductive sliders [5, 6]. Cur-
rently, the materials are strengthened generally by doping
with reinforcements [7] and controlling the grain size of
the matrix [8, 9]. The doping of the reinforcement can only
improve the performance of the material to a limited extent,
and the shedding of the reinforcement during the friction
process can also adversely affect the formation of the friction
layer [10]. Therefore, the control of the overall grain size of
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the matrix is gradually becoming a hot topic of research.
Ultrafine grains (UFGs) materials can effectively improve
the strength of the material, but the plastic deformation
ability is weak [11], while coarse grain (greater than 1 pm)
materials can effectively improve the ductility of the mate-
rial, but their own strength is lower than that of fine grain
materials [12], which does not meet the practical needs.
Mohammed et al. showed [13] that bimodal structure with
both coarse-grained and fine-grained structures can possess
high strength and plastic deformability.

Although materials with a bimodal structure can sig-
nificantly increase their own strength and plastic deforma-
tion capacity, the role of this structure in frictional wear
has been less studied. It has been found that the frictional
wear process is actually a process of plastic deformation
[14, 15], microstructure refinement [16], mechanical mix-
ing [17] and chemical reaction [18] on the material micro-
surface. And the product of this process is the friction layer.
Chen X. [19] Team found that the strain localization and
microstructural instability induced by sliding friction have
been significantly mitigated by dislocation activity and grain
boundary activity of the fine grains in the surface layer. C.

Table 1 Copper—graphite composite composition design scheme

Haug [20] et al. found that under high frictional stress, the
start of friction promotes grain refinement to the ultrafine
grain state. The key role of fine grains in frictional wear can
be seen from the studies of Chen X. and C. Haug. Jianjun Li
[21] constructed a computational model of a material with a
bimodal structure in frictional wear by finite elements, and
the results showed that the non-uniformity of the bimodal
structure can effectively suppress the strain localization of
the frictional wear process and reduce the coefficient of fric-
tion (COF). This further indicates that the bimodal structure
has an important influence in friction.

In the present study, CuO, Ni—-Gra and Y,0; with differ-
ent particle sizes were used as raw materials. The bimodal
copper—graphite powder was prepared by a process of
multiple ball milling and reduction. Well-performing cop-
per—graphite composites were prepared by the spark plasma
sintering (SPS) method. The copper—graphite composites
with bimodal structure were prepared by controlling differ-
ent particle sizes of raw materials, and then, their frictional
wear properties were analyzed to investigate the way the
bimodal grains affected the frictional wear process.

2 Experiment

The nano-CuO powder (purity 99.5%, particle size 50-100
nm), micron CuO powder (purity 99.9%, particle size
10 pm), nano-Y,05 powder (purity 99.9%, particle size
50-100 nm) and stearic acid (CH;(CH,),,COOH, purity
99%) were dosed according to Table 1 and put into QM-
3SP04 planetary ball mill (Nanjing Nanda Instruments)
with a speed of 200 r/min, a ball-to-material ratio of 15:1
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Fig. 1 Schematic diagram of the preparation process of copper—graphite composites
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Fig. 2 XRD of powders at different scales. (a) Powder XRD and (b) enlarged view of the red box in (a)

and a ball milling time of 2 h. The precursor powder was
obtained. The prepared precursor powder was put into a
TL1700 tube furnace (Nanjing Huike Electric Furnace),
heated to a reduction temperature of 120 °C, held for 120
min and then cooled within the furnace to obtain the pri-
mary composite powder. The reduced primary composite
powder was put into a planetary ball mill with a speed of
250 r/min and a running time of 8 h. The primary com-
posite powder was put into a tube furnace, heated to a
reduction temperature of 400 °C, held for 60 min and then
cooled down to obtain the secondary composite powder.
The secondary composite powder was mixed with nickel-
plated graphite powder (99.99% purity, particle size less
than 35 pm, coating thickness of 1-5 pm) for 60 min with
a planetary ball mill, with a ball-to-ball ratio of 7:1 and a
rotational speed of 100 r/min, to obtain the final compos-
ite powder. The final composite powder was placed in a
graphite mold with an inner diameter of 20 mm, an outer
diameter of 45 mm and a height of 70 mm. The sample
was then placed in a 10T-5 spark plasma sintering furnace
(Shanghai Chenhua Electric Furnace) at a temperature rise
rate of 100 C/min to 850 C with a holding time of 5 min,
as shown in Fig. 1.

In this experiment, the samples were analyzed in physi-
cal phase using an X-ray diffractometer at a voltage of 40
kV and a step size of 2°/min. A scanning electron micro-
scope (Mira3 LMH, TESCAN) with an accelerating volt-
age of 20 kV was used for the analysis of microstructures.
The microstructure was analyzed by EBSD (probe EDAX
Velocity Super) under a scanning electron microscope
(JSM 7200F) with a step size of 50 nm and a sample tilted
at 70°, and the sample surface of 5 mm*6 mm*2 mm was
polished by ion grinding using argon particle polishing
(Leica EM RES102 type) to remove the surface mechani-
cal strain layer. The hardness was obtained by using a
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microhardness tester (FM-700, Laizhou Huayin Testing
Instruments) with an applied force of 500 g and taking the
average value five times. HSR-2M dry friction and wear
testing machine (Lanzhou Zhongke Kaihua Technology
Development) was used to conduct reciprocating friction
and wear test on the material, the friction pair is 3.5-mm
diameter 45 stainless steel ball, the load is 10 N, the recip-
rocating speed is 300 r/min (reciprocating frequency is
10 Hz), the friction stroke is 5 mm, the friction time is
20 min. The friction experiment was repeated three times
under the same experimental conditions.

3 Results
3.1 X-ray Diffraction

The XRD plots of the powders at different scales are shown
in Fig. 2, from which the diffraction peaks of Cu, Y,0;,
Gra and Cu,O can be seen. It is worth noting that the pres-
ence of Cu,0 in the nano and bimodal powders is clearly
shown in Fig. 2(b). It is highly likely that this occurs due
to the high surface energy of the powders containing the
nanoscale, which undergoes some oxidation during preser-
vation and testing. The effect this has on the material organi-
zation and properties will be characterized and explained in
the following sections. The grain size of the reduced copper
powder was estimated from the full width at half maximum
(FWHM) of the Cu peak in the XRD measurements and
Eq. 1. The calculated grain sizes of nano and bimodal are
approximately 16 and 23 nm, respectively.
Grain size is calculated by [22]:

KA

d=
BcosO M
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Fig. 3 SEM of the powder at
different scales

(a)

Nano

Micron

Bimodal

where d is the grain size, nm; K is the Scherrer constant, B is
the FWHM, then K=0.9; 1 is the X-ray wavelength (41=0.15
nm) and @ is the corresponding diffraction angle.

3.2 Microstructure

Figure 3 shows the division and morphology of the powder at
different scales. From Fig. (a—a,), we can see that the crushing
effect and welding effect of high-energy ball milling are not
ideal for nanoscale powders due to their inherently low powder
size, and the high surface energy of nanoscale powders leads to
agglomeration. From Fig. (b-b,), it can be seen that the powder
of micron is flattened after the high-energy ball milling. And it
is observed in Fig. (c—c,) that the nano’s powder is welded to
the micron’s powder under the action of high-energy ball mill-
ing, especially in Fig. (c,), it can be seen that many fine parti-
cles appear on the surface of the large particles, a phenomenon
is not shown in Fig. (b-b)).

In Fig. 4, SEM images and EDS point analysis, from
Fig. 4(a) and Fig. 4(c) of position 2, can be analyzed that
the atomic ratio of Ni and O elements is 1:1; then, it can be
roughly determined that the composition of the ring is NiO,

and as Fig. 4(c) of position 4 is the internal EDS point analy-
sis of the ring, the analysis reveals that the element Ni is the
main component, and the above phenomenon in Fig. 4(b) is
not the above phenomenon which is not found in Fig. 4(b).
The reasons for this are also explained in the following EDS
mapping analysis.

From the SEM results in Fig. 5, it can be seen that the
graphite on the surface of the sample is well bonded, and
no holes or cracks, etc., appear at the locations in con-
tact with the copper substrate. It is noteworthy that the
enrichment of Ni elements around graphite is shown in
Fig. 5(a) and (c), while this phenomenon does not appear
in Fig. 5(b). The distribution of O, Ni and Cu elements in
the EDS results can be roughly analyzed as NiO, which is
generated due to the combination of Cu,O present in the
powder containing the nanoscale with Ni in Ni—Gra. The
presence of NiO hinders the diffusion of Ni elements into
the copper matrix, making the distribution of Ni elements
as in Fig. 5(a) and (c), around the Gra, forming a ring.
This allows Gra to avoid direct contact with copper and
thus be better anchored in the copper matrix, allowing it
to withstand more deformation and wear during frictional
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Fig. 4 SEM images and EDS
point analysis of copper—graph-
ite composites at different scales

wear without falling off, thus prolonging the existence of
the friction layer. The XRD results show the presence of
Cu,0 in nano and bimodal, but not in Mic, which further
confirms the above explanation.

Figure 6 shows the EBSD images at different scales,
and the corresponding grain size division maps are
obtained by counting the grains in the images. From
the histogram in Fig. (a), it can be obtained that UFGs
account for about 90% of the crystals, where the grain
size is about 200-300 nm. Most of the grains in Fig. (b)
are CGs with a size of about 5-7 um. Figure (c) shows
the bimodal sample, the UFGs account for about 80% of
the histogram, while the CGs account for about 20%. It is
noteworthy that a large number of twin crystals appear in
all samples containing CGs, while UFGs does not show
the same phenomenon, which is due to the fact that the
CGs themselves are larger in size and subjected to more
deformation and extrusion during the ball milling process,
but are able to maintain an intact crystal structure after
such deformation. It further illustrates that CGs play a
crucial role in the process of plastic deformation of the
material.

@ Springer

Nano
Place C(at.%) O(at.%) Ni(at.%) Cu(at.%) Y(at.%)
EDS 1 96.91 / / 3.09 /
EDS 2 8.41 36.87 46.01 8.54 0.18
EDS 3 / / / 100.00 /
Micron
Place C(at.%) O(at.%) Ni(at.%) Cu(at.%) Y(at.%)
EDS 1 100.00 / / / /
EDS 2 / 44.86 / 41.12 14.02
EDS 3 / / 23.88 76.12 /
Bimodal
Place C(at.%) O(at.%) Ni(at.%) Cu(at.%) Y(at.%)
EDS 1 100.00 / / / /
EDS 2 10.17 49.74 40.08 / /
EDS 3 12.20 6.05 / 79.36 2.39
EDS 4 / / 94.66 5.34 /

4 Discussion
4.1 Mechanical Properties

Figure 7 shows that the hardness of nano is the highest in
the sintered state of copper—graphite composites, which
is about 134 HV, due to the presence of a large amount of
UFGs in the matrix itself, where the hardness of nano is
much higher compared to micron and bimodal under the
action of UFGs. It is worth noting that the lowest hard-
ness of micron samples is not the lowest, the reason for
this phenomenon is due to the lack of Cu,O combined
with Ni during the sintering process of Ni—Gra, thus not
generating NiO to hinder this diffusion, making the Ni
element in the graphite plating completely dispersed in
the copper matrix, forming an alloy of Cu—Ni leading
to an overall increase in hardness of the material and a
sharp drop in electrical conductivity; the same phenom-
enon did not occur in the samples of nano and bimodal.
The appearance of this phenomenon in conductivity and
hardness also further confirms the explanation of the dif-
fusion of elemental Ni by Cu,O in Fig. 5. The bimodal
sample has both UFGs and CGs, so it is able to ensure
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Nano
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Fig. 5 SEM images and EDS mapping analysis of copper—graphite composites at different scales

a certain hardness of the material without a significant
decrease in electrical conductivity due to the diffusion of
Ni elements. Therefore, the bimodal sample has the best
overall performance.

4.2 Tribological Properties

Figure 8 shows the cross-section of the abrasion marks
scanned by the 3D morphology (0 is the horizontal surface
of the sample). From which it can be seen that the depth
of the sample abrasion marks of nano and bimodal is sig-
nificantly lower than that of micron, which indicates that
the depth of the abrasion marks is influenced by the plastic
deformation capacity of the sample when the load is applied.
It is noteworthy that the bimodal and micron samples have
parts above the horizontal surface, while nano does not show
this phenomenon, further indicating that nano has a poor

plastic deformation ability, while micron has a better plastic
deformation ability, resulting in a larger width and depth of
the abrasion marks, as well as the arched parts on both sides,
but the amount of wear also increases in this regard.

The volumetric wear rate was calculated using the aver-
age volumetric wear formula [23]:

Sx1 S
w. = = —
" NxL Ftf

@

where S is the abrasion cross-sectional profile area, m?%; 1
is the abrasion length, m; F'is the normal load, N; L is the
friction stroke, m; t is the friction time, s and f1is the friction
reciprocation frequency, Hz.

The average volumetric wear rate and average friction
coefficient have been calculated by the friction coefficient
in Fig. 9 and Eq. (2), respectively, and the results are
shown in Table 2. From the overall friction coefficient in
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Fig. 6 EBSD and grain
statistics of copper—graphite
composites of different sizes

Micron Nano

Bimodal

Fig. 9, nano, because of its own high hardness, may inter-
act more violently with the friction sub during the wear
process, resulting in a more fluctuating friction coefficient
later on, although the curve is stable in the early stage. In
Table 2, nano has the highest average friction coefficient
of about 0.45, micron has an average friction coefficient
of 0.25 and bimodal has an average friction coefficient
of 0.2, while in terms of average wear, nano has the low-
est, micron has the highest and bimodal lies in between at
2.2784 x 10-15m3N-1m-1.

The SEM images and 3D morphology of the abrasion
marks of different samples are shown in Fig. 10. From
Fig. 10(a), it can be seen that nano shows a lot of spalling
wear on the surface after friction, which is one of the rea-
sons for the high friction coefficient. It can also be seen
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from its 3D morphology map that the sample has the least
amount of wear, which is also consistent with the calculated
results. The overall surface of micron is relatively smooth
and intact, but there are individual parts with spalling wear
as in Fig. 10(d). The wear of micron is obviously higher
than that of nano and bimodal, especially the bumps on both
sides above the sample surface, which further indicates that
micron possesses good plastic deformation ability, and the
sample surface is deformed to some extent after wear. The
graphite on the surface of bimodal is retained intact after
friction, and the wear is mainly abrasive wear, with abrasion
marks appearing along the friction direction.

Figure 11 shows a schematic diagram of the friction
process of copper—graphite composites at different scales,
where the sample is subjected to a tangential stress from the
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Table 2 Average volume wear coefficient
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Fig. 8 Abrasion cross-sections of copper—graphite composites at dif-
ferent scales at 10 N/10 Hz

direction of motion and a compressive stress perpendicular
to the direction of motion during the friction process. UFGs
bear most of the load during the friction process, and CGs
play the role of supporting UFGs. In other words, with the
continuous friction, UFGs can transfer part of the force to
CGs to make it deform plastically, thus achieving a syn-
ergistic effect of UFGs and CGs. The nano sample itself
has higher hardness and more UFGs, and the roughness
of the surface is larger, and the plastic deformation abil-
ity is poor during the frictional wear process, which makes
it show high friction coefficient and small wear; especially
from Fig. 10(a), it can be seen that the nano sample is the
most serious spalling in the three scales. The presence of a
large amount of CGs in the micron sample, which possesses

Size Friction coefficient Wear rate

Nano 0.45 0.9948 X 10—-15 m3 N-1 m-1
Micron 0.25 8.1652x 10-15 m3 N-1 m-1
Bimodal 0.20 2.2784x 10-15 m3 N-1 m-1

a better plastic deformation capacity, results in the greatest
depth of abrasion after the same load and also shows a larger
amount of wear overall. The bimodal sample combines the
advantages of both, ensuring a certain level of plastic defor-
mation and hardness to resist the shear and compressive
stresses during the friction process.

5 Conclusions

(1) The copper—graphite composites with a bimodal struc-
ture that can be prepared by the process of multiple
ball milling and reduction account for about 80% of the
UFGs and about 20% of the CGs.

(2) The presence of Cu,O inhibits the diffusion of Ni ele-
ments plated in the surface layer of Gra into Cu, on
the one hand, thus affecting the electrical conductivity
and friction properties. On the other hand, it avoids
the direct contact between Gra and Cu substrate, trans-
forms the contact interface from Cu—Gra interface
to Cu—Ni-Gra, improves the bonding effect between
Gra and Cu substrates, makes the graphite in the sam-
ple provide lubricating medium for the substrate for
a longer time without shedding during the frictional
wear process and finally achieves the prolongation of
the existence of the friction layer.
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Fig. 10 SEM and 3D morphology of different scales of copper—graphite composite with abrasion marks at 10 N/300 Hz
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Fig. 11 Schematic diagram of the friction process of copper—graphite composites at different scales
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(3) The bimodal sample has a friction coefficient of 0.2 and
an average volume wear of 2.2784 x 10~ °m’N~'m~".
Its excellent frictional wear performance is mainly due
to the fact that the UFGs in it bear most of the load dur-
ing the friction process, while the plastic deformation
of CGs plays the role of supporting the UFGs.
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