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ABSTRACT:

Titanium alloys have been applied for many lightweight structural components in
the fields of aerospace, automobiles and biomedical implants owing to their
light-weight, good mechanical properties and biocompatibility. However, poor

tribological performance often restricts their wide-range applications. In this study, we
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synthesized Cu modified Ti-6Al-4V (TC4) powders with various Cu contents (1, 3, 5,
10 wt%), which was further strengthened with 0.3 wt% graphene oxide nanosheets
(GONSs) using a powder metallurgy technology. These composite powders were then
synthesized into titanium matrix composites using spark plasma sintering. Effects of
Cu contents on microstructure evolution, phase composition and tribological
properties of Ti matrix composites were systematically investigated. The synthesized
composites were consisted of a-Ti, f-Ti, Ti2Cu, in-situ-formed TiC and remained
GON:s, and showed better tribological properties than those of TC4 alloy. The average
coefficient of friction was reduced from 0.168 to a minimum value of 0.120 as the
copper content increased from 0 to 3 wt%, meanwhile the wear volume loss was
reduced by 49.3%. Whereas further increasing copper contents resulted in the
increases of both coefficients of friction and wear volume loss. These improvements
are mainly attributed to the strengthening effects by nanoscaled Ti-Cu intermetallics
and TiC@GONSs structure, as well as the self-lubricating effect of GONs. Compared
with traditional surface modification processes, the new method proposed in this work
is cost-effective and promising for improving the tribological performance of titanium

alloys in industry applications.

Keywords: Ti matrix composites, Tribological properties, Microstructure, Powder

modification, Spark plasma sintering

1. Introduction
Titantum and its alloys are ideal materials for petrochemical and medical

applications due to their attractive properties such as light weight, high specific
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strength, and good corrosion resistance and antibacterial properties [1-3]. However,
application of new types of high-performance structural materials normally requires
not only their strength and toughness, but also their good wear resistance. The poor
wear resistance of titanium materials influences not only their surface appearance, but
also their sensitivity of crack initiation and shortening of the part life due to early
failure under complex loads or environments. To improve the comprehensive
mechanical properties especially the tribological properties of titanium materials,
considerable research has been focused on the applications of various surface
modification and strengthening strategies [4-6]. So far, introduction of various
nanoscale ceramic particles (TiC, TiB, Al>,O3, SiC) into Ti matrix has gained extensive
attention [7-10].

To our knowledge, graphene and its derivatives have been demonstrated to be
effective for reinforcing metal matrix composites [11-14] owing to their unique 2D
structures and overall high performances. However, there are always concerns for the
uniform dispersion of graphene and the resulting good enhancement in mechanical
properties, especially the strength of the composites. Chu et al. [15] reported that the
yield strength of the graphene/copper composites was increased by 37% reaching 300
MPa compared to pure copper when 8 vol.% graphene was added. Compared with Al,
Wu et al. [16] found that the tensile strength of the graphene reinforced Al composites
was increased by 73.9% meanwhile the ductility maintained more than 10%.
Previously, Dong et al [17] showed that using spark plasma sintering (SPS) technique,

addition of only 0.3wt.% of GONSs into Ti matrix composites (TiMC) led to the yield
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strength and ultimate tensile strength of the composites increased by 7.44% and
9.65%, respectively. Zhang’s group fabricated Ni coated graphene nanoplates
reinforced Ti composites using mechanical agitation and SPS, and achieved a strength
of 793 MPa, which is ~ 40% higher than that of monolithic Ti matrix [18]. However,
among all these studies, few of them have been focused on the tribological behavior
of graphene/Ti composites. Ti-6Al-4V alloys is the most extensively used Ti alloy
among all the Ti materials, however, they have a poor wear resistance, thus limiting
their applications where wear resistance is essential.

This study aims to explore the relationship between tribological performance and
composition as well as microstructure of graphene/Ti composites, and to reveal the
fundamental mechanisms on the damage of the composites resulted from wear. To
achieve this, copper powders with different contents (1, 3, 5, 10 wt%) and 0.3%
GONs were synergistically added into Ti-6Al-4V (TC4) matrix using a novel powder
modification technology and then the composites were synthesized using SPS in order
to improve their tribological properties. The copper was chosen as an alloying
element to modify the TC4 powders because it is a B-stabilizing element. According
to the equilibrium phase diagram of Ti-Cu binary alloys, Ti—Cu alloys with a low Cu
content consists of a matrix of a-Ti and precipitates of TioCu intermetallic compounds
[19]. It was reported that the Ti alloys with appropriate Cu concentrations show good
biocompatibility [20], corrosion resistance [21, 22] and mechanical properties [23].
For examples, Kikuchi et al. reported that the mechanical properties of cast Ti-xCu

(x=0.5-10 wt%) alloy have been significantly improved compared with those of pure



10

11

12

13

14

15

16

17

18

19

20

21

22

Ti (e.g., tensile strength and yield strength have been increased up to 30% and 40%,
respectively [23].

The SPS was used because of its advantages such as short sintering time, fast
heating rate, controllable structure, uniform temperature and simple operation, which
can achieve uniform microstructure and high density of the sintered materials by
inhibiting their grain growths [24, 25]. The microstructure and wear behavior of the
composites were systematically characterized, and the wear mechanisms were
discussed. The Ti matrix composites showed the highest hardness with a value of 411
HV with 5 wt.% copper content, which is ~25% higher than that of the TC4 alloy
(330 HV). The composites showed the lowest coefficients of friction (0.12) and the
wear volume loss (0.155 mm?®) among the alloys and composites studied in the present
work. The improvement of tribological properties is due to the strengthening by the
nanoscale precipitates (Ti2Cu and TiC) at high temperatures, self-lubricating effect
introduced by the pulled-out GONs from the composites, the fragileness of the brittle
TiC@GONSs structure, as well as the enhanced heat conduction resulted from the high
heat conductivity of the preserved elemental copper and graphene. The
GONs-xCu@TC4 composites with a good wear resistance developed in this work has
their promising applications in the field of brake discs and aerospace.

2 Experimental
2.1 Raw Materials
Ti-6Al-4V spherical powders with an average particle size of 15-53 pm were

used as the matrix material, and they were purchased from Xi’an Sino-Euro Materials
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Technologies Co., Ltd., China. Figure 1a shows a scanning electron microscope
(SEM, JEOL JSM-6700F) image, and their chemical composition is listed in Table 1.
The particle size of the TC4 powders conforms to a normal distribution with an
average value of 37 um (inset in Figure 1a). The wide distribution of the particle size
is beneficial for the full densification of the powders as the fine particles can fill the
spaces in the triangle intersections of coarse particles during the following SPS
process [26]. The average size of the Cu powders is 48 um, and they were supplied by
Beijing Xin Rong Yuan Technology Co., Ltd., China. An SEM image of the pure Cu
powders shown in Figure 1b reveals their flower-like and flocculent patterns which
are composed of fine copper particles. GONs with diameters of 0.5~5 um and
thicknesses of 1~3 nm were purchased from XFNANO Technology Co., Ltd., China.
A transmission electron microscope (TEM) was used to characterize the GONs. For
the TEM observation, the GON nanopowders were firstly dispersed into ethanol and
then drop casted onto an amorphous carbon coated copper grid [27]. An TEM image
in Figure 1c shows a crumpled and thin-layered sheet structure, which is the typical
morphology of graphene oxides. A high-resolution TEM (HRTEM) image shown in
Figure 1d presents that the GONs have a few layer structure. The selected area
electron diffraction (SAED) pattern of the GONs displays two diffraction rings,
corresponding to (1011) and (1150) planes of the graphene (Figure 1e). Table 1 lists
chemical compositions of both the TC4 and Cu powders.

Table 1. Chemical composition of Ti-6Al-4V and copper powders (wt %).

Materials Al Vv Fe C N (@] H Cu Ti
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Ti6Al4V 6.17 4.23 0.17 0.008 <0.003 0.10 0.0048 - Bal.
Cu - - - - - 0.012 0.002 Bal. -

2.2 Fabrication of the GONs-xCu@TC4 composites
221 Preparation of mixture powders

In order to disperse the copper powders and GONs uniformly in the TC4
powders, a two-step shift-speed ball milling process was adopted to prepare mixture
powders. (1) The mixed powders of copper and TC4 were ball-milled for 2 hours in
an Ar atmosphere at a speed of 300 r/min with a ball ratio of 3:1 in the same direction.
(2) Based on the previous study [17], we have chosen 0.3 wt% GONSs to be added into
the Cu modified TC4 powders using a low-energy ball milling, with a speed of 150
r/min for another 3 hrs. The aim is to coat the GONs uniformly onto the composite
powder surfaces. Five types of mixing powders were prepared, i.e., mixtures with
copper contents of 1 wt%, 3 wt%, 5 wt%, 10 wt% and a mixture without copper.
Figure 1f shows an SEM image of the composite powders after two-step ball milling.
Clearly the TC4 powders are slightly deformed. Whereas copper powders are severely
deformed, i.e. their shapes are transformed into a smaller flake-shape, and they are
tightly attached to the surfaces of TC4 powders. The GONs are uniformly dispersed
onto the surface of TC4, which is clearly indicated by the energy dispersion X-ray

spectrum (EDS) (Figure 1g).
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Figure 1. (a) SEM of raw TC4 powders and (b) copper powders; (c) TEM, (d)
HRTEM images of GONs and (e) the corresponding SAED pattern; (f)
GONs-1Cu/TC4 composites powders; (g) EDS mapping images of Ti, Al, V, Cu, C, O

elements, respectively.

2.2.2  Fabrication of Ti matrix composites
SPS is one of the best sintering processes for preparing metal matrix composites
(MMCs) owing to its high efficiency. Figure 2 shows the powder metallurgy and SPS

processes for fabrication of TiMCs in this work. The mixed powders were loaded into



10

11

12

13

14

15

16

17

a graphite grinder with an internal diameter of 60 mm and an external diameter of 100
mm. The graphite paper with a thickness of 1~2 mm were placed around the powders
to prevent the reaction and bonding of TC4 powder with the graphite mold.

The vacuum of SPS furnace was maintained at ~102~107 Pa during sintering.
The holding pressure, heating rate, and sintering temperature were 45 MPa, 100
°C/min, 1000 °C, respectively. There was a temperature monitoring hole with a
diameter of 10 mm in the middle of the graphite mold. During the sintering, the
temperature was measured using an infrared camera, which was positioned at about 5
mm from the sample center. After sintering for about 5 minutes, the samples were
cooled down with the furnace. Pure TC4 alloy and GONs/TC4 composites without Cu
were also sintered under the same conditions for comparisons. The selection of
detailed sintering parameters was described in a previous study [17]. For
simplification, hereafter the as-sintered TiMCs with different Cu contents were named
as GONs-xCu/TC4 composites (x=0, 1, 3, 5 and 10 wt%). The relative densities of
these sintered Ti composites were determined using the Archimedes' method [11], and
the obtained results are listed in Table 1. Clearly all the composites show a higher

relative density than that of pure TC4.
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5 Table 1. The theoretical density, measured density and relative density of fabricated

6  Ti matrix composites.

Theoretical density Measured density Relative density
Materials
(g/cm’) (g/em’) (%0)

TC4 4.510 4.407+0.009 97.72
GONs/TC4 4.494 4.405+0.005 98.02
GONs-1Cu/TC4 4.516 4.439+0.008 98.29
GONs-3Cu/TC4 4.560 4.486+0.010 98.38
GONs-5Cu/TC4 4.603 4.5134£0.013 98.04
GONs-10Cu/TC4 4.707 4.616+0.015 98.07

8 2.2.3 Wear and hardness tests

9 Before testing hardness and wear behavior of the composites, all the sintered
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samples were polished to 2000 grits, and then ultrasonically cleaned with acetone and
ethanol. Vickers hardness was tested using an HVS-1000 machine with a load of 3 N
and a dwell time of 15 s at 10 different locations. Then the average value was
obtained to represent the hardness of the sample.

The wear behavior of the composites was tested using a MS-T3001 rotary
friction testing machine (Lanzhou Huahui Instrument Technology Co.,) by dry sliding
at room temperature in air. A Si3Ny ball with a diameter of 4 mm was used as the
counterpart. The test was conducted with the normal load of 50 N, the rotary speed of
400 r/min and the rotation radius of 3 mm for 120 min. The friction coefficients of the
samples were recorded automatically. Profiles of the worn surfaces were measured
using a MicroXAM 3D surface profilometer system in order to determine the wear
volume loss. The morphologies of the worn surface with different wear conditions

were characterized using the SEM.

2.2.4  Microstructures of composite materials

Microstructures of the composites and the prepared powders were characterized
using the SEM. Before observation, the Ti matrix composites were polished with
2000 grits of silicon carbide sandpaper, cleaned ultrasonically in an alcohol solution
and then polished with alumina polishing solution. After that, the surface of the
composites was etched using a solution of hydrofluoric acid, nitric acid and water,
with ratios of 1:3:5 (vol.%). The phases in the composites were identified using X-ray
diffraction (XRD, Bruker D8 ADVANCE) with Cu-K, radiation and a scanning rate

11
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of 10°/min.

Raman spectroscopy was used to investigate defects in the GONs and presence of
TiC, and the scan range of laser beam was from 300 to 3000 cm™. The tests were
performed at room temperature using a Laser Raman Spectrometer (LabRAM HR
Ecolution) with an excitation wavelength of 532 nm.

An X-ray photoelectron spectroscope (XPS, Thermo SCIENTIFIC ESCALAB
250Xi, Al-K, source) with an analysis chamber pressure of 4x1078Pa, was applied to
investigate the chemical valences of surface elements of sintered Ti matrix

composites.

3 Results and discussions
3.1 Microstructure Evolution and Phase Analysis

SEM images of the sintered GONs/TC4 composites with various copper contents
are shown in Figure 3. The monolithic TC4 alloy without the addition of copper and
GON: s has a typical Widmanstitten lamellar microstructure (Figure 3a), consisting of
the lath-shaped a phase, the a phase at grain boundaries (ac) and the intergranular 8
phase (Figure 3ai) The size of the primary B grains is much larger (~450 um) than
that of the raw TC4 powder (~38 um, Figure 1a), which is due to the slow cooling
process from the P transformation temperature [28]. However, owing to the
introduction of Cu and GON:Ss, the grain size of primary [ phases in Figures 3b~3e is
much smaller than that of the TC4 monolithic alloy (Figure 3a), which is beneficial to
the enhancement of their mechanical properties. When the content of copper reaches

12
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10 wt.% in the composites, the primary [ grain boundary disappears as shown in
Figure 3e.

Besides the a phase and the  phase, the unreacted GONs, the in-situ formed TiC
particles or layers (Figure 3b1) and the nanoscale Ti>Cu precipitates co-exist in the
composites as shown in Figures 3b~3e. The EDS mapping analysis in Figure 3d;
shows that the Cu is preferred to distribute around the  phase because the Cu is a 3
stabilizing element. C element is relatively homogeneously distributed inside the Ti
matrix without obvious agglomerations. The formation of TiC is attributed to the
initiative reactions between C and Ti matrix [29], which is beneficial to the interfacial
strength and tribological properties. The presence of Ti>Cu is evidenced by the energy
dispersion spectrum (EDS) results (Figure 3bz, inset). The microstructure near point
1 in Figure 3b2 consists of Ti (50.51 at.%) and Cu (27.19 at%), indicating that the

Ti2Cu phase was nucleated and grown during the SPS process.

13
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Figure 3. SEM images of GONs-xCu/TC4 composites with different Cu contents. (a)
~ (ar) pure TC4; (b)~(b2) GONs-1Cu/TC4; (c) GONs-3Cu/TC4; (d) GONs-5Cu/TC4;
() GONs-10Cu/TC4; (a1) and (b1)~(b2) are enlarged images of corresponding marked
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region in Figure (a) and Figure (b), respectively. (di) EDS mapping analysis of the
marked region C in Figure (d).

To further verify the phases of the sintered composites, XRD analysis was
carried out and the results are shown in Figures 4a and 4b. A peak at ~ 39.49° (PDF #
15-717) corresponding to the (103) of Ti>Cu is identified in the XRD results and its
intensity increases significantly with the addition of copper. Meanwhile, Cu, B-Ti
phase, TiC and GONs could not be detected by XRD for all the composites and TC4
alloy. The XRD results indicate that the main phase is a-Ti and the secondary phase in
the composites is mainly Ti2Cu. No elemental copper is found in the composites
because the reactions between copper and titanium during sintering result in the
formation of Ti>Cu. Although other phases, i.e., GONs, TiC and B-Ti phase are
observed by SEM, their contents are out of the detecting limit of the XRD instrument
used in the present work [30].

According to the phase diagram of titanium-graphite, TiC is the only type of
intermetallics that could form in the Ti-C system. Although the composite is a
multi-elements system containing Ti, Al, V, Cu, C and O, the mixing of C, Cu with the
matrix TC4 is not at an atomic level but at a microscale level. Taking into account the
short sintering time of SPS, the local environment of Ti-C or Ti-Cu could be
considered as binary systems. At the sintering temperature of 1273 K, the change of
Gibbs energy is estimated to be -84.4 kJ/mol for the following reaction [31, 32]:

Ti+C=TiC AG1=-92400+6.275T J/mol (1)

Hence, TiC is resulted from the spontaneous reaction between the matrix Ti and

15
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the carbon from the GONs [29]. Similarly, Ti>Cu is the preferable phase when the
content of Cu is less than 33.3 at.%, according to the binary phase diagram of Ti-Cu.
The change of Gibbs energy can be estimated as -6.2 kJ/mol at 1273 K for the
following reaction [31, 32]:

2Ti+Cu=Ti2Cu AG2=-12131+4.688T J/mol (2)
which also indicates that the formation of Ti>Cu is spontaneous.

To further verify the existence of TiC intermetallics and GONs in the composites,
Raman and XPS spectroscopies were used. The Raman spectra of the raw GONs and
the TiMCs are shown in Figure 4¢ and the main peaks are listed in Table 2. The
characteristic Raman peaks for graphene are similar to those of the composites, i.e.,
the G band at ~ 1580 cm’! is originated from the in-plane vibration of sp? carbon
atoms, the D band at ~ 1350 cm™! corresponds to the doubly resonant disorder-induced
mode related to the defects, and the 2D band at ~ 2700 cm™ represents the feature of
graphene [27, 33]. Similar characteristic bands between the composites and the raw
GONs confirm that the GONS is retained in the TiMCs. It is also noticed that the Ip/Ig
values for all the composites are significantly higher than the corresponding value for
the GON:S. Since Ip increases with the density of defects [27], the increase of the Ip/I
value for the composites suggests the introduction of defects into the GONs during
the ball milling or sintering process.

Besides the characteristic peaks of graphene in the composites, two additional
Raman peaks located at ~ 418 cm™ and ~ 605 cm’! suggest the presence of TiC [34].
Further investigation using the XPS was carried out, and Figure 4d and Figure 4e

16
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show that the peaks at 454.6 eV and 460.2 eV correspond to the binding energy of the

Ti-C bond, which verifies the existence of the TiC intermetallics. In addition to the

main peaks of Ti located at 453.8 eV for Tiy>? and 459.95 eV for Tizp!? in the XPS

spectrum, peaks at 932.5 eV for Cuz,"? and 952.4 eV for Cuz,*? as shown in Figure

4f correspond to the binding energy of the Cu-O bond. XPS analysis proves the

formation of the Cu-O bonds in the composites, which is helpful for improving the

interfacial bonding strength between the Cu and GONs [35].
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Figure 4. XRD, Raman and XPS analysis results for GONs-xCu/TC4 composites: (a)

XRD patterns; (b) An enlarged XRD patterns at 26=38~45° in Figure (a); (c) Raman

spectra of composites; (d) XPS survey spectra of GONs-5Cu/TC4 composites; High

resolution XPS spectrum of Tizp; High resolution XPS spectrum of (e) Tizp and (f)

Cuyp, respectively.
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Table 2. The detailed Raman spectra results of the sintered GONs-xCu/TC4

composites.
Materials D band G band 2D band I/
GONs 1351.28 1587.31 2695.91 0.95
GONs-1Cu/TC4 1346.64 1581.16 2679.29 1.23
GONs-3Cu/TC4 1349.62 1581.15 2685.78 1.28
GONs-5Cu/TC4 1348.48 1579.44 2685.44 1.30
GONs-10Cu/TC4 1346.13 1577.16 2679.94 1.31

3.2 Tribological properties

Figure 5a presents the effect of Cu contents on the hardness of sintered Ti matrix
composites. The Vickers hardness of the composites increases from 330 HV to 411
HV when the content of Cu is increased from 0 to 5 wt.%. According to the
characterization of the microstructure aforementioned, the hardness enhancement of
the composites is attributed to the strengthening effect due to the smaller grain sizes,
the fine second phases of Ti2Cu, TiC and the preserved GONSs, especially a large
number of Ti>Cu precipitates. Further addition of Cu results in a slight decrease of the
hardness, due to the softening effect induced by the elemental copper which is not
reacted with the titanium matrix during the short sintering time of SPS.

The coefficients of friction (COFs) vary with the sliding time during the wear
tests as shown in Figure Sb. The friction experiences an unstable initial stage for all
the samples. The duration of this unstable stage is much longer for the TC4 alloy (~65
min) and the GONs-1Cu/TC4 composite (~50 min) than that for the composite with
the content of copper above 1 wt.% (~10 min). After the running-in stage, the COF

18
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curves of the samples stabilize gradually. The initial fluctuation of the COFs is due to
the “break-in” or “running-in” period and an unstable surface roughness of the
specimens during the initial sliding [36, 37]. However, the COFs of the GONs/TC4
composites are reduced after ~ 40 min, which is attributed to the presence of GONSs,
whose delamination can induce a lubrication effect during the sliding process (inset,
Figure 8b1).

The average COFs versus the copper content of the composites are plotted in
Figure 5c. The COF of the composite with 3 wt.% of Cu is the minimum among the
five types of samples. The increase of deviation for the Cu content from 3 wt.%
accompanies the increase of the COFs. The wear depth and width were determined
from the cross sectional profiles of the wear scars, and the results are shown in Figure
6. They show similar trends to the COFs, i.e., the minimum values are around 3wt.%
of Cu as shown in Figure 5d. The variation trends of the wear volume losses with the
copper content (Figure Se) are similar to those of the COFs. Compared to that of the
pure TC4 alloy, the wear volume losses of the composites with GONs and Cu are
significantly lower. In particular, the minimum wear volume loss is found in the
composite with a copper content of 3 wt.%, and the wear volume loss of this kind of
composite is about half the value of the monolithic TC4 alloy. These reveal that the
addition of Cu and GONs can remarkably improve the wear resistance properties
compared with the unreinforced matrix alloy. The wear volume loss was also
evaluated based on the 3D morphology of the wear tracks (Figure 6). The wear
volume loss as well as the average COFs are listed in Table 3.

19



1  Table 3. The wear properties of the sintered GONs-xCu/TC4 composites.

Wear properties

Cu contents

TC4 0 wt.% 1wt.% 3wt.% 5S5wt.% 10 wt.%
Average COFs 0.1680+0.011  0.1389+0.017 0.150+0.012  0.120+0.015 0.130+0.01  0.140+0.015
Wear width (um) 3533+45 3190428 2895+30 2953+35 3341438 3353+45
Wear height (um) 47245 439+6 352+7 33548 37149 468+5
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coefficient of GONs-xCu/TC4 composites under a normal load of 50 N, (c) The
average friction coefficients of all samples, (d) Wear depth and the maximum wear
depth of scars for sintered composites, and (e) Wear volumes loss of different samples,

respectively.

The wear debris at the surface of the wear scars were examined using SEM and
EDS, and the results are shown in Figure 7. The shape of the wear debris changes
with the increase of copper content in the composites. On the specimen surface of the
TC4 alloy, there exists two types of wear debris, i.e., the plate-like debris with an
average size of ~80 um and the fragments of fine particles with an average size of ~10
um (Figure 7a). With the addition of copper and GONs into the TC4 matrix, the
plate-like debris are still the main feature, but the number of the fine particle
fragments is reduced drastically and almost becomes zero when the copper content is
10 wt.%. The debris surfaces of the composites with copper contents of 5 wt.%
(Figure 7d1) and 10 wt.% (Figure 7e2) show deep grooves, indicating significant
ploughing features during sliding wear. It was also noticed that the oxygen content in
the wear debris of the composites is lower than the corresponding value of the TC4

alloy as shown in the EDS results in Figure 7.
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Figure 6. (a ~ f) Surface 3D morphologies of the wear scars for sintered composites
with various Cu contents and (a1, bi, c1, di, e1 and fi) corresponding 2D cross-section

profiles of wear tracks, respectively.

The corresponding worn surfaces and the wear debris were also examined using
the SEM and EDS. The results are shown in Figure 8 and the obtained compositions
are listed in Table 4. The amount of wear debris on the worn surface decreases with
increasing copper content in the composites. The worn surface on the samples of the
TC4 alloy is consisted of deep grooves and parallel furrows with some detached edges,
indicating significant ploughing features during sliding wear. Ploughing or plastic
deformation is a typical characteristic of the abrasion and adhesion wear [38].
Elements detected in the grooves are mainly Ti, Al, V and O (Point 1 in Figure 8a:
and spectrum in Figure 8f), and the content of oxygen is as high as 30.21 at.%,
indicating significant oxidation of the alloy in the surface layer during the reciprocal
wear process.

The grooves on the samples of the composites become gradually smoothened
with increasing the copper content. In addition to the elements existed in the grooves
on the surface of the TC4 alloy, Si, C and Cu elements are also found on the surface
of the composite samples. The element Si is transferred from the Si3N4 balls,
indicating that the adhesion wear occurs between the composite and Si3N4 ceramic

ball.
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Figure 7. SEM images of wear debris of GONs-xCu/TC4 composites and Si3N4 ball
frication pair after sliding wear test under 50 N load. (a) TC4, (b) GONs-1Cu/TC4, (c)
GONs-3Cu/TC4, (d) GONs-5Cu/TC4, (e) GONs-10Cu/TC4, (ar)~(e1) enlarged
images of corresponding marked region in Figures (a)~(e) and (a2)~(e3) EDS result of

points 1, 2, 3, 4, 5 and 6, respectively.
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Besides the grooves and the wear debris, delamination phenomena are also
observed on the sample surface of the composites (Figures 8ci1, di and er). At some
delaminated regions (Figure 8d1), high content of carbon is detected by EDS (Figure
8f), revealing the pulling out of the GONs from the interfaces in the composites.
Furthermore, microscale voids and cracks are found on the sample surface of
composites with the content of copper higher than 3wt.% (Figures 8d1 and e1).

According to the aforementioned phenomenon, the wear on the TC4 alloy or the
TC4 based composites is a comprehensive mechanical-chemical coupling process.
The chemical reactions mainly involve the oxidation of the metals in the alloys or
composites. The sliding process of the Si3N4 ball on the surface applies a complicated
dynamically localized loading onto the sample, and this added load fluctuates
continuously with changes of worn morphology, local temperature of sample, and
formation of wear debris. Under wear process, the mechanical behavior of the TC4
alloy or the TC4 based composites involves ploughing or plastic deformation, work
hardening, local crack initiation and propagation, local welding and pulling out of the
GON:ss.

Generally, the harder or stronger the metallic materials is, the lower the
coefficients of friction and the better the tribological properties are [39]. However Ti
and its alloys are differnt, i.e., the higher of their strength is, the higher is the
coefficients of friction and the poorer of their tribological properties [40]. In this study,
we provide a solution for improving the wear resistance of the TC4 based metallic
materials by forming the composites via SPS using TC4 powders modified with Cu
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and GONs, and we have achieved both high strength and improved tribological
properties of Ti matrix composites (Figure 5).

A schematic illustration on the tribological behavior and the wear mechanism of
the Ti matrix composites is shown in Figure 9. After sintering, the Widmanstétten
microstructure is formed in the TC4 alloys (Figure 3a and Figure 9ai1). The
microstructures of the composites include Ti2Cu, TiC and GONSs in addition to the
Widmanstétten microstructure (Figure 9bi). Since the heat conductivity of the Ti
alloys is low, the heat generated during sliding is accumulated, thus leading to the
increase of the temperature. On one hand, the high temperature accelerates the
oxidation of the alloy thus resulting in the exfoliation of the oxides (Figure 9az). On
the other hand, the high temperature causes the softening of the alloy, thus leading to
the enlargement of the contact area under the same load. Besides, under the locally
and instantaneously high temperature at the contact asperities, the hard protrusions at
the surface of the SizNs ball and its severe penetration into the soft matrix leave
significant furrows on the sample surface and remove some materials in the grooves
(Figure 9a2). All these factors cause the increase of the wear volume loss and reduce
the wear resistance of the Ti alloy.

Introducing GONs and copper to the interfaces of the TC4 powders leads to the
formation of the nanoscale precipitates of TioCu and TiC during the SPS. These fine
and stable precipitates act as hard obstacles to prevent dislocations’ movement under
the high temperature, thus resulting in the increase of the high temperature strength
and reduce the contact area during sliding. The increase of strength also increases the
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resistance of the composites to the formation of furrows, thus resulting in the
reduction of both the groove depth and the roughness of the surface (Figure 9b2).
Furthermore, the remaining elemental copper and GONs existed at the interfaces
between the matrix grains enhance the heat conduction due to their high heat
conductivities. This can lower the increase rate of the temperature caused by sliding,
slow down the oxidation rate, and reduce the oxide wear debris.

However, with the further increase of the content of copper, the density of the
Ti>Cu precipitates increases, thus resulting in the increase of the crack initiation
probability at the interfaces between the Ti>Cu particles and the matrix due to stress
localization at these interfaces under sliding wear. Therefore, excessive amount of
Ti>Cu precipitates in the Ti matrix composites have caused a deleterious effect on the
wear resistance of the composites.

Besides, the pulling-out of the GONs from the interfaces between the matrix
grains separates locally the SizN4 ball and the composites, preventing the direct
contact and acting as a lubricant (Figure 9b2). Furthermore, since the TiC forms in
situ at the interface between the TC4 matrix and the GONSs, the TiC and the remaining
GONs s are fused into a brittle structure, which is denoted as TiIC@GONs here. During
sliding, the brittle TIC@GONSs are crushed and the TiC and GONs are separated from
each other, thus reducing the local penetration depth of the abrasive asperities when in
contact, finally lowering the wear rate [41]. Hence, the improvement of the
tribological properties of GONs-xCu/TC4 composites is mainly due to the
strengthening by the nanoscale precipitates (i.e. TioCu and TiC), the fragileness of the
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1  brittle TiIC@GONS structure, and the enhanced heat conduction resulted from the high

2 heat conductivity of the preserved elemental copper and GONS.
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Point 3

Figure 8. SEM images showing the sintered composites surface after friction test and
the EDS analysis results on the worn surfaces. (a) TC4, (b) GONs/TC4, (c)
GONs-Cu/TC4, (d) GONs-3Cu/TC4, (e) GONs-5Cu/TC4 and (f) GONs-10Cu/TC4,
(g) corresponding to EDS analysis on point 1, 2, 3, 4 and 5 in Figure (ai1), (c1), (d1),

(e1), and (f1), respectively.
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Table 4. Chemical compositions (in at. %) of different positions on the worn surface

in Figure 8.
Position Ti Al A\ (0) Si C Cu
Point 1 61.09 5.32 3.38 30.21 0 0 0
Point 2 61.54 5.22 3.02 26.92 0.85 1.54 091
Point 3 58.13 5.68 1.78 20.33 1.07 12.77 0.24
Point 4 4.36 1.67 0.41 6.46 0.56 85.75 0.89
Point 5 34.26 4.17 1.04 41.21 2.07 13.58 3.67
(a)

%:z% )

SPS
a,)
Slldlng Friction pair Si;N,
Weal‘ Furrows Delaminated GONs
AF
(ay) 2 \

- Fracture or stripped TiC
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Figure 9. Schematic diagram and mechanism of tribological behavior of Ti matrix
composites co-strengthen with GONs and Cu in this work. *MPT=Modification

powders technology

4 Conclusions

In this study, powder metallurgy and SPS technology have been applied to
improve the microstructure and tribological properties of TC4 matrix composites with
the reinforcement of 0.3 wt% GONs and Cu. The unreacted GONSs, in-situ formed TiC
particles or layers and Ti>Cu nanoscale precipitates were generated in the Ti matrix
composites, leading to excellent hardness and tribological properties. The peak
hardness (411 HV) appears at the composites with 5 wt.% copper, and it is ~25%
higher than the hardness of the TC4 alloy (330 HV). The change of the coefficients of
friction and the wear volume loss with the content of copper show similar trends, i.e.,
decreasing when the content of copper is less than 3wt.% but increasing when the
concentration is larger 3 wt.%. The GONs-xCu/TC4 composites show the lowest
coefficients of friction (0.12) and the wear volume loss (0.155 mm?) among the alloys
and composites studied in the present work. The improvement of the tribological
properties is due to the strengthening by the nanoscale precipitates (Ti2Cu and TiC)
formed at high temperatures, self-lubricating effect introduced by the pulled out
GONs from the composites, the fragileness of the brittle TIC@GONSs structure, and
the enhanced heat conduction resulted from the high heat conductivity of the
preserved elemental copper and graphene oxides.
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