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Abstract: The 0.1-0.7 wt.% graphene oxide (GO)-reinforced Ti-matrix composites (TMCs) were
prepared by the hot-pressed sintering method. The effects of GO content on the mechanical properties
of TMCs were investigated. The microstructure of TMCs was analyzed. The results show that the
microstructure of Ti and TMCs is equiaxed «. The average grain size of TMCs decreases with GO
increasing. GO can react with Ti to form TiC at high temperatures. Meanwhile, GO is also presented
in the matrix. The hardness of TMCs is higher than that of pure Ti. The maximum hardness is 320 HV,
which is 43% higher than that of pure Ti. The yield strength of Ti-0.5 wt.% GO sintered at 1373 K
is 1324 MPa, 77% more than pure Ti. The strengthening mechanism of TMCs is the fine-grained
strengthening and the reinforcement that bear the stress from the matrix. The friction coefficient of
Ti-0.3 wt.% GO sintered at 1373 K comes up to 0.50, which is reduced by 0.2 compared with pure Ti.
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defense, automotive, etc. [1-5]. In the past, a large amount of research has been carried
out to improve the properties of Ti alloys by adding reinforcing phases, such as graphite,
carbon nanotubes, TiC and TiB, etc. [6-10].

Compared with the common materials, graphene has excellent mechanical properties,
thermal and electrical conductivity [11-14]. As a reinforcing phase, graphene was widely
Academic Editor: Anton Ficai used to improve the properties of metal-matrix composites [15-19]. Shin et al. [20] reported
that few-layer graphene-reinforced Al-matrix composites by powder metallurgic method.
The compressive strength of Al-matrix composites with 0.7 vol.% graphene was twice that
of pure Al. Chen et al. [21] Added different graphene contents into the Cu matrix, the
results showed that the yield strength of Cu-matrix composites with 0.6 vol.% graphene
was about twice as pure Cu, and the friction coefficient of the composite was about 0.25,
which was about 40% of that of pure Cu. There are hydroxyl, carboxyl and oxidizing
functional groups on the surface of graphene oxide (GO), which can improve the dispersion
of GO in the matrix [22]. Shuai et al. [23] prepared GO-reinforced magnesium alloy by laser
melting method, and the research results showed that the compression yield strength of
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the magnesium alloy with 1wt.% graphene was increased by 30%. Mu et al. [24] prepared
graphene nanosheets discontinuous reinforced Ti-matrix composites (TMCs) by powder
metallurgy. The test results showed that the ultimate strength of TMCs containing 0.1 wt.%
This article is an open access article ~ gfaphene nanoplates (GNPS) was 54.2% higher than that of the Ti matrix. Cao et al. [25]
distributed under the terms and  SynNthesized GNPs-reinforced TMCs with 1.2 vol.% GNPs. Compared with the monolithic
conditions of the Creative Commons  titanium alloy, the composite with 1.2 vol.% GNPs exhibits significantly improved elastic
Attribution (CC BY) license (https:// ~ modulus and strength. The sliding wear test shows that the wear volume loss of composite
creativecommons.org/ licenses /by / with 1.2 vol.% GNPs decreased by 18% than pure Ti. Dong et al. [26] fabricated oxide
40/). nanosheets (GONs)-reinforced TMCs composites. It was revealed that yield strength and
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ultimate tensile strength of TMCs with the 0.6 wt.% GONs were increased by 7.44% and
9.65% as compared to those of pure Ti. Cao et al. [27] reported the tensile strength at room
temperature after R&A can reach 1206 MPa for 0.3 wt.% GNP-reinforced TMCs, which
increased by 46% compared with pure Ti.

These reported TMCs demonstrated that the interface between graphene and Ti matrix
owns effective load-transfer ability due to the strong Ti-C ionic bond and TiC reaction
products effect to enhance mechanical properties. However, graphene is not easy to be
uniformly dispersed in matrix attributed to graphemic nano-characters and strong Vander
Waals forces between graphene, limiting the improvement of mechanical properties. In
this paper, powder metallurgy (PM) is a favorable method in MMCs due to its low cost,
flexibility, and ease of control. Irregular Ti powder has a much higher apparent volume
than spherical powders, which is beneficial for the uniform distribution of GO. GO at a low
content level usually exhibit excellent strengthening effect in TMCs, which can be attributed
to its various oxygen functional groups (hydroxyl, carboxyl acid, and epoxy) on the surface
and sheet edges, improving dispersibility in solvents. The interface wettability between
in-situ TiC and titanium matrix is excellent, which can significantly improve the interface
bonding and matching, and improve the interface strength. In this work, GO-reinforced
TMCs were prepared and microstructures were observed. In addition, the mechanical
properties and strengthening mechanisms of GO-reinforced TMCs are discussed.

2. Experimental Procedure

The particle size of pure Ti powder is about 150 um. The dispersion of GO was mixed
with pure Ti by ultrasonic stirring method and then GO-reinforced TMCs were sintered
in a vacuum hot-pressed sintering furnace. The mass percentages of GO are 0.1 wt.%,
0.3 wt.%, 0.5 wt.% and 0.7 wt.% respectively. The sample was sintered for 1 h (1273 K,
1373 K, pressure of 30 MPa, vacuum of 1 x 1073 Pa) in a vacuum hot-pressed sintering
furnace. The details of TMCs reinforced with 0-0.7 wt.% GO are shown in Table 1.

Table 1. Materials of different GO content at different sintering temperatures.

Materials GO Content (wt.%) Sintering Temperature (K)

Til 0 1273
TMC1 0.1 1273
™C2 0.3 1273
T™MC3 0.5 1273
TMC4 0.7 1273

Ti2 0 1373
TMC5 0.1 1373
TMC6 0.3 1373
™C?7 0.5 1373
TMCS8 0.7 1373

The microstructure was analyzed by optical microscope (OM, Olympus-BX53, Olym-
pus, Tokyo, Japan) and scanning electron microscope (SEM, NOVA, NanoSEM 230, FEI,
Hillsboro, OR, USA). The phase analysis of the sample was carried out by X-ray diffraction
(XRD, D-max 2550 V, Japan Science Corporation, Tokyo, Japan) with a Cu-K« radiation
source (5-100°, 5° /min). The accelerating voltage and tube current are 30 KV and 25 mA.
The average grain size was measured by the average interception method. The hardness of
the sample was measured by hardness tester (MH-VK, Shanghai Taiming Optical Instru-
ment Co., Ltd., Shanghai, China) at 200 N for 15 s. Nine different points were taken for each
sample to be averaged. Room compression test was conducted on Zwick-72020 (Zwick,
Ulm, Germany). The compression rate is 0.6 mm /min. The size of compression samples is
@4 mm x 6 mm. A tribological test was conducted on a friction and wear testing machine
(HT-1000, Zhongke Kaihua Technology Development Co., Ltd., Lanzhou, China). The
method of dry friction of the ball plate was adopted. GCr15 ball with a diameter of 6 mm
was used as friction pair. The sliding time was 1200 s under a regular load of 3 N. Friction



Coatings 2022, 12,120

30f12

and wear experiments were repeated three times to take the average value. The wear width,
depth and volume were measured by surface profiler (MT-500, producerZhongke Kaihua
Technology Development Co., Ltd., Lanzhou, China).

3. Result Discussion
3.1. Phase Analysis

Figure 1 shows the XRD pattern of TMCs. Figure 1a,b show samples sintered at 1273 K
and 1373 K. The peak of «-Ti is detected by XRD. The C peak is at 26.5° (002). Figure 1c is
the locally enlarged view of 25-28° in Figure 1b. The peak of TiC appeared at 41.08 (200).
Figure 1d is the locally enlarged view of 40.4—42° in Figure 1b. The peak of TiO is at 29.4°
(101) and 30.8° (103). It is evident that the intensity of TiC increases with the increase of
the GO content. The result indicates that GO reacts with Ti at high temperatures. The
Gibbs free energy of TiC from the reaction of GO with Ti can be calculated by the following
formula [28].

Ti + C=TiC €))
AG = —184571.8 + 41.382t — 5.042 TInt + 2.425 x 10 — 3T2 — 9.79 x 105/T @)
(T < 1939 K).
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Figure 1. X-ray diffraction of Ti and TMCs sintered at: (a) 1273 K; (b) 1373 K; (c) 25-28° in (b); (d)
40.4-42.0° in (b).

The calculated Gibbs free energy of TMCs sintered at 1273 K and 1373 K are about
—157.75 kJ /mol and —174 k] /mol. It shows that the hard second phase TiC can be formed
spontaneously via a reaction between GO and Ti during hot-pressed sintering.



Coatings 2022, 12,120

40f12

3.2. Microstructure

The SEM micrographs of TMCs are outlined in Figure 2. The grain boundary is
relatively apparent. The microstructure of Ti and TMCs is equiaxed «. There are no well-
defined pores in the material. With the increase of GO content, the GO aggregation can
be displayed in Figure 2e,i,j. With the increase of sintering temperature, Ti atoms in the
composites can migrate effectively, thus achieving better densification. The average grain
size of TMCs decreases with GO increasing. The average grain sizes of Ti and TMCs are
listed in Table 2. The average grain size of TMCS8 is about 38.3 pm, which decreases by
52% compared with that of Ti2. In the process of grain growth, GO and TiC can hinder the
movement of the grain boundary, and the grain growth is restricted. So, the grain size of
TMCS is smaller than pure Ti.

Figure 2. The SEM diagram of TMCs. (a) Til; (b) TMC1; (c) TMC2; (d) TMC3; (e) TMC4; (f) Ti2;
(g) TMCS5; (h) TMC6; (i) TMC7; (j) TMCS.
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Table 2. Average grain Size of Ti and TMCs.

Materials Average Grain Size (um) Materials Average Grain Size (um)
Til 785 £+ 04 Ti2 80.3 + 0.6
TMC1 70.6 + 0.8 TMC5 765 + 0.8
T™C2 572 £ 0.7 TMC6 634 + 0.7
TMC3 435 £ 0.9 TMC?7 50.6 £ 0.8
TMC4 36.7 £ 0.6 TMCS8 383 £ 05

The EDS of TMC8 is shown in Figure 3. Location 1 is the enrichment area of O and C,
and location 2 is the enrichment area of C. Ti is less at 1 and 2 locations. Figure 4 is the EDS
of TMCS, which contains both strip-like second phase and granular matter. Figure 4a is the
line scanning of striped second phase matter. The content of C and O is higher than that in
other areas, and the content of Ti is lower than that in other areas. According to the XRD
analysis results, it is inferred that it was undamaged flake-like GO. The result is consistent
with Dong’s work [29]. Figure 4b is the analysis results of granular matter. The C appears,
and the content of Ti is reduced compared with other areas. Combined with the analysis of
XRD results, it is judged that this is TiC generated by the reaction of GO and Ti. Similar
results have been reported [30,31].

Figure 3. EDS of TMCS. (a) Surface scanning of TMCS; (b) Ti distribution in (a); (c) O distribution in
(a); (d) C distribution in (a).
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Figure 4. EDS of TMCS. (a) Line scanning surface of striped second-phase matter; (b) line scanning
surface of granular matter.

3.3. Properties Analysis
3.3.1. Hardness

The hardness of Ti and TMCs is shown in Figure 5 and Table 3. The hardness of
the TMCs becomes higher and higher with the increase of GO content. The hardness of
TMC4 and TMCS are 300 HV and 320 HV, which is separately increased by 42% and 43%
compared with that of pure Ti. As is mentioned above, GO reacts with pure Ti to form
TiC at high temperature. The hard second phase TiC can resist local plastic deformation
of TMCs and improve the hardness of TMCs. The higher the temperature, the greater the
activation energy and the more TiC, which raises the hardness of TMCs sintered at 1373 K.

Table 3. Hardness of Ti and TMCs.

Materials Hardness/HV Materials Hardness/HV
Til 210 + 3 Ti2 223 £ 5
TMC1 239 £ 6 T™MC5 241 £ 6
™C2 245 + 4 TMC6 250 + 4
TMC3 268 + 2 T™C7 280 £ 3

TMC4 300 £ 5 TMCS8 320 + 4
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Figure 5. Hardness of Ti and TMCs.

3.3.2. Compression Properties

Figure 6a,b show the compressive stress—strain curves of Ti and TMCs sintered at
1273 K and 1373 K. The detail data are listed in Table 4. The yield strength of TMC4 is
1024 MPa, which is increased by 42% compared with that of Til. The yield strength of
TMC?7 is 1324 MPa, which is increased by 77% compared with that of Ti2. The yield strength
detail of Ti and TMCs is listed in Table 3. The yield strength increases with the increase of
GO content sintered at 1273 K. But, the yield strength of TMCS is lower than TMC?7. This is
due to the agglomeration of GO. Similar results have been reported by Liu [32].

f=— TMC3
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Figure 6. Stress—strain curve of Ti and TMCs sintered at (a) 1273 K and (b) 1373 K.
Table 4. Compressive properties of Ti and TMCs.
Materials Yield Strength/MPa Materials Yield Strength/MPa
Til 721 +3 Ti2 748 + 5
TMC1 859 +5 TMC5 1025 + 7
T™C2 906 + 6 TMC6 1135+ 8
TMC3 977 + 4 TMC?7 1324 + 6
T™MC4 1024 + 7 TMCS8 1146 +£9
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Figure 7 shows the OM diagram near the compression fracture of TMC7. Elongated
«-Ti grains and fractured reinforcement are observed in Figure 7. It can be inferred that
the reinforcement bears the load during the compression process, thereby improving the
strength of the TMCs.

Figure 7. OM diagram near the compression fracture of TMC?7.

There are two reasons for strengthening TMCs.

1. The reinforcement GO and TiC bear part of the load during the deformation process.
The shear hysteresis model is usually used to evaluate the strength of TMCs. The
yield strength (o) can be expressed as [20,33]

1
oc = 0: V(1 — 2—‘71) + om(1—Vy) (3)
Om is the yield strength of Ti matrix, o; is the fracture strength of reinforcement, V,
is the volume fraction of reinforcement, | is the length of reinforcement, and I is the
critical length of the reinforcement.

Al
le= or— 4
c= Or ™S 4)
Tm is the shear strength of Ti matrix. A is the cross-sectional areas of reinforcement, S
is Ti-reinforcement interfacial areas. A =wt, S=(w + t) I, w and t is the width and
thickness of reinforcement.
2. The change of yield stress can be calculated using the Hall-Petch formula [22]:

oy= 0g + kD03 (5)

where oy is the yield stress; oy is the friction force to be overcome by dislocation
motion; k is the constant related to the material, k = 0.68 MPa-m®5; D is the grain size.
The grains of TMCs are smaller than that of pure Ti. The yield stress increases with
the average grain sizes decreasing. The yield stress of TMCs are bigger than that of Ti.

3.3.3. Tribological Properties

The Friction coefficient of Ti and TMCs under dry conditions is shown in Figure 8 and
listed in Table 4. Figure 8a shows friction coefficients of Ti and TMCs sintered at 1273 K.
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There is a pre-grinding period at the beginning of friction, and the friction coefficient is
rising sharply. The friction coefficient is stable in the period of 300-900 s. Such as Table 4,
in Table 5, average friction coefficient of Til, TMC1, TMC2, TMC3 and TMC#4 are 0.82, 0.70,
0.64, 0.55 and 0.67, respectively. Compared with Til, the friction coefficient of the TMCs is
reduced. It indicates that GO may play a lubrication role. The friction coefficient of TMCs
sintered at 1373 K is shown in Figure 8b. During 300-900 s, average friction coefficients of
Ti2, TMC5, TMC6, TMC7 and TMCS8 are 0.70, 0.68, 0.50, 0.72 and 0.64 respectively. With
the increase of GO content, the friction coefficient decreases to some extent, but when the
GO content is 0.5 wt.% and 0.7 wt.%, the friction coefficient increases. The reaction degree
between GO and Ti is stronger with the increase of sintering temperature, and the retention
of the GO structure is less, so the friction property decreases.

(b) .
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Figure 8. Friction coefficients of Ti and TMCs sintered at (a) 1273 K and (b) 1373 K.

Table 5. Friction coefficient of Ti and TMCs.

Materials Friction Coefficient Materials Friction Coefficient
Til 0.82 + 0.003 Ti2 0.70 £ 0.002
TMC1 0.70 £ 0.005 TMC5 0.68 4+ 0.004
TMC2 0.64 + 0.004 TMC6 0.50 4+ 0.003
TMC3 0.55 + 0.006 TMC?7 0.72 £+ 0.007
TMC4 0.67 £ 0.003 TMCS8 0.64 4+ 0.005

Figure 9 shows the three-dimensional wear trace morphology and wear volume of
TMCs under sliding dry friction. Compared with pure Ti, the wear degree of the TMCs is
slower, and the wear resistance is consistent with the friction coefficient.

Figure 10 shows the friction surface morphology of TMC6. As is shown in Figure 10a,
Obvious friction marks can be observed. Under the action of stress, granular debris is
crushed and flattened, and then apparent abrasive wear marks are formed in Figure 10b.
Figure 10d is an EDS analysis of the wear marks of the TMC6 in Figure 10c. It shows
that there is C of GO is squeezed to the surface due to the friction force. Then, a film
with lubrication is formed on the contact surface between the friction pair and the matrix,
thus reducing the wear of the friction pair to the matrix. And, there are Fe elements only
in friction pairs. Results show that material transfer of friction pair and surface element
oxidation occurs in the friction and wear process. The wear mechanism is adhesive wear
and oxidation wear.
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marks of Ti and TMCs sintered at 1373 K. (d) Wear volume of TMCs sintered at 1373 K.
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Figure 10. Frictional surface morphology of TMC6. (a) Surface wear mark of TMC6; (b) abrasive
wear of TMC6; (c) a Abrasive particle of TMC6; (d) EDS of TMC6 in (c).
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4. Conclusions

0.1-0.7 wt.% of GO /Ti composites were prepared by hot-pressed sintering at 1273 K
and 1373 K. The results demonstrated that this method is simple and highly efficient to
fabricate GO/Ti composites with remarkably high mechanical properties, which will meet
the industrial development of lightweight, high-strength materials. The results of the
current investigation are as follows:

1.  The microstructure of Ti and TMCs is equiaxed «. The average grain size of TMCs
decreases with GO increasing. GO and TiC exists in TMCs simultaneously.

2. The hardness of TMCs is higher than that of pure Ti. The hardness of TMCs with
0.7 wt.% GO sintered at 1373 K is the biggest, 320 HV, which is 43% higher than that
of pure Ti. The yield strength of 0.5 wt.% GO sintered at 1373 K is 1324 MPa, 77%
more than pure Ti. The strengthening mechanism is that reinforcement bears the load
from matrix and fine-grain strengthening.

3. Compared with pure Ti under the same condition, the friction coefficient of TMCs
decreases. The friction coefficient of TMCs containing 0.5 wt.% GO sintered at 1273 K
and 0.3 wt.% GO sintered at 1373 K is 0.55 and 0.5, which are 0.27 and 0.2 lower
than that of pure Ti. The wear mechanism is abrasive wear, adhesive wear and
oxidation wear.
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