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Abstract: 17 

Types and sizes of nanoparticles as the secondary phases of metal matrix 18 

composites (MMCs) significantly affect their microstructures and mechanical 19 

properties. In literature, graphene nanoplates (GNPs) have been introduced into Ti 20 

matrix composites (TiMCs) but it is still a contradictory issue on how to 21 
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simultaneously increase both the strength and toughness of the TiMCs using these 1 

graphene nanosheets. In the present work, graphene oxide nanosheets (GONs) were 2 

chosen as the reinforcement agent to prepare GONs/Ti matrix composites through a 3 

combined process of powder metallurgy and spark plasma sintering (SPS). 4 

Microstructures and mechanical properties of the TiMCs were investigated at both 5 

room temperature and high temperatures in order to evaluate strengthening and 6 

toughening effects of the GONs. It was revealed that 0.2% yield strength and ultimate 7 

tensile strength of the Ti-0.6wt% GONs composite were increased by 7.44% and 8 

9.65% as compared to those of pure Ti, though their elongation was slightly decreased 9 

to 22.9 %, compared with 31.3% of the pure Ti. All the synthesized samples exhibited 10 

typical characteristics of ductile fracture with dimple patterns and pulling-out of the 11 

GONs. The Ti-0.6wt% GONs composite demonstrated an enhancement of 31.66% in 12 

the 0.2% yield compressive strength measured at a temperature of 700 oC. Based on 13 

both theoretical analysis and experimental verification, the strengthening and 14 

toughening mechanisms of the nanocomposites were attributed to the synergistic 15 

effects of in-situ TiCx dispersion strengthening from the GONs and effective load 16 

transfer capability due to the well-formed interfacial structures.  17 

 18 

Keywords: Ti matrix composites, Graphene oxides nanosheets, Mechanical 19 

properties, Strengthening mechanism 20 

 21 

1. Introduction  22 
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Since the first report of graphene (also including graphene nanoplates, GNPs) by 1 

Geim and Novoselov in 2004 [1], it has been regarded as the next generation 2 

reinforcement material owing to its excellent mechanical [2], electrical [3], and 3 

physical-chemical properties [4]. Many researchers have introduced the GNPs and 4 

their derivatives into the matrix of metal, ceramics and polymer, and achieved 5 

remarkable improvements of their mechanical properties and generation of 6 

multi-functionalities [5-12]. For example, Chen et al. [13] reported that 1.2 vol.% 7 

graphene/Mg matrix composites exhibited a 78% increase in micro-hardness values 8 

compared with that of pure Mg. Dong et al. [14] found that the hardness has been 9 

enhanced by up to 121% with only 1.0 wt% graphene being added into the WCu alloy, 10 

and simultaneously the electrical conductivity of graphene/WCu composites was 11 

significantly increased after 0.5 wt% of graphene was added. Nazeer et al. [15] 12 

showed that reduced graphene oxide (rGO) and copper composites achieved a 13 

remarkable enhancement of thermal conductivity (348 W/m·K) and hardness (71.2 14 

HV, which is 61% higher than that of pure Cu). Recently, Chu et al havesignificantly 15 

enhanced thermal conductivity (525W/m·K) of graphene/copper composites with 16 

highly aligned graphene network, which was 50% higher than that of Cu matrix and 17 

among the highest values ever reported for the graphene/metal composites [16-17]. 18 

Owing to their combined good toughness and remarkable mechanical properties, 19 

Ti matrix composites have been attracting extensive attention, especially for 20 

aerospace and automobile industries [18-21]. Currently the main focus of this research 21 

field is the reduction of fabrication cost or development of novel technologies to 22 
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further enhancement their overall properties. In the past a few years, many nano- or 1 

micro-particles have been employed to strengthen the Ti matrix composites using 2 

various methods [22-26]. For example, Huang et al. [27] fabricated 5 vol.% 3 

TiBw/Ti-6Al-4V matrix composite using a hot pressing reaction sintering process and 4 

achieved an ultimate tensile strength (UTS) of 1090 MPa and a poor fracture 5 

elongation of 3.6%. Carbon nanotube/titanium (CNT/Ti) composites with a high 6 

tensile strength of 872±5 MPa and a elongation of ~0.6% were fabricated using a 7 

high pressure torsion in Ref. [28]. However, so far it is still a contradictory issue on 8 

how to simultaneously increase both the strength and toughness of Ti matrix 9 

composites. 10 

To solve the above-mentioned issue, this work aims at the introduction of 11 

graphene oxides nanosheets (GONs) into the pure Ti matrix and sintering of 12 

nanocomposites using a ambient temperature hydrothermal synthesis method, 13 

followed by spark plasma sintering (SPS) process. The GONs were selected as the 14 

resource of graphene material owing to their good dispersability in the aqueous 15 

suspension and easy absorption onto the surfaces and interfaces of Ti matrix [29]. The 16 

optimum contents of the GONs were determined using results of Vickers hardness, 17 

tensile tests and microstructural characterization of the Ti matrix composites. The 18 

interfacial structure of the composites was characterized and the corresponding 19 

strengthening mechanisms of GONs reinforced Ti matrix were discussed based on 20 

both the experimental results and theoretical analysis.  21 

2. Experimental procedure 22 
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2.1 Fabrication of GONs /Ti matrix composites 1 

Commercial Ti powders with an average diameter of ~150 µm and a purity of 2 

~99.9% and graphene oxide nanosheets (GONs) were used as source materials. 3 

Characterization using atomic force microscope (AFM) (see Fig. 1) shows that the 4 

average thickness of the GONs in this work is about 10 nm. 5 

The detailed process of GONs/Ti matrix composites has been previously 6 

presented in our work [30]. In this study, the GONs with amounts of 0, 0.3, 0.6 and 7 

0.9 wt% were added into pure Ti matrix composites using the reported ambient 8 

temperature hydrothermal synthesis method [30]. The GONs-Ti mixed powders were 9 

sintered using SPS at a sintering temperature of ~1100 oC (±10 oC) for 5 min under a 10 

pressure of 45 MPa in a vacuum atmosphere. 11 

 12 

Fig. 1 (a) 3D atom force microscopy (AFM) image of surface morphology; (b) 13 

top-view AFM image of as-received GO; and (c) corresponding cross-section height 14 

analysis.  15 

 16 

2.2 Characterization of microstructure and mechanical properties  17 

Microstructural evolution and the sintering behavior of the GONs/Ti matrix 18 

composites were investigated using a scanning electron microscope (SEM, Zeiss 19 

GeminiSEM) and a transmission electron microscope (TEM, JEOL JEM-2100Plus), 20 

respectively. For the TEM sample preparation, about 0.2 mm thick GONs/Ti matrix 21 

composites flake was obtained using wire-cutting machine, and then mechanically 22 
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ground into a thickness of 30~50 µm used metallographic sand paper. Thinning of the 1 

sample was carried out using a Gatan PIPS 691 ion milling system and argon ion gun 2 

was used in the ion etching process with the accelerating voltage in the range of 2.5–5 3 

keV and an incident angle of in the range of4 to 10o. 4 

Surface morphologies and size of GONs was obtained using an AFM (FastScan, 5 

Bruker, Karlsruhe, Germany) in a tapping mode. The GONs in the composites were 6 

characterized using Raman spectroscopy (Micro Raman LabRAM VIS-633) with a 7 

He-Ne laser beam (532 nm) over the range of 1000~3000 cm-1. X-ray diffraction 8 

(XRD, XRD-7000) with Cu-Kα radiation source was used to investigate the 9 

crystalline phases of samples. 10 

Vickers hardness of samples was measured using a Vickers hardness tester 11 

(MVS-1000IMT2) by applying a normal force of 200 g for a fixed duration of 10 s. 12 

Each sample was measured at least 5 indentations in order to obtain an average value.  13 

The tensile tests were carried out at room temperature using an Instron 8871 14 

universal testing machine with a strain rate of 1×10−3 s−1. The high temperature 15 

compression test was performed at 700 oC using an GLEEBLE3500 testing machine. 16 

At least three samples were performed to acquire average tensile and compressive 17 

properties. The tensile fracture surface morphologies and compositions were 18 

characterized using the SEM equipped with an energy dispersive X-ray spectroscope 19 

(EDS). 20 

 21 

3. Results analysis and discussions  22 
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Fig. 2 shows the SEM images of GONs/Ti matrix composites after SPS process. 1 

There are no obvious GONs nanosheets noticed in the composites. Some micro-holes 2 

(denoted by green arrows in Fig. 2) were observed after the GONs were used, which 3 

is mainly because the thermal expansion coefficients of carbides and Ti matrix or 4 

GONs (as the second phases) are mismatched [31]. The only evidence of the existence 5 

of GONs visible from the SEM observations is those cracked holes on the surfaces of 6 

the samples in Fig. 2(d), which can also be verified using the EDS mapping results 7 

shown in Fig. 2(e). A whole piece of GONs can be observed from the fracture 8 

morphology analysis. It is noticed that the TiCx particles (as indicated using red 9 

triangle arrows and confirmed by EDS result in Fig. 2(e)) are randomly distributed on 10 

the surface of the composites when the GONs content is low, as shown in Figs. 2(b) 11 

and 1(c). However, when the 0.9 wt% GONs was added into the Ti matrix composites, 12 

the randomly distributed TiCx particles are observed to link together to form a 13 

network, which are in-situ formed at interfaces of the Ti boundary grains, as observed 14 

in Fig. 2(d). 15 

 16 

Fig. 2 SEM images of Ti matrix composites reinforced with different GONs (a) 0 17 

wt%, (b) 0.3 wt%, (c) 0.6 wt% and (d) 0.9 wt%, (f) EDS element analysis of the 18 

dark color phase marked in (d), respectively. 19 

 20 

Based on the XRD results of SPS processed Ti matrix composites with different 21 

GONs contents, the obvious Ti characteristic peaks were detected as shown in Fig. 22 
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3(a), but there are no obvious peaks of GONs or rGONs. The main reason may be 1 

attributed to the small amount of GONs [32]. From Fig. 3(a), it is noticed that the 2 

diffraction peaks are broadened and the intensities are decreased when the GONs 3 

were introduced into Ti matrix, which should be attributed to the grain refinement 4 

caused by the GONs in metal matrix composites [33-34]. However, weak peak around 5 

at 2θ= ~35.2o (corresponding to (111) plane of TiCx) can be observed in Fig. 3(b), and 6 

their intensities are increased with an increase of the GONs content, revealing that the 7 

Ti reacted with carbon (i.e. GONs) to form TiCx phase during the SPS process.  8 

Raman spectroscopy analysis results of the composites are shown in Fig. 3(c). 9 

There are two obvious characteristic peaks of the GONs, i.e. D band (1350 cm-1, the 10 

defect band), G band (1591 cm-1), as observed in Fig. 3(c). However, an obvious 11 

peaks at 2692 cm-1 (2D band) for SPS sintered 0.6wt.% GONs/TiMCs was clearly 12 

detected, revealing that the GONs was reduced into graphene during the SPS [14]. 13 

Generally, the existence of 2D peak is often used to confirm the presence of graphene 14 

and determine the number of graphene layers. For a single layer of graphene, the 2D 15 

peak is quite narrow and relatively sharp, however it becomes broadened and displays 16 

peak-splitting with an increase in the number of graphene layers [35]. Based on these 17 

results, the multilayer GNPs exist in the SPS processed samples.  18 

The intensity ratio of the D band and G band is often used to evaluate the defects 19 

and quality of the carbon materials. However, in order to precisely estimate defect and 20 

structure of GONs in this work, we calculated the value of ID/IG using Gauss area 21 

numerical integration method and the results are shown in Fig. 3(c). We have found 22 
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that the ratios of ID/IG are changed (an increase of 52.1%) before (0.69) and after SPS 1 

(1.05) for the TiMCs, which means that there are significant damage of the GONs 2 

structure after the SPS process. A detailed observation can be seen in Figs. 4 to 6. 3 

Furthermore, the intensity of G peak becomes broadened after the SPS, which are 4 

attributed to the large compressive stress generated in the GNOs/TiMCs during SPS 5 

[36].  6 

Fig. 3(a) XRD pattern and (b) enlarged region at 2θ = 35.0~36.0o of SPS Ti 7 

matrix composites containing different GONs contents, (c) the Raman spectrum of 8 

GONs and SPS 0.6wt% GONs/Ti matrix composites. 9 

 10 

The hardness of the samples is increased from 181.3 HV (pure Ti) to 203.8 HV 11 

(for the sample with 0.3wt% GONs addition), which is ~ 12.4% enhancement owing 12 

to a small number of GONs addition, as listed in Table 1. The main reasons for this 13 

significant enhancement in the hardness are:  14 

(1) The GONs was partially reduced into reduced GONs during the SPS, and the Ti 15 

grains were refined by the nano- reduced GO sheets [37];  16 

(2) According to the mixture rule of composites, the addition of reduced GONs or 17 

graphene nanosheets with high hardness and strength results in the increase of 18 

hardness of composites; 19 

(3) A well-dispersed GONs/Ti interface was obtained owing to the formation of small 20 

number of TiCx.  21 

However, we have found that if the GONs addition was increased over 0.6 wt%, 22 
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there was a decrease of hardness from 212.9 HV to 211.4 HV. These results are in 1 

good agreements with those reported for the graphene reinforced with Al matrix 2 

composites [38-39]. In fact, an enhancement in hardness can result in an improvement 3 

in wear and scratch resistance of Ti matrix composites, which contributes for a wide 4 

range applications of Ti matrix composites materials in applications such as 5 

orthopedic implants. 6 

 7 

Table 1 Micro-hardness of GONs/Ti matrix composites sintered at 1100 oC. 8 

 9 

Fig. 4 present the TEM images of the 0.3 wt% GONs/Ti matrix composites. As 10 

shown in Fig. 4(a), the GONs with a length of 800 nm and width of 200 nm are 11 

observed on the surface of the Ti grains. The selected area diffraction pattern (SADP) 12 

in Fig. 4(b) show strong diffraction patterns from titanium matrix, which overshadows 13 

the weak diffraction from the contaminated GONs. We can also observe that the 14 

GONs show an amorphous structure according to the SADP. Chu et al. [14] reported 15 

that the transformation of the amorphous carbon from graphene and its derivate can 16 

enhance the interfacial bonding between the graphene and metal matrix through 17 

in-situ formation of the carbide nanolayers. However, there are no obvious TiCx 18 

particles or nanolayers observed in Fig. 4(a) owing to the lower contents of the GONs.  19 

 20 

Fig. 4(a) TEM image and (b) the selected area diffraction pattern (SADP) of 21 

0.3wt% GONs/Ti matrix composites. 22 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

 1 

In order to further investigate the influence of GONs on the microstructure and 2 

interfacial structure, the TEM images and EDS mapping results of 0.9 wt% GONs/Ti 3 

matrix composites were obtained and the results are displayed in Fig. 5. These images 4 

revealed that there are two types of second phase particles located at the grain 5 

boundaries of the Ti matrix, i.e. clubbed shape (Fig. 5(a)) and axiolitic shape (Fig. 6 

5(b)). Fig. 5(c) is the selected area electron diffraction (SEAD) pattern collected from 7 

the second phase particles, which can be identified as face-centered cubic (FCC) 8 

structure of TiC according to the crystallographic calibration.  9 

The standard free energy (△G) of TiC formation by reaction between carbon 10 

source and Ti can be written as [30]:  11 

△G=-184571.8+41.382T-5.042TlnT+2.425 ×10-3T2-9.79×105/T (T＜1939K)  (1) 12 

where △G (kJ/mol) is the free energy, T (K) is the reaction temperature. According to 13 

Eq. (1), the △G value of TiC formation at 1100 oC in this work is -157.75 kJ/mol, 14 

which is below zero. This suggested that in-situ reaction formation of TiCx is 15 

spontaneous, further explaining the microstructural analysis shown in Fig. 2.  16 

 17 

Fig. 5(a) and (b) TEM, EDS mapping and (c) Selected area diffraction pattern 18 

images of 0.9 wt% GONs/Ti matrix composites fabricated by SPS process. (a) and (b) 19 

show there are two types of TiCx particles embedded in the Ti matrix. 20 

 21 

Fig. 6 shows the detailed interfacial characteristics of 0.9 wt% GONs/Ti matrix 22 
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composites characterized using TEM. No obvious micro-cracks, impurities and 1 

porosities can be observed at the interfaces as shown in Fig. 6(a) and (b), revealing 2 

that a good interfacial bonding was formed. Fast Fourier transform (FFT) and inverse 3 

Fast Fourier transform (IFFT) were then used to investigate the selected regions near 4 

or at the interface of the GONs-Ti, and the corresponding results are presented in Figs. 5 

6(c) and 6(d). For region A in Fig. 6(c), the FFT shows an amorphous ring, which 6 

correspond to the characteristic (002) diffraction spots of C (i.e. GONs). According to 7 

the noise-filtered IFFT image, the lattice inter-planar spacing was measured to be 8 

about 0.3515 nm, which means that it is near the monolayer structure of the GO 9 

sheets [40]. This shows the GO has an amorphous structure in this work owing to the 10 

high pressure and high temperature used in the SPS [41]. As for region B in Fig. 6(d), 11 

(100) and (01-1) diffraction patterns with the lattice spacing of ~0.24 nm were 12 

observed, which are corresponding to the Ti5C8 interfacial layers (confirmed by PDF 13 

# 72-2496). This means the active carbon atoms from GONs react with Ti matrix. Fig. 14 

6(e) is the SAED image of the region C, identifying as Ti crystal along the [011] 15 

direction on the basis of a close-packed hexagonal unit cell. 16 

 17 

Fig. 6 Detailed analysis and characteristic of interface between Ti matrix and GONs (a) 18 

TEM image of GONs/Ti matrix composites, (b) enlarged view image of blue 19 

rectangle in (a), (c) and (d) FFT, IFFT and corresponding lattice spacing measurement 20 

recorded at the marked A, B regions in (b), respectively, (e) SAED of C region in (b). 21 

In order to analyze the effect of GONs addition on the mechanical properties of 22 
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the Ti matrix composites, room temperature tensile tests were carried out (Fig. 7(a)) 1 

and the results are shown in Figs. 7(b) and (c). The 0.2% yield strength (YS) and 2 

ultimate tensile strength (UTS) of the SPS processed 0.6wt.% GONs/Ti matrix 3 

composites in Fig. 7(b) are 433 MPa and 545 MPa, respectively. These values are 4 

superior to those of the pure Ti (YS=403 MPa, UTS=497 MPa), and are increased by 5 

about 7.44% and 9.65%, respectively. As shown in Fig. 7(b), the content of GONs 6 

shows insignificant enhancing effect on the UTS and YS of the composites when the 7 

GONs contents are over 0.6 wt.%. However, the introduction of GONs slightly 8 

deteriorates the ductility of the composites, as shown in Fig. 7(c), i.e. the elongation 9 

of the samples is decreased from 31.3% (pure Ti) to 20.1% when the 0.9 GONs wt.% 10 

was added.  11 

The enhancement of the mechanical properties, in particular the UTS of the Ti 12 

matrix composites can be attributed to the effects of grain size [42], solid solution of 13 

carbon [43-44] and TiCx second phase including the remained GONs. In fact, the 14 

in-situ formation of TiCx particles can retard the Ti grain growth and improve the 15 

strength of the materials by pinning and dispersion strengthening mechanisms during 16 

the process of tensile or compression. On the other hand, the physical properties of 17 

TiCx itself (high Young's modulus) would increase the hardness and strength of the Ti 18 

matrix composites. However, the elongation of GONs/Ti matrix composites are all 19 

lower than that of pure Ti, which are attributed to the existence of the formation sites 20 

of crack which can initiate between TiCx particles and Ti matrix during the tensile 21 

deformation. In this work, the reaction between the GONs and Ti matrix might not be 22 
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totally incompleted due to the short sintering time, thus resulting in the presence of 1 

the residual carbon and TiCx particles. As a result, the pores would form between the 2 

Ti grains by weak bonding owing to the different CTEs (i.e. coefficients of thermal 3 

expansion) between TiCx particles and Ti matrix, which decrease the ductility of the 4 

composites.  5 

 6 

Fig. 7 Room temperature engineering tensile-strain curves and (b) ~ (c) corresponding 7 

tensile properties of Ti matrix composites addition of different GONs. 8 

 9 

Fig. 8 shows the high temperature compressive properties of Ti matrix 10 

composites reinforced with GONs tested at 700 oC. Obviously, the addition of the 11 

GONs plays a significant role in influencing the compressive properties of samples as 12 

shown in Fig. 8(a). As seen from Fig. 8(b), the compressive strength increases firstly 13 

but then decreases. The Ti matrix composites show a maximum value of 0.2% yield 14 

compressive strength of 75.77±1.82 MPa when the GONs have a content of 0.6wt.%, 15 

which is about 31.66% enhancement as compared to that of the pure Ti with a value 16 

of 57.55±1.53 MPa. The presence of large mass fraction of GONs (over 0.6 wt%) in 17 

the Ti matrix results in the low compressive strength (Fig. 2(d)). This result is well 18 

agreed with those reported by Su et al [45]. 19 

 20 

Fig. 8 (a) True stress-strain curves and (b) corresponding compressive strength of 21 

GONs/Ti matrix composites compressed tested at 700 oC. 22 
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SEM fracture images of Ti matrix composites with different GONs contents are 1 

shown in Fig. 9. As can be seen from Fig. 9(a), the pure Ti materials exhibits ductile 2 

fracture characteristics with lots of dimples. It is interesting to see that all the samples 3 

show the typical dimple patterns, the characteristics of a ductile fracture. Compared 4 

Figs. 9(a) and 9(d), the GONs shows an apparent reinforcement in metal matrix 5 

composites. When the GONs is 0.9 wt%, cracks and holes can be found around the Ti 6 

grains on the fracture surface as shown in Fig. 9(d), owing to the large differences of 7 

CTEs between the GONs and Ti matrix [46]. This has thus resulted in the decrease of 8 

the elongation (CTETi=8.5× 10−6 K−1[47], CTETiCx= 6.5~7.0× 10−6 K−1 [48], 9 

CTEGONs= 0.9~1.2×10−6 K−1[49]). On the other hand, there are many shear bands and 10 

tearing ridges clearly observed in Fig. 9(d). It is worthwhile to note that curly GO 11 

nanosheets are still well-maintained as shown by the blue arrow in Fig. 9(d). As seen 12 

in Fig. 9(d), some of the GONs are pulled out from the composites. Residual GO 13 

nanosheets can enhance the effective load transfer during tensile test [50]. The 14 

fractured morphology analysis is in accordance with tensile properties results in Fig. 15 

7.  16 

 17 

Fig. 9 SEM tensile fractographs of GONs/Ti matrix composites at different 18 

magnification. (a) 0 wt%, (b) 0.3 wt%, (c) 0.6 wt% and (d) 0.9 wt%, respectively. 19 

 20 

The effect of GONs addition on the mechanical properties of Ti matrix 21 

composites could be considered as a synergistic effect of the grain refinement (Fig. S1) 22 
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and reinforcement of reduced GONs. According to Hall-Petch formula, the enhanced 1 

0.2% YS of metal matrix composites by grain refinement (
GRσ∆ ) can be written as 2 

follows [42]: 3 

0.5 0.5

m( )cGR
K D Dσ − −∆ = −

                           (2) 4 

where K is the Halle-Petch coefficient, and usually shows the average effect of the 5 

grain boundaries in the polycrystal, K=0.68 MPa·m1/2 [51], Dc and Dm are the average 6 

sizes of rGO/Ti and pure Ti, respectively. For 0.6 wt% GONs addition, 
GRσ∆  is 7 

calculated to be 20.5 MPa, which is much lower than that the observation in Fig. 7(b). 8 

On the other hand, some intact GONs are maintained after the SPS process. 9 

Especially, they are embedded around the grain boundaries of Ti particles. Based on 10 

the modified shear lag model [52-53], the 0.2% yield strength GONs∆  of GONs 11 

effect can be expressed as: 12 

( 4)

4
m GONsGONs V λσ ⋅ −

∆ =                         (3) 13 

where mσ  is the 0.2% YS of the Ti matrix (403 MPa in this work), 
GONsV  is the 14 

volume fraction of GONs, λ  is the aspect ratio of GONs (the diameter and thickness 15 

of GONs are 500 nm and 10 nm (Fig. 1), respectively, and λ  is estimated to be ~ 16 

50). 17 

Hence, the 
GONsV  can be expressed using Equations (4): 18 

(1 )

(1 ) (100 (1 ) )

GONs
GONs

GONs
GONs GONs

Ti

mV
m m

ω

ω ω
ρ
ρ

−
=

− + ⋅ − −

               (4) 19 

in which ω  is the volume fraction of GONs with Ti, the 
GONsm  is the mass fraction 20 
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of GONs addition in Ti matrix composites (here, 
GONsm =0.6), 

GONs
ρ  (2.2 g/cm3 [7]) 1 

and Ti
ρ

 (4.8g/cm3) are theoretical density of GONs and Ti, respectively.  2 

Combination of Eqs. (3) and (4), the GONs∆  can be estimated using Eq. (5): 3 

20150
100

1 0.458 ( 1)
(1 ) 0.3

GONs

ω

∆ =
+ ⋅ −

− ⋅

                      (5) 4 

In Eq. (5), 
100

1
(1 ) 0.3ω

−
− ⋅

>>0 for the 0 <ω <1, so the Eq. (5) can be rewritten 5 

as: 6 

20150
152.67

1
1

GONs

ω

∆ =
+

−

                                (6) 7 

Of course, some GONs are reacted with Ti matrix to formed TiCx during the SPS 8 

according to SEM results and our previous work [29]. The nano/submicron TiCx 9 

particles will play a key role in the significant strengthening. The Orowan 10 

strengthening of 0.2% YS by TiCx ( xTiC∆ ) can be calculated using the 11 

Orowan-Ashby model [54]: 12 

1
ln( )

2.36 2
x

MGb d
TiC

b dπ λ
∆ = ⋅ ⋅

−
                           (7) 13 

where M (=3.1) is the Taylor factor, G is the shear modulus (= ~45 GPa), b is the 14 

burgers vector (= 0.289 nm) and d is the equivalent diameter of TiCx (for axiolitic 15 

shape TiCx, d=1 µm estimated from Fig. 5(b)), λ  is the inter-planar spacing of TiCx 16 

(
6

TiCx

d
V

πλ = [55-56]). 17 

As mentioned in Eq. (4), 
TiCxV  can also be expressed as Eq. (8): 18 
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2.24

2.24 (100 2.24 )

GONs
TiCx

GONs
GONs GONs

TiCx

mV
m m

ω

ω ω
ρ
ρ

=

+ ⋅ −

                   (8) 1 

The density of TiCx is 4.9 g/cm3 [57]. As a result, the strengthening effect of TiCx 2 

can be evaluated using Eq. (9) 3 

40.563

196.8
7.16 1

xTiC

ω

∆ =
− −

                (9) 4 

Because 
196.8

7.16
ω

− >>
196.8

ω
 when 0<ω <1, the Eq. (9) can be simplified 5 

as Eq. (10): 6 

40.563

196.8
1

xTiC

ω

∆ =
−

                        (10) 7 

Combining Eqs. (6) and (10), the strengthening effects of GONs and TiCx in this 8 

work can be expressed using: 9 

20150 40.563
152.67 196.81 11

combine

ω ω

σ∆ = +
+ −−

                (11) 10 

Previous studies on identifying the contribution of carbon solid solution 11 

interstitial atoms in Ti matrices proved that solubility of carbon in α-Ti is only 0.05 12 

wt% [25]. Solid solution strengthening by carbon interstitial atoms contributes up to 7 13 

MPa per 0.1 wt% carbon. In addition of solid solution strengthening of TMCs by 14 

carbon atoms, Ti matrices have higher affinity towards oxygen (O2) and nitrogen (N) 15 

atoms during the powder metallurgy processing [54]. In these studies, it was proposed 16 

that solid solution strengthening by interstitial O and N atoms in TiMCs have a 17 

reinforcement effect as 769 MPa/ increased mass% and 1146 MPa/ increased mass%, 18 
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respectively.  1 

The theoretical strengthening effects of GONs, TiCx and their combined results 2 

in Ti matrix composites are shown in Fig. 10. If the GONs have not reacted with Ti 3 

matrix, the strengthening effect is only caused by the GONs, with a value of 131 MPa. 4 

However, if the GONs are reacted with Ti matrix completely, the strength calculated 5 

is about 512 MPa owing to the presence of TiCx. In fact, in this work, some of the 6 

GONs are reacted with Ti matrix owing to the advantage of SPS (i.e. short time, high 7 

temperature and high efficiency). Recently, we have successfully fabricated the large 8 

scale and homogeneous metallic nano-particles coated reduced graphene oxides or 9 

graphene nanoplates at room temperature [14, 58]. We believe that the interfacial 10 

structure of GONs/Ti matrix composites could be further optimized and thus could 11 

maximize the strengthening effect of graphene and its derivates. 12 

 13 

Fig. 10 The theoretical calculated strengthening effects of GONs, TiCx and their 14 

combined result versus the reaction fraction of GO with Ti during SPS. 15 

 16 

4. Conclusions 17 

In this work, the Ti matrix composites reinforced with different GONs contents 18 

were fabricated using the SPS process operated at the temperature of 1100 oC and a 19 

pressure of 45 MPa. The 0.6 wt.% GONs/Ti matrix composites achieved superior 20 

mechanical properties, including high hardness of 212.9 HV (~ 17.4% rise), 21 

outstanding 0.2% YS of 433 MPa (7.44% rise) and UTS of 545 MPa (9.65% rise), as 22 
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well as good elongation of 22.9%. Also, Ti-0.6wt% GONs composites demonstrated 1 

31.66% enhancement in the 0.2% yield compressive strength at 700 oC. Moreover, 2 

there are two types of in-situ formed TiCx second phase particles, i.e. clubbed shape 3 

and axiolitic shape, located at the Ti grain boundaries. At the same time, a small 4 

number of the TiCx nanolayers play a significant role in the good interfacial bonding 5 

of Ti-Ti grains. The theoretical calculations show that the strengthening mechanism 6 

are synergistic effects of in-situ TiCx dispersion strengthening, GONs, and interfacial 7 

transfer loading.  8 
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List of figure captions: 

Fig. 1 (a) 3D atom force microscopy (AFM) image of surface morphology; (b) 

top-view AFM image of as-received GO; and (c) corresponding cross-section height 

analysis.  

Fig. 2 SEM images of Ti matrix composites reinforced with different GONs (a) 0wt%, 

(b) 0.3wt%, (c) 0.6wt% and (d) 0.9wt%, (f) EDS element analysis of the dark color 

phase marked in (d), respectively. 

Fig. 3 (a) XRD pattern and (b) enlarged region at 2θ = 35.0~36.0o of SPSed Ti matrix 

composites containing with different GONs, (c) the Raman spectrum of GONs  and 

SPS GONs/Ti matrix composites. 

Fig. 4 (a) TEM image and (b) the selected area diffraction pattern (SADP) of 0.3wt% 

GONs/Ti matrix composites. 

Fig. 5 (a) and (b) TEM, EDS mapping and (c) Selected area diffraction pattern images 

of 0.9 wt% GONs/Ti matrix composites fabricated by SPS process. (a) and (b) show 

there are two types of TiCx particles embedded in the Ti matrix. 

Fig. 6 Detailed analysis and characteristic of interface between Ti matrix and GONs (a) 

TEM image of GONs/Ti matrix composites, (b) enlarged view image of blue 

rectangle in (a), (c) and (d) FFT, IFFT and corresponding lattice spacing measurement 

recorded at the marked A, B regions in (b), respectively, (e) SAED of C region in (b). 

Fig. 7 Room temperature engineering tensile-strain curves and (b) corresponding 

tensile properties of Ti matrix composites addition of different GONs. 

Fig. 8 (a) True stress-strain curves and (b) corresponding compressive strength of Ti 
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matrix composites compressed tested at 700 oC. 

Fig. 9 SEM tensile fractographs of GONs/Ti matrix composites at different 

magnification. (a) 0wt%, (b) 0.3wt%, (c) 0.6wt% and (d) 0.9wt%, respectively. 

Fig. 10 The theoretical calculated strengthening effects of GONs, TiCx and their 

combined result versus the reaction fraction of GONs with Ti during SPS.
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Fig. 1 (a) 3D atom force microscopy (AFM) image of surface morphology; (b) 

top-view AFM image of as-received GO; and (c) corresponding cross-section height 

analysis. 
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Fig. 2 SEM images of Ti matrix composites reinforced with different GONs (a) 

0wt%, (b) 0.3wt%, (c) 0.6wt% and (d) 0.9wt%, (f) EDS element analysis of the 

dark color phase marked in (d), respectively. 
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Fig. 3(a) XRD pattern and (b) enlarged region at 2θ = 35.0~36.0o of SPSed Ti 

matrix composites containing with different GONs, (c) the Raman spectrum of 

GONs and SPS 0.6wt% GONs/Ti matrix composites. 
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Fig. 4 (a) TEM images and (b) the selected area diffraction pattern (SADP) of 

0.3wt%GONs/Ti matrix composites. 
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Fig. 5 (a) and (b) TEM, EDS mapping and (c) Selected area diffraction 

pattern images of 0.9 wt% GONs/Ti matrix composites fabricated by SPS 

process. (a) and (b) show there are two types of TiCx particles embedded in the Ti 

matrix. 
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Fig. 6 Detailed analysis and characteristic of interface between Ti matrix and GONs (a) 

TEM image of GONs/Ti matrix composites, (b) enlarged view image of blue 

rectangle in (a), (c) and (d) FFT, IFFT and corresponding lattice spacing measurement 

recorded at the marked A, B regions in (b), respectively, (e) SAED of C region in (b).
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Fig. 7 Room temperature engineering tensile-strain curves and (b) ~ (c) corresponding 

tensile properties of Ti matrix composites addition of different GONs. 
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Fig. 8 (a) True stress-strain curves and (b) corresponding compressive strength of Ti 

matrix composites compressed tested at 700 oC.
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Fig. 9 SEM tensile fractographs of GONs/Ti matrix composites at different 

magnification. (a) 0wt%, (b) 0.3wt%, (c) 0.6wt% and (d) 0.9wt%, respectively.
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Fig. 10 The theoretical calculated strengthening effects of GONs, TiCx and their 

combined result versus the reaction fraction of GONs with Ti during SPS. 
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List of figure captions: 

 

Table 1 Micro-hardness of GONs/Ti matrix composites sintered at 1100 oC 

 

 

 

Table 1 Micro-hardness of GONs/Ti matrix composites sintered at 1100 oC 

GONs content (wt%) 0 0.3 0.6 0.9 

Vickers Hardness (HV) 181.3 203.8 212.9 211.4 

 


