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Abstract: In this paper graphene platelet (GPL)-reinforced titanium˄ Ti˅composites 

(GPL/Ti) were prepared using spark plasma sintering to evaluate a new type of 

structural material.  The microstructure, mechanical properties and high temperature 

compressive properties of the GPL/Ti composites were studied. It was found that GPLs 

are well dispersed in the Ti matrix and the introduction of GPL results in the refinement 

of the Ti microstructure. Although x-ray diffraction results imply no traceable reaction 

products are produced in GPL/Ti composites, scanning electron and element analyses 
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indicate titanium carbide particles are found along the interface between the GPL and Ti 

matrix. Compressive tests show that GPL/Ti composites exhibit higher yield strength 

and better compressive performance than the pure Ti samples. A maximum increase of 

approximately 43% and 37% in yield strength and compressive strength are achieved, 

respectively. Raman analysis suggests the reaction between GPLs and Ti results in the 

reduction in the number of the layers in graphene structure. The presented work 

suggests that GPL/Ti might be of great potential to be used as a structural material in 

various engineering fields. 

Key words: Graphene platelet; Titanium; Composites; Spark plasma sintering; 

Compressive property 

1. Introduction 

Titanium and its alloys have been widely used materials and have applications covering 

aerospace parts, hip implants, automotive and marine components due to its low density, 

high strength and excellent corrosion resistance[1-10]. In addition, it has been 

considered a very suitable material for elevated applications. However, high 

temperature applications usually entail improved mechanical performance of titanium 

materials. Titanium matrix composites are therefore produced with the aim to impart the 

additional property to the titanium matrix [11]. The concept of metal matrix composites 

(MMCs) reinforced with various nano fillers was proposed many years ago and have 

shed light on the development of novel structural materials for a variety of 

applications[12-16]. Generally, mechanical performance of the MMCs to a large extent 

is dependent on the reinforcements selected and reinforcements with high young’s 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 3

modulus are usually desired[17]. A number of reinforcing particles or filler have been 

incorporated into the Ti matrix to produce composite materials. Wang et al. used the 

spark plasma sintering (SPS) technique to successfully fabricate carbon nanotube (CNT) 

reinforced Ti composites and found that the addition of 0.4 wt% CNTs could result in an 

increase of 61.5% in compressive strength [18]. The significant improvement in the 

mechanical properties was attributed to the grain refinement and reinforcing effects of 

CNTs. Li et.al prepared the Ti composites reinforced with titanium carbides (TiC) 

particles and titanium boride (TiB2) whiskers and reported that the Ti composite with 

compressive strength of 1138MPa was obtained with an introduction of 13.6 vol% 

hybrid fillers of TiC and TiB2 [1]. It was suggested that the tensile strength was 

considerably enhanced due to the refined microstructure, homogenous distribution of 

the reinforcements and the cohesive strength between the matrix and the reinforcement. 

Luo et al. used a novel method combining resol nanosphere coating and conventional 

powder metallurgy to produce TiC nanoplatelet-reinforced Ti composites and found that 

the Ti composites with ultimate strength of 2.54 GPa and yield strength of 1.52 GPa 

were achieved [19]. The ultrahigh strength of the TiC/Ti composites primarily arose 

from the locally aligned TiC nanoplatelets. 

Graphene since discovered in 2004 has received enormous attention globally and its 

excellent electrical and mechanical properties make it a suitable candidate to be used in 

a variety of applications [20-22]. Compared to monolayer graphene, GPLs are stacked 

graphene with thickness of up to approximately 100 nm. It is reported that the young’s 

modulus of GPLs with thickness of 2-8 nm is approximately 0.5Tpa [23], which is 

higher than many metallic materials. Compared with the many other filling materials 

(CNT, TiC and TiB2), GPLs have higher strength and larger specific surface area and 
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can cause a good match between strength and ductility in the as-fabricated composites 

[9]. It is expected that analogous to conventional ceramic composites reinforced with 

micrometric fibres, the incorporation of GPLs can lead to considerable improvement in 

the compressive property of the metallic materials. Attempts have been made to produce 

GPL-reinforced metallic composites[4, 8-10, 24]. Mu produced Ti composites with a 

low content (0.1wt%) of GPLs utilizing SPS and a hot rolling process and reported an 

approximately 54% improvement in the tensile strength. The significant enhancement in 

the mechanical property was attributed to the load transfer of GPLs, texture 

strengthening and grain refinement[24]. Jingyue fabricated GPL/aluminum(Al) 

composites using powder metallurgy and a hot extrusion process and found that an 

addition of 0.3wt% GPLs could produce a 62% enhancement in tensile strength of the 

Al and the ultimate tensile strength could be as high as 249MPa [25]. Muhammad 

Rashad et al. prepared the GPL/magnesium composites through pressurelessing 

sintering in a purified argon atmosphere and reported that compared to the pure 

magnesium samples, the GPL/magnesium composite containing 0.3wt% produced 

showed increase of 131%, 49.5 and 74.2% in Young’s modulus, yield strength and 

failure strain respectively[26]. Dandan et al. fabricated GPL/copper composites using 

SPS and found that the composite with introduction of 0.5 wt% GPLs exhibited an 

increase of 49.1% in yield strength [27]. Shin et al. produced the GPL/Al composite 

samples using the hot rolling process and found that the strength of the composites 

increases with the specific surface area on the composites and the composites containing 

0.7 vol% GPLs exhibit 440 MPa of tensile strength [28]. Shufeng Li et al. fabricated 

graphite powder/Ti composite using the SPS and hot extrusion techniques and reported 

that increase of around 30% and 2% in yield strength and tensile strength were achieved 
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respectively [2]. Cao et al. produced the GPL/Ti composites utilizing hot static pressing 

and isothermal forging processes and found that remarkable improvements in the tensile 

and yield strength were obtained with the minor addition of GPLs.  

As a rapid powder consolidation process with unique characteristics in comparison with 

conventional sintering methods, SPS process enables metal matrix composites with 

good properties to be fabricated by providing much higher rapid heating and cooling 

rates, a shorter holding time and a higher pressure at a relatively lower sintering 

temperature. These advantages would efficiently help prohibit the grain growth during 

the sintering process and prevent the formation of byproducts due to the reaction 

between the carbon filler and Ti matrix. To the best knowledge of the authors, there are 

scarce reports on Ti composites reinforced by GPLs and the compressive performance 

of the GPL/Ti composites has not explored yet. 

In this study, the Ti composites reinforced with GPLs were prepared using SPS and the 

high temperature compressive performance of the GPL/Ti composite was investigated 

using Gleeble 1500D (Dynamic Systems Inc, USA) thermal simulation machine. 

Microstructures of the composites were examined by optical and scanning electron 

microscopy (SEM). Phase composition of the composites was determined by x-ray 

diffraction (XRD) and energy-dispersive detector (EDS). Structural integrity of the 

GPLs was assessed by Raman spectroscopy. 

2. Experimental procedure 

2.1 Starting materials 

Pure Ti powder （99.5%, 45 µm, sigma Aldrich, UK) was used as starting materials. 

GPLs powder procured from Graphene Industries Ltd, Manchester, UK, with an average 
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thickness 6-8 nm and 15–25 µm in diameter were used as the reinforcing materials in 

the present study. Ball milling process was performed to produce powder mixtures with 

0.25wt%GPLs at 100 rpm in a planetary ball mill (PM 100, Retsch, UK) for 3 hours. 

The milling was carried out in a cylindrical alumina container using zirconia balls under 

a ball-to-powder weight ratio of 2. The image of the powder mixtures is shown in Fig. 1. 

As shown in Figure 1a, much powder with size smaller than the original raw powder 

(45 µm) is noted, implying that powder was fractured during the ball milling process. It 

is suggested that both cold working and cold welding are present in the ball milling 

process of metal powder [29]. The cold working tends to fracture the powder particle 

while the cold welding has the tendency to increase the particle size. Specifically, the 

cold-welding becomes predominant and leads to the agglomeration of the particles with 

the increasing ball-milling time. Nevertheless, similar to CNT, it is expected that GPLs 

can play a role as a grinding aid during the ball milling process by forming a network of 

weak interfaces between GPLs and the Ti matrix due to the small size and flexibility of 

GPLs [13]. This weak interface network formed because of the GPLs can act as a crack 

initiator to prevent the agglomeration of the Ti powder and weaken van der Waals forces 

between GPLs, resulting in the improved dispersion of GPLs and Ti powder. 

2.2 Sintering and compressive experiments 

The powder mixtures and pure Ti powder were consolidated by SPS (HPD 25/1 furnace, 

FCT Systeme, Germany) process at 850 ºC at a heating rate 50 ºC for half an hour under 

vacuum (<5 Pa) and a uniaxial pressure of 50MPa was applied throughout the sintering 
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cycle. The sintered specimen possess a diameter of 60 mm and a height of 10 mm. 

Afterwards, the specimen were cut into cylinders with a diameter of 6 mm and a height 

of 9 mm. Compression experiments were then carried out on a gleeble-1500D (Dynamic 

Systems Inc, USA) thermal simulation machine to evaluate the mechanical performance 

of the sintered samples. A heating rate of 30 ºC/s was used to heat the samples to the 

preset temperatures between 25 to 800 ºC and compressed at a strain rate of 10-3s-1. The 

processing parameters were selected based on the previous reports with the aim to 

achieve a high degree of densification [2, 30-32] and at least three samples were tested 

to obtain the mechanical properties of the sintered materials. 

2.3 Materials characterizations 

The sintered samples were ground and polished to 0.5µm using silicon carbide papers 

and diamond suspension. The bulk density of the samples was measured using the 

Archimedes method with ethanol as the immersion medium. Vickers hardness tests were 

carried out under a 1kg force. Microstructures of the composites were examined by 

optical microscopy and SEM. Phase composition of the composites was determined by 

XRD. A Raman Microscope (RenishawInVia Reflex and Witec Alpha 300R) was used 

to characterize the GPLs in the powder mixtures and sintered samples with the 532 nm 

laser wavelength excitation. 

3 Results and discussion 

3.1 Compressive properties of the prepared samples﹡

Typical stress–strain curves of compressed pure Ti and Ti/GPLs composites at various 
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temperatures are given in Figure 2. It is evidently observed that the compressive 

strength of pure Ti and Ti/GPLs composites decrease significantly with the increase of 

temperature. This fact can be explained by diffusion-controlled creep phenomenon, 

which suggests elevated temperatures would significantly reduce hardening effects and 

render the plastic deformation to proceed easily [33, 34]. Under the action of 

compressive stress and high temperatures Ti atoms at grain boundaries which are 

parallel to the compressive stress axis can be diffused into another side of grain 

boundaries which are perpendicular to the compressive stress axis, causing a plastic 

compression of Ti grains along the compressive axis and increase of the cross sectional 

area of the test specimen quickly [11].  

On the other hand, although the true stress increases linearly with the true strain during 

the initial compressing test for all of samples, which indicates the identical slope of the 

linear portion of the curve and Young’s modulus for both the pure Ti and GPL/Ti 

composites, it should be noted that the yield stress and the compressive strength of 

GPL-reinforced Ti composites at the same temperature are considerably higher than 

those of pure Ti. A summarization of average yield and compressive strength of the 

pure Ti and GPL/Ti composite is given in Table 1. It can be noticed that a maximum 

compressive strength of 1345 MPa and a maximum yield strength of 1122 MPa are  
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Table 1 Mechanical properties of the GPL/Ti composite and pure Ti at various 
temperatures 

Compressing 
temperature 

(°C) 

Yield strength 
(MPa) 
(Ti) 

Yield strength 
(MPa) 

(GPL/Ti) 

Compressive 
strength 
(MPa) 
(Ti) 

Compressive 
strength 
(MPa) 

(GPL/Ti) 
25 927±22 1122±28 1172±24 1345±33 
200 331±11 390±21 688±27 704±29 
400 236±10 338±11 347±15 476±19 
600 144±9 180±14 159±11 191±15 
800 34±2 41±3 37±3 47±5 

 

obtained for the GPL/Ti composite compressed at room temperature respectively. In 

particular, when sample are compressed at 400 °C, it is found that an increase of 

approximately 43% and an increase of around 37% in yield strength and compressive 

strength are achieved. The significant improvement in the strength of the Ti matrix 

material is closely related to the addition of the reinforcing agent of GPLs and main 

strength mechanisms are expected to be associated with the microstructure, solid 

solution of carbon and dispersion strengthening of GPLs. 

Meanwhile, a further observation of the curves reveal that the variation of the true stress 

with the true strain exhibit the same trend for samples compressed at 25, 200 and 400°C, 

which shows that the true stress initially increases linearly and then parabolically with 

the true strain while the compressive stress decreases or remain stable around a certain 

value after the linear increase stage for samples compressed at 600 and 800°C 

respectively. The different tendencies of these curves are intimately associated with the 

dynamic process involving work hardening and recovery. The initial stage indicates the 

elastic deformation and follows the Hooke’s law while parabolic stage implies that the 
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work hardening effect is more appreciable than the recovery effect in the plastic 

deformation process. In addition, usually built-up of dislocation networks would occur 

in the parabolic stage and requires a higher compressive stress for the deformation to 

carry on. Nonetheless, the decreasing and stable trends in the later stage of the 

compressing at higher temperatures suggest the recovery process plays a more 

important role than the hardening effect, leading to the annihilation of dislocations and 

softening of the materials. As a result, only a relatively low compressive stress is 

needed for the later plastic deformation process. 

3.2 Microstructures of the prepared samples﹡

Figure 3 shows the optical microstructure images of the compressed pure Ti and GPL/Ti 

composites at different compression temperatures. It can be noticed that with the 

increasing temperature a coarse microstructure tends to be obtained for both pure Ti and 

GPL/Ti composites and at the same compression temperature GPL/Ti composites 

exhibit a finer microstructure than the Ti matrix. The coarse microstructure of the pure 

Ti is related to the recovery process and coarsening of Ti grain occurred during 

compression process. Recovery is often strongly dependent 

on the time and temperature. Since the compression time is very short, the temperature 

will be the major influencing factor and compression temperatures higher than 400°C 

result in a much more coarse microstructure for the pure Ti than the lower temperatures. 

On the other hand, the microstructures of GPL/Ti composites compressed at varied 

temperatures exhibit a far smaller difference in comparison with those of pure Ti. The 
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very small change in microstructure is mainly attributed to the pinning effect of GPLs. 

As shown in Figure 4, GPLs tend to distribute at the boundaries of the Ti grains (a-d) or 

embed in the Ti matrix (f-g), which prevents the rapid growth of the matrix grains at 

high temperatures and strengthens the Ti matrix. Meanwhile, particles (Fig.4e) formed 

in the interface between GPLs and Ti matrix are noticed. It is expected that due to the 

close affinity between Ti and carbon atoms, when a carbon source is introduced in the 

Ti matrix, titanium carbide (TiC) particles often will be produced because of the 

reaction between Ti and GPLs and can provide additional inhibition of the grain growth. 

Typical XRD patterns of the compressed pure Ti and Ti/GPLs composites are shown in 

Figure 5. It can be seen that only Ti peaks are found in all of samples and no traceable 

TiC is detected at high processing temperatures, implying that the amount of the 

formation of the TiC compound during both the sintering and compression processes is 

very small. Peak shift is noticed and attributed to the dissolution of carbon into 

hexagonal closed packing (HCP) lattice of α-Ti. The lattice parameters of a-axis and 

c-axis of α -Ti HCP structure estimated based upon the least squares methods is 

complied in Table 2. It implies that carbon atom originating from GPLs and/or in situ 

formed TiC dispersoids can be dissolved into Ti matrix, resulting in expansion of Ti 

lattice parameters.  
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Table 2 Lattice parameters of pure Ti and GPL/Ti composites processed at various 

temperatures 
Compressing 
temperature 

(°C) 

a-Axis 
(Ti) 

c-Axis 
(Ti) 

c/a 
(Ti) 

a-Axis 
(GPL/Ti) 

c-Axis 
(GPL/Ti) 

c/a 
(GPL/Ti) 

25 2.95466 4.69185 1.5879 2.9555 4.68905 1.5866 

200 2.9594 4.70685 1.5905 2.95738 4.70166 1.5898 

400 2.95839 4.71427 1.5879 2.95601 4.70255 1.5908 

600 2.95907 4.70583 1.5903 2.9522 4.70024 1.5921 

800 2.9598 4.70957 1.5912 2.95495 4.6958 1.5891 

 

The Raman spectra of the pristine GPL and GPLs in the compressed samples are 

compared in Figure 6. It can be seen that the raw GPLs exhibit a typical D, G and 

2D bands and the intensity of the 2D band is significantly lower than that of G 

band, indicating a multilayer graphene structure. The GPLs in compressed 

samples present much higher spectrum backgrounds compared to the pristine 

GPL. The increased spectrum backgrounds can be attributed to interaction of 

GPLs with the Ti matrix during the sintering process, which tends to form the 

TiC particles. This can be further corroborated by the D peak split, indicating a 

change in defect density in graphene. 

3.3 Microstructures of the prepared samples 

The densities of the pure Ti and GPL/Ti composites after compression are given in 

Table 3. It can be observed that all of samples reach a high density and most of the pure 
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Ti and GPL/Ti composites processed at high temperatures possess a higher density than 

the pure Ti at the room temperature, indicating a higher temperature tends to further the 

consolidation of the materials. Nonetheless, GPL/Ti composites compressed at higher 

temperatures exhibit a relatively slight decrease in the density in comparison with those 

processed at the room temperature. The minor change in the density might be associated 

with the reactions between GPLs and the Ti matrix.  

 

Table 3 Densities and porosity of the pure Ti and GPL/Ti composites 

 

Table 4. Hardness of the pure Ti, GPL/Ti and area neighboring GPLs 

Materials Vickers hardness 

(25ºC) (200ºC) (400ºC) (600ºC) (800ºC) 

Area around 
GPLs 

450±16 420±20 460±25 438±22 425±17 

GPL/Ti 
matrix 

435±28 402±15 413±22 378±19 375±13 

  Pure Ti 
370±22 350±18 356±17 335±23 343±13 

To evaluate the reinforcing effects induced by GPLs and the interaction between the 

GPL and matrix, hardness in the Ti matrix and area neighboring the GPLs in the 

GPL/Ti composites were provided in Figure 6. It can be observed that the addition of 

GPLs leads to significant increase in hardness of the Ti matrix and the maximum 

Materials Density ( g/cm3)/(porosity) 

 (25ºC) (200ºC) (400ºC) (600ºC) (800ºC) 

Pure Ti 4.46 (1.11%) 4.51(0%) 4.47(0.89%) 4.48(0.67%) 4.47(0.89%) 

GPL/Ti 4.50(0%) 4.46(0.89%) 4.49(0.22%) 4.47(0.67%) 4.46(0.89%) 
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increase in hardness is obtained when the GPL/Ti composite is compressed at a 

temperature of 400ºC. In addition, hardness of both the pure Ti and GPL/Ti composites 

compressed at high temperatures is lower than that processed at the room temperature 

respectively. What should be noted is that both pure Ti and GPL/Ti composites 

compressed at 400ºC exhibit higher hardness than those processed at 200ºC, which can 

be interpreted by the fact that the recovery and nucleation take place at this temperature 

and significantly strengthen the matrix of the materials. With the processing 

temperatures increasing to higher than 400ºC, grain coarsening might occur and lead to 

the degradation of the mechanical properties, which explains the relatively lower 

hardness at 400ºC than at 200ºC. Hardness in the area neighboring GPLs reveals that a 

high processing temperature tends to promote the reaction between the GPLs and Ti 

matrix and facilitates the formation of TiC particles which can act as additional 

reinforcing agents. This account for the fact hardness around GPLs processed at 

temperatures of 400, 600 and 800ºC is higher than that at 200ºC. 

4. Discussion 

When it comes to composites materials, either metal matrices or ceramic matrices, 

microstructures and interfaces between the reinforcing agents and matrices will have 

significant effects on the mechanical properties of the materials. In terms of the 

microstructure, the strengthening mechanism due to refined microstructure usually is 

estimated based upon the Hall–Petch relationship[35, 36]: 

                         	σ = �� + ��
	
/�                                (1) 
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��	is a constant stress and k is a materials constant. D is a mean grain diameter of the Ti 

matrix. 

It is evident that a refined microstructure with a small grain size of matrix tends to 

possess a high strength. Previous studies indicate that the k constant at the room 

temperature is nearly comparable to that at 200ºC, which implies that the strain 

hardening effect plays a dominant role in the yield stress at relatively low processing 

temperature during the compression process while after the compression temperature 

increasing to higher than 200ºC, the k constant is inclined to decrease and the recovery 

process would exist a significant influence on the plastic deformation process at high 

temperatures [2, 11]. Another important strengthening factor is the GPLs introduced in 

the composites. Reportedly GPLs possess an extraordinarily high Young’s modulus, the 

uniform distribution of GPLs in the matrix boundaries will certainly enhance the 

strength of the Ti matrix considerably in addition to the refining effect on the 

microstructure. Meanwhile, additional strengthening effects can be produced by 

forming solid solution of carbon and TiC because of the high affinity of carbon atoms 

with Ti matrix. Carbon is an effective strengthener below its limit of solubility in α-Ti. 

Above this limit, carbon presents as TiC particles. The maximum equilibrium solubility 

of carbon in α-Ti from is reported to be 0.4 wt.% and the dissolved carbon atoms 

usually can causes the lattice distortion of Ti atoms[11]. 

Carbon solid solution strengthening effects usually can be estimated according to 

Friedel–Fleischer model and almost are same for all the composites with a low carbon 
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content. Nonetheless, an introduction of a relatively high content of carbon source is 

likely to promote the formation of the TiC dispersoids. The standard free energy (∆G) 

for the formation of TiC particles by reaction between Ti and carbon at various 

temperatures can be expressed as the following equation and given in Table 5 [2]. 

∆G = −184571.8 + 41.382T − 5.042TlnT + 2.425 × 10	�T� − 9.79 ×

��

 
  (T<1666ºC)  (2) 

Table 5. Gibbs free energy for the reaction between GPLs and Ti 

T(ºC) 25 200 400 600 800 900 
∆G(KJ/mol) -184.48 -181.21 -179.17 -177.53 -176.04 -175.33 

It can be seen that the all of the Gibbs free energy for the reaction between GPLs and Ti 

at various temperatures are below zero and indicates that in situ formation of TiC is 

spontaneous at room and elevated temperatures, explaining the observation of particles 

in the grain boundaries between GPLs and Ti (Figure 4e). The formation of TiC 

particles are expected to retard Ti grain coarsening and enhance the stability of strength 

of the composites by the pinning and dispersion strengthening mechanisms during 

elevated temperature compression. Meanwhile, TiC dispersoids can prevent the 

recrystallization of new grains during the long time annealing owing to the fact the 

pinning pressure induced by TiC is higher than driving pressure for recrystallization 

nucleation of new grain [11]. On the other hand, since TiC particles are a hard 

intermetallic phase with a high Young’s modulus and can not be plastically deformed, 

an additional strengthening effect to the Ti matrix is therefore likely to be provided to 

increase the compressive strength as well as the hardness. However, the formed TiC 

particles may act as the sites of crack initiation and result in a low percentage elongation 
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for the composites during a tensile test due to the poor plasticity. In particular, when a 

carbon source is introduced, the reaction between the carbon source and the Ti matrix is 

normally incomplete, leading to the presence of unreacted carbon in the core of TiC 

particles. It is expected that pores are likely to be formed between the layered structure 

of GPLs caused by weak bonding (van der Waals force) under residual stress, due to 

different coefficients of thermal expansion between Ti matrix and TiC, which 

significantly deteriorates the mechanical properties of the composites [2]. Potential 

approaches to retard the formation of TiC particles include a use of a low processing 

temperature or coating a layer of materials less reactive to Ti on the carbon source[37]. 

A lower temperature can reduce the tendency of Ti to react with the carbon source and a 

layer of less reactive coating can prevent the direct contact of Ti with the carbon source, 

leading to the formation of less TiC particles. Nevertheless, TiC can strengthen the Ti 

matrix by refining the matrix microstructure and hindering the dislocation slip [2] and 

may find applications in aerospace and biomedical industries [38, 39]. For the matrices 

of both pure Ti and GPL/Ti composites and the area neighboring the GPLs in the 

composites, the hardness initially decrease and then increase, followed by a downward 

trend with the increasing compression temperature. The initial decrease and the 

downward trend in hardness can be attributed to the recovery process which alleviates 

the stress within the materials and reduce the dislocation density within the Ti matrix. 

Such softening mechanisms surely would result in a decrease in hardness of both the 

pure Ti and GPL/Ti composites. The increase in hardness at a compression temperature 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18

of 400ºC is expected to be associated with the renucleation, refined microstructure and 

the amount of TiC formed during the compression process. The nucleation of new 

grains tends to decrease the grain size of the matrix and increase the hardness of both 

the pure Ti and GPL/Ti composites. The Ti matrix microstructure refined due to the 

addition of GPLs and the formation of the hard TiC phase owing to the interaction 

between the GPLs and Ti matrix are other reasons contributing to the improvement of 

the hardness for the GPL/Ti composites. In particular, the strengthening effect becomes 

evident in the area close to the interface between GPLs and Ti in the GPL/Ti composites 

where a high hardness is noted. 

What should be noted is that the formation of TiC is at expense of the carbon atoms in 

GPLs and would damage the structural integrity of the GPLs. Usually the ratio of 

intensities of 2D to G peaks (I2D/IG) and D to G (ID/IG) peaks in Raman spectra can be 

used to evaluate the graphene structure. I2D/IG often tends to decrease with the 

increasing number of graphene layers while ID/IG reveal the defect density in GPLs [19]. 

Raman parameters are compiled in Table 6. It can be observed that I2D/IG of GPLs in the 

composites processed at high temperatures is higher than that compressed at the room 

temperature, indicating a high temperature promotes the reaction between the GPLs and 

Ti and reduce the layers of the GPLs. Nonetheless, a lower ID/IG is noted for GPLs 

processed at high temperature, which implies that interaction between GPLs and Ti 

reduce the defect density in GPLs. On the other hand, it is noted that G and 2D bands of 

GPLs processed at high temperatures shift to higher wave number as compared to those 
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of GPLs compressed at room temperature. The shift of G peak to higher wave number 

can be mainly attributed to the thermal stress acting on GPLs incurred during thermal 

contraction of Ti matrix. 

Table 6. Raman parameters of the GPLs in the GPL/Ti composites 

Temperature νG ν2D ID/ IG I2D/ IG 

25 1572 2713 0.72 1.12 

200 1582 2713 0.74 1.78 

400 1572 2715 0.51 1.12 

600 1578 2725 0.61 1.13 

800 1580 2722 0.65 1.20 

It was suggested that when a low addition of GPLs was added in the Ti matrix, the 

improvement in mechanical properties contributed by the grain refinement is much 

smaller compared to the load transfer strengthening of the GPLs [24]. Meanwhile, due 

to a very small loading of GPLs added, the amount of TiC formed during the processing 

is expected to be very small and its reinforcing effect to the Ti matrix is insignificant. 

Therefore, the load transfer strengthening is considered as the main reinforcing 

mechanism for the GPL/Ti composites in this study. The reinforcing effect induced by 

the GPLs can be roughly assessed based upon the following question and the 

reinforcing efficiency at various temperatures is summarized in Table 7.  

                              	!" =
#$	#%

∗

'(×#%
∗                          (3) 

where !" is the reinforcing efficiency, �) is the strength of the composite, �*
∗  the 

strength of the pure metal, +, the volume fraction of the reinforcing phase. 

It can be seen that the reinforcing efficiency for both yield strength and tensile strength 

nearly exhibit the same trends. It decreases when the temperature increases to 200ºC and 
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increases with the temperature further increasing to 400ºC, which is followed by 

decreases with the continuous increase in temperature. 

Table 7 Reinforcing efficiency induced by the GPLs at various temperatures 

Compression 
temperature 

(ºC)﹡

Ra 
(Yield strength) 

Ra 
(Tensile strength) 

25 30.26 28.70 
200 29.46 25.58 
400 35.81 34.29 
600 31.25 30.03 
800 30.15 31.75 

 

4. Conclusions 

In this study GPL/Ti composites were fabricated using spark plasma sintering and the 

mechanical performance and the microstructure were investigated. The results indicate 

that GPLs are homogeneously distributed in Ti matrix. TiC particles are found in the 

interface between the GPLs and Ti matrix due to the reaction between them at various 

processing temperatures. GPL/Ti composites present higher yield strength and better 

compressive performance than the pure Ti samples. Raman analysis suggests close 

interaction between GPLs and Ti matrix leads to the reduction in the layers of graphene 

structure. The presented study indicates that the lightweight GPL/Ti composites might 

find various applications that demand excellent high temperature performance.  
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Figure 1. SEM images of the GPL/Ti powder mixture (white arrows point to GPLs) 

Figure 2. Variation of the stress with strain at various compression temperatures 

Figure 3. Optical images of the pure Ti and GPL/Ti composites processed at various 

temperatures  

Figure 4. SEM images of the polished (a-e) and fractured (f-g) surfaces of the GPL/Ti 

composites (white arrows point to GPLs)  

Figure 5. XRD patterns of the pure Ti and GPL/Ti composites compressed at various 

temperatures.  

Figure 6. Raman spectra of the GPL powder and GPLs in the composites 

Table 1. Mechanical properties of the GPL/Ti composite and pure Ti at various 

temperatures 

Table 2. Lattice parameters of pure Ti and GPL/Ti composites processed at various 

temperatures    

Table 3. Densities and porosity of the pure Ti and GPL/Ti composites 

Table 4. Hardness of the pure Ti, GPL/Ti and area neighboring GPLs 

Table 5. Gibbs free energy for the reaction between GPLs and Ti 

Table 6. Raman parameters of the GPLs in the GPL/Ti composites 

Table 7. Reinforcing efficiency induced by the GPLs at various temperatures 
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Highlights 
 
 

Graphene/Titanium (GPL/Ti) composites were fabricated using sparking plasma 

sintering 

 

GPL/Ti composites exhibit excellent compressive performance at various 

temperatures 

 

GPL, TiC and the refined microstructure contribute to the attractive properties  


