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Abstract: Graphene and its derivates are extensively applied to enhance the 

mechanical properties of metal matrix nanocomposites. However, their high reactivity 

with metal matrix such as titanium and thus the limited strengthening effects are 

major problems for achieving high-performance graphene-based nanocomposites. 
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Herein, reduced graphene oxide nanosheets decorated with copper or silver (i.e. 

Cu@rGO and Ag@rGO) nanopowders are introduced into Ti matrix composites 

(TiMCs) using multiple processes of one-step chemical co-reduction, hydrothermal 

synthesis, low energy ball milling, spark plasma sintering and hot rolling. The 

Cu@rGO/Ti and Ag@rGO/Ti nanocomposites exhibit significantly enhanced strength 

with superior elongation to fracture (846 MPa-11.6% and 900 MPa-8.4%, respectively, 

reaching the level of commercial Ti-6Al-4V titanium alloy), which are much higher 

than those of the sintered Ti (670 MPa-7.0%) and rGO/Ti composites (726 

MPa-11.3%). Furthermore, fracture toughness values of the M@rGO/Ti 

nanocomposites are all significantly improved, i.e. the highest KIC value is 34.4 

MPa·m1/2 for 0.5Cu@rGO/Ti composites, which is 45.15% and 51.5% than those of 

monolithic Ti and 0.5rGO/Ti composites, respectively. The outstanding mechanical 

properties of Ag@rGO/Ti and Cu@rGO/Ti composites are attributed to effective load 

transfer of in-situ formed TiC nanoparticles, and formation of interfacial intermetallic 

compounds among the rGO nanosheets and Ti matrix. This study provides new 

insights and approach for fabrication of metal-modified graphene/Ti composites with 

a high performance. 

 

Keywords: Titanium matrix composites, Mechanical properties, Reduced graphene 

oxides, Strength mechanism, Metal nanoparticles 

 

1. INTRODUCTION 
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Recently, advanced metal matrix composites (e.g., Mg, Cu, Ti, Al based alloys) 

reinforced with nanoscale materials such as graphene nanoplates, reduced graphene 

oxides nanosheets and nano-TiB whisker have received considerable attention owing 

to their good mechanical properties, wear resistance and distinctive physical 

properties in comparisons to their monolithic counterparts. 1-6 On the other hand, 

titanium and its alloys with their high specific strength and good corrosion resistance 

are attractive for various industrial applications, including automotive, motorcycle, 

airplane, chemical and petrochemical industries. 7 Recent studies revealed that the 

properties of Ti materials can be further enhanced using graphene nanomaterials via 

optimal fabrication technologies and structural designs. 6, 8-10 However, the 

strengthening effects using graphene in the graphene/Ti system have often limited by 

easy agglomerations of graphene nanopowders in the matrix and weak interface 

bonding among graphene and Ti matrix, mainly due to large specific surface area and 

Van der Waals force of the graphene. 11-15 One of the viable approaches to 

simultaneously improving dispersion and wettability issues of graphene into metal 

matrix composites is to decorate it with suitable nanomaterials of metals or carbides. 

These metal/carbide nanoparticles/nanolayers decorated onto the surfaces of carbon 

nanomaterials (e.g., graphene, diamond and carbon nanotubes) can minimize the 

density differences between graphene and metal matrix, thus leading to improved 

dispersion effects of graphene. 16, 17 For example, Chu et al. fabricated graphene/Cu 

composites by adding Mo2C nanoparticles onto graphene using spark plasma sintering 

(SPS) process and achieved 0.2% yield strength (0.2% YS) of 238 MPa, which is 58% 
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and 127% higher than those of the reduced graphene oxide/Cu and pure Cu. 18 Guan 

et al. prepared Ni-coated graphene nanosheets/Al matrix composites (with Ni contents 

of 0.5, 1.0, 1.5 and 2.0 wt%) using a vacuum sintering method followed by hot 

extrusion, and obtained 0.2% YS of 204.5 MPa and a maximum Vickers hardness of 

65.3 HV0.5.
 19  

Although most studies demonstrate that graphene addition can enhance the 

mechanical properties on a certain degree, so far there are few studies using metallic 

nanoparticle decoration method for interfacial optimization and enhancement of the 

mechanical properties of graphene/Ti composites. The following issues are not 

well-understood: (a) what the possible interfacial microstructures between modified 

graphene and Ti matrix are; (b) what the strengthening mechanisms of the 

metal@graphene/Ti composites are; and (c) which metallic candidates shows the 

optimal strengthening effect in Ti matrix.  

Herein, two types of metal nanoparticles (Cu and Ag) were decorated onto the 

reduced graphene oxides nanosheets (named as Cu@rGO and Ag@rGO for 

simplification) and then applied as reinforcements to fabricate metal coated rGO/Ti 

(e.g., M@rGO/Ti) composites. The M@rGO nanopowders were fabricated using a 

one-step chemical co-reduction process, 20, 21 and then incorporated into the Ti matrix 

to fabricated M@rGO/Ti composites using a powder metallurgy route. The influences 

of two types of M@rGO nanopowders on the interfacial microstructures and 

mechanical properties were investigated. In order to further verify the effects of 

M@rGO nanopowders on the strength and ductility of the Ti composites, various 
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concentrations of Ag@rGO nanopowders in the Ti composites were prepared and 

their mechanical properties were investigated. A special attention was paid on the 

understanding of effects of introduced metal nanoparticles on the interfacial structures 

and strengthening mechanisms of M@rGO/Ti nanocomposites.  

 

2. RESULTS AND DISCUSSIONS  

2.1 Microstructure and Composition of rGO/Ti and M@rGO/Ti Composite 

Powders 

Scanning electron microscope (SEM) images of as-fabricated composites 

powders of M@rGO/Ti are shown in Figure 1. Compared with the pristine spherical 

Ti powders (Figure S1a), the sizes and shapes of the rGO/Ti and M@rGO/Ti powders 

in Figures 1a ~ c do not show apparent changes. This is mainly due to the lower 

energy and shorter time during ball milling process, which has little effect on the 

quality of rGO nanopowders and can be confirmed by Raman ID/IG values in Figure 

S1b. A small number of rGO clusters (denoted by the white arrow in Figure 1a) are 

clearly observed on the surfaces of Ti powders due to Van der Waals forces and large 

specific surface areas. 22 However, the surfaces of the M@rGO/Ti powders in Figures 

1b and c are much rougher than those in Figure 1a, and without obvious 

agglomerations. Enlarged view images in Figures 1b1 and 1c1 reveal that the metal 

nanoparticles are well-bonded with rGO nanosheets in the composite powders (X-ray 

diffractometry pattern shown in Figure S1c), suggesting a good bonding between Cu 

and Ag nanoparticles and rGO. Energy dispersive X-ray spectrum analyzer (EDS) 
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mapping analysis in Figures 1b2 and c2 show that the Cu@rGO and Ag@rGO 

nanopowders are distributed uniformly on the surfaces of Ti powders. 

 

 

 

Figure 1. Characterization of as-received M@rGO/Ti composites powders by SEM. 

(a) 0.5rGO/Ti powders, (b) 0.5Cu@rGO/Ti powders, (c) 0.5Ag@rGO/Ti powders. (b1) 

and (c1) an enlarged view image of Cu@rGO and Ag@rGO nanopowders distribution 

on the surface of M@rGO/Ti composites powders recorded at the marked b1 and c1 in 

Figures b and c, respectively. (b2) and (c2) EDS elements distribution of Cu or Ag and 

carbon on the surface of 0.5Cu@rGO/Ti and 0.5Ag@rGO/Ti composites powders, 

respectively. 

mailto:0.5Cu@rGO/Ti


7 
 

2.2 Interfacial Structure Analysis of the Composites 

Figure 2 shows transmission electron microscope (TEM) images of 0.5rGO/Ti 

composites. As shown in Figure 2a, the wrinkled rGO nanosheets with various sizes 

are randomly dispersed on the boundaries of the Ti grains. The wrinkling and folding 

of rGO nanosheets provide effective mechanical interlocking with Ti matrix and 

restrict the plastic deformation of the composite.23 The interfaces of TiC-rGO exhibit 

no apparent impurities, voids or gaps (Figure 2b). The interplanar distance of rGO in 

Figure 2b is measured as 0.342 nm, which is close to the theoretical inter-planar 

distance of C (0001).  

Interfacial TiC nanostructures (denoted by white arrows in Figure 2a) are 

occasionally formed at rGO-Ti interface. This newly formed TiC phase can be 

identified by the high resolution TEM image with its corresponding Fast Fourier 

transform (FFT) and inverse Fast Fourier transform (IFFT) images, as shown in 

Figures 2c. The lattice parameter of TiC in Figure 2c is measured to be 0.2152 nm, 

corresponding to the interplanar spacing of TiC (200) plane. Based on the TiC-Ti 

interfacial analysis results shown in Figures 2d and 2e, the in-situ TiC particles have 

a specific orientation with Ti matrix, formed during the in-situ growing process. 

Furthermore, the TiC-rGO interface was curvilinear with several side-steps (Figure 

2b). The boundary between TiC and rGO is not clear and the crystallographic plane of 

the rGO side are clearly disordered (Figure 2b). However, the TiC-Ti interface in 

Figures 2d and e show clear and straight boundaries. It is commonly known that the 

presence of TiC phases at the interface shows a significant effect on the mechanical 
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properties of the composites. Lots of brittle TiC phases at the interface have a 

detrimental effect on the strength of the composites. However, formation of thin 

carbide layer or dispersed and distributed TiC nanoparticles are in favor of enhancing 

mechanical behavior via increasing the interfacial bonding. 24, 25, 26 

 

 

 

Figure 2. TEM analysis of rGO/Ti composites. (a) A bright field TEM image. (b) 

HRTEM image of TiC-rGO interface. (c) Inverse Fast Fourier transform (IFFT) image 

of TiC, inset shows the selected area electron diffraction (SAED) of TiC particles. (d) 

HRTEM image of TiC-Ti interface. (e) FFT and IFFT images of remarked region in 

Figure d, respectively. 

 

Figure 3 presents the TEM images and their corresponding energy dispersive 

X-ray spectrometers (EDS) mapping analysis results of 0.5Ag@rGO/Ti composites. 
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As shown in the marked region in Figure 3a, the distinct and wrinkled phases are 

protruded from the Ti matrix, leaving behind the blurred interface but without the 

presence of visible voids or gaps. The chemical composition of the remarked region 

was then investigated using high-angle annular dark-field (HADDF) image (Figure 

3b) with EDS mapping of C, Ag and Ti elements shown in Figure 3c. It can be 

clearly seen from Figure 3c that the Ag and Ti elements are enriched at the surface of 

rGO (i.e. C element), and some Ag and Ti are diffused into Ti matrix, resulting in an 

enhanced strength of the corresponding composites. 

 

 

Figure 3. Typical TEM images taken from Ag@rGO/Ti composites. (a) A bright field 

TEM image. (b) High-angle annular dark-field-scanning transmission electron 

microscope (HADDF-STEM) image of the remarked region in Figure a. (c) Carbon, 

silver and titanium element distribution in Figure b, respectively.  
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Detailed TEM investigations on the interfacial structure of Ag@rGO/Ti 

composites are shown in Figure 4. It can be seen in Figure 4a that a crumpled and 

complex interface structure with a width of ~50 nm nanolayer was observed between 

the Ti grains. The marked region b in Figure 4a was analyzed in details using 

HRTEM, FFT and IFFT. The HRTEM image is shown in Figure 4b, which reveals 

that there are no visible interfacial voids or cracks near the interface, including three 

typical areas remarked with region b1~b3 (Figure 4b).  

The HRTEM image shown in Figure 4b indicates the presence of ~5 nm thick 

interfacial transition nanolayer between the Ag@rGO and Ti matrix. The IFF 

diffraction pattern (Figure 4b1) obtained from the marked region C exhibits (11-1), 

(1-11) and (200) diffraction patterns of Ti3Ag along the [011] zone axis. The 

interfacial nanolayer is confirmed to be the Ti3Ag, which is formed by the reaction of 

Ag nanoparticle (from the Ag@rGO nanoparticles) and Ti matrix. Ti3Ag is a 

tetragonal structure with its space group of P4/mmm and unit cell parameters of 

a=0.4187 nm and c=0.3950 nm. 27 The IFFT image shown in Figure 4b1 reveals the 

lattice fringes with the measured inter-planar spacing of 0.207nm, closed to the plane 

of (200)Ti3Ag. Yuan et al. demonstrated a similar Ti-Ag precipitated intermetallic in 

Ag-modified TiAl matrix composites. 28 

Ag@rGO nanolayer with a thickness of ~ 5 nm is observed in the 

0.5Ag@rGO/Ti composites as shown in Figure 4b. The FFT pattern of the Ag@rGO 

region in Figure 4b2 shows the appearance of (0001) C and characteristic diffraction 

patterns of (002), (020) and (022) Ag plane, revealing that the Ag nanoparticles are 

mailto:0.5Ag@rGO/Ti
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tightly attached on the surface of rGO nanosheets. These are beneficial for the 

enhancement of adhesive strength of Ag nanoparticles and rGO, and are in accordance 

with that obtained from the first principles analysis in our previous work. 18 We also 

found that TiC interfacial structures are formed between rGO and Ti matrix as shown 

in Figure 4b marked with b3. The FFT and IFFT of TiC-Ti interface are shown in 

Figure 4b3 and the orientation relationships between in-situ formed TiC and Ti matrix 

are: (111)TiC//(100)Ti & [001]TiC//[-101]Ti.  

To compare TixMy nanolayers/nanoparticles in the M@rGO/Ti composites, the 

interfacial characteristics analysis of Cu@rGO/Ti composites was also performed, and 

the obtained results are shown in Figure 5. Apart from the Cu@rGO phases (Figure 

5a1) and in-situ formed TiC nanoparticles (Figure 5a, the interfacial characteristic of 

TiC-Ti shows in Figures 5c), the intermetallic Ti2Cu phase can also be observed 

owing to the reaction of Cu and Ti during the SPS and hot rolling processes. The FFT 

and IFFT results shown in Figure 5b1 clearly reveal an orientation relationship of the 

Ti2Cu and Ti along the [-331]Ti2Cu and [100]α-Ti zone axes at the Ti2Cu-Ti interface, 

which would provide an effective load transfer at the interface and the enhancement 

of strength from the nano-layer Ti2Cu phase. 

Compared with the rGO/Ti composites, the M@rGO applied into the Ti 

composites can: (1) improve the dispersion effect of rGO nanopowders in Ti 

composites (Figure 1) without formation of obvious clusters; (2) enhance the 

interfacial bonding between the rGO and Ti matrix; and (3) enhance effectively the 

load transfer at the interfaces between rGO-Ti owing to the formation intermetallic 
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MxTiy (like Ti3Ag and Ti2Cu) with high stiffness and strength (Figure 4b and 5b1).  

 

Figure 4. TEM observation and typical interfacial characteristics analysis on 

Ag@rGO/Ti composite. (a) Typical bright field TEM image. (b) High-magnification 

images of marked region in Figure (a). (b1) Inverse Fast Fourier transform (IFFT) and 

SAED pattern of Ti-Ti3Ag interface. (b2) IFFT and SAED pattern of rGO-Ag interface, 

and a schematic illusion of the interface relationship between rGO and Ag. (b3) IFFT 

and SAED pattern of TiC-Ti interface, respectively. 
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Figure 5. TEM observation and typical interfacial characteristics analysis on 

Cu@rGO/Ti composite. (a) Typical bright field TEM image. (a1) HRTEM image of 

Cu@rGO in Figure a. (b) HRTEM image of marked A region in Figure a. (b1) IFFT 

and SAED pattern of Ti-Ti2Cu interface, respectively. (c~c1) HRTEM, FFT and IFFT 

analysis of the Ti-TiC interface, respectively. 

 

2.3 Mechanical Properties and Fracture Behavior 



14 
 

Figure 6a shows typical engineering stress-strain tensile curves of as-rolled 

composites, and the key mechanical properties obtained from the tensile tests are 

summarized in Table 1. Results show that the rGO nanosheets decorated with metal 

nanoparticles can significantly improve the mechanical properties of the Ti 

composites. Compared to those of the monolithic Ti matrix (0.2% offset yield strength, 

0.2%YS=585 MPa, ultimate tensile strength, UTS=678 MPa), the 0.2%YS and UTS 

for 0.5Ag@rGO/Ti composites are 790 MPa and 900 MPa, which have been 

enhanced by 35% and 32.7%, respectively. The 0.2%YS and UTS values of the 

0.5Ag@rGO/Ti composites are 28.5% and 25.7% higher than those of 0.5rGO/Ti 

composites (YS=615 MPa, UTS=716 MPa), while the elongation to fracture of 

0.5Ag@rGO/Ti composites is still remained at 8.4%, revealing that the Ag 

nanoparticles/nanolayers contributes to the effective load transfer from Ti matrix to 

rGO nanosheets. The 0.2%YS and UTS of Ag@rGO/Ti composites are higher than 

those of Cu@rGO/Ti composites, which could be due to the grain refinement effect 

for the Ag@rGO/Ti composites. Furthermore, the composites with low volume 

fraction rGO contents exhibits a superior elongation, which can be attributed the four 

main reasons 29-32 : (1) the in situ reaction in the composites can improve the 

interfacial bonding between the reinforcement element and matrix; (2) the low 

volume fraction of rGO can be easily dispersed on the surface of Ti powders, which 

can generate  a superior ductility and strain hardening effect; (3) the in situ hybrid 

reinforcements (rGO and TiC) are positive to the ductility of the composites; (4) the 

large size matrix region can withstand a large strain and result in a significantly 
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decreased speed of crack propagation.  

The fracture surfaces of the Ti composites show a lot of dimples and cracks, 

which are mainly due to the significant differences in the deformation or mechanical 

properties between TiC and Ti matrix (Figure S2). 33 Compared with rGO/Ti 

composites (Figure S2), the M@rGO nanosheets were observed to be pulled out and 

fractured during the tensile deformation, revealing that M@rGO can absorb more 

energy and provide a better load transfer capability. 9 

Comparisons of the increased strength and ductility of TiMCs in the present 

work and those from literature are shown in Figure 6b. As can be seen, an inverse 

correlation can be clearly seen between strength and fracture to elongation for most of 

the reported TiMCs. Only a few TiMCs shows a good balance between strength and 

elongation, for examples, CNTs/Ti composites and the M@rGO/Ti composites in 

presented work. The M@rGO/Ti composites demonstrate both large strength and 

elongation than those of reported TiMCs. The main reason is attributed to the 

well-preserved rGO by surface metallization and the formation of in-situ TiC and 

TixMy nanoparticles/nanolayer at the interface, which can effectively balance the 

strength and ductility of graphene/Ti composites.  

Figure 6c shows fracture toughness values of the as-rolled Ti composites at 

room temperature. Compared with that of monolithic Ti, the fracture toughness value 

(KIC) of the 0.5rGO/Ti composite is decreased slightly. The lower KIC values in 

0.5rGO/Ti composites are linked to the presence of high contents of in-situ formed 

TiC particles which are easily broken under the compressive loading (Figure S3b) 
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and cause void formation. However, the KIC values of the M@rGO/Ti composites are 

all significantly improved. The highest KIC value is 34.4 MPa·m1/2 for 0.5Cu@rGO/Ti 

composites, which is 45.15% and 51.5% than those of monolithic Ti and 0.5rGO/Ti 

composites, respectively. The volume fraction of TiC particles is relatively small in 

the M@rGO/Ti composites, because the metallic nanoparticles decorated on the 

surface of rGO nanosheets can significantly minimize the reactions between rGO and 

Ti matrix, thus the rGO nanosheets can prevent propagation of the crack’s tip and 

provide an excellent load transfer capability. 33 Additionally, the dimple formation, 

quasi-cleavage fracture of the Ti grains, pull-out and micro-fracture of M@rGO 

nanosheets on the fracture surface of the M@rGO/Ti composites all absorb more 

energy during crack propagation (Figures S3c and S3d). As shown Table 2 and 

Figure 6b, compared with other titanium composites reinforced with various 

reinforcements (like TiB, TiC, CNTs and Ti5Si3 etc.), the M@rGO/Ti composite in 

this study has a good combination of strength-ductility and toughness.  

 

Table 1. Mechanical properties of rGO/Ti and M@rGO/Ti composites obtained in this 

work. 

As-rolled composites 0.2% YS (MPa) UTS (MPa) FE (%) 
Measured density 

(g/cm3) 

KIC (MPa·m1/2) 

Pure Ti 580±5 670±8 7±1.2 4.484±0.006 23.7±2.3 

0.2rGO/Ti  608±14 689±15 16±1.5 4.436±0.060 19.09±1.4 

0.5rGO/Ti 625±10 726±13 11.3±1.4 4.487±0.011 22.7±1.7 

0.5Cu@rGO/Ti 750±13 846±12 11.6±1.3 4.484±0.010 34.4±1.7 

0.5Ag@rGO/Ti 790±9 900±15 8.4±1.4 4.479±0.013 26.6±1.9 

* 0.2% YS= 0.2% Yield strength; UTS= Ultimate tensile strength; FE= Fracture to elongation 
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Figure 6. Mechanical properties of the as-rolled Ti and Ti composites in present work. 

(a) The representative engineering tensile stress-strain curves of as-rolled Ti 

composites. (b) Representative tensile properties of Ti composites in reported works. 

34-41 (c) Fracture toughness of the composites. 

 

To better understand the strengthening behavior of the rGO/Ti and M@rGO/Ti 

composites, in-situ tensile tests of 0.5Ag@rGO/Ti and 0.5rGO/Ti composites in 

Figure 7 were performed inside the SEM chamber to real-time observe the fracture 

failure process of the composites. Figure 7a is the recorded load-displacement curve 

of rGO/Ti and Ag@rGO/Ti composites with several interrupted stages, revealing that 

the strength of Ag@rGO/Ti composites are higher than that of rGO/Ti composites. 

These results show same phenomena with the ex-situ tensile test shown in Figure 6a. 

mailto:0.5Ag@rGO/Ti
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For the in-situ observation sample, a notch was pre-made on the tensile specimen to 

act as the stress concentration site (inset, Figure 7a), which is helpful to capture the 

crack initiation during the SEM observation. Figure 7b shows that a crack was 

generated in the pre-made notch area. Such the pre-crack will propagate in the 

following Stage ② and ultimately leading to fracture of the composite in Stage ③ 

with an increased tensile load. In Stage ③, the exposed Ag@rGO with a thickness of 

~ 600 nm can be observed in the cracking area (Figure 7c), and it acts as a bridge to 

connect the fractured matrix (Figure 7b). However, no obvious rGO nanosheets are 

observed on the fracture surfaces of 0.5Ag@rGO/Ti composites after in-situ tensile 

test, except for the TiC particles and micro-void (Figure 7d). Pull-out phenomenon of 

0.5Ag@rGO/Ti composites indicates the excellent load transfer from matrix to 

graphene, and this contributes to the enhance strength owing to the good interfacial 

bonding between graphene and Ti matrix in this work. This enhancement has also 

been reported in graphene or CNTs reinforced Cu, Al and Ti matrix composites. 24, 25, 

51-53 

 

 

Figure 7. Failure behaviors of as-rolled rGO/Ti and Ag@rGO/Ti composites via 

mailto:0.5Ag@rGO/Ti
mailto:0.5Ag@rGO/Ti
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in-situ tensile tests. (a) Load-displacement curves of the composites with several 

paused stages, inset shows a notch is pre-made on tensile specimen before test. (b) 

Crack evolution and microstructure of rGO/Ti composites imaged at the paused stages 

①~③ marked in (a). (c) An enlarged views of marked region C in Figure b for 

0.5Ag@rGO/Ti composites, showing pulled-out Ag@rGO nanosheets. (d) Magnified 

image of the fractured surfaces of rGO/Ti composites, showing a mass of TiC 

particles located at the surface, respectively. 

 

Table 2. Fracture toughness of graphene/Ti composites fabricated in presented work 

compared with other titanium composites reinforced with various reinforcements. 42-50  

Ti Matrix Composites 
Fracture Toughness  

KIC (MPa·m1/2) 

Preparation 

Technology 
Reference 

TiB/Ti 13.9 

SPS 

42 

TiB/Ti-4Fe-7.3Mo 9.6 43 

TiB/Ti 9.3 44 

TiB/Ti-5.2Fe-7.8Mo-1.8Al 23 
Electric field assisted 

sintering 
45 

CNTs/Ti-6Al-3.5Sn-9Zr-0.5Mo-0.4Si-0.7Nb 22 
Vacuum consumable 

Smelting+forging 
46 

(TiBw+TiCp)/Ti-3.5Al-5Mo-6V-3Cr-2Sn-0.5Fe 45.5 
Vacuum consumable 

Smelting+solution 
47 

TiC/Ti 16.48 
Vacuum 

hot-pressing 
48 

(TiC+Ti5Si3)/Ti-6Al-4V 9.9 

High-energy 

electron-beam 

irradiation 

49 

TiB/Ti-Fe-Mo 14.5/14.22/12.91 

SPS/Hot Isostatic 

Pressing/Vacuum 

Sintering 

50 

Cu@rGO/Ti 34.4 
SPS+Hot rolling This work 

Ag@rGO/Ti 26.6 
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2.4 Strengthening Effect of M@rGO/Ti Composites 

Excellent interfacial bonding between the nanoscale rGO reinforcements and Ti 

matrix play a significant role in guaranteeing the strengthening effect in the 

nanocomposites. Generally, the following strengthening mechanisms are reported in 

graphene/metal matrix composites, e.g.,: (1) solution strengthening; (2) grain 

refinement strengthening; (3) thermal mismatch strengthening; (4) strengthening of 

in-situ formed carbide or intermetallic nanoparticles/nanolayers; and (5) load transfer. 

To investigate the quantitative contribution of different strengthening effects of 

M@rGO nanoparticles, the as-rolled 0.5Ag@rGO/Ti composites were chosen.  

In this work, considering that thermal mismatch strengthening can only take 

effect in a rapid cooling condition, such as quenching, it can be negligible because 

only the air-cooling procedure was used after hot rolling process. 24, 25 

The strength and hardness of Ti alloy materials can be improved by doping with 

oxygen and nitrogen elements according to their interstitial solution into α-Ti, 

whereas such effect should be ignored due to the short-time ball milling and rapid 

sintering process. However, interstitial solution strengthening of carbon atom should 

be considered owing to the high contents of carbon content (i.e., graphene) in the 

composites. However, further additions of carbon above its limit (~0.05 wt% for α-Ti 

at room temperature) have little contribution to the enhancement of strength. Munir et 

al. reported that solid solution strengthening (
SS ) by carbon interstitial atoms 

contributes up to 7 MPa per 0.01 wt% carbon. 54 Based on this estimation, the 
SS  

contribution in 0.2% YS of graphene/Ti composites by carbon additions can be 
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estimated as 35 MPa for all the composites.  

Grain refinement effect generally shows an important contribution on 

enhancement in strength in the graphene/metal composites. 55, 56 Generally, 

grains/sizes of particles increase at a higher operating temperature and longer holding 

time. However, for the M@rGO/Ti composites, M@rGO nanopowders are mostly 

surrounded with the Ti matrix (Figures 1b ~ c), restricting their significant grain 

coarsening during the SPS and rolling. Furthermore, the rapid SPS process was 

adopted to densify the mixed powders. As a result, the Ti grain size is obviously 

refined. Specially, the grain size in M@rGO/Ti composites is much smaller than those 

in Ti matrix and rGO/Ti composites (Figure S4). The strengthening contribution by 

grain refinement (
GR ) can be calculated through the Hall-Petch relationship 35: 

0.5 0.5
( )

GR C M
k d d

− −
 = −                        (1) 

where k is a constant of 0.68 MPa m1/2 for pure Ti , 35 dM and dC are the average grain 

size of Ti matrix and composites, respectively.  

For the graphene/metal composites, it is generally accepted that the efficient load 

transfer from the graphene to Ti matrix is the most important strengthening 

mechanism due to the high aspect ratio and large specific surface area of graphene. 57 

The high load transfer efficiency of graphene/Ti composite is evidenced by the strong 

interfacial bonding. In addition, Orowan strengthening takes effect for the composites 

with nanosized particles uniformly dispersed within the grains of the matrix. In such 

case, the adjacent intragranular nanoparticles can accumulate, pin down and form 

dislocation loops, which generate a remarkable back-stress that blocks dislocation 
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propagation across the nanoparticles and strengthens the metal matrix. However, TEM 

image in Figure 2 and HRTEM image in Figure 3 shows that in-situ formed TiC and 

Ti3Ag intermetallic compound nanolayer as well as remained rGO nanosheets are 

always located at the grain boundaries of titanium. Furthermore, superior interface 

adhesion can be achieved without any micoviods at Ti-TiC, Ti3Ag-Ti and Ag@rGO-Ti 

interfaces as shown in Figure 4b. Hence, as also reported in previous studies, 16, 58, 59 

we hypothesize the load transfer produced by the in-situ formed TiC, Ti3Ag and 

Ag@rGO nanosheets is the another strengthening mechanisms. Theoretically, the 

strengthening contribution by load transfer in composites (
LTS ) can be simply 

interpreted by the shear lag model as: 54 

3 /LTS LTS TiC LTS Ti Ag LTS rGO Ag   − − −
 =  + +        (2) 

( )4
[ 1]

4

VR

LTS M VM

Sf
f 

+
 =  + −        (3) 

where 
M  is the 0.2%YS of Ti matrix, S is the width-to-thickness ratio of the 

reinforcements, fVM and fVR are the volume fractions of the matrix and reinforcements, 

respectively. The value of LT  is proportional to the fVR and S. However, the 

volume fraction of intact rGO, and in-situ formed TiC and TixMy phases cannot be 

calculated accurately for the composites after hot rolling. Although it is difficult to 

calculate the increase in the 0.2%YS contributed by the load transferring effect from 

Eq. (4), the strengthening contribution can be the sum of the above three 

strengthening factors, which can be expressed as: 

YC GR LTS SS M    =  + + +            (4) 

where 
M  is the 0.2%YS of the matrix. Hence, the load transfer strengthening of 
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M@rGO/Ti and rGO/Ti composites ( LTS ) can then be estimated using: 

LTS YC SS GR M     = − − − . The obtained strengthening factors contributions to 

the increased strength of the 0.5Ag@rGO/Ti, 0.5Cu@rGO/Ti and 0.5rGO/Ti 

composites are summarized in Figure 8a. We can observe that the load transfer 

presents the major role for strengthening mechanism in Cu@rGO/Ti and Ag@rGO/Ti 

composites, and then followed by refinement strengthening. However, the refinement 

effects in the Ag@rGO/Ti composites are more significant than that in the 

Cu@rGO/Ti composites. Though Ag and Cu have similar characteristics of “eutectoid 

stabilizer elements” in Ti alloy materials, Cu possesses a faster diffusion effects than 

Ag in α-Ti. 60 Hence, more Cu atoms could diffuse into Ti’s intragranular positions to 

form TixCuy alloys during SPS and HR. On the contrary, most of the Ag@rGO are still 

remained at the grain boundary, impeding movement of the grain boundaries. 

Based on Figure 8a, 
LTS  

 values of M@rGO/Ti composites are 

significantly higher than that of rGO/Ti composites, revealing the superior load-baring 

capability of combination of TiC, TixMy and M@rGO in M@rGO/Ti composites. The 

poor 
LTS  

 values in the rGO/Ti composites are attributed to the agglomeration of 

rGO and higher contents of formed TiC. These findings emphasize the unique role of 

metal nanoparticles or nanolayers in enhancing the strength of Ti matrix composites.  
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Figure 8. (a) Strengthening contributions of each factors to the as-rolled Ti 

composites in this work. (b) Mechanical properties of Ti composites with various 

Ag@rGO contents.  

 

In order further to verify the strengthening effects of M@rGO nanopowders on 

the strength and ductility of the Ti composites, we have investigated the influence of 

concentrations of Ag@rGO nanopowders on the mechanical properties of Ti 

composites using the same method we have proposed (Section 4). The obtained 

tensile testing results of the xAg@rGO/Ti composites (x=0.3, 0.5, 0.6, 0.8 and 

1.0wt %) shown in Figure 8b reveal that the 0.5Ag@rGO/Ti composites exhibit the 

highest strength and good ductility, whereas the composites with a lower Ag@rGO 

content (0.3 wt%) and a higher Ag@rGO content (1.0 wt%) show the reduced 

strength of the composites, which is mainly due to the large contents of interfacial 

products Ti3Ag and TiC. In fact, excess of TixMy phases can make the interface of 

Ti-TixMy quite brittle, whereas inadequate TixMy cannot provide adequate interfacial 

bonding and efficient load transfer. 

mailto:0.5Ag@rGO/Ti
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3. CONCLUSIONS 

In summary, we provide a novel strategy for obtaining high-performance 

graphene/Ti composites using SPS and hot rolling process via introduction Cu@rGO 

and Ag@rGO nanopowders into Ti matrix. The balance of enhanced yield strength 

and good elongation to fracture is achieved in the Ag@rGO/Ti and Cu@rGO/Ti 

composites. The UTS, 0.2%YS and fracture toughness of 0.5Ag@rGO/Ti composites 

are 900 MPa, 790 MPa and 26.6 MPa·m1/2, which are 32.7%, 35.04% and 12.23% 

increments, compared with those of the monolithic Ti. In-situ formed TiC, nano-scale 

TixMy interface and M@rGO nanophase play critical roles in the strengthening 

behavior of M@rGO/Ti composites. Load transfer effects due to these nanophases (i.e. 

TiC, TixMy and M@rGO) and refinement strengthening are major strengthening 

mechanisms of the M@rGO/Ti composite. However, load transfer strengthening has 

less significant role in the strengthening of rGO/Ti composite owing to the poor 

distribution effect of rGO and interfacial bonding. These findings reveal that metal 

nanoparticle (such as Cu or Ag) modified graphene nanomaterials is a promising 

reinforcement for the design and fabrication of advanced graphene/Ti composites. 

 

4. EXPERIMENTAL SECTION 

4.1 Preparation of M@rGO/Ti Composites 

Preparation procedures of graphene oxides (GO) nanosheets using the Hummers 

method have been described elsewhere, 61 which were purchased from XFNANO 

Technology Co., Ltd., China. As-synthesized GO nanosheets were reduced into the 

mailto:0.5Ag@rGO/Ti
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reduced graphene oxides and simultaneously coated with metal nanoparticles (i.e. 

M@rGO=Ag@rGO and Cu@rGO) using one-step chemical co-reduction route 

(Figure S5). 20, 21 All the chemicals were used directly without further purification. 

Spherical Ti powders were purchased from Xi’an Sino-Euro Materials Technologies 

Co., Ltd., China. The copper and silver were chosen as metallization alloying 

elements to modify reduced graphene oxide nanopowders because they show optimal 

growth relationships on surface of graphene nanomaterials, 62-64 especially because 

they are all eutectoid elements in Ti alloy materials. The Ti alloys with appropriate 

copper or silver concentrations were reported to show good biocompatibility, 

corrosion resistance, tribological properties and mechanical properties. 65-67 For 

example, a solid solution treatment of the Ti-3Cu alloy can increase the 0.2% YS from 

400 to 740 MPa and improved the antibacterial rate from 33% to 65.2%, which was 

demonstrated that homogeneous distribution and fine Ti2Cu phase plays an important 

role in mechanical properties, corrosion resistance and antibacterial properties . 68 

In order to disperse uniformly the M@rGO nanopowders in the Ti matrix, 

M@rGO nanopowders and pure Ti powders were continuously stirred with the help of 

the ultrasonic vibration until a semi-solid state was obtained, and then the mixed 

powders were subjected to a low energy ball milling using a planetary mixing 

machine (QM-3SP4) for 30 min at a speed of 200 r/min with the ball-to-powder ratio 

of 6:1. The mixed M@rGO/Ti powders were sintered at 900 oC for 5 min under a 

pressure of 60 MPa using the SPS (SPS-80T-20). For comparisons, the unreinforced 

Ti materials were also fabricated using the same SPS process by direct consolidation 



27 
 

of spherical Ti powders. The rGO/Ti composites were also synthesized via the same 

mixture process and SPS process as M@rGO/Ti composites. Finally, all the samples 

were hot-rolled at 1000 oC with a 83.3% reduction in thickness and the final thickness 

is about 1 mm. 

4.2 Microstructure Characterization 

The rGO and M@rGO nanopowder distributions on the surfaces of composites 

powders were observed using a field scanning electron microscope (FE-SEM, Zeiss 

GeminiSEM 500). The phase composition and structure of the composites were 

observed using X-ray diffractometry (XRD). The interfacial characteristics of the 

composites were observed using transmission electron microscope (TEM, FEI Talos 

F200X) and high resolution TEM (HRTEM). The TEM samples were prepared using 

a focused ion beam (FIB) system (Tescan LYRA3) finishing with a sample thickness 

of ~100 nm. Electron backscattered diffraction (EBSD) technique was used to obtain 

the grain size of as-rolled composites. The EBSD analysis area was 450 μm×340 μm 

with a step size of 1.2 μm. 

Raman spectroscopy was used to investigate defects in the M@rGO, and the 

scan range of laser beam was from 1000 to 2200 cm-1. The tests were performed at 

room temperature using a Laser Raman Spectrometer (LabRAM HR Ecolution) with 

an excitation wavelength of 532 nm.  

4.3 Mechanical Properties of the Composites 

The density of fabricated composites was measured using the Archimedes’ 

principle. As listed in Table 1, the measured densities of all samples are closed to the 
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theoretical density of Ti with a value of 4.51 g/cm3, revealing that all of composites 

possess a high relative density. Fracture toughness and room temperature tensile test 

were carried out to evaluate the mechanical properties of the as-rolled Ti composites. 

The fracture toughness of the as-rolled composites was obtained using a universal 

testing system with a crosshead speed of 0.5 mm/min. The fracture toughness values 

were calculated by analyzing the load–displacement curves, according to ASTM E399 

with the following formula: 69 

3/2

Q

IC

S aP
f

B WW
K

   
=   

  
                          (5) 

where PQ is the conditional load, KN; S is the span between two pivot points when 

testing (30 mm); B is the thickness (1 mm); W is the width (4 mm); a is the initial 

crack length (2 mm) and f(a/W) is the geometry factor. The schematic drawing of the 

compact-tension specimen for fracture toughness test is illustrated in Figure S6a. 

The ex-situ room temperature tensile test was conducted on an UTM5105X 

universal machine with a speed of 1 mm/min. The tensile axis of the tensile tests was 

parallel to the rolling direction. The final strength and ductility values were measured 

from three samples. The test samples were designed to be with a gauge length of 50 

mm and section of 1 mm×13 mm (Figure S6b). Additionally, in order to investigate 

the fracture failure process and strengthening mechanism of Ti composites, an in-situ 

tensile test was performed via operating the tensile stage with Ti composites sample 

inside the an SEM (FE-SEM, Zeiss GeminiSEM 500) chamber (Figure S6c). The 

tensile specimen was machined from the rolled sheets along the rolling direction into 

a flat dumbbell shape with gauge length of 6 mm, width of 2 mm and thickness of 0.8 
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mm (Figure S6c). The sample was loaded with the displacement control at a rate of 

0.05 mm/min and then manually stopped at different elongation steps to capture the 

high-quality SEM images.  
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