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ABSTRACT:  14 

Poor ductility of titanium matrix composites with medium/high-strength 15 

reinforced with carbonaceous nanomaterials (eg., graphene, carbon nanotubes etc.), 16 

has seriously restricted their wide-range engineering and practical industry utility. 17 

Herein, we propose a new methodology to significantly and simultaneously enhance 18 

both ductility and tensile strength of the titanium matrix composites. We ball milled 19 

Ti-6Al-4V (TC4) powders with in-situ chemically synthetized Ni decorated 20 

multi-walled carbon nanotubes (i.e MWCNTs@Ni), and then sintered the composites 21 
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powders using spark plasma sintering (SPS). We achieved both a significant balanced 1 

between superior strength and increased ductility of the composite using the 2 

MWCNTs@Ni nanopowders. The enhanced strength in composites is mainly 3 

attributed to the interfacial structures for effectively enhanced load transfer capability 4 

between MWCNTs@Ni and Ti matrix, e.g., the formation of coherent/semi-coherent 5 

interfaces among interfacial phases Ti2Ni, TiC and Ti matrix. Furthermore, we applied 6 

the dislocation theory to reveal the toughening mechanisms of MWCNTs@Ni in the 7 

MWCNTs@Ni/TC4 composites. This study provides a new methodology of 8 

fabricating metal matrix composites (reinforced with carbon based nanomaterial) with 9 

both high strength and good ductility.  10 

 11 
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1. INTRODUCTION 15 

Titanium and its alloys have been extensively explored in many fields such as 16 

aerospace, military and automobile industries [1-3], owing to their excellent 17 

mechanical properties, superior corrosion resistance, light and reasonably low cost [4]. 18 

For engineering applications in military and aerospace, titanium matrix composites 19 

(TiMCs) have been designed and fabricated in order to improve their comprehensive 20 

properties such as specific strength, stiffness at room temperature and high 21 

temperature durability [5]. However, there still remains a critical and contradictory 22 
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issue on how to simultaneously increase both the strength and ductility of the TiMCs, 1 

e.g., as usually the significant improvement of the TiMC’s strength will result in the 2 

significant degradation of ductility. For example, Huang et al. designed a novel 3 

quasi-continuous network structured TiMCs with superior mechanical properties, e.g., 4 

with a tensile strength as high as 1090 MPa for 5.0 vol.% TiBw/TC4 composites. 5 

However, their fracture to elongation is only 3.6%, which is far lower than the 6 

required ductility of engineering structural parts (generally above 8%) [6]. Previously, 7 

we developed a novel core-shell structured TiMCs with both high compression 8 

strength and large strain (~ 10%) [7-9], but with very a low tensile elongation (~ 1%) 9 

during the tensile deformation, which also limits the application in engineering 10 

practice. 11 

There are many reports to make Ti based composites using novel fabrication 12 

technologies [10-13] and various nano/submicron size particles (e.g. SiC fiber [14-15], 13 

TiBw [16-20], TiC [21, 22], TiB2 [23], and carbon nanomaterial [24, 25] so forth). 14 

Carbon nanotubes (CNTs) have received enormous attention as one of the key 15 

reinforcement materials for the composites because of their outstanding mechanical 16 

properties (e.g., Young’s modulus of 1.5 TPa and strength of ~100 GPa) [26], 17 

extraordinary stiffness, flexibility and excellent physical (for examples, 18 

thermal/electrical conductivities [26, 27]) properties. Currently there are different 19 

types of CNTs reinforced metal matrix composites (MMCs) developed [28-33], 20 

including Al, Mg, Cu, Ni, Fe and Ti based ones. Compared with those reinforced with 21 

micro- and nano-sized spherical particles, CNTs can provide better mechanical, 22 
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structural and functional properties [34, 35]. Table S1 in the Supporting Information 1 

lists a summary of different types of CNTs-MMCs reported in literatures. It is clear 2 

that most of these reports are only focused on the compression testing properties of 3 

these CNTs/Ti composites. For examples, Wen’s group fabricated MWCNTs/Ti 4 

composites using ball milling dispersion and vacuum sintering (1100 oC ) [36] or SPS 5 

(800 oC and 900 oC) [37, 38], and showed that the 0.5wt.% MWCNTs/Ti composites 6 

with in-situ TiC phases exhibited high compressive yield strength of 882 MPa (+ 18% 7 

higher than that of the commercially pure Ti). Furthermore, MWCNTs/Ti composites 8 

without any interfacial TiC products were tailored by a rapid low temperature (550 oC) 9 

and high pressure (300 MPa) SPS consolidation [39]. Results revealed that the 10 

superior compressive strength of the composite containing 0.4 wt.% MWCNTs 11 

reached 1106 MPa, which is an enhancement of 61.5% compared to that of pure Ti 12 

under the same conditions. The main reasons why there are not many tensile 13 

mechanical properties reported are mainly because the fact that the weak interfacial 14 

bonding between carbon nanofillers and Ti matrix and serious interfacial 15 

reactions/formation of brittle carbides at elevated temperatures often result in poor 16 

tensile properties of the composites [40, 41]. Clearly there are several major 17 

challenges which need to be solved: (1) How to disperse CNTs homogeneously into 18 

Ti matrices, because of their strong Van der Waals forces and large density differences 19 

(e.g., 4.8 g/cm3 of Ti alloy and 2.1 g/cm3 of the CNTs [42]); (2) How to at least reduce 20 

the seriously interfacial reactions between the CNTs and Ti matrix, because carbides 21 

are easily formed during the sintering and heat treatment processes [43, 44]; (3) How 22 
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to improve the weak bonding between CNTs and Ti matrix; (4) How to maximize the 1 

synergetic effects of CNTs inside the Ti matrices for both high strength and ductility.  2 

In this work, we have proposed a new strategy to significantly improve both the 3 

ductility and strength of TiMCs by using a combined chemical and powder metallurgy 4 

process. A chemical reduction process was firstly developed to decorate nickel 5 

nanoparticles onto the surfaces of MWCNTs (i.e. formation of MWCNTs@Ni 6 

nanopowders). Then various MWCNTs@Ni concentrations (0 wt%, 0.1 wt.%, 0.3 7 

wt.%, 0.5 wt%, 1.0 wt%, 1.2 wt% and 1.98wt%) were incorporated into TC4 matrix 8 

by ball milling and then followed by SPS. Nickel element was chosen as the 9 

decorated material owing to its excellent wettability with both carbon and Ti matrix 10 

[45, 46]. Especially, Ni is a fast diffusing element with the potential to improve the 11 

self-diffusion of titanium, enhance sinterability and mechanical properties [47-49]. 12 

For example, Rominiyi etc. introduced various amounts of Ni additions (2, 6 and 10 13 

wt%) to titanium alloys using SPS, resulting in the emergence of mixed phases of 14 

Ti2Ni, TiNi2 and α-Ti with different structure within the matrix of the sintered alloys. 15 

They found that the relative density (from 91.42% to 99.6%) and the microhardness 16 

(from 212 HV0.1 to 343 HV0.1) increased with increasing addition of Ni contents [50, 17 

51]. Since the density of MWCNTs@Ni is higher than that of pure MWCNTs, the 18 

MWCNTs@Ni nanopowders can be easily and homogeneously distributed into TC4 19 

powders during mixing process. Effect of MWCNTs@Ni contents in the Ti matrix on 20 

microstructures and mechanical properties of the composites are systematically 21 

investigated. Interface structure and its influence on the strengthening/toughness 22 
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mechanism of MWCNTs@Ni/TC4 composites are studied with simultaneously taking 1 

MWCNTs/TC4 composite as a reference. We achieve a good balance between 2 

strength and ductility of TC4 composites (about 1100 MPa-11.2%) reinforced with 3 

1.0wt% MWCNTs@Ni, which are 134.1 % of the matrix in strength, respectively. 4 

This is mainly attributed to good interfacial bonding and effective load-transferring 5 

effect from the Ti matrix to reinforcements (including MWCNTs@Ni, TiC and Ti2Ni).  6 

 7 

2. EXPERIMENTAL SECTION  8 

2.1 Raw Materials 9 

Commercially available TC4 powders, with an average size distribution of 10 

75~150 μm, fabricated using a plasma rotating electrode process, were purchased 11 

from Baoji Haibao Special Metal Materials Co., Ltd., Shaanxi, China. The MWCNTs 12 

with an outer diameter of 20~30 nm, inner diameter of 5~10 nm and length of 10~30 13 

μm were prepared using a chemical vapor deposition method, which were purchased 14 

from Nanjing Xian Feng Nano Materials Technology Co. Ltd. Jiangsu, China. The 15 

chemical reagents were all obtained from Sinopharm Chemical Reagent Co. Ltd. 16 

Shanghai, China. All chemicals were used directly without further purification. 17 

2.2 Fabrication of the MWCNTs@Ni/TC4 composites  18 

To fabricate MWCNTs@Ni/TC4 composites with both high strength and good 19 

ductility, three main steps were used. Firstly, the surfaces of MWCNTs nanopowders 20 

were metallized with Ni nanoparticles using a chemical reduction method (Figure 1). 21 

The Ni contents in MWCNTs@Ni nanopowders were estimated using the high 22 
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temperature oxidation test in Figure S1 (see supporting information). The phase 1 

composition of MWCNTs@Ni nanopowders after high temperature treatment was 2 

determined using X-Ray diffraction and scanning electron microscopy. The energy 3 

dispersive spectrum mapping (Figure S1c) shows the products of MWCNTs@Ni 4 

after calcination are composed of O and Ni elements. The three strong diffraction 5 

peaks of NiO (Figure S1d) appeared at 2θ=37.23, 43.25o and 62.83o, corresponding 6 

to the (111), (200) and (220) crystal plane, respectively. Next, the TC4 powders and 7 

as-received MWCNTs@Ni were further mixed for 300 min using a planetary ball 8 

milling machine (QM-3SP4) with a rotating rate of 300 r/min. The ball to powders 9 

weight ratio was 3:1. Stainless steel balls of 0.5 mm and 2 mm in diameters were used 10 

as the milling media (with their mass ratio of 2:1), and these two different ball sizes 11 

were used in order to effectively increase the collision energy applied to the powders 12 

[52]. The driving force of dispersion effect of MWCNTs or MWCNTs@Ni on the 13 

surface of the TC4 powders is kinetic energy to the mixed powders by ball milling. 14 

This impact energy had been analyzed by Cuie Wen’s group in references 53 and 54. 15 

Finally, the obtained MWCNTs@Ni/TC4 composites powders were consolidated 16 

using SPS for 5 min under a pressure of 45 MPa in a vacuum condition at a 17 

temperature of 1100 oC. For comparisons, the pure TC4, Ni/TC4 and MWCNTs/TC4 18 

powders were also sintered using the same process. 19 

2.3 Characterization of MWCNTs@Ni/TC4 composites 20 

Microstructures and morphologies of powder mixtures and sintered composites 21 

were characterized using a field emission scanning electron microscope (FE-SEM, 22 
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Zeiss GeminiSEM 500), as well as a transmission electron microscope (TEM, FEI 1 

Talos F200X) and high resolution TEM. The interface sample of the composites was 2 

obtained using the focused ion beam (Tescan Lyra3) lift-out technique. 3 

Phases structure of the samples were analyzed using a Dmax-2500 X-ray 4 

diffractometer (XRD) with Cu Kα radiation source (λ= 0.15418 nm) operated at 35 kV 5 

and 40 mA. The scanning rate was 8o/min and the scanning range of 2θ was 10~90o 6 

with a step size of 0.02o. The dislocation densities of the composites before and after 7 

fracture were determined by extrapolating the lattice parameters and micro-strain 8 

from the XRD profiles. Raman spectroscopy (HR Evolution) and X-ray photoelectron 9 

spectroscopy (XPS, Thermo Fisher ESCALAB Xi+) were used to evaluate the surface 10 

chemistry, defects and structural characteristics. Raman spectroscopy was obtained 11 

using a He-Ne laser (532 nm) operated with a power of 17 mW and a detector over a 12 

range of 100 ~ 3000 cm-1 from Kaiser Optical System (France). XPS was performed 13 

using an Axis Ultra DLD photoelectron spectrometer using Al Kα (1486.6 eV) 14 

radiation.  15 

Some of the samples were mechanically polished and then electro-polished in 16 

mixed perchloric acid-methanol-n-butyl alcohol electrolyte solution (with their 17 

volume ratio of 1:6:3) at a voltage of 26 V for 10 s to etch and reveal the grain 18 

structures. The grain boundaries of these samples were then analyzed using the 19 

electron backscatter diffraction (EBSD) technique. The resulting phase distribution 20 

and grain-boundary misorientation were obtained from post-treatments of these 21 

orientation maps using the HKL Channel-5 software.  22 
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The high temperature oxidation test was used to evaluate the Ni contents in 1 

MWCNTs@Ni nanopowders, and the high temperature oxidation test was performed 2 

into high temperature muffle furnace (SXL-1400C). The phase composition of 3 

MWCNTs@Ni nanopowders after calcination was determined using XRD and SEM. 4 

The density of the sintered composites was measured using Archimedes method 5 

according to GB/T 3850-2015 (standard ASTM B962-15) [55]. Fracture toughness 6 

and room temperature tensile test were carried out to evaluate the mechanical 7 

properties of composites. The fracture toughness of the sintered composites was 8 

carried out on using a universal testing system at a crosshead speed of 0.5 mm/min. 9 

The room-temperature tensile tests were carried out using an MTS810 universal 10 

testing machine with a strain rate of 1 mm/min. At least three measurements were 11 

performed to acquire an average value. The schematic diagram of the tensile samples 12 

and complete sintered billets, processed spline and broken spline photos are shown in 13 

Figure S2. The fractured surface morphologies were characterized using SEM. 14 

 15 

3. RESULTS AND DISCUSSION 16 

3.1 Macroscopic Analysis of MWCNTs@Ni/TC4 Composites 17 

The pristine MWCNTs in Figure 1a without obvious agglomeration are 18 

generally entangled between each other. The HRTEM image in Figure 1b reveals that 19 

the MWCNTs shows the regular MWCNT walls and hollow channels with their 20 

relatively clean and smooth surfaces, where amorphous carbon and other 21 

contaminations can barely be observed. Whereas, the MWCNT surfaces metallized 22 
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with Ni nanoparticles in Figure 1c appear quite rough, revealing that these Ni 1 

nanoparticles are effectively decorated onto the MWCNTs with discontinuous 2 

distribution (Figures 1c, d and e), which can also be further characterized by XRD 3 

(Figure S3a). Furthermore, the Raman ID/IG ratio of MWCNTs@Ni (0.732) is slightly 4 

lower than that of original MWCNTs (0.898) (Figure 2d), which were mainly 5 

attributed to Ni nanoparticles filled into the defects as well as absorbed on the surface 6 

of MWCNTs. 7 

The milled MWCNTs@Ni/TC4 powders still show similar shapes and size as 8 

those of original ones (Figures S3b and c), suggesting that there were no significant 9 

plastic deformation, cold welding and fracture associated phenomena occurred during 10 

ball milling process [56]. Furthermore, the surfaces of these milled mixtures (Figures 11 

1f and g) are quite rough compared with raw TC4 powders (Figure S3b). Especially, 12 

compared with MWCNTs distribution on the surface of TC4 powders (Figure 1f), the 13 

Ni@MWCNTs (Figure 1g) were relatively uniform and tightly coated on the surfaces 14 

of TC4 particles without obvious MWCNTs@Ni clusters, revealing relatively 15 

homogeneous dispersion effect of the MWCNTs@Ni nanopowders in TC4 powders. 16 

 17 

 18 
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 1 

 2 

Figure 1. (a) TEM image and (b) HRTEM image of original MWCNTs nanopowders. 3 
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(c) TEM and (d) HRTEM image of MWCNTs@Ni nanopowders. (e) TEM energy 1 

dispersive X-ray spectrometer (EDS) elements mapping results of MWCNTs@Ni. (f) 2 

and (g) SEM micrograph shows the rough surface of mixed MWCNTs/TC4 and 3 

MWCNTs@Ni/TC4 powders. (f1) An enlarged view of the MWCNTs/TC4 powders, 4 

showing the obvious MWCNTs clusters on the surface of TC4 and a fewer dispersed 5 

MWCNTs (g1) An enlarged view of the MWCNTs@Ni/TC4 powders, showing 6 

MWCNTs@Ni homogenously distributed on the surface of TC4 powders, 7 

respectively.  8 

 9 

Typical SEM images of the Ti matrix composites in Figures 2a ~ c shows that 10 

the MWCNTs are mainly react with TC4 matrix to form TiC layer (Figure 2a) after 11 

sintering. However, except in-situ formed TiC particles, the MWCNTs@Ni 12 

nanopowders are also observed at the grain boundaries of matrix (Figures 2b and c). 13 

The formation of these in-situ interfacial phases effectively reduced the average sizes 14 

of the TC4 matrix in these sintered composites (Figures 2a~b and Figure S4). Raman 15 

analysis in Figure 2d shows that the apparent characteristic peaks (i.e. D band, G 16 

band and 2D band) of carbonaceous nanomaterials were detected in 17 

1.0MWCNTs@Ni/TC4 composites, whereas these peaks almost disappear in 18 

1.0MWCNTs/TC4 composites. Even Raman peaks located at ~ 410 and 610 cm-1 19 

which correspond to the TiC phase were observed in 0.5MWCNTs/TC4 and 20 

1.0MWCNTs@Ni/TC4 composites [52, 57], indicating the production of defects and 21 

the structural damages of MWCNTs owing to the occurrence of severe interfacial 22 
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reactions during the sintering. 1 

XPS analysis result shown in Figure 2e indicates that the Ti 2p1/2 and Ti 2p3/2 2 

spin-orbital splitting photoelectrons of Ti4+ are at excitation energies of 463.5 eV and 3 

457 eV, respectively. Furthermore, carbon bonds with sp3 and sp2 hybridization in 4 

Figure 2f are detected at binding energies of 283.4 eV and 284.1 eV, respectively. The 5 

binding energies of Ti-C bonds for C 1 s and Ti 2p are at 282.8 eV and 454.5 eV, 6 

respectively, suggesting the formation of TiC phase. Furthermore, in Figure 2g, the 7 

strongest peak in the Ni 2p spectrum is observed located at 855.3 eV corresponding to 8 

Ni 2p3/2, and another peak corresponding to Ni 2p1/2 is located at 874.1 eV due to the 9 

spin-orbit coupling, indicating the presence of Ni-Ti intermetallics [58, 59]. 10 

 11 

 12 

 13 

Figure 2. Typical SEM images of (a) 0.5MWCNTs/TC4 composites, inset shows the 14 



14 
 

MWCNTs react with Ti matrix to formed TiC particles/layer. (b) 1 

1.0MWCNTs@Ni/TC4 composites and (c) an enlarged view of region c marked in 2 

Figure b, showing TiC phase and MWCNTs@Ni distributed in composites. (d) Raman 3 

analysis of the MWCNTs in composites. (e~f) the XPS of the 1.0MWCNTs@Ni/TC4 4 

composites: (e) Ti 2p, (f) C 1s, (g) Ni 2p, respectively.  5 

 6 

3.2 Microscale - Interfacial Analysis of MWCNTs@Ni/TC4 Composites 7 

Interfacial characteristics have critical effects on the microstructure and 8 

properties of MMCs. We studied the detailed interfaces compositions of the 9 

MWCNTs@Ni/TC4 composites. The results are shown in Figures 3 and 4, 10 

respectively. The bright TEM image of MWCNTs@Ni/TC4 composites in Figure 3a 11 

shows that the MWCNTs@Ni (confirmed by the characteristic atom fringes in the 12 

inset image) are mutually entangled and overlapped at the grain boundaries of Ti 13 

matrix. Figure 3b exhibits the HRTEM image of TiC-MWCNTs. The TiC and 14 

MWCNTs can be identified by their characteristic fringes and diffraction patterns 15 

(Figures 3b1 and b2) using Fast Fourier transform (FFT) and inverse Fast Fourier 16 

transform (IFFT). As shown in Figure 3b1, the FFT shows the characteristic (1-11), 17 

(-1-1-1) and (0-2-2) diffraction patterns of TiC. According to the noise-filtered IFFT 18 

image, the lattice inter-planar spacing is measured to be 0.25 nm, which matches the 19 

d-spacing of (111) TiC plane. Furthermore, the diffraction patterns shown in Figure 20 

3b2 reveal the amorphous-like structure of the MWCNTs in the composites. The 21 

HRTEM in Figure 3b shows no apparent gaps and pores at the interfaces between the 22 
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MWCNTs and TiC, revealing that a good interfacial bonding has been obtained. 1 

Figure 3b3 shows an IFFT image of TiC-MWCNTs interface marked in Figure 3b, 2 

and the upper area belongs to the [0-11] zone axis of the TiC, which can also be seen 3 

in Figure 3b1. The orientation relationship between TiC and MWCNTs has a 4 

misorientation of approximately 50°, revealing that partial TiC-MWCNTs interfaces 5 

are bonded semicoherently (Figure 3b3). Figure 3c shows the HRTEM image of 6 

MWCNTs@Ni in composites (marked in Figure 3a). As revealed from Figure 3c, 7 

carbide reaction products (such as Ni3C etc.) were not found at the Ni-MWCNTs 8 

interface, revealing that the well-bonded MWCNTs-Ni interface could achieve an 9 

effective load-bearing capacity. The IFFT (Figure 3c1) from the selected area shown 10 

in Figure 3c reveals the formation of a strong interfacial bonding between CNTs and 11 

Ni coating particles. 12 

 13 
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 1 

 2 

Figure 3. Detailed analysis of TiC-MWCNTs interface using TEM and HRTEM in 3 
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MWCNTs@Ni/TC4 composites. (a) A bright field TEM image, inset shows the 1 

selected electron diffraction pattern of MWCNTs@Ni in Figure a. (b) HRTEM 2 

analysis of TiC-CNTs interface. (b1) ~ (b3) FFT and IFFT diffraction patterns recorded 3 

at the marked b1, b2 and b3 regions in Figure b. (c) HRTEM image of MWCNTs@Ni 4 

in composites recorded at the marked c regions in Figure a. (c1) FFT and IFFT 5 

diffraction patterns recorded (inset) at the marked c1 regions in Figure c, respectively. 6 

 7 

There are short and overlapped MWCNTs@Ni observed at the grain boundaries 8 

in the composites (Figure 4a). Nanoscale TiC spherical particles with sizes of ~ 200 9 

nm (Figure 4a) were also observed between the Ti matrix and MWCNTs@Ni, where 10 

the TiC phase is identified by the selected area diffraction patterns (SADPs) (inset, 11 

Figure 4a). Formation of TiC surrounding of the MWCNTs@Ni is attributed to the 12 

fact that the surfaces of the MWCNTs are covered with a discontinuous 13 

nanoparticles/nanolayers of Ni (Figures 1c ~ e) and an amorphous film on the 14 

uncovered surface (red arrow, Figure 1d), which provides preferred initiation sites for 15 

the reaction between MWCNTs and Ti matrix [25] during sintering. Figure 4b shows 16 

the HRTEM images of representative interface structure of MWCNTs@Ni/TC4 17 

composites, including Ti-TiC, Ti2Ni-TiC and Ti-Ti2Ni typical interfaces. The FFT of 18 

region b1 (marked in Figure 4b) in Figure 4b1 shows the characteristic (-1-1-1), (200) 19 

and (-3-1-1) diffraction patterns of TiC. According to the noise-filtered IFFT image, 20 

the lattice inter-planar spacing is measured to be 0.2506 nm, which is matched well 21 

with the d-spacing of (-1-1-1) TiC plane. The same FFT/IFFT results can also be 22 
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obtained in regions b2 and b3, and the results are shown in Figures 4b2 and 4b3. Based 1 

on the FFT/IFFT patterns shown in Figure 4b3, the diffraction patterns of (31-1), (103) 2 

and (412) of Ti2Ni phase can be seen along the axis of [-3101], revealing that the 3 

Ti2Ni phases were in-situ formed between the Ti matrix and Ni particles on the 4 

surface of MWCNTs. And a strongly interfacial bonding without other phases are 5 

formed. Ti2Ni has a face centered cubic structure (Fd -3m space group), which is 6 

easily formed in the Ti-Ni composites. The FFT (Figure 4b4) from the selected area in 7 

Figure 4b shows the (412) of Ti2Ni with a interplanar spacing of 0.247nm and the 8 

(111) of TiC with a interplanar spacing of 0.2510 nm. Furthermore, the FFT image of 9 

the TiC-Ti interface in Figure 4b5 shows that in-situ formed TiC particles have the 10 

specific crystal relationship with Ti matrix, which is resulted from the in-situ grow 11 

process during the SPS. The TiC and Ti2Ni phases are well-bonded to both Ti matrix 12 

and MWCNTs@Ni. This ensures the effective load transfer at the interfaces, and the 13 

Ti2Ni and TiC phases are contributed for the enhancement of strength. 14 

 15 
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 1 

 2 

Figure 4. Detailed analysis of Ti-TiC, Ti2Ni-TiC and Ti-Ti2Ni interface based on 3 

TEM and HRTEM images in MWCNTs@Ni/TC4 composites. (a) A bright field TEM 4 

image, inset shows the selected electron diffraction pattern of TiC in Figure a. (b) 5 

HRTEM image containing phases of TiC, Ti2Ni and Ti. (b1) FFT and IFFT diffraction 6 

patterns recorded at the marked b1 in Figure b. (b2) FFT and IFFT diffraction patterns 7 

recorded at the marked b1 in Figure b. (b3) FFT image recorded at the marked b5 in 8 

Figure b and IFFT image of Ti2Ni-Ti interface. (b4) IFFT image of Ti2Ni-TiC interface 9 

recorded at the marked b1 in Figure b. (b5) IFFT image of Ti-TiC interface recorded at 10 
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the marked b1 in Figure b. respectively. 1 

 2 

3.3 Excellent Mechanical Properties of MWCNTs@Ni/TC4 Composites  3 

Figure 5 compares the mechanical properties of the synthesized TiMCs, and the 4 

corresponding statistical and average values of the measurements are summarized in 5 

Table 1. Compared with those of monolithic TC4 alloy, there are remarkable 6 

increases of strength of the composites with an acceptable ductility after the 7 

introduction of MWCNTs@Ni contents (Figure 5a). For example, the 8 

1.0MWCNTs@Ni/TC4 composite shows a good combination of high strength (1100 9 

MPa) and good ductility (11.2%), which have been increased up to 34.1% in strength 10 

and considerable fracture to elongation compared to monolithic TC4 alloy. 11 

Furthermore, the 1.0MWCNTs@Ni/TC4 composites exhibits the highest elastic 12 

modulus value of 132.72±1.8 GPa (Figure S5).  13 

The work hardening rate Θ is derived in order to elucidate the reason of the 14 

increased ductility based on the following equation [60]: 15 

1 

 


 = 


                            (1) 16 

in which   is true stress and   is the true strain. The corresponding true 17 

stress-strain curves are plotted as shown in Figure S6. The curves of work hardening 18 

rates in Figure 5b can be divided into three sections (such as TC4 in inset image), e.g., 19 

a decreasing work hardening rate with the true strain (A); followed by a gentle 20 

changed work hardening rate (B); and a final decreasing work hardening rate (C). The 21 

MWCNTs@Ni/TC4 composite shows slightly higher Θ values with those of the TC4 22 
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at the stages A and B, coupled with a prolonged positive strain-hardening rate at a 1 

large strain. This clearly shows the good ductility of MWCNTs@Ni/TC4 samples, 2 

since the significant strain hardening is critical for obtaining a large elongation to 3 

avoid the premature strain localization events such as necking [61].  4 

It is well-known that strength and ductility of metallic materials usually exhibit a 5 

trade-off tendency (i.e., the increase of strength sacrifices ductility and vice versa). In 6 

this study, we have achieved the enhancement of both strength and elongation through 7 

using the MWCNTs@Ni nanopowders in sintering. Such a high strength combining 8 

with an excellent elongation has never been reported in the sintered TC4 composites 9 

(all these data have been summarized and compared in Table S1 and also shown in 10 

Figure 5c).  11 

Figures 5d ~ e show the fracture surfaces of TC4, MWCNTs/TC4 and 12 

MWCNTs@Ni/TC4 composites after tensile tests. A large number of dimples were 13 

observed in the facture surface, revealing the ductile fracture in both the TC4 and 14 

MWCNTs@Ni/TC4 composites (Figures 5d and f). However, most TiC particles and 15 

some obvious voids are located at the triangle grain boundaries in the MWCNTs/TC4 16 

composites, showing a typical brittle fracture. Furthermore, many pulled-out and 17 

fractured MWCNTs@Ni were observed in the MWCNTs@Ni/TC4 composites (with 18 

the arrows indicated in Figures 5f1 and f2), proving that the effective load transfer 19 

from matrix to MWCNTs@Ni contributes to the strength enhancement in 20 

MWCNTs@Ni/TC4 composites during the tensile loading. We can see that for the 21 

same content of MWCNTs@Ni and MWCNTs, the MWCNTs@Ni exhibits a better 22 
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strengthening effect in Ti matrix composites than that of MWCNTs (Figure 5a), 1 

which is main attributed to the good load-bearing ability and well bonding of 2 

MWCNTs@Ni in TC4 matrix. The Ni nanoparticles/nanolayers covered on MWCNTs 3 

help to enhance the adhesion between MWCNTs and TC4 matrix, thus resulting in an 4 

increasing of elongation. 5 

Table 1 lists the fracture toughness values of the composites (calculated from the 6 

load versus load-line displacement in the supporting information in Figure S7) tested 7 

at room temperature. The fracture toughness values (KIC) of the TiMCs are all lower if 8 

compared to that of TC4 alloy. Especially, the KIC value of 1.2MWCNTs@Ni/TC4 9 

composites are only 18.8 MPa·m1/2, whereas the KIC value of the MWCNTs@Ni/TC4 10 

composites shows a relatively stable reduction (eg., from 34.8 to 28.8 MPa·m1/2) 11 

when the MWCNTs@Ni contents were added from 0.1 wt% to 1.0 wt%. Combination 12 

analysis of Figure 5a, we can conclude that the 1.0MWCNTs@Ni/TC4 composites 13 

present the optimal overall performance (i.e. strength, ductility and toughness). 14 

Moreover, the KIC value of the MWCNTs/TC4 composites exhibits a sharp decrease 15 

when the MWCNTs concentrations are same as MWCNTs@Ni, as compared in Table 16 

1, this is due to a great number of the formation of high hardness and poor plasticity 17 

of TiC phases and cracks in MWCNTs/TC4 composites (Figure S8). Furthermore, the 18 

average relative density of the sintered TC4 compact was measured 97.43%, which 19 

are slightly higher than that of the TC4 composites with 0.5 and 1.0wt% MWCNTs 20 

contents. The main reason is due to the formation of large pores and cracks around the 21 

TiC particles [62] (Figure 5e). However, the average relative density of the sintered 22 

mailto:1.0Ni@MWCNTs/TC4
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MWCNTs@Ni/TC4 composites is slightly higher than that of sintered TC4 and 1 

MWCNTs/TC4 composites. The improved consolidation effects of the composites 2 

containing MWCNTs@Ni are attributed to the uniform dispersion MWCNTs@Ni, 3 

good interfacial bonding between MWCNTs@Ni and Ti matrix, and especially 4 

self-diffusion and sinterability effects of Ni element in Ti alloy matrix [49, 52]. 5 

 6 
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 1 

 2 

Figure 5. (a) Tensile engineering stress-strain curves of MWCNTs@Ni/TC4 3 

composites, inset shows an enlarged view of marked regions in Figure a. (b) Plots of 4 
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work hardening rate versus true strain from the corresponding true stress-train curves, 1 

inset shows the division of the A, B and C stages in curves of work hardening rate. (c) 2 

Strength and elongation comparison between the reported sintered TC4 matrix 3 

composites reinforced with other reinforcements [6, 63-69] and the as-prepared 4 

MWCNTs@Ni/TC4 matrix composites, showing that the presented TiMCs possessed 5 

a good elongation with MWCNTs@Ni concentrations. SEM fracture images of (d) 6 

TC4, (e) 0.5MWCNTs/TC4 and (f~f1) 1.0MWCNTs@Ni/TC4 composites after tensile 7 

test.  8 
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Table 1. Comparison of tensile properties and fracture toughness of TiMCs with different MWCNTs@Ni contents and unreinforced TC4 alloy, 

respectively.  

Materials YS (MPa) UTS (MPa) Elongation to fracture (%) KIC (MPa •m1/2) Relative density (%) 

TC4 743.91±94.7 820.82±4.29 12.2±0.10 56.08±3.0 97.43±0.13 

0.1 MWCNTs@Ni/TC4 807.57±2.14 854.69±1.22 10.8±0.20 34.8±0.30 97.40±0.24 

0.3 MWCNTs@Ni/TC4 838.42±3.4 917.23±4.53 11.10±0.10 37.2±3.31 97.78±0.01 

0.5MWCNTs/TC4 869.02±6.42 910.51±3.46 1.26±0.23 19.5±3.5 97.22±0.15 

0.5 MWCNTs@Ni/TC4 900.22±5.33 982.04±2.81 14.20±0.30 31.4±0.28 98.06±0.02 

1.0MWCNTs/TC4 930.64±2.85 940.21±4.07 - 12.5±2.5 96.88±0.22 

1.0 MWCNTs@Ni/TC4 968.39±12.8 1100.04±14.6 11.20±0.50 28.7±0.88 98.81±0.05 

1.2 MWCNTs@Ni/TC4 996.53±2.5 1026.81±12.5 1.58±0.18 18.8±1.59 98.14±0.23 
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3.4 Strengthening Mechanism in MWCNTs@Ni/TC4 Composites  1 

Several possible mechanisms have been proposed to explain the strengthening 2 

mechanisms of carbonaceous nanomaterial in MMCs [25, 43, 52, 69, 61, 70]: (1) 3 

Orowan strengthening of CNTs and in-situ formed carbides with the matrix; (2) 4 

Thermal mismatch strengthening between CNTs and metal matrix; (3) Solution 5 

strengthening of the interstitial carbon, oxygen and nitrogen in matrix; (4) Grain 6 

refinement strengthening; (5) Effective load transferring function from the matrix to 7 

CNTs and reaction products. However, the dominant strengthening mechanisms are 8 

dependent on the composite structures and fabrication technology. 9 

For MWCNTs@Ni/TC4 composites in this work, due to the large aspect ratios, 10 

random alignment and the situation at grain boundaries of MWCNTs@Ni (Figures 11 

2b~c, Figures 3 and 4), Orowan strengthening effect could be neglected. In fact, 12 

in-situ formed TiC strengthening was effective for TiMCs reinforced with 13 

carbonaceous nanomaterials. Because TiC can not only transfer the shear stress from 14 

matrix to carbon sources but also enhance the fracture strength during loading process. 15 

However, Orowan strengthening only takes effect for the composites with nanosized 16 

particles uniformly dispersed within the matrix grain interior. In such case, the 17 

adjacent intragranular nanoparticles can accumulate, pin down and form dislocation 18 

loops, which generate a remarkable back stress that blocks dislocation propagation 19 

across the nanoparticles and strengthens the metal matrix. However, SEM images in 20 

Figures 2a~c and Figure S4 show that in-situ formed TiC phase are all located at the 21 

Ti grain boundaries, impeding the growth of matrix grain  22 
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Regarding to the thermal mismatch strengthening mechanism, the thermal 1 

mismatch between MWCNTs@Ni and Ti matrix at a high temperature was supposed 2 

to remain after fast cooling down to room temperature [71]. Therefore, thermal 3 

mismatch mechanism might be effective in those quenched composites, but it did not 4 

work well in the MWCNTs@Ni/Ti composites fabricated by furnace-cooling.  5 

For titanium alloys materials, impurity elements (such as carbon, oxygen, 6 

nitrogen) have significant influences on the mechanical properties of the matrix, and 7 

among them, oxygen and nitrogen elements have much higher affinity with Ti matrix 8 

than that of carbon. However, effects of oxygen and nitrogen could be neglected in 9 

this study. Firstly the low energy milling was employed, and the undamaged spherical 10 

shapes of the TC4 particles (Figures S3b and c) are observed. Secondly the sintering 11 

was carried out in a relatively high vacuum atmosphere (10-2 ~ 10-3 Pa) during the 12 

sintering. However, interstitial carbon is an effective strengthening element and 13 

carbon atoms are preferably confined to α-phase in an α+β titanium alloy. However, 14 

further additions of carbon will have minor contribution to the enhancement of 15 

strength when the carbon concentrations are above its limit (0.05 wt%, room 16 

temperature) [44]. When the carbon content exceeds the solubility limit in α-Ti, the 17 

carbon will more present in the form of TiC during the SPS process. Previous studies 18 

have revealed that the interstitial carbon atoms in the Ti lattices lead to the increase of 19 

strengths up to 7 MPa per 0.01 wt% carbon [25, 43, 53]. Therefore, the contribution 20 

from solid solution strengthening of carbon atom (
( )SS C ) is almost the same for 21 

MWCNTs@Ni/TC4 composites when the content of MWCNTs@Ni exceeds 0.1 wt%. 22 
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i.e. the strengthening effect of 
( )SS C  is 35 MPa increment in YS contributed to 1 

carbon solid solution. 2 

Hence, a combination of grain refinement (
GR ), solution strengthening 3 

(
( )SS C ), load bearing capability of MWCNTs@Ni and strengthening of in-situ 4 

formed TiC or Ti2Ni intermetallic compound ( LT ) were reported to be the 5 

dominative strengthening mechanism working in MWCNT@Ni/TC4 composites 6 

using SPS. The yield strength of the composites ( yc ) can be expressed as: 7 

( )yc ym GR LT SS C    = + + +                 (2) 8 

where the 
GR  [60] can be estimated using the Hall-Petch formula: 9 

0.5 0.5

0( )cGR k d d
− − = −              (3) 10 

in which d0 is the average size of sintered pure TC4, which is measured as ~ 502 μm. 11 

dc is the average grain sizes of composites, k is the Hall-Petch coefficient (k =0.68 12 

MPa m1/2 for α-Ti [25]). As we can see from Eq. (3), the strengthening effect is 13 

inversely proportional to the average grain size dc after grain refinement. The grain 14 

size of Ti matrix was obviously refined with an increased weight fraction of 15 

MWCNTs@Ni (Figure S4), in that the distribution of MWCNTs@Ni/TC4, in-situ 16 

formed TiC particles and Ti2Ni phase hinder the migration of grain boundary, thus 17 

preventing the growth of Ti grain during the SPS. The contribution of Ti matrix 18 

composites reinforced with various MWCNTs@Ni via grain refinement strengthening 19 

can be calculated and the results are listed in Table S2.  20 

In order to evaluate the enhanced yield strength value LT  contributed by a 21 

load-transferring effect from the reinforcements (including MWCNTs@Ni, TiC and 22 
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Ti2Ni) to Ti matrix, the following equation has been used [37, 72]: 1 

 1 ( ) / (4 )R R R RTi RLT V A L P L = + +                    (4) 2 

in which Ti  is the YS of TC4 matrix, RV  is the volume fraction of 3 

reinforcements, RA , RL  and RP  are the aspect ratio of reinforcements, the length 4 

of the reinforcements perpendicular to the applied stress and the length of the particle 5 

parallel to the applied stress, respectively. It can be seen that the value of LT  is 6 

proportional to the RV  and RA . Furthermore, according to Eq. (4), the tensile stress 7 

that acts on interfaces (including TiC/Ti, TiC/MWCNTs@Ni, Ti2Ni/TiC, Ti2Ni/Ti and 8 

Ti2Ni/MWCNTs@Ni shown in Figures 3 and 4) plays an important role in the 9 

improvement of LT . The in-situ formed TiC and Ti2Ni contribute to the formation 10 

of a clean interface and increase the bonding between the MWCNTs@Ni and the Ti 11 

matrix. Generally, the formed TiC and Ti2Ni interfacial products and unreacted 12 

MWCNTs@Ni in the matrix play synergistic roles in the effective load transfer, which 13 

is essential to enhance the strength of composites. However, the volume fraction of 14 

intact MWCNTs@Ni and in-situ formed TiC and Ti2Ni phases can not be calculated 15 

accurately for the composites after sintered. Although it is still difficult to calculate 16 

the increase in the YS contributed by the load transferring effect from Eq. (4), the load 17 

transfer contribution in MWCNTs@Ni/TC4 composites can be estimated from the 18 

following equation ( )ymLT yc SS CGR
  −= − −  (which is based on the Eq. 19 

2). This method were previously adopted to discuss strengthening mechanism of 20 

carbon nanomaterials reinforced other MMCs [73-77]. The effects along with other 21 

strengthening factors in TiMCs have been summarized in Table S2, and the obtained 22 

javascript:;
javascript:;
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strengthening factors contributing to the YS are plotted in Figure 6. It can be revealed 1 

that in the sintered Ti composites, the load transfer strengthening is the dominant 2 

mechanisms for the improvement of strength of the composites, especially in the 3 

MWCNTs@Ni/TC4 composites. While for the MWCNTs/TC4 composites, the 4 

MWCNTs completely react and transform into TiC particles/layers at the grain 5 

boundaries, thus leading to a strong constraint effect for the growth of inner Ti matrix 6 

during sintering. Hence, the grain refinement strengthening shows a significant effect 7 

in MWCNTs/TC4 composites (27.11% of the 
yc ) than that in 8 

MWCNTs@Ni/TC4 composites (2.71% of the 
yc ). These different strengthening 9 

mechanisms in Figure 6 also have strong synergetic effects. 10 

Generally speaking, the carbonaceous nanomaterials (such as CNTs, graphene 11 

and nano-diamond) inevitably react with titanium matrix during sintering and hot 12 

deformation process [25, 78, 79]. When they react in-situ with the Ti matrix and 13 

completely transform into TiC particles/layers, the properties of the composites 14 

exhibit a significant increase in strength at the expense of their ductility (like 15 

MWCNTs/TC4 in Figure 5a) [79]. Whereas, the surface metallization (e.g., using Ni 16 

particles) on the MWCNTs in this work not only play a key role to enhance the 17 

interfacial bonding between MWCNTs and Ti matrix but also preserve the original 18 

structure of MWCNTs at high temperature, resulting a good balance of strength and 19 

ductility. In order to further analysis the strengthening effect of the composite, the 20 

properties of Ni/TC4 composites with the same composition was conducted (Figure 21 

S9). 22 
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 1 

 2 

 3 

Figure 6. The strengthening factors contributing to the yield strength in TiMCs with 4 

various MWCNTs@Ni contents and MWCNTs as a comparison. 5 

 6 

3.5 Toughening Mechanism in MWCNTs@Ni/TC4 Composites  7 

The transition from a sharp strain-hardening process to a stable flow-stress 8 

process (i.e. A to B stages in Figure 5b) indicates that both the multiplication and 9 

annihilation of dislocations are occurring simultaneously in the MWCNTs@Ni/TC4 10 

composites, and the whole deformation process is dominated by the competition of 11 

these two processes [80]. These dislocation pinning and accumulation in the deformed 12 

MWCNTs@Ni/TC4 composites are investigated after tensile deformation, and the 13 

results are shown in Figures 7a ~ b. Compared with the TEM images shown in 14 

Figures 3 and 4, the high-density dislocation zones in the deformed 15 

MWCNTs@Ni/TC4 composites are clearly observed. Consequently, a prolonged 16 
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dynamic balance between dislocation multiplication and annihilation occurs at the 1 

MWCNTs@Ni/TC4 interfaces during deformation, thus leading to a more sustained 2 

uniform strain while maintaining a high level of strength [81]. In order to precisely 3 

compare the dislocation density, XRD was adopted to estimate indirectly the 4 

dislocation density. The dislocation densities of sintered composites before and after 5 

the tensile tests are calculated using Eq. (5) [82]: 6 

2 3

db


 =                             (5) 7 

where ε, d and b are the microstrain, crystallite size and Burgers vector (=0.239 nm 8 

for TC4), respectively. d and ε values can be calculated from the XRD pattern of 9 

sample based on a Williamson-Hall method (Figure S10) [82]. As clearly shown in 10 

Figure 7c, there are significant increases of dislocation density in 11 

MWCNTs@Ni/TC4 composites, if compared with those in the pure TC4 alloy after 12 

deformation, revealing that dislocation build-up might contribute to the sustained 13 

strain-hardening in the MWCNTs@Ni/TC4 composites.  14 

The enhanced ductility (such as uniform elongation or failure to elongation) is 15 

further correlated with the orientation and misorientation angle of matrix grains. 16 

EBSD analysis (Figure S11) was used to obtain information on the distributions of 17 

misorientation angle of neighboring grains. As depicted in Figures 7d, the percentage 18 

(91.3%) of high-angle grain boundaries (HAGBs, θ＞15o) in the MWCNTs@Ni/TC4 19 

composites is higher than that in pure TC4 alloy (80.3%). The presence of a large 20 

fraction of HAGBs enhances the strain hardening rate and also a higher uniform 21 

elongation and failure strain [83]. Specifically, the HAGBs effectively block the 22 
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slipping of dislocation, thereby forcing the dislocations to be tangled and accumulated 1 

near to these boundaries. However, it is probably easier for slipping dislocations to 2 

react with extrinsic dislocations in the low angle GBs [84], and this may trigger an 3 

easy annihilation of dislocations and a limited dislocation accumulation as in the case 4 

of the pure TC4 matrix. 5 

 6 

 7 

Figure 7. (a~b) The Pile-up and accumulation of dislocation in 8 

1.0MWCNTs@Ni/TC4 after tensile test. (c) Calculated dislocation density of TC4 9 

and 1.0 MWCNTs@Ni/TC4 composites resulting from before and after tensile 10 

deformation. (d) Distribution of grain boundary misorientation angles derived from 11 
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EBSD, respectively. 1 

 2 

4. CONCLUSIONS 3 

In this study, we demonstrate an exceptional and synergistic enhancement effects 4 

for both strength and ductility of Ti matrix composites using Ni metallized MWCNTs 5 

combined with SPS process. The good balance of enhanced tensile strength and high 6 

ductility is achieved in the MWCNTs@Ni/TC4 composite, eg. 1100 MPa and 11.2% 7 

for 1.0wt% MWCNTs@Ni/TC4, showing comparable percentages of 34.1% in 8 

ultimate tensile strength compared to monolithic TC4 alloy. The enhanced strength in 9 

composites is mainly attributed to the superior interface load transfer capability 10 

between CNTs and Ti matrix, which are derived from the special coherent/ 11 

semi-coherent interface between interfacial products TiC, Ti2Ni and Ti matrix. The 12 

toughening mechanism is considered to be that the higher dislocation density around 13 

MWCNTs@Ni in MWCNTs@Ni/TC4 composites than that in pure TC4 composites 14 

after deformation. Our study provides a new design methodology for fabricating 15 

next-generation metallic nanocomposites with both high strength and excellent 16 

ductility using various types of carbonaceous nanofillers. 17 
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