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ARTICLE INFO ABSTRACT

Keywords: Titanium (Ti)/nanodiamond (ND) nanocomposites with potential for biomedical applications were prepared by
Metal-matrix composites (MMCs) using spark plasma sintering technique. By means of X-ray diffraction, scanning electron microscopy, trans-
Nanoparticles mission electron microscopy and mechanical analysis, the Ti/ND nanocomposites were investigated, and thus

Mechanical properties the effect of ND on the microstructural and mechanical properties of Ti matrix was demonstrated. Experimental

results showed that the Ti/ND nanocomposites exhibited pure a-Ti phase with ND concentrations from 0.1 to
0.35 wt% and with in-situ formed nano-TiC phase in 0.5-2.0 wt% NDs. The nanoindentation hardness, Young's
modulus and compressive yield strength of the Ti/ND nanocomposites were significantly improved, as ND was
incorporated into the Ti matrix. Improvements of hardness (60.2%), Young's modulus (27.4%) and compressive
yield strength (24%) were achieved by doping of 0.5 wt% NDs in the Ti matrix but at an expense of ductility. The
Ti/0.35 wt% NDs nanocomposites have the best integrated mechanical properties. These improvements could be
ascribed to the outstanding mechanical properties of ND, homogeneous dispersion of ND nanoclusters, Orowan
strengthening with ND/nano-TiC and carbon atom solid solution strengthening in the Ti/ND nanocomposites.

GRAPHICAL ABSTRACT

Nanodiamond

Mechanical propert

1. Introduction resistance and biocompatibility [1,2]. Pure Ti was once used as bio-
materials, but the disadvantage for the use of pure Ti as implant ma-

Titanium (Ti) has found extensively applications in many en- terials is its low strength and insufficient hardness, which limit its ap-
gineering industries such as aerospace, chemical and biomedical fields plication in artificial implants of hip and knee prostheses [3,4]. Ti
due to their light weight, high specific strength, excellent chemical alloys containing elements of vanadium (V), aluminum (Al), iron (Fe),
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niobium (Nb), zirconium (Zr), tantalum (Ta), molybdenum (Mo), nickel
(Ni), gold (Auw), silicon (Si), manganese (Mn) and so forth have been
investigated for biomedical applications [5-14]. The mechanical
properties of the Ti metal have been greatly enhanced by the alloying
method. However one main problem for the Ti alloys is that metal ion
release may induce cytotoxicity and damage human body [15,16].
Alternatively, Ti metal matrix composites (MMCs) with nanos-
tructured reinforcement can offer superior mechanical properties and
reduced weight. Carbon nanotubes (CNTs) and graphene make con-
tributions to the development of new materials with outstanding me-
chanical properties because of its exceptional mechanical and high as-
pect ratio [17-19]. Many literatures showed significant achievements
in Ti MMCs reinforced with carbon nanotubes (CNTs) and graphene
[17-23]. However, the CNTs and graphene are both cytotoxic, which
limit their applications in biomedical field [24-28]. Shvedova et al.
[25] reported that exposure of human epidermal keratinocytes to CNTs
produced oxidative stress and cellular toxicity, in addition it resulted in
ultrastructural and morphological changes in cultured human cells.
Graphene leads to significant interactions with membrane lipids leading
to direct physical toxicity or adsorption of biological molecules leading
to indirect toxicity, and it has a potential to induce foreign body tumors
[26-28]. Another promising nanocarbon material, nanodiamonds
(NDs) have excellent mechanical properties, high surface areas and
tunable surface structures [29]. Especially, NDs are non-toxic and
biocompatible comparing to CNTs and graphene, which make them
very promising for biomedical application [30]. Diamond and diamond-
like carbon films have been used for robust implant coatings [31,32]
and NDs have been applied as stable cellular biomarkers [33], probe for
biolabeling, and foundation for chemotherapeutic drug carriers and
anti-inflammatory interfaces [34] as well as for localized cancer treat-
ment [35]. By adding NDs into polymer, Cu and Al matrix, superior
wear resistance, hardness and excellent bending strength can be ob-
tained, which are much higher than that with CNTs [36-40]. Further-
more, owing to higher mechanical strength of NDs, the final particle
size of 4-5 nm can be preserved without damaging its structures during
milling process. To the best of our knowledge, there is just few work
focusing on Ti MMCs reinforced with NDs. Melendez et al. [41] have
reported that the bending strength of Ti MMCs reinforced with NDs
(1.8% vol.) was higher than that with the same amount of CNTs, which
were fabricated via normal powder metallurgy method. However, the
optimal amount of NDs, the quantitative evaluation of mechanical
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properties and the strengthening mechanism of Ti MMCs reinforced
with NDs have never been reported.

The purpose of this work is to study the preparation, effect of the ND
on the microstructures and mechanical properties of the Ti matrix. The
Ti/ND nanocomposites were prepared by spark plasma sintering (SPS)
technique which can enable MMCs with favorable properties to be
consolidated by shorter holding times and relatively lower tempera-
tures [42-45]. The effects of ND amounts on the microstructure and
mechanical properties of Ti MMCs are investigated. Additionally, the
strengthening mechanisms of NDs in the Ti MMCs are explored. The
possible biomedical applications of the Ti/ND nanocomposites is dis-
cussed.

2. Experimental procedure
2.1. Materials

Ti powders were prepared by hydride-dehydride method with
purity of 99.5% and mean particle size of 10-44 pym (Nanjing Mingshan
Advanced Materials Co. Ltd., China). Spherical NDs were fabricated by
detonation technique and used as reinforcements with purity of > 98%,
5nm in diameter and mean specific surface area of 350 m?/g (Tianjin
Qianyu Superhard Materials Co. Ltd. China).

2.2. Nanocomposite fabrication

NDs were mixed with Ti powders with various fractions of 0.1, 0.25,
0.35, 0.5 wt% and up to 2.0 wt%. They were mixed through a two-stage
process. The schematic illustration of fabrication process of the Ti
MMCs reinforced with NDs is presented in Fig. 1. In stage I, the NDs
were dispersed in ethanol solution using ultrasonication for 30 min. The
Ti powders were dispersed in another glass cup in the same way.
Afterwards the two kinds of powder solutions were mixed together and
stirred using ultrasonication for 30 min. In addition, they were mixed
by using a high energy planetary ball milling machine (QM-3SP2) with
ball to powder ratio of 10:1 for 5h at 250 RPM. The powder mixtures
were dried in a vacuum oven, loaded into a cylindrical graphite die
(®10 mm) and consolidated using spark plasma sintering (SPS) in stage
II. The SPS experiments were conducted in a spark plasma sintering
system (FCT-HP-D5, FCT Systeme GmbH, Germany) installed at
Southeast University. The sintering temperature was measured by a
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Fig. 1. Schematic illustration of processing procedure for the Ti/NDs nanocomposites.
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Fig. 2. SEM micrographs of pure Ti powders with inserted high magnification image (a), TEM micrograph of NDs (b), SEM micrographs of the powder mixtures of Ti/0.25% NDs (c) and
Ti/0.5%NDs (d).
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Fig. 3. Density and relative density of the Ti/NDs nanocomposites as a function of concentration of NDs.
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Fig. 4. XRD patterns of the pure Ti and Ti/NDs nanocomposites fabricated via SPS (a) and the enlarged area (26 37°-41°) of the XRD pattern (b).

thermocouple (TC). The sintering parameter was set as 900 °C for
10 min at a pressure of 60 MPa in vacuum with a heating rate of
100 °C/min. The resulting sintered specimen have diameters of
10.0 mm and heights of 12.0 mm.

2.3. Characterization techniques

The relative densities of all the sintered Ti MMC samples were de-
termined using Archimedes principle in water at room temperature.
The phase compositions of the samples were identified by X-ray dif-
fraction system (XRD, D8 discovery, Bruker) with Cuka monochromatic
radiation. The microstructures of these sintered samples were char-
acterized using optical microscopy (OM, Olympus, BX60M), field-
emission scanning electronic microscopy (FESEM, Sirion, FEI) equipped
with energy-dispersive X-ray spectrometer (EDS), and transmission

electron microscopy (TEM, Tecnai, FEI) with selected area electron
diffractions (SAD). The hardness and Young's modulus of the samples
were measured by a nanoindentation test system (Micro Materials-
NanoTest). A calibrated diamond Berkovich indenter tip was used for
indentation at the maximum load of 5 mN and loading-unloading rate
of 0.25 mN/s. Compression tests were conducted on a universal testing
machine (CMT5305, MTS) with a strain rate of 0.5 mm/min. Five
samples of each group was used for statistical analysis of the mechan-
ical properties.

3. Results and discussions
3.1. Powder morphology

Fig. 2(a) shows the SEM micrograph of pure Ti powders. The raw Ti
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Fig. 5. Metallographic micrographs of Ti (a) and Ti/NDs nanocomposites fabricated by SPS containing various ND concentrations: 0.1% (b), 0.25% (c) and 0.5% (d).

powders exhibit irregular shape with particle sizes of 10-44 um. The
TEM image of NDs is shown in Fig. 2(b). The round nanometer sized
particles can be easily recognized in the image with a uniform particle
size distribution about 5 nm. Fig. 2 (¢, d) exhibits the SEM micrographs
of morphologies of the powder mixtures of Ti/0.25%NDs and Ti/0.5%
NDs after mixing using the state I process in Fig. 1. The nearly spherical
NDs particles are uniformly dispersed in the Ti matrix. There are more
ND particles on the surface of Ti powders in the sample of Ti/0.5%NDs
(Fig. 2d). As can be seen from the micrographs, there are a little ag-
glomerations in the ND powder particles as noted by circles. It can be
due to the nanometered particle size, large specific surface area and
high surface energy of the NDs leading to this agglomeration [46].
Relatively uniform Ti/NDs mixture powders were prepared by using the
mixing process in Fig. 1.

3.2. Densities of the nanocomposites

The powder mixtures were consolidated by the SPS technique as
shown in Fig. 1 (Stage II). Fig. 3 shows the densities and relative den-
sities of the Ti/NDs nanocomposites as a function of ND concentrations.
The values in Fig. 3 show that the relative densities of the Ti/NDs na-
nocomposites are all exceeding 98% (mean Arch. Density 4.42 g/cm?),
and two groups' nanocomposites (0.1% and 0.25%) present values up to
99.5%. It reveals that the dense Ti/NDs nanocomposites can be fabri-
cated via the SPS process at a relatively low temperature (900 °C).
Actually, various temperatures were tried at 850, 900, 950 and 1000 °C
for the SPS of the Ti/NDs nanocomposites. However their relative
densities didn't increase at the temperatures higher than 900 °C. In
addition, it is observed that the relative densities of the nanocomposites
relating to pure Ti decreased with an increase of the weight fraction of
NDs (in the range of 0.1-0.5%). The more amount of NDs are added, the
less densification is obtained. However, the variations of relative den-
sities among these specimens are very small (< 0.2%), which suggests
that the content of NDs only has small impact on the density of the Ti
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MMCs reinforced with NDs.

3.3. Phases of the nanocomposites

Fig. 4 shows XRD patterns of the pure Ti, NDs and the Ti/NDs na-
nocomposites containing 0.1, 0.25, 0.35 and 0.5% NDs. As can be seen,
both of Ti and TiC peaks can be observed in the XRD patterns of the Ti
MMCs with 0.5% NDs. The presence of nano-TiC phase in the 0.5% ND
composite is confirmed by the broad and weak peaks at 26 values of
36.15° and 42.02°, which are indexed as TiC (111) and (200), respec-
tively. The formation of nano-TiC is due to the reaction between Ti and
NDs in the Ti/0.5% ND composites during the SPS processing at 900 °C,
which is a spontaneous reaction. The nano-TiC phases are also existed
in the nanocomposites with 0.75, 1.0, 1.5 and 2.0 wt% NDs, which are
similar to the 0.5%ND composites (Fig. S1). However, only Ti peaks
without any nano-TiC peak are found in the other Ti MMCs samples
(0.1-0.35%). The reason may be due to the amount of NDs is so small
and the minimal nano-TiC phase cannot be detected by the XRD [47].
Fig. 4(b) exhibits the enlarged two main Ti peaks of (101) and (002)
according to Fig. 4(a). As shown, the Ti main peaks have shifted to
smaller 26 angle slightly. It means that there is tensile residual strength
in the nanocomposites, which is because of the dissolution of carbon
atoms into the hcp structured lattice of a-Ti. However, the shifting stops
when NDs content is over 0.25% in the nanocomposites. The limit of
carbon solubility in the a-Ti substrate is about 0.05% at room tem-
perature, which retarded the distortion of lattice [48-49].

3.4. Surface microstructures of the nanocomposites

Fig. 5 shows the metallographic optical images of the pure Ti and
Ti/NDs nanocomposites synthesized by the SPS process. It is found that
all specimens consist of near equiaxial a-Ti phase as matrix, and there
are some dark voids (marked with arrows) distributed in the matrix of
nanocomposites. Some differences among these images can be
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Fig. 6. SEM micrographs of the Ti/NDs nanocomposites of Ti/0.25% NDs (a) and Ti/0.5% NDs (b) with EDS inspection spots and areas imprinted; EDS elemental maps of Ti/0.25% NDs

(c) and Ti/0.5% NDs (d) exhibiting the distribution of Ti and C elements.

Table 1
EDS results of marked spots and areas on grain (G) and grain boundary (GB) in the Ti/NDs
nanocomposites as shown in the Fig. 6(a, b).

Samples Area (or spot) Ti (mass%) C (mass%) Ti(at%) C (at%)
Ti/0.25wt% NDs  1G 97.50 2.50 90.74 09.26
Ti/0.25wt% NDs 2 G 96.88 3.12 88.62 11.38
Ti/0.25 wt% NDs 3 GB 97.28 2.72 89.98 10.02
Ti/0.25 wt% NDs 4 GB 96.66 3.34 87.89 12.11
Ti/0.5 wt% NDs 5G 93.93 6.07 79.51 20.49
Ti/0.5 wt% NDs 6 GB 93.74 6.26 78.96 21.04
Ti/0.5 wt% NDs 7 GB 92.62 7.38 75.88 24.12

observed. The amounts of the voids increased with the fraction of NDs
increases from 0.1 to 0.5%. It is due to the increased amount of ND
additives reduced the relative densities of the composites. In addition,
the grain boundaries become clearer and grain sizes become smaller. It
is because the dispersoids of NDs and the in-situ formed nano-TiC ex-
isting in the metal matrix can pin and hinder migration of the Ti grain
boundaries.

Fig. 6 shows the SEM micrographs of the etched surfaces of Ti/
0.25% NDs and Ti/0.5% NDs nanocomposites. The grain sizes are about
20-30 um with clear grain boundaries (Fig. 6a, b). It can be observed
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some bright small particles on the grain surfaces and grain boundaries.
Furthermore, few micropores are found on the grain boundaries of the
Ti/0.5% NDs composites. It is confirmed that the relative density of the
Ti/0.5%NDs composite is less than the Ti/0.25%NDs. EDX analysis is
carried out to examine the dispersion of NDs. Fig. 6 (c, d) exhibits EDX
maps of the Ti/0.25%NDs and Ti/0.5%NDs nanocomposites indicating
the distributions of C and Ti elements. It can be seen that there are
much higher C concentrations in the Ti/0.5% NDs sample because of
the increased amount of NDs. These two images display that the dis-
tributions of C elements are both in the grain boundaries and inside of
the grains. In order to determine the concentration locations of the NDs,
EDX spot and area inspections are performed, as marked in the SEM
images of Fig. 6 (a, b). Table 1 summarized the EDX results of the Ti and
C percentages in the nanocomposites. It is found that the C con-
centration has a slightly increase (0.5-0.8 at% higher) in grain
boundaries compared with inside of grains in both of the two nano-
composites. The fact indicates the NDs are easier to concentrate in the
grain boundaries than in the grains. In Table 1, the value of carbon
reaches the highest level for Area 7 when compared to other areas and
spots, this area is the region that has the most micropores as seen in
Fig. 6(b). For choosing an area that has a lot of micropores for EDS
analysis is to prove that the NDs gathering resulted in decreases in
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Fig. 7. Mechanical properties of the Ti and Ti/NDs nanocomposites: Nanoindentation Hardness and Young's modulus (a), compressive stress-strain curves (b), compressive stress and

strain of the Ti/NDs as a function of ND concentrations (c).

relative density of the nanocomposites.

3.5. Mechanical properties of the nanocomposites

Fig. 7(a) presents the nanoindentation hardness (H) and Young's
modulus (E) of pure Ti and Ti/NDs nanocomposites. It can be seen that
the hardness of the nanocomposites is remarkably increased with the
concentration of the NDs increases. When the weight fraction of NDs
increases from 0 to 0.5%, the hardness of the nanocomposite has a
sharp growth and then goes steady. The Ti/0.5%NDs samples have the
maximum hardness value of 5.51 *= 0.20 GPa. It shows 60.2% incre-
ment in hardness compared with the pure Ti (3.44 = 0.15 GPa) that
sintered under the same condition. This indicates that a small amount
of NDs has great effect on the hardness improvement of the nano-
composites. In addition, the hardness of Ti/0.35% NDs composite is
5.24 + 0.22 GPa and is just 3.1% lower than that of the Ti/0.5%NDs
composite. An increase in hardness leads to an improvement in wear
and scratch resistance of Ti matrix. It can contribute to promote the
application of Ti composites in orthopedic implants [50]. The Young's
modulus obtained by the nanoindentation exhibits an increasing trend
with the ND amounts from 0 to 0.5%. The Young's modulus is increased
from mean value of 106 GPa (Ti) to 111 GPa (Ti/0.1%NDs), 117 GPa
(Ti/0.25%NDs) and 129 GPa (Ti/0.35%NDs), respectively. The Ti/
0.5%NDs composites exhibit the highest E value of 135 GPa.

Room temperature compressive tests were carried out to assess the

stress-strain curves for the Ti/NDs nanocomposites (Fig. 7b). The Ti/
NDs nanocomposites all exhibit much higher yield strength (0.2% off-
set, 0p ») when compared to that of pure Ti. However the ductility of the
Ti/0.5%NDs has remarkably reduced to 0.45 (45%). Fig. S2 demon-
strates the compressive stress-strain curves of the Ti composites with
higher ND amounts of 0.75, 1.0, 1.5 and 2.0 wt%. However, the duc-
tility of the nanocomposites decreased too much from 0.41 to 0.34. It
makes the Ti composites too brittle to be used in industry. It indicates
that the NDs doping amount should be lower than 0.35 wt% for the Ti
MMCs. Fig. 7(d) illustrates the ultimate compressive strength (0cs),
0.2% off-set yield strength (0y ») and ultimate strain (¢) as a function of
NDs concentration up to 0.5 wt%. For the sample of Ti/0.35%NDs, it
has 0y, value of 981 MPa that is 23.7% higher than that of pure Ti
(793 MPa). With just 0.1% NDs, it shows 11.7% increases than that of
the Ti (793 MPa). The ultimate compressive strength (oy,.) of the na-
nocomposite increases from 0.1 to 0.25%, but decreases with increasing
NDs content from 0.25% to 0.5%. This result can be attributed to the
increments of NDs and nano-TiC phase. On the other hand, with the
amount of NDs rising from 0.1 to 0.5%, ultimate strain (¢) of the na-
nocomposites decrease from 0.53 (53%) to 0.45 (45%). The NDs ad-
ditives have improved the mechanical strength but the NDs and in-situ
formed nano-TiC at expense of ductility. In general, the 0.35% NDs
reinforced Ti matrix nanocomposite has the best integrated mechanical
properties with remarkable increments in hardness and compressive
strength with acceptable Young's modulus and less scarification of
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Fig. 8. SEM micrographs of the fractured surfaces of pure Ti (a), Ti/0.1% NDs (b), Ti/0.25% NDs (c), Ti/0.35% NDs (d) and Ti/0.5% NDs nanocomposites (e) with EDS inspection areas
®.

Table 2 ductility. The Ti/0.1%NDs, Ti/0.25%NDs and Ti/0.35%NDs Ti MMCs
EDS results of the marked areas in the fracture surfaces of the Ti/0.5 wt% NDs nano- all can be used with tailored mechanical properties by controlling the
composites as shown in the Fig. 8(f). NDs concentration.

Area Ti (mass%) C (mass%) Ti (at%) C (at%)

1 91.11 8.89 71.98 28.02 3.6. Strengthening mechanisms

2 87.94 12.06 64.64 35.36

3 83.82 16.18 56.51 43.49 The fracture surfaces of Ti/NDs nanocomposites are presented in

4 81.74 18.26 52.88 47.12

Fig. 8. Fig. 8(a-d) shows the fracture surfaces of pure Ti, Ti/0.1%NDs,
Ti/0.25%NDs, Ti/0.35%NDs nanocomposites, respectively. Obviously,
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Fig. 9. TEM micrographs of the Ti/0.25% NDs nanocomposites with inserted selected area diffraction pattern (a-c) and HRTEM micrograph of the ND in the Ti matrix (d).

ductile dimples in the fracture surface can be observed. Fig. 8(e—f)
shows the fracture surfaces of Ti/0.5%NDs nanocomposites. It clearly
shows some crack steps with river pattern, indicating the nanocompo-
sites have worse room temperature plasticity and ductility. Fig. 8(f)
shows an FESEM image of intergranular fractured surface of the Ti/
0.5%NDs, which was seriously damaged. The EDX analysis (Table 2) on
the cracks (rectangular areas marked in Fig. 8f) provides evidences for
the element distribution. As listed in Table 2, the carbon content shows
a gradually increasing trend from area 1 to 4. It means that there are
much more NDs or TiC in these sites. The Ti/0.5%NDs nanocomposites
have much more nano-TiC phase generated on grain boundaries attri-
buting to aggregation of NDs particles. The SEM fractured surfaces for
the Ti/0.75-2.0 NDs composites show clearly the ND cluster gathering
and the present of nano-TiC phase (Fig. S3). The occurrence of inter-
granular fracture at these sites results in overall grain pull-out and the
particles situated in grain boundaries acting as crack initiation sites.
Furthermore, the different coefficient of thermal expansion between Ti
matrix and TiC lead to the weak bonding of the two parts. As a result,
the mechanical properties (especially the ductility) of the Ti/0.5-2.0
NDs nanocomposites deteriorated.

Fig. 9 exhibits the TEM micrographs of the Ti/0.25%NDs nano-
composites. The TEM images (Fig. 9a, b) display the distribution and
morphology of NDs in the Ti matrix. It is found that some spherical NDs
with diameter of 5 nm are distributed uniformly throughout the matrix

of the Ti/NDs nanocomposites. As can be seen in Fig. 9 (a, b), most of
the ND particles of Ti/0.25% NDs nanocomposites were distributed
relatively evenly in grains, rather than only gathering on grain
boundaries. The SAD pattern confirmed the hep structured o-Ti matrix.
In addition, dislocation morphology in the Ti/0.25% NDs sample is
found (Fig. 9c). There are some ND particles locating around the dis-
locations and causing a pinning effect, which is effective for improving
the mechanical properties. In a high magnification image of the Ti/
0.25% NDs nanocomposite (see Fig. 9d), the ND can be confirmed with
d spacing of 0.206 nm corresponding to cubic diamond (111) plane. No
interfacial reaction products (new phase such as TiC) and/or ND clus-
ters cannot be observed in the grain boundary for Ti/0.25%NDs. The
grain boundaries of the Ti/0.25%NDs are clear. Fig. 10 shows the TEM
micrographs of the Ti/0.5% NDs nanocomposites with SAD patterns. In
addition, the amounts of the NDs in Ti/0.5%NDs nanocomposites
(Fig. 10a) increased significantly comparing to Ti/0.25%NDs nano-
composites (Fig. 9b). The SAD pattern on the Ti/0.5% NDs nano-
composites in Fig. 10(b) shows that these nanoparticles are cubic dia-
monds corresponding to the (111) and (220) planes of diamond in the
matrix of a-Ti. A relative larger ND particle can be found in Fig. 10(c).
It can be seen the different contrast between the ND and surrounding
margin clearly. The SAD pattern confirms the presence of nano-TiC
phase around the ND particle. The TEM and SAD results are consistent
with the XRD results (Fig. 4) that the nano-TiC phase is formed in the
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Fig. 10. TEM micrographs of the Ti/0.5% NDs nanocomposites (a, ¢) with selected area diffraction patterns (b, d).

Ti/0.5%NDs nanocomposites.

Based on the above results, the strengthening mechanisms of the Ti
MMCs using NDs can be deduced. Firstly, these improvements in me-
chanical properties could be ascribed to the outstanding mechanical
properties of ND, homogeneous dispersion of ND nanoclusters. Through
microstructural study, it can be seen that the NDs are homogenously
distributed in the matrix of Ti. When more amount of NDs are added,
NDs particles are easily to aggregate on the grain boundaries and form
nano-TiC phase. The NDs have many dangling bonds and large surface
areas that allow them to bond with a variety of other materials. It is
easy to generate nano-TiC phase due to the reaction between NDs and
Ti. Secondly, dispersion strengthening using fine NDs and a certain
amount of in-situ generated nano-TiC is regarded as the main
strengthening mechanism. Small amount of in-situ formed nano-TiC
particles could give rise to a pinning effect which is effective to
strengthen the composite. However, the mechanical properties of Ti
MMCs tended to deteriorate when the presence of much nano-TiC
phases (= 0.5 wt% NDs), particularly located on the grain boundaries,
which acted as initiation site of crack. For MMCs containing fine par-
ticles, strengthening is often explained by the Orowan mechanism
which caused by the resistance of closely spaced hard particles to the
passing of dislocations [51-53]. Due to the presence of highly-dispersed
non-shearable nanosized reinforcement particles (smaller than
~100 nm) in a metal matrix, the Orowan strengthening becomes more

favorable in metal matrix nanocomposites. The Orowan mechanism can
be explained by the following eq. [52],

26b 1

PP p—— In(D/b)

O0rowan = 1)
where G is the shear modulus of matrix, b is the Burgers vector, v is
Poisson's ratio, D is the average diameter of nano-particles, A is the
inter-particle spacing and can be calculated as [53]:

1/2
1= D(i — E]
of, 3 @

where f, is the volume fraction of nanoparticles. Based on Eq. (1) and
(2), it can be concluded that the mechanical properties of the MMCs can
be improved by reducing the reinforcement particle size (D) and in-
creasing fraction of the particles (f,). Orowan strengthening using NDs
and in-site formed nano-TiC plays an essential role in improving the
mechanical properties of the Ti metal.

Secondly, solid solution strengthening of carbon atom is regarded as
the second strengthening mechanism. In terms of the solution
strengthening, the strengthening effect of C atom is up to the limit of
solubility in the Ti matrix. Considering the solubility of only 0.05 wt%
at room temperature, the carbon atoms dissolved into the crystal lattice
of Ti when the content of NDs is 0.1 wt%, which can be verified in
microstructural study. So the effect for attributing to solid solution
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strengthening of carbon atom is almost the same for Ti/NDs composites
when the content of NDs exceeds 0.1 wt%. Due to the limit of carbon
solubility in Ti, solid solution strengthening effect has small differences
among all the Ti/NDs composites. Finally, strengthening mechanisms
mainly include Orowan strengthening and C atom solid solution
strengthening. The results clarify that 0.35% NDs additive has the best
effective strengthening effect as compared to other weight ratios of
NDs. Coupled with the non-toxic property of NDs, the NDs reinforced Ti
MMCs tailored with NDs from 0.1 to 0.35 wt% have much higher me-
chanical properties than that of pure Ti. They all have potentials for
biomedical applications, especially for hard-tissue repair applications
as bone substitutes and dental implants.

4. Conclusions

The Ti/ND nanocomposites were fabricated by the SPS method.
Dense Ti/ND nanocomposites were fabricated by SPS at 900 °C for
10 min under pressure of 60 MPa in vacuum. The relative densities of
the Ti/NDs nanocomposites decreased with an increase of the NDs
concentration. Pure a-Ti phase was found in the XRD patterns of the Ti
MMCs with NDs from 0.1 to 0.35%. Few amount of nano-TiC phase was
observed in the XRD pattern of the Ti/0.5-2.0%NDs. The metallo-
graphic images exhibited that the amounts of voids increased with the
fraction of NDs increases. The SEM with EDS results indicated that the
distributions of C elements are both in the grain boundaries and inside
of the grains. The NDs are easier to concentrate in the grain boundaries
rather than in the grains.

The nanoindentation hardness and Young's modulus of the Ti MMCs
are significantly increased with increasing of the NDs concentration.
The Ti/NDs nanocomposites all exhibit much higher yield strength
(0.2% off-set) when compared to that of pure Ti. The ultimate strain of
the nanocomposites decreases from 53% to 34% with increasing of NDs
from 0.1 to 2.0%. The Ti/0.35% NDs have the best integrated me-
chanical properties with remarkable increments in hardness (52.3%)
and compressive yield strength (23.7%) with acceptable Young's mod-
ulus (129 GPa) and less scarification of ductility (49%). The out-
standing mechanical properties of NDs, homogeneous dispersion of ND
nanoclusters, Orowan strengthening with NDs and in-situ formed nano-
TiC play the essential role in improving the mechanical properties of
the Ti. Carbon atom solid solution strengthening is regarded as the
second strengthening mechanism. The NDs are effective nanostructured
reinforcements for the Ti MMCs and the Ti/NDs nanocomposites have
potential for biomedical applications.
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