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Abstract

Tiand its alloys have gained extensive applications in aerospace, marine and biomedical fields,
owing to their desired properties such as high specific strength, good corrosion resistance, and
excellent biocompatibility. In some applications where Ti alloys are subjected to sliding motion,
the friction and wear performance is of specific importance. In recent years, metal matrix
nanocomposite reinforced with nano-ceramic particles has shown great potential in improving
material strength, and reducing wear and fiction. In this study, Ti/SiC nanocomposite layer was
produced on Ti-6Al-4V (Ti64) substrate by laser melting. The as-fabricated nanocomposite
coating exhibited a maximum surface hardness of ~700HV, which is twice as high as that of the
commercial Ti64. Microstructure characterization was carried out with focus on grain size,
elemental distribution and phase constituents. Moreover, the dry scratch tests showed that the wear
and coefficient of friction were both significantly reduced by producing nanocomposite coating on
Ti64 substrate.

Introduction

Titanium (Ti) and its alloys have gained extensive applications in aerospace, automobile,
marine and biomedical fields, owing to their desired properties such as high specific strength, good
corrosion resistance [1]. Dispersion of reinforced nano-ceramic particles into Ti-matrix to produce
Ti-based metal matrix nanocomposites (MMNCSs) can further improve the strength, high
temperature stability, wear and fatigue resistance [2]. However, the incorporation of brittle ceramic
reinforcements may greatly decrease the ductility and toughness of the composite material. In
certain applications, the operation life of components often depends on their surface properties.
Therefore, surface coating of structural components using MMNCs is desirable due to the
combination of excellent surface properties and desirable ductility and toughness of the interior
bulk material.

In recent years, several surface modification techniques, such as friction stir welding [3],
plasma spraying [4], and thermal spraying [5], has been employed to produce MMNC coatings.
Among various techniques, selective laser melting (SLM), as a newly developed additive
manufacture technique, has demonstrated its promising potential in manufacturing composite
material [6] and functional gradient material [7], owing to its flexibility in feedstock and layer-by-
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layer nature. During SLM processing of MMNCs, a layer of mixed powder (usually micro-scale
powder mixing with a few amount of nano-scale particles) is firstly spread on a substrate plate. A
high-energy laser beam is then applied to melt the powder layer. By repeating the powder
deposition and laser scanning process, the multilayer constructions can be achieved.

In this study, Ti-based MMNC coating reinforced with 5 wt.% nano-SiC was successfully
fabricated on Ti6Al4V (Ti64) substrate by SLM of a single layer. Microstructure characterization
was conducted with focus on grain size, elemental distribution and phase constituents. The surface
strengthening effect induced by MMNC coating was analyzed. The tribological performance of
coated Ti64 was examined. The impact resistance under different impact velocity was evaluated
by measuring the crater depth and diameter.

Experiments

Materials and SLM Process

Pure titanium powder with an average size of 45 um and SiC powder with an average size of
40 nm were used as the starting material. The Ti powder was mixed with 5 wt.% SiC nanoparticle
using ball milling for 4 h without protection atmosphere. The ball-to-powder ratio was 5:1, the
rotation speed was 200 rpm, and 1 ml ethanol was used as a process control agent. The mixed
powder with a layer thickness of 200 um was preset on a commercial Ti64 plate. The SLM
experiments were carried out using a IPG 500W fiber laser in continuous laser mode and a
wavelength of 1070 nm. The laser beam size was adjusted to 200 pum, the scanning speed was fixed
at 20 mm/s, and the laser power was chosen at two levels - 150 and 200 W. For a comparison,
SLM experiment of pure Ti powder without nano-SiC was also carried out. The sample groups
used in this study are listed in Table I.

Table 1. Sample groups with different powder compositions and laser powers

Sample number | Powder composition | Laser power
I Ti 200W
I Ti+5wt.% SiC 150W
i Ti+5wt.% SiC 200W

Characterization

The as-processed samples were cross-sectioned, polished and etched with Kroll’s reagent for
15 s. The revealed microstructure were characterized using optical microscopy (OM) and scanning
electron microscopy (SEM). The chemical and phase compositions were identified by energy
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD).

Mechanical Properties

The Vickers hardness tests were conducted at a 500 load and a 10 s holding time. The
tribological tests were performed using a ball-on-plate configuration. The ball with a diameter of
6.35 mm was made of E52100 steel with a Vickers hardness value of 746 VHN. The testing was
performed at a normal load of 20 N, a reciprocating speed of 5 mm/s, and a sliding distance of 1
m. The coefficient of friction (COF) was recorded in each test. The wear rate was calculated based
on the dimension of wear track. The worn surface morphologies of different samples were
characterized by SEM and EDS. The impact test was carried out using a two-stage light gas gun
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with impact velocity varying from ~3700 to ~ 5400 km/s. The impact resistance was evaluated by
measuring the depth and diameter of the crater generated during impact experiment.

Results and Discussion

Constitutional Phases

The typical XRD patterns of SLM-processed samples obtained within a range of 26 = 20°-80°
are shown in Fig. 1. The diffraction peaks for coating without SiC (sample I) indicates the as-
fabricated layer consists of an o/ o’ Ti as a major phase. By adding nano-SiC into the matrix, the
diffraction peaks corresponding to TisSiz and TiC phases are clearly identified in the MMNC
coating fabricated by SLM with a low laser power of 150 W (sample Il). Further increasing the
laser power to 200 W (sample 111) leads to a significant decrease of TisSis phase. Moreover, a few
amount of retained B-Ti are found in both samples Il and III.
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Figure 1. XRD patterns of samples I, 1l and I11.

During SLM process, the chemical reaction between Ti and SiC are thermodynamically
possible due to the negative change in Gibbs free energy, resulting in the in-situ formation of TisSis
and TiC by:

Ti(l) + SiC(s) = TiC(s) + Si(s) AG®=-136.9 + 0.0095T,

5/3Ti(l) + Si(s) = 1/3 TisSis(s) AG°®=-220.4 +0.0265T.
The symbols “1” and “s” indicates liquid and solid state, respectively. As shown in the equations,
the above reactions tends to occur at temperature between the melting point of Ti (1941 K) and
SiC (3003 K). It is reasonable to consider that applying a low laser power of 150 W, the
temperature of the molten pool rises up to a proper range where TisSiz are massively formed. On
the other hand, applying a high laser power may lead to the overheat of the mixed powder and the
melting of SiC, which facilitates the formation of TisSiC> [8]. As a result, diffraction peaks of
TisSi3 phase is significantly decreased when employ a high laser power of 200 W.

Microstructure Evolution
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Fig. 2 illustrates the influence of SiC addition and laser power on the microstructure evolution
of SLM-processed samples. For SLM processing pure Ti powder without nano-SiC (Fig. 2a), the
as-fabricated coating shows a typical microstructure of dominated o’ martensite within the prior 8
grains. The columnar  grains have a width of 10-40 um while much finer o’ martensite forms a
basketweave structure. Similar results have been observed in many other research [9], which has
been attributed to the ultrafast cooling rate (>410 °C/s) during SLM process.

Figure. 2 SEM images of microstructure of cross-sectioned samples (a) I, (b) 11, and (c) IlI.

By adding SiC nanoparticles into the matrix, the as-built layers present different microstructure
as compared to the coating without SiC. Given a low laser power of 150 W (Fig. 2b), the MMNC
coating consists of globular and dendrite grains surrounded by small equiaxed grains, forming a
typical bi-modal structure [10]. The formation of equiaxed grains is majorly attributed to the
presence of nano-SiC as nucleation barrier for B-Ti during the solidification process. In addition,
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the incorporation of nano-SiC into the matrix can decrease the cooling rate during SLM process
by reducing the thermal conductivity of the composite material [11], which may also contribute to
the formation of equiaxed grains. As the temperature further reduces to the 3 transus temperature,
o’martensite is formed within the equiaxed grains. As for the globular and dendrite grains, the
EDS analysis results prove a major composition of Ti (>90 wt.%). Moreover, the dendrite
morphology (six-fold) and absence of acicular grains indicates that the Ti-rich phase is directly
solidified to primary a-Ti instead of forming B-Ti first. It is reasonable to deduce that a-Ti was
grown from the TisSiz phase, owing to the same crystal system and small mismatch between a-Ti
and TisSiz [12].

Given a high laser power of 200 W (Fig. 2c), the MMNC coating consists of prior § grains
with similar grain size of sample I. However, many sub-columnar grains with a width of 2-5 um
are observed. Those subgrains consists of a plates (ap) and transformed B grains with o’martensite
inside (B), forming a bi-lamellar structure [13]. As compared to the microstructure of sample 11,
the disappear of equiaxed grains is associated with the melting of SiC under a high laser power. In
addition, the diminish of globular and dendrite a-Ti may be induced by the significant decrease of
TisSis. Furthermore, the bi-lamellar structure consisted of similar-sized op and Br grains can be
related to the reduced cooling rate and more released Si as a 3 stabilizer.

Mechanical Properties

Fig. 3 shows the average hardness measured on the surface of SLM-processed samples. It is
found that the hardness values of all samples are increased as compared to the substrate of 337
VHN. The surface hardness value of sample | without SiC reinforcement is 466 VHN, similar as
reported in [14], which is caused by the formation of dominated o’ martensite. By adding nano-
SiC, the hardness values of as-built layer further increases to 700 and 580 VHN at laser powers of
150 and 200 W, respectively. The highest hardness obtained at a laser power of 150 W is related
to the formation of o’ martensite, grain refinement, and dispersion strengthening induced by SiC,
TiC and TisSis. Increasing the laser power may overheat the powder layer and melt nano-SiC,
which weakens the grain refinement and dispersion strengthening effects induced by SiC and
TisSiz. Consequently, the hardness of MMNC coating presents a lower hardness at a higher laser
power.
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Figure. 3. Surface hardness of substrate and samples I, Il and IlI.

Fig. 4 illustrates the effects of MMNC coating on COF and wear rate. It can be seen that the
unprocessed substrate and coating without nano-SiC (sample I) show similar COF of ~0.42, while
the MMNC coatings have a lower COF of ~0.38. Moreover, the MMNC coatings show significant
improvement of wear rate as compared to both substrate and coating without SiC. For example,
the wear rate of MMNC coating fabricated at a laser power of 150 W sharply decreased to 9x10
mm?3N-m, demonstrating 78.5% decrease compared to the unprocessed substrate of 42x10°
mm3/N-m. Such reductions of COF and wear rate are essential due to the significant surface
strengthening effect by MMNC layer.
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Figure. 4. COF and wear rate of substrate and samples I, 11 and I11.

Fig. 5a shows the surface morphologies of unprocessed substrate and sample 111 after impact
tests. The impact resistance under various impact velocities was evaluated by measuring the depth
and diameter of the crater, as depicted in Fig 5b. It is found that compared to the unprocessed
substrate, sample Il exhibits erratic change in the crater diameter while an obvious reduction in
crater depth, indicating that the impact resistance of Ti64 can be improved by producing a thin
Ti/SIC MMNC layer on the surface. It is worth noting that SLM is essentially designed for layer-
by-layer construction, therefore, using the SLM process to produce thick multi-layer MMNC on
the substrate surface may further improve the bulk properties.
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Figure.5. The comparison between

Conclusions

In this study, the SLM process was employed to fabricate Ti/SiC MMNC coating on Ti64
substrate. Grain refinement and dispersion strenthening were obtained within the MMNC layer,
owing to the retained SiC and in-situ formation of TiC/TisSis. As compared to the unprocessed
substrate, the surface hardness of MMNC coated samples was maximally increased by 109% from
337 HVN to 705 HVN. The MMNC coating also led to a lower COF of 0.378 and significantly
reduced the wear rate by 78.5%. It is also demonstrated that the MMNC layer has beneficial effects
on bulk properties such as the impact resistance. The formation of the refined grains of Ti-matrix
combined with the reinforcing particles including SiC, TiC and TisSiz contributed to the
enhancement of mechanical properties.
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