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Abstract

To enhance the friction and wear behavior of the Ti6Al4V alloy, titanium matrix composites (TMCs)
were prepared by the single TiC, single TiB, and (TiC + TiB) hybrid reinforced with the volume
fraction of 2, 6, and 10%, respectively. To investigate the effect of reinforcements on compressive and
wear properties, the x-ray Diffraction (XRD), Scanning Electron Microscope (SEM), Electron Probe
Micro-analyzer (EPMA), compression test, and pin-on-disk friction tests were applied. The results
indicated that compressive strength increased with the addition of the reinforcement, and wear
properties were improved due to the uniform distribution of reinforcements, which enhanced the
resistance against tangential forces associated with the sliding wear. The wear mechanism appeared to
be mainly based on the severe adhesive and oxidative wear, gradually transitioned to slight adhesion,
abrasive, and oxidative wear.

1. Introduction

Titanium alloys are widely applied in the industrial production due to their excellent properties. However, it has
some weak points, such as the low surface hardness and poor tribological resistance, limiting wider applications
in certain fields [1-3]. In order to expand the application of titanium alloys, several recent studies showed that
the creep and wear properties of titanium alloys were improved remarkably by adding hard particles, and higher
specific strengths were obtained at room and high temperatures [4-8]. The discontinuous reinforced titanium
matrix composites had the characteristics of isotropy, simple preparation process, and low manufacturing cost.
The SiC, TiC, TiB, TiB,, Al,O3, and BN were generally considered as reinforced candidates, which could
enhance stiffness, strength, and elevated-temperature performance [9—12]. Moreover, the high elastic modulus
and excellent strength of TiB and TiC were considered as the optimal choice due to their thermal expansion
coefficient and density close to those of the titanium alloy. The different preparation methods played a vital
function in deciding the properties of metal matrix composites, which resulted in different binding interfaces
between the matrix and reinforcement [13—18]. In-situ synthesized TMCs was fabricated by a casting method to
ensure the clean interface and no interfacial reactions, thus achieving a good combination of properties in the
obtained metal matrix and reinforcements [19, 20]. Although there have been many studies regarding
mechanical properties, such as tensile, fatigue, and creep, most studies have only focused on the process
technology, including extrusion, forging, and powder metallurgy, they have paid little attention to the friction
mechanism and wear properties of particulate-reinforced TMCs during use [21, 22]. Moreover, TMCs exhibits
high specific strengths and moduli, excellent fatigue and creep properties, outstanding high-temperature
performance and corrosion resistance [23], which are applicable to brake disc materials for automobiles.
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Table 1. Properties of the matrix alloy and reinforcements used in TMCs [27].

Materials Density (g - cm ) Melting point (K) linear expansion coefficient (10 K™") E-Modulus (GPa)

TC4 4.44 1,933 9.39 110
TiB 4.57 2,473 8.6 550
TiC 4.93 3,433 6.52 ~ 7.15(25 ~ 500 °C) 440

Compared with the traditional cast iron brake disc, TMCs have a lower density and more excellent corrosion
resistance, so they are expected to become a new type of brake disc materials.

In fact, the friction process was considered to be an extremely complex process, not only related to the
friction condition, but also to the material structure [24—26]. So far, the acquaintance of wear behavior and
mechanisms of titanium matrix composites was quite limited. Therefore, with the rapid development of
titanium matrix composites in engineering applications, it was urgent to make an in-depth research on the
sliding wear of titanium matrix composites.

In this study, the single TiC, single TiB, and (TiB + TiC) hybrid reinforced Ti6A14V (TC4) composites were
prepared, which were fabricated through in situ reactions, including Ti + C — TiC, Ti + TiB, — 2TiB, and
5Ti + B4C — 4TiB + TiC. To better understand the effect of the reinforcement compositions on
microstructures, compression performance, and wear properties of TMCs against forged steel, Cr12MoV, the
microstructures of different reinforcement compositions, wear surface, and cross-sectional surface were
investigated.

2. Experimental procedure

The B,C powders (98%, ave. particle size, 50 um), TiB, powders (99%, ave. particle size, 50 ;zm), and C powders
(99.8%, ave. particle size, 5-7m) were added into Ti6Al4V (TC4) alloy with a chemical composition of 6.21%
Al,4.0%V,0.02%Fe, 0.012%C, 0.13%0, 0.005%N, Bal. Ti weight percent (wt%) to prepare composites with
different compositions, respectively. Table 1 shows physical properties of the matrix alloy and reinforcements. It
can be seen from the table 1 that the densities of TiC and TiB were 4.93 and 4.57 g~cm73, respectively, and their
linear expansion coefficients were close to the TC4 alloy. Besides, the melting points and elastic moduli of the
two reinforced phases were larger than that of the TC4 matrix alloy. So it was not difficult to imagine that TiC
and TiB as reinforced phases of TMCs will be a good choice. The single TiC and TiB reinforced composites were
synthesized as the 2, 6, and 10% volume fractions, and those of in situ (TiB + TiC)witha 1/1 ratio reinforced
titanium matrix composites (TMCs) were also 2, 6, and 10%.

To acquire homogeneous composite structures, the melting-casting process was more than 4 times by the
vacuum arc melting furnace and finally cooled in a water-cooled copper crucible. The in-situ reactions during
the melting process were described as follows:

Ti + C — TiC (1)
Ti + TiB, — 2TiB )
5Ti + B4C — 4TiB + TiC 3)

The metallographic observation, composite-phase identification, surface morphology, and elemental
distribution of worn surfaces were determined, using a Hitachi S-3400N type scanning electron microscope
(SEM; Hitachi High-Technologies Corp., Tokyo, Japan), a Shimadzu XRD-7000 type x-ray diffractometer, and a
Shimadzu EPMA-1720 type electron probe micro-analyzer (Shimadzu Corp., Kyoto, Japan). Hardness of
composite materials was measured, using an HR-150A-type Rockwell hardness tester with a 1,000 gload fora
sustained time of 15 s. The compression test was tested by a WDW-100KN-M electronic universal testing
machine at the speed of 2 mm min ., and the samples with 3 mm in diameter and 6 mm in height were
obtained from the ingots. The dry friction and wear experiments were performed using a pin-on-disc friction
testapparatus (MMU-5G, Sida Tester Co. Ltd, Jinan, China) with the forged steel of Cr12MoV (58—-60HRC) as
the grinding material, samples at ®4 x 15mm, and applied load setata 100 N load (corresponding to an initial
mean contact stress of 17 MPa) for 30 min with a sliding speed of 0.11 m s, in order to ensure the accuracy of
the experimental data, the experiments need to be repeated three times in the same condition.

2



10P Publishing

Mater. Res. Express 6 (2019) 116597

B Zhenget al

(a)

Intensity (a.u.)

Intensity (a.u.)

(b)

| 2%TiB

Al

U
n r n e

r

TiB

d 1 |.|| | PP TTR |

Intensity (a.u.)

(¢)

S

o IH Ll

PRV PP

il

o

20 (degree)

20

A
e L
30

40

n

L1

50 60 70 80 9% 100
20 (degree)

20

0 40 0 60 70
20 (degree)

80

Figure 1. XRD analysis of TMCs with different reinforcement compositions. (a) TiC, (b) TiB, and (c) TiB + TiC.

3. Results and discussion

3.1. Microstructure and composition

Figure 1 shows the XRD analysis of TMCs with different reinforcement compositions. No traces of the residual
B,C, TiB,, and C were detected by XRD, which indicated that in-situ reaction was completed, and Aland V
elements could be considered as solid solutions in the matrix. The existence of Tiand TiC phases could be
observed (figure 1(a)), which indicated that the reaction as Ti + C — TiC occurred during the melting process.
The peak intensity of TiC increased gradually with the increase of the additive content, which exhibited that the
content of the TiC-reinforced particle increased. Figure 1(b) shows that the composites were predominantly
composed of Tiand TiB phases, which illustrated that the in-situ reaction as Ti 4+ TiB, — 2TiB was completed,
and the variation of the TiB peak intensity coincided with the addition. The presence of Ti, TiB, and TiC peaks
could be detected in figure 1(c). This trend displayed that the in-situ reaction among Ti, C, and B,C has
happened as follows, Ti + C — TiC, and 5Ti + B,C — 4TiB + TiC, the volume fractions of in situ

(TiB + TiC)witha 1/1 ratio reinforced TMCs could be obtained by the above two reactions.

Figure 2 shows SEM images of TMCs with different reinforcement compositions. Figure 3 displays the EDS
analysis of TMCs with different regions of (a) 2 vol% TiC, (b) 2 vol% TiB, (c) and (d) 2 vol% (TiC + TiB). Based
on the EDS results, the reinforcement phases were determined as TiC (figure 3(a)). When the TiC volume
content was 2%, TiC presented two shapes: one was equiaxed or nearly equiaxed, the other was fine granular or
short rod, which corresponded to primary TiC and eutectic TiC, respectively. It could be observed that the
primary TiC was the majority, and the eutectic TiC content was low. With the increase of the TiC content, the
size of the primary TiC increased, and part of the eutectic TiC grew into the dendrite (figure 2(b)). As the TiC
content was 10%, the growth of the dendrite was more obvious in figure 2(c). The crystal structure of TiC was
B1-type face-centered cubic, the occupancy of Tiand C atoms was centro-symmetric with no preferential
growth direction and growth surface, which led to the same growth rate of TiC on the symmetrical crystal plane.
Hence, it was easy to form a centrosymmetrical structure, i.e., an equiaxed or approximately equiaxed
morphology. The evolution of TiC into the dendritic morphology could be explained by the theory of
constitutional supercooling [28]. The higher the C content was, the larger the crystallization temperature range
of the primary TiC was, which led to higher constitutional supercooling in front of the interface of the primary
TiC. Therefore, it was easier to form a dendrite morphology.

The crystal structure of TiB was an orthorhombic B27 crystal, and the growth rate along the [010] direction
was obviously faster than other directions, which was easier to form whiskers or short fibers. By the EDS analysis
of the needle-like phase, the results showed that the contents of B and Ti were 51.62% and 46.05%, respectively,
and the atomic ratio of Ti/B was close to 1:1. Therefore, it can be identified that the boride formed was TiB
(figure 3(b)). It was found that the short and long needle-like TiB whiskers were observed in figure 2(d), the
aspect ratio increased with the addition of TiB (figure 2(e)), and the long needle-like TiB whisker occupied the
majority of the matrix (figure 2(f)). Moreover, the microstructure of TMCs could be refined by adding the
reinforcement phase. On the one hand, it was because of the B element precipitated from the J phase during the
solidification process, which led to the B element enrichment in a liquid phase and constitutional supercooling.
This trend provided a driving force for the nucleation of the 5 phase and improved the nucleation rate of the 3
phase. On the other hand, it was due to the fact that the excessive B element at the solid-liquid interface
decreased the growth rate of the 3 phase grain, which also reduced the size of the original 5 grain in TMCs.

When the (TiC + TiB) content was 2%, TiC was mostly rod-like or granular, and TiB was short needle-like
(figure 2(g)), and their results were identified by the EDS analysis (figures 3(c) and (d)). With the increase of the
content, TiC gradually became equiaxed, and TiB grew longer (figure 2(h)). When it increased to 10%, there was
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Figure 2. SEM images of TMCs with different reinforcement compositions. (a) 2 vol% TiC, (b) 6 vol% TiC, (c) 10 vol% TiC, (d) 2
vol% TiB, (e) 6 vol% TiB, (f) 10 vol% TiB, (g) 2 vol% (TiC + TiB), (h) 6 vol% (TiC + TiB), (i) 10 vol% (TiC + TiB).
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Figure 3. EDS analysis of TMCs with different regions of (a) 2 vol% TiC, (b) 2 vol% TiB, (c) and (d) 2 vol% (TiC + TiB).
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Figure 4. EPMA spectra of TMCs with different reinforcement compositions. (a)-(c) 2% (TiC + TiB), (d)—(f) 6% (TiC + TiB), (g)—
(i) 10% (TiC + TiB).

almost no large dendritic TiC. It was mainly due to the formation and growth of TiB along with the TiC, and the
formation of TiB hindered the growth of TiC. Furthermore, it was found that the two enhancement phases had a
tendency of interdependent and segregated growth. This feature was due to the fact that the first precipitated
phase became another heterogeneous nucleation particle, which nucleated near the first precipitated phase, then
grew up together, and finally formed TiC and TiB interdependent morphologies.

Figure 4 shows the EPMA elemental maps of (TiC + TiB)/TC4 composites. The results showed that
reinforcements were comprised of needle-like TiB and equiaxed TiC particles, which were uniformly distributed
in the matrix. The interface between the reinforcement phase and matrix was clean and well bonded without any
other impurities. With the increase of the (TiC + TiB) content, the needle-like TiB formed similar reticular
structures, which could significantly enhance the strength of composites. The confirmation of the reinforcing
structure compositions also validated that the reactions 5Ti + B,C — 4TiB + TiCand Ti + C — TiChad
occurred during the in situ reaction of Ti, B,C, and C powders. Furthermore, the reinforcing phase formed by
the in-situ method had better bonding than that by the external method and was not easy to crack around the
reinforced phases.

3.2.Hardness analysis

Figure 5 shows the hardness curves of composites with different reinforcement compositions. The hardness
values increased with the increase of the reinforcement content due to the existence of hard TiC and TiB phases.
Under the same amount of the phase addition, (TiC + TiB)/TC4 had the highest hardness value based on
synergistic effects of the solution strengthening and fine grain strengthening due to dissolving of Cand B
elements. According to the analysis of figure 2, it could be concluded that the formation of the high-hardness
and high-strength particle reinforcement had a good effect on improving the hardness of composites.

3.3. Compressive properties

Figure 6 shows compressive strength curves of TMCs with different reinforcement compositions. Compared
with the TC4 alloy, the compressive strength of TiC reinforced composites increased by 130.8 MPa, 624.37 MPa
and 389.6 MPa, respectively (figure 6(a)). This trend was due to the synergistic effect of the bearing capacity of
TiC, solid-solution strengthening of C, and refinement of the matrix structure. However, the compression rate
decreased gradually with the increase of the reinforcement content. It was noteworthy that the 6 vol%TiC/TC4




10P Publishing

Mater. Res. Express 6 (2019) 116597 B Zhenget al

56 |
—u—TiC+TiB

[ —e—TiB
54F —a—TiC

—

A

/ °
1 L Il
2 4 6

0

Hardness (HRC)

1
8 10
Reinforcement Content (%)

Figure 5. Hardness curves of of TMCs with different reinforcement compositions.

2563 2563 253
—_— % TIRTCE — T TRRYTCA

(b) — e (©) iy
— 0% TIRTC4 iB)

10E3 2063 -

15E3 : 1563 ¢
10E3 b * 1L.OE3 |
x5, || 7 Specimen o, 4% | F Specimen s &%
e us T4 140MM M8 T4 3 M8
156310 194 SOE2 INTIB N0 1859 S0E2 IUTICHTIB) 1819 17
W 19 ENTIBIRSARE 162 ETICHTIB) 201124 203
LLHE IRTS] WSTIB 18120 108 1(TiC+TiB) 20981 172
L N L L L L

0.0 4 L 0.0 - L . 0.0
0.00 0.05 0.10 0.15 0.20 025 0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25

Strain/c Strain/e Strain/c

20E3 -

in
]
a

Stres/MPa
Stress/MPa
Stress/MF

=

Z

LOE3

SOE2

1WSTIC
L

Figure 6. Compressive strength curves of TMCs with different reinforcement compositions. (a) TiC, (b) TiB, and (c) TiB + TiC.

composite has a higher strength than the 10 vol%TiC/TC4 composite, which indicated that the excessive TiC
was not conducive to the improvement of room-temperature properties. The strength of TiB reinforced
composites rose by 199.72 MPa, 422.56 MPa and 380 MPa, respectively (figure 6(b)), and the compression rate
also presented a downward trend. The enhanced effect of (TiB + TiC)/TC4 composites were more pronounced
than the single TiC or TiB reinforced composites, and exhibited better plasticity than others. The compressive
strength of the composites increased with the rise of the reinforcement content, but the plasticity of the
composites decreased considerably with the addition of excessive reinforcements. The strength improvement of
composites was mainly attributed to the three factors as described below: the effective bearing capacity of the
reinforcement phase; the refinement of the matrix structure; and the effect of solid-solution strengthening.
When the composite was subjected to an external load, on one hand, the load transited from the matrix to the
reinforcement phases, and the reinforcement phase bore the main load. On the other hand, the existence of the
reinforcement phase hindered the dislocation accumulation and movement, which led to the material
strengthening. Furthermore, the compression rate of composites was obviously lower than that of the matrix
alloy due to both TiC and TiB possessing the high hardnesses and elastic moduli. Deformation began with the
relative soft matrix alloys, while the deformation of TiC and TiB lagged behind, which led to the asynchronous
deformation between the reinforcements and matrix during the compression process, reducing the plasticity of
the composites. Moreover, the stress concentration at the edges of reinforcements could decrease the plasticity
of composites, and the bearing capacity of the dendritic TiC was low, which was easier to break under load.
Therefore, it was necessary to control the morphology of the reinforcement phase.

3.4. Friction and wear properties

Figure 7 shows the specific wear rate of TMCs with different reinforcement compositions. With the additions of
TiC and TiB, the specific wear rate of TMCs was lower than that of TC4 and decreased with the rise of the
reinforcement content, which indicated that the wear resistance was effectively improved by adding
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reinforcements. Moreover, the specific wear rate of the (TiB + TiC) hybrid reinforced composite was lower
than that of the single TiC or TiB reinforced material.

Figure 8 presents that the coefficient of friction of the composites was significantly smaller than that of the
TC4. On one hand, the strength and hardness of the composites were greatly improved with the addition of
different reinforcements. On the other hand, a certain degree of heat was always produced on the wear surface
during the friction and wear process, and could not be immediately emitted into the air, which caused the
temperature of friction pair rising. For the TC4 alloy, the high coefficient of friction was due to the softening
phenomenon with the rise of temperature, which led to the increase of the friction area and coefficient. For
composites, the additions of TiB and TiC improved the high-temperature strength and hardness of the
composites, controlled effectively the softening degree of the composites caused by the friction heat, and
prevented the occlusion phenomenon of the friction pairs, thus decreased the damage of the wear surface and
reduced the composite coefficient. Compared to single TiB or TiC reinforced, (TiB + TiC) hybrid-reinforced
composite possessed the low friction coefficient corresponding to the variation of the specific wear rate.

Figure 9 shows the wear surface of TMCs with different reinforcement compositions. The plastic
deformation, furrows, and adhesive marks of the wear surface were detected by the extrusion and scratch of the
friction pins, which exhibited typical characteristics of the adhesive and abrasive wear (figure 9(a)). With the
increase of TiC, the adhesive trace of the wear surface decreased, which illustrated that the degree of the adhesive
wear reduced, and the abrasive resistance was improved (figure 9(c)). Due to the surface wear during sliding
friction, the reinforcement particles were prominent from the matrix, which prevented the direct contact
between the matrix and the friction disc. Moreover, the hard reinforcement acted as a load-bearing role due to its
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TiB, () 6 vol% TiB, (f) 10 vol% TiB, (g) 2 vol% (TiC + TiB), (h) 6 vol% (TiC + TiB), (i) 10 vol% (TiC + TiB).

higher strength and modulus than the matrix alloy. As the content of TiB increased, the amount of adhesive
marks and furrows was declined. Thus the main wear mechanism changed from the adhesion to slight and
abrasive wear (figures 9(d)—(f)). It can be found that the (TiC + TiB) reinforced composites exhibited the
excellent wear resistance, and only slight furrows and delaminations existed on the wear surface (figures 9(g)—
(1)). The main wear mechanisms were the slight adhesive and abrasive wear. Moreover, it was noteworthy that
the wear surface of the 6 vol% (TiC + TiB) was slightly better than that of the 10vol% (TiC + TiB). This feature
was because the wear resistance was not only related to the content, but also the size of the reinforcement. When
the content of reinforcements exceeded 6%, the size of the former was relatively smaller than that of the latter
(figures 2(h) and (i)), and it was not easy to fall off from the matrix under the action of the force. Thus the fine
and uniformlydistributed reinforcement phases could play a more protective role in the matrix alloy.

Figure 10 shows the EPMA analysis of wear cross-section of (TiB + TiC) reinforced composites. It could be
found that the Fe element adhered to wear surface of composite due to severe adhesive wear caused by the
friction heat (figures 10(a)—(d)). For 6 vol% (TiC + TiB), it could be seen clearly that some C and B elements
existed on the surface, and the content of the Fe element was decreased. It indicated the degree of the adhesive
wear decreased with the increase of the reinforcement content (figures 10(e)—(h)), and the enhanced effect was
more obvious in (figures 10(i)—(1)). The reasons for the improvement of the wear resistance is described as
follows: on one hand, the TiC and TiB reinforcements had high strength, hardness, and good wear resistance,
which acted as the anti-friction and wear-resistance role. On the other hand, the cross-section of surface
indicated that the homogeneous distribution of reinforcement phases in the matrix played a role in dispersion
strengthening to enhance the resistance against the tangential stress caused by the sliding wear. This effect was
sufficient to enhance the sub-surface strength and ductility of the materials, thus preventing the initiation of
micro-cracks during the sliding-wear process.

Figure 11 shows the XRD analysis of the wear surfaces of TMCs with different reinforcement compositions.
It was found that the wear surfaces contained matrix Ti, reinforcements, and oxides of TiO,, FeO and Fe,Os. The
appearance of Fe element came from the friction disc, which indicated that some Fe element was transferred to
wear surface of composite during the wear process. Moreover, as the wear surface temperature rising, the Tiand
Fe elements on the surface were easily oxidized leading to the formation of oxides. It can also be observed the
worn surface of 6 vol% (TiC + TiB) reinforced TMCs was covered with a dense and continuous tribo-layer
analysed on the basis of EPMA, XRD results, which prevented the direct mutual action of contact surfaces and
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Figure 11. XRD analysis of wear surface of TMCs with different reinforcement compositions. TiC, (b) TiB, (¢) TiB + TiC.

formed three body abrasive wear, thus the wear resistance of TMCs was improved. With the increase of the
reinforcement content, the peak value of the oxide decreased, which indicated that the adhesive wear and
oxidation wear were weakened.

4, Conclusions

(1) For single TiC and TiB reinforced composites, with the increase of the reinforcement content, the
morphology of the TiC phase changed from granular to nearly equiaxed shapes, and finally to the dendrite,
the shape of TiB grew from short needle-like to long needle-like shapes. For (TiC + TiB) hybrid reinforced
composites, the existence of TiB prevented the growth of TiC and made TiC particles smaller with the
increase of the TiB content. The addition of reinforcements could refine the matrix to a certain extent.

(2) Compared with the matrix alloy, the compressive strength increased significantly with the increase of the
reinforcement content. However, the excessive reinforcement might be not conducive to improving room-
temperature performance. In contrast to single TiC and TiB reinforced composites, (TiC + TiB) hybrid
reinforced composites possessed better compressive strength and plasticity. That was mainly attributed to
the synergistic effect of the bearing capacity of the reinforcement phase, the refinement of matrix structure,
and solid-solution strengthening of C.

(3) With the increase of the reinforcement volume fraction, the hardness exhibited an upward trend, and the
specific wear rate and coefficient of friction decreased. Owing to the existence of hard reinforcements, the
wear resistance had been greatly improved, especially the effect of the (TiC + TiB) hybrid was more
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obvious. Furthermore, the reinforcements enhanced the sub-surface strengths and ductilities of the
materials, thus preventing the initiation of micro-cracks during the sliding wear process, and a dense and
continuous tribo-layer limited the direct interaction of contact surfaces, thus improving the wear resistance
of the TMCs. The wear mechanism was transformed from the severe adhesive wear, abrasive wear, and
oxidation wear to slight adhesive, abrasive wear, and oxidation wear with the increase of the reinforcement
volume fraction.
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