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Abstract: In the present paper, new heat treatment was performed on 10 vol.% TiC/Ti-6Al-35n-
9Zr-1.5Mo composite fabricated by an in situ casting technique. The aim is to obtain fully lamellar
structure in matrix, control the lamellar structure quantitatively and understand the variation of the
tensile properties of as-cast and heat-treated composites. For as-cast composite, matrix exhibited fully
lamellar structure with some extent of basket-weave characteristics, and reinforcement was mainly
in fine rod and strip shape. After 3 heat treatment, matrix microstructure was refined visibly. As the
new cooling method was employed, wider « lath in matrix was obtained. The composite with very
fine lamellar structure showed better yield strength (YS) in comparison with that with coarse lamellar
microstructure below 650 °C. At 700 °C, fine grain strengthening cannot exert effective influence on
tensile strength. It is proved that the enhanced YS is mainly ascribed to the refinement of « lath at
ambient temperature. The heat-treated composites with wider « lath displayed excellent ductility at
ambient temperature. Above 600 °C, the effect of o phase size on tensile elongation was negligible in
the heat-treated composites, since matrix was softened.

Keywords: titanium matrix composite; lamellar microstructure; tensile properties; heat treatment; TiC

1. Introduction

Discontinuously reinforced titanium matrix composites (TMCs) have been considered
as a promising material for aerospace application because of their high strength and
excellent wear resistance at elevated temperatures [1-3]. TiC particle-reinforced TMCs (TiC-
TMCs) have been reported extensively, since TiC particles possess the excellent balance
of stability, stiffness, modulus and compatibility with Ti matrices [4-7]. In the past few
decades, in situ synthesized technique and traditional casting has been combined to
produce TMCs owing to its obvious advantages such as simplicity, low cost, direct casting
forming and large-scale production [8-12].

Much work has indicated that the influence of matrix microstructures on mechani-
cal properties of TMCs is significant, especially at low temperatures [13-15]. Generally,
the lamellar microstructure, equiaxed microstructure and duplex microstructure can be
obtained in titanium alloys and TMCs through heat treatment or other methods [16,17].
Wang et al. [18] pointed out that TMCs with fully lamellar structure display superior
comprehensive properties in comparison with those with equiaxed structure. Furthermore,
lamellar microstructure can more effectively impede the propagation of cracks generating
in cracked reinforcements. Qi et al. [19] also obtained similar results in TiC-TMCs. Hence,
in order to produce TMCs castings with high tensile properties, the lamellar microstructure
should be selected. It is well established that lamellar microstructure is formed during
cooling from above the 3-transus temperature in TMCs [20-24]. Therefore, only the cool-
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ing process is controlled; « phase size in the lamellar microstructure can be controlled
quantitatively. However, little work has been done to control this process in cast TMCs.

In this paper, 10 vol.% TiC/Ti-6Al-35n-9Zr-1.5Mo composite was prepared by using
an in situ casting route, and a new heat treatment was exploited and conducted on this
composite. The main purpose of this experimental study was to control lamellar structure
quantitatively and analyze the tensile properties of the composite.

2. Materials and Methods
2.1. Preparation of the Composite

The raw material used in this experiment for fabricating 10 vol.% TiC/Ti-6Al-35n-9Zr-
1.5Mo were pure titanium (99.9 wt.%), high purity aluminum (99.99 wt.%), Sn (99.9 wt.%),
zirconium sponge (99.4 wt.%), Al-9 wt.% Mo master alloy and C powder. This composite
was melted by induction melting furnace. The temperature of the melt reached about
2000 °C during the induction melting step. Before induction heating starts, the melting
chamber was vacuumized and its vacuum degree is lower than 10~! Pa; subsequently,
argon backfilled into the chamber. When the raw materials were completely melted, in
order to ensure chemical homogeneity, the composite melt was kept at molten state and
electromagnetic stirring condition for about 5 min. Finally, the composite melt was cast
into a machined graphite mold to form flake composite casting with a length, height and
thickness of 200, 200 and 12 mm, respectively.

2.2. Heat Treatment Process

Samples for microstructure analysis and tensile tests were cut from the composite
casting. A metallographic technique was used to measure the 3-transus temperature of the
composite. First, the specimens were heated to a temperature that is much higher than f3-
transus temperature and then were held for about 1h. Second, several target temperatures,
which are near 3-transus temperature, with 5 °C intervals were chosen. The fully 3 phase
samples were cooled to the target temperatures and held for 30 min, then quenched. If no
o phase is observed, the target temperature is higher than 3-transus temperature. The (3-
transus temperature was determined at about 1095 °C. The specimens for heat treatment
were all encapsulated in evacuated quartz tubes, and all heated to 1120 °C first and held at
this temperature for 8h. Subsequently, some specimens were cooled in air directly. This heat
treatment is so-called  heat treatment, referred to as HT1 here. After 1120 °C/8h, some
specimens were put in a furnace with a temperature of 450 °C and held for 30 min, referred
to as HT2. The remaining specimens were cooled in a furnace with a temperature of 600 °C
for 30 min, referred to as HT3.

2.3. Microstructure Examination

Microstructure observations were carried out by optical microscope (OM, Zeiss,
Oberkochen, Germany) and FEI Quanta 200F scanning electron microscope (SEM, FEI, Hills-
boro, OR, USA). Phase identification was carried out via X-ray diffraction (XRD, Bruker,
Billerica, MA, USA) using a Rigaku D/max-RB X-ray diffractometer with monochromatic
Cu Ka radiation. The scan step and step time adopted for XRD were 0.04° and 1 s per step,
respectively. Image Proplus (Version 6.0) was used to measure TiC volume fraction.

2.4. Tensile Test

Flat tensile specimens with gauge section of 20 x 4 x 2 mm were tested on an Instron
5500R testing machine (Instron, Norwood, MA, USA) at ambient temperature, 600, 650 and
700 °C. The composite specimens were deformed to failure at a strain rate of 0.5 mm/min.
For high-temperature tests, the specimens were first heated to the test temperature, held
for 5 min and then deformed to failure. At each condition, three tensile specimens were
repeated to obtain average values. Hitachi S-570 SEM (SEM, Hitachi, Chiyoda, Japan) was
used to examine fracture surfaces of the as-cast and heat-treated composites.



Metals 2021, 11, 160

30f10

3. Results
3.1. Phase Identification and Microstructure
3.1.1. Phase Identification

The X-ray diffraction pattern of the as-cast composite is illustrated in Figure 1. It can
be seen that only two phases can be found in the present composite, which are «-Ti and
TiC. The XRD result confirms that the in situ casting technique is feasible to prepare the
composite, and TiC is the only carbide, although Zr content reached 9%.

® oTi
B TiC
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30 40 30 60 70 80
2 thera (degree)

Figure 1. X-ray diffraction patterns of the as-cast composite.

3.1.2. As-Cast Microstructure

Figure 2 displays the characteristics of TiC and matrix in the as-cast composite.
Through image analysis of micrograph in Figure 2a, the volume fraction of TiC is ap-
proximately 9.4%, very close to the designed value. TiC reinforcements were uniformly
distributed in the composite macroscopically, but TiC clusters in some areas were observed
(Figure 2a). Microstructural observation showed that TiC mainly grew in fine rod and strip
shape (Figure 2a), which is identified as eutectic TiC [25]. Small amounts of TiC exhib-
ited equiaxed or near-equiaxed shape, which corresponds to primary TiC [25]. Research
indicated that TiC mainly displays equiaxed or near-equiaxed morphology in 10 vol.%
TiC/Ti-6Al-35n-3.5Zr-0.4Mo-0.75Nb-0.355i and 10 vol.% TiC/Ti-6Al-2Zr-1.5Mo-1V com-
posites [19-26]. With the increase in Zr contents to 9% in this study, the volume fraction
of primary TiC decreases. It is assumed that increasing Zr content in matrix can promote
the precipitation of eutectic TiC. According to Ti-Zr binary phase diagram, Ti and Zr el-
ements can be infinite mutual dissolution. Additionally, with the increase in Zr content,
the liquidus temperature of Ti-Zr alloys decreases, which results in the degradation of
supercooling degree ahead of the solid-liquid interface. The decrease in supercooling
degree inhabits the precipitation of primary TiC. Relatively speaking, the precipitation of
eutectic TiC is promoted. Typical fully lamellar structure with some extent of basket-weave
characteristic in Figure 2b was formed during the solid-state transformation of f — «.
The width of « lath was measured to be about 1.27 pm.
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Figure 2. Microstructures of as-cast composite: (a) TiC morphology; (b) matrix feature.

3.1.3. Heat-Treated Microstructure

Figure 3 exhibits the microstructures of the composite after heat treatment. It can
be seen from Figure 3a,b that as HT1 heat treatment was conducted on the composite,
significant changes took place in TiC morphology and matrix feature. TiC with fine rod
and strip shape almost cannot be observed after HT1 heat treatment, which evolved into
equiaxed or near-equiaxed shape (see Figure 3a). It was reported that the spheroidizing
of TiC reinforcement during high-temperature heat treatment promotes the formation of
equiaxed TiC particles [27]. The reinforcements varied from 1 to 10 um in diameter, and
the average size was 7.2 um in Figure 3b. Matrix microstructure in the composite via HT1
exhibited lamellar structure with obvious basket-weave characteristic. « phase size was
refined remarkably in comparison with that in as-cast microstructure, and the average «
lath width is about 0.38 pm.

Figure 3. SEM images showing the microstructures of the composite with different heat treatment
processes: (a,b) HT1, (c) HT2 and (d) HT3.

As the composite was cooled in a special way from {3 phase region, i.e., the composite
was cooled in a furnace with a temperature of 450 °C (HT2), the basic feature in the matrix is
similar to that of the composite via HT1, as shown in Figure 3c. However, the basket-weave
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feature became unapparent, and the o colony characteristic was more obvious. In addition,
the « phase size increased markedly, measured to be 0.78 um. The only difference between
HT1 and HT?2 is the cooling method. Apparently, the composite via HT2 was cooled slowly
as compared to that via HT1. Increasing cooling rate can enhance the phase transformation
rate of 3 — o It has been reported that the cooling rate from heat treatment temperature is
extremely important, and it determines the final o« lamellae size [28]. Rapid cooling from 3
phase field can lead to the formation of martensite «’ in near-« titanium alloys, and the size
of of is extremely fine. A decreasing cooling rate favors the generation of typical lamellar
microstructure in these alloys, and the lower the cooling rate, the coarser « lath is.

As the composite was cooled in a furnace with higher temperature (600 °C) (HT3), the
composite still possesses a fully lamellar structure in matrix (Figure 3d). However, further
coarseness in the matrix occurred, and the « lath width measurement was 1.14 um. It is
assumed that further increase in furnace temperature during cooling must further coarse
o lamellae. Apparently, o phase size is sensitive to cooling rate, and « lath size can be
controlled through controlling the cooling process.

3.2. Tensile Properties

Figure 4 shows the ambient-temperature tensile properties of the composite before and
after heat treatment. The results here are the average values obtained from repeated tests.
In as-cast composite, the yield strength (YS) and ultimate tensile strength (UTS) are 1041.6
and 1124.2 MPa, respectively, and the tensile elongation is 1.77% (Figure 4). Obviously,
UTS of as-cast composite is far higher than YS, indicating that the work hardening rate
past yielding is high. As HT1 heat treatment was performed on the composite, YS and UTS
are all enhanced evidently, reaching to 1080.8 and 1164.7 MPa, respectively. However, the
tensile elongation decreases slightly (Figure 4). After HT2 heat treatment, YS and UTS de-
crease but ambient-temperature ductility increases compared to those of the composite via
HT1. The composite via HT3 exhibits great elongation of 3.56%, although its YS is slightly
low. Clearly, heat treatment plays an important role on the ambient-temperature tensile
properties of the composite. The degradation of YS is accompanied by the enhancement of
elongation after heat treatment (Figure 4).
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Figure 4. Ambient-temperature tensile properties of the composite before and after heat treatment.

Table 1 summarizes the tensile properties of the as-cast and heat-treated composites
at elevated temperatures. At 600 °C, HT1, HT2 and HT3 heat treatments all result in the
improvement of UTS, and elongation and the increments in UTS are about 50, 22 and 4 MPa,
respectively, in comparison with UTS of as-cast composite. Obviously, the influence of heat
treatment on UTS at 600 °C is similar to that at ambient temperature. It is deduced that
UTS of the composite at 600 °C is sensitive to « phase size. A further increase in o phase
size is believed to cause a further decrease in UTS at 600 °C. Here, the UTS of cast 10 vol.%
TiC/Ti-6Al-35n-9Zr-1.5Mo composite via HT1 heat treatment approaches 797.6 MPa at



Metals 2021, 11, 160

6 of 10

600 °C. Research indicated that as traditional high-temperature titanium alloy was selected
as matrix, the UTS of the cast composite is only 660.1 MPa at 600 °C. It can be deduced that
increasing Zr content in matrix can effectively improve high-temperature UTSs of TMCs.

Table 1. Elevated-temperature tensile properties of the as-cast and heat-treated composites.

600 °C 650 °C 700 °C
Conditions UTS Elongation UTS Elongation UTS Elongation
(MPa) (%) (MPa) (%) (MPa) (%)
As-cast 747.3 447 635.4 8.43 463.6 13.05
HT1 797.6 5.02 649.2 10.62 462.1 15.15
HT2 769.6 5.88 639.5 10.20 462.4 14.26
HT3 751.1 6.53 637.4 9.26 459.5 13.86

As the temperature increases to 650 °C, UTS decreases but elongation increases ob-
servably and the discrepancy in UTSs of as-cast and heat-treated composites becomes small
compared to that at 600 °C (Table 1). With a further increase in temperature, a further de-
crease in UTS is observable and more importantly, the UTS and elongation of the composite
before and after heat treatment are almost at the same level, respectively (see Table 1).

3.3. Fractography

SEM fractography of the as-cast and heat-treated composites tested at ambient tem-
perature are shown in Figure 5. It can be seen from Figure 5 that the fracture surfaces are
relatively rough when viewed on a microscopic scale. On the facture surface of the as-cast
composite, fractured TiC particles with relative smooth facet characteristics and tearing
ridges of cracked matrix were observable in Figure 5a. Additionally, it was found that there
existed secondary cracks in some fractured TiC particles, indicating that a shattered frac-
ture occurred in these particles prior to the final damage of the composite. Similar results
have been reported in TiC-TMCs [29]. This feature fully demonstrates that micro-cracks
generate in TiC particles preferentially, and these cracks will expand into matrix at higher
deformation. That is to say, the fracture of the composite is controlled by the crack of TiC
particles to a great extent.

Figure 5. SEM images showing ambient-temperature fracture surfaces of the composite before (a)
and after heat treatment: (b) HT1, (c) HT2 and (d) HT3.
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The basic features on fracture surfaces of heat-treated composites (Figure 5b—d) are
similar to those observed in Figure 5a. The difference is that some spheroidised TiC particles
with small size did not crack, meaning that interface debonding occurred in these particles
during tensile deformation. The number of tearing ridges on fracture surfaces of the
composite via HT2 and HT3 heat treatments (Figure 5c,d) increased in comparison with
that in Figure 5b. The increased tearing ridges observed in Figure 5¢,d are indicative of
the good ductility of the composite via HT2 and HT3 heat treatments, consistent with the
tensile elongations in Figure 4.

4. Discussion

Several mechanisms of strengthening have been proposed to explain the enhancement
of tensile strength of particle-reinforced metal matrix composites [8,9,29,30]. Classical
strengthening through load bearing from matrix to particles and matrix strengthening
resulting from the change in matrix microstructure are the two important strengthening
mechanisms. It has been proved that matrix strengthening makes the largest contribution
to the enhancement of the tensile strength of TiC-TMCs [19].

In the view of some researchers, for fully laminar « structure in near-« titanium alloys,
the enhancement in YS chiefly comes from the refinement of « phase [31]. Hence, the
remarkable refinement of « lath due to HT1 heat treatment attributes to the enhancement of
YS of the composite at ambient temperature, since the effective slip length of dislocations in
matrix decreases seriously [18]. Sen et al. [32] has reported the similar result in Ti-6Al-4V-B
alloys. HT2 and HT3 heat treatments cause the coarsening of « lath and, correspondingly,
increase the slip length of dislocations, which directly results in the decrease in YS compared
to that in the composite via HT1 at ambient temperature.

In order to further investigate the effect of « lath width on YS of the composite, the
variation of YS with the inverse of square root of « lath width is illustrated in Figure 6
according to the Hall-Petch equation. The approximatively linear relationship between YS
and the inverse of the square root of « lath width with the correlation coefficient of 0.997 is
observable in Figure 6. The same method was used to examine the relationship between
YS and « phase size in Ti-6Al-4V-B alloys [32]. This result adequately confirms that the
enhanced YS after heat treatment is ascribed to the refinement of « lath.

1083
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(a lath wildth)’”i, (um) o

Figure 6. Variation of yield strength (YS) with inverse of square root of « lath width.

As the testing temperature increases to 600 °C, fine grain strengthening can still exert
a significant effect on the improvement of tensile strength because the heat-treated compos-
ites exhibit higher tensile strength than the as-cast composite (Table 1). With increasing
temperature, the degradation in the discrepancy between as-cast tensile strength and heat-
treated tensile strength reflects that the role of fine grain strengthening becomes weak.
When temperature increases to 700 °C, there is almost no difference in strength between
as-cast and heat-treated composites (Table 1). Undoubtedly, the contribution of matrix
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strengthening on tensile strength is negligible at this temperature. The variation of matrix
strengthening is mainly attributed to the matrix softening at elevated temperatures.

As we know, the refinement of « lath favors the increase in the plasticity in near-o
titanium alloys with the fully lamellar structure [33-35]. In addition, spheroidised TiC parti-
cles are beneficial for the enhancement in ductility of TIC-TMCs [27]. In fact, the composite
via HT1 displays lower elongation compared to as-cast composite at ambient temperature.
The presence of hard and brittle TiC particles in matrix can explain this abnormal result
because the failure of the composite is dominated by the fracture of TiC particles, which can
be confirmed by the results in Figure 5. The stresses acting on TiC particles should increase
with the increase in tensile strength of the composite during tensile deformation [36,37].
As the stresses excess their strength, these particles will fracture. The composite via HT1
displays high YS and UTS compared to the as-cast composite. Correspondingly, the local
stresses acting on TiC particles increase fast within a small plastic deformation due to the
short slip length of dislocations. As a result, fracture probability of TiC particles should
be enhanced. More importantly, a large amount of TiC particles will crack within a small
plastic deformation, and the cracks in fractured TiC are believed to spread into the matrix
rapidly (Figure 5b), which will be bound to decrease the elongation of the composite
via HT1.

Based on the analysis above, in TMCs with lamellar structure, « lath size should
be controlled strictly to ameliorate the ambient-temperature ductility. Therefore, a new
cooling method was employed and performed on the composite in this work with the
aim to increase « lath size properly and improve tensile elongation of the composite at
ambient temperature. After HT2 and HT3 heat treatments, coarsening of « lath occurs
(Figure 3c,d), which results in the degradation of YS. Accordingly, the local stresses acting
on TiC particles decrease, and the fracture of TiC particles should be delayed, relatively,
responsible for the high ductility of the composite via HT2 and HT3 (Figure 4). With the
increase in temperature, the matrix becomes softer and softer, and correspondingly, the
influence of the matrix microstructure on elongation is weaker and weaker (Table 1).

Overall, we provide a new heat treatment method to control « phase size in TiC-
TMCs with lamellar structure and, thus, control the tensile properties effectively, especially
ambient-temperature ductility. As structural materials in the area of aerospace, the room-
temperature ductility usually limited the applications of Ti alloy composites. This study
provides an efficient method to balance the tensile strength and ductility.

5. Conclusions

In this paper, a new heat treatment was developed and conducted on 10 vol.% TiC/Ti-
6Al1-35n-9Zr-1.5Mo to control the lamellar structure and the effect of o phase size on tensile
properties has been discussed. The following conclusions can be drawn:

For as-cast composite, TiC mainly exhibited fine rod and strip shape, and the ma-
trix showed a fully lamellar structure with some extent of basket-weave characteristics.
HT1 heat treatment led to the formation of a very fine lamellar microstructure, whereas
wider « lath was obtained by HT2 and HT3 heat treatments.

The heat-treated composite with very fine lamellar structure showed high YS and UTS,
whereas excellent ductility was obtained in the heat-treated composites via coarse lamellar
microstructure at ambient temperature. At elevated temperatures, the matrix microstruc-
ture almost had no effect on tensile elongation due to matrix softening. The enhanced YS
mainly comes from the refinement of o lath at ambient temperature.

At 600 °C, fine grain strengthening can still exert an obvious influence on tensile
strength of the composite. However, with a further increase in temperature, matrix strength-
ening became weaker and weaker because of matrix softening.
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