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ABSTRACT

KEYWORDS

In this study, the 4™ part of a series of publications on the sintering and characterization of
TiAl-Ti;AlC, composite materials, the mechanical properties were measured and discussed.
For this purpose, different contents of synthesized Ti;AlC, reinforcement (10, 15, 20, 25, and
30 wt%) were added to metallic Ti and Al powders, then ball-milled and manufactured by
spark plasma sintering (SPS) for 420 s at 900 °C under 40 MPa. Flexural strength, fracture
toughness and Vickers hardness were measured by 3-point technique, SENB method, and
indentation technique, respectively. Increasing the Ti;AlC, content resulted in improvement of
the mechanical properties, so that TiAl-25 wt% Ti;AlC, composite showed the best flexural
strength and Vickers hardness (270 MPa and 4.11 GPa, respectively). Increasing amount of
Ti;AlC additive had no significant effect on fracture toughness. Densification improvement, in-
situ formation of Ti,AlC, and limitation of grain growth were recognized as the reasons of
mechanical properties enhancement. In contrast, further addition of Ti;:AIC, (30 wt%)
decreased the mechanical properties due to the reduction of density and formation of more
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Ti,AlC agglomerates in grain boundaries.
© 2022 The Authors. Published by Synsint Research Group.

1. Introduction

Privileged features of titanium aluminides like high creep and oxidation
resistance, good corrosion properties, high melting point, and low
density has made them potential candidates for using in different high-
temperature applications and aircraft engines [1-4]. However,
mechanical characteristics of TiAl-based materials have been
influenced by microstructure, which can vary with changing in
fabrication parameters and composition. Although adding the hard and
stiff particles promotes the strength, it leads to a decrease in ductility
[5-8]. Hence, development of the intermetallic matrix composites
(IMCs) have gained researchers attention to improve the low
temperatures ductility and to attain the suitable combination of creep
resistance and high-temperature strength. Reinforcing phases like
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Ti,AIC, TiB,, AlLO;, and TisSi; have been used as the stable and
desired components in TiAl-based composites [9-11]. Several
researches show that the mechanical efficiency of such composite
materials can be greatly improved by reduction of the reinforcement
particle size. The in-situ method of combustion synthesis and hot press
consolidation were utilized to manufacture TiAl-based composites
reinforced with nano-TisSi; and nano-TiB,. Ultimate compression
strength improvement and reduction of work-hardening capacity (H.)
of the TiAl matrix occur when the content of TiB, increases, owing to
the formation of network structure and the refined microstructure of the
matrix. Also, increase in the TisSi; amount in TiAl-based composite
first enhances the ultimate compression strength and fracture strain and
then decreases them [12]. Fabrication of TiAl-based composites
reinforced with MAX phases resulting in obtain the competency of
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ceramics and metals, simultaneously [13]. MAX phases with hexagonal
lamellar structure showing unique physical, chemical, mechanical, and
electrical properties belongs to the relatively new group of materials
[14-17]. 1t is reported that the uniformly distribution of Ti,AlIC grains
in TiAl matrix through in-situ reactive hot pressing of a mixture of Al,
Ti and TiC leads to the improvement of bending strength and fracture
toughness [18]. According to the layered structure and dispersion effect
of hard particles, only small quantities addition of Ti,AlC phase in
TiAl-based material, manufactured by reactive spark plasma sintering
method using Ti, Al, and TiC powders, leads to the enhancement of
both bending strength and toughness [19]. It is reported that
Ti,AlC/TiAl composite with ultrafine microstructure can be prepared
by spark plasma sintering of Ti, Al, and CNTS mixed by mechanical
alloying method. 6.12 GPa and 2058 MPa were measured for hardness
and the compressive yield strength of the SPSed samples at 950 °C,
respectively. The increasing of processing temperature up to 1150 °C
resulted in reduced mechanical properties due to the grain growth [20].
The flexural strength of TiAl/Ti,AlC composites, fabricated by spark
plasma sintering of powder mixture of TiC, Al, and Ti can attain
900 MPa [19].

In addition to introduction of secondary phases in TiAl matrix,
selecting the appropriate processing technique can be utilized to
overcome these problems [9-11]. Compared to other conventional
methods, spark plasma sintering route is one of the recently developed
methods that has several superiorities like high processing speed, lower
sintering temperatures, reproducibility leading to achieve refined and
homogeneous microstructures, [21-24].

In present study, TiAl-based composite materials reinforced with 10,
15, 20, 25, and 30 wt% Ti;AlIC, MAX phase were sintered by SPS
method at temperature of 900 °C under a load of 40 MPa for dwell time
of 7 min. This paper is 4™ section of series of papers that will study the
mechanical characteristics of as-prepared composite samples. The
densification behavior, phase evolution, and microstructure
development were investigated in pervious 3 papers of these series
[25-27].

samples were ground using diamond grinding plate. The rods were
prepared in dimensions of 3x4x25 mm’ (as shown in Fig. 1) for
flexural strength test utilizing wire cut device (Charmilles Robofill 310
wire EDM) by a wire with thickness of 0.25 mm. The cut sections of
rods and some sectioned as-sintered composite samples were polished
using abrasive paper made of SiC from 100 to 5000 mesh and diamond
lapping paste to prepare for the flexural strength and Vickers hardness
tests, respectively. Flexural strength of as-sintered samples was
determined by three-point technique using the 2-cm length of gauge
with a crosshead speed of 0.5 mm/min on the cut rods at ambient
temperature (ASTM C-1161- 02C). Measurement of fracture toughness
of as-sintered composite samples was done through single edge
notched beam (SENB) technique on 3x4x25 mm® rods. Before testing,
a sharp notch to a depth of 0.4 of the sample width was cut in the center
of the each sample. The notched rods samples were tested in a 3-point
bending test device. A constant crosshead rate of 0.5 mm/min and a
fixed gauge length of 2 cm were utilized at ambient temperature.
Values of fracture toughness were calculated using the following
equations: 1
2
s 0
where P, L, a, W, B, and Y are the maximum load applied on the rods,
gauge length, depth of notch, sample width, rod thickness, and
geometric constants, respectively.
Indentation method was used to evaluate Vickers hardness of as-
sintered composites by applying a load of 2 kg using Vickers diamond
pyramid. Field emission scanning electron microscopy (Mira3, Tescan)
was used for investigation of indentation trace and following the crack
paths.

2. Experimental procedure

Commercial Al and Ti powders in equal molar proportion were used as
the raw materials to produce the TiAl matrix via chemical reaction
utilizing SPS method. The self-propagating high-temperature synthesis
(SHS) of the mechanically-activated powder mixtures of elemental Al,
Ti and graphite was used to synthesis of the Ti;AlC, MAX phase
(details are in Ref. [28]). Also, 15 wt% TiC was synthesized as the
impurity phase during the preparation of Ti;AlC; MAX phase, in other
words, the purity of 85 wt% was obtained for prepared Ti;AlC,.
Various contents of Ti;AIC, (10, 15, 20, 25, and 30 wt%) as the
reinforcement phase were added in the TiAl matrix composites. After
weighting the powders, the mixed Al, Ti and Ti;AIC, powders were
ball-milled at 300 rpm for 60 min. The attained powder mixtures
individually filled into the graphite molds, covered by flexible graphite
sheet to prevent chemical reaction between the mold and powder
mixture. After placing the mold in the SPS device (model: 20T-10), an
initial load of ~8 MPa and a preliminary vacuum of 12-15 Pa was
applied (details are in [25]). Finally, the synthesis and densification
process were carried out through spark plasma sintering technique for 7
min under a pressure of 40 MPa at 900 °C. In order to remove graphite
foil from the surfaces of as-sintered samples, the spark plasma sintered

3. Results and discussion

In present part, the mechanical properties of TiAl-Ti;AIC, composite
materials are studied. This part is 4™ section of a series that three
sections of them have recently been published. The sintering and
densification behavior were discussed in the 1* section of these series
[25], the phase characterization was studied in the 2™ section of these
series [26], and the microstructure investigation was reported in the 3™
section of these series [27]. Table 1 presents the results of the measured
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Fig. 1. Wire cut rod samples for flexural strength test.
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Table 1. Mechanical properties of as-sintered composite samples.

Sample Bending Vickers Fracture
no. strength hardness toughness
(MPa) (GPa) (MPa.m'?)
1 206 + 36 3.61+0.81 10.89 +0.74
2 250 +21 3.65+0.73 11.75+0.52
3 256 +24 3.68 £0.42 11.11+0.25
4 270 £ 42 4.11+0.55 11.21+0.33

5 194+ 73 2.91+£0.31 9.01+0.95

mechanical properties of five as-sintered samples. As it can be seen in
Table 1, the mechanical properties of the sample 4 are most desired
among other samples, while sample 5 shows the weakest mechanical
characteristics.

3.1. Bending strength

The measured flexural strength of as-sintered samples, tested in
ambient temperature, is demonstrated in Fig. 2. The ability of a
material to withstand deformation when applying an external pressure
is known as the flexural strength. As it can be seen in Fig. 2, flexural
strength of as-prepared samples increases with increasing Ti;AlC,
content up to 25 wt%, but further amount of Ti;AlC, (30 wt%) leads to
degradation of this property, so that the flexural strength of sample 5
was estimated 194+73 MPa. It is worthy to mention that several items
like size of grains, additive, as well as defects and relative density can
affect value of flexural strength. The highest flexural strength of
samples belongs to sample 4 (270 MPa). The grain size is the first
factor affecting flexural strength of these samples. As it was shown in
previous research [27], increasing in Ti;AlC, content up to 25 wt% has
led to microstructure refinement and limitation of grain growth.
Therefore, sample 4 has the highest strength due to its fine-grained
microstructure. This observation displays the significance of Ti;AlC,
content on densification, microstructure development, and
improvement of flexural strength. When Ti;AlC, content reaches to

30 wt%, existence phases become more continuous, leading to a
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Fig. 2. Flexural strength of the as-sintered TiAl-based samples.

reduction in the grain boundary and thus a decrease in flexural strength.
According to the reported relative density of 92.8% for sample 4 (see
Ref. [25]) that is higher than that of other samples, higher flexural
strength of this sample is logical. The relative density of 90.12% is
reported for sample 5 containing 30 wt% Ti;AlC,, which is the lowest
value obtained for this quantity. Thus, degradation of relative density in
sample 5 is another reason to reduction of flexural strength. Also,
increasing the amount of Ti;AlC, phase causes the more of Ti,AlC
phase formation at the grain boundaries of matrix, which not only
prevents the growth of grains, but also increases the strength of grain
boundaries. In contrast, increasing the additive content up to 30 wt%
resulted in further agglomeration of this phase, increased defects and
porosity, compared to samples containing lower content of
reinforcement. It should be mentioned that the attained flexural
strength for as-sintered samples is lower than that of matrix (360 MPa)
[29] and reinforcement (375 MPa) [30] that can be due to not reaching
full density.

3.2. Vickers hardness

Fig. 3 shows the Vickers hardness values of as-SPSed samples. As it
can be seen in Table 1 and Fig. 3, Vickers hardness is improved from
3.61 to 4.11 GPa as the amount of Ti;AlC, increased from 10 to
25 wt% in TiAl, but further addition of this MAX phase has the
negative influence on this feature, so that with a hardness reduction of
about 30% compared to the sample 5, the Vickers hardness of this
sample reached 2.9 GPa. Hardness is known as a mechanical
characteristic of a material demonstrating its resistance to localized
permanent plastic deformation when applying the load, which is
typically performed by the indentation technique. It is worth noting that
Vickers hardness of materials with low relative density is lower than
that of near fully dense ones due to the less resistance of porosities and
pores against applied external load. As it was mentioned before,
addition of Ti;AIC, inhibits grows of matrix grains leading to refined
microstructure and improved Vickers hardness. Further formation of
Ti,AIC, as a result of increasing amounts of Ti;AlC,, with higher
intrinsic hardness (4.5 GPa) [31] than that of Ti;AlC, phase (2.7 GPa)
[32], resulted in hardening the as-sintered samples. Microstructure
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Fig. 3. Vickers hardness of the as-sintered TiAl-based samples.
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Fig. 4. Optical microscopy images of the Vickers indenter's impression on the polished surfaces of a, b) sample 2 and c, d) sample 4.

refinement is another reason for hardness improvement that carried out
by increasing the reinforcement content. It seems that further addition
of Ti;AlC; in the microstructure of TiAl causes more agglomeration of
these particles at the grain boundaries, which leads to the confinement
of porosity and thus the reduction of hardness. Therefore, the hardness
degradation in sample 5 is due to the lower resistance of agglomerates
and porosities to plastic deformation when the load is applied.

Fig. 4 shows the optical microscopy images of the Vickers indenter's
impression on the polished section of the samples.

3.3. Fracture toughness

Fig. 5 displays the fracture toughness values of as-SPSed samples.
Compared to hardness and strength, the trend of toughness changes
seems to be slightly different. Fig. 5 shows that the sample 2 has the
highest fracture toughness (11.85 MPa.m"?) among the other sintered
samples. Such fracture toughness is significantly higher in comparison
in the values reported for many ceramic-based composites [33-36].

It is worthy to note, given the calculated standard deviation for samples
1 to 4 (containing 10 to 25 wt% Ti;AlC,), the difference in obtained
fracture toughness does not seem to be very significant. Increasing the
amount of Ti;AlC, up to 30% reduces the fracture toughness by about
20%, so that the composite with fracture toughness of 9 MPa.m"? was

manufactured. Presence of porosities entrapped in microstructure
causes decrease the toughness of sample 5.
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Fig. 5. Fracture toughness of the as-sintered TiAl-based samples.
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Fig. 6. SE-FESEM fractographs of a) sample 1, b) sample 2,
¢) sample 3, d) sample 4, and e) sample 5 tested by
SENB method.

Fig. 6 exhibits the FESEM images of fractured surfaces of as-sintered
samples during the SENB test and created cracks. Interaction of cracks
with reinforcement phase like crack deflection, crack bridging and
crack branching can be seen in Fig. 6. The layered structure of MAX
phases with high aspect ratio can observe crack energy and enhance the
fracture toughness.

4. Conclusions

Effect of different contents of Ti;AIC reinforcement (10, 15, 20, 25,
and 30 wt%) on the mechanical properties of spark plasma sintered
TiAl matrix composites was studied. SPS method was employed to
densify the composite samples at 900 °C for 420 s under 40 MPa
utilizing the ball-milled previously-synthesized Ti;AlC; MAX phase
with elemental Ti and Al powders. The mechanical properties of as-
sintered samples (fracture toughness, Vickers hardness and flexural
strength) were assessed. Increasing the reinforcement content up to
25 wt% led to enhancement of Vickers hardness and flexural strength
of as-sintered samples, but it has no remarkable effect on the fracture
toughness. Further increasing the Ti;AlC, decrease the mechanical
properties, according to the formation of more porosities in the
microstructure and more agglomeration of Ti,AlC.
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