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Abstract: The effect of an innovative two-step heat-treatment process on the microstructure and
mechanical properties of a Ti-TiAl laminate composite fabricated by hot-pack rolling was studied
in this paper. After heat treatment, the fracture toughness of the composite was enhanced and the
elongation of the composite was almost twice that of the initial one. These changes were due to the
dislocations and substructures stored in the Ti-43A1-9V alloy being decreased, the microstructure
of the DsTi700 alloy turning to a duplex structure, the acicular «, phase being precipitated at
the interfacial region and the residual stresses stored in interfacial region being eliminated. The
precipitation of dual-scale silicides was the main reason for the slightly reduced strength. Compared
with the initial composite, the tensile strength of the heat-treated composite at 25° and 700° only
reduced by 2.7% and 4%, respectively. The primary annealing temperature had a huge impact on
the mechanical properties of the composite. However, with the change in secondary annealing
temperature, the mechanical properties of the composite were not changed significantly. After
heat treatment at 940-960 °C/2 h/AC + 725-750 °C/6 h/AC, the composite might possess high,
comprehensive mechanical properties.
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v-TiAl alloy sheets have become a promising material for use in thermal protec-
tion shields due to their low density, high specific strength and excellent oxidation resis-
tance [1-3]. However, their applications are hindered by poor room-temperature plasticity,

met13040708 poor fracture toughness and a narrow hot work window [4,5]. Recently, 3-phase-containing

TiAl alloys have been developed to overcome their limited hot deformability [6,7]. How-
ever, the ordered brittle B2 phase transformed from the 3 phase will further deteriorate
the room-temperature plasticity and toughness of TiAl alloys [8,9]. Inspired by the shell
structure, Ti-TiAl-based metal-intermetallic laminate (MIL) composites are expected to
improve the fracture toughness of a TiAl intermetallic while maintaining its high strength.
For example, at room temperature, the fracture toughness and ultimate tensile strength
(UTS) of Ti-TiAl MIL composites fabricated via hot-pack rolling are 2.5-3.5 times and
1.2-1.5 times higher, respectively, than that of a monolithic TiAl alloy [10-12].

Although the toughness and strength of the composite are particularly high, the
plasticity is not satisfactory. Previous studies [12,13] have shown that the plasticity of this
kind of composite is not much higher than that of a monolithic TiAl alloy, and some are
even lower. The reason for this phenomenon can be summarized as follows: (i) Due to
the mismatch between the coefficient of thermal expansion of the titanium alloy and TiAl
Attribution (CC BY) license (https://  alloy, there will be a lot of residual stresses formed at the interfacial region. These residual
creativecommons.org/licenses /by / stresses will cause delamination of the composite, thus decreasing the plasticity [14,15].
40/). (ii) After hot rolling, there will be a large number of dislocations and substructures stored in
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the composite, which may further decrease the plasticity of the composite [16,17]. (iii) The
interfacial region is mainly composed of a brittle B2 phase and the microstructure of
titanium alloy is a Widmannstatten structure, which is not conducive to the improvement
of plasticity [18,19].

Heat treatment is an effective way to improve the mechanical properties of materials.
Proper heat treatment can optimize the microstructure and release the residual stresses,
which may solve the problems mentioned above. Moreover, investigating the influence of
heat treatment on the microstructure and mechanical properties of a Ti-TiAl MIL composite
is not only for scientific understanding but also for industrial applications. However, to
the best of the authors’ knowledge, the effect of heat treatment on the microstructure and
its resultant impact on the mechanical properties of a Ti-TiAl MIL composite has not been
reported to date.

The Ti-6Al-35n-10Zr- (Mo, Nb, W, Si) (wt.%) titanium alloy is a promising counterpart
for a TiAl alloy, because its room-temperature tensile properties and fracture toughness
are good. Moreover, compared with other titanium alloys, the high temperature tensile
properties of this titanium alloy are excellent [20]. Therefore, in this paper, the Ti-6Al-
35n-10Zr- (Mo, Nb, W, Si)/Ti-43Al-9V laminate composite was successfully fabricated
via hot-pack rolling. The effect of heat treatment on the microstructure and mechanical
properties of this composite was investigated. The purpose of this paper is to establish a
heat-treatment process to improve the plasticity and fracture toughness of the composite
without sacrificing the strength too much.

2. Materials and Methods

The Ti-TiAl MIL composite was fabricated using 3 pieces of as-forged Ti-6Al-35n-10Zr-
(Mo, Nb, W, Si) (wt.%) (replaced by the DsTi700 alloy below) and 4 pieces of as-forged
Ti-43A1-9V (at.%) (replaced by the TiAl alloy below). All pieces with a dimension of
70 x 60 x 2 mm> were surface-polished and then alternately stacked to prepare a “sand-
wich”. Next, the “sandwich” was hot pressed in a vacuum environment (102 Pa) at
1100 °C for 30 min under 30 MPa. Finally, the “sandwich” was sealed in a stainless-steel
pack and hot-rolled at 1125 °C. The thickness reduction per pass was 10-30% and between
each pass the sealed “sandwich” was kept at 1125 °C for 2-5 min. Finally, the as-rolled
composite with a dimension of 200 x 60 x 2.3 mm? was annealed at 590 °C for 1 h and
then furnace cooled to room temperature. Some pieces were wire cut from the as-rolled
composite and heat-treated according to Table 1. The primary heat treatment was used to
reduce residual stress and regulate the content and morphology of the primary o« phase and
silicides. The secondary heat treatment was used to stabilize the microstructure of the tita-
nium alloy, precipitate the a, phase at the interfacial region and regulate the morphology
of secondary « phase.

Table 1. The heat-treatment process of the Ti-TiAl laminate composite.

No. Primary Annealing Secondary Annealing
HT1 920°C/2h/AC 725°C/6h/AC
HT2 940 °C/2h/AC 700 °C/6 h/AC
HT3 940 °C/2h/AC 725°C/6h/AC
HT4 940°C/2h/AC 750 °C/6h/AC
HT5 960 °C/2h/AC 725°C/6h/AC

The microstructure observation was performed using electron probe microanalysis
(EPMA) equipped with energy dispersive X-ray spectrometry (EDS) and electron back-
scattered diffraction (EBSD). The volume fraction of a phase was measured using Image Pro
Plus software. The 25 °C and 700 °C tensile tests were carried out along the rolling direction
at a strain rate of 1.67 x 1074 s71 and 4.17 x 10~* s 1, respectively, and the dimension
of gauge section was 5 x 2 x 20 mm? (Figure 1a). According to ASTM E399-1990, the
fracture toughness was evaluated using single edge-notched bend (SENB) samples at a
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strain rate of 1.67 x 10~% s~1. The dimensions of the samples were 2 x 1 x 14 mm3 and
4 x 2 x 22 mm? for arrester (AO) and divider orientation (DO), respectively (Figure 1b,c).
The notch depth of the samples was 0.5 W (width of samples). The fracture toughness
values (Kic, MPa-m'/2) were calculated using the following formula [21]:

Kic = (PS/BW3/2)f (a / W) 1

where P is the maximum load, S is the span, B is the thickness of specimens, W is the
width of the specimens, a is the length of the notch and f (a/W) is a geometrical function
defined as

3(a/W)V2[1.99 — (a/W)(1 — a/W)(2.15 — 3.93a/W +2.7(a / W)?)]
2(1+2a/W)(1 — a/W)>/2

f(a/W) =

(b)

@)

(a)

Figure 1. (a) Schematic diagram of tensile samples and fracture toughness samples in (b) arrester
orientation and (c) divider orientation, respectively (Deep blue regions represent the TiAl alloy and
white regions represent the DsTi700 alloy).

3. Results and Discussions
3.1. Microstructure Evolution

Figure 2 shows the microstructure of the initial and heat-treated composites. As
is shown, the initial DsTi700 shows a Widmannstatten structure (Figure 2a). The initial
TiAl alloy is composed of a y phase elongated along the rolling direction and a B2 phase
(Figure 2b). The initial interfacial region was 38 pm in thickness, composed of a fine acicular
oy phase and B2 matrix (Figure 2c). The formation mechanism of the microstructure is
similar to our previous study [18]. Figure 2d—f shows the microstructure of the heat-
treated DsTi700 alloy. After heat treatment, the primary o phase is in lath and a large
amount of silicides are precipitated from the 3 phase. With the increase in temperature, the
content of the primary « phase decreases from 37.9 vol.% to 25.6 vol.%, but the content of
silicides increases from 0.8 vol.% to 4.6 vol.% (Figure 2d—f). Moreover, with the increase in
temperature, the silicides exhibit dual-scale and the size also gradually increase. Figure 2g—i
shows the heat-treated microstructure of the interfacial region and the TiAl alloy. After heat
treatment, the thickness of the interfacial region increased from 38 pum to 48-49 pm. With
the increase in temperature, the acicular &, phase gradually became coarser. As for the
TiAl alloy, the v still elongated along the rolling direction, but the aspect ratio decreased.
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Figure 2. The cross-sectional microstructure of the initial and heat-treated composites: (a) DsTi700
alloy, (b) TiAl alloy and (c) interfacial region of initial composite; (d) DsTi700 alloy and (g) interfacial
region of HT1; (e) DsTi700 alloy and (h) interfacial region of HT3, (f) DsTi700 alloy and (i) interfacial
region of HT5.

Figure 3 shows the grain orientation spread (GOS) map of the initial and heat-treated
TiAl alloy. GOS is defined as the average difference in orientation between the average
misorientation and all measurements within one single grain. In other words, if the GOS
value of a grain is high, there is a high dislocation density and severe lattice distortion. If
the GOS value of a grain is low, this means there is low energy stored in this grain. As is
shown in Figure 3, the blue and green areas represent the grain with a low GOS value and
the yellow, orange and red areas represent the grain with a high GOS value. The white lines
represent 2—-15° grain boundaries and the black lines represent 15-180° grain boundaries.
In the initial TiAl alloy, the volume fraction of grains with a high GOS value was 30.7% [13]
(Figure 3a). After heat treatment, the volume fraction of the grains with a high GOS value
decreased from 23.4% (yellow region + orange region + red region) to 17.4%, which means
that when the heat treatment is at 920-960 °C, the dislocations, substructures and energy
stored in the TiAl alloy are significantly reduced. The GOS analysis of the DsTi700 alloy is
not shown in this article, because our previous study showed that after a 590 °C/1 h/FC
heat treatment, the GOS value of the DsTi700 alloy was very low [13]. In this research, the
GOS value of the DsTi700 alloy must be lower than our previous study. Therefore, the GOS
value of the DsTi700 alloy is not shown in this article.
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0.083 4 7 0.032 4 7 0.056 4 7 0.032

Figure 3. GOS analysis of the initial and heat-treated TiAl alloy: (a) initial TiAl alloy [13], (b) HT1,
(c) HT3 and (d) HT5.

Figure 4 shows the kernel average misorientation (KAM) map of the initial and heat-
treated interfacial regions. KAM is defined as the average misorientation between a kernel
point and its neighboring points which exclude the grain boundary. Generally speaking, it
reflects the local lattice curvature and residual stresses. For a defect-free interfacial region,
if the KAM value is low, the residual stress stored in the interfacial region is low, which
indicates a high bonding strength between a titanium alloy and a TiAl alloy. As shown
in Figure 4, after heat treatment, the KAM value significantly decreased, which indicates
that the heat-treatment process can eliminate the interfacial residual stress of composite. In
addition, the KAM value of HT1 and HTS5 is very similar, which means that the interfacial
residual stresses of the composite can be eliminated when the heat-treatment temperature
and time exceed 920 °C and 2 h.
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I 4 10 0.009 4 10 0.000 4 10 0.000

Figure 4. KAM analysis of the initial and heat-treated interfacial regions: (a) initial interfacial region,
(b) HT1 and (c) HT5.

Figure 5 shows the microstructure of heat-treated composites with a different sec-
ondary annealing process. As shown in Figure 5a—c, with the increase in temperature, the
content of the secondary « phase and silicides do not change obviously. However, the
morphology of the secondary o phase changes from fine acicular to lath, and finally forms
a lamella structure. Figure 5d—f illustrates that after secondary annealing, the thickness of
the interfacial region is nearly unchanged. However, a large amount of acicular «; phase is
precipitated from the B2 matrix. It is necessary to point out that there is no obvious change
in the microstructure of the TiAl alloy at 700-750 °C. Therefore, in this article, we do not
discuss the microstructure evolution of the TiAl alloy after secondary annealing.

3.2. Tensile Properties

Figure 6 and Table 2 show the 25 °C and 700 °C tensile properties of initial and heat-
treated composites. At 25 °C, the Young modulus (E), ultimate tensile strength (UTS) and
elongation (E.L.) of initial composite were 140.2 GPa, 876 MPa and 1.1%, respectively. After
heat treatment, the E of the composites were nearly unchanged, which indicates that heat
treatment has little effect on the E of composites. The HT3 composite had the highest
UTS 852 MPa and E.L. 2.0%. This means that heat treatment can significantly improve the
room-temperature plasticity of a composite (nearly two times that of the initial composite)
without sacrificing strength too much (reduced by 2.7%). For the heat-treated composite,
with the increase in primary annealing temperature, the UTS exhibited a trend of first
increasing and then decreasing, but E.L. continuously increased. However, the secondary
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annealing temperature has little effect on the UTS and E.L. of a composite. The variation
trend of tensile properties at 700 °C is similar to the tensile properties at 25 °C. The reasons
for these phenomena can be explained by the microstructure and fracture morphology of
composites, which will be discussed below.

(a)uon

Ultimate tensile strength (MPa)
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Figure 5. The microstructure of heat-treated composites: (a) DsTi700 alloy and (d) interfacial region
of HT2; (b) DsTi700 alloy and (e) interfacial region of HT3; (c) DsTi700 alloy and (f) interfacial region
of HT4.
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Figure 6. 25 °C and 700 °C tensile properties of initial and heat-treated composites: (a) 25 °C tensile
properties and (b) 700 °C tensile properties.

Table 2. Tensile properties of initial and heat-treated composites.

25 °C Tensile Properties 700 °C Tensile Properties
NO.
UTS (MPa) E.L. (%) UTS (MPa) E.L. (%)
HT1 785 1.4 563 8.6
HT2 850 2.0 603 124
HT3 852 2.0 615 12.9
HT4 846 1.9 610 11.6
HT5 816 21 569 13.3
Initial 876 1.1 641 7.5

Figure 7 shows the fracture morphology of the 25 °C tensile test composites. The
macroscopic fracture morphology of the initial composite shows that the fracture surface
of the DsTi700 alloy is a plane, which indicates that the plasticity of the initial DsTi700
is poor (Figure 7a). Moreover, the delamination phenomenon is observed in the initial
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composite, which may further decrease the plasticity of the composite. After heat treatment,
the fracture surface of the composite becomes stepped and the DsTi700 alloy is fractured in
shear mode, which suggests the enhancement of the DsTi700 alloy (Figure 7b). Additionally,
the delamination phenomenon cannot be observed in the heat-treated composite.

Figure 7. 25 °C macroscopic fracture morphology of the initial and heat-treated composites: (a) initial
composite and (b) HT3.

Figure 8 shows the 25 °C fracture morphology of the initial and heat-treated DsTi700
alloy. Figure 8a shows that the initial DsTi700 alloy exhibits a brittle fracture and a lamella
o phase can be observed. With the increase in primary annealing temperature, the content
of dimples gradually increased. When the temperature reached 960 °C, the DsTi700 alloy
was completely transformed into ductile fractures.

Figure 8. 25 °C fracture morphology of the initial and heat-treated DsTi700 alloy: (a) initial composite,
(b) HT1, (c) HT3 and (d) HT5.

Figure 9 is the 25 °C fracture morphology of the initial and heat-treated TiAl alloy and
the interfacial regions. Figure 9a,b shows that both the initial and heat-treated TiAl alloy
exhibit brittle transgranular fractures. This demonstrates that although heat treatment can
decrease the GOS value of a TiAl alloy, it cannot change the fracture mode of the TiAl alloy.
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The initial interfacial region exhibits cleavage fractures (Figure 9c), but the HT3 composite
exhibits quasi-cleavage fractures (Figure 9d). This means that heat treatment can soften the
interfacial region, reduce its residual stresses and change its fracture mode.

Figure 9. 25 °C fracture morphology of the initial and heat-treated TiAl alloy and interfacial region:
(a) TiAl alloy and (c) interfacial region of initial composite; (b) TiAl alloy and (d) interfacial region
of HT3.

Based on the evidence mentioned above, the reason that the heat-treated composites
possess both high strength and plasticity at 25 °C can be summarized as follows: (i) Af-
ter heat treatment, the GOS value of the TiAl alloy significantly decreased (Figure 3),
which means that the dislocations, substructures and energy stored in the TiAl alloy are
reduced [22,23]. Therefore, the plasticity of the TiAl alloy and composites must be im-
proved. (ii) In a titanium alloy, the widmannstatten structure always shows the highest
strength and the lowest plasticity. After heat treatment, the composite exhibits a duplex
microstructure, which has the best comprehensive mechanical properties among the four
typical microstructures of titanium alloys [24,25]. Therefore, the plasticity of the composite
is improved. (iii) The KAM value of the heat-treated interfacial region is much lower
than that of the initial one (Figure 4). This indicates that the bonding strength between
the DsTi700 and TiAl alloy is enhanced. The improved bonding strength can avoid the
delamination phenomenon, thus improving the plasticity of composites [26,27]. (iv) After
secondary annealing, there is a large number of o, phase precipitated from the B2 phase
at the interfacial region (Figure 5). In Ti-Al-based intermetallics, the plasticity of the ay
phase is higher than the B2 phase. Therefore, the fracture mode of the interfacial region
changes from cleavage fractures to quasi-cleavage fractures (Figure 9), which may further
increase the plasticity of a composite. (v) Figure 2d—f shows that after primary annealing,
the dual-scale silicides are precipitated from the DsTi700 alloy and these dual-scale silicides
are beneficial for the enhancement of strength [20,28]. Therefore, after heat treatment,
although the plasticity of a composite is much improved, the composite still maintains a
high strength.

With the increase in primary annealing temperature, the UTS of composites shows a
trend of first increasing and then decreasing. When the primary annealing temperature
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increases from 920 °C to 940 °C, the content of silicides and secondary « phase is increased.
Dislocation movement is hindered by silicides and the secondary « phase, thus improving
the UTS of composites. When the annealing temperature comes to 960 °C, the content
of silicides and secondary « phase is still increased. However, the increase in silicides
is not because of their increasing quantity but increasing size. According to the Orowan
strengthening mechanism [29,30], large size silicides may weaken a strengthening effect,
thus decreasing the UTS of a composite. Moreover, the increase in silicides may weaken
solid solution strengthening, which may further decrease the UTS of a composite. With
the increase in secondary annealing temperature, the UTS and E.L. of the composite was
nearly unchanged. It is because of the content of silicides, the content of secondary « phase,
the dislocations and substructures stored in the TiAl alloy and the residual stresses and
phase composition of the interfacial region are not dependent on the secondary annealing
temperature. Therefore, the tensile properties of a composite are not sensitive to changes in
secondary annealing temperature.

At 700 °C, the strength of the initial composite is higher than that of the heat-treated
composite. It is due to the fact that (i) after heat treatment, the GOS value of the TiAl
alloy significantly decreased. Thus, the strength of the composite may decrease. (ii) The
strength of the oy phase at high temperature is lower than the B2 phase. Therefore, the
precipitated oy phase may decrease the strength of the composite. With the increase in
primary annealing temperature, the UTS of composites shows a trend of first increasing
and then decreasing. This may be due to the fact that from 920-940 °C, the dual-scale
silicides and secondary « phase can increase the strength of composite. However, from
940-960 °C, the low GOS value can decrease the strength of composite. Moreover, the
increase in silicides may weaken solid solution strengthening, which may further decrease
the strength of a composite.

3.3. Fracture Toughness

Table 3 shows the fracture toughness of initial and heat-treated composites. The
HT5 composite exhibits the highest fracture toughness, with values of 34.7 MPa-m'/2 and
31.9 MPa-m!/2 for arrester orientation (AO) and divider orientation (DO), respectively.
However, the HT1 composite shows the lowest fracture toughness which is lower than
the initial composite. With the increase in primary and secondary annealing temperature,
the fracture toughness of composites in two directions gradually increased. Compared
with the initial composite, the fracture toughness of heat-treated composites showed no
significant changes. These phenomena can be explained by the crack propagation features
of the composites.

Table 3. Fracture toughness of the initial and heat-treated composites.

Kic (MPa-m'2)

NO.
AO DO
HT1 18.7 15.2
HT2 31.3 29.6
HT3 32.8 30.8
HT4 33.4 30.6
HT5 34.7 31.9
Initial 314 29.3

Figure 10 is the crack propagation features of the initial and heat-treated composites in
AO. Figure 10a shows that the crack started in the DsTi700 alloy then passed through the
TiAl alloy in a straight line. When the crack propagates to the next layer of the DsTi700 alloy,
crack deflection, bridging and plastic deformation can be observed. However, for the HT1
composite (Figure 10b), the crack propagates forward in a straight line, which indicates
the low fracture toughness of the HT1 composite. For the HT3 composite, crack deflection
and bridging are observed at the interfacial region and in the DsTi700 alloy, respectively.



Metals 2023, 13, 708

110f15

Moreover, the magnified area in zone 1 (Figure 10e) shows that crack deflection is observed
at the acicular «; phase in the interfacial region (marked with the blue dashed lines). This
illustrates that the precipitated x; phase is beneficial for the improvement of fracture
toughness. For the HT5 composite (Figure 10d), besides crack deflection and bridging,
plastic deformation is also observed in the DsTi700 alloy (Figure 10f).

~— Bridging
Plastic
deformagion

Deflection

Figure 10. Crack propagation features of the initial and heat-treated composites: (a) initial composite,
(b) HT1, (c) HT3, (d) HT5 and (e,f) magnified areas of picture (c,d), respectively.

Figure 11 shows the crack propagation features of the initial and heat-treated com-
posites in the DO. Figure 11a shows that in the DO, the fracture morphology of the initial
DsTi700 alloy is rugged. This means that the crack propagation is resisted by the DsTi700
alloy. In Figure 11b, the fracture morphology of the DsTi700 is a plane, which indicates that
the resistance against crack propagation is reduced. For the HT3 composite (Figure 11c),
the DsTi700 alloy is fractured in shear mode and the delamination phenomenon is observed
between the DsTi700 alloy and interfacial region. The A.A. Griffith model shows that the
critical stress of the crack tip can be reduced by the elongated crack [31]:

oc =[E-(Y + Yp)/(m-0)]"/2 €)
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where ¢ is the critical stress of the crack tip and C is the length of the crack propagation.
E is the Young modulus of material, Y and Yp are the constants of fracture surface energy.
Therefore, the fracture toughness of the composite can be enhanced by the delamination
phenomenon. In the HT5 composite (Figure 11d), the convolution phenomenon [32] is
shown in the TiAl alloy, which illustrates that the fracture toughness of the composite is
further enhanced.

Figure 11. Fracture morphology of the initial and heat-treated composites tested in divider orienta-
tion: (a) initial composite, (b) HT1, (c) HT3 and (d) HT5.

Based on the analysis mentioned above, the enhancement of fracture toughness of heat-
treated composites can be explained as follows: (i) After heat treatment, the dislocations
and substructures stored in the TiAl alloy are significantly decreased, which may increase
crack propagation resistance, thus improving the fracture toughness of composites. (ii) The
crack is deflected by the a, phase precipitated at the interfacial region, which increases the
length of a crack and reduces the driving force of crack propagation [31].

With the increase in primary annealing and secondary annealing temperature, this
is due to the fact that (i) with the increase in primary annealing temperature, the dislo-
cations and substructures stored in the TiAl alloy are decreased. (ii) With the increase in
primary annealing temperature, the content of the secondary « phase in the DsTi700 alloy
is gradually increased. Compared with the primary « phase, the secondary « phase has
a more positive effect on the improvement of fracture toughness in a duplex structure.
(iii) Figure 2g—-i indicates that the width of the precipitated x; phase is gradually increased,
which may further increase the fracture toughness of the composite. (iv) With the increase
in secondary annealing temperature, the secondary « phase is gradually changed from an
acicular to lamellar structure (Figure 5a—c). The lamellar structure is more beneficial for the
enhancement of fracture toughness [33].

As showed in Table 3, heat treatment has little effect on the fracture toughness of a
composite. It is due to that fact that the initial titanium alloy is a Widmannstatten structure,
but after heat treatment, the titanium alloy exhibits a duplex microstructure. The Kjc value
of the titanium alloy with a Widmannstatten structure is always higher than a titanium
alloy with a duplex microstructure. Thus, this may decrease the Kyc value of a composite.
However, after heat treatment, the residual stress stored in the TiAl alloy is decreased and
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a lot of acicular «; phase precipitates from the brittle B2 phase at the interfacial region.
These may increase the resistance against crack propagation and thus increase the Kjc
value of the composite. In this case, the fracture toughness of the composite does not
change significantly.

Combining Tables 2 and 3, the HT1 composite shows the lowest mechanical properties.
The fracture toughness of the HT1 composite is even lower than the initial composite. The
HT2, HT3 and HT4 composites show similar mechanical properties. However, among
these three composites, the HT3 composite shows the highest tensile properties and good
fracture toughness. The E.L. and fracture toughness of the HT5 composite are a little bit
higher than the HT3 composite. However, the UTS of the HT5 composite is much lower
than the HT3 composite. Thus, among these five composites, the HT3 composite shows
the optimal comprehensive mechanical properties. Table 4 is a comparison of the tensile
properties and fracture toughness of the HT3 composite with the Ti-43A1-9V alloy and other
kinds of Ti-Al-based laminate composites. As is shown, compared with the monolithic
Ti-43A1-9V alloy, the HT3 composite shows excellent 25 °C tensile properties and fracture
toughness. The E.L. and fracture toughness are promoted by 43% and 98%, respectively.
The Ti-(Ti/ Al) composite shows outstanding fracture toughness and good E.L. However,
the UTS is much lower than the HT3 composite. Compared with other composites, the HT3
composite also shows excellent mechanical properties.

Table 4. Comparison of HT3 composite with the Ti-43Al-9V alloy and other kinds of Ti-Al-based
laminate composite.

25 °C Tensile Properties 700 °C (750 °C) Tensile Properties Kic (MPa-m'?2)
Composites
UTS (MPa) E.L. (%) UTS (MPa) E.L. (%) AO DO
HT3 852 2.0 615 129 32.8 30.8
(TiB/Ti)-TiAl [34] - - 469 - 30.9 -
(TiB/Ti)-TizAl [35,36] 641 - 433 - 25.8 214
Ti-TiAl [37] 654 034 418 108 314 26.6
Ti-(Ti/ Al) [38] 606 16° - - 47.6 -
TiAl/Ti, AIND [39] 812 0.452 539b 5.8ab 30.8 26.4
Ti-43A1-9V [7] 826 14 671 27 16.6

2 Data obtained from the figure. ® Properties tested at 750 °C.

4. Conclusions

Based on the original data and analysis presented above, several conclusions can be
made which are as follows:

(1) The plasticity and fracture toughness of composites are successfully enhanced by
heat treatment without sacrificing strength too much. The E.L. of the HT3 composite
is nearly two times higher than the initial one. Meanwhile, the UTS of the HT3
composite is only reduced by 2.7%.

(2) With the increase in primary annealing temperature, the UTS of composites shows
a tendency to first increase and then decrease, but E.L. continuously increased. The
secondary annealing temperature has less influence on the UTS and E.L. of composites.
The fracture toughness of composites in two directions is enhanced with the increase
in primary and secondary annealing temperature.

(3) The decrease in dislocations, substructures and residual stresses stored in the TiAl
alloy and interfacial region, as well as the acicular ; phase precipitated at the in-
terfacial region, are the main reasons for plasticity improvement. The strength of
composites is enhanced by precipitated dual-scale silicides.

(4) After heat treatment at 940-960 °C/2 h/AC + 725-750 °C/6 h/ AC, the composite may
possess a high, comprehensive mechanical property. In this study, the HT3 composite
possesses the optimal comprehensive mechanical properties. The UTS and E.L. at 25 °C
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and 700 °C are 852 MPa and 2.0% and 615 MPa and 12.9%, respectively. The fracture
toughness in the AO and DO are 32.8 MPa-m'!/? and 30.8 MPa-m!/?, respectively.
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