—-— g

£ slls Science
ELSEVIER Press

Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 820—828

Transactions of
Nonferrous Metals
Society of China

WWWw.thmsc.cn

Influence of Mo content on microstructure and
mechanical properties of f-containing TiAl alloy

Wen-chen XU'?, Kai HUANG', Shi-feng WU', Ying-ying ZONG', De-bin SHAN'

1. School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China;
2. National Key Laboratory for Precision Hot Processing of Metals,
Harbin Institute of Technology, Harbin 150001, China

Received 8 January 2016; accepted 27 August 2016

Abstract: The influence of Mo content on the microstructure and mechanical properties of the Ti—45A1-5Nb—xMo—0.3Y (x=0.6, 0.8,
1.0, 1.2) alloys was studied using small ingots produced by non-consumable electrode argon arc melting. The results show that small
quantities of §f phase are distributed along y/a, lamellar colony boundaries as discontinuous network in the TiAl alloys owing to the
segregation of Mo element. The y phase forms in the interdentritic microsegregation area when the Mo addition exceeds 0.8%. The S
and y phases can be eliminated effectively by subsequent homogenization heat treatment at the temperature above 7. The evolution
of the strength, microhardness and ductility at different Mo contents under as-cast and as-homogenization treated conditions was
analyzed, indicating that excessive Mo addition is prone to cause the microsegregation, thus decreasing the strength and
microhardness obviously, which can be improved effectively by subsequent homogenization heat treatment.
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1 Introduction

Intermetallic y-TiAl-based alloys are considered as
promising high temperature materials for high-
temperature applications in aviation and automobile
fields due to their attractive properties such as low
density, elevated-temperature  strength, excellent
oxidation and creep resistance [1—3]. Particularly, high
Nb-containing TiAl alloy can withstand temperatures up
to 800 °C with acceptable mechanical properties,
extending the service range of conventional TiAl alloys
toward higher stresses and temperatures [4—6]. Although
great progress has been achieved in the investigation of
the TiAl-based alloys, the developed alloys cannot be put
into large-scale use due to their low ductility and damage
tolerance at room temperature as well as poor
workability at elevated temperatures [7,8]. An effective
way to improve the hot workability of TiAl alloys is to
introduce disordered f phase, which provides a sufficient
number of independent slip systems at -elevated
temperatures [9—12]. Conventional high Nb-containing

TiAl alloys can only be deformed under isothermal
conditions since only small volume fraction of S phase
appears at hot working temperatures, which is not
an economical processing route for industrial
applications [13,14]. In recent years, the pf-stablized
TNM™ alloys with a baseline composition of
Ti—(41-45)A1-(3—5)Nb—(0.1-2)M0o—(0.1-0.2)B  have
attracted much attention because of their high creep
strength, excellent oxidation resistance and good hot
workability, which can even be processed by nearly
conventional forging on a conventional forging equip-
ment with minor and inexpensive modification [15,16].
In the TNM™ alloys, f phase is introduced into TiAl
alloys by the addition of fS-stablized elements, such as
Nb and Mo, through the f solidification process,
exhibiting  equiaxed, isotropic and texture-free
microstructure. Moreover, the transformation of various
phases during the f solidification process has been
simulated by means of the ThermoCalc software using a
commercially available TiAl database, indicating that the
TiAI-Nb—Mo alloys solidify via the f phase [17]. Mo is
a stronger f3/f, stabilizer than Nb [18], which is verified
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by other studies [19]. However, the segregation of
alloying elements occurs and chemical inhomogeneity
induces microstructural change during solidification due
to the pronounced solute redistribution of refractory
elements, producing retained interdendritic § phase and
unstable y/a, lamellae [20,21]. To avoid the adverse
effect of high f phase contents on creep behavior and
room-temperature ductility, it is necessary to design TiAl
alloys consisting of appropriate § phase that allows to
minimize or eliminate the f phase fraction by subsequent
heat treatments [22,23]. However, little attention is given
to analyze the influence of the Mo content on the
microstructure and mechanical properties of f-containing
TiAl alloys.

In the present study, Mo is introduced to a
f-containing TiAl alloy with the composition of
Ti—45A1-5Nb—xMo—-0.3Y (x=0.6, 0.8, 1.0, 1.2) as a g
stabilization element to improve its strength, room
temperature ductility and oxidation resistance as well as
hot workability. However, large quantities of S phase
owing to Mo addition may lead to the decrease of
mechanical properties of the TiAl alloy. Therefore, the
present investigation aims at analyzing the influence of
Mo content on the microstructure and mechanical
properties of the f-containing TiAl alloy, which will
provide a guidance on the development of high
temperature TiAl alloys with better hot workability.
Additionally, it is reported that the microstructure can be
refined by the introduction of Y element into TiAl
alloys [24], thus, 0.3% Y is added into the f-containing
TiAl alloys in this study.

2 Experimental

Small ingots of four TiAl alloys with nominal
compositions of Ti—45A1-5Nb—Mo—0.3Y (x=0.6, 0.8,
1.0, 1.2, mole fraction, %), with 30 mm in diameter and
8 mm in height, were produced by non-consumable
electrode argon arc melting. Each ingot was remelted
four times to ensure the homogencity of alloy
composition. In order to eliminate or reduce the § phase,
the homogenization heat treatments were performed at
1340 °C for 10 min, which was above the temperature 7,
where the ordered y phase disappeared completely
according to the analysis results reported by IMAYEV
et al [7] and CLEMENS et al [18,25].

The compression tests were conducted on an
Instron—5500R testing machine at room temperature and
800 °C with a strain rate of 1.5x107* s™'. The
compression specimens with 4 mm in diameter and
6 mm in height were spark machined from the ingots and
mechanically polished before hot compression
experiments. The yield strength (YS) and ductility
(maximum compression to failure, &,,,) were determined

by the load—displacement curves obtained from the
hot compression experiments. The microhardness
measurement was conducted on an HV—5 microhardness
tester at a load of 500 g for 15 s. In this study, the
microhardness values were given as arithmetic mean
values with at least 5 single hardness measurements for
each specimen.

The OM observation was
Olympus-PMG3 optical microscope, and the SEM
analysis was carried out on a Quanta 200FEG scanning
electron microscope in back-scattered electron mode
(SEM-BSE) with the accelerated voltage 20 kV. The
polished specimens for OM observation were etched in a
modified Kroll’s reagent of 10% HF, 4% HNO; and
86% H,O (volume fraction). The alloy phases were
determined using cuboid samples with 4 mm X 4 mm x
6 mm by X-ray diffractometer (XRD), which was carried
out using Cu K, radiation (4 =0.154157 nm) and 26 from
20° to 90°. The volume fractions of various phases were
measured qualitatively by adiabatic method based on the
XRD analysis. In addition, the volume fraction of f/B2
phase was calculated from the SEM images of TiAl
alloys by the Image-Pro-Plus6 software.

conducted on an

3 Results

3.1 Influence of Mo content on microstructures of

TiAl alloys

Figure 1 shows the X-ray diffraction patterns of the
Ti—45A1-5Nb—xMo—-0.3Y (x=0.6, 0.8, 1.0, 1.2) alloys
as-cast (in red color) and after homogenization treatment
(in black color). Two phases y (TiAl) and a, (Ti;Al) can
be identified in the TiAl alloys, and /B2 phase can also
be found except in the as-cast Ti—45A1-5Nb—0.6Mo—
0.3Y alloy. After homogenization treatment at 1340 °C
for 10 min, it can be seen that the f phase can be
eliminated almost completely.

Figure 2 shows the OM and SEM microstructures of
the as-cast Ti—45A1-5Nb—xMo—0.3Y alloys. The SEM
images indicate that the microstructures of the TiAl
alloys mainly consist of y/a, lamellar colony (in gray
color) and small amount of § phase (in gray—white color)
distributed along y/a, lamellar colony boundaries.
According to the OM and SEM microstructures, the
average colony size of the as-cast ingots is quite small
(40—60 pm), partly attributed to the introduction of Y
element beneficial for the refinement of y/a, lamellar
colony. In addition, the Y-rich phase particles (in
bright—white color) are occasionally visible along the
yla, lamellar colony boundaries or in the colony interiors.
When the Mo addition exceeds 1.0%, the black areas can
be found in the TiAl alloys (Figs. 2(f) and (h)),
exhibiting the interdentritic microsegregation abundant
in Al and depleted in Nb and Mo, which is verified by
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Fig. 1 XRD patterns of Ti—45A1-5Nb—xMo—0.3Y alloys as-cast and after homogenization heat treatment: (a) 0.6Mo; (b) 0.8Mo;

(c) 1.0Mo; (d) 1.2Mo

the EDS analysis in Fig. 3. The high Al-containing
interdentritic microsegregation zone comes into being
during the f solidification process and transforms to y
phase during cooling to room temperature, as shown in
Fig. 2(h), which will be discussed in the following
section. In addition, the f phase is rich in Mo element
(about 3.33%) and the Al content is far below the
average content (Table 1).

Figure 4 shows the OM and SEM microstructures of
Ti—45A1-5Nb—xMo—0.3Y alloys after homogenization
heat treatment. The fully lamellar microstructures are
observed from the OM images in the TiAl alloys. When
the Al content is no more than 0.8%, nearly no S phase is
found from the SEM images since small amount of S
phase is almost completely dissolved in the TiAl
alloy matrix. As the Al content reaches 1.0% or more,
retained f phase is visible particular in the vicinity of the
ylay colony boundaries. Compared with as-cast TiAl
alloys, the microstructures are evidently coarsened to
over 100 um after homogenization heat treatment at
1340 °C for 10 min. Moreover, the average size of
yla, lamellar colony reduces from 160 to 110 pm when
the Mo content increases from 0.6% to 1.2%. Obviously,
the retained f phase hinders the over coarsening of

lamellar colony at higher Mo content. Besides, 7y
grains can be found at triple conjunctions of y/a,
lamellar colonies, and Y-rich phase segregates along
colony boundaries at higher Mo content (see Figs. 4(f)
and (h)).

Figure 5 shows the evolution of the volume
fractions of y, a, and S phases with varying Mo content
in the Ti—45A1-5Nb—xMo—0.3Y alloys mainly by XRD
analysis. For the as-cast TiAl alloys, the £ phase cannot
be detected by XRD analysis until the Mo addition
reaches 0.8%, and then it keeps continuous increase with
the increase of the Mo content. As shown in Fig. 5(a), the
f phase increases to 6.9% at the Mo addition of 1.2%.
Also, the measurement of f phase fraction from SEM
microstructures verifies the increasing tendency of S
phase content with the increase of Mo addition (see
Fig. 5(a)). Meanwhile, the volume fraction of y phase
increases from 61.6% to 82.3% with the Mo addition
increasing from 0.6% to 1.2%, whereas that of a, phase
reduces from 37.8% to 10.8%. After homogenization
heat treatment, the f phase is hard to be detected by
XRD analysis, and the variation tendency of volume
fraction of other phase fractions is similar to that of the
as-cast alloys.
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Fig. 2 OM (a, ¢, e, g) and SEM (b, d, f, h) microstructures of as-cast Ti—45A1-5Nb—xMo—0.3Y alloys: (a, b) 0.6Mo; (c, d) 0.8Mo;
(e, f) 1.0Mo; (g, h) 1.2Mo

Fig. 3 EDS profiles of interdentritic microsegregations in Ti—45A1-5Nb—1.2Mo—0.3Y alloy
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Table 1 EDS data for morphologies of microsegregations in Ti—45A1-5Nb—1.2Mo0—0.3Y alloys in Fig. 3 (mole fraction, %)

Location Ti Al Nb Mo Y
Microsegregation y 44.00 50.74 4.15 1.11 -
a/y lamellar 45.18 48.46 5.03 1.33 -
S phase 49.87 40.50 5.75 3.33 0.55
Y-enriched region 28.67 53.98 2.55 1.14 13.66

Fig. 4 OM (a, c, e, g) and SEM (b, d, f, h) microstructures of Ti—45A1-5Nb—xMo—0.3Y alloys after homogenization heat treatment at
1340 °C for 10 min: (a, b) 0.6Mo; (¢, d) 0.8Mo; (e, f) 1.0Mo; (g, h) 1.2Mo

3.2 Influence of Mo content on mechanical properties

Figure 6 shows the compression mechanical
properties of Ti—45A1-5Nb—xMo—0.3Y alloys as-cast
and after homogenization heat treatment at room

=

temperature and 800 °C, respectively. It can be seen that
the mechanical properties have obvious Mo dependence,
exhibiting the similar variation trend of the YS (yield
stress) and the &, (maximum compression to failure, %)
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Fig. 5 Evolution of volume fractions of various phases in Ti—45AI-5Nb—xMo—0.3Y alloys: (a) As-cast; (b) After homogenization

heat treatment at 1340 °C for 10 min
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Fig. 6 Compression mechanical properties of Ti—45A1-5SNb—xMo—0.3Y alloys: (a) At room temperature; (b) At 800 °C

both for the TiAl alloys as-cast and as-homogenized. At
room temperature, the YS decreases continuously while
the en.x increases gradually with the increase of Mo
content. For the as-cast TiAl alloys, the YS decreases
from 954 to 607 MPa and the g, increases from 14.7%
to 28.3% when the Mo content increases from 0.6% to
1.2%. After homogenization heat treatment, the YS
increases relative to the as-cast TiAl alloy, which is more
evident when the Mo addition surpasses 1.0%, but the
emax Teduces slightly. At 800 °C, the YS decreases
obviously when the Mo content exceeds 1.0% both for
the as-cast and homogenized TiAl alloys. However,
compared with the as-cast alloy, the YS reduces when
the Mo content is below 0.8% but enhances when Mo
content is higher than 1.0% after homogenization
treatment.

Figure 7 shows the microhardness evolution of
Ti—45A1-5Nb—xMo—0.3Y alloys. It indicates that the
microhardness decreases with the increase of Mo content
no matter in casting condition or after homogenization
heat treatment. Furthermore, there is an increase of the
microhardness after homogenization heat treatment,
especially at lower Mo content (<0.8%).
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Fig. 7 Microhardness evolution of Ti—45A1-5SNb—xMo—0.3Y
alloys

4 Discussion

The phase transformation sequence for the

Ti—43.5A1-(4—5)Nb—(1-1.5)Mo0—0.1B  (TNM) alloys
under continuous cooling conditions has been proposed
by CLEMENS et al [26]. Under equilibrium conditions,
the solidification and transformation pathway is L—L+
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p—p—opro—o—aty—atytB2—ao,+y+B2,  indicating
that the TNM alloys solidify completely via f phase.
Furthermore, SCHMOELZER et al [17] have pointed out
that no o single phase filed can be found under
continuous cooling with moderate and high cooling rates
because of the addition of low diffusive Nb and Mo
elements, and the phase transformation sequence is as
follows: L—L+f—p—pro—a(+fy)—aty(+fn)—a+y+
B2—ay+y+B2, where f,, denotes the metastable S phase.
Similarly, there should be no single o phase field existing
during the solidification process of the Ti—45Al-
SNb—xMo—0.3Y (x=0.6, 0.8, 1.0, 1.2) alloy in the present
study. In addition, CHLADILA et al [27] have calculated
the phase diagram of Ti—45Al—xNb alloys, which shows
that Ti—45A1-xNb alloys solidify through the peritectic
L+p—EL2% 540 equilibrium
conditions when the Nb content is less than ~7.5%. Also,
LUO et al [28] have verified the same solidification path
in Ti—45A1-5Nb alloy based on thermodynamics
calculation. For roughly predicting the solidification
path by the “Al-equivalent” concept [29—31], the alloy
composition  of  Ti—45A1-5Nb—(0.6—1.2)Mo—0.3Y
approximately corresponds to the binary
Ti—(45.7-45.8)Al alloy, suggesting the occurrence of the
peritectic reaction L+,BM> [ +a during the
solidification process according to the Ti—Al binary
phase diagram [32]. In any case, f phase is the primary
phase in the equilibrium solidification process of the
present TiAl alloys.

The primary S phase exhibits dentritic morphology
containing low Al content and high £ formation elements
(Nb and Mo). Thus, the interdentritic black area presents
microsegregation that is rich in Al and poor in Nb and
Mo (see Fig. 3), which leads to the formation of

reaction under

transformed y grains after cooling to room temperature.
In addition, the L+f—f+a—a(+f,,) phase transformation
takes place in the process of temperature drop from f
phase field to a phase field, wherein o grains are
nucleated either in the interiors of or around the primary
f grains. As the f/a transformation proceeds, the Al
content in o phase increases and S stabilizers in ternary
systems like Nb and Mo are pushed toward the opposite
direction. Finally, the retained stable S phase arca
remains at the positions where a grains meet, which are
abundant in Nb and Mo and depleted in Al, as can be
verified by the EDS analysis in Table 1. Here, it should
be noted that excessive addition of Mo element can cause
severe microsegregation in interdentritic black area.
After the f/a transformation is finished, o grains
may transfer to a,*+y lamellar structure or near full
lamellar structure during the cooling process, which
mainly depends on Al content. Therefore, the retained
stable f phase segregates around a,+y lamellar colonies

and transformed y grain boundaries (interdentritic black
area) in the TiAl alloys, which is more obvious at higher
Mo addition. As indicated in Fig. 2, both network S
phase and S blocks occur at colony boundaries as the Mo
content exceeds 0.8%. Moreover, § phase formed by Nb
and Mo segregation is visible in the colony interiors due
to f/a transformation. In addition, it is clear that the
homogenization treatment at 1340 °C for 10 min is able
to eliminate the § and y segregation nearly completely
when the Mo content is no more than 0.8%, while the S
phase is retained obviously and the Y-rich network
comes into being along colony boundary when the Mo
content reaches 1.0%, as illustrated in Fig. 4.

The yield strength and microhardness reduce with
the increase of Mo content, exhibiting a negative effect
on the mechanical properties of the TiAl alloy (Figs. 6
and 7). Under as-cast condition, the increase of
Mo addition contributes to the interdentritic
microsegregation (transformed y phase) and the
formation of retained f phase along colony boundaries,
which leads to the decrease of the strength. Particularly
at high temperature (800 °C), the obvious increase of
softening S phase exacerbates the decrease of the
high-temperature strength of the TiAl alloy when the Mo
content exceeds 0.8%. With regard to the microhardness
of various phases in TiAl alloy, SCHLOFFER et al [33]
indicate that the S phase is slightly softer than a, phase
and evidently harder than y phase for TiAl-Nb—Mo
alloy. Therefore, with the increase of Mo addition, the
rapid reduction of a, phase and obvious increase of y
phase, as shown in Fig. 5, lead to descending in hardness
and ascending in ductility (ema.), albeit with slight
increase of f§ phase.

After homogenization treatment at 1340 °C, the
evolution tendency of the strength, hardness and ductility
is similar to that under as-cast condition since the volume
fraction of y phase increases while that of a, phase
reduces as the Mo content increases. Moreover, the
retained f phase and segregated y phase are dissolved
nearly totally in the matrix, causing the considerable
solution strengthening effect due to the addition of Nb
and Mo elements [34,35] and thus higher strength and
hardness and lower ductility compared with the as-cast
alloys at room temperature. When compressed at high
temperature (800 °C), the yield stress decreases more
evidently when the Mo content reaches 1.0% (Fig. 6(b)).
It should be attributed to the discontinuous network
segregation of Y-rich phase along the colony boundaries,
leading to the weakening of colony boundaries, as can be
seen in Fig. 4. In addition, the yield stress is lower at
lower Mo content (<0.8%) and higher at higher Mo
content (>1.0%) relative to the corresponding cast alloys.
At lower Mo content (<0.8%), the reduction of the
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strength should be caused by the pronounced coarsening
effect of the y/a, colony due to the homogenization heat
treatment conducted above the temperature 7. At higher
Mo content (>1.0%), the elimination or reduction of
amounts of retained softening S phase and interdentritic
microsegregation y phase results in the obvious
improvement of high-temperature strength, which
confirms the adverse effect of excessive introduction of S
phase on the high-temperature strength of y-TiAl alloys.

To sum up, although the addition of Mo is
beneficial to improving the hot workability of the
Ti—45A1-5Nb—xMo—0.3Y alloys through introduction of
p phase, the excessive addition of Mo element can
contribute to the formation of retained f phase and
interdentritic microsegregation y phase, thus leading to
the decrease of the strength of the as-cast alloys, which
can be improved by subsequent homogenization heat
treatment at temperatures above 7,. The research
provides a helpful guidance to optimize the Mo content
for achieving the TiAl-Nb—Mo alloy with excellent
mechanical properties and hot workability.

5 Conclusions

1) The of Mo
microstructure and mechanical properties of Ti—45Al—
SNb—xMo—0.3Y (x=0.6, 0.8, 1.0, 12) was analyzed in
casting and homogenization treatment conditions.

2) Small quantities of §§ phase are distributed along
y/ay lamellar colony boundaries as discontinuous network
in the alloy matrix owing to the segregation of Mo
element. The y phase forms in the interdentritic
microsegregation area when Mo addition reaches 1.0%.
The homogenization heat treatment at temperatures

influence content on the

above T, can eliminate the § phase and y phase almost
completely, but cause the coarsening of y/a, lamellar
colony.

3) With the increase of the Mo content, the yield
stress (YS) and microhardness decrease continuously
while the ductility (emax) increases gradually both for the
as-cast and homogenized alloys. After homogenization
heat treatment, the TiAl alloy exhibits higher strength,
microhardness and lower ductility at room temperature
compared with the corresponding as-cast alloy.
Moreover, the high-temperature strength is also higher at
higher Mo content (>1.0%) compared with the
corresponding as-cast alloy.

4) The excessive Mo addition can exacerbate the
segregation of retained S phase and interdentritic
segregation y phase and decrease the strength of the
as-cast alloy, which can be improved by the solution
strengthening effect of Nb and Mo through
homogenization heat.
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