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Abstract: The microstructural evolution and tensile properties of a forged Ti—42A1-5Mn alloy subjected to different
heat treatments were studied. The results showed that, when the forged alloy was aged at 800 °C for 24 h, the
interlamellar spacing (1) and y grain size at colony boundaries are generally coarsened. Whereas, when the alloy was
first annealed at 1300 °C and then aged at 800 °C for 24 h, this coarsening of related microstructures appears less
pronounced. The suggested annealing temperatures for the forged Ti—42Al-5Mn alloy are in the range of
1250—1300 °C. It was found that, on the condition of the same annealing system, both the strength and ductility were
improved as the aging temperature changed from 1000 to 800 °C. The secondary precipitated S, (fosec) at colony
boundaries could be responsible for improving the strength, and the y phase at colony boundaries with the grain size

about 6 um might be one of the main reasons for the better ductility.
Key words: f-solidifying y-TiAl alloy; forge; heat treatment; microstructural evolution; mechanical properties

1 Introduction

Gamma-titanium aluminide (y-TiAl) has been
considered as the topmost candidate for high-
temperature structural material because of its
low density and high specific modulus and
strength  [1-5]. Unfortunately, the intricate
processing procedures, which are greatly due to the
intrinsic brittleness and poor hot workability, appear
to be the main obstacles for a wide industrial
application of y-TiAl alloys [5,6]. The fS-solidified
y-TiAl alloys (via S-phase solidification), proposed
by NAKA et al [7] and called as beta solidified
gamma (BSG) alloys by KIM and KIM [8], arouse
increasing attention due to their suitable workability
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and appropriate solidification process without any
peritectic segregation [9,10].

In general, the BSG alloys are with one or
more f stabilizing elements, such as Mo, Cr, Mn, V,
Nb, and lower Al content (42%-44%) compared to
conventional gamma (CG) alloys [8,11]. There are
two typical BSG alloys, namely Ti—42Al-5Mn
developed by TETSUI et al [12] and Ti—43Al-
4Nb—1Mo—0.1B (TNM) proposed by CLEMENS et
al [13]. TNM alloy contains certain amount of
refractory alloying elements, such as Nb and Mo,
which would in turn increase the difficulty of
melting and hot processing [13—17]. The available
literature showed that TNM alloy needed to
experience multiple vacuum arc remelting (VAR)
many times to achieve adequate chemical and
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structural homogeneity [18]. As for the forging
process, high temperature (above 1300 °C) iso-
thermal and canned forging must be adopted [19],
i.e, it is usually encapsulated in thick stainless steel
cans or titanium alloy cans and forged at constant
high temperature due to its limited hot workability.

As for Ti—42A1-5Mn alloy, it indeed has the
advantage of low cost and great deformability. Our
previous research has confirmed that this alloy can
be hot-worked from 1300°C, 10s' to 1100 °C,
0.1 s™' [20], whose processing window is significant
wider than that of TNM alloy [21,22]. It means that
the conventional forging process without any extra
isothermal or canned procedure could be used to
manufacture this alloy [12,23]. In addition, for a
fixed chemical composition alloy, multiple heat
treatments are also needed to further improve its
mechanical properties. Generally, the two-step heat
treatments including annealing and aging treatments
can be introduced to BSG alloys to optimize the
microstructure according to Ref. [18]. Regrettably,
since the study on Ti—42A1-5Mn alloy is still at its
initial stage, the control of microstructure and
mechanical properties of this alloy after forging is
seldom reported.

The present study the
microstructural evolution and mechanical properties
of the forged Ti—42Al-5Mn resulting from various
two-step heat treatments (annealing and aging
treatments). The effects of various microstructures
including a»/y lamellae, y phase, and f, phase
precipitated in the lamellar colonies on the tensile
mechanical properties of the forged Ti—42Al-5Mn
systematically identified and

work was to

alloy were also
discussed.

2 Experimental

2.1 Specimen preparation

The as-cast Ti—42A1-5Mn (42A1-5Mn) ingot
with dimensions of d120 mm x 400 mm was
prepared by vacuum induction melting (VIM) and
VAR using industrially pure materials. A cylinder of
d50 mm X 110 mm was cut from the ingot and
forged into a bar with the deformation of 69% at
1300 °C by using conventional forging process
without any isothermal or canned condition.

2.2 Heat treatment

The heat treatment experiments were

conducted by a high temperature resistance furnace
(KSL-1400X), and the temperature control error is
within +1 °C. In this section, the forged and
annealed samples (1300 °C, 30 min, AC) with the
sizes of d8 mm x 10 mm were aged at 800 °C with
the holding time from 3 to 24 h. And also, some of
the forged samples with the same size were
subjected to different annealing treatments (see
Table 1). Under the optimized annealing treatment,
samples with sizes of d11 mm % 70 mm were then
experienced various two-step heat treatments, as
shown in Fig. 1. Meanwhile, to evaluate the grain
coarsening potential, one of the heat treatments
reduced the holding time from 30 to 10 min
(HT #7).

Table 1 Annealing treatment schemes of forged
Ti—42Al-5Mn samples

. Phase region at
Annealing treatment )
annealing temperature [24]

1350 °C, 30 min, AC b

1300 °C, 30 min, AC Sro(~Tp)
1250 °C, 30 min, AC fta

1200 °C, 30 min, AC Sraty
1150 °C, 30 min, AC Proaty(~Tsolv)
1100 °C, 30 min, AC praxty

Note: AC is air cooling

HT1#: (1300 °C, 30 min, AC) + (800 °C, 3 h, FC)
HT2#: (1275 °C, 30 min, AC) + (800 °C, 3 h, FC)
1300 |- HT3#: (1250 °C, 30 min, AC) + (800 °C, 3 h, FC)
&) HT4#: (1300 °C, 30 min, AC) + (1000 °C, 3 h, FC)
o 12751} HT5#: (1275 °C, 30 min, AC) + (1000 °C, 3 h, FC)
L HT6#: (1250 °C, 30 min, AC) + (1000 °C, 3 h, FC)
g 1250 |- HT7#: (1275 °C, 10 min, AC) + (1000 °C, 3 h, FC)
8
E‘ Ty,solv
S
Tent
1000 °C, 3 h, FC
800 °C, 3 h, FC
AC FC
Time

Fig. 1 Forged samples under different heat treatments
(FC is furnace cooling)

2.3 Metallographic observations

The microstructures different heat
treatment conditions were characterized by field
emission electron probe microanalyzer (EPMA) in
back scattered electron mode (BSE) with a
JXA—-8530F. The detail microstructure information
of ay/y lamellac in these samples was further

under
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analyzed by transmission electron microscopy
(TEM) (Tecnai G* 20). TEM-samples were prepared
with special reagent (60% methyl alcohol + 30%
N-butyl alcohol + 10% perchloric acid) by twin-jet
machine. The interlamellar spacing (1) and y grain
size as well as the volume fraction of different
structures were characterized using a professional
image analysis software (Image Pro Plus 6.0). For
each sample, more than six visual fields were
captured and the values were averaged based on the
image analysis software.

2.4 Tensile tests

The samples underwent the two-step heat
treatments were machined into tensile specimens
with a gauge diameter of 5 mm and a length of
30 mm according to GB/T 228.1—2010 standard.
Tensile testing was performed on a universal testing
machine MTS E45.105. The yield strength (Ryo.2),
tensile strength (Rm), and elongation (4) at room
temperature (RT) were obtained in the tensile test.

3 Results

3.1 As-forged microstructure

The as-forged microstructure of Ti—42Al-5Mn
alloy is shown in Fig. 2. It is a typical nearly
lamellar (NL) microstructure, which mainly
consists of bright f, phases, dark y phases and
equiaxed ao/y lamellae (arrows in Fig. 2(b)). The
average lamellar colony size is about 40 um, and
that of y grains at the colony boundaries is
approximately 4.42 um. As can be seen from
Fig. 2(c), the lamellar colony is composed of y and
op phases, with an average lamellar spacing of
189 nm.

3.2 Microstructure of forged Ti—42Al-5Mn in

different aging periods

Figure 3 presents the microstructures of forged
Ti—42A1-5Mn alloy after aging at 800 °C. Figure 4
shows the TEM images of lamellar structure in
these aged samples. It can be found that after aging
at 800 °C for 24 h, the microstructure is still a
typical NL microstructure. According to Table 2, as
the aging time increases to 24h, the A is
significantly increases from 189 nm (0 h) to 640 nm
(24 h), and the y grain size is also coarsened from
442 ym (0 h) to 6.39 pum (24 h), whereas the
average size of the a/y-colonies changes little. It

e Lt 4 .
Fig. 2 Microstructures of as-forged Ti—42A1-5Mn alloy:
(a, b) EPMA images in BSE mode; (c) TEM image of
lamella

suggests that the lamellar structure and y grain
obtained from the forging process will be coarsened
in the following 800 °C aging.

3.3 Microstructure of annealed Ti—42Al-5Mn in

different aging periods

Figure 5 shows microstructures of the
annealed Ti—42Al-5Mn after aging at 800 °C.
Figure 6 illustrates the TEM images of lamellar
structure for these aged samples. Based on the
quantitative analysis results shown in Table 3, after
1300 °C annealing treatment, the A size is refined
from 189 to 103 nm, meanwhile the y grain size is
refined from 4.42 to 2.29 um in comparison with
the forged microstructure. However, the size of
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Fig. 3 Mlcrostructures of as-forged T1—42A1 SMn alloy treated for d1fferent aging time: (a) 3 h; (b) 6 h; (c) 12 h;

(d)24h

Fig. 4 TEM images of a,/y lamellae aged for different time: (a) 3 h; (b) 6 h; (¢) 12 h; (d) 24 h

oo/y-colonies and y grain did not significantly
change with increasing the aging time from 3 to
24 h. Although A is increased from 103 nm (0 h) to
163 nm (24 h), the increment is obviously lower

than that of forged specimen. It indicates that
the annealing treatment at 1300 °C has a positive
effect on improving the stability of the forged
microstructure during exposure at 800 °C.
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Table 2 Microstructural parameters of as-forged and aged alloys

Type of Phase fraction/% Average size/um
Aging time/h : A/nm
microstructure y Bo aoly y as/y colony
O(as-forged) NL 17.55 12.70 69.75 4.42 36.78 189
3 NL 19.13 11.83 69.04 4.72 34.62 210
6 NL 20.18 11.44 68.38 4.75 34.52 233
12 NL 24.51 10.45 65.04 6.12 33.79 486
24 NL 25.85 9.51 64.64 6.39 33.63 640

Fig. 5 Microstructures of samples annealed at 1300 °C in different aging periods: (a) 0 h; (b) 3 h; (¢) 6 h; (d) 12 h;

(e)24h

3.4 Microstructures of forged Ti—42Al-SMn
subjected to different annealing treatments
The above results confirm that the thermal

stability of forged Ti—42Al-5Mn alloy can be

improved by 1300 °C annealing treatment. In order

to optimize the annealing treatment, it is necessary
to clarify the effect of the annealing temperature on
the microstructure evolution of this alloy.

Figure 7 shows the microstructures of the
as-forged Ti—42Al-5Mn alloy after subjecting to
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Fig. 6 TEM images of a,/y lamellae in annealed samples under different aging periods: (a) 0 h; (b) 3h; (c) 6 h; (d) 12 h;
(e)24h

Table 3 Microstructural parameters of as-forged and 1300 °C annealed alloys under different aging periods

Phase fraction/% Average size/pm
Aging time/h  Type of microstructure A/nm
Y Bo oaly y aaly colony
As-forged NL 17.55 12.70 69.75 4.42 36.78 189
0 NL 7.76 8.74 83.50 2.29 36.74 103
3 NL 13.22 9.04 77.74 3.05 34.35 134
6 NL 14.33 8.54 77.13 3.03 34.16 135
12 NL 13.94 8.34 77.72 3.00 36.63 145
24 NL 12.97 8.83 78.20 323 34.92 163

different annealing treatments. Table 4 shows the microstructure consisted of ax/y lamellae, y grain,
microstructural parameters of as-forged and fo phase and a few supersaturated a, phases.
annealed alloys. As can be seen from Fig. 7(a), The equiaxed a/y lamellae obtained from the
when the annealing temperature is 1350 °C, the forging process disappear, and the a»/y colony is
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Fig. 7 Mlcrostructures of forged T1—42A1 5Mn alloy after subjecting to different annealing treatments at 1350 °C (a),
1300 °C (b), 1250 °C (c), 1200 °C (d), 1150 °C (e), and 1100 °C (f)

Table 4 Microstructural parameters of as-forged and
annealed alloys

Phase fraction/%
temperature/°C Po ooy y

Solution Average size/um

0/y colony

As-forged 17.55 12.70 69.75 442  36.78
1350 7.66 495 8739 1.74 -
1300 7.76 8.74 83.50 229  36.74
1250 830 9.87 81.83 243 37.24
1200 36.73 26.03 37.24 7.02  23.33
1150 35.76 24.60 38.64 7.22  25.57
1100 36.39 2534 38.27 733 2227

significantly elongated. It should be mentioned that
the y grain is refined from 4.42 to 1.74 um

compared with the as-forged sample (see Table 4).
It is also found that the volume fraction of au/y
lamellae is increased to 87.39% and that of f,
phase is reduced to 4.95% by 1350 °C annealing
treatment.

According to Table 1, just § single phase exists
after treating at 1350 °C. This means that all the
phases formed during forging would be completely
dissolved into f phase at this temperature. When it
was cooled with AC method, different phase
transformations could happen, such as f—a, f—7,
and a—an/y [24]. Due to the relatively high
cooling rate in air, a few supersaturated a, grains
can be identified. It can be found that when they
were re-precipitated from £ phase during air cooling,
y phase tends to have a smaller size than the
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original one. In addition, because the alloy is
completely in S-phase region, there is almost no
a-phase pinning effect, and the lamellae tend to be
in Widmanstitten morphology rather than equiaxed
characteristic as a result of f—a transformation at
high temperature, which is similar to the as-cast
microstructure [25].

When the temperature decreases to 1300 and
1250 °C (Figs. 7(b, ¢)), the alloy is in pf+a
dual-phase region with slight (1300 °C) or strong
(1250 °C) a-phase pinning effects, the equiaxed
oo/y lamellae is preserved. The size of y grain
nucleated from S phase, is similar to that of 1350 °C
treated sample, and is much smaller than that of
as-forged sample (see Table 4). As can be seen, the
microstructure still mainly consists of ay/y lamellae
(above 80%) when the temperature is in the range
of 1250—1300 °C.

As the temperature decreases to the f+oty
triple-phase region (1200—1100 °C), there is some
difference among the three samples (1200, 1150,
1100 °C). When the annealing temperatures are
1200 and 1150 °C (Figs. 7(d, e)), most of the a
phases are transformed into a»/y lamellae, but
there still exist a few supersaturated a, phases.
When the temperature is 1100 °C (Fig. 7(f)), few
supersaturated a, phases can be characterized
because the ay/y lamellae cannot transform into a
phases at this temperature [24]. Besides, a small
amount of dotted f, phases can be observed in the
lamellar colonies. To differentiate these dotted f,
phases and the irregular S, phases, we name these
dotted f, phases as the second precipitated S,
phases (foscc), Which were proved to be the reaction
products of aa/y—fosec. Detailed information on the
Losec can be found in our previous research [26]. As
seen in Table 4, in comparison with the samples
annealed at 1250—1350 °C, the volume fraction of
ao/y lamellae is plummeted to ~38%, while that of
Po is raised sharply to ~25%. Also, significant
increase of the volume fraction and average size of
y grain is found in these three samples.

3.5 Microstructure and tensile properties of
as-forged Ti—42A1-5Mn subjected to
two-step heat treatments
As discussed above, to obtain fine micro-

structure, the annealing temperature should be

selected as 1250—1300 °C. Usually, the BSG alloys
experience two-step heat treatment, including

annealing and aging treatments, to obtain excellent
mechanical properties such as high strength and
good ductility. In this work, the as-forged alloy was
then subjected to different heat treatments (in
Section 2.2) to understand the influence of two-step
heat treatments on tensile properties.

Figure 8 illustrates the microstructure
characteristics of the as-forged Ti—42A1-5Mn alloy
subjected to different heat treatments. The tensile
properties are shown Table 5. As can be seen
in Figs. 8(a—c), after aging at 800 °C, the
microstructure mainly consists of equiaxed oo/y
lamellae, y grains and f, phase at colony boundary.
For 1000 °C aging samples (Figs. 8(d—g)), besides
the ao/y+y+f, microstructures, plenty of S, s.c phases
can also be detected at lamellar interfaces.

Combined with the tensile properties (see
Table 5 and Fig. 9), it is seen that for the samples
aged at 800 °C, the yield strengths are all around
520 MPa and the elongation is generally less than
0.5% with the annealing temperature from 1300 to
1250 °C. When aged at 1000 °C, the yield strength
increases from 636 to 704 MPa and the elongation
decreases from 0.80% to 0.29% with the
temperature from 1300 to 1250 °C. After further
reducing the time to 10 min, the yield strength is
increased to 735 MPa and the -elongation is
maintained at 0.55%.

It is found that the changes in the tensile
properties of samples with different annealing
treatments are not obvious among the 800 °C aging
samples. Whereas, for 1000 °C aging specimens,
with the decrease of annealing temperature, the
strength of the alloy is obviously increased and the
ductility is slightly reduced. From Table 5, the y
grain sizes in the HT#1 to HT#3 samples remain at
~3 um and the a,/y-colonies size remains at ~36 pm.
Previous research [27] has confirmed that the size
of y grain and ay/y-colonies are the major
determinants for tensile properties of y-TiAl alloy.
Because of this, the RT tensile properties of the
three samples show no significant change. Under
the condition of 1000 °C aging, although the y grain
size in these samples keeps at ~6 um, the
o/y-colonies size in HT#6 sample is 21.33 pm, and
that of HT#4 and HT#5 samples is 34.82 and
39.82 um, respectively. Hence, the reduction of the
oa/y-colonies could contribute to microstructure
refinement, thereby improving the strength of the
alloy and correspondingly reducing the ductility.
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SO N3 _ \ :
Fig. 8 Microstructures of as-forged Ti—42AI-5Mn alloy subjected to different heat treatments: (a) (1300 °C, 30 min,
AC) + (800 °C, 3 h, FC); (b) (1275 °C, 30 min, AC) + (800 °C, 3 h, FC); (c¢) (1250 °C, 30 min, AC) + (800 °C, 3 h, FC);
(d) (1300 °C, 30 min, AC) + (1000 °C, 3 h, FC); (e) (1275 °C, 30 min, AC) + (1000 °C, 3 h, FC); (f) (1250 °C, 30 min,
AC) + (1000 °C, 3 h, FC); (g) (1275 °C, 10 min, AC) + (1000 °C, 3 h, FC)

Because the sizes of a/y-colonies in HT#4 and Compared with HT#5 with HT#7, it is found
HT#5 samples are approximately 35 pum, the strength that, with the time reducing from 30 to 10 min, the
difference between these two alloys is not obvious. volume fraction of y grain decreases from 25.83%
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Table 5 Microstructural parameters and tensile properties of as-forged alloys after subjecting to two-step heat

treatments
Phase fraction/% Average size/um
HT Ryo2/MPa  R,/MPa Al%
y Lo ooly y on/y-colony

HT#I 12.64 9.38 77.98 3.05 36.35 515 566 0.20

HT#2 11.94 8.15 79.91 3.00 37.77 523 612 0.51

HT#3 12.29 8.84 78.87 3.12 36.57 515 565 0.19

HT#4 2522 11.71 63.07 6.35 34.82 636 755 0.80

HT#5 25.83 12.62 61.55 6.40 34.92 649 758 0.79

HT#6  26.12 .12 6276 6.22 21.33 704 741 0.29

HT#7 21.11 11.33 67.56 5.23 31.68 735 794 0.55
900 alloy increases from 649 to 735 MPa with an
800 F increment of 86 MPa. Then it can be inferred that
€ 700t the reduction in the size of a/y lamellae cannot be
% 600 fully explained the increment of 86 MPa when the
2 time reduces from 30 to 10 min. It is suggested that
éﬁ S00r the increase in strength should be also induced by
g§ 400k other factors. By comparison, for the HT#7 sample,
éo 300 - —ipte i 1281::88 o :jzj; it is found that the volume fraction of o,/y lamellae
=200 F e min Qe R is increased (by about 6%), and the y grain size is
100 F / {1z7576, SOt AT (IO00TC A, ) decreased to 5.23 um. Therefore, the increase in the
! L == (1275°G. 10 min, AC)+ (000 °C. 3 h. FC) yield strength of this alloy should also be related to

0 05 1.0 15 20 25 30 35 40

Engineering strain/%

Fig. 9 RT tensile stress—strain curves of as-forged
Ti—42Al-5Mn different heat
treatments

alloy subjected to

to 21.11%, and the size of y grain reduces from 6.40
to 5.23 um. Also, the size of a»/y lamellae decreases
from 34.92 to 31.68 um, and the volume fraction of
Po decreases from 12.62% to 11.33%. This indicates
that the reduction of time will contribute to the
microstructure refinement of this alloy, which is
consistent with the results of Ref. [28]. Based on
the tensile properties (see Table 5), the yield
strength and tensile strength of HT#7 sample are
both higher than that of HT#5 sample, but the
elongation is lower. Combined with the previous
analysis on HT#4 and HT#6 samples, it is found
that the size of ay/y lamellae decreases from 34.82
(HT#4) to 21.33 um (HT#6), and the yield strength
of this alloy increases from 636 to 704 MPa, with
an increment of 68 MPa. In the case of HT5# and
HT7# samples, the o/y lamellae size decreases
from 34.92 to 31.68 um, the yield strength of this

the higher fraction of a»/y lamellae and the lower
size of y grain.

4 Discussion

Ti—42A1-5Mn alloy is a typical beta solidified
gamma alloys with the following solidification
pathway from liquid to room temperature: L—L+
p—p—pro—proty—potaty—Pfotarty [24]. The
present study has demonstrated that this alloy can
be forged at 1300 °C by using conventional forging
process without any isothermal or canned condition.
However, the microstructure formed in the forging
process is found to be thermodynamically unstable,
namely the lamellar spacing and y grain will be
coarsened after exposure at 800 °C even for 3 h (see
Table 2). It suggests that the structure obtained
during the forging process is a non-equilibrium
phase. This phenomenon has also been confirmed
in some alloys. For instance, HUANG and
ZHU [29] investigated the thermal stability of
Ti—44A1-8Nb—1B alloy, and found that the
fine-grained lamellar microstructure produced by
ingot casting and hot-isostatic pressing would be



Xiao-bing LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2229-2242 2239

unstable after exposure at 700 °C.

The present study has proved that the thermal
stability of the forged alloy can be strongly
improved by annealing treatment at 1300 °C. This
treatment is aimed to ensure the a»/y lamellae and y
grain completely dissolved into the f phase. It is
found that, for the alloy in this case, the o/y
lamellae and y grain can completely dissolve into
S-phases completely when the temperature is above
T, solv (1250—1300 °C). The finer ax/y lamellae and y
grain could precipitate from g phase during the
following air cooling process. Such structures
would have a higher thermodynamic stability
compared with the previous structures generated
from forging. If the annealing treatment is
conducted below 7)1y (1100—1200 °C), there will
be a significant increase in the volume fraction of y
grains and f, phases. This is because when the
temperature drops to the f+a+y region, the y phase
cannot completely dissolve into S phase, and both
the B, phase and unresolved y phase would be
further coarsened during the annealing treatment.
Particularly, the volume fraction of S, phase is
increased to ~25% (see Table 4). Combined with
the Refs.[11,18,29,30], the f, phase at colony
boundary would induce the local stress
concentration, which promotes the formation of
globular structure and void, and could act as crack
sources to accelerate its failure. Therefore, to
achieve the low amount of S, phase, the annealing
temperature should be selected as 1250—1300 °C to
ensure complete re-dissolution of these phases.

It should be mentioned that because
Ti—42A1-5Mn is a typical BSG alloy, the volume
fraction of f, phase is still be as high as about 10%
even for the 1250—1300 °C annealing samples. For
these alloys, by a sufficient amount of f-stabilizing
elements, their solidification behavior (via § phase)
and the room temperature structure would be
greatly affected. Previous research has proved that
with the increase of f-stabilizing element content,
the phase transformation would be as aty—
[rooty — f+y [14,31,32]. Here the newly produced
[ 1is generated from a phase, and when the
[-stabilized elements are sufficient, the o, phase
will transfer into £ and y phases, resulting in the
new-precipitated S phases and thicker y lath by the
cellular reaction of a,—pf+y [18]. SUN et al [11]

established a relationship between the f phase
and the contents of pf-stabilizing elements, and
concluded an empirical equation named as Cr
equivalent. They found that if the Cr equivalent is
the pf, phase will form in
microstructure. Based on the empirical equation,

more than 3.0,

Mn is deemed as a strong p-stabilizing element
which is similar to Cr, and about three times
stronger than Nb. The Cr equivalent of
Ti—42A1-5Mn alloy is up to 5.0, which is even
larger than that of TNM alloy (3.0). Therefore, for
the Ti—42A1-5Mn alloy, it is hard to completely
remove the f, phase just by heat treatments.

At these annealing temperatures (1250—
1300 °C), a few supersaturated ar-grain which is
always considered as a non-equilibrium phase
can be preserved during air cooling process
(Figs. 7(a—c)). The following aging treatment is
then used to promote the a,—y transformation;
thereby the supersaturated o« phase can be
transformed into fine lamellar spacing within the
ax/y colonies. In this study, two different aging
treatments (800 and 1000 °C) were considered.
From Fig. 9, under the same annealing treatment,
the strength and ductility of the specimens treated at
800 °C are generally lower than those of the
1000 °C aging specimens. Based on Table 5, it is
found that the characteristics of a»/y lamellae, y
grain and f, phase at colony boundary are different
between the two aging treatments. As for ao/y
lamellae, SCHWAIGHOFER et al [18] have proved
that large fraction of a»/y colonies tends to have a
strongly beneficial effect on the yield strength,
which is detrimental to ductility. It can be seen that
the volume fraction of a»/y colonies decreases from
~80% to ~60% with increasing aging temperature
from 800 to 1000 °C. Based on the viewpoint of
Ref. [18], the reduction of the lamellar structure
tends to be detrimental to the strength of this alloy.
Then the high strength of the 1000 °C aging alloy
should be related to other factors.

Based on our previous research [26], the
precipitation of fosc could occur below the
eutectoid transformation temperature (7eu), and it
happens at 918-1024 °C cooled with 0.5 and
0.1 °C/s which is close to furnace cooling rate (FC=
20 °C/min [33]). As stated in Section 3.5, it is found
that the 1000 °C aging process can induce the



2240 Xiao-bing LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2229-2242

02/y—fosec transformation, then plenty of fosec
phases are precipitated at lamellar interfaces, but it
seems that none is formed during 800 °C aging. As
for the fosec, DU et al [34] proposed that the fosec
precipitates in Ti—46.5A1-2Cr—-3Nb—0.2W alloy
always nucleated at a»/y colonies interfaces because
W (f stabilizer) segregated in these areas. For
Ti—42A1-5Mn, the precipitation of S, could be
mainly ascribed to the strong segregation of
p-stabilizing element Mn at lamellar colony. As
confirmed in the previous results [35—37], the fine
Posec generated during the heat treatment could
improve the fracture toughness and creep strength
of y-TiAl alloys. Therefore, it is believed that the
presence of fine fosc Will be an important reason
for the strength improvement of this alloy.

In addition, related literature [26] suggested
that the y phase at colony boundary was a ductile
phase, and can improve the ductility of the y-TiAl
alloy. For the as-forged Ti—42Al-5Mn, when it was
annealed at 1250—1300 °C first and then aged at
800 °C, the obtained y grain would be as small as
~3 um. While for 1000 °C aging, the size of y grain
is ~6 um which is about two times as large as that
of 800 °C aging. In this study, it can be seen that the
microstructure containing small size y grains
(~3 um) fails to improve the ductility of this alloy.
On the contrary, the microstructure containing
larger size y grains (~6 um) has positive effect on its
ductility. Hence, it confirms that in order to obtain
an alloy with better ductility, the size control of y
phase is an important factor in the regulation of the
microstructure, and a smaller y phase size (eg,
~3 um) does not function well for plasticity
improvement.

5 Conclusions

(1) The microstructure of the forged
Ti—42A1-5Mn alloy was characterized to be
instability when it was aged 800 °C for 24 h.

(2) The high temperature treatment can
stabilize the forged microstructure, and the
suggested temperature range is 1250—1300 °C
which is in the f+a region.

(3) Combined with the annealing treatment at
1250—1300 °C, the 1000 °C aging process makes
the as-forged Ti—42Al-5Mn alloy have better

strength and ductility than those of 800 °C aging
process.

(4) Posec precipitates generated along lamellar
colony boundaries by the 1000 °C aging treatment
could be responsible for strength improvement, and
the better ductility would be mainly due to the
suitable y phase size, which is believed to be about
6 um.
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