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Abstract: A kind of massive microstructure an along the primary o phase (ap) has been characterized in the microstructure
quenched from the o+p phase field. The obvious interface between am and ap can be found under the optical observation, and
the concentrations of Al, Sn and Zr elements in an are in between that of the apand g matrix, but the orientation of the am
keeps consistent with that of the ap as evidenced by EBSD analysis. The appearance of the an is considered as the result of
limited diffusion controlled transformation from the g phase during the cooling, because the an initiates from the /g interface
and keeps the consistent orientation with ap, and the growth is limited around the a/g interface. As the diffusion is limited by
decreasing the solution periods from 30 min to 5 min, and the dissolving of ap is accelerated by increasing the solution
temperature from 1040 € to 1060 <€, the volume fraction of an increases from 5.2% to 30.7% significantly.
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Near o titanium alloy TG6, with nominal composition of
Ti-6Al-4Sn-4Zr-1.5Ta-0.7Nb-0.4Si-0.06C (wt%), has been
widely used in advanced aero-engines to reduce about 40%
weight, when replacing the superalloy™?. The alloy can be
solution treated in a+p phase field to achieve excellent
performances*®. During the solution treatment, unsatu-
rated a phase dissolves accompanying with the static re-
crystallization, and most of the g matrix transforms to o’
martensite during quenching™ ®. The volume fraction and
morphology of a phase are considered as important features
closely related to mechanical properties®*°.

The morphology of « phase in a+p alloy during solution
treatment has been investigated™*?. The secondary o phase
(as) dissolves at much lower temperature than ap phase does,
because such acicular oy is enriched with more g stabilized
elements than ap. Besides, the evolution of ap phase can be
classified into three stages. In the initial stage, the separa-
tion of a lamellar is dominated by the boundary splitting
mechanisms; then the ap, phase becomes more equiaxed in
the secondary stage based on the termination migration; in
the third stage, the Ostwald ripening will happen if the pe-
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riod of solution is enough ™.

The acicular o' martensite nucleates and grows up in the
£ matrix during the quenching. The morphology and crystal
structure of martensite are mainly determined by the chem-
ical composition of g matrix™*. In some cases, a., phase, as
parallel slats, has been mentioned as another kind of hex-
agonal martensite transformed from the # matrix enriched
with solute atoms in Ti6Al4V alloy, but the conditions re-
quired by its nucleation and growth are still unknown™**®.
Recently, an epitaxial growth behavior of equiaxed a phase
during cooling has been studied, and the results indicates
that local composition difference leads to the growth of
rim-o phase based on a diffusion-controlled model™".

The stabilities of « and # depend on the concentration of
solute atoms, such as Al and Mo with contrast influence. In
this study, the Mo is replaced by Sn to develop the TG6 alloy,
and the solution treated microstructure are compared to cla-
rify the influence of Mo on the growth behavior of a phase
during cooling. Moreover, the microstructures treated above
T, for several minutes is compared with that of a+# solution
treatment for hours, to clarify the relationship between epi-
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taxial growth of a phase and redistribution of solute atoms.

In this study, the TG6 alloy is treated at temperatures
from T;-10 € to T,+10 <€ for different periods. TEM,
EBSD and EDS are used to identify the morphology, crystal
structure and chemical composition of a phase. The differ-
ent epitaxial growth behaviors of a phase are compared and
discussed.

1 Experiment

The as-received TG6 alloy used in the experiment expe-
rienced triple self-consumable vacuum arc remelting and a+p
processes. The g transus temperature (T;) is 1050 <€.
As-received microstructure consists of equiaxed o grains
with about 40um in size, shown in Fig.1. TG6 alloy speci-
mens were solution treated in the a+p field from 990 <€ to
1040 <€ for 0.5~4.0 h and at 1060 <€ for 3~15 min followed
by water quenching, as shown in Table 1. Then the
cross-sections of the specimens were polished and etched
with the solution of 8% HF and 92% H,O for optical micro-
observation. Specimens for the EBSD analysis were elec-
tro-polished in a solution of 5% perchloric acid and 95% al-
cohol. The EDS and EBSD scans were carried out on the
SUPRA 55 equipment. Phase identification was performed
by X-ray diffractometry with a DX-2700 instrument using Cu
Ko radiation. A Tecnai F30 transmission electron microscope
was also used, where thin foils were prepared by the twin-jet
electro-polishing using a solution of 6% perchloric acid and
35% butyl alcohol in methanol at —20 °C.

2 Results and Discussion

2.1 Microstructures treated at 1040 € and 1000 €

The microstructures solution treated at 1040 <€ and
1000 <€ are compared in Fig.2. They consist of large white
a, particles and acicular ' laths. At low temperature of
1000 <€, most of the a, particles even connect with each
other, and the percentage of area approximates to 61.5%,
the boundaries of «/f interface prefers to be straight other
than curving. All the retained 8 phase transforms to acicular
a' martensite, which has been evidenced by the XRD results
shown in Fig.3. None of the g peaks can be distinguished
from the diffraction patterns. In detail, some short straight
pBIB boundaries can be found as connection between adja-
cent ap particles. It indicates that the static recrytallization
starts at 1000 <€. It is obvious that not only «, and o' phase
exist in the microstructure, but a gray layer o, of several
micrometers thickness can be observed covering the o, par-
ticles discontinuously.

At 1040 <€, more «, particles dissolve, and the original
grains grow up. The a, particles are reserved inside the
grain or in the junctions of grain boundaries. In detail, the
curvature of the a, particles increases significantly, which
indicates the driving force of spheroidization increases with

Fig.1 As-received microstructure in the forging bar

Table 1 Solution treatment conditions for TG6 alloy

Condition Thermal history
o+p solution 1040 €/1000 <€, 30 min/240 min WO
S solution 1060 €/1040 €, 5 min

temperature. Besides, the area of o, layer increases at high
solution temperature, and the g matrix away from the a,
particles still transforms to acicular a’ martensite. Signifi-
cantly, the a,, prefers to grow from the o/f interface with
large curvature to the £ matrix. Such anisotropic growth of
the ay, layer can also be observed along the g grain bounda-
ries, as shown in Fig.2b. The g grain boundaries have been
occupied by the a, particles dissolving during solution
treatment. Moreover, the a,, layer still shows no any change
in morphology and distribution even when the solution time
increases from 30 min to 240 min.

The a, volume fractions of TG6 titanium alloy at differ-
ent solution temperatures were plotted and compared with
IMI1834, Ti-811 and Ti6Al4V such near a or o+f titanium
alloys™®?%. As shown in Fig.4, the volume fraction of a,
phase not including a,, approximates to that of IMI1834 alloy.
It indicates that the a,, phase is not part of a, phase retained
after a—f transformation. The transformation of f—ay, is
supposed to occur during the cooling.

The solute concentrations of a,, a’ and ay, phases are also
compared in the microstructures experiencing different so-
lution treatments. As shown in Table 2, the a, phase is
enriched with Al element, and Sn and Zr aggregate in o'
phase. The concentration of a, phase falls in between that
of the o, and «’ phases. Such a transition area plays the
critical role in formation of o, phase instead of o' phase
during cooling. Moreover, the morphology of a,, phase is
related to the curvature of o/ interface and volume fraction
of a, phase.

2.2 Microstructures treated rapidly at 1060 < and
1040 €

It is noted that a,, phase nucleates and grows up in the g
matrix near the o/ interface with transitional concentration.
A diffusion limited mechanism can be connected with the
formation of such transitional area. Therefore, the diffusion
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Fig.2 Microstructures solution treated under 1040 <C, 30 min (a); 1040 <C, 240 min (b); 1000 <C, 30 min (c); 1000 <C, 240 min (d)
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Fig.3 XRD patterns of the microstructures solution treated at
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Table 2 EDS analysis of the ap phase, martensite @' matrix
and massive am phase after solution treatments for
TG6 alloy

. Volume Average chemical composi-
Solution treat-

Phase  frac- tion/wt%
ment

tion/% Al Sn Zr
ap 4.4 5.76 4.22 2.99
1040 €, 30 min 5.2 498 485 3.33
«  Balance 4.70 4.79 3.64
A 615 542 393 302

1000 <€, 30 min

«  Balance 4.76 4.33 3.70
ap 5.3 5.79 4.14 3.27
1060 €, 5min o, 30.7 53 425 341
o Balance 4.99 4.55 3.64

of solute atom during redistribution can be limited by
shortening the solution time, and the a—f transformation
kinetics can be accelerated by increasing the solution tem-
perature. In order to clarify the mechanism of nucleation
and growth of a, phase, the alloy is solution treated at
1040 <€ and 1060 <€ for 5 min.

As shown in Fig.5, the a, particles dissolve rapidly at
1060 <€, and the percentage of a, phase decreases to 5.3%
after 5 min solution treatment. Similarly, nearly 4.4% a,
phase is retained after solution treatment at 1040 <€ for
30 min. However, 30.7% a,, phase forms around the o, par-
ticles after rapid treatment, but only 5.2% a,, phase can be
observed in the microstructure treated at 1040 <€ for 30 min.
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As for the treatment at 1040 <€, the amount of «,, phase al-
so increases as the period decreases, although the amount of
a,, particles is more than that at 1060 <€.

It is evidenced that the a, phase prefers to nucleate and
grow in the concentration transition area where the redi-
stribution of solute atom is limited by reducing the solution
period.

2.3 Characteristics of a,, phase under TEM

It can be found that both of the a,, and o’ phases nucleate
and grow up during quenching, but the morphologies of
them are various. The interface of a,,, and «’ phases is mag-
nified under TEM, and the selected diffractions of them and

the interface are compared in Fig.6b, 6c and 6d. The hcp
structure of the a,, is evidenced as the o' phases, and no re-
lationship can be found between their orientations. Two «'
lamellar related to the pattern marked with “DF” in Fig.6d
are indicated in dark field, as shown in Fig.6e. The patterns
in Fig.6d include both of «, and «' phases. As shown in
Fig.6f, the tip of the acicular a' phase is embedded in o,
phase. The lattice mismatch between the two phases induc-
es lots of dislocations aggregated around the tip. Besides,
an interface as subgrain boundary in o, phase marked as
“SGB” can be observed in Fig.6a.

Fig.5 Microstructures solution treated at 1040 <T (a, ¢, €, g) and 1060 <T (b, d, f, h) for 3 min (a, b), 5 min (c, d), 8 min (e, f) and 15 min (g, h)

followed by quenching
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Fig.6 TEM observation of the am and ' phase interface microstructure solution treated at 1040 <C, including bright field image (a), se-

lected area electron diffraction (SAED) patterns of am (b), o’ phases (c) and their interface marked in Fig.6a (d), and the corres-
ponding dark field (DF) image (e) for a single martensite lath, dislocations aggregated around the tip (f)

3 Discussions

During the fast cooling from the high temperature in a+p
phase field, a common type of f—a transformation is the
formation of o' martensite phase with similar composition
as B matrix phase. The start of «’ martensite phase trans-
formation temperature (M) approximates to 900 <€ evi-
denced in previous research!®. The great driving force in-
duced by the undercooling is high enough to encourage a
large amount of a' acicular to nucleate inside the f matrix
and grow up with Burgers orientation relationship (OR)
with parent § phase. The interfaces with such OR dominate
the growth and result in acicular profile of a’ phase due to
the lower interface energy compared with other ORs.

As for the slow cooling condition, the o phase prefers to
grow from the grain boundaries to the grain inside to form
the Widmannstatten microstructure®™. The growth orienta-
tion of the parallel a lamellar is related to the grain boun-
dary o phase (agg), and also keep Burgers OR with g matrix
resulting from the low interface energy. The kinetics of
such p—a transformation is determined by the diffusion
velocity of solute atoms. The driving force of nucleation
reduces due to low undercooling. The number of nucleation
sites decreases, and they are limited along the grain boun-
daries.

After the solution treatment, when the diffusion of solute
atoms cannot accompany with the spheroidizing of o, phase,
a transient zone forms around the a, particles with middle
concentration of solute atoms. During the quenching, the
driving force of f—a transformation in this zone is lower
than that of grain inside. Such p—a transformation starts
earlier than the My in TG6 alloy. The o phase grows from
the a, particles to the grain inside similar to the Wid-
mannstatten microstructure, and it keeps the same orienta-
tion with parent a, phase, which is evidenced by EBSD re-
sults indicated in Fig.7.

However, the diffusion of solute atoms is limited by the
fast decreasing of temperature and short period during
quenching. The o phase can not grow up to form the
crossed acicular or parallel lamellar, and the migration of
alp interface is limited not exceeding the concentration
transient zone. Finally, the «, phase only appears around
the a, particles, and the growth is related to the area of the
transient zone. Besides, the profile of a,, phase is not as
smooth as observed under TEM and EBSD, which also can
be considered as the tendency of the growth of o lamellar.
Once the temperature approximate to the M, the retained g
phase will transform to «' martensite as soon as possible.
The tips of a’ phase contact with a,, phase inducing inner
stress and the formation of dislocations.



Sun Feng et al. / Rare Metal Materials and Engineering, 2020, 49(1): 0068-0074 73

(0001)

(1120)

(1010) e

[Cluster size:5™

[Exp. densities (mud)
[Min= 0.00, Max=517.19

Fig.7 EBSD images of one single o, particle treated at 1040 <C for 30 min, including the surface morphology (a), diffraction contrast
image (b), orientation relationship (c) and statistic of boundaries (d), and the pole figures belonging to the marked area A (e) and

area B (f) in Fig.7c

4 Conclusions

1) The massive ay, phase is evidenced in the microstruc-
ture of TG6 alloy after the cooling from the temperature in
a+p phase field.

2) The growth of a,, phase starts from the a,/f interface
and is limited in the concentration transition zone around
the a, phase. The orientation keeps the same as the a, phase.
Once the volume fraction of a, phase increases, the growth
area of o, phase reduces since the concentration transition
zone become smaller.

3) If the solution temperature increases to the 1060 <€
above T, from 1040 <€, and the time is compressed from 30
min to 5 min, the volume fraction of a, phase increases

from 5.2% to 30.7%, and that of a, phase keeps in 5% level.
The diffusion between a, and f phase is limited during re-
distribution due to the reduction of time, and the growth
area of o,,, phase increases.

References

1 Banerjeea D. Acta Materialia[J], 2013, 61(3): 844

2 Winstone M R, Partridge A, Brooks J W. Proceedings of the
Institution of Mechanical Engineers Part L: Journal of Mate-
rials Design & Applications[J], 2001, 215(2): 63

3 Eylon D, Fujishiro S, Postans P J et al. The Journal of the
Minerals, Metals & Materials Society[J], 2013, 36(11): 55

4 Wang Tongbo, Li Bolong, Wang Zhengiang et al. Materials


https://www.sciencedirect.com/science/article/abs/pii/S1359645412007902
https://link.springer.com/article/10.1007%2FBF03338617
https://link.springer.com/article/10.1007%2FBF03338617
https://www.sciencedirect.com/science/article/abs/pii/S0921509318308189?via%3Dihub

74

10

11

12

13

Sun Feng et al. / Rare Metal Materials and Engineering, 2020, 49(1): 0068-0074

Science and Engineering A[J], 2018, 731(25): 12

Sun Feng, Li Jinshan, Kou Hongchao et al. Materials Science
and Engineering A[J], 2014, 626(25): 247

Ji Zhe, Chen Yuhao, Qiang Yinghuai et al. Materials Science
and Engineering A[J], 2018, 723(18): 29

Balachandran S, Kumar S, Banerjee D. Acta Materialia[J],
2017, 131(1): 423

Sun Feng, Li Jinshan, Kou Hongchao et al. Journal of Alloys
& Compounds[J], 2013, 576(5): 108

Li C, Chen Jianlin, Li W et al. Journal of Alloys and Com-
pounds[J], 2015, 627(5): 222

Sun Jianfeng, Zhang Zhongwu, Zhang Milin et al. Journal of
Alloys and Compounds[J], 2016, 663(5): 769

Zherebtsov S, Murzinova M, Salishchev G et al. Acta Mate-
rialia[J], 2011, 59(10): 4138

Ma Xiong, Zeng Weidong, Tian Fei et al. Materials Science &
Engineering A[J], 2012, 548(30): 6

Wu Chuan, Yang He, Li Hongwei et al. Computational Mate-

14

15

16

17

18

19

20

21

rials Science[J], 2013, 79(1): 944

Hammond C, Kelly P M. Acta Metallurgica[J], 1969, 17(7):
869

Ahmed T, Rack H J. Materials Science & Engineering A[J],
1998, 243(1-2): 206

Pilchak A L, Broderick T F. The Journal of The Minerals,
Metals & Materials Society[J], 2013, 65(19): 636

Gao Xiongxiong, Zeng Weidong, Zhang Saifei. Acta Materia-
lia[J], 2017, 122(1): 298

Malinov S, Markovsky P, Sha W. Journal of Alloys & Com-
pounds[J], 2002, 314(1-2): 181

Malinov S, Guo Z, Sha W et al. Metallurgical & Materials
Transactions A[J], 2000, 32(11): 879

Malinov S, Sha W, Markovsky P. Journal of Alloys & Com-
pounds[J], 2003, 348(1-2): 110

Appolaire B, H&licher L, Aeby-Gautier E. Acta Materialia[J],
2005, 53(10): 3001

TG6 A& R EANI R HRE T HIF R

v,

Al ?, EPUE S kFER?

(1. PSS MR R AR AR, B Fi< 710018)
(2. FAL TR BEEEARERE ML=, B g 710072)

. (EIE o M TGE SRE R PIH OAE KERE , XIHIE a M ap AT AT HOIR A L am HEATRIEDT TS, JRAN an 5 op FFEY
RS, &4&0% Al Sn Bl Zr IRIEN T op 1 g F4 2 18], EBSD /M4 B an BN op (REF— 5 FEAHLED, o A
BREAEREEICRY B BIRG], TR A R X i i B AR T R am 141 AR L 1040 CHR 2 1060 C, [F
IS R I I TR] AL 30 min 2028 6 min, BRITTERY B, om B HON 5.2%32 T = 30.7%

X iLabkE s JORAS: BWHRESE: BELHE; ARYH

((EE-REPIE

E-mail: yfbsf@c-wst.com

fh g, 53, 1986 E4, tH L, W AR, FEEGE SRR R E R AT, B fi4 710018, HLiE: 029-86514525,


https://www.sciencedirect.com/science/article/abs/pii/S0921509314015317
https://www.sciencedirect.com/science/article/abs/pii/S0921509314015317
https://www.sciencedirect.com/science/article/abs/pii/S0921509318303654
https://www.sciencedirect.com/science/article/abs/pii/S0921509318303654
https://www.sciencedirect.com/science/article/abs/pii/S1359645417302902
https://www.sciencedirect.com/science/article/abs/pii/S0925838813010293
https://www.sciencedirect.com/science/article/abs/pii/S0925838813010293
https://www.sciencedirect.com/science/article/abs/pii/S0925838814029715
https://www.sciencedirect.com/science/article/abs/pii/S0925838814029715
https://www.sciencedirect.com/science/article/abs/pii/S092583881531937X
https://www.sciencedirect.com/science/article/abs/pii/S092583881531937X
https://www.sciencedirect.com/science/article/abs/pii/S1359645411001844
https://www.sciencedirect.com/science/article/abs/pii/S1359645411001844
https://www.sciencedirect.com/science/article/abs/pii/S0921509312003802
https://www.sciencedirect.com/science/article/abs/pii/S0921509312003802
https://www.sciencedirect.com/science/article/abs/pii/S0927025613004564
https://www.sciencedirect.com/science/article/abs/pii/S0927025613004564
https://www.sciencedirect.com/science/article/abs/pii/0001616069901072
https://www.sciencedirect.com/science/article/abs/pii/S0921509397008022
https://link.springer.com/article/10.1007%2Fs11837-013-0591-6
https://link.springer.com/article/10.1007%2Fs11837-013-0591-6
../A%20study%20of%20epitaxial%20growth%20behaviors%20of%20equiaxed%20alpha%20phase%20at%20different%20cooling%20rates%20in%20near%20alpha%20titanium%20alloy
../A%20study%20of%20epitaxial%20growth%20behaviors%20of%20equiaxed%20alpha%20phase%20at%20different%20cooling%20rates%20in%20near%20alpha%20titanium%20alloy
https://www.sciencedirect.com/science/article/abs/pii/S092583880101708X
https://www.sciencedirect.com/science/article/abs/pii/S092583880101708X
https://link.springer.com/article/10.1007/s11661-001-0345-x
https://link.springer.com/article/10.1007/s11661-001-0345-x
https://www.sciencedirect.com/science/article/abs/pii/S0925838802008046#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838802008046#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838802008046#!
https://www.sciencedirect.com/science/article/abs/pii/S0925838802008046
https://www.sciencedirect.com/science/article/abs/pii/S0925838802008046
https://www.sciencedirect.com/science/article/abs/pii/S1359645405001606

