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Abstract: The role of subtransus hot working on microstructure morphology of TA15 titanium alloy plate with elongated a phases
was studied by quantitative metallography on different sections. The results show that the microstructure morphology is mainly
affected by loading direction. When the sample is compressed along normal direction, microstructure on the section vertical to
normal direction has equiaxed primary a phase but microstructure on the section vertical to rolling direction has strip primary o phase
with long axis along tangential direction. When the sample is compressed along rolling direction, microstructure on the section
vertical to normal direction has strip primary « phase elongated along tangential direction but microstructure on the section vertical to
rolling direction consists of strip and irregular broad-band primary a phase. The strip primary o phase aspect ratio is smaller at lower
temperature due to the dynamic break-down of o phase. The difference on primary a phase aspect ratio between different sections
decreases after compression along distinct directions in two loading passes, suggesting the improvement of equiaxity of primary o

phase.
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1 Introduction

Titanium alloys have high specific strength,
superior creep resistance, good thermal stability and
excellent corrosion resistance, so they are widely used to
manufacture structural components in aviation and
acrospace industries. To satisfy the increasing demands
of light mass and high performance, large scale
components with complex shape are often required.
Meanwhile, these components often serve as key
load-bearing structure in severe conditions, therefore,
specific microstructure is needed to obtain the required
service performance [1—8]. Thus, one important aim of
hot working is to tailor the microstructure of the large
scale complex titanium components through process
design.

Typically, the thermo-mechanical processing of
titanium alloys components involves primary processing
in which ingots are converted into semi-products (e.g.,
plates and rods), and secondary processing for shaping

semi-products into  finished components [9,10].
Commonly, the initially equiaxed microstructure is
necessary to obtain desired microstructure in the final
forging. However, the microstructure with pancaked or
elongated primary a phase is often produced due to
improper processing in the primary hot working,
especially when the semi-product is large. The elongated
o phases may result in strong anisotropy and degraded
fatigue performance. In addition, it is well known that
the microstructure of titanium alloys is very sensitive to
processing [9,11,12]. It is possible to transform the
elongated a phases into finely equiaxed microstructure
by proper thermo-mechanical processing, such that the
service performance of the finial products can be
enhanced.

By now, extensive investigations have been carried
out on the microstructure evolution and relationship
between processing parameters and microstructure in the
subtransus hot working of titanium alloys. However,
most studies are focused on the microstructure evolution
of titanium alloys with initially equiaxed microstructure
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during the final forging [13—17]. The objective of the
present work is to study the microstructure morphology
of titanium alloys with elongated o phases under
different processing conditions in the subtransus hot
working so as to provide basis for the transformation
from elongated a phases into equiaxed microstructure.
To this end, a series of hot compression experiments are
conducted in a+f region under different processing
parameters (deformation temperature, deformation
amount, and loading direction) on the TA15 titanium
alloy with elongated a phases. The microstructure
morphology and parameters are observed and
quantitatively analyzed on different sections.

2 Experimental

The material used in this investigation is a near a
TAL1S titanium alloy (Ti—6Al-2Zr—1Mo—1V) with the
measured f-transus temperature 990 °C. The TA1S5 alloy
was supplied in hot rolled plate with specification of
1200 mm x 280 mm x 80 mm. The initial microstructure
is shown in Fig. 1. It can be seen that the microstructure
on section vertical to normal direction (ND) consists of
equiaxed primary a phase and transformed f matrix. The
microstructure on section vertical to rolling direction
(RD) and section vertical to tangential direction (TD)
have close morphology. They are both composed of
elongated primary o phase and transformed f matrix. The
measured content and aspect ratio of primary a phase (o)
are listed in Table 1. From the microstructure
morphology on different sections, it can be concluded
that the initial microstructures have pancake-shaped a
grains with its normal direction parallel to the normal
direction of initial plate.

Two kinds of cuboid specimens with the same
dimension (25 mm x 17 mm X 15 mm) but different
orientations were machined from the rolled TA15 plate,
as shown in Fig. 2. Specimen A was cut with the longest
side parallel to the normal direction and the shortest side
parallel to the rolling direction. While specimen B was
cut with the longest side parallel to the rolling direction
and the shortest side parallel to the normal direction. In
the isothermal compression tests, the sample was heated
to deformation temperature at heating rate of 12 °C/min
and held for 30 min. After that, the sample was
compressed along the prescribed direction at the constant
nominal strain rate of 0.01 s™' to a certain deformation
degree and then air-cooled. As the initial microstructure
have pancake-shaped a grains, the deformed
microstructure morphology may vary with loading
direction. Thus, different loading schemes were proposed
in this work. Considering the close microstructure
morphology on RD-section and TD-section, the
compression along tangential direction and the

Fig. 1 Microstructures of as-received TA15 titanium alloy plate:
(a) ND-section; (b) RD-section; (c) TD-section

Table 1 Quantitatively measured microstructure parameters of
initial microstructure of TA15 alloy

Section Content of a,/%  Aspect ratio of o,
ND 61.53 1.85
RD 57.63 3.29
TD 55.59 3.20
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Fig. 2 Schematic of specimen: (a) Specimen A; (b) Specimen B
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microstructure sectioned vertical to tangential direction
are not considered in this wrok. The detailed processing
parameters are listed in Table 2. For tests 9 and 10, the
sample was compressed to the degree of 55% along the
prescribed loading direction in sequence in two loading
pass. The bulging of deformed sample produced in the
first loading pass was removed before the second loading
pass.

Table 2 Isothermal compression experiment scheme

Specimen Deformation Loading Deformation
o type temperature/°C direction degree/%
1 A 960 ND 80
2 A 920 ND 80
3 A 880 ND 80
4 B 960 RD 80
5 B 920 RD 80
6 B 880 RD 80
7 A 920 ND 55
8 B 920 RD 55
9 A 920 ND—RD 55
10 B 920 RD—ND 55

The microstructure of forged sample was observed
on the ND-section and RD-section using Leica DMI
3000 optical microscope. Metallographic preparation of
the specimens was carried out by mechanically grinding
with SiC paper and polishing with a solution of water
and Cr,O; polisher, and etching with a solution of
13%HNO5+7%HF+80%H,0. The content, grain size and
aspect of primary o phase were quantitatively measured
using Image-pro Plus soft ware. The content of primary a
phase is the ratio of all a grains area to total area of
image. For one o grain, the grain size is the average
length of diameters measured at 2° intervals and passing
through grain’s centroid, and the aspect is the ratio
between major axis and minor axis of ellipse equivalent
to grain. The grain size and aspect of primary a phase
mentioned below is the average value of all a grains.

3 Results and discussion

3.1 Microstructure at different deformation

temperatures and loading directions

The microstructure of samples compressed along
ND to the deformation degree of 80% at different
temperatures is shown in Fig. 3. The corresponding
microstructural parameters are listed in Table 3. As
shown in Fig. 3, the microstructure mainly consists of
primary a phase and transformed f matrix, which is the
same as that of the initial microstructure. It can be seen
from Table 3 that the content of primary o phase on
different sections are close at a certain deformation
temperature. It is found that the primary o phase content

decreases with the increase of temperature, and the
content of primary o phase at 920 °C is not far from that
at 880 °C but is much greater than that at 960 °C. This is
related to the law of a—f phase transformation of TA15
titanium alloy in a+f region, i.e. the primary a phase
content decreases slowly with increasing temperature in
the lower atf region, but decreases rapidly with
temperature in the upper o+ region [18,19].

When the sample is compressed along ND, the
initial pancake-shaped o grains are flattened further and
keep the pancake shape. So the microstructures of
samples compressed along ND at different temperatures
all have the same morphology as the initial
microstructure with near equiaxed primary a phase on
the ND-section and strip primary o phase with long axis
along tangential direction on the RD-section (Figs. 1 and
3). However, the microstructure parameters vary with the
deformation temperature. Using the average diameter of
primary a grain on the ND-section to represent the size
of pancake-shaped primary a grain, the grain size of
primary o at different temperatures are listed in Table 3.
It can be seen that the primary a grain size at 920 °C is
greater than that of the initial microstructure (7.15 pum),
but those at 960 and 880 °C are smaller compared to the
initial microstructure. This may be caused by the couple
effect of flattening of primary a grain, a—f phase
transformation and the dynamic break-down of a phase.
The initial pancake-shaped a grain would be flattened
during the deformation along ND, resulting in the
increase of primary a grain size. However, as mentioned
above, the primary o phase content decreases rapidly
with temperature increasing in the upper o+f region,
which would diminish the grain size of primary «a
markedly. In addition, the primary a particles act as hard
inclusions in the soft f matrix and are harder to deform
than f phase in the subtransus hot working [20,21].
Considering the a—f phase transformation with
increasing temperature, it can be concluded that the
higher the deformation temperature is, the less the
primary o phase takes part in deformation and bears
smaller deformation. So at higher temperature (960 °C),
the primary o grain size is mainly determined by the
a—pf phase transformation, leading to the smaller grain
size than that of the initial microstructure. With the
temperature decreasing, the effect of a—f phase
transformation on grain size decreases and the flattening
of primary o phase plays a more important role in the
grain size change of primary a phase. Thus, the grain
size of primary a of sample deformed at 920 °C is
greater than that of the initial microstructure. The
primary o aspect ratio on RD-section of sample
deformed at 920 °C is greater than that of the initial
microstructure, which confirms the speculation above.
The dynamic break-down of a phase is also an important
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Fig. 3 Microstructures of samples compressed along ND to deformation degree of 80% at different temperatures: (a) 960 °C,
ND-section; (b) 920 °C, ND-section; (¢) 880 °C, ND-section; (d) 960 °C, RD-section; (e) 920 °C, RD-section; (f) 880 °C, RD-section

Table 3 Quantitatively measured microstructure parameters of samples compressed along different directions to deformation degree

of 80% at different temperatures

Compression ND-section RD-section
direction Temperature/®C Content of a;/%  Aspect ratio of o, Grain size of o;/um  Content of a,/% Aspect ratio of o,
960 28.62 1.90 6.16 27.74 3.75
ND 920 46.99 1.73 7.76 45.67 3.81
880 55.77 1.91 6.57 53.08 2.81
960 32.63 2.86 - 30.53 2.57
RD 920 50.03 3.09 - 47.21 2.49
880 52.26 2.39 - 54.09 2.54

mechanism during hot working of titanium alloy. When
the temperature decreases to 880 °C, the primary « phase
would undergo larger deformation due to less soft f
phase, so that the break-down of a phase plays more

significant role in the grain size change of primary «a
phase than that of the compression of a phase. As a result,
the grain size of primary o of sample deformed at 880 °C
is smaller than those of the initial microstructure and the
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sample deformed at 920 °C. The dynamic break-down
would also decrease the aspect ratio of primary a phase,
so the primary a aspect ratio on RD-section of sample
deformed at 880 °C is smaller than those of the initial
microstructure and the sample deformed at 920 °C.
Figure 4 shows the microstructure of samples
compressed along RD to the deformation degree of 80%
at different temperatures, of which the corresponding
microstructural parameters are listed in Table 3. Similar
to the microstructure of samples compressed along ND,
the microstructure is mainly composed of primary a
phase and transformed f matrix. From Table 3, it can be
seen that the content of primary o phase varies little with
the section at a certain temperature and is close to that of
sample compressed along ND at the same temperature,
suggesting that the loading direction has little effect on

the content of primary a phase.

It can be found from Fig. 4 that the microstructure
presents different morphology compared with that
deformed along ND (Fig. 3). On one hand, the
microstructure on ND-section has strip primary o phase
elongated along tangential direction. On the other hand,
the microstructure on RD-section is non-uniform, which
consists of strip primary a phase and irregular
broad-band primary o phase. This can be explained by
the morphology evolution of primary o phase during
deformation. When the sample is compressed along RD,
the initial pancake-shaped o grains are compressed on
the side along the long axis. Under large deformation, the
primary « grains may be upset and further flattened at the
rolling direction and get bulge at the normal direction. So
the primary a grains on ND-section are strip-shape with

Fig. 4 Microstructures on different sections of samples compressed along RD to deformation degree of 80% at different temperatures:
(a) 960 °C, ND-section; (b) 920 °C, ND-section; (c) 880 °C, ND-section; (d) 960 °C, RD-section; (¢) 920 °C, RD-section; (f) 880 °C,

RD-section
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long axis along tangential direction, and the primary o
grains on RD-section are thicker than that in the initial
microstructure (Fig. 1(b)). In addition, some thinner
initial pancake-shaped o grains may be bent and kinked

resulting in complex 3D morphology during deformation.

So some irregular broad-band primary o grains exist in
the microstructure on RD-section leading to nonuniform
morphology. However, this phenomenon has little effect
on the morphology of primary a grains on ND-section.
As mentioned above, the primary o particles are harder
to deform than f phase and bear larger deformation at
low temperature. As a result, the aspect ratio of primary
o on ND-section of sample deformed at 920 °C is greater
than that of sample deformed at 960 °C (Table 3). But
the primary a aspect ratio on ND-section of sample
deformed at 880 °C is less than those of samples
deformed at 960 and 920 °C, which does not follow the
regularity above. This is caused by the significant
dynamic break-down of o phase at 880 °C. Dynamic
recrystallization plays an important role in the break-
down of a phase, especially when the deformation takes

place in the lower two phase region. HE et al [22]
investigated the deformation mechanism of TA1S alloy
with initially equiaxed structure. They reported
significant dynamic recrystallization for the TA1S alloy
at temperature of 850 °C and strain rates of 0.1-0.001 s .
In the present work, the deformation temperature and
strain rate are similar to those in Ref. [22]. However, the
strain is much higher, which promotes dynamic
recrystallization. Thus, the aspect ration of o phase
decreases.

3.2 Microstructure at different deformation degrees

and loading directions

The microstructures of samples compressed along
different directions to the deformation degree of 55% at
920 °C are shown in Fig.5. The corresponding
microstructural parameters are listed in Table 4. By
comparing the microstructure with different deformation
degrees (Figs. 3(b,e), Figs. 4(b,e) and Fig. 5), the effect
of deformation degree on the microstructure is analyzed
in this section.

Fig. 5 Microstructures on different sections of samples compressed along different directions to deformation degree of 55% at 920
°C: (a) ND loading, ND-section; (b) ND loading, RD-section; (c) RD loading, ND-section; (d) RD loading, RD-section

Table 4 Quantitatively measured microstructure parameters of samples compressed along different directions to deformation degree

of 55% at 920 °C
Compression ND-section RD-section
direction Content of a,/% Aspect ratio of o, Grain size of a, /um Content of a,/% Aspect ratio of a,
ND 50.23 1.97 7.41 48.78 3.47
RD 48.71 2.59 - 48.91 2.51
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In the case of microstructure constituent and
morphology, for each loading direction, no distinction
exists between the samples with different deformation
degrees. This suggests that the microstructure
morphology is mainly determined by loading direction
but little affected by deformation degree under the
condition of this work.

From Tables 3 and 4, it can be found that the grain
size on ND-section with smaller deformation degree is
less than that with larger deformation degree for the
sample compressed along ND. It was mentioned in
Section 3.1 that the pancake-shaped primary o grain
would be flattened and upsetted during the compression
along ND. As the deformation degree increases, the
primary a grains would be flattened and upsetted to a
larger extent, leading to more significant increase of the
cross-section perpendicular to the compression direction
(ND direction). So the sample compressed to a smaller
degree along ND has smaller grain size on ND-section.
For the same reason, the sample compressed to smaller
deformation degree along ND has smaller primary «
aspect ratio on RD-section compared to that with larger
deformation (Tables 3 and 4). For the sample compressed
along RD, the microstructure on ND-section has greater
primary « aspect ratio at larger deformation.

3.3 Microstructure at deformation in two directions
in sequence

Figure 6 shows the microstructures of samples
compressed along different loading directions to the
deformation degree of 55% in sequence in two loading
passes at 920 °C whose microstructural parameters are
listed in Table 5. For Sample 9 compressed along ND
and RD in sequence, the microstructure close to the
initial microstructure is produced in the first compression
along ND, as shown in Figs. 5(a, b). Thus, the second
compression of Sample 9 is analogous to the
compression of Sample 8 with similar initial
microstructure. As a result, Sample 9 compressed along
ND and RD in sequence presents the similar
microstructure as Sample 8 (Figs. 5(c, d) and Figs. 6(a,
b)). In addition, the microstructural parameters of
Samples 9 and 8 are also close, as listed in Tables 4
and 5.

For Sample 10 compressed along RD and ND in
sequence, the microstructure after first compression
along RD is shown in Figs. 5(c, d). In the second
compression along ND, the complex primary o grains
generated in the first compression would undergo
sophisticated morphology evolution and some a grains
may be broken down during deformation. From Tables 4
and 5, it can be found that primary a aspect ratio on

Fig. 6 Microstructures of samples compressed along different loading directions to deformation degree of 55% in sequence in two
loading passes at 920 °C: (a) ND loading—RD loading, ND-section; (b) ND loading—RD loading, RD-section; (c) RD loading—ND

loading, ND-section; (d) RD loading—ND loading, RD-section
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Table 5 Quantitatively measured microstructure parameters of
samples compressed along different directions to deformation
degree of 55% in sequence in two loading passes at 920 °C

. ND-section RD-section
Loading X .
L Content of Aspect ratio Content of Aspect ratio
direction
ap/% of a, ap/% of o
ND— RD 45.69 2.53 46.58 242
RD—ND 49.16 2.37 48.81 2.80

ND-section and RD-section after the second compression
are both a little smaller than those after the first
compression. This may be related to the break-down of
primary a grains. By comparing Fig. 5(d) and Fig. 6(d),
it can be seen that lots of strip primary a phase elongated
along tangential direction occurs again after second
compression.

Comparing Fig. 1 and Figs. 6(c, d), the change of
microstructure can be seen after compression along RD
and ND in sequence compared with the initial
microstructure. The equiaxed primary a phase on
ND-section in initial microstructure transforms to strip
primary o phase after deformation. The strip primary o
phase on RD-section in initial microstructure still
maintains the strip-shape but the aspect ratio of strip
primary o phase decreases after deformation. Besides,
the difference on primary a phase aspect ratio between
ND-section and RD-section drops after deformation
(Tables 1 and 5), suggesting that the equiaxity of primary
o phase is improved after deformation.

From the above results and analysis, it can be
concluded that the microstructure morphology are
significantly affected by the loading direction but little
affected by the deformation temperature and degree. The
microstructures of samples compressed along ND
present near equiaxed primary o phase on the ND-section
and strip primary a phase with long axis along tangential
direction on the RD-section. The microstructure of
samples compressed along RD presents strip primary o
phase elongated along tangential direction on ND-section
and nonuniform microstructure consists of strip primary
o phase and irregular broad-band primary a phase on
RD-section. In addition, the equiaxity of primary o phase
is improved after compression along different directions
in two loading passes. So, it can be speculated that the
elongated o phases of TAlS5 titanium alloy can be
transformed to equiaxed microstructure through
multi-directional forging.

4 Conclusions
1) The microstructure morphology is mainly

determined by the loading direction but little affected by
the deformation temperature and degree within the

temperature range of 880—960 °C. When the sample is
compressed along normal direction, the microstructure
on ND-section has near equiaxed primary o phase but the
microstructure on RD-section has strip primary o phase
with long axis along tangential direction. When the
sample is compressed along rolling direction, the
microstructure on ND-section has strip primary a phase
elongated along tangential direction but the
microstructure on RD-section consists of strip primary a
phase and irregular broad-band primary a phase.

2) At lower temperature (880 °C), the strip primary
o phase aspect ratio is smaller due to the significant
dynamic break-down of o phase for both the samples
compressed along normal direction and rolling direction.
With larger deformation, the strip primary o phase aspect
ratio is greater for both the samples compressed along
normal direction and rolling direction.

3) The difference on primary a phase aspect ratio
between ND-section and RD-section drops after
compression along different directions in two loading
passes, suggesting the equiaxity of primary o phase is
improved after deformation. It can be speculated that
multi-directional forging can be served as an effective
scheme to equiaxify the elongated a phases of TAIS
titanium alloy.
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