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Abstract: Bimodal microstructures where globular « and acicular « phases are embedded in the 3
matrix are commonly used in industry-relevant Ti-55531. To optimize the performance of Ti-55531
through heat treatment, it is crucial to understand and control the phase transformation in the
as-received bimodal Ti-55531 as well as its microstructure evolution. In this work, the isochronal
phase transformations and microstructure evolution in the bimodal Ti-55531 during the continuous
heating were systematically studied by combining dilatometry, XRD phase analyses, and SEM
observation. The 3 — o transformation occurred at 678 K only with the acicular x. When the
temperature was higher than 788 K, « — p transformation took place in two separate stages
(i-e., Xacicular = B and oglopular — P transformation). The dissolution of oglopular Occurred after
the dissolution of xacicular Was completed. Due to the difference in the chemical composition and
interface curvature between aacicular and Xglobular, the average activation energy for cucicular = B
transformation was lower than that for the ogjopular — B transformation. The isochronal phase
transformation and microstructure evolution during continuous heating in the present work could be
used to optimize heat treatment procedures for desired mechanical properties.
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1. Introduction

Ti-55531, one of the near-f3 titanium alloys, shows properties of high strength, good toughness,
and remarkable hardenability, and has thus been commercially used in aircraft components [1-10].
It is well known that the properties of near-f titanium alloys are closely related to the microstructure
features of the « phase, including size, shape, chemical composition distribution, and so on. The shape
of « phase in commonly used Ti-55531 is globular, lamellar, and/or acicular. Alloys containing globular
o phase have superior ductility [11,12] due to the relatively soft nature and high damage tolerance of
globular « [13]. Alloy with a high volume fraction of fine acicular o« show high strength because of the
precipitation-strengthening effect [11,12]. The combination of globular « and acicular « together with
the 3 matrix give rise to a balance between ductility and strength [13]. The bimodal microstructure has
been widely used in the industry.

The formation of bimodal microstructures and balanced mechanical properties are controlled
by the < « phase transformation intrinsically in physics, while being achieved via mechanical
deformation and heat treatment in processing. Ti-55531 has a large processing window in the (o + (3)
phase region [14,15]. The globular « is obtained via a complete hot-forging in the o + 3 phase region.
The acicular « is introduced via air cooling after hot-forging. Finally, heat treatments need to be
performed on the bimodal alloy. This is done to tailor the microstructure for comprehensive mechanical
performance. The transformation behaviors of the preset phases in the bimodal state (including
3, globular «, and acicular &) must be different from those in other states, which have effects on
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microstructure tuning during the heat treatment. Therefore, it is crucial to understand and control
the phase transformation and microstructure evolution in bimodal Ti-55531, in order to explore a
well-designed heat treatment procedure. In the present work, the isochronal phase transformation and
microstructure evolution in bimodal Ti-55531 are systematically studied by combining dilatometry,
XRD-based phase analyses, and microstructure observation in the condition of a constant heating
rate. The dissolution behaviors of globular o and acicular « are discussed via experiments and
thermodynamic principles.

2. Materials and Methods

A & 200 mm Ti-55531 billet (Hunan Goldsky Titanium Industry Technology Co. Ltd, Changde,
China) was used as the starting material. The chemical composition of the as-received alloy was
detected by a PS-6 inductively coupled plasma. The results are listed in Table 1. The as-received alloy
exhibited bimodal microstructure (Figure 1). The globular o« phase showed an average diameter of
1.49 pm, and an average volume fraction of 27.02 vol. %. The acicular o had an average length of
0.097 um and 0.050 um average width, and the phase fraction of acicular « was 24.48 vol. %.

Table 1. Chemical composition of the as-received Ti-55531 alloy.

Element wt. % at. % Type
Major Ti Balance -
Component Al 5.20 9.16 a-stabilizer
Mo 4.92 2.44 [3-stabilizer
A% 496 4.63 [-stabilizer
Cr 2.99 2.73 [3-stabilizer
Zr 1.08 0.56 neutral element
Trace element Fe 0.402 0.34 -
Si 0.078 0.13 -
@) 0.075 0.22 -
N 0.005 0.02 -
H 0.001 0.05 -

Figure 1. SEM back-scattered electron images of the as-received bimodal Ti-55531 alloy: (a) overview;
(b) enlarged.

The as-received bimodal Ti-55531 alloy was subjected to a dilatometric test on a Netzsch®
DIL-402C under an argon atmosphere (99.999%). The alloy was cut, machined, and polished into
@ 5 mm X 25 mm cylinders. The cylinders were then continuously heated to 1273 K at the rates of 1, 3,
5, and 8 K/min, respectively. The length change of specimens with respect to temperature was recorded
on the dilatometric curve, and the derivative curve was correspondingly plotted to determine the onset
temperature of phase transformation more precisely.
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In order to identify phase transformation reactions and to establish a one-to-one mapping between
the reactions and the temperatures detected in the dilatometric test, the Ti-55531 samples were
individually heated to the temperatures of the dilatometric readings with the heating rate of 1 K/min
followed by a water quench to preserve the high-temperature microstructure. The phase constitution
and fraction were analyzed via XRD. The XRD was carried out at room temperature in step-scanning
mode with a step size of 0.02 ° (20), a counting time of 2.4 s per step, and a 26 range of 30-65° on a
Bruker D8 diffractometer using Cu Ko radiation (A = 1.5406 A) at 40 kV, 40 mA. The microstructure
was observed by SEM on NOVA™ Nano SEM 230 (FEI, Hillsboro, OR, USA). The specimens for SEM
were etched by 1.5 mL HF + 3 mL HNO; + 100 mL H,O.

With the SEM images, the phase fractions and size of globular and acicular « phases were obtained
by using Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA). Contrast filters
based on fast Fourier transformation followed by spatial and morphological filtering operations were
used to filter the noises, refine the image, and enhance the phase information in detail. In addition,
the morphological filtering of the binary transformed image was assisted to act as filters of shape.
The hit-and-miss transform can derive information on how the globular/acicular & phase is related to
the surroundings. The caliper tool was used to detect edges (i.e., the phase boundary between & and 3
phases). Threshold and segmentation tools were employed to extract globular « and acicular «, and to
distinguish them from the 3 matrix. The thresholding was tested using a triangle algorithm. The mean
shift segmentation was done by trial and error using different bandwidths. With the tools equipped in
the software, the area of individual phases, diameter of the globular « phase, and length and width of
the acicular « phase were automatically measured and statistically analyzed. It is noteworthy that the
phase fraction and size of « phases were repetitively measured in different areas and/or samples; thus,
the values of average phase fraction and average size of « phases are of statistical significance.

3. Results

3.1. Dilatometric Behaviors

The dilatometric curve (solid curve) and its derivative (dotted curve) are shown in Figure 2a with
a heating rate of 1 K/min as the representative. In the dilatometric curve, there are kinks that deviate
from linearity, which are associated with the phase transformations. These dilatometric readings are
more clearly shown on the derivative curves. The peak on the derivative curve is referred to as an
“expansion” response. Obviously, there were three expansions:

(1) Expansion between 678 and 788 K with a peak at 756 K;

(2) Expansion between 788 and 975 K with a peak at 892 K;

(3) Expansion between 975 and 1104 K with a maximum at 1035 K.

(a) — Dilatometric curve (b) 1100K
... Derivative curve

892K

- 5 5 946K
= IS 35 [5K/min 768K
: 1035K e B 926K  1069K
'-.‘._. 3K/min 761 92K
678K | 11104K v 1038K
- \ j 1K/min \ ‘
200 400 600 800 1000 1200 1400 400 600 800 1000 1200
Temperature (K) Temperature (K)

Figure 2. (a) Dilatometric curve (solid line) and its derivative (dotted curve) at 1 K/min to depict the
length change with respect to temperature in the continuous heating. (b) Derivative dilatometric curves
at heating rates of 1, 3, 5, and 8 K/min.
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To identify the phase transformation reactions occurring at the temperatures of dilatometric
readings, the samples were heated to 678, 756, 788, 892, 938, 975, 990, 1038, and 1123 K at 1 K/min
individually, followed by water quench for microstructure observation and phase identification.
Figure 2b shows the derivative dilatometric curves at the heating rates of 1, 3, 5, and 8 K/min. They
all show a similar shape with three peaks, indicating the occurrences of phase transformations in the
same types. The shift of peak temperature with the heating rate will be discussed later in calculating
activation energy.

3.2. Microstructure Observation

Figure 3 shows the microstructure of the frozen bimodal Ti-55531 alloy at 678, 756, 788, 892, 938,
975,990, 1038, and 1123 K after 1 K/min heating (corresponding to the temperatures in dilatometric
test). The phases in dark-grey are «, showing globular and acicular shapes. The matrix in light-grey
is 3 phase. There is a precipitation free zone of 3 phase surrounding the globular « phase, which is
associated with the complete and incomplete wetting of phase boundaries [16,17]. The phase size
and volume fraction changed with temperature in different ways in globular and acicular & phases.
The variation tendencies are shown in Figure 4, and the statistical data are summarized in Table 2.
The preset globular  phase remained unchanged in shape and volume fraction from room temperature
to 975 K, but the acicular o phase experienced growth and dissolution in the same temperature range.

(h) 1038K |
DT y

] &

T
oA
! %

Figure 3. The microstructure of frozen bimodal Ti-55531 at (a) 678 K, (b) 756 K, (c) 788 K, (d) 892 K,
(e) 938K, (f) 975 K, (g) 990 K, (h) 1038 K, and (i) 1123 K during 1 K/min heating.
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Figure 4. The variation of (a) volume fraction and (b) average diameter of globular « with changing
temperature. Variation of (c) volume fraction and (d) average length and width of acicular « phase
with changing temperature.

Table 2. Microstructure features of Ti-55531 alloy quenched from different temperatures.

Globular « Acicular « Total &
Temperature (K) Average Volume Average Volume Fraction Total « Fraction
P Diameter Fraction Length wl'&c;/tehre(lge ) Fraction from S(FM from XRD (vol. %)
(um) (vol. %) (um) b pm (vol. %) (vol. %)
298 149+0.10 27.02+1.84 0.097+0.018 0.050+0.008 24.48+1.69 5149 +253 52.65
678 147 +0.10 27.35+1.68 0.098 +0.021 0.047 +0.007 2423 +1.72 5158 +225 -
756 143+011 2898+1.76 0.146+0.029 0.061 +0.008 2498 +1.86 53.95+2.01 -
788 146 +0.10 28.08+1.92 0.202+0.024 0.073 +0.006 2641 +154 5449 +193 56.98
892 146 +0.10 27.78+1.65 0.175+0.017 0.068 +0.009 24.84 +1.60  52.62+225 54.37
938 150 +0.10 2848 +1.47 0.147+0.019 0.061 +0.008 12.73+1.01 41.21+1.87 -
975 145+0.11  28.08 +1.03 - - - 28.08 + 1.03 -
990 1.39+0.90 23.80 +1.01 - - - 23.80 + 1.01 -
1038 0.46 + 0.03 4.63 +0.67 - - - 4.63 +0.67 6.83

1123 - - - - - - -

In detail, the alloy quenched from 678 K maintained a bimodal microstructure almost identical to
that in the as-received alloy. The volume fraction and average diameter of globular «, as well as the
volume fraction, average length, and average width of acicular «, hardly changed—as depicted in
Figures 3a and 4. The nucleation and growth of acicular « phase took place first when the alloy was
heated up to 756 K, and continued to 788 K. It was evidenced by lengthening and thickening of the
acicular o phase in Figure 3b,c. The acicular o grew into 0.061 pum in average width and 0.146 pm in
average length with 24.98 vol. % at 756 K. At 788 K, the morphological features increased to 0.073 pm
average width and 0.202 pm average length, with 26.41 vol. %. The microstructure of the alloy frozen
at temperatures higher than 788 K showed a significant decrease in the volume fraction of acicular
o phase as the temperature increased. The volume fraction of acicular « was measured 24.84 vol. %
at 892 K and decreased to 12.73 vol. % at 938 K. It can be inferred that the acicular « phase started
to dissolve at 788 K. In line with the volume fraction, the average length of acicular « decreased to
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0.175 um at 892 K and 0.147 pm at 938 K, respectively. The average width decreased to 0.068 pm at
892 K and 0.061 pm at 938 K. In the alloy frozen at 975 K, the acicular « phase disappeared in the SEM
image (see Figure 3f and Table 2), indicating a complete redissolution back into the (3 matrix.

In contrast, the morphological parameters of globular & were nearly unchanged. The phase fraction
and diameter merely exhibited slight fluctuations at temperatures below 975 K. The dissolution of the
globular o phase came about at 975 K. The phase fraction dramatically decreased from 28.08 vol. % at
975 K t0 23.80 vol. % at 990 K, and further to 4.63 vol. % at 1038 K. The average diameter of globular
o decreased from 1.45 um (975 K) to 1.39 um (990 K), and further to 0.46 um (1038 K). At 1123 K,
both globular and acicular « disappeared (Figure 3i). In summary, the growth of acicular « phase took
place in the range 678-788 K. The redissolution of acicular o« occurred within the range 788-975 K,
and that of globular o« phase proceeded between 975 and 1104 K.

3.3. Phase Identification

Figure 5 shows the XRD patterns of the bimodal Ti-55531 alloy quenched from 788, 892, and 1038 K.
The intensity of « reflection increased from room temperature to 788 K, but gradually decreased from
788 to 1038 K. The XRD results suggest the o phase precipitated in the temperature range below 788 K,
and underwent redissolution above 788 K. Moreover, the phase fractions of « and 3 phases could be
calculated via the relative intensity of XRD peaks with the help of JADE software. The results are listed
in Table 3. The calculated « phase fraction from XRD showed a good agreement with that obtained from
SEM in Figure 6. The XRD results verify the determined phase transformation from SEM observation
and dilatometer test. The consistency among the results derived from different characterizations
indicates the reliability of our experimental data. The determined phase transformation reactions and
temperatures are summarized in Table 3, alongside the dilatometric responses based on the above
experiments and analyses.

—_
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@
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Figure 5. XRD patterns of the Ti-55531 alloys quenched from different temperatures.
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Figure 6. Linear regression of the « phase fraction derived from XRD versus those from SEM.
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Table 3. Dilatometric behaviors and phase transformations during 1 K/min heating.

Temperature Range Selected Characteristic Dilatometric Behavior Observed Ph.ase
Temperatures Transformation
678-788 K 678,756, 788 K Expansion B = Xacicular
788-975 K 892,938, 975 K Expansion Kacicular — P
975-1104 K 990, 1038 K Expansion Aglobular — B
>1104 K 1120 K Ending platform Full {3 state

The shift of peak positions could be observed on XRD patterns for both « and 3 phases, indicating
the expansion or contraction of the lattice. Based on the positions of XRD peaks, the average atomic
volumes of o and 3 phase were calculated and then plotted in Figure 7. The figure shows that the
average atomic volume of 3 phase was nearly unchanged below 788 K, followed by a monotonous
increase. The average atomic volume of o was larger than that of (3. It exhibited a slight decrease from
788 to 1038 K. The macro expansion in the temperature range of 678-788 K (Figure 2) was made from the
formation of « phase with a larger average atomic volume than (3 phase. Above 788 K, the composition
partitioning was more obvious than for lower temperatures. « — {3 transformation leads to Al atoms
diffusing from o to (3, while 3-stabilizers diffuse in the opposite direction. The remarkable increase of
average atomic volume in 3 phase not only offset the volume shrinkage due to the slight decrease of
average atomic volume in « phase, but also gave rise to an overall expansion [6]. This is a synergistic
effect of the thermodynamics and kinetics of the diffusional « — 3 transformation, leading to the
macro expansion on the dilatometric curve above 788 K (Figure 2).

17.8 8
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«r 17.6} e O
J298K 788K 892K

.
1038K

17.4

17.2

17.0 -

168 u i

16.6 -

16.4 . 1 L 1 ' 1 . 1
200 400 600 800 1000

Average atomic volume

Temperature (K)

Figure 7. The average atomic volume of « and {3 in the bimodal Ti-55531 alloys which were heated to
the target temperatures at 1 K/min followed by water quench.

4. Discussion

In Section 3, the dilatometric signals in continuous heating were successively correlated to the phase
transformations B = Xacicular, Xacicular = B, and &gjopular = B The acicular o underwent dissolution
prior to the globular «, indicating that morphology plays an important role in the thermodynamics
and kinetics of dissolution. Here, the Kissinger method [18] was employed to analyze the activation
energy of « redissolution:

In((T,*)/H) = C + E/RT. 1)

In Equation (1), Ty is the peak temperature (K), H denotes heating rate (K/s), E denotes the
activation energy, and C is a constant.

Since the maximum phase transformation rate coincides with the peak on the derivative curve
in the dilatometric test, the activation energy for the dissolution of acicular « and globular « can
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be derived separately. Table 4 presents the peak temperatures corresponding to the redissolution of
acicular « and globular « at different heating rates. The peak temperature increased with the heating
rate. This effect is explained by the diffusive nature of « redissolution. The element partitioning
between the o and 3 can be achieved more completely at a lower heating rate, thus the overheating is
less significant.

Table 4. The measured peak temperatures of bimodal Ti-55531 at various heating rates.

H (K/min) Acicular « dissolution Tp1 (K) Globular « dissolution Tp2 (K)

1 892 1035
3 926 1069
5 946 1088
8 969 1100

By implementing linear regressions of ln((sz)/H) vs. (1/T) for the scatter data, the slope of the
line can be estimated (Figure 8). The activation energy for the acicular « dissolution was deduced
from the slope of the regression lines. The calculated activation energy was 176.58 k]/mol for the
dissolution of acicular « and 269.65 kJ/mol for that of globular «, respectively. Wang [19] believed
the minor composition difference between globular and acicular « phases led to the difference in
the activation energy. It also resulted in the acicular « dissolving prior to the globular & in TC21.
However, Gridnev [20] found different kinetics in VT23 and VT6 alloys. The « — (3 transformation
was accomplished more rapidly in the alloys with a globular « structure than that with a lamellar o
when the thickness of lamellar o« was equal to the diameter of globular x. We considered that the
phenomenon may be explained through the Gibbs-Thomson effect. The broad face of lamellar o is an
approximate planar interface without the Gibbs-Thomson effect. However, the tips of lamellar o have
a large curvature with the Gibbs-Thomson effect. It reduces the thermodynamic stability of tips and
facilitates dissolution. When two tips of lamellar « embrace the same interface curvature as globular «,
the dissolution rate of lamella tips is identical to that of globular oc. However, the existence of a broad
face in lamellar « would slow down the rate of the o« dissolution. This explanation applies to acicular
a and globular « phases in this work. The difference in the activation energy and the dissolution rate
could be ascribed to minor composition and interface curvature between acicular « and globular «.

140! = acicular a dissolution
*| e globular a dissolution
| |
135+ / /
£13.0 4
s125F / ~
- o
/' _/
120 Fa
.
11.5 N 1 L 1 " L " 1 "
0.00090 0.00095 0.00100 0.00105 0.00110 0.00115
1T

Figure 8. The plot of activation energy for globular and acicular « dissolution in bimodal Ti55531 alloy.
5. Conclusions

In this work, the isochronal phase transformations of the bimodal Ti-55531 in the condition of
continuous heating at a constant rate were investigated by combining dilatometric measurement, XRD
phase analyses, and microstructure observation. The following conclusions can be made:
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1. Only B — &qcicular transformation took place at 678 K, and the agiobular Was not involved.
When heated up to 788 K, & — 3 transformation occurred. The « — [ phase transformation
included two stages; acicular = B and oglopular = B transformations dominated in different
temperature ranges. The dissolution of xacicular terminated before the start of ogopular dissolution.

2. The expansion/contraction behaviors in the dilatometry test were the thermal presentations of
phase transformation. « precipitation was associated with expansion due to the increase of
o volume. The expansion in the dissolution of & was associated with the synergetic effect of
thermodynamics and kinetics on elements partitioning between « and {3 phases.

3.  The dissolution of & was affected by the morphology. The average activation energy for ctacicular
— [ transformation was 176.58 kJ/mol, while that of the agiobular — B transformation was
269.65 kJ/mol in the Ti-55531 alloy. The differences in activation energy and rate originated from
the difference in the chemical composition and interface curvature between two « phases.
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