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Abstract

The a + B < p phase transformation kinetics of TC21 Ti-alloy during conti-
nuous heating and cooling were studied using a dilatometric technique. Dila-
tometric heating curve exhibited that two characteristic reflection points can
be observed with increasing the heating temperature. T, referred to the initial
transformation temperature of a + # > f and T; referred to the final trans-
formation temperature of a + > B T, was reported at 720°C, whereas the
corresponding T; was obtained at 950°C. The initial and final transforming
temperatures by the first derivative curve were reported at 730°C and 955°C,
respectively, which are close to the values obtained in the dilatometric heating
curve. Dilatometric cooling curve showed that the starting temperature of >
£+ a phase transformation was 880°C; however, the corresponding finishing
temperature was 670°C. The starting and finishing temperatures using the
first derivative curve were obtained at 665°C and 885°C, respectively. The
first derivative for the studied dilatometric heating and cooling curves
showed that the starting and finishing temperatures of a + B <> S phase
transformation were more accurate and objective. Results show the a + > B
transformation heating curve exhibits a typical S-shaped pattern.
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1. Introduction

TC21 (Ti-6Al-2Sn-2Zr-3Mo-1Cr-2Nb-Si, wt.%) alloy was developed as a high

strength, toughness, damage tolerance and low crack propagation rate and pro-
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vides weight reduction, long service life, and high reliability in fabricated aircraft
structural components such as frames and beams [1] [2]. The B transus temper-
ature for an alloy is very significant for heat-treating purposes, especially when
heat treatment involves heating near or above the g transus. The transformation
from ato Bphase is very dependent on the purity of the titanium [3] [4].

Dilatation behavior of metals depends on the thermal change of length as a
function of temperature. When titanium alloys heated to S transus temperature,
the change in volume will be affected by crystal structure changing from hex-
agonal close-packed to body-centered cubic as well as solute atom redistribution.
In addition, titanium alloys possess apparent similarities to steels in terms of a +
£ > P phase transformation during continuous heating [5] [6]. The phase trans-
formation of TC21 Ti-alloy is sensitive to aging temperature and heating history
[5] [7]. Due to the presence of thermal expansion misfit of various phases, dila-
tometry method has been successfully used to discuss the w phase formation in
metastable B Ti-based alloys [8] and orthorhombic martensite decomposition in
TC21 titanium alloy [5] as well as @ phase transformation of Ti-7333 titanium
alloy during continuous heating [9].

The dilatometric technique is commonly employed to analyze the kinetics of
solid-state phase transformation [10] [11]. This technique was also successfully
used by Wan et al. [11] to study the activation energy for a + > ftransforma-
tion in Ti-1300 alloy and by Sun er al [12] to discuss the phase transformation
kinetics in Ti60 alloy during continuous cooling as well as by Wang et al. [13] to
investigate the a + B > B transformation in Ti55531 alloy during continuous
heating. Based on the dilatometry curves, Wan ef a/ [11] found that the curves
of the a + f > B phase transformation exhibited a typical S-shaped pattern,
which indicated that a + B > p phase transformation is a nuclea-
tion-growth-controlled process. However, rarely studies were conducted the a +
£ <> p phase transformation during continuous heating and cooling. Therefore,
the present study aimed to investigate the a + B <> S phase transformation ki-

netics of TC21 Ti-alloy during continuous heating and cooling.

2. Experimental Work

TC21 Ti-alloy was received as bars of 7 mm diameter and 140 mm length. The
chemical composition of the alloy analyzed by inductive coupled plasma-atomic
emission spectrometry (ICP-AES) is listed in Table 1. The original microstruc-
ture (Figure 1) of as-received TC21 Ti-alloy consists of primary equiaxed a
phase which was uniformly distributed in the transformed S matrix. The average
grain size of equiaxed a phase was approximately 2.5 pm and their volume frac-
tion approached to 65% using image analyzer. The XRD pattern confirmed the
presence of a and S phase in as-received TC21 Ti-alloy, Figure 2. It is noticed
that S peaks are rather weak, suggesting a relatively low volume fraction of the
F-phase (=35%).

A dilatometer attached with a computer-controlled horizontal pushrod dila-

tometer (LINSEIS DIL L76 instrument, Germany), was used for measuring the
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Table 1. Chemical composition of as-received TC21 Ti-alloy (mass fraction, %).

Al Mo Nb Sn Zr Cr Si Fe C N H (6] Ti
6.5 3.0 1.9 22 22 1.5 0.09 0.05 0.01 0.01 0.001 0.07 Bal.
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Figure 1. FESEM micrograph of TC21 Ti-alloy (a) and XRD pattern of TC21 Ti-alloy (b).
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Figure 2. General view of a dilatometric curve for TC21 Ti-alloy.

during continuous heating and cooling. Sample of diameter 4 mm and 20 mm
length was precisely machined using wire electrical discharge machine (EDM).
The sample was placed in contact with the pushrod and heated at a rate of
10°C/min up to 1100°C in static air, and then the sample cooled in air down to
room temperature. Change in sample length with temperature was recorded us-
ing WIN-DIL software. The first derivative was determined using equation be-

tween temperature and length to determine the a + <> f phase transformation
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temperature for the as-received material. The metallographic samples were
heated at a normal heat treatment furnace at the heating rate of 10 k/min, and
then water quenched at different temperature. The microstructures were ob-
served by field emission scanning electron microscopy (FESEM). The samples
for FESEM were prepared by rough and fine mechanical polishing followed by
etching with a solution consisting of 3% HF, 30% HNO; and 67% H,0.

3. Results and discussion
3.1. Dilatometric Analysis

Figure 2 shows an example for the general view of a dilatometric curve (com-
pression/dilation as a function of temperature) obtained during heating and
cooling of a sample of TC21 Ti-alloy. Transformation temperatures are deter-
mined from the slope changes in the curve that denoted to the change in sample
length.

By heating the sample above 720°C (Point A in Figure 3), the curve started to
be non-linear. In such case, the curve reaching a certain peak at 830°C and then
goes down till 950°C. This could be attributed to the shrinking influence caused
by crystal structure changing from duplex (a + p) structure into a single struc-
ture of S phase [11] [14]. As the a + f > B phase transformation continues, the
sample continuously shrinks and then finally stops at 950°C (Point B in Figure
3). As the temperature continues to increase, the length of the sample starts to
increase and becomes linear due to stopping the a + > f phase transformation
with further increase in temperature.

At 720°C (Point A in Figure 3), the amount of a phase achieved the maxi-

mum. This means that there will be an equilibrium state between a and £ phases
200
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Figure 3. Dilatometric heating curve for starting and finishing temperatures of a + >
phase transformation.
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at this temperature. When the temperature obtains higher than 720°C, the equi-
librium will be broken, and a phase will be transformed to S phase. Then, the ra-
tio of S to a increases and the expansion of the phase dominates the overall ex-
pansion of the alloy. As a result, a relative increase in sample length will be ob-
served on the dilatometric curve until the g transus (950°C). With further in-
crease in temperature more than S transus, T, (950°C), a complete 3 phase will
be formed. Two characteristic reflection points can be observed in the above
mentioned dilatometric curve with increasing the heating temperature. They are
defined as (T,) which referred to starting transformation temperature of a + >
pFand (T)) finishing transformation temperature of a + > f. T, for the investi-
gated TC21 Ti-alloy was reported at 720°C, whereas the corresponding T; was
obtained at 950°C.

In addition, the first derivative for the studied dilatometric heating curve
showed that starting and finishing temperatures of the a + # > S phase trans-
formation were more accurately and objectivity, Figure 4. The started and fi-
nished transforming temperatures using the first derivative curve (Figure 4)
were reported at 730°C and 955°C, respectively, which are close to the values
obtained in the dilatometric heating curve (720°C and 950°C).

Studying phase transformation kinetics during continuous cooling from both
a + prange and frange is essential if the material is to be properly processed
[11]. Dilatometric cooling curve for TC21 Ti-alloy from f range (1100°C) using
cooling air is shown in Figure 5. The starting temperature of > S + a phase
transformation was 885°C; however, the corresponding finishing temperature
was 665°C. These temperatures are smaller than the observed in heating, moti-
vated by the transformation > S+ a. It is clear that during the heating process,
the volume shrinks as the sample transform from the a + S phase to S phase, and
the volume increases when cooled. These results were in agreement with pre-
vious results [11] [14]. Figure 6 describes the first derivative for dilatometric

4 =
Btr

Dilatation, pm

-2 T . T T N

600 700 800 900 1000 1100

Temperature, °C

Figure 4. First derivative for dilatometric heating curve.
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Figure 5. Dilatometric cooling curve for starting and finishing temperatures of the > S
+ aphase transformation.
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Figure 6. First derivative for dilatometric cooling curve.

cooling curve. The starting and finishing temperatures were obtained at 665°C
and 885°C, respectively. It is found that the starting and finishing temperatures

of > B+ aphase transformation were more accurately and objectivity.

3.2. Determination of a + # = f Phase Transformation Fraction

The a + B > B phase transformation fraction is used to reflect the a + S >
phase kinetics during continuous heating. The dilatation characteristics of tita-
nium alloy, which is a polycrystalline material, can be isotropic in the solid-state

phase transformation [11] [14]. Thus, the relationship between variation in vo-
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lume (A V] V,) and relative length (AZ/L,) in the solid-state phase transformation
process can be expressed as [11]:

(AV/Y,) =3(AL/L,) <1>
where L, is the original sample length, V, is the original sample volume, and AV
and AL are the volume and length variations of the sample, respectively. Consi-
dering the dilatometric heating curve of the investigated TC21 sample, the de-
gree of deviation degree of the dilatometric curve should be proportional to the
a + f > p transformed volume fraction. Therefore, the level rule can be em-
ployed to analyze the dilatometric curve to explore the relationship between the

a+ f-> Ptransformed volume fraction (f) and heating temperature (Figure 3).
f= LEO/ Ler 2)

where Ly, and Ly are the measuring lengths of EO and EF lines representing in
Figure 3. Figure 7 shows the a + > ftransformation curve that exhibited a typ-
ical S-shaped pattern. This means that the a + f > g phase transformation for the
TC21 Ti-alloy is a nucleation-growth-controlled process [7] [15]. This finding
was in agreement with the results reported by Wan et al. [11] and Hui et al. [16].
The a + > p phase transformation in the TC21 Ti-alloy during continuous
heating was identified by quenching the samples from different temperatures.
Three samples were chosen based on the dilatometric curve measurements. The
samples were heated continuously to 830°C, 900°C and 1000°C and then imme-
diately quenched in water. Figure 8 shows the microstructure feature of the
three tested samples. When samples 1 and 2 were heated to 830°C and 900°C,
respectively (Figure 8(a) & Figure 8(b)), the volume fraction of the primary a
phase significantly reduces as the heating temperatures increases, but the S grain
grows gradually. This indicated that the transformation from a to S has been

obtained.

08

f (Leo/LEF)

0 1
730 750 770 790 810 830 850 870 890 910 930 950 970

Temperature °C

Figure 7. a + f-> fphase transformed volume fraction (f) as a function of temperature.
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Figure 8. Microstructure of TC21 Ti-alloy after quenching from different temperatures dur-
ing continuous heating at: (a) 830, (b) 900, and (¢, d) 1000°C.

When the temperature was above the [ transus at 1000°C (Figure 8(c) &
Figure 8(d)), the whole microstructure has transformed into g phase; the
quenched microstructure of S is a complete martensitic structure. The / grain
then became very coarse with a grain size of approximately 300 um. This result

was consistent with a previous study [7] [14].

4. Conclusions

From the results related to a + B < S phase transformation of TC21 Ti-alloy
during continuous heating and cooling, which were effectively studied by dila-
tometry technique, the following conclusions can be drawn.

1) Dilatometric heating curve showed that starting and finishing temperatures
of the a + f > [ phase were obtained at 720°C and 950°C, respectively. In addi-
tion, the first derivative for heating exhibited that starting and finishing temper-
atures were reported at 730°C and 955°C, respectively.

2) Dilatometric cooling curve exhibited that the starting temperature of 8> B
+ a phase transformation was 880°C; however, the finishing temperature was
670°C. While, the starting and finishing temperatures using the first derivative
curve were obtained at 665°C and 885°C, respectively.

3) The first derivative for the studied dilatometric heating and cooling curves
showed that starting and finishing temperatures of the a + f < f phase trans-
formation were more accurately and objectivity.

4) The a + > ptransformation heating curve of the TC21 Ti-alloy presents a
typical S-shaped pattern.
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