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Abstract Accurate measurements of enthalpy increment (HT − H298.15) values
have been made on a Ti–5 mass% Ta–1.8 mass% Nb alloy using the inverse drop cal-
orimetry technique in the temperature range from 463 K to 1457 K. The measured
enthalpy increment values show a steady increase with temperature in both α-hcp and
β-bcc solid solution regions. It is found that both the onset as well the completion
of the α → β phase change are demonstrated by a marked deviation of the enthalpy
increment behavior from the otherwise smooth variation encountered in the respec-
tive low-temperature α- and high-temperature β-phase domains. The transformation
start (Ts) and finish (Tf ) temperatures of the α → β phase change are found to be
(1072 ± 10) K and (1156 ± 10) K, respectively. In the actual α → β phase transforma-
tion region, the variation of the enthalpy with the progress of transformation is found
to follow a sigmoidal shape which is in line with the diffusive nature of the phase
transformation. An estimation of the total enthalpy change associated with the α → β

phase transformation (�◦ Htr) has been made by assuming a simple diffusion limited
kinetic model for the phase change. The net enthalpy change for the α → β transfor-
mation is found to be 76 J · g−1. The measured temperature variation of the enthalpy
increment in both α- and β-phase regimes are fitted to simple analytical functional
forms to obtain temperature-dependent estimates of the specific heat, CP . The total
specific heat change associated with the α → β phase transformation �◦Cα

P
→β is

estimated to be 904 J · kg−1 · K−1.
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1 Introduction

It is rather well known that commercial titanium and titanium-based alloys find
extensive applications in many diverse areas ranging from aerospace, chemical, bio-
technology, and human prosthetic replacements, to name a few [1,2]. A somewhat
recent addition to this growing list is the Ti–5 mass% Ta–1.8 mass% Nb alloy that is
developed for nuclear fuel reprocessing applications, where a high level of corrosion
resistance to boiling nitric acid is required [3,4]. This Ti–5 mass% Ta–1.8 mass% Nb
alloy is basically an α(hcp)-phase alloy, although the presence of β(bcc)-stabilizers
such as niobium, tantalum, and some residual iron of about 7 mass% in total contrib-
utes to the presence of about 4 vol% to 5 vol% of the β-phase in the room temperature
microstructure [5,6]. Despite the fact that a fair amount of microstructure-property
characterization studies of this new α + β alloy has been carried out in the authors’
laboratory [4–8], a detailed investigation of the thermodynamics and kinetic aspects
of the phase stability and phase transformation is rather due. In the present study, we
attempt to fill this gap partially by performing accurate drop calorimetry measure-
ments on well-annealed homogeneous samples of the Ti–5 mass% Ta–1.8 mass% Nb
alloy. The temperature range of investigation is from 463 K to 1457 K, which includes
the α → β phase transformation domain as well. The motivation behind this work is
to obtain reliable estimates of the enthalpy and specific heat over regions of stability
of both α- and β-phases, besides probing calorimetrically the nature of the α → β

transformation. The experimental details are given in the ensuing section.

2 Experimental Details

2.1 Basic Characterization of the Alloy

The alloy used in this study is prepared by vacuum arc melting in the Nuclear Fuel
Complex, Hyderabad, India. The chemical composition of the alloy as determined by
wet chemical analysis is listed in Table 1. The primary ingot after suitable thermo-
mechanical processing is received in the form of rods. This alloy has been subsequently
stress relieved by holding at 973 K for about 5 h. The basic microstructural character-
ization has been carried out using optical microscopy (Leica MeF4A) and scanning
electron microscopy (Philips XL-30). The samples for metallography are prepared by
conventional mechanical polishing followed by etching with Kroll’s reagent (2 mL
HF + 8 mL HNO3 +90 mL H2O). Phase identification has been carried out using the
INEL�X-ray diffraction system employing Cu-Kα radiation in the 2θ range spanning
from 20◦ to 90◦. Pure Silicon powder (99.99 %) supplied by NPL, India has been
employed as the calibration standard.
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Table 1 Chemical composition of the alloy as determined by wet chemical analysis

Element Ta Nb Fe O N H C Ti
Concentration 4.39a 1.85a 263b 500b 47b 9b 125b Balance

a Values in mass%
b Values in ppm by mass

2.2 Drop Calorimetry Studies

The inverse drop calorimetry studies are performed with a Setaram multi HTC 96�
high-temperature calorimeter. The temperature and heat flux calibration of the instru-
ment has been carried out with the melting point of pure Al and pure α-Al2O3 pellets
supplied by Setaram respectively. Samples for calorimetry are taken in the form of
small pieces with an average mass in the range (30±0.1) mg to (60±0.1) mg. These
are cleaned with alcohol and dried prior to the experiment. Samples are loaded into the
individual slots of the specimen holder provided at the top assembly of the calorimeter
setup. The sample holder is kept at the reference temperature (room temperature). The
furnace and experimental chambers are alternately evacuated and purged with high
purity argon gas before the commencement of each experimental run. Subsequently,
a steady argon flow of about 50 mL · min−1 is maintained throughout the experiment.
The drop bed is made up of a small alumina crucible of capacity 6.25 cm3 filled up
to two third of its total capacity with high pure alumina powder supplied by Setaram.
This alumina bed is located at the bottom end of the long ceramic tube, which is
heated by the surrounding graphite furnace. The temperatures of the furnace and sam-
ple are measured independently by a Pt/Pt–Rh thermocouple. The furnace is heated
to the predetermined temperature at the rate of 5 K · min−1. When the temperature of
the alumina bed has reached the preset value and remained constant to within about
±0.2 K (which took about 6 h to 7 h), the samples are dropped one by one from their
respective slots into the hot isothermal alumina bed through the guiding alumina tube.
In order to ensure the attainment of complete thermal equilibrium of the bed after
each successive drop experiment, a time interval of about 15 min to 20 min is allowed
to elapse between successive drops. The experimental schedule is designed in such
a manner that the dropping of each Ti–Ta–Nb sample is followed immediately (after
allowing for the statutory waiting period required for achieving thermal equilibrium
of the bed) by that of a reference α-Al2O3 pellet under nearly identical conditions.
This ensures that the basic drop calorimetry signal, namely, the change in bed tem-
perature (�T ) with time (t) recorded during the thermal equilibration of the bed after
dropping of the alloy, is reliably calibrated in terms of a similar datum collected with
the reference sample or calibrant whose enthalpy increment at the set temperature is
known a priori. Assuming negligible heat loss due to radiation, the measured total
heat flux Qs transacted in the course of drop experiment of the alloy may be written
as follows [9]:

Qs = C(T ) × (ms/Ms) × (HT − H298)s (1)
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In Eq. 1, ms is the mass of the alloy sample, Ms is the average molar mass of the
alloy, HT − H298 is the enthalpy increment at T with respect to the reference temper-
ature, 298 K, and C is the empirical temperature-dependent calorimeter constant. The
parameter C(T ) can be evaluated from a knowledge of the heat flux change measured
in the drop experiment of the reference α-Al2O3 sample and from a knowledge of its
assessed enthalpy increment data [10]. Thus, for reference we may write an equation
similar to Eq. 1;

QR = C(T ) × (mR/MR) × (HT − H298)R (2)

Here, mR and MR stand, respectively, for the actual and molar mass of the refer-
ence. (HT − H298)R is the enthalpy increment of the reference sample. Once C(T )

is estimated as a function of temperature from Eq. 2, it is a straightforward task to
calculate the enthalpy increment of the alloy sample, using Eq. 1. In the present study,
drop experiments are conducted in the temperature range from 463 K to 1457 K using
fresh individual samples for each drop. The temperature interval between each suc-
cessive drop is chosen as 25 K. The drop experiments are conducted in three separate
runs or schedules. In each of these schedules the isothermal drop experiment is per-
formed at successively higher temperatures, with approximately 25 K as the tempera-
ture step. Further, in each of these runs, different starting temperatures, say from 463 K,
488 K, and 523 K are adopted so that in the temperature interval 463 K to 1457 K, quite
a good number of data points are gathered. In the β-phase domain, some additional
experiments are also carried out with a smaller than 25 K temperature interval, to get
improved statistics in the high-temperature region, where the data scatter is expected
to be relatively high. In addition, metallographic characterization of selected samples
that are dropped from the transformation temperature zone have also been carried out
to qualitatively assess the extent of the phase transformation as a function of temper-
ature. An estimate of the volume fraction of the β-phase in these samples is carried
out using the image analysis software ImageJ� (available on http://rsb.info.nih.gov/
ij/index.html). These experimental results are described in the following section.

3 Results

3.1 Initial Characterization of the Alloy

The microstructure of this alloy is shown in Fig. 1. It is observed that the microstruc-
ture consists of well-defined equiaxed α-grains, characteristic of an annealed state. The
XRD pattern taken at room temperature is shown in Fig. 2. The presence of the major
α-hcp phase is clearly evident from the X-ray profile. Based on chemical composition
(Table 1), the present alloy is expected to be an α+β two-phase alloy. However, optical
microscopy observations, and especially the XRD pattern, did not reveal unequivo-
cally the diffraction lines that are characteristic of the bcc-phase. Possible reasons
for this could be the strong overlap of the major β-phase reflections with the matrix
α-lines and further, the volume fraction of β being small to make a distinct registry of
its own weak reflections [11]. The presence of a small amount of the β-phase in this
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Fig. 1 Optical micrograph of the Ti–5 mass% Ta–1.8 mass% Nb alloy annealed at 973 K/5 h showing
equiaxed grains

Fig. 2 Room temperature XRD pattern of the Ti–5 mass% Ta–1.8 mass% Nb alloy showing the presence
of α-phase peaks

alloy has been confirmed based on microstructural evidence obtained using electron
microscopy [5]. In Table 2, the X-ray diffraction results are summarized and the cal-
culated lattice parameter values for the α-phase are also listed. Since, to the best of
our knowledge, no prior structural characterization of this alloy has been reported in
the literature, a comparison of the lattice parameter of this alloy with reported values
for other related Ti-based alloys has also been made in Table 3 [12–17]. It is readily
observed that there is a close agreement between the lattice parameter values of the
present alloy with reported ones at related compositions.
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Table 2 Details of X-ray
diffraction data on Ti–5 mass%
Ta–1.8 mass% Nb alloy

S. No. 2θ (◦) Normalized (hkil) Lattice
intensity value parameter (Å)

1 35.121 13.9 (10.0)α a = (2.947 ± 0.002) Å

2 38.481 40.1 (00.2)α c = (4.695 ± 0.003) Å

(110)β c/a = 1.593

3 40.233 100 (10.1)α

4 53.025 14.4 (10.2)α

5 62.985 7.3 (11.0)α

6 70.773 14.7 (10.3)α

7 76.293 9.6 (11.2)α

8 77.361 6.9 (20.1)α

9 82.329 4.7 (00.4)α

Table 3 Lattice parameters of Ti–5 mass% Ta–1.8 mass% Nb alloy and a few other titanium alloys having
α (hcp), α′ (hcp-martensite), and α′′ (orthorhombic-martensite) phases

Alloy Lattice parameter (Å) c/a Reference

a c

Ti 2.9503 4.6810 1.587 [12]

Ti–5 mass% Ta–1.8 mass% Nb 2.947 ± 0.002 4.695 ± 0.003 1.593 Present work

Ti–6 mass% Al–4 mass% V 2.938 4.684 1.594 [13]

Ti–6 mass% Al–2 mass% Sn–4 mass% 2.942 4.698 1.597 [13]

Zr–2 mass% Mo–0.08 mass%

Ti–4 mass% Nb–4 mass% Zr 2.964 4.697 1.584 [14]

Ti–2 mass% Mo 2.943 4.681 1.590 [15]

Ti–4 mass% Mo 2.945 4.676 1.588 [15]

VT14 2.92 4.68 1.602 [16]

α′′-Orthorhombic phase

Ti–25.5 mass% Nb a = 3.11 Å b/a = 1.581 [17]

b = 4.92 Å c/a = 1.491

c = 4.64 Å

Data for the latter alloys are taken from Refs. [12–17]

3.2 Enthalpy Increment Variation with Temperature

Figure 3 shows the temperature variation of the enthalpy increment (HT − H298)
measured in two typical experimental runs. In each of these runs, the isothermal
drop experiment is performed at successively higher temperatures with a temper-
ature interval of about 25 K. It is observed from Fig. 3 that the enthalpy increment
(HT −H298) for the low-temperature α-phase increases steadily in a non-linear fashion
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Fig. 3 Variation of enthalpy increment with temperature for Ti–5 mass% Ta–1.8 mass% Nb alloy

with
temperature up to about 1072 K. At this temperature there is a clear change in the
enthalpy variation behavior indicating the possible commencement of the α → β

phase transformation [14]. In the α → β transformation region, the enthalpy incre-
ment values show a steeply rising character with temperature. This trend persists up
till about 1156 K and, subsequent to which, another marked change in the enthalpy
variation has been observed. This second inflection temperature is taken to mark the
approximate completion (Tf ) of the β-phase formation. In the β-phase regime, the
enthalpy again shows a continuous, non-linear increase with temperature.

3.3 Microstructural Changes During α → β Transformation

Although the presence of distinct inflections in the enthalpy curve (Fig. 3) clearly
attested to the occurrence of the α → β-phase change, it was also confirmed by an
independent observation of the microstructural evolution at select temperatures in the
transformation zone. This microstructural observation is carried out on samples that
are dropped from the α → β transformation temperature domain. The choice of the
temperature is such that one sample each is drawn from just below the α → β phase
transformation start (Ts), in the actual α → β transition region and just after the
completion of the α → β phase transformation. The microstructure of these alloy
samples are collated in Fig. 4. It is observed from Fig. 4a that at 1060 K, a temperature
that is a little lower than the actual α → β phase transformation start temperature
Ts, i.e., (in the α-phase field), a microstructure with equiaxed α-grains and fine inter-
and intragranular β-precipitates is observed. This again confirms the deduction that at
1060 K, the matrix is predominantly α-grains and the β-phase is nucleated at the grain
boundary. The relative amount of the β-phase fraction at this temperature is estimated
to be about (3.73 ± 0.5) %. Figure 4b compares the EDS spectra collected from the
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Fig. 4 (a) Back scattered electron image showing the primary α-phase at 1060 K, (b) EDS spectra corre-
sponding to 1060 K obtained from α- and β-phases, and (c–f) back scattered electron images showing the
variation in microstructural features with increasing temperature; (c) 1083 K, (d) 1120 K, (e) 1133 K, and
(f) 1158 K

equiaxed α-grains and from the β-precipitates. It is clearly seen that the β-phase is
slightly enriched in Ta and Nb content as compared to α-grains, a fact which suggests
that certain solute repartitioning should have taken place during the course of forma-
tion of the β-phase. In Fig. 4c, the microstructure of the drop sample pertaining to a
higher temperature, namely, 1083 K is shown. From this figure, a slight coarsening of
the β-precipitates is noticed; the amount of β-phase at this temperature is estimated
to be around (6.56±1.3) %. At still higher temperatures, namely, 1120 K and 1133 K,
the microstructure shown in Fig. 4d, e, respectively, consisted of a large amount of a
transformed β fraction. In Fig. 4f, corresponding to a sample dropped from 1158 K, an
almost fully transformed β structure is noticed and this indicates that the α → β phase
change is by and large complete at 1158 K. So judging from the microstructure point
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of view as well, the temperature of 1158 K may be taken as the typical end point of the
α → β transformation. This temperature is in excellent agreement with the inflection
point of 1156 K obtained from calorimetry data (Fig. 3). It is interesting to recall that
this calorimetric estimate of the transformation finish temperature (Tf ) is close to the
β-transus temperature of 1143 K evaluated in our previous studies [11].

As a further remark, it may be said that in typical drop calorimetry studies, no
matter how close the temperature interval is chosen, it is not possible to trace the
enthalpy behavior with temperature in a continuous manner. We take into consider-
ation this point and also in view of the fact that the first detectable evidence of the
β-phase formation in drop calorimetry occurs only when the fraction transformed
reaches a minimum threshold that is adequate to induce a measurable thermal effect.
Thus, the true transformation start temperature is not detected in the drop calorime-
try measurements. A similar limitation also exists for the metallographic detection of
transformation onset as well. Despite these limitations, it is interesting to note that the
drop calorimetry signature of the α → β transformation domain is in fair accord with
the microstructural evidence.

4 Discussion

4.1 Analytical Representation of Enthalpy Increment Data

The experimental enthalpy increment data in α-, α + β, and β-phase regions are fit-
ted to the following expressions and the corresponding specific heat (CP ) values are
calculated from these expressions. The expression for the α-phase domain is chosen
by fixing �◦ H298.15 = 0.

4.1.1 α-Phase: 463K ≤ T ≤1072K

�◦ H(J · kg−1) = [HT − H298.15] = 399.64 (T − 298.15) + 0.11
(

T 2 − 298.152
)

− 4825421.78 (1/T − 1/298.15). (3)

CP (J · kg−1 · K−1) = d
(
�◦ H

)
/dT = 399.64 + 0.22T + 4825421.78T −2 (4)

From Eq. 4, the specific heat CP at 298.15 K is estimated to be 519 J · kg−1 · K−1.
This value is in the same range as the ones reported for other related Ti-based
alloys [18].

4.1.2 α → β Transformation Region: 1072K ≤ T ≤ 1156K

In the α + β two-phase domain the total enthalpy increment (�◦HT ) at any tem-
perature T is basically a sum of two independent contributions. Of these, the first
comes from the weighted sum of individual enthalpy contributions from α- and
β-phases. The other, termed as the phase transformation enthalpy (�◦Htr), arises
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from the so-called latent heat associated with the α → β phase transformation. Thus,
to a first approximation, the total measured enthalpy increment (�◦ HT ) may be written
as follows [19]:

�◦ HT =
[

fα�◦ Hα
T + fβ�◦Hβ

T

]
+ fβ�◦ Htr. (5)

where

fα(T ) + fβ(T ) = 1. (6)

In the above equations, fα(T ) and fβ(T ) denote, respectively, the fraction of
α- and β-phases present at temperature T ; �◦ Hα

T is the enthalpy increment of the

α-phase at temperature T , and �◦ Hβ
T is the enthalpy increment of the β-phase. The

basis for the above approximation is the fact that in contrary to the phase change
in a unary system, the α → β phase transformation in an alloy occurs over a tem-
perature range. Hence, at any temperature T in the transformation zone, namely,
Ts ≤ T ≤ Tf , we have finite amounts of both α- and β-phases whose phase frac-
tions fα and fβ are, of course, functions of temperature. However, as a bound-
ary condition, we also have that as T → Tf , fα → 0 and fβ → 1. Thus, at
any intermediate temperature in the transformation zone Ts ≤ T ≤ Tf , we have
a progressively increasing contribution to total enthalpy from the α → β phase
change.

It emerges therefore from the foregone discussion that an attempt to model the
total enthalpy in the two-phase transformation zone in terms of Eq. 5 necessitates that
�◦ Hα

T , �◦ Hβ
T , fα , and fβ must be known as a function of temperature in the domain

Ts ≤ T ≤ Tf . It is clear that both �◦ Hα
T and �◦ Hβ

T in the transition zone ought
to be obtained as metastable extrapolations of their respective trends in their stable
α- and β-phase stability domain. This is graphically illustrated in Fig. 3, wherein, the
dotted line indicates the extrapolated enthalpy behavior of the α-phase in the α → β

transformation zone. This extrapolation is extended only up to Tf , the transforma-
tion finish temperature. Thus, in a physical sense, the indicated enthalpy difference
of 55 J · g−1 in Fig. 3 equals the differential quantity, �◦ Hα

T (Tf) − �◦ Hα
T (Ts); with

the tacit understanding that �◦ Hα
T (Tf) is the extrapolated estimate of the α-phase

enthalpy at Tf . Stated in other words, if one were to increase the temperature of the
α-phase to Tf from Ts without allowing for it to transform to β, then this process
would have entailed an enthalpy increase of the α-phase of 55 J · g−1. Now in the sec-
ond step, the α → β transformation is allowed to take place at the fixed temperature
T = Tf ; and this isothermal transformation step would result in an enthalpy change of
76 J ·g−1 (Fig. 3). This latter value corresponds to the total transformation enthalpy or
the latent heat released during the process of the α → β transformation. But it must
be remembered that in the actual or continuous α → β phase change, this net value of
76 J ·g−1 is distributed over the entire domain transformation domain Ts ≤ T ≤ Tf . At
the transformation start temperature Ts, we have fβ = 0; �◦ Htr = 0, and at T = Tf ,
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�◦ Htr = 76 J · g−1. Thus, in the final analysis, the total enthalpy increment �◦ HT

(T ) in the α → β transformation zone is given as

�◦ HT /J · kg−1 = [HT − H298.15] = {399.64 (T − 298.15) + 0.11
(

T 2 − 298.152
)

− 4825421.78 (1/T − 1/298.15)} + fβ�◦ Htr. (7)

It is again worth reiterating the fact that the first term inside the braces on the right-
hand side of Eq. 7 denotes the α-phase enthalpy which is extrapolated up to Tf . The
second term is the transformation component.

As for explaining the temperature dependence of the progress of the α → β

transformation, namely, fβ(T ), an empirical description of the diffusional phase
transformation kinetics is invoked that goes by the name of the Kolmogorov–John-
son–Mehl–Avrami (KJMA) model. According to this model, fβ(T ) is given by the
following expression [20]:

fβ(T ) = 1 − exp{−kn
0 exp {(−nQeff/RT )} (R (T − Ts)

2 /(φQeff))
n}. (8)

Here, Qeff represents the apparent activation energy for the overall transformation,
n is an empirical transformation exponent, k0 is the frequency factor, and R is the
universal gas constant. It must be noted that Eq. 8 is a simple model for the isochro-
nal transformation kinetics that is valid under certain conditions only [21,22]. In this
sense, the parameter φ appearing in Eq. 8 should correspond ideally to slow rates of
heating such that at each temperature T in the transformation zone, the equilibrium
limit of fβ(T ) is realized. In the present set of drop calorimetry measurements, we
allow for about 20 min to elapse between successive drops, and hence it is presumed
that fβ = f eq

β at each temperature interval in the transformation domain. Substitut-
ing Eq. 8 for fβ(T ) into Eq. 7, the experimental enthalpy data corresponding to the
transformation temperature zone are fitted to obtain the following values for the fit
parameters:

n = 1.1;
Qeff = 295 kJ · mol−1; and

k0 = 1.06 × 1013s−1.

The specific heat in the transformation zone can also be evaluated by taking the deriv-
ative of Eq. 7 with respect to T . The relevant expression for CP is the following:

�Cα→β
P /J · kg−1 · K−1 = 399.64 + 0.22T + 4825421.78T −2

+ fβ�◦CP + d fβ/dT (�◦ Htr). (9)

Here, �◦CP is the change in CP associated with the α → β phase transformation. Its
value is estimated to be (�◦ Htr/�T ) = 904 J · kg−1 · K−1.

123



Int J Thermophys (2010) 31:2246–2263 2257

4.1.3 Enthalpy Representation in β Region: 1156K ≤ T ≤ 1457K

In the β-phase region the enthalpy increment values are fitted to the following expres-
sion:

�◦ HT (J · kg−1) = 225.15T + 0.15T 2 + 70534894.46T −1 (10)

CP = d
(
�◦ HT

)
/dT = 225.15 + 0.3T − 70534894.46T −2 (11)

The variation of CP with temperature in the α-phase, in the phase transformation
region, and in the β region are shown in Fig. 5. In Table 4, the experimental enthalpy
increment data together with fit values are listed for select temperatures in the α- and
β-phase regions. Since each experiment is conducted with fresh samples having differ-
ent mass, the relevant information together with the measured value of the calorimeter
signal given in µV · s · g−1 are also included in the tabulation. The corresponding CP

values obtained from the fit expressions are listed in Table 5.

4.1.4 Neumann–Kopp Approximation for CP Evaluation

As not much data are available on thermal properties of advanced titanium alloys con-
taining bcc transition elements, the measured specific heat values for the Ti–5 mass%
Ta–1.8 mass% Nb alloy are compared with the reported values for a Ti–Nb–Zr alloy
[14]. As may be seen in Fig. 5, the values for these two closely related alloys compare
rather well. Besides, an attempt is also made to compare the present experimental val-
ues with the estimated results using the Neumann–Kopp (N–K) approximation which
is given as [23]

Fig. 5 Variation of specific heat CP with temperature for Ti–5mass%Ta–1.8 mass% Nb alloy
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Table 4 Experimental enthalpy increment data on Ti–5 mass% Ta–1.8 mass% Nb alloy at selected tem-
peratures are listed together with fit values

T (K) Mass Peak area �◦ HT �◦ HT Difference
(10−3 g) (103 µV · s · g−1) experimental Fit (J · g−1) (%)

(J · g−1)

α-Phase

298 0 (set) 0 −−
464 29.1 9.38 84 86 −2

489 22.2 11.14 86 89 3

514 25.0 15.72 109 112 −3

539 29.5 21.75 132 126 5

563 29.3 26.24 144 139 4

586 22.9 30.70 156 151 3

638 26.6 36.63 177 179 −1

662 22.9 41.39 192 193 0

663 25.0 47.00 194 193 1

686 24.8 55.10 214 206 4

712 28.0 60.52 226 221 2

737 28.4 66.76 232 235 −1

761 26.3 74.30 254 249 2

786 21.2 82.70 259 263 −2

811 24.8 86.96 273 278 −2

836 28.6 90.65 273 293 −7

860 28.8 102.84 302 307 −1

885 22.6 111.82 319 322 −1

910 30.0 119.21 325 337 −4

935 34.9 128.42 345 352 −2

959 22.1 141.80 338 367 −8

985 27.6 164.79 414 383 8

1009 22.3 158.32 410 398 3

1059 22.4 180.76 426 429 −1

1084 24.3 232.88 438 445 −2

β-Phase

1195 46.8 197.18 557 542 3

1205 53.7 212.18 557 548 2

1223 43.7 223.48 575 557 3

1230 48.6 235.61 585 561 4

1254 58.4 238.95 571 575 −1

1254 60.4 238.74 596 575 4

1258 54.3 230.87 617 577 7

1274 58.8 239.62 590 585 1

1280 58.9 244.92 595 589 1

1304 58.8 239.00 596 603 −1
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Table 4 continued

T (K) Mass Peak area �◦ HT �◦ HT Difference (%)
(10−3 g) (103 µV · s · g−1) experimental Fit (J · g−1)

(J · g−1)

1344 59.8 249.38 603 626 −4

1357 58.3 243.57 635 634 0

1382 61.3 238.99 705 649 8

1407 61.2 247.07 644 664 −3

1432 60.0 257.86 650 679 −4

1432 55.0 250.00 670 679 −1

1457 59.6 255.11 690 695 −1

Enthalpy values are rounded off to the nearest integer. The quality of fit is given by the percentage difference
which is defined as [{�◦ HT (exp)−�◦ HT (fit)}×100]/�◦ HT (exp)

CTi−Ta−Nb
P = xTiC

Ti
P + xTaCTa

P + xNbCNb
P (12)

where xTi, xTa, and xNb are mole fractions of Ti, Ta, and Nb in the alloy and CTi
P , CTa

P ,
and, CNb

P are specific heat values of Ti, Ta, and Nb, respectively. The input data for CP

of pure elements are taken from a standard source [24]. In Fig. 5, the N–K estimate is
also co-plotted with the experimental data and it is readily observed that the estimated
CP is slightly higher than the experimental one; nevertheless, its behavior is quite
similar to the experimental trend.

5 Conclusions

(1) An accurate determination of the temperature dependence of the enthalpy incre-
ment for Ti–5 mass% Ta–1.8 mass% Nb has been made in the temperature range
from 463 K to 1457 K using inverse drop calorimetry. The measured data are
subject to standard analytical treatment to obtain specific heat values for α- and
β-phases.

(2) The drop calorimetry study clearly attested to the occurrence of the α → β

phase transformation in the temperature range from 1072 K to 1156 K. This
temperature interval for the α→β phase transformation has also been confirmed
by microstructural studies.

(3) The α→β phase transformation kinetics is assumed to follow the KJMA descrip-
tion of a diffusion-limited reaction. The apparent activation energy for the overall
phase change is estimated to be 295 kJ · mol−1.

(4) The latent heat associated with the phase transformation or the transformation
enthalpy is estimated to be 76 J · g−1. The corresponding change in specific heat
�◦CP is estimated as 904 J · kg−1 · K−1.

(5) The measured specific heat values for the α phase are reasonably approximated
by the Neumann–Kopp rule.
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Table 5 Estimated specific-heat
(CP ) data of Ti–5 mass%
Ta–1.8 mass% Nb alloy using
Eqs. 4 and 11 for α- and
β- phases, respectively

Temperature (K) CP (J · kg−1 · K−1)

α-Phase

298 520

464 524

489 527

514 531

539 535

563 539

586 543

638 552

662 556

663 556

686 561

712 566

737 571

761 575

786 580

811 585

836 590

860 595

885 601

910 606

935 611

959 616

985 621

1009 626

1059 637

1072 640

1084 642

β-Phase

1180 529

1180 529

1195 534

1205 538

1223 545

1230 547

1254 557

1258 558

1274 564

1280 566

1304 575
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Table 5 continued
Temperature (K) CP (J · kg−1 · K−1)

1329 584

1344 589

1357 594

1382 603

1407 612

1432 620

1432 620

1457 629
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Appendix

Estimation of β-phase Fraction Using ImageJ� Software

The β-phase fraction has been quantified by image analysis using the ImageJ� pro-
gram. For this purpose, the SEM back scattered electron images obtained at different
magnifications are used. Due to the partitioning of β stabilizing elements between the
α- and β-phases, it is possible to use the mass contrast in the backscattered mode to
distinguish between β (white) and α (black) coexisting phases with a scanning elec-
tron microscope. Image analysis has been performed on as-collected images using
the threshold option in ImageJ�. The threshold limit is set in such a manner that
the processed image resembled and matched quite well with the unprocessed original
image, as shown in Fig. 6a, b. The quantification thus obtained is certainly subject to
the limitations of image threshold setting parameters, and this is a difficult issue to

Fig. 6 (a) SEM backscattered image of 1073 K drop sample and (b) processed image using ImageJ�
software, with threshold set for capturing the β-phase with a fair degree of resemblance to unprocessed
image
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quantify very objectively. In the case of the binary Ti–25.5 mass% Nb alloy that has
been equilibrated for long time periods, we adopted a similar procedure to quantify the
β-phase fraction against the standard values quoted by other studies and also obtained
from an equilibrium diagram using the lever rule [25]. The relative merit of adopt-
ing an image analysis procedure for phase fraction quantification is calibrated from
the results of this study. But it must be admitted that pending rigorous quantification
using multi-cross sectional images and also a comparative study using X-ray profile
analysis, where this method is applicable, the simple method adopted in the present
study will be of use only in comparing the relative changes in the β-phase fraction as
a function of temperature. Thus, the β-phase fraction in the sample that is dropped
from 1060 K by the above procedure is estimated as (3.73±0.5) % with the remaining
fraction of the microstructure attributed to the α-phase. A similar procedure has been
followed to calculate the β-phase fraction of the sample dropped at 1083 K and the
estimated β-phase fraction is (6.56±1.3) %. In image analysis procedures, the uncer-
tainty figure has no absolute meaning. However, we have performed the analysis on
12 different images obtained at the same and different magnifications, and also from
different locations. The standard deviation of the volume fraction obtained is quoted
as a typical uncertainty.
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