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Abstract In this study, the thermal analysis of the w
nanophase transformation from a quenched metastable f3
Ti—12Mo alloy composition (mass%) was investigated by
electrical resistivity and dilatometry measurements. The
activation energy was observed to be 121 £ 20 kJ mol ™"
(from resistivity measurements) and 114 £ 12 kJ mol ™!
(from dilatometry measurements) during the early stage of
the transformation process. The kinetic of the w nanophase
transformation was modelized by using the classical John-
son—-Mehl-Avrami (JMA) theory and a modified Avrami
(MA) analysis. An Avrami exponent close to 1.5 was found
at the early stage of the transformation suggesting a pure
growth mechanism from pre-existing nucleation sites.
Nevertheless, it was observed a decrease of the Avrami
exponent to 0.5 at higher transformed fraction demon-
strating a dimension loss in the growth mechanism due to
the existence of the high misfit strain at the interface f/w.

Keywords Titanium alloy - Dilatometry -
Electrical resistivity - Activation energy - Kinetic

Introduction

Over the last few decades, the interest of titanium alloys has
become more and more important in many application fields
(aeronautic, biomedical, chemistry, etc.) because of their
properties of high strength, excellent hardenability, low
density and good corrosion resistance [1]. In titanium-based
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alloys, it has been reported a possible nanostructuration
leading to a general improvement of the mechanical prop-
erties and a considerable strengthening. This nanostructur-
ation is due to the precipitation of the nanoscale w phase
(20-30 nm in size), which is observed in metastable f3
Ti-based alloys (quenching from the f phase field) con-
taining appropriate f-stabilizer elements such as Fe, Mo,
Ta, Nb, Cr and/or V [2-7].

It has been reported that the w nanophase transition could
be particularly well detected on heating by means of the
electrical resistivity and dilatometry measurement tech-
niques. These methods are well known to be very sensitive to
minor constitutional changes produced by quenching, age-
ing and precipitation treatments [8—13]. In this study, a
binary metastable  Ti—-Mo alloy containing 12 mass% of
molybdenum element was synthesized and then character-
ized by employing electrical thermo-resistivity and thermo-
dilatometry measurements. The nanoscale «w phase trans-
formation process in Ti—12Mo alloy was investigated under
different isothermal conditions by applying the classical
Johnson—-Mehl-Avrami (JMA) theory and a modified
Avrami (MA) plot method. With this combined approach,
Avrami exponents and activation energies were determined
in order to clarify the o nanophase transformation kinetic
process from the metastable f state with the objective to
develop a new generation of high-strength nanostructured
Ti-based alloys.

Experimental
The binary Ti—12Mo (mass%) alloy was synthesized by the
cold crucible levitation melting (CCLM) technique in an

induction furnace (CELES high frequency generator). The
melting was carried out under a pure Ar atmosphere after
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several cycles of high vacuum pumping. Notable features
of CCLM are that it can melt metals with a high melting
point, create an alloy of uniform composition and prevent
the crucible contamination [14]. The obtained ingots
(weight of about 20 g) were remelted in a laboratory scale
arc furnace (7400 TUBINGEN, Edmund Bihler), under
pure argon atmosphere. Near cylindrical ingots with a
diameter of about 10 mm and a length of about 25 mm
were obtained. The ingots were then solution treated in
the f-phase domain at 1,223 K under high vacuum
(1076 mbar) for 2 h in a tubular furnace and then quenched
in water at room temperature to obtain the metastable f3
microstructure. Specimens of two different shapes for
electrical resistivity measurements and dilatometry mea-
surements, respectively, were cut from the ingots and
cleaned in an acidic bath (10% HF in nitric acid HNO3).

The resistivity measurements were performed by using
the four-probe method with a serial electrical circuit set-up
composed of: the sample (cut into a thin 20 mm x
2 mm x 0.7 mm lamella in contact with the thermocouple
for measuring the temperature), a reference resistor R,.¢
(2 Q), a d.c. source and a computer-controlled data acqui-
sition system (self-designed apparatus). All the experiments
were carried out under high vacuum (10~° mbar) from room
temperature. In order to suppress the parasites, the sample
was placed in the middle of a molybdenum tube as a Far-
aday cage during the measurement. In non-isothermal
conditions, a constant heating rate of 2 K min~' was used
and for the isothermal measurements, the desired temper-
atures (421, 431, 441 and 451 K) were reached at
2 K min~" after holding the sample at 363 K for 2 h to
eliminate the thermal stress. For the dilatometry measure-
ments (self-designed apparatus), all the samples were cut
into a square rod (dimension: 18 mm x 4.2 mm X
4.2 mm). The dilatometry variation, AL, of the sample, in
contact with the thermocouple for measuring the tempera-
ture, was carried out under high vacuum (107°~1077 mbar).
In non-isothermal conditions, a constant heating rate of
2 K min~" was used and for the isothermal measurements,
the desired temperatures (421, 431 and 441 K) were
reached at 2 K min " after holding the sample at 363 K for
2 h. In order to determine the transformed fraction by
dilatometry, the maximum variation, AL,,x, was measured
to be 12.7 um by an isothermal treatment at 441 K until no
length change happened.

Results and discussion
Non-isothermal measurements

The non-isothermal characterizations of the transformation
process from the Ti—12Mo quenched alloy were performed
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Fig. 1 Non-isothermal scans obtained from the as-quenched
Ti-12Mo alloy by relative electrical resistivity and dilatometry
measurements (heating rate: 2 K minfl)

by relative electrical resistivity and dilatometry measure-
ments under continuous heating conditions. Figure 1 shows
the resistivity and the dilatometry variation curves from
363 K to about 1,200 K (heating rate: 2 K min™"). In this
figure, the derivative of the dilatometry signal is also
indicated in dash line. The transformation sequence from
the metastable f state carried out on different Ti-based
alloys has been recently established by our group and the
curves obtained in the present study are in accordance with
our previous observations [10, 13]. Thus, it has already
been reported that the negative temperature dependence
(NTD) observed on the resistivity curve at low temperature
(T < 450 K) is due to the presence of the athermal w phase
(Wam), Which is formed during quenching [3, 10, 15]. At
higher temperature, the hexagonal isothermal  nanophase
(wis0) was observed to precipitate implying diffusional
phenomenon. With the Ti—-12Mo alloy, the formation of
this mjs, phase on heating is shown to occur at about 451 K
(identified by Twjs, in Fig. 1), where an increase of the
resistivity and a decrease of the dilatometry are observed
simultaneously. From about 611 K, the resistivity drop and
the dilatometry rate change observed (indicated by To,an0
in Fig. 1) are due to the progressive vanishing of w;s, phase
through a w/a-phase transformation. By heating the alloys
at a higher temperature, the precipitation of a conventional
intergranular and intragranular o phase occurs at about
836 K, where a sudden change in both resistivity and
dilatometry curves are observed (T4 in Fig. 1).

Isothermal measurements

Four isothermal temperatures (421, 431, 441 and 451 K) by
resistivity and three (421, 431 and 441 K) by dilatometry
were chosen to characterize the w;s, nanophase formation.
Figure 2 presents the curves obtained for the different
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Fig. 2 Isothermal curves of the w, transformation process from
resistivity (421, 431, 441 and 451 K) and from dilatometry (421, 431
and 441 K) measurements

isothermal treatments by electrical resistivity and by dila-
tometry, respectively. On theses curves, the time was ini-
tialized precisely when the desired temperature was
reached. In this study, the traditional JMA theory was
applied to characterize the nucleation and growth mecha-
nism. From the JMA theory, the overlapping and
impingements between the extended volumes are taken
into account and the transformed fraction, o, detected by
resistivity and by dilatometry measurements can be simply
written as [16-19]:

=1—-u (1)

where o is the detected transformed fraction of the wjg,
transformation and o.,; volume fraction of the extended
volumes of mjs,. Oex; can be described as ooy = Ve Vo
where Vj is the total transformed volume.

In order to determine the kinetic parameters related to
the w;, phase transformation, electrical resistivity and
dilatometry models are needed to evaluate the transformed
fraction, o. From the electrical resistivity measurements,
the 3D resistivity model proposed by Landauer [20] was
applied to analyze the transformed fraction during the wjg,
phase precipitation. For that, the temperature variation of
the relative resistivity normalized to room temperature
value was approximated from the non-isothermal mea-
surements as shown in the Fig. 3 with:

p, = 1.028 —8.283 x 10°°T (2)
for the as-quenched metastable f§ state and

pe = 0.994 +6.337 x 10°°T (3)

at the end of w;,, transformation.
In this model, it is assumed that 3D spherical regions
of one phase are surrounded by a uniform matrix, and
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Fig. 3 Electrical resistivity variation from the as-quenched Ti—12Mo
alloy under non-isothermal heating to 611 K at 2 K min~' and
spontaneously cooling. The dash lines refer to linear fitting of Eqs. 2
and 3, respectively

consequently, the transformed fraction can be evaluated by
the resistivity measurements as follow:

1
pm(‘“?t) = _5 (2 - 3a)pc + (3(1 - l)pa

1 =300, + (Ba— Dp+8pup | (4)

where o is the w;, transformed fraction and p, and p. are
given by Egs. 2 and 3, respectively.

From the dilatometry measurements, the volume change
of the sample is assumed to be isotropic, and the model can
be simply described as [21]:

_L(t) - Lo AL(t)
a(t) B Lf - LOO B ALmax

where L is the initial length, L; final length at the end of
the complete transformation and o represents the wjg,
transformed fraction.

By applying Egs. 4 and 5 to the experimental data
obtained by resistivity and by dilatometry, respectively, the
different curves of w;, phase transformed fraction, o, vs.
isothermal annealing time, ¢, can be established and are
presented in Fig. 4. In this figure, the curves obtained from
both methods at the same isothermal temperature seem to
be identical but a noticeable distinction between resistivity
(Fig. 4a) and dilatometry (Fig. 4b) measurements can be
found at the very beginning of the transformation process.
Indeed, an incubation time delay, 7, is observed on the
dilatometry results, which can lead experimentally to a
large uncertainty of the kinetic parameters. According to
our experimental data, this time delay is estimated to be
around 300 s. Therefore, the classical JIMA method and an

(5)
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Fig. 4 Kinetic curves showing the w;, transformed fraction vs. time:
a from isothermal resistivity measurements and b from isothermal
dilatometry measurements

additional MA [22] plot were both applied to determine the
transformation kinetic of the w;, phase from the
as-quenched Ti—-12Mo alloy.

The transformation kinetic of the w;s, nanophase
The Johnson—Mehl-Avrami method
The JMA equation (6), deduced from Eq. 1, is successfully

used in describing the transformation kinetics in alloys
under isothermal conditions:

a(t) = 1 — exp(—Kt") (6)
with
K(T) = koe 5/RT (7)

where n is the Avrami exponent (indicative of the trans-
formation process) and K is a thermally activated rate
constant representing both nucleation and growth rates,
which can be described by an Arrhenius relation, in which
E, is the apparent activation energy.
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Fig. 5 Classic JMA plots of the Avrami exponents during the w;y,
transformation process: a from resistivity results shown in Fig. 4a and
b from dilatometry results shown in Fig. 4b. The dash lines refer to
linear fitting of the different plots

Over the full range of the wj, transformation, the
experimental Avrami exponent, njya, can be determined
from both resistivity and dilatometry results by using the
JMA plot (8) as proposed in literature [23-25] :

In[—In(1 — o)) = npma Int + In K (8)

The calculation of ny\4 is then evaluated by plotting In
[—=In(1 — )] vs. Int and the results obtained with an o
increment of 5% (to minimize the noises from experiments)
from all electrical resistivity and dilatometry curves are
shown in Fig. 5.

In this figure, it is observed, from resistivity (Fig. 5a)
and dilatometry (Fig. 5b) measurements, an appreciable
deviation from the linearity through the whole w;, trans-
formation. This deviation indicates a change of the nucle-
ation and growth mechanism during the transformation and
the JMA theory can only be valid at the early stage of the
transformation process (¢ < 30%) in the present case. On
the other hand, a significant difference of the measured
nyma parameter obtained by both methods is also observed
when the transformed fraction is <30%. From the
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resistivity results (Fig. 5a), an Avrami exponent was
determined at about 1.5, which indicates a pure growth
mechanism from pre-existing nuclei sites. On the contrary,
an Avrami exponent close to 2 was evaluated for the three
isothermal temperatures by dilatometry (Fig. 5b) indicating
a possible nucleation mechanism at the early stage of the
Wi transformation [24]. The contradiction involved here is
probably due to the large uncertainty associated with an
effective time lag [25] that we observed from our experi-
mental results. Therefore, the problem of time lag must be
taken into account and a MA plot method was also used in
this study.

The modified Avrami method

The effective time lag, 7, indicates that an incubation time
is necessary for obtaining a critical-size nuclei population
[24]. According to the non-steady theory of nucleation [26,
27], the observed experimental incubation time, 7, can be
expressed as:

T=1T0+1Tp 9)

where 7, is the time for the non-steady state nucleation and
15 is the time required to attain an observable degree of
transformation experimentally. With these considerations,
the classic JMA equation (6) is often rewritten as:

a(t) =1 —exp{—K(t — 1)"} (10)

For the accurate determination of Avrami exponent, it
has been proposed [22] an original and simple method
called the MA plot, for which an exact knowledge of 7 is
not necessary. The detailed procedure consists of
eliminating the explicit form (¢ — t), which appears in
Eq. 10, by substitution of the Arrhenius equation (7). Then
the new fitting equation can be expressed as follow:

L k) + " 1n<d°‘/dt> (11)

n—1 n—1 1—o

In[—In(1 — )] =

In the Fig. 6 are presented the results obtained by plotting
In [—In(1 — )] vs. In [(de/df)/(1 — &)] from electrical
resistivity and dilatometry measurements, respectively.
The good accordance between the two graphs (Fig. 6a, b)
indicates that the influence of the time lag was successfully
taken into account with the MA method. Consequently,
accurate n values can be obtained from this MA method.
From these plots, experimental Avrami exponents, ny4, and
activation energy, E,, can be easily deduced and the results
are presented in Table 1. At the beginning of the wjg,
transformation, the Avrami exponents evaluated from
electrical resistivity measurements and analyzed both by
JMA and MA approaches are in the same order of magnitude
at about 1.5. On the other hand, it is also obtained from
dilatometry results an Avrami exponent close to 1.5 at the
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Fig. 6 Modified Avrami (MA) plots of the whole w;, transforma-
tion: a from resistivity results calculated from the kinetic curves
shown in Fig. 4a and b from dilatometry results calculated from the
kinetic curves shown in Fig. 4b. The dash lines refer to the linear
fitting of the Avrami exponents

beginning of the transformation when the MA method is
applied, which is in good accordance with the resistivity
results this time. Consequently, a strong incubation time
influence is observed by dilatometry probably due to the
temperature gradient existing between the surface and the
core of the bulk sample used for the measurements.
Therefore, the MA method is much more recommended
for the investigation of the phase transformation kinetic by
dilatometry analysis.

The w;,, nanophase transformation mechanism

From the combined JMA and MA analysis, the value of the
Avrami exponent, found close to 1.5, clearly indicates that
the wjs, nanophase formation is governed by a pure growth
mechanism of spherical particles during the early stage of
the transformation process. This pure growth mechanism
illustrates that nucleation sites already exist in the § matrix,
which is in good accordance with previous studies
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Table 1 Kinetic parameters and activation energies results for the w;, nanophase transformation from electrical resistivity and

dilatometry measurements for the different isothermal conditions

T/K Transformation process
Early stage (« < 30%) Later stage (o > 30%)
nyma(£0.03) nma(£0.1) K{(x107°) E, npa (£0.1)
(£20 kJ mol™!)
Resistivity
421 1.38 1.43 0.97 121 kJ mol ™" 0.57
431 1.45 1.41 1.23 0.58
441 1.43 1.41 2.47 0.54
451 1.46 1.45 10.18 0.48
T/K Transformation process
Early stage (o« < 30%) Later stage (o« > 30%)
nyma (£0.05) nya (£0.15) Ky (x107%) E, nyva (£0.1)
(£12 kJ mol™1)
Dilatometry
421 1.93 1.56 0.98 114 kJ mol ™" 0.49
431 2.07 1.53 2.03 0.49

concerning the o phase formation. As already mentioned,
it is widely observed the presence of the athermal w phase
(wam) in quenched metastable S-Ti-based alloys. A (111),
plane collapse model has been proposed to explain this
displacive transformation: the w,q, lattice can be obtained
by collapsing one pair of (111) planes to the intermediate
position leaving the adjacent (111) planes unaltered [28].
Thus, the presence of such phase in the as-quenched
metastable f matrix represents a favourable source of
nucleation sites for the growth of the w;y, nanoparticles.
The significant change in linearity at higher transformed
fraction (o« > 30%), which was observed with the classical
JMA plots (Fig. 5) is also detected on the MA plots pre-
sented in Fig. 6. This situation indicates the limitation in
the use of the JMA theory as it is observed for many phase
transformation kinetic studies like the nanocrystallization
from amorphous alloys for example [29]. The diffusion
field impingement between very close adjacent nanoparti-
cles is widely considered to be the reason of this limitation
but in the present case a different explanation can be
considered. According to the TEM observations carried out

Fig. 7 Schematic
representations of the w;y, phase

Displacive transformation of @.u

on js, [30, 31] in the Ti—-Mo system, the morphology of
this phase at the later stage of the transformation is
observed ellipsoidal in shape rather than spherical as it is at
the early stage. The dimensionality loss of the w;s, nano-
precipitates occurring during the whole diffusion-
controlled process is due to the existence of a high misfit
strain at the interface w;y/f [3—7, 28]. This misfit, resulting
to a mismatch between the two phases, leads to the pref-
erential <111>g growth directions and an ellipsoidal shape
morphology tendency is then observed in the Ti—-Mo sys-
tem. Taking into account the existence of a high misfit
strain at the interface, a schematic representation of the
Wiso phase transformation from the as-quenched Ti—12Mo
alloy during the whole process is presented in the Fig. 7. At
the beginning of the transformation, w;s, particles grow
directly from pre-existing nucleation sites related to the
quenched @,y nanophase particles (Fig. 7a). During this
early stage, the w;, particle kinetic growth is governed by
the diffusion of the Mo element rejected to the surrounding
f matrix. As the dimension of the spherical particles is very
small at this stage, the strain misfit at w;s/f§ interface (gray

Diffusion—controlled growth of @,
in the [111] direction

Diffusion—controlled growth of @,
in three dimensions

transformation sequence during
the whole process

(@)

(11118 pS—— [111p | Ll I [111)p
B r 3 T 7\ Strain field /1
1| 1T
Vo L va | 1\
— =% k /_J

(b) S (c) | Stainfieid
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area in Fig. 7b) remains sufficiently weak and the diffusion
mechanism is not altered. At the later stage of the trans-
formation process, a high misfit strain volume (gray area in
Fig. 7¢) surrounding w;, particles severely drawback the
growth rate except in <I11>g direction. Therefore, a
privileged diffusion growth dominates the rest of the pro-
cess and leads to a wjg, ellipsoidal shape morphology along
the <111> direction.

Conclusions

In this study, the thermal analysis by means of both elec-
trical resistivity and dilatometry methods was found to be
very useful to obtain experimental datas and to lead a
theoretical modelling concerning the w;s, nanophase pre-
cipitation from the metastable § Ti—12Mo alloy. By these
methods, the activation energy, E,, was measured to be
121 + 20 kJ mol™" (resistivity) and 114 & 12 kJ mol™'
(dilatometry) during the early stage of transformation
process. The classical JMA approach and a MA method,
used in this study, were found to be efficient to analyze the
Wjso Nucleation and growth mechanism only at low trans-
formed fraction. An Avrami exponent close to 1.5 was
found at the early stage of the transformation suggesting a
pure growth mechanism from pre-existing nucleation sites
related to the presence of quenched w,, nanophase in the f§
matrix. For a higher transformed fraction value (>30%), it
was observed a decrease of the Avrami exponent to 0.5
demonstrating a dimension loss in the growth of the wjg,.
This change is attributed to the existence of the high misfit
strain at the interface f/wq, in the Ti-Mo system, in which
ellipsoidal shape morphology of the w;s, nanoparticles is
observed at the final stage of the transformation.
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