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Gleeble-Assisted Investigation and Thermokinetics
Simulation of a Phase Isothermal Precipitation during
Short-Time Duplex Heat Treatment of Ti-6A1-4V Alloy

Nabil Kherrouba, Denis Carron, Ramdhane Kouba, Mabrouk Bouabdallah, and Riad Badji

The precipitation mechanism and kinetics of the secondary a phase during short-time duplex heat treat-ment of the Ti-6Al1-4V alloy were
investigated. The precipitation kinetics was determined by means of in situ isothermal electrical resistivity tests in a Gleeble
thermomechanical testing machine in the temperature range of 600-700 [1C. The results showed that the higher the aging temperature, the
faster the secondary a phase precipitation, which obeys the Kolmogorov—Johnson—-Mehl-Avrami (KJMA) equation with an Av-rami
parameter n = 1. The precipitation process was also investigated by simulation using the thermoki-netic software MatCalc. Results of the
simulation on MatCalc indicated that the secondary a phase nucleation ended at an earlier stage of the precipitation and that the latter is
mainly controlled by the growth of secondary a phase precipitates. Increasing the aging temperature resulted in an increase of the
precipitate[Js size with an activation energy of Q = 62 kJ/mol for the process. Evolution of the simulated elements contents showed that
only the vanadium concentration in the b phase changed significantly during the isothermal aging. Thus, the growth of the secondary a

phase is governed by the vanadium diffusion into the b phase.

Keywords electrical resistivity, Gleeble, MatCalc, precipitation,
simulation, Ti-6Al-4V

1. Introduction

Titanium alloys are widely used in industry due to their
outstanding properties, particularly low density, good corrosion
resistance and high mechanical properties (Ref 1-4). They
undergo, during manufacturing, several thermomechanical
treatments that generate a multitude of microstructures (Ref
5-7) and greatly affect the final mechanical properties of the
alloy (Ref 8). Among titanium alloys, the Ti-6Al-4V alloy is the
most used in industry (Ref 9). It exhibits, at room temperature,
a microstructure composed of o and f phases. All of the
proportions, morphologies and chemical composition of these
phases strongly affect the ductility (Ref 10), the creep resistance
(Ref 11, 12), the strength (Ref 13) and the fatigue resistance
(Ref 14) of the alloy.
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Annealing below the normal recrystallization temperature,
which is approximately 800 °C (Ref 15), is one of the
operations that characterizes the thermomechanical processing
underwent by Ti-6Al-4V alloy during its manufacturing. During
this stage, temperature and duration of the annealing determine
the secondary o phase precipitation and its volume fraction.
This phase is known to enhance the strength and fracture
toughness (Ref 16). It is, therefore, interesting to study and
understand the thermodynamics and kinetics of its precipita-
tion. Several attempts have been made to discuss and model the
formation mechanism of the secondary o platelets during
cooling in titanium alloys. Sun et al (Ref 17) investigated the
formation mechanism of o phase by means of SEM observa-
tions. They stated that the secondary a phase platelets nucleated
from the agp layer due to interface instability. They, also,
suggested that the nucleation rate of the ogp layer determines
the secondary o phase platelets thicknesses. Previously, Texeira
et al (Ref 18) used a nucleation mechanism based on the
sympathetic nucleation from the ogg layer to model the
formation of the secondary o phase during cooling in a
deformed near f titanium alloy. Furthermore, Fujii (Ref 19)
reported that the agg morphology growth arrested in an earlier
stage and that the § — o phase transformation is mainly
controlled by the growth mechanism of the secondary o
platelets.

Semiatin et al. (Ref 20) have highlighted the effects of
temperature and cooling rate on the microstructural evolutions
of heat-treated Ti-6Al-4V in the (« + f§) field. They suggested a
diffusion-controlled model based on the Trivedi and Bosze
model (Ref 21, 22) to predict the growth of primary and
secondary o phase morphologies as a function of supersatura-



tion, diffusivity coefficients and cooling rate. They assumed
that small cooling rates did not permit the precipitation of the
secondary o phase. Meng et al. (Ref 23) attributed this
phenomenon to low supersaturations generated during these
cooling rates. Indeed, low cooling rates favor the growth of
primary o phase, whereas high cooling rates generate high
supersaturations, which are beneficial to the nucleation and
growth of secondary « phase. Katzarov et al. (Ref 24) studied
the secondary o phase formation during heat treatment in the f§
domain and developed a numerical simulation based on the
nucleation-growth theory to describe the apparition of «-
Widmanstatten plates. Malinov et al. (Ref 25) studied the
isothermal § — o phase transformation in the Ti-6Al-4V alloy
in the framework of the Kolmogorov—Johnson—-Mehl-Avrami
(KIMA) equation. They used electrical resistivity to determine
the kinetics parameters and stated that the f — « phase
transformation is characterized by the existence of two
mechanisms of o phase formation whether the aging temper-
ature is above or below 900 °C.

Besides, further researches have been conducted to expand
the industrial application of the Ti-6Al-4V alloy by improving
its strength. This was achieved by studying effects of short-time
duplex heat treatment on the mechanical properties of the alloy
(Ref 26-28). This heat treatment consists first on a solution
annealing at temperature in the (o + f§) domain, followed by a
second isothermal holding at lower temperature. Reda et al.
(Ref 29) investigated effects of the single and duplex short-time
heat treatments on the microstructure and mechanical properties
of a Ti-6Al-4V alloy and stated that higher amounts of retained
[ phase obtained after duplex short heat treatment impacts
greatly the alloy strengthening. Ajiz et al. (Ref 30) reported in
their work that optimum values of yield strength and tensile
strength were obtained after short-time solution treatment at
930 °C for 60 s, followed by isothermal aging at 530 °C for
40 s. Morita et al. (Ref 31) investigated the mechanical
behavior of a Ti-6A1-4V alloy subjected to short-time solution
annealing at 930 °C and 960 °C for 60 s and then quenched.
They reported that these heat treatments engendered a rise in
the tensile strength and the fatigue strength and attributed this
improvement to the apparition of fine acicular o’ martensite
phase.

All these previous works reveal the great interest of studying
the different microstructural evolutions issued from heat
treatments and their effects on the final properties of the Ti-
6Al-4V alloy. These microstructural evolutions depend mainly,
as indicated in the above mentioned literature, on the heat-
ing/cooling rates, growth of primary « phase, nucleation and
growth of secondary o phase but also on the isothermal holding
stage in the (« + f§) domain. Nevertheless and at the authors’
knowledge, there is a lack of documentation concerning
kinetics accompanying short-time heat treatments. Accordingly,
the aim of the present work is to propose a predictive
simulation of thermodynamic and nucleation-growth kinetics
of the secondary o phase precipitation in the Ti-Al-V system
and discuss its nucleation-growth mechanisms during short-
time solution annealing at 800 °C, followed by isothermal
aging in the temperature range 600-700 °C for 300 s. Results of
the simulation were compared to the experimental results issued
from in situ electrical resistivity tests conducted on the Ti-6Al-
4V two-phase titanium alloy in the (¢ + ) domain by using a
Gleeble 3500 thermomechanical testing machine.

2. Materials and Methods

The material studied in the present work was a Ti-6A1-4V
titanium two-phase alloy whose chemical composition, deter-
mined using an Oxford Foundry Master Pro Optical Emission
Spectrometer, is given in Table 1. The alloy was supplied in the
form of 2-mm-thick sheets.

2.1 Thermodynamic and Thermokinetics Simulations

The thermodynamic and thermokinetics calculations were
performed with the MatCalc software. To this purpose,
thermodynamic and diffusion databases for the Ti-Al-V system
were used. The thermodynamic calculations (at equilibrium)
were carried out using the Gibbs energy minimization method,
which allows to determine the stable phases at a given
temperature and to plot the phase diagram of the alloy.

The phase transformations kinetics were simulated in
MatCalc by using the nucleation-growth theory, in which the
critical energy barrier for the formation of a stable nucleus is
given by:

l6n §3
AG = 2oT
G 3 AG?

vol

(Eq 1)

where AG,, is the volume free energy change for the formation
of the nucleus, y is the interfacial energy and is given assuming
the generalized-broken-bond model (Ref 32). The precipitate’s
growth is described by using the Svoboda-Fischer-Fratzl-
Kozeschnik (SFFK) growth model (Ref 33). The formalism
of the MatCalc model is based on the thermodynamic extremal
principle, which states that during the growth of the precipi-
tates, the system evolves by dissipating the maximum of its
entropy (Ref 32). Performing the precipitation setup using
MatCalc requires to define a precipitation domain (which is the
B matrix phase in the present work) and o as the precipitated
phase. Heterogeneous germination is taken into account by
considering that the germination sites are the dislocations in the
f matrix. The plate-like shape of the precipitates is included in
the simulation setup by introducing a shape factor with a value
of 0.1. MatCalc simulation permits to predict the precipitation
kinetics and thus to follow the evolution of all aspects of the
process as a function of time. In the present work, the focus will
be on the evolution of the fraction of precipitates, their size and
density, as well as nucleation rate and chemical composition of
precipitates and matrix.

2.2 Electrical Resistivity

The electrical resistivity is one of the most sensitive
techniques used to study phase transformations particularly
those occurring in titanium alloys (Ref 34-36). In the present
work, in situ electrical resistivity tests were conducted in a
Gleeble 3500 machine to determine normalized fraction of the
secondary o phase that precipitated from the supersaturated /3

Table 1 Chemical composition of the Ti-6Al-4V alloy

Element Ti Al \% Fe (0] C N

wt.% Balance 624 3.83 020 0.18 001 0.01




phase in the (x + f) domain. The Gleeble 3500 is a fully
integrated digital closed-loop control thermal and mechanical
testing system. It includes a high-speed heating system, a servo
hydraulic system and a computer control and data acquisition
system. In this study, 120x5x2 mm® bars were machined to
perform the tests. The bars were mounted between two stainless
steels “‘hot” grips in the Gleeble chamber. Three K-type
thermocouples TC,;, TC, and TC; were spot-welded on the
surface of each specimen. TC; was at mid-length, TC, and TC;
were at + 5 mm from TC; Two wires of pure platinum were
also welded on the surface diametrically opposed to TC, and
TC; as indicated in Figure 1(a). The pure platinum’s wires were
used to measure the voltage during the in situ electrical
resistivity test. The heat treatment that the sample underwent
was monitored by the TC, thermocouple welded in the center
of the sample. The “hot™ grips used in the present experiments
guaranteed a low axial thermal gradient during the test and
ensured that the temperature in the area defined by the
thermocouples TC, and TC; remained almost constant. The
heat treatment is an “interrupted quenching,” i.e., a stepped
quenching, where the sample is cooled very fast from 800 °C to
the desired temperature (600, 650 and 700 °C), kept at this
temperature and finally quenched to room temperature. The
bars were heated up under secondary vacuum to 800 °C, i.e.,
annealed in the o + f field, at a heating rate of 10 °C/min; they
were then soaked at this temperature for 5 min and rapidly
cooled to the desired temperatures (600, 650 and 700 °C). At
last, they were isothermally held at these temperatures for five
minutes in which electrical resistivity was measured. A nozzle
was used to blow helium inert gas on the sample to enhance the
cooling rate during the interrupted quench (Figure 1b). For
instance, the cooling rate from 800 to 700 °C was about
370 °C.s™ (Figure 6).

3. Results and Discussions

3.1 Microstructural Evolution

Figure 2 shows the microstructure of the as-received alloy. It
consists of a matrix of light colored o phase and intergranular
dark colored f§ grains. An example of microstructures obtained
after the short-time heat treatment on the Gleeble machine is
depicted in Figure 3. The isothermal holding at 600 °C during
5 min induced an increase in the f grain size from approxi-
mately 3.4 £ 0.9 um for the as-received sample to 8.7 £
1.2 um for the heat treated one. Besides, the microstructure
obtained after the short-time heat treatment is composed of the

(a)

K-type thermocouple

untransformed primary o phase and a mixture of precipitated
secondary o phase platelets and residual f§ phase.

3.2 Thermodynamic Calculations

Figure 4 shows the pseudo-binary phase diagram of the Ti-
Al-V system at 90 wt.% Ti as obtained from the MatCalc
software. The dashed line indicates the composition of the Ti-
6Al-4V alloy. It is noticed from this diagram that the beta-
transus temperature Tg is approximately 970 °C, which is
25 °C below the Tg previously estimated by differential
scanning calorimetry (DSC) (Ref 37). This difference is
probably due to the effect of the chemical composition as
reported in the literature (Ref 3). Indeed, in the simulation, the
system Ti-Al-V (with only Ti, Al and V elements) was
considered, whereas in the DSC test, the alloy with the
chemical composition given in Table 1 was used. In addition,
thermodynamic calculations predicted the existence of the
TizAl intermetallic compound at low temperatures. In a
previous work (Ref 38), the authors have investigated the
microstructural evolutions of the same alloy and have not
noticed the presence of this phase. Elmer et al. (Ref 39), who
used the Thermo-Calc software to determine the phase
equilibria of the Ti-6Al-4V alloy, have also reported similar
results and noticed the absence of the Ti;Al compound.
Besides, Lutjering (Ref 3) stated that the Al content is generally
limited to 6 wt.% in most titanium alloys to avoid the apparition
of the TizAl phase.

Fig. 2 As received alloy microstructure

Pure platinum wire

Fig. 1 (a) Schematic illustration of the Gleeble specimen with spot-welded thermocouples and platinum’s wires for voltage measurement. (b):
The Gleeble 3500 vacuum chamber with mounted specimen for in situ resistivity measurement



(b)

Fig. 3 Microstructure induced by the short-time heat treatment at
600 °C (a) optical micrographic, (b) SEM micrographic
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Fig. 4 Calculated pseudo-binary phase equilibrium diagram
obtained by using MatCalc for the Ti-6Al-4V system at 90 wt.% Ti.
The dashed line represents the nominal Ti-6Al-4V alloy composition

3.3 Experimental Kinetics of the Isothermal Precipitation
of Secondary a Phase in the (a + b) Domain

Generally, the electrical resistivity evolution in a material
depends on several factors such as precipitation phenomenon,
matrix enrichment in solute and vacancies density (Ref 40).
However, Burke (Ref 41) reported that the electrical resistivity
is mainly dependent on the precipitation phenomenon when the
test is made during isothermal heat treatment and that it is
proportional to the transformed fraction. The electrical resis-
tivity p was estimated, in the present work, by using the
following formula:

oL
S
where R is the electrical resistance, L is the sample’s length, and
S is its cross section area.

Differentiating Eq 2 permitted to write:
AR Ap AL AS
— = — 4+ —
R 0 L S

R (Eq 2)

(Eq 3)

It is reported in the literature (Ref 42, 43) that the f — «
phase transformation in titanium alloys is not accompanied
with a significant volume change. Thus, equation 3 can be
written as:

AR _ap

R, (Eq 4)

The evolution of the in situ relative electrical resistivity as a
function of the time for the different aging temperatures is
depicted in Fig. 5. The electrical resistivity curve exhibits a
sigmoidal shape at each aging temperature. The relative
electrical resistivity increases continuously during the isother-
mal holding and finally reaches its equilibrium value. It is also
noticed from Fig. 5 that the electrical resistivity reached its
equilibrium value earlier when the aging temperature is higher.

Semiatin et al. (Ref 20) reported that during heat treatment
in the (¢ + f) domain, the secondary o phase platelets
precipitated entirely within the § phase. Besides, they indicated
that during these heat treatments, coarsening of primary « phase

0,012
0,009
o
%
0,006 -
——aging @ 600 °C
——— aging @ 650 °C

0,003 = aglng @ 700 °C
0,000 MaRt=N L L
1501 1550 1600 1650 1700

Time (s)

Fig. 5 Relative electrical resistivity variation AR/R = f{t) during
isothermal aging of the Ti-6Al-4V alloy
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Fig. 6 Temperature undershoot at the beginning of the isothermal
aging at 700 °C and determination the precipitation starting time tg

requires a long time (about 64 h or more). Moreover, the
solution annealing was achieved at temperature below the Ms
temperature (Ref 37) to prevent the apparition of martensite.
Thus, in the present study, only the decomposition of the
supersaturated 5 phase is considered responsible of the
secondary o phase precipitation. The § — « phase transfor-
mation is known to be fast enough in titanium alloys (Ref 25);
therefore, the in situ tests conducted in the present work were
convenient to study the decomposition of the supersaturated
phase in the (¢ + f) domain. However, it was crucial to
accurately determine instants at which this transformation
started and ended. Figure 6 indicates that the interrupted
quench from 800 °C had induced an under-shoot before the
temperature stabilized after few seconds. In order to determine
the kinetics of the secondary o phase precipitation, this
fluctuation should be eliminated. This was achieved by
choosing the starting time #; just after the under-shoot as
indicated in Fig. 6 for aging at 700 °C. The time at which the
phase transformation ended t; was estimated from the derivative
signal of the electrical resistivity. The instant t; corresponds to
the moment when this derivative is zero as indicated in
Fig. 7(a) and (b).

Once ¢, and ¢ are determined, the normalized transformed
fraction y is given by using the equation:

_plt.T) — py(T)
o (1) — p,(T)

where pg, prand p are the electrical resistivity measurements at
ts, tr and t, respectively.
Consequently, the normalized transformed fraction y can be
estimated by using the following expression:
R(t,T) — R(T)

PSRN =R(T) o

(Eq 5)

Using equation (6), the experimental normalized trans-
formed fraction was estimated and its evolution with aging time
was plotted as shown in Fig. 8(a). The curves exhibit a typical
sigmoidal shape, which indicates that the § — o phase
transformation obeys the KJIMA model. This permits to express
the normalized transformed fraction as follows:

y=1—exp[—(kt)"] (Eq 7)
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Fig. 7 Evolution at 700 °C of (a) the electrical resistivity signal R
= f{t) and (b) the electrical resistivity derivative signal dR/dt with
determination of the precipitation ending time t¢

Thus, the plot of In[In (1/(1-y))] as a function of In(¢) was a
straight line as illustrated in Figure 8(b). The Avrami index n
and the rate constant k were determined from the slope and the
intersection of the curve with the vertical axis, respectively. The
different values of » and k obtained in the present work are
given in Table 2. It is obviously noticed that an approximately
unique value of n = 1 was obtained for all the applied
temperatures. According to the classical nucleation-growth
theory (Ref 44), a value of » = 1 may correspond to the
thickening of platelets after site saturation. Bein and Béchet
(Ref 36) reported that for a same value of n = 1, the nucleation
occurred rapidly and the main parameter that governed the
precipitation would be the diffusion-controlled growth of a
fixed number of « platelets. Malinov et al. (Ref 25) argued that
this value of n = 1 is attributed to grain boundary nucleation
after saturation of o platelets for diffusion controlled growth.

A similar value of n calculated in the present work was
already obtained in a previous work (Ref 45) where the f — «
phase transformation during cooling was studied. This is the
consequence of using the same approach based on the KIMA
equation in both continuous cooling and isothermal holding.
Indeed, the continuous cooling was assimilated to a succession
of isothermal steps where the KIMA equation was applied in
each step. The additivity rule was, then, applied to adapt the
KJMA equation to the non-isothermal conditions. However,
some differences between the two conditions are noticed. In the
non-isothermal heat treatment, the samples were cooled from
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Table 2 Kinetic parameters of the KIMA equation
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Fig. 9 Difference between experimental and calculated normalized
transformed fractions |Yexp — Yeall

the single § phase domain, whereas they were annealed in the
(x + p) domain in the present work. Furthermore, during
continuous cooling, the microstructural evolutions in each
isothermal step resulted from the previous stages, and the
undercooling was generally conditioned by the cooling rate, yet
remained almost low. However, for the isothermal holding, the
undercooling was high since the cooling from the annealing
temperature happened rapidly. Nevertheless, finding the same
value for the Avrami index is consistent with the secondary o
phase morphology, which was observed in the literature.
Figure 8(c) shows the calculated normalized transformed
fractions (obtained using the KIMA equation) as a function
of temperature with an Avrami index n = 1 for the specimens
that were isothermally treated at different temperatures between
600 and 700 °C. The comparison between these normalized
transformed fractions and those determined experimentally is
depicted in Fig. 9, which shows a good agreement between
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Fig. 10 Precipitation rate dy/dt vs aging time at 600, 650 and
700 °C.

them. It is noticed from Fig. 8(c) that the normalized
transformed fraction curves shifted toward long aging times
when the temperature becomes lower. This statement is clearly
highlighted in Fig. 10 and Table 2, where the precipitation rate
dy/d¢t and the k values are given, respectively. Indeed, &
increased with the aging temperature, whereas the precipitation
rate started at a higher value before to decrease rapidly when
the aging temperature is higher. Thus, the fastest precipitation
kinetics was obtained during aging at the highest temperature
even though the undercooling was lower at this temperature.
This could be explained by considering the competition
between the undercooling—which is the driving force for
nucleation of the secondary « phase—and diffusion of the
stabilizing elements, (particularly vanadium) that controls the
secondary o phase growth. This will be thoroughly detailed in
the simulation part of the present work. A comparison between
values of the rate constant k& obtained in this study and those
reported by Malinov et al. (Ref 25) shows that the isothermal
precipitation of secondary o phase was faster when the alloy
underwent the short-time duplex heat treatment.

The overall activation energy of the secondary o phase
precipitation has been calculated from the evolution of k with
temperature assuming the following equation:

k = ko exp <— %)

(Eq 8)



where k£ is a pre-exponential constant and Q is the overall
activatioh energy of the secondary o phase precipitation. It is
noticed from Figure 11 that the In(k) = f(1/T) curve exhibits a
linear tendency. A simple linear regression allowed to deter-
mine the activation energy of the secondary o phase precipi-
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Fig. 11 Determination of the overall activation
secondary o phase precipitation

energy for the

tation, Q = 62 kJ/mol with a coefficient of determination R, _

0.99.

3.4 Thermokinetic Precipitation Simulation Using MatCalc

Evolutions of the simulated and experimental transformed
fractions with the aging time are depicted in Fig. 12, which
shows a good agreement between the results issued from
simulation with MatCalc and the experimental normalized
transformed fractions with a satisfactory coefficient of deter-
mination R? = [0.96-0.98].

Figure 13 shows an example of evolutions of the nucleation
rate and the number of precipitates during the isothermal aging
at 600 °C. It is noticed from this figure that the nucleation rate
reaches a maximum value of 82x10*' m>.s" before it
decreases and attains the zero value. Simultaneously, the
number of precipitates increases rapidly and reaches 6x10%° m”
3. Once the nucleation sites are consumed, the precipitates’
number remains constant. It is worth noticing that the
nucleation stage was achieved after only 0.3 s. Therefore, it
ended at the beginning of the § phase decomposition. Similarly,
for all aging temperatures between 600 and 700°C, the
secondary o phase nucleation ended at the beginning of the
precipitation, which indicates that its precipitation is mainly
controlled by the precipitate’s growth. Effect of the aging
temperature on the nucleation rate and the precipitates number
is highlighted in Fig. 14 and 15, respectively. It can be seen that
the maximum nucleation rate increased with the aging temper-
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Fig. 12 Evolution of the experimental and MatCalc simulated normalized transformed fraction with aging time at (a) 600 °C, (b) 650 °C and
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ature. This can be explained by considering the effect of the
solute content as reported by Porter and Easterling (Ref 46),
who indicated that alloys with less solute content exhibited
lower nucleation rate. Thus, as noticed from the pseudo-binary
phase diagram of the Ti-Al-V system (Fig. 4), the solubility of
vanadium in « phase decreased with temperature below 800 °C,
which lowered the nucleation rate. Besides, increasing the
aging temperature permitted to obtain secondary o phase with
high precipitates size, which reduced the number of the
secondary o phase particles.

An example of evolution of the aluminum and vanadium
concentrations at 600 °C, in both o and f phases, with time is
given in Fig. 16(a). It can be obviously noticed that only the
vanadium content in the f§ phase changed significantly. Indeed,
the aluminum content in both o and  phases and the vanadium
content in the o phase were almost constant, whereas the
vanadium content in the § phase increased from 15 to 32 wt.%.

Figure 16(b) shows that the vanadium content (reached at
the end of the isothermal aging) in both o and f phases
increases with the temperature. As mentioned above, the
vanadium equilibrium concentration depends on the tempera-
ture and the solubility of vanadium in o phase raises with
temperature. Accordingly, during their growth, the secondary «
phase platelets, reject vanadium to the regions between them.
The vanadium attains high amounts at these regions and
strongly stabilizes the remaining f§ phase.

An example of the precipitate size distribution for the
isothermal aging at 600 °C after solution annealing at 800 °C is
illustrated in Fig. 17. The MatCalc software permitted to fit this
distribution by using the Lifshitz—Slyozov—Wagner (LSW)
distribution, which is one of the developed theories to model
the diffusion-controlled coarsening of second-phase particles
(Ref 47). Result of the fit is given in Fig. 17 with a coefficient
of determination R* = 0.85. Thus, the insight of the possibility
to obtain a coarsened microstructure during isothermal aging in
the (« + f) domain needs to be further investigated and
documented even though several studies have been dedicated to
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the coarsening mechanism in the hot-worked Ti-6Al-4V alloy
(Ref 48-50).

4. Conclusions

The secondary o phase precipitation kinetics during short-
time duplex heat treatment at different temperatures into the (o
+ f) domain in the Ti-6Al-4V alloy has been investigated. The
main findings are drown as follows:

— Precipitation kinetics were conveniently determined by
in situ electrical resistivity with the Gleeble 3500 testing
machine

— Exploitation of results using classical KIMA model and
microstructural observations permitted to determine all the
kinetics parameters and discuss the microstructural evolu-
tions of the secondary « phase precipitation.

— Simulation on MatCalc allowed to fully investigate the
nucleation-growth mechanisms of the precipitation particu-
larly evolutions of the nucleation rate, the precipitate’s
number and elements contents.

— All these findings suggest that the secondary o phase pre-
cipitation is mainly controlled by the growth of sec-
ondary o precipitates, which in turn is governed by the
vanadium diffusion into the 8 phase.
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