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ABSTRACT

The o — p phase transformation upon heating in the Ti-5553 alloy with lamel-
lar-nodular bimodal microstructure was tracked in situ with high energy X-ray
diffraction. Rapid heating at 10, 50 and 100 °C s~ from room temperature to
1050 °C was tested. Phase transformation on heating was studied by a combined
analysis of the microstructural features that provides estimates of mass frac-
tions, mean lattice parameters and full width at half maximum for the two
phases. In comparison with equilibrium conditions, the experimental mass
fractions reveal a shift of the transformation domain toward high temperatures
when the heating rate increases. Also, the dissolution of the o phase is largely
impacted by its morphology, the transformation being faster for o lamellae. The
combined analysis of mean lattice parameters and full width at half maximum
suggests that the « — f phase transformation on heating is diffusion controlled.
The  phase therefore inherits the solute content of the adjacent parent o phase,
leading to chemical heterogeneities in the f§ phase regardless of the heating rate.

Introduction

Titanium alloys are widely used for the development
of new aircrafts due to their high strength, low den-
sity, damage tolerance and corrosion resistance [1].
The microstructure of titanium alloys is known to
have a significant impact on their mechanical prop-
erties [2, 3]. Some fabrication processes used for

titanium alloys, including induction heating [4],
rapid heat treatments [5], welding [6, 7] and
machining [8, 9], involve high heating rates. It is
therefore important to understand the impact of the
heating rate on the microstructure and the resulting
mechanical properties of titanium alloys. The influ-
ence of the heating rate on phase transformation
kinetics in o 4 f titanium alloys has been studied by
different authors [10-13]. Specifically, the dissolution
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kinetics of the o phase in the Ti-6Al-4V alloy has
been shown to be rapid [14], and Idhil Ismail et al.
have shown that the o phase dissolution can take
place up to 200°Cs™' [15]. In the case of f-
metastable alloys, most of the literature focuses on
the precipitation sequence [16-22] of the « phase and
the partitioning of solute elements during aging
[23, 24]. The work of Callegari et al. [25] addresses the
o — f transformation upon heating up to the f tem-
perature domain. However, they have focused on the
transformation sequence below 500 °C with low to
intermediate heating rates (< 100 °C min™"). Gridnev
et al. [26] have studied the impact of the heating rate
on the f transus temperature on various titanium
alloys with either a fully lamellar or a fully nodular
microstructure. This consideration prompted the
present study, which focuses on the impact of the
heating rate on the o — f phase transformation
kinetics in the Ti-5553 titanium alloy with a bimodal
microstructure. This alloy is commonly used for
structural parts and landing gear in aerospace
applications. For this purpose, in situ High Energy
X-Ray Diffraction (HE-XRD) is used to evaluate the
mass fractions, mean lattice parameters and full
width at half maximum of the different phases as a
function of temperature for heating rates ranging
between 10 and 100 °C s™'. From this experimental
data, the role of solute elements diffusion on the
o — B phase transformation upon heating is
discussed.

Material and methods
Material and metallographic observations

The Ti-5553 f-metastable alloy used in the present
study has been supplied by Titanium Metals Corpo-
ration (TIMET Savoie). The measured chemical
composition in mass% is 5.6Al, 5.2 V, 4.8Mo, 3.0Cr,
0.150 and balance Ti. According to metallographic
observations, the f transus temperature (Tp) was
determined to be 861 °C.

The as-received microstructure has been observed
without prior etching by scanning electron micro-
scopy (SEM) a LEO435VP SEM in backscattered
electron mode (BSE). The microstructural features
have then been determined by image analysis using
the Image] program [27] from 25 BSE-SEM images.

In situ high energy X-ray diffraction

Phase transformations throughout rapid heating
were tracked in situ with HE-XRD. The experiments
have been carried out at the P07 beamline (operated
by the Helmholtz-Zentrum Geesthacht) of the PETRA
III facility [28, 29]. During the different experiments,
cylindrical specimens (with a length of 10 mm and a
diameter of 6 mm) have been heated under sec-
ondary vacuum in a DIL805A/D dilatometer (TA
Instruments) equipped with an induction coil. The
specimen temperature has been controlled with a
calibrated S-type thermocouple spot-welded to the
external surface. A similar heat treatment, which
consists of heating with a constant rate (10 °C s/,
50 °C s' or 100 °C s™") from room temperature to
about 1050 °C, has been used for each specimen.

To gain insight into the microstructural transfor-
mations during heating, specimens have been illu-
minated by a monochromatic X-ray beam of 100 keV
(wavelength of 0.01239 nm) with a cross section of
1 x 1 mm® during heating. Because of the large
penetration depth, the Debye-Scherrer rings have
been collected in transmission mode on a 2D Perki-
nElmer XRD1621 detector with a resolution of 2048
by 2048 pixels and 200 pm pixel size. The detector has
been placed 1517 mm away from the sample. The
resulting scattering angle 20 is comprised between 0°
and 10.9°. Raw 2D images of Debye-Scherrer rings
have then been circularly integrated using the Fit2D
program, after calibration with a LaBs sample, to
obtain intensity versus 20 diffraction patterns. All
diffraction patterns have been fitted with Pseudo-
Voigt function, with the Rietveld method [30, 31]
using the batch processing features of the WinPLOTR
(FullProf suite) program [32]. The Rwp% [31] value
for all fitted diffractogram was below 10%. As an
example, the experimental and calculated diffraction
patterns for the as-received state are compared in
Fig. 1. All diffraction data are plotted against the
norm of the scattering vector |G| = 4= - sin(6) /.

Following the Rietveld refinement, the mass frac-
tions and mean lattice parameters for both o and f
phases, as well as full width at half maximum
(FWHM) of {10 1 0},, {200}; peaks have been extrac-
ted. The FWHM for both peaks has been calculated
with the simplified Caglioti’s formula
(FWHM = /U?tan(0) + V tan(0) + W) [30, 33], with
U, V and W the fitted parameters by the Rietveld




S]
=
s X
—

Experimental
Calculated

Intensity (a.u)

25 3 35 4 45 5 55
IGI (A

Figure 1 Calculated via Rietveld refinement and experimental
XRD patterns obtained at initial state. Only the fitted peaks are
shown.

method. These peaks have been chosen for their well-
defined shapes as well as the fact that they do not
overlap with any other peak. Furthermore, the
absence of hkl-dependence of peaks widths [34] has
been verified by checking that the simplified Cagli-
oti’s formula predicted well the FWHM of all peaks.
For the calculation of the mass fractions, the chemical
composition of the phases at thermodynamic equi-
librium at 600 °C for both phases was considered
using ThermoCalc® software [35] and the Saunders
database [36].

The acquisition frequency of the images has been
fixed to 10 Hz, which corresponds to one recording
every 10 °C in the case of the fastest heating rate
(100 °C s™").

Results
Initial microstructure

Figure 2 shows the typical microstructure of the as-
received alloy. As a result of the processing condi-
tions, the microstructure mainly consists of nodular «
phase (a) and fine a-phase lamellae (b) embedded in
the  matrix. The presence of a continuous layer of «
phase along the subgrain boundaries (c) should also

be noted. Lastly, a Precipitate Free Zone (PFZ) with
an average thickness of 400 nm surrounding the «
nodular morphology was observed. The presence of a
PFZ is explained by the local enrichment of the f
phase in f-stabilizer elements during the growth of o
nodular phase. From a quantitative point of view, the
o nodules have an average equivalent diameter of
3.5 um. The length of the fine « lamellae does not
exceed 700 nm and their thickness is at most a few
tens of nanometer. The thickness of the continuous
layer of « phase is about 0.4 pm. Finally, an image
analysis algorithm has been used to determine the
mass fraction of the o nodules. The algorithm allows
removing the fine o precipitates by opening. An
opening example is shown in Fig. 3. According to
image analysis, the mass fraction of nodular « phase
is 21%.

The total mass fraction of o phase at room tem-
perature has been determined by Rietveld refinement
from synchrotron data. According to the Rietveld
refinement, the total fraction of o phase is about 56%
for the samples heated at 50 and 100 °C s~' and 58%
for the sample heated at 10 °C s™'. Though, the
samples have been taken from the same billet area,
slight differences regarding phase fractions are
observed. The mass fraction of lamellar and grain
boundaries « precipitates (b and c type in Fig. 2) have
been estimated by subtracting the nodular « fraction
determined by image analysis from the total mass
fraction of o phase. The resulting mass fraction of
lamellar and grain boundaries o precipitates is about
35% (37% for the sample heated at 10 °C s™*).

Figure 2 BSE SEM image showing the typical microstructure of
the as-received state of Ti-5553 titanium alloy. (a) nodular o
phase, (b) fine lamellar o phase, (c) coarse grain boundary o
phase.



Figure 3 Gray level image b binary image after opening algorithm to determine o nodules volume fraction in the as-received state of the

Ti-5553 alloy.
Mass fraction of « phase

As an example, Fig. 4 displays the evolution of the
experimental diffractograms recorded during heating
at a rate of 10 °C s™'. During heating, only o and f
phases are confirmed (no additional phase was
detected whatever the considered heating rate). From
room temperature to 1000 °C, the peak positions of
both phases are shifted to lower values of the scat-
tering vector norm, indicating thermal expansion of
the phases. Above 650 °C, an increase in intensity of f§
peaks is observed while those of « phase decrease. At
the equilibrium f transus temperature, the o phase
dissolution is not complete and only above 950 °C a
complete dissolution of « phase into f phase
happens.

The mass fractions obtained from the Rietveld
refinement of the synchrotron diffraction patterns by
considering the o and f phases are provided in Fig. 5
for the three different heating rates (i.e., 10 °C s
50 °C s~ " and 100 °C s~ ). Only the mass fraction of o
phase is represented and not all data points are
shown for readability reasons. The transformations
temperature domains are delimited by straight
crosses. The mass fraction of o« phase remains rela-
tively constant at low temperature regardless of the
considered heating rate. At an intermediate temper-
ature depending on the heating rate, the a« phase
dissolution starts. Thus, as the heating rate increases,
dissolution starting temperature moved to higher
temperatures as well as the dissolution finishing
temperature that is higher than f transus temperature
(861 °C). In the transformation range, the phase
fraction evolutions show two stages in the kinetics of
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Figure 4 Synchrotron X-ray experimental diffractograms at
various temperatures during heating with a rate of 10 °C s™! for
the first four peaks.

o phase dissolution with faster kinetics in the first
stage, at the start of the second stage, with slower
kinetics, the remaining « phase fraction is about 25%
for the three heating rates.

Based upon these observations, three different
temperatures characterizing the progression of the
o — f phase transformation have been identified:
The dissolution starting temperature 7, the dissolu-
tion finishing temperature ¢ and the inflection tem-
perature t;, which defines the transition between the
first and second stages. The starting temperature
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Figure 5 Mass fraction evolution of o phase for three heating
rates. The beginning and ending of transformation are also
reported as well as the inflection temperature marking a slowdown
of the transformation kinetics. Not all experimental data points are
shown for readability reasons.

corresponds to 1.5% dissolution while the finishing
temperature is that at 97% dissolution. The charac-
teristic temperatures are given in Table 1 for each
heating rate and reported in Fig. 5.

Coefficients of total lattice expansion

Figures 6 and 7 show the evolution of the coefficient
of total lattice expansion of « and f§ phases on heating
for the different heating rates, respectively. The val-
ues have been derived from the mean lattice param-
eters evolution with temperature for both phases and
the noise has been numerically removed. Lattice
parameter variations can be due to different factors
such as thermal strain, chemical strain and the extent
to which the phase is ordered [37]. In the case of the «

a -5
(a) 7 x10 . .
A 10°Cs
6 © 50°Cs"
5 100°Cs™
5 L
© 4
w
O 3¢
3
©
0 : : : : o)
0 200 400 600 800 1000
Temperature (°C)
5
(b) 2 x10
sl| &0 °C-s™! A
I o) 50 OC'S-1 A
= oo
] . A
5 100 °C-s A

— O
1000

0 200 400 600 800
Temperature (°C)

Figure 6 Evolution of the coefficient of thermal expansion of a a,,
and b ¢, lattice parameters for the three heating rates.

phase, the coefficient of thermal expansion of both
the a, and c, lattice parameters is nearly constant
under 600 °C at a value of 10-107° °C~}, which is close
to literature data [38]. Above 600 °C, the coefficient of
expansion along the a, and c, directions exhibits a
significant increase, followed by a slight decrease and

Table 1 Dissolution starting temperature (t5), finishing temperature (t¢) and inflection temperature (t;) corresponding to change in

transformation kinetics for the three heating rates. Two-tangent method was preferred for the determination of the inflection temperatures

1, = 1.5% (°C)

e = 97% (°C) 7; (change in kinetics) (°C)

10 °C 57! 527
50 °C s~ 520
100 °C s~ 593

984 838
1050 863
1065 920
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Figure 7 Evolution of the coefficient of thermal expansion of the
f phase lattice parameter for the three heating rates.

finally an increase at high temperatures. Moreover,
the coefficient of expansion values reached by the c,
parameter are much higher than those of the g,
parameter, indicating an anisotropy between the a4,
and ¢, expansion. It should be noted that the last few
data points correspond to a very small remaining «
phase fraction, making the Rietveld refinement diffi-
cult for this phase. In the case of the § phase, the
coefficient of thermal expansion is also nearly con-
stant up to 600 °C with a value close to 10-107° °C~".
Similarly to the o phase, the f phase coefficient of
expansion increases rapidly above 600 °C. It is worth
noticing that it is impacted by the dissolution kinetics
of the « phase. In the first stage, where the o phase
dissolution kinetics is faster, the coefficient of
expansion of the f8 phase is higher than 50-107° °C~".
In the second stage, where the « phase dissolution
kinetics is slower, it decreases down to a value of
around 20-10°° °C™".

Full width at half maximum

The full width at half maximum (FWHM) parameter
is an indicator of the phase state (chemical hetero-
geneity, lattice-distortion and domain size) [39, 40].
To ensure that these variations are related to the
phase state, the contribution of non-homogeneous
temperature distribution across the sample for the

highest heating rate has been calculated (details are
included in Appendix). According to the results,
thermal gradients provide a negligible contribution
to broadening.

In the present study, the FWHM of {1010}, and
{200} diffraction peaks have been considered. Fig-
ures 8 and 9 display the FWHM changes with tem-
perature for different heating rates and for the
{1010}, and {200} 4 diffraction peaks, respectively. In
the case of the {1010} diffraction peaks, the FWHM
remains relatively constant with the temperature
regardless of the considered heating rate. However,
an important increase in FWHM at high temperature
should be noted, which can be explained by the
decrease of particle size as their dissolution occurs.
The offset in the temperature threshold for the lowest
heating rate reflects the much lower temperature of
complete dissolution (984 °C vs. 1050 and 1065 °C).

Conversely, the FWHM of the  phase exhibits two
minima and one maximum. The values of these
extrema as well as the corresponding temperatures,
depend on the heating rate. Specifically, the ampli-
tudes increase, and the temperatures are shifted
toward the high temperatures when the heating rate
increases.
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Figure 8 FWHM evolution of {1010}, diffraction peaks on
heating for different heating rates.
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Discussion

In situ high energy X-ray diffraction allows investi-
gating the impact of heating rate on the microstruc-
tural changes in the Ti-5553 alloy. Specifically, the
experimental setup offers the possibility of monitor-
ing the mass fractions, the mean lattice parameters
and the full width at half maximum of the different
phases for different heating rates.

For heating rates between 10 and 100 °C s, the
dissolution of o« phase is divided into two stages that
are quite distinct in term of kinetics. This effect can be
explained by the presence of nodular and lamellar «
phase morphologies in the initial microstructure.
Indeed, the change in dissolution kinetics occurs for a
mass fraction of o phase of about 25%, which is close
to the initial « nodular amount of 21%. As a result, it
is expected that, because of the possible differences in
chemical composition, strain energy or interfacial
energy, o phase lamellae dissolve faster than o nod-
ules. To support this hypothesis, a set of samples
have been heated at 970 °C (temperature above the
inflection temperature and below the dynamic f
transus temperature) and then quenched. Figure 10
shows the resulting microstructure, which is com-
posed of o nodules embedded in the f matrix. Thus,
the o lamellae have been entirely dissolved while a
significant amount of o nodules remains. This finding

is also supported by the work of Barriobero-Vila et al.
[11] who found that fine secondary « lamellae dis-
solved faster than coarser primary « precipitates
when the Ti-6Al-6V-25Sn alloy is subjected to con-
tinuous heating. Dehmas et al. [14] also showed that o
lamellae dissolved faster than o nodules in a duplex
microstructure of the Ti-6Al-4V alloy, further sup-
porting the hypothesis of differentiated transforma-
tion kinetics.

The dissolution kinetics of the o phase has been
further investigated by comparing the experimental
mass fractions with those predicted at thermody-
namic equilibrium. The phase balance in the tem-
perature range of the « phase dissolution were
predicted by using ThermoCalc® software [35] and
the Saunders database [36]. All solute elements have
been included and only the « and f phases have been
considered for the calculation. The comparison with
the experimental values for a heating rate of
10 °C s~ is shown in Fig. 11. To confirm the validity
of the thermodynamic calculation, a sample has been
held at 755 °C during 20 h and then quenched. The «
phase mass fraction for this sample, for which it is
assumed that thermodynamic equilibrium was
reached after isothermal holding, is also presented in
Fig. 11. A good agreement with the thermodynamic
calculation is found, suggesting that the Saunders
database is suitable for the studied titanium alloy.
The experimental values for the heating rate of
10 °C s~ ! deviate strongly from the thermodynamic
calculations. Such results indicate that, unlike the Ti—
6Al-4V titanium alloy [10, 14, 15], thermodynamic
equilibrium is not reached upon heating even for the
lowest heating rate. Ivasishin et al. [41] drew similar
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Figure 10 BSE-SEM image of a Ti-5553 sample heated at
100 °C s~ from room temperature to 970 °C then quenched.
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conclusions on a Russian Ti-5.3A1-2.3Mo—-4V-1Fe-
1Cr (VI23) o + f alloy. They showed that at high
heating rates (near 100 °C s7h, the o phase can be
retained at temperatures above the equilibrium
transus temperature. It was determined that the
o — f transformation is diffusion controlled and
dependent on local equilibrium at the o/f interface.
In the case of Ti-5553 alloy, most solute elements are
present in higher concentrations compared to the
VT23 alloy. The data collected by Carman et al. [42]
indicate that molybdenum is the solute element with
the lowest diffusivity followed by aluminum, vana-
dium and chromium. Consequently, the slow disso-
lution kinetics of o phase compared to the (x + f5)
alloys can be interpreted as the result of the presence
of molybdenum.

The analysis of the coefficient of thermal expansion
provides additional insights for the dissolution
mechanism of the « phase. In the case of the « phase,
the coefficient of thermal expansion in the a, and ¢,
directions are different in the temperature range
when dissolution occurs. According to the literature,
this phenomenon is caused by either the anisotropic
aspect of thermal expansion in the a, and c, directions

[43], the increase in the content of interstitial elements
(O, N) [44] leading to distortion of the lattice struc-
ture. The increase in interstitial content in the o phase
may occur during phase transformation and/or may
be due to the initial non-equilibrium contents as
shown in ref [45]. The maximum variations of « phase
lattice parameters induced by O and N content
variations in the temperature range between 600 °C
and f transus temperature were calculated consid-
ering equilibrium calculation (Thermo-Calc) and
Vegard law in ref [46]. The variation amplitudes were
found to be 0.0168 A and 0.1162 A for the a, and c,
lattice parameters, respectively. These variation
amplitudes are much lower than those observed
experimentally. It should be noted that the oxygen
and nitrogen contamination is ruled out because the
heat treatment has been carried out under secondary
vacuum and the probed volume is 6 mm®.

In the case of the f phase, a significant change in
the coefficient of thermal expansion is observed when
o phase dissolution occurs. According to thermody-
namic calculations, the partitioning of f-stabilizers
solute elements between o and f phases is strong,
This aspect is illustrated by Fig. 12 which shows the
evolution of aluminum «-stabilizers and molybde-
num f-stabilizers solute elements in both phases at
thermodynamic equilibrium between 600 °C and f
transus temperature. Such results indicate that the
average content of f stabilizer elements decreases
significantly in the f phase. A decrease in the content
of f-stabilizing elements in the f phase tends to
increase its lattice parameter following Vegard’s law
[47]. Thus, the variation of the chemical composition
of f phase due to the transformation progress can
explain the change in coefficient of expansion. This
hypothesis is supported by the works of Elmer et al.
[10] and Idhil Ismail et al. [15] in the case of the Ti-
6Al-4V alloy.

The FWHM analysis of the  phase supports the
hypothesis of a diffusional mechanism with a prob-
able non-local equilibrium at the «/f interface.
FHWM is sensitive to the average size of the
diffraction domains and microstrains. Microstrains
can be generated by crystal defects (dislocations) or
by local fluctuation in chemical composition (solid
solution) [39, 40]. Kabra et al. have also shown that, in
the case of neutron diffraction, peaks intensities are
related to microstrains induced by dislocations [48].
However, in the present case, because the peak
intensities of both o and f phases change
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phase and (b) S phase. The predicted equilibrium values were
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continuously due to the o + f — f transformation, it
is impossible to deconvolute the effect of the phases
fractions and the effect of microstrains on peaks
intensities. Thus, the Williamson-Hall method
[49, 50] has been used to determine the relative
impact of each contribution for each heating rate.
Figure 13 shows the variations with temperature of
the contribution of lattice distortions (¢) and domain
size, expressed as ki/D, where k is the crystallite
shape factor of the Scherrer formula taken at a value
of 0.93 [40], 4 is the X-ray beam wavelength and D is
the domain size. The results for all heating rates are
similar so only the results for a heating rate of
10 °C s™" are shown for the purpose of readability.

The Williamson-Hall method shows that the varia-
tion of domain size in negligible compared to the
variations of microstrains over the whole tempera-
ture range of the experiment. To further support this
hypothesis the FWHM of the  phase can be plotted
as a function of the o phase mass fraction, as shown
in Fig. 14. The FWHM of the f phase starts to
decrease when about 1% of the a phase has dissolved.
Consequently, with such quantities of dissolved o
phase, the f domain size increase is very limited and
the decrease in FWHM is mostly due to a reduction of
p grain stress heterogeneities.

The first increase of FWHM can be explained by
the increase in chemical heterogeneity in the f phase
when the a/f interface moves. In the temperature
range where the FWHM of the f phase increases, the
o phase dissolution mainly involves the fine a-phase
lamellae. As a result, the ff phase resulting from the o
phase dissolution first inherits a chemical composi-
tion close to that of the « lamellae, which results in a
composition gradient. When the temperature is fur-
ther increased, the FWHM decreases again. To sup-
port this hypothesis the diffusion length (L) of
molybdenum as a function of temperature has been
evaluated. Molybdenum has been chosen because it
has the slowest diffusivity of all solute elements,
hence it controls the time required to produce a
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uniform f composition. For a non-isothermal process,
the diffusion length is related to the temperature-
dependent diffusivity D according to:

tID(T
() = /2D

to

dt (1)

To consider the impact of temperature on diffu-
sivity, the Arrhenius relation is used, that is:

D(T) = Doe” U/RT (2)

where Dy is the pre-exponential factor and Q the
activation energy 4.87-107 m*s™* and
146.2 k] mol ™!, respectively, for a Mo content of
5 mass%, according to [51]). In the simulation, the
initial value of diffusion length has been fixed to
0 pm at 500 °C, considering that the diffusion is
negligible below this temperature. The time step sizes
have been set to 0.1 s, 0.02 s and 0.01 s for the 10, 50
and 100 °C s™' heating rates and an explicit Runge—
Kutta integration procedure has been used. The
molybdenum  diffusion length obtained for
500 °C < T <1050 °C is plotted as a function of
temperature in Fig. 15. In the temperature range
where the fine o phase lamellae are dissolved, the
diffusion lengths are inferior to 300 nm even for the
slowest heating rate. In order to fully homogenize the
B phase chemical composition, diffusion length of the

solute elements would need to be at least equal to the
half-distance between the center of two « lamellae,
which is about 100 nm for the finest lamellae and up
to 400 nm for the coarsest lamellae. Since the diffu-
sion length are short in this temperature range, the
mechanism involved in the transformation of «
lamellae would be close to a diffusionless transfor-
mation, where the newly formed f phase would
inherit a chemical composition close to the parent o
phase, leading to local chemical heterogeneities in the
f phase. With an increasing temperature, solute ele-
ments are redistributed in the  phase due to longer-
range diffusion, resulting in a further decrease of the
FWHM. The final increase of the FWHM, which is
observed once the o lamellae dissolution is complete,
is related to chemical heterogeneities in the  phase
following the dissolution of the nodular « phase. In
that case, the diffusion length required for chemical
homogenization of the f phase are higher than that of
the « lamellae with an average distance between
nodules of a few micrometers. The amplitude of the
last increase in FWHM is lower than the one linked to
the dissolution of the o lamellae. This is expected
since the chemical composition gradient in the f
phase due to the dissolution of the o nodules is
located near the « nodule/f matrix interfaces, which
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Figure 15 Mo diffusion length in the § phase versus temperature
for three heating rates. Arrhenius law parameters were taken from
Kale and Patil. [51]: Dg=487-10-7m?s™' and
Q = 146.2 kJ mol™" for a Mo content of 5 mass%.



represent only a small fraction of the total f phase.
The calculated diffusion lengths also show that the
diffusion length of molybdenum decreases signifi-
cantly with an increasing heating rate. This explains
why the amplitude of the FWHM variations are
higher for the highest heating rate. Indeed, lower
diffusion length tend to make the homogenization of
the f phase chemical composition slower, and thus,
increase the FWHM more.

Conclusions

The phase transformations of a near f titanium alloy
(Ti-5553) with bimodal microstructure subjected to
rapid continuous heating from room temperature to
1050 °C have been studied with in situ High Energy
X-Ray Diffraction. The following conclusions have
been drawn:

e A Kkinetic effect has been observed with a shift of
o — f transformation toward high temperatures
when the heating rate increases. Thus, for any
process involving a heating rate > 100 °C s ', no
o phase dissolution takes place until the temper-
ature reaches about 593 °C.

e In the transformation range, two stages in the
kinetics of o phase dissolution, with faster kinetics
in the first stage, were highlighted. The first stage
is mainly attributed to the dissolution of « lamel-
lae and the second stage to that of the o nodules.
As discussed, the factors can be numerous, such
as the possible difference in chemical composition
or in strain energy and o/f interfacial energy
between the o nodules and lamellae.

e The variations of the mean lattice parameters and
FWHM during heating suggests that the « phase
dissolution takes place with a diffusional mecha-
nism mainly driven by the o/ f interface mobility.
The f phase therefore inherits the solute content
of the adjacent parent o phase. This also leads to
chemical heterogeneities in the  phase regardless
of the considered heating rate.
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Appendix

In order to estimate the relative impact of experi-
mental biases related to non-homogenous heating
across the sample FWHM, finite element modelling
(FEM) were considered with Cast3M [52] software. A
two-dimensional axisymmetric finite element model
was used to evaluate the thermal gradient through
the sample for the three heating rates. Quadratic
isoparametric finite elements were used, and an axial
symmetry was considered to mesh only half of the
10 mm length of the sample.

A simplified approach in isotropic linear elasticity
was chosen and all properties of the material were
taken independent of temperature, excepted Young
Modulus. But, to overestimate the temperature gra-
dient in the sample, the values have been chosen to
minimize thermal conduction and to maximize heat



capacity. The following values were used: thermal
conductivity 53W m ' K!, heat capacity
500 J kg~' K', volumetric mass density 4650 kg m >
[53], coefficient of thermal expansion 11.10-6 K!
was taken from this current work, Poisson’s ratio of
0.33. Young Modulus was considered to follow the
same trend as in ]. Baillieux work [54]. Thus, Young
Modulus was taken varying linearly from 110 GPa at
room temperature [55] down to 60 GPa at 700 °C and
25 GPa at 1200 °C. The heating of the sample is done
with an induction coil operating between 80 and
100 kHz. According to Rudnev et al. [56], a penetra-
tion depth 0 can be calculated depending on the
inductor frequency, the electrical resistivity p and its
relative magnetic permeability u. Values are given in
[56] for pure titanium and 70 kHz: 6 = 2.25 mm at
600 °C and 2.55 mm at 1200 °C. As  depends on the
inverse of the square root of the frequency, a é value
of 1.9 mm would be at least expected for 100 kHz.
Furthermore, the electrical resistivity of the Ti-5553
titanium alloy is expected to be higher than the one of
pure titanium due to the presence of solute elements
increasing ¢ as the square root of electrical resistivity.
Consequently, an imposed temperature ramp was
applied as thermal loading on the skin of the cylinder
on a thickness 6 = 1.9 mm corresponding to the
minimal penetration depth.
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Figure 16 Evolution of the calculated temperature difference
between skin and core of the sample versus imposed skin
temperature for each heating rate.

Figure 16 shows calculated temperature difference
between the skin and the core of the sample for each
heating rate. As expected, the temperature gradient
through the thickness was maximal for the fastest
heating condition (100 °C s') and reached 13.3 °C
whereas it was calculated to be below 1.4 °C for the
slowest heating rate (10 °C s™'). The temperature
gradients increased rapidly up to their respective
values before the imposed temperature reached
150 °C. Because the temperature differences values
are low and constant above 150 °C, the experimental
setup could not have induced any FWHM variations
in the o dissolution temperature range.
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