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Abstract The effect of heating rate on the phase trans-
formation kinetics of a Ti—-10V-2Fe-3Al metastable 3
titanium alloy quenched from the P field is investigated by
fast in situ high energy synchrotron X-ray diffraction and
differential scanning calorimetry. The initial microstructure
is formed by o martensite and fine ®,q, particles distrib-
uted in the retained B-phase matrix. The phase transfor-
mation sequence varies with the heating rate as revealed by
analysis of the continuous evolution of crystallographic
relationships between phases. At low temperatures an
athermal reversion of o/ martensite into B takes place. This
reversion occurs to a larger extent with increasing heating
rate. On the other hand, diffusion—driven precipitation and
growth of the ® phase is observed for lower heating rates
accompanying the reverse martensitic transformation.
Furthermore, the results show that the stable o phase can
form through three different paths: (a) from the ® phase,
(b) from o martensite, and (c) from the B phase.
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Introduction

Metastable B titanium alloys are mostly used in a wide
range of components for the aerospace industry and as
alternative structural materials for the automotive sector
due to their high specific strength and excellent fatigue
resistance [1, 2]. Moreover, biomedical applications are
also being considered due to biocompatibility of B-Ti
alloys and partial or total superelasticity [3]. The
mechanical properties of these alloys for structural appli-
cations are basically defined by a homogeneous distribu-
tion of o/f interfaces due to the presence of fine o
precipitates embedded in a B matrix [4]. On the other hand,
the superelastic behavior is associated to a reverse mar-
tensitic transformation that leads to shape memory effect
[5]. The formation of the o phase, its morphology, volume
fraction, size, distribution as well as the progression of
eventual shape memory effect are influenced by the phase
transformation kinetics during heat treatments [6]. There-
fore, a correct understanding of these processes is required
for the optimization of the heat treatment and chemical
composition of the alloys. In most of the prior works the
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study of phase transformations in metastable [ titanium
alloys was discussed on the basis of isothermal aging and
ex situ experiments [7-11]. Although important insights
have been gained using these methods, the role played by
kinetic variables (e.g., heating rate) on the phase transfor-
mation sequence has received less attention [12-14].
Nowadays, continuous and univocal studies of phase
transformation kinetics during heat treatment can be car-
ried out in situ by high energy synchrotron X-ray diffrac-
tion (HEXRD) [15-17].

The Ti—-10V-2Fe-3Al metastable [ titanium alloy is
extensively used in aircraft components such as landing
gear structures or helicopter rotors [2, 18]. Depending on
the thermomechanical process, this alloy can develop bi-
modal, lamellar, or fine o plate microstructures that offer
better combinations of tensile strength, fatigue resistance,
and fracture toughness than o + f titanium alloys [18, 19].

In the present study, the phase transformations kinetics
of a Ti—-10V-2Fe-3Al alloy in B-quenched state are
determined in situ as a function of the heating rate by
means of HEXRD and complemented by differential
scanning calorimetry (DSC). The evolution of stable and
metastable phases is analyzed in terms of volume fraction
and the crystallographic relationships between their lattice
structures during linear heating from room temperature
(RT) to the B-field.

Experimental
Material

The composition of the investigated metastable [ titanium
alloy Ti—-10V-2Fe-3Al is given in Table 1. The B-transus
temperature of the as-received primary ingot is 800 °C
[20]. Samples of 20 x 20 x 30 mm?® were cut from the as-
received ingot and subjected to an isothermal heat treat-
ment at 900 °C (B-field) for 20 min in a dynamic argon
atmosphere and quenched in RT water. This water-quen-
ched condition corresponds to the initial condition for the
further investigations.

Microstructural characterization

Specimens were prepared for light optical microscopy
(LOM) by electropolishing for 35 s at RT in a LectroPol-5
machine using a solution of 8 % HCIO4 + 12 % 2-but-
oxyethanol + 80 % ethanol and a voltage of 40 V. This

procedure was effective in removing the presence of stress-
induced o martensite formed during mechanical polishing
[6]. Subsequently, the samples were immersed for 20 s in a
Kroll’s reagent solution (2 % HF + 4 % HNO; + 94 %
H,0) to reveal the microstructural constituents. LOM was
carried out using a Zeiss Axioplan optical microscope. The
grain size was determined using the ASTM standard E
1382-91 as implemented in the software Axio Vision 4.8.2.

Thin-foil specimens were prepared for transmission
electron microscopy (TEM) by dimpling followed by ion
milling using a Gatan precision ion polishing system
(PIPS) device employed at 4 kV. The samples were
examined with a Tecnai F20 microscope operated at
200 kV.

Study of phase transformation kinetics

DSC and in situ HEXRD were used to determine the phase
transformation kinetics of the Ti—-10V-2Fe-3Al alloy. The
evolution of phases was studied during continuous heating
at constant heating rates of 5, 20, and 50 °C min~! from
RT up to 900 °C.

Differential scanning calorimetry

DSC was carried out in a Netzsch DSC 404C Pegasus
calorimeter using specimens of ~5 mm diameter
and ~ 1.6 mm thickness (~ 145 mg) cut using a SiC disk.
A pure Al,O3 sample was used as a reference. The inves-
tigated samples and the reference were inserted into Al,O3
pans. The DSC experiments were performed in argon 5.0
atmosphere with a flow rate of ~80 ml min~' to avoid
oxidation. The DSC curves show a continuous sequence of
reaction peaks that make it difficult to determine a refer-
ence baseline. Therefore, the start and finish temperatures
of individual reactions were determined by the inflection
points between them as described in [21, 22].

In situ high energy synchrotron X-ray diffraction

In situ HEXRD was carried out at two different synchrotron
radiation sources: ID15B beamline of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble) [23] and P07-
HEMS beamline at PETRA III, Deutsches Elektronen-Syn-
chrotron (DESY, Hamburg) [24]. The experimental param-
eters for each setup are summarized in Table 2. Samples of
4 x4 x20mm> (ID15B) and 4 x 4 x 10 mm® (P07)
were cut using a SiC disk. The ID15B samples were heated

Table 1 Composition of the
Ti-10V-2Fe-3Al alloy [20]

Element \ Al Fe

0 C N H Y Ti [Moleq

Wt% 924 325 1.86

0.12  0.023 0.011  0.0008 <0.005  Balance ~11.7
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Table 2 Experimental parameters used during the in situ HEXRD experiments (20 and 50 °C min~' heating at ID15B-ESRF and 5 °C min~"

heating at PO7-Petra III)

Beamline  Energy (keV) Wavelength A) Slit-aperture ~ Sample-detector ~ Acquisition =~ Read-out  Detector
size (mmz) distance (mm) time (s) time (s)
ID15B-ESRF 87 0.142 0.3 x 03 1252 2 1 Pixium
PO7-Petralll 100 0.124 1x1 1918 4 2 PerkinElmer XRD 1622

up in a dynamic argon 4.6 atmosphere by means of a radiant
furnace [16]. A modified dilatometer Bdhr 805A/D with an
induction coil furnace [25] was used at the PO7-HEMS
beamline to heat up the samples in a helium 5.0 atm. In both
cases, the samples were kept fixed during acquisition and the
temperature was controlled by a spot-welded thermocouple
located next to the position of the incoming beam. Image
sequences of complete Debye—Scherrer rings from the bulk
of the samples were recorded in transmission mode (thick-
ness = 4 mm) using image-plate detectors (see Table 2).

Analysis of diffraction data

The instrumental parameters of each setup were obtained
using a LaB¢ powder standard. Qualitative analysis of the
evolution of the diffraction patterns during heating was
carried out using two procedures:

(1) Azimuthal integration of the intensity along the
Debye—Scherrer rings at each temperature using the
software Fit2d [26].

(2) Unrolling the Debye—Scherrer rings and converting
them into Cartesian coordinates (azimuthal angle,
20) and projection of the maximum intensity on the
20 axis using the software ImagelJ [27].

Quantitative phase analysis of the diffraction patterns,
such as the evolution of volume fraction of phases and the
cell parameters, was determined by the Rietveld method as
implemented in the software Maud [28].

Results
Initial microstructure

Figure la shows a light optical micrograph of the initial
microstructure of the Ti—-10V-2Fe-3Al alloy. Large o’
martensite plates can be observed distributed at the grain
boundaries of the retained 3 matrix. This is clearly shown
in the inset of Fig. la where o martensite plates nucleated
at the B grain boundaries can be observed. Moreover, the 3
grains present equiaxed morphology with a mean diameter
of ~400 um. Analogous microstructures have been
reported for Ti—-10V-2Fe-3Al quenched from the B-field
[6, 71.

@ Springer
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Fig. 1 a LOM image of the initial microstructure formed by a matrix
of metastable B grains surrounded by o martensite plates. b TEM
bright field image of the initial microstructure showing fine laths and
larger plates of o martensite. The inset in b presents the electron
diffraction pattern of the [113] B zone axis in the circled region and
reveals the presence of @,

TEM of the initial microstructure reveals that o mar-
tensite can also be found distributed in the § matrix as lath
colonies and as plates (Fig. 1b). Figure 1b refers to a
region located in the interior of B grains. In addition,
irregularly shaped and very fine (1-10 nm) particles cor-
responding to the athermal ® phase (m,q) are also found
within the B matrix and in between the o martensite.
Particles of w,; with a mean size of ~3 nm have been
reported for the current alloy after quenching from the B-
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field [7]. The inset in Fig. 1b shows the w,y, and o phases
identified by electron diffraction in the encircled region.
(110) spots of o’ appear next to those from (110) of B [29].
Furthermore, characteristic features of ®,y, such as sharp
spots and diffuse intensity distribution (diffuse ® [30],
diffuse streaking [31]) can be observed. Similar electron
diffraction patterns denoting the presence of ®,y were
reported in previous works [30-33]. The nature of diffuse
scattering in @,y has been interpreted in terms of inco-
herent precipitates [34]. Moreover, it has been suggested
that the m,y, precipitates are formed to relax the strain
caused by the volume expansion from the B phase to the o”
martensite during quenching [35, 36]. Therefore, it can be
expected that the w,q, precipitates are located at the o3
interface, but this cannot be revealed with the spatial res-
olution obtained by TEM in this work.

Influence of heating rate on phase transformations
during continuous heating

Differential scanning calorimetry

Figure 2 presents the DSC results obtained during contin-
uous heating of the initial microstructure. The DSC curves
show that the heat flow during the thermal treatment
increases with the heating rate. The three curves present
similar peak (transformation) sequences with a shift to
higher temperatures with increasing heating rate. The
endothermic transformations are indicated by numbers
enclosed in circles, while the exothermic ones are shown
by numbers in squares. Corresponding peaks at each
heating rate are connected by grey lines. The 20 and
50 °C min~" conditions present the same number of peaks
(7). A shift of 15-50 °C is observed for the reactions taking
place at 50 °C min~' with respect to 20 °C min~' heating
rate. On the other hand, the 5 °C min~' curve shows two
exothermic transformations in the range between 380 and
435 °C (peak 4), and the transformation sequence is shifted
15-40 °C to lower temperatures with respect to the
20 °C min~" condition. The endothermic peak 7 shows an
asymmetric shape that may be due to an overlapping of two
or more endothermic transformations. Except for this peak
and the two peaks 4 at 5 °C min~', each exothermic peak
is followed by an endothermic transformation and vice
versa, indicating formation and transformation of phases,
respectively [13, 14, 37].

In situ high energy synchrotron X-ray diffraction

Portions of characteristic Debye—Scherrer rings obtained
by HEXRD during heating at 5 and 50 °C min~' can be
observed in Fig. 3. They correspond to diffraction patterns
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Fig. 2 DSC heat flow curves obtained during continuous heating of
the initial microstructure at 5, 20, and 50 °C min~! up to 900 °C. The
equivalent peaks between conditions are connected by grey lines. The
peaks are numbered in ascending order during continuous heating.
Peaks related to endothermic and exothermic reactions are indicated
by circles and squares, respectively (Color figure online)

at four different temperatures in order to illustrate the
rings’ evolution. The images shown in Fig. 3a, b were
obtained during experiments carried out at the beamlines
PO7-Petralll and ID15B-ESRF, respectively. The diffuse
ring observed near the center of Fig. 3b corresponds to the
scattering of a quartz glass capsule used to keep the sample
in inert gas atmosphere. The relatively large grain size of
the initial microstructure is reflected by the spotty structure
of the diffraction patterns at 25 °C. The diffraction rings of
the 5 °C min~' experiment appear more continuous than
those of the 50 °C min~' experiment due to the larger
gauge volume investigated using the setup at P07 (see
Table 2). At 370 °C, some Debye—Scherrer rings observed
at 25 °C for 50 °C min~"' disappear while new reflections
appear. On the other hand, all the rings observed at 25 °C
for the 5 °C min~' condition remain and some coarse spots
as well as new weak reflections appear. The next two
temperatures (450 and 600 °C) show basically the same
diffraction rings with similar scattering angles. Further-
more, the diffraction pattern at 450 °C for the 50 °C min~!
condition shows streaks that link coarse grains to one or
more low intensity spots with a straight line forming a
cross-like shape (two of these regions are highlighted by
circles in Fig. 3). These streaks indicate orientation rela-
tionships in the transforming region of the grain [38].
The evolution with temperature of the integrated dif-
fraction patterns is shown in Fig. 4a, b for a small 20 range
that represents qualitatively the complete HEXRD experi-
ments for the 5 and 50 °C min~' heating rates, respec-
tively. It must be pointed out that the ratio between peak
intensities is not representative of the volume fraction of
the respective phases due to the small 20 range depicted.
The results for the 20 °C min~' heating rate are between
those for 5 and 50 °C min~' conditions and have been

@ Springer



1416

J Mater Sci (2015) 50:1412-1426

Fig. 3 Quarters of (a)
representative Debye—Scherrer

rings obtained at 25, 370, 450,
and 600 °C during continuous
heating: a 5 °C min~' (P07-
Petralll) and b 50 °C min™'
(ID15B-ESRF)

(a)

5°C min-1 (b)

50 °C min-1

(b)

Fig. 4 Evolution of the diffraction patterns (limited to a small 26 range) as a function of temperature during continuous heating up to 600 °C:

a5 °C min~" (PO7-Petralll) and b 50 °C min~' (ID15B-ESRF)

excluded to improve legibility. The B and o phases are
revealed by the diffraction patterns at 25 °C in all studied
samples. No evidence of the ,y phase identified by
electron diffraction in the transmission electron microscope
could be obtained by HEXRD in the initial condition of the
alloy. This may be due to an overlapping of the highest
intensity m,, reflections with the more extensive B-peaks,
and the weak and broad m,g, reflections resulting from the
diffuse scattering of this phase associated to lattice dis-
tortions [39]. The difficulty in identifying m,, in metasta-
ble B titanium alloys by X-ray diffraction has been reported
by several authors [16, 35, 40].

A sudden intensity decrease of the o reflections, fol-
lowed by an increase in the intensity of the B-reflection can
be observed between 200 and 260 °C. The o intensity
drop is more pronounced for the 50 °C min~" heating rate,
where the o reflections practically vanish. This is a

@ Springer

diffusionless reverse o — B transformation which is
responsible for the one-way shape memory effect that is
observed in the Ti—-10V-2Fe—3Al alloy [6]. This can be
seen more clearly in Fig. 5a, b where the Debye—Scherrer
rings are presented in Cartesian coordinates for the
50 °C min~" heating rate at 25 and 265 °C, respectively.
The {hkl} indices of the reflections of the various phases
are indicated. At 265 °C (Fig. 5b) the o reflections have
vanished, while a pronounced and localized intensity
increase of some B spots takes place. On the other hand,
Fig. 6 shows the changes that take place in an equivalent
temperature range for the 5 °C min~' condition. Here, only
a partial extinction of o is observed at 250 °C (Fig. 6b) as
evidenced by an intensity reduction of the reflections of
this phase. Also, the B reflections remain less coarse than
for the 50 °C min~' heating rate (Fig. 5b). This indicates
that the reverse o’ — [ transformation is more pronounced
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with increasing heating rate [6] and results in a full trans-
formation of o into B at 50 °C min~".

Another characteristic of the diffraction patterns shown
in Figs. 5b and 6b is the emergence of low intensity spots
that correspond to the ® phase. This is a thermally acti-
vated phase known as isothermal o (referred to as o in this
work) (see [41]). Families of spots associated to {110},
{101}, {201}, {300}, {211}, and {102} reflections of ® lay
next to the 20 positions where the {110}, {200}, and {211}
reflections of P are located. This overlapping causes the
apparent fluctuations in the intensity of [ observed in
Fig. 4 at ~250 °C.

Figure 7a, b shows color-coded 2D plots corresponding
to the evolution of several {hkl} reflections during con-
tinuous heating at 5 °C min~"' up to 600 °C for charac-
teristic 20 ranges. The reflections of the o phase are
attenuated at ~250 °C owing to the partial reverse
o’ — B transformation. In addition, the interplanar dis-
tance of the {020}o”, {021}a”, and {130}a” decreases

2Theta (°)

reaching a minimum at ~275 °C and then increases up
to ~450 °C until approximately the same values as for RT
are reached. On the contrary, the {110}a”, {111}a, and
{200}0” reflections follow the opposite behavior. Addi-
tionally, at ~250 °C the intensity of the {201} reflection
of w increases. The {110}, {101}, {111}, and {002} of ®
become distinguishable at ~325 °C. All o reflections
vanish at ~400 °C. At this temperature the o reflections
start to shift towards the position of o while their intensity
decreases. New reflections indicated by arrows slightly
above ~400 °C appear next to {200} and {130}a”. The
o reflections disappear between 425 and 450 °C. Reflec-
tions corresponding to the stable o phase can be appreci-
ated at T > ~525 °C.

The sudden vanishing of o reflections at ~200 °C due
to the full reverse martensitic transformation into 3 can be
clearly observed in Fig. 8 for 50 °C min~' heating rate.
Similar to 5 °C min_l, the reflections associated to ®
become visible at ~350 °C and disappear slightly

@ Springer
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Fig. 7 Color-coded 2D plots (a) 600 (b) 600
corresponding to the evolution 550
of several {hkl} reflections 500
during continuous heating at o O 450
5 °C min~" up to 600 °C for < 5 400
characteristic 20 ranges: 5 S 350
a 2.6-3.4° and b 3.8-5.1° © S 300
. 9] @
(Color figure online) g- g— 250
S S 200
150
100
50
26 27 28 29 31 32 33 34 38 40 42 44 4.8 5.0
2Theta (°) 2Theta (°)

Fig. 8 Color-coded 2D plots (a) 600 (b) 600
corresponding to the evolution 550 550
of several {hkl} reflections 500 500
during continuous heating at o 450 O 450
50 °C min~" up to 600 °C for < 400 < 400
characteristic 26 ranges: % 350 B g 350
a3.0-4.0° and b 4.6-5.9° ® 300 j {1 10} £ 300

(Color figure online) qé. 250 o {111) {021) g- 250 {112){022) {200} (200} (130}
g 200 ‘ ﬁ 200
150 | 150
100 ! 100
50 | 50

3.0 3.2 3.4 3.6 3.8 4.0 4.6 5.0 5.4 5.6 5.8
2Theta (°) 2Theta (°)

below ~450 °C. Also, new reflections (indicated by
arrows) that do not correspond to o martensite, B, ® or o
but are similar to those expected for o martensite start to
form at this temperature. These reflections move towards
the position of the o phase up to ~550 °C, where clear
stable o phase reflections can be observed. A relationship
between ® and the new reflections can be observed in
Fig. 8b at 425 °C, where the {002}m reflection shifts to a
position close to that of {130}a”. Figure 9 shows a detail
of the same {hkl} reflections as in Figs. 7b and 8b over a
small azimuth range at three characteristic temperatures for
the 5, 20, and 50 °C min~! heating rates. At 25 °C, the
reflections corresponding to o and B are present. At 400,
415, and 450 °C (ascending with the heating rate) the ®
reflections start to disappear for each heating rate, showing
that the reflection {002} shifts towards the position of
{130}o”. This corresponds to the period at which the
reflections indicated by arrows close to o’ become visible
in Figs. 7b and 8b. Furthermore, streaking can be observed
between the overlapping {201}® and {200} reflections,
and the reflections {200}o” and {022}a”. For the 20 and
50 °C min~' conditions, extra spots between {200}o” and
{130}o” (indicated by arrows) are visible. At 450, 455, and
490 °C (bottom figures) the streaking effect still remains
for each heating rate and the {112}a” with {022}a” and
{200}o” with {130}o” reflections tend to join. These

@ Springer

evolutions can be visualized more clearly in the following
video sequences: Online Resources 1, 2, and 3,
respectively.

Discussion

The phase transformations observed by in situ HEXRD
were described qualitatively in the last section. Hereafter,
these processes are studied by quantitative phase analysis
using the Rietveld method as implemented in the software
Maud [28]. This requires the knowledge of the crystallo-
graphic structure of the phases involved during the trans-
formations, namely o, o, ®, and B, which are summarized
in Table 3. The structures of the metastable o’ and ®
phases are described by the respective y and z,, parameters,
which are directly related to the transformation mecha-
nisms of these phases. The o phase is believed to be the
result of an incomplete shear of the {110} planes as they
tend to transform into the basal planes of hexagonal o
martensite during quenching or deformation of metastable
B titanium alloys [42]. Due to its lower symmetry, the o
phase is considered to be a disordered phase in which
shuffle displacements from the transformation can be
reflected in the atomic y-coordinate [30] (Table 3). An o

hep structure is obtained for y = 1/6, b/a = /3, while for
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Fig. 9 Color-coded 2D plots of (a) {022}a" {201}w {002}o  (b) {022} {201} {002}
selected portions of complete {112}a"; {200} {130}a" {112}a": 20018  {130}a”
Debye—Scherrer rings converted {1} 1 : : {200}a” 1Mo : : {200}0”

into Cartesian coordinates. The
evolution of the Bragg
reflections is shown for three
different temperatures:

a5 °C min~', b 20 °C min~",
and ¢ 50 °C min~" (Color figure
online)

Azimuth (°)  Azimuth (°)

Azimuth (°)

a B bee structure y = 1/4, b/a = /2 [43]. Possible o’
martensite structures lie between these values. In the cur-
rent work, y ~ 0.186 was determined by Rietveld refine-
ment for the initial microstructure of Ti—10V-2Fe-3Al.
Prior studies showed that for Ti—Nb alloys the y-coordinate
increases with the solute content [43—45]. This value lies
between those found for the binary metastable f Ti—14Nb
(y = 0.1810) and Ti-20Nb (y = 0.1877) alloys [44].
Higher values for the y-coordinate (~0.222) were reported
for higher contents of Nb (~24 wt%) [43].

The formation of the ® phase consists of a collapse of
two-thirds of the {111} layers into double layers, whereas
the other one-third remains as a single layer [30]. During
the transformation, z, varies continuously between
0 < z, < 1/6. In this way, z,, = 0 corresponds to the bec B
phase, while z,, = 1/6 is the ideal ® phase with hexagonal
symmetry. Structures with z, between O and 1/6 are
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considered trigonal [41]. The relationship between the cell
parameters of the B and the hexagonal ® phase can be
expressed as a, = \/iaﬂ and ¢, = \/§/2aﬂ [46]. In the
current work no intermediate states of the ® phase are
considered in the Rietveld analysis since this assumption
resulted in the best refinement of the diffraction patterns.
However, it is important to remember that certain volume
fraction of m,;, was observed by diffraction analysis of a
selected area in TEM (Fig. 1b).

Kinetics of the athermal o’ — B reversion

The phase transformations observed in the temperature
range between 170 and 315 °C (see Figs. 5, 6, 7, 8) involve
the o, ®, and B phases. Figure 10 shows the evolution of
the phase volume fractions as a function of temperature for
the three different heating rates. At the beginning of the
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Table 3 Crystallographic data from characteristic phases of Ti-based alloys identified in the HEXRD patterns and used for quantitative phase

analysis
Phase Lattice system Space group Atomic positions Reference
o Orthorhombic Cmcem 0,y, 1/4) (0, 1 — y, 3/4) (172, 172 + y, 1/4) [45]
(172, 1/2 — y, 3/4); in this work y ~ 0.186
for the initial microstructure
B Cubic Im3m 0,0, 0) (172, 172, 1/2) [43]
Hexagonal P6/mmm 0,0, 0) (1/3, 2/3, 1/3 + z,,) (2/3, 1/3, 2/3 — z,); [41]
in this work z, = 1/6*
o Hexagonal P63/mmc (1/3, 2/3, 1/4) (2/3, 1/3, 3/4) [43]

* A trigonal o structure is obtained for 0 < Z, < 1/6
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Phase fraction (vol.%)

heating the 5 and 20 °C min~' conditions present an o’
content of ~70-80 vol% while the 50 °C min~' condition
shows an initial content of ~60-70 vol%. As it will be
pointed out later these differences may be due to slight
differences in the distribution of quenching strains in the
samples. The apparent difference in volume fraction of
martensite with respect to the light optical micrograph in
Fig. 1a can be understood taking into account that the
martensite is also present embedded in the B-matrix as it is
shown in Fig. 1b. At ~200 °C all heating rates present a
fast o’ — P reversion whose magnitude increases with
heating rate. Thus, the volume fraction of o martensite
after reversion in the 5 and 20 °C min~' conditions reaches
a minimum of ~40 and ~ 15 vol%, respectively. On the
other hand, the 50 °C min~' condition shows a full
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transformation of o into B. Moreover, Fig. 11 presents the
evolution of the cell parameters as a function of temperature
for the three different heating rates. During heating from RT
to the end of the o’ — P reversion (dashed grey lines in
Fig. 11), b,» and a,r decrease and increase, respectively,
while ¢, remains practically constant. These changes are
more accentuated for the 20 °C min~' condition between
250 and 300 °C (Fig. 11b). Furthermore, the temperature at
which the minimum o volume fraction is reached for the 5
and 20 °C min~" conditions at the end of the o — P
reversion coincides with that of the minimum and maximum
reached for the b, and a,~ cell parameters, respectively.
The athermal o’ — P reversion is a diffusionless
transformation caused by thermal mismatch stresses gen-
erated during heating from RT at the interface between o



J Mater Sci (2015) 50:1412-1426 1421
Fig. 11 Evolution of the cell 52 ] T T T T T T T
parameters and of the < = 2(1) o’ > B ;@W
crystallographic relatlonsh'lps < = 29 am PV e
between phases as a function of =4 D 4.8 e
temperature during continuous 2 k5 Z'g: EBEBEEs8 000 000000080000000000000%0
heating: a 5 °C min~", % 8 45 s iooooc:
b 20 °C min~", and = g 314 oo P2«
¢ 50 °C Il’li1171 g g 301 oo onomR0 oo DDDDDDDDDDD%
:- Q poomoHBEEEnonooon
° 3 29
(&) Ju] — B
S o " S
28](a) sl 0] o . 28] (b) o>
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
o N
52 ] T T T T T T ™ a.,
514 o= f’ 4 @
< 50 WANAAR i | ——b,,
£ 4.9 { rsamasasann & 1 |—o—c¢
3 EDy
wes o —_——
2 407 oeomesesens3BEa000Me o000 | | o
QL 45 =~ | —o—¢
cé’ 3.1 U 2o _ a
s —2—a \3
& 3.0 { goomoonoaot ®ogng g ¢
(= Oog
= 29 unnnnnguﬁﬁﬁumn ] —0— aﬁ‘ﬁ
(&) \'w" So ‘ —o0—a
2.8 (C) O00poopoooom [ Ay o
. . . . . : . —o—c¢
0 100 200 300 400 500 600 700 ~— @/

and B. This indicates that the athermal o’ — B transfor-
mation is controlled by lattice strains between these phases
[6]. In the initial microstructure the three principal strains
between o and P generated by the p — o transformation
during quenching can be calculated as presented in [43]:

(1)

e1 = (ax —ag) [ag

€ = (b“w - \/Ea/;)/\/iaﬁ (2)
€& = (w - \/Eaﬁ) /V2ay (3)

Slight variations are obtained at RT considering all
initial states: & = —(7.1-7.5) %, & = +(7.0-7.1) %,
&3 = +(0.6-0.8) %. These values are close to those pre-
sented for this alloy in similar conditions [6] and for a
quenched PB-metastable Ti—25Nb wt% alloy [47]. On the
other hand, at the end of the athermal o” — B reversion
(dashed grey lines in Fig. 11) g ~ —6.3 %, ¢, ~ 6 %,
&3~ 08 % and &1 ~ —4.7 %, ¢ ~ 52 %, &5 ~ 1.4 %
for the 5 and 20 °C min~' conditions, respectively, reveal
a relaxation of ¢ and ¢, (a slight increase of &5 is also
observed for 20 °C min~'). The evolution of strain mag-
nitudes as the heating rate increases presents similar values
to those observed in Ti-Nb alloys by increasing the solute
content from ~ 25 to 32 wt% [47].

A continuous increase of the y-coordinate was obtained
during heating until a maximum value is reached at the end
of the athermal o” — B reversion. These maximums are
0.194 and 0.198 for the 5 and 20 °C min~' conditions,

Temperature (°C)

respectively, and, therefore, tend to be closer to the ones
required to generate a bce structure (y = 1/4).

Table 4 summarizes the temperature spans of the phase
transformations shown in Fig. 10 for each heating rate, and the
corresponding temperature ranges obtained for the DSC peaks
(Fig. 2). It must be pointed out that the direction of the reac-
tion (exo- or endothermic) indicated in Table 4 only refers to
the dominating process and does not exclude the possibility
that an overlapping of several reactions takes place simulta-
neously. The o — B reversion starts in the range of
170-200 °C and finishes between 260 and 315 °C. These
values are close to the ones reported in [6] for the same alloy.
The difference in the starting temperature and the temperature
ranges during which the phase transformation takes place may
be due to the different initial strain conditions &;, &, and &3
generated during water quenching of the samples.

Formation of ®

The formation of the ® phase starts simultaneously with the
athermal o” — Breversion for all heating rates (Fig. 10). This
leads to an overlapping of an endothermal (o" — P) and an
exothermal (o formation) phase transformation in the DSC
signal that results in the differences between the finish tem-
peratures of the o — [ transformation obtained by DSC and
HEXRD (peak 1 in Table 4). For the f — o transformation,
both methods present similar temperature spans which
increase with heating rate. Figure 10 shows that ® reaches
maximum volume fractions of 22, 5, and 80 vol% for the 5,
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Table 4 Phase transformations Heating rate DSC

HEXRD

suggested for the DSC reaction (°C min™")

peaks and the quantitative Peak Dominating Temperature Suggested phase Temperature

HEXRD phase analysis for the process range (°C) transformations range (°C)

5, 20 and 50 °C min~! heating

rates 5 1 Endothermic 185-220 o > B 200-260
20 180-233 o - B 170-315
50 195-248 o > B 175-265
5 2 Exothermic 220-308 B— ;B o, 218-305
20 233-335 B-o 230-333
50 248-364 Bowd >o 247-370
5 3 Endothermic 308-380 ® - BB — oy 305-400
20 335-416 B — o © — ol 333-420
50 364-454 O] 370-450
5 4 Exothermic 380-394 ® - ol 400415

415-435 B—-a 415-425

20 416-450 B—ooa 420-472
50 454-480 o - o p oo 450-497
5 5 Endothermic 435-526 - Jiso = B 425-522
20 450-550 - Jiso B 472-540
50 480-592 %, — B 497-586
5 6 Exothermic 526-570 - Jiso = O 522-555
20 550-610 - Jiso = O 540-610
50 592-657 ol > o 586-658
5 7 Endothermic 570-814 o - B #*
20 610-815 oa—p 610-812
50 657-815 oa— B 658-818

* Experiment stopped at 600 °C

20, and 50 °C min~" heating rates, respectively. The con-
siderably large o volume fraction obtained for 50 °C min " is
comparable with the ones reported (80—90 vol%) for other
metastable [} titanium alloys with similar content of 3 stabi-
lizers (Ti—23Nb, Ti—-10V, Ti—11Mo, Ti—8Mn, and Ti—6.8Mo—
4.5Fe—1.5Al1 wt%) [36, 46, 48, 49].

The lower maximum © volume fraction observed
comparing 5 and 20 °C min "', and the subsequent increase
comparing 20 and 50 °C min~', can be understood taking
into account that two different mechanisms, depending on
the heating rate, are responsible for the precipitation of .
Thus, at 5 and 20 °C min~' o precipitates by diffusion
at ~200 °C (Fig. 10a, b) at solute depleted regions of 3
[30, 50]. Diffusion-driven element partitioning in which
alloying elements are rejected from o particles is respon-
sible for further growing of this phase as it has been shown
experimentally in other B-metastable alloys [9, 51]. The
connection between ® and f is corroborated in Fig. 11a, b
by the crystallographic relationship between ® and B [46],
i.e., a, = al;\/z, for the 5 and 20 °C min~"' at the onset of
o precipitation, indicating that ® grows from 3 crystals. On
the other hand, at 50 °C min~' heating rate (Fig. 11c) the
a,, cell parameter starts with the last values obtained for ¢,

@ Springer

before the athermal o — P reversion. However, the ®
reflections start to be resolvable by diffraction after the
o” — P reversion (Fig. 8b). This suggests that ® forms at
former o sites for 50 °C min~"'. A similar correlation was
also observed in pure titanium deformed under high pres-
sures for a y phase with the same orthorhombic symmetry
as o [52, 53]. Further evidences of the formation of ®
from o are reported in [35, 54, 55] for quenched meta-
stable P titanium alloys. Therefore, the formation of ® at
50 °C min~' may be induced during the last stages of the
athermal o — P reversion by the complete and sudden
reshearing of lattice strains shown experimentally in other
metastable B alloys [9, 51]. Furthermore, the o phase is
retained during heating for lower heating rates as described
below, which may prevent the formation of high volume
fraction of w.

Stabilization of o

The volume fraction of o for the 5 °C min~' condition
slowly increases as the temperature increases above the end
of the athermal o” — P reversion (~260 °C, see Table 4)
up to ~400 °C (Fig. 10a). On the other hand, for the



J Mater Sci (2015) 50:1412-1426

1423

Fig. 12 TEM of the

20 °C min~" condition heated
up to 540 °C and subsequently
water quenched: a bright field ‘ A
image where an o/ martensite |
plate surrounded by a non-
uniform distribution of fine o
laths in the metastable B matrix
can be observed, and b dark
field image using the (111) o
reflection showing fine o” in the
metastable § matrix

A N
NOULEY '

" martensite plat
N T,

20 °C min~" condition the increase of the volume fraction
of o is steeper until the same content (~45 vol%) as for
5°C min~' is achieved at 420 °C (Fig. 10b). These
changes are directly related to the evolution of the cell
parameters of o (Fig. 11a, b). Here, the 20 °C min~'
condition presents a steeper increase and decrease of the
b, and a,» cell parameters, respectively, in comparison
with 5 °C min~'. At 400 °C, b,» and a, coincide at both
heating rates. The changes in the cell parameters are an
indication of diffusion-driven element partitioning between
phases and may be related to a transfer of B-stabilizer
atoms (Fe and V) from o into B as it has been suggested
for alloys with similar [Mo].q concentrations [6, 56]. For
this reason the phase observed within this temperature
range is called oy, hereafter. Therefore, the larger increase
in the volume fraction of &/ observed in the 20 °C min~'
condition up to 400 °C is a diffusive process. Simulta-
neously, the remaining [ phase is chemically stabilized. As
a result, the diffusionless o’ to P reversion caused by
thermal stresses is partly suppressed for lower heating rates
due to element partitioning. o, phase is retained for lower
heating rates, which reduces the maximum attained volume
fraction of ® phase.

In the same temperature region as described above, the
volume fraction of ® reaches a maximum and subse-
quently decreases for all heating rates. At 5 °C min~",
this decrease follows practically the same trend as the
increase in B (Fig. 10a) suggesting an @ — P transfor-
mation. The same trend is observed for 50 °C min~'
(Fig. 10c). This transformation is not evident for the
20 °C min~' owing to the low concentration of ® and the
previously explained B-stabilization. The changes for the
50 °C min~"' condition are also evidenced by a decrease
of a, at ~370 °C (Fig. 11c). Furthermore, as the tem-
perature increases, a, shifts to the position of ¢, in the
ranges 340-380 °C, 370-400 °C, and 443-448 °C for 5,
20, and 50 °C min~ !, respectively (Fig. 11a) to c). The
same correlation of cell parameters was described in

“Formation of ®” section and in [52, 53]. This, together
with the continuous shift of {002}w reflections to a
position close to that of {130}a” (see Online Resources 1,
2, and 3) also points to the formation of o’ from ®. A
prior work [35] suggested that band-like products of ®
transform into o within martensite plates during holding
at ~450 °C for a Ti—-8Mo wt% alloy. Furthermore, for-
mation of o during isothermal decomposition of the B-
metastable phase has been reported at moderate temper-
atures (420-600 °C) for several alloys (Ti-17 [12], Ti-
5553 [57], VT-22, and TIMETAL-LCB [8] with
[Moleq = ~9, 12, 11, 18 wt%, respectively). This prod-
uct has been referred to as isothermal o since its for-
mation was observed during heat treatments at constant
temperature [8, 12, 57, 58]. The same nomenclature is
used here (o, ), but it must be taken into account that this
serves only to distinguish between two different formation
mechanisms of this orthorhombic phase: «f,,, forms from
B, while of, forms from . It is important to note that the
y-coordinate of of (as determined at 50 °C min~') is
slightly different (0.181) from the one obtained by the
combination of «f, and o, (5 and 20 °C min~") sug-
gesting compositional variations between them.

The transformations explained in this section correlate
with the endothermic and exothermic peaks 3 and 4 of the
DSC as shown in Table 4. Due to the higher magnitude of
the B — of,,, transformation compared to the ® — ol
transformation in the 20 °C min~' condition, the overlap-
ping of both processes is observed as a single endothermic

peak in the DSC curve.

Formation of o
Transformation from the [} phase
Reflections close to those expected for o are visible for the

50 °C min ™" condition from ~425 °C (Fig. 8).
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Furthermore, evidences of o reflections are marked by
arrows in Fig. 9b, ¢ for the 20 and 50 °C min~! conditions,
respectively. Also, Figs. 10 and 11 show that all heating
rates undergo a decrease in the volume fraction of f and in
the B cell parameter above ~ 390, ~400, and ~450 °C
for the 5, 20, and 50 °C min~! conditions, respectively.
The presence of o at 400 °C has been reported during
isothermal aging of Ti-10V-2Fe-3Al [59, 60]. Figure 2
and Table 4 show that the P — o transformation is
reflected in the exothermic reaction number 4. At
5 °C min~" it takes place as a single reaction between 415
and 435 °C, at 20 °C min~' occurs between 416 and
450 °C, while at 50 °C min~" overlaps with the ® — oln
transformation (454-480 °C) as it has also been suggested
for a Ti-LCB metastable  alloy [14]. At higher tempera-
tures, an increase of the [ content of ~10 vol% is
observed for all conditions suggesting that an additional
- Jiso f transformation takes place. The temperature
ranges of this transformation fit with the endothermic peak
5 of the DSC (Table 4).

Evolution of o

Figure 11 shows a progressive evolution of b, c,», and a,»

towards a“\/g, ¢y, and a,, respectively, until they coincide
above temperatures between 555 and 660 °C. This trans-
formation is associated with the exothermic peak number 6
of the DSC (Fig. 2; Table 4). This indicates a gradual
transformation of the orthorhombic o Jiso into o The
formation of o from o” has been proposed in [61], where
homogeneous a precipitates were observed by TEM inside
the stacking faults of martensitic o plates for quenched
samples of a TC21 alloy aged at 500 °C. On the other hand, o
was observed between o/, for quenched samples of TI-
METAL-LCB aged at 538 °C [8]. Moreover, the aj.,, — &
transformation was also suggested in the basis of dilatometry
tests for the current alloy [6]. Figure 11 shows a direct evi-
dence of this phase transformation. Figure 12a shows a TEM
bright field image of an o” martensite plate surrounded by a
non-uniform distribution of fine o laths within the metastable
B matrix for a 20 °C min~"' sample quenched from 540 °C.
Moreover, o laths marked by arrows have formed within the
martensite plate. The dark field TEM image in Fig. 12b
shows that particles of o (bright regions) are also found
dispersed in the metastable 3 matrix. At this temperature o
already presents a symmetry close to hep (Fig. 11b) and,
therefore, these particles may correspond to particles
undergoing the o’ — o transformation. As a consequence,
the formation of o from o’ can occur by two different paths:

(1)  Formation of o from the o martensite plates, which

corresponds to «f.,, — o transformation.
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Fig. 13 Representation of the lattice correspondence observed
between the o and o phases. The atoms in the basal planes of o
and o are indicated by yellow and red spheres, respectively. The
atoms in the consecutive central plane of the o and o lattices are
depicted by green and orange spheres, respectively (Color figure
online)

(2) Formation of o from of, particles distributed within
the metastable B matrix previously formed from the

o — o, phase transformation.

The lattice correspondence between o and o can be
established from the shift of o reflections to the positions
of o, as shown in Fig. 7, and the correspondence between
the evolution of the cell parameters shown in Fig. 11.
These relationships are established as follows: {130}a/ ||
{110} and {020}a/ || {100}e.. The hep and orthorhombic
structures are shown together in Fig. 13 as a projection
along the ¢ axis (a 3D animation is provided in Online
Resource 4).

Dissolution of o

The last endothermic peak of the DSC (number 7) corre-
sponds to the transformation of o into f (Fig. 2; Table 4). A
peak shift to higher temperatures can be observed as a
function of the heating rate. This process finishes at tem-
peratures close to the equilibrium [B-transus temperature
(800 °C) [20].

Conclusions

The phase transformation kinetics of the f quenched Ti—
10V-2Fe-3Al alloy has been studied by in situ HEXRD
and DSC as a function of heating rate. The following
conclusions can be drawn from the investigations:

e A fast athermal o’ — B reversion is observed
at ~200 °C for all heating rates (5, 20, and
50 °C min~"). The magnitude of this athermal
o/ — B reversion increases with the heating rate
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leading to a complete transformation of o into B for
the 50 °C min~" condition.

e Twodifferent origins for the formation of » are identified
depending on the heating rate: at 5 and 20 °C min~' ©
grows from B crystals by a diffusion controlled mech-
anism, while at 50 °C min~! ® forms from the ortho-
rhombic o phase. The latter may be induced during the
last stages of the o’ — P reversion by the complete and
sudden reshearing of lattice strains.

e Two different mechanisms of formation of o are
observed at temperatures above the end of the o — B
reversion: on the one hand, a{éan grows to stabilize the

excess of B formed during the martensite reversion (5

and 20 °C min~ "), while at higher temperatures o/
forms from o as reflected by the corresponding
evolution of the cell parameters.

e At moderate temperatures (420-650 °C) o forms

through three different paths:

(a) Formation of o from the o martensite plates,
which corresponds to «f,, — o transformation.

(b) Formation of o from of, particles distributed

within the metastable § matrix previously formed

from the ® — of, phase transformation.

(¢) Formation of o from the B phase (B — o).

e In situ HEXRD has been applied to follow univocally
the evolution of the single Bragg reflections of each
phase allowing a complete determination of the phase
transformation sequence in the Ti—-10V-2Fe-3Al meta-
stable B alloy as a function of heating rate.
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