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ABSTRACT

Evolution of o microstructure on the thermomechanical treated Ti-10Al-1Zr-1Mo-1Nb alloy during
annealing was studied. The solution-treated materials were groove-rolled or uniaxially compressed in
the o+f region and annealed at 1173 K. The flow softening behavior and crystal rotation in o platelets
revealed an evolution of deformation texture. The volume fraction of equiaxed o grains was increased
during annealing. Especially in the material compressed at a strain rate of 1 s, the equiaxed o grains
developed within a shorter annealing duration than 1.8 ks. The deformation with higher strain rates
promoted the division and fragmentation of o platelets during annealing. Transmission electron mi-
croscopy and X-ray diffraction analyses were employed to characterize dislocation components and
structure, where the installed screw dislocations provided a fine substructure and high energy o/o
boundaries in o platelets. The triple junction consisting of «/p boundaries and «/o boundaries may
provide a site for thermal grooving, which induces the division and fragmentation of a platelets.
Therefore, deformation at a higher strain rate is necessary in o+f processing to develop a fine equiaxed o

microstructure for the Ti-10Al-1Zr-1Mo-1Nb alloy during annealing.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Titanium alloys may be utilized in aerospace industry owing to
their high strength-to-weight ratio and excellent corrosion resis-
tance [1]. In particular, ¢+f titanium alloys facilitate the design of
balanced mechanical properties since their characteristics strongly
depend on the volume ratio between the « (hcp) and B (bcc) phases
and their morphology. Alloying elements such as Al, Sn, Zr, Mo, Nb,
V, and Si are chosen to determine the «/B volume ratio and to
enhance heat resistance by solid solutions in near a-type titanium
alloys [2—4]. Following oxidation at high temperatures, the Sn
content decreases and of Nb content increases in Ti-15A1-5(Sn-Nb)
(mol%), enhancing resistance [5]. The simultaneous addition of Nb
and Zr promotes strong adhesion to the oxide layers [6]. A new Sn-
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free Ti-Al-Nb-Zr alloy has been proposed to increase the service
temperature of near a-type titanium alloy, and the creep properties
related to its microstructures have been investigated [7—9]. Influ-
ence of temperature and compression strain rate in the p-single-
phase region for the microstructural evolution of the Ti-10AIl-1Zr-
1Mo-1NDb alloy was evaluated. The flow behavior of the alloy dur-
ing high-temperature compressive deformation was evaluated by
the Arrhenius-type constitutive model and discussed on the basis
of microstructural evolution [10].

The mechanical properties of near a-type titanium alloys are
typically controlled by thermomechanical treatment [11,12]. Pro-
cess parameters such as temperature, applied strain, and strain rate
play a significantly important role in the development of their
microstructure [13—15]. A lamellar and/or acicular o microstructure
was formed following various thermomechanical processes in the
B-single-region. It forms during cooling and exhibits moderate
strength and fatigue crack propagation resistance but low ductility
[16]. In contrast, the equiaxed o microstructure exhibits a superior
balance of strength and ductility and high fatigue crack initiation
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resistance [17]. Therefore, a kind of bi-modal microstructure con-
sisting of equiaxed o grains and o platelets is desirable for various
applications.

The evolution of the equiaxed ¢ microstructure in a+f type ti-
tanium alloys such as Ti-6Al-4V (in mass%) alloy has been investi-
gated [18—21]. Two mechanisms have been proposed for
developing equiaxed o microstructure during annealing, i.e. (i) di-
vision and fragmentation of deformed «. platelets, and (ii) migration
termination of o platelets or coarsening of o grains. The former
focuses on the triple junctions of o/ interphase boundaries and a/a
interface in o platelets. The o/a interfaces may result from recov-
ered substructure, dynamic recrystallization, or localized shear
bands. The latter is a type of diffusional coarsening process and is
quantitatively evaluated by the Gibbs-Thompson equation. Few
studies, however, have been done on the evolution of equiaxed a
microstructure in Ti-10Al-1Zr-1Mo-1Nb alloy and its dominant
mechanism.

In the present study, the influence of process conditions on the
evolution of equiaxed o microstructure in Ti-10Al-1Zr-1Mo-1Nb
alloy during annealing was investigated. The alloy was groove-
rolled or uniaxially compressed in the o+f region at different
temperatures and strain rates, followed by annealing. Microstruc-
tural analyses were carried out to characterize the morphology of o
phase and the substructure in a platelets.

2. Experimental procedure
2.1. Material and thermomechanical treatment

Ti-10Al-1Zr-1Mo-1Nb, in mol% (Ti-5.7Al-1.9Zr-2.0Mo-2.0NbD, in
mass%) alloy was examined. The B-transus temperature of the alloy
was approximately 1253 K. The 1.1 kg ingot alloy was melted by a
cold crucible levitation method. The ingot was then cut into three
pieces and solution-treated at 1323 K for 10.8 ks, followed by air
cooling.

A cylindrical sample with a diameter of 75 mm was cut from the
solution-treated material. Fig. 1a illustrates the thermomechanical
treatment of the sample in the o+ region. The sample was heated
in a furnace at 1223 K over three cycles, each characterized by
heating at 1223 K for 300 s and forging, followed by air cooling. The
sample resulted in a 40-mm-square rectangular bar with a 63%
reduction in the cross-section area, over a total processing time of
approximately 1.2 ks? Furthermore, the rectangular bar was
formed into a 14.3-mm-square bar following multi-steps groove-
rolling through three cycles of heating at 1223 K for 300 s, followed
by air cooling. An 87% reduction in the cross-section area was
realized (the equivalent strain in the total reduction was approxi-
mately 2.4), and the processing time was approximately 1.2 ks? The
strain rate during groove-rolling was estimated to be about 0.002
s

High-temperature uniaxial compressive tests were conducted in
the o+ region at 1173 K with different constant true strain rates
using a thermomechanical simulator (THERMECMASTOR-MD, Fuji
Electronic Industrial Co. Ltd.). Fig. 1b illustrates the uniaxial
compression in the o+ region. Cylindrical samples with a diameter
of 8 mm and a height of 12 mm were cut from the solution-treated
material and mechanically polished their surface. The test temper-
ature was measured using a thermocouple that was welded onto the
surface of the sample and was controlled by induction heating in
vacuum and He gas cooling. The samples were heated to the test
temperature at 10 K/s; the temperature was maintained at 1173 K for
300 s to homogenize its distribution, and isothermally compressed
along the cylindrical axis for a reduction of up to 75% at the constant
true strain rates of 0.01 s~%, 0.1 s~' or 1 s~, followed by He gas
cooling to 500 K at 50 K/s. The temperature gradient in a sample and
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the friction between a sample and the anvils should be eliminated;
therefore, mica sheets were inserted between each sample and the
anvils to facilitate heat insulation and lubrication. True strain and
true stress values were calculated from load-stroke measurements
by assuming uniform, constant volume-deformation.

Both the groove-rolled material and the uniaxially compressed
ones were annealed in a muffle-type furnace at 1173 K for 0.3 ks, 1.8
ks and 10.8 ks, followed by water quenching.

2.2. Microstructural characterization

Equiaxed o grain formation during annealing in the o+ region
was evaluated by field-emission scanning electron microscopy
(SEM). SEM samples were taken from the central position in the
section of groove-rolled material parallel to the rolling direction
(RD) and that of uniaxially compressed material parallel to the
compression axis as illustrated in Fig. 2a and c. Those surfaces were
prepared by grinding with SiC papers and by vibratory polishing
with Al,O3 and SiO;, suspensions. To quantitatively evaluate the
morphology of the a+f microstructure, the boundaries between o
platelets, equiaxed o and B grains were manually demarcated. The
micrographs were examined using automated image analysis
(Image] software package, U.S. National Institutes of Health [22]) to
determine the volume fraction, grain size and number density of
equiaxed o grains. Here, an equiaxed o grain was defined as an
approximately elliptical grain with an aspect ratio of less than 2:1.
On average, 500 to 600 a grains were taken for each analysis to
provide statistically reliable data.

Microstructures of o platelets, especially substructures devel-
oped were characterized by transmission electron microscopy
(TEM) and X-ray diffraction (XRD). A JEOL JEM-2100F TEM was
employed at 200 keV to identify substructure in o platelets. A
Rigaku Smart Lab XRD with a Cu-target sealed tube and a 1D
semiconductor detector was employed at 40 keV and 45 mA to
determine the average characteristics of the substructure, i.e.
dislocation density, crystallite size and so on.

TEM disks of about 600 um thick were sectioned from the center
of the uniaxially compressed materials parallel to compression axis
(Fig. 2c). They were reduced to about 100 pm in thickness by
abrasion with no. 600 SiC paper. XRD samples were taken from the
cross sections of groove-rolled material perpendicular to RD and
that of uniaxially compressed materials perpendicular to the
compression axis as illustrated in Fig. 2b and d. Those surfaces were
grinded with SiC paper. Both TEM foils and XRD samples were
prepared by a conventional electrical jet polishing technique using
a stirred solution of 59%CH40-35%C4H1900-6%HCl04 at 243 K.

X-ray line profile analyses were performed based on the modi-
fied Williamson-Hall and modified Warren-Averbach procedure
[23,24]. The line profiles were collected for diffraction angles
ranging from 30 to 80° with a nominal step interval of 0.01°. A
fixed-angle divergence slit of 0.25° and a couple of soller slits with
an open-angle of 5.0° were used. Ni foil of 0.05 mm in thickness was
used as a K filter. Instrument broadening of the measured X-ray
line profiles was corrected by scale-transformation and
deconvolution—convolution treatment [25—27] optimized for the
above optical system.

3. Results
3.1. Microstructure

The microstructure of the test material after solution treatment
at 1323 K for 10.8 ks in the f phase region followed by air cooling is

represented in Fig. 3. The backscatter electron image shown in
Fig. 3a represents a basket-weave microstructure that consists of
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Fig. 1. Schematic diagram of thermomechanical treatment in the a+p region: (a) forging and groove-rolling steps, and (b) uniaxial compression.
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transformed acicular a (¢ac) and retained B in a prior-f grain, in
which the dark and bright areas correspond to the o and § phases,
respectively. Individual aac platelets were fitted with the prior-f§
matrix to a variant that satisfies the Burgers orientation relation-
ship [28]. These aac platelets of approximately 1 pm in thickness
were predominantly developed in a prior-f§ grain. Lower volumes of
the grain boundary a (ogg) and side-plate a (asp) were detected
(Fig. 3b). The o¢p is formed due to heterogeneous nucleation at the
prior-p grain boundaries, and the asp grows from the ogp into f
grains.

Fig. 4 represents the microstructure of the test materials
annealed at 1223 K and 1173 K in the a4 two-phase region for
300 s followed by water quenching, i.e. the microstructures were
heated at the temperatures of groove-rolling and uniaxial
compression, respectively. These microstructures consisted of aac
and B phase with similar as solution-treated in B phase region and
air-cooled materials as shown in Fig. 4. The volume fraction of the §
phase was increased to 61% at 1223 K and 38% at 1173 K due to
heating in the o+ two-phase region, while the thickness of their
aac platelets was kept almost the same as that of the solution-
treated material at approximately 1 pm.
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Fig. 3. Backscatter electron images in a prior- grain (a) and in the vicinity of a prior-f grain boundary (b) of the material that was solution-treated at 1323 K for 10.8 ks followed by

air cooling. Acicular o (aac) platelets are dominant in the prior-$ grain.

Fig. 4. Backscatter electron images in a prior-p grain of the material that was heat-treated at 1223 K (a) and 1173 K (b) for 300 s followed by water quenching. Those volume

fractions of B phase (white) are 61% (a) and 38% (b), respectively.

3.2. Flow curves

In the uniaxial compressive tests, the flow stresses of the ma-
terial increased when the strain rate was increased from 0.01 s~ to
15~ Fig. 5 represents the true stress — true strain (flow) curves of
the materials compressed at 1173 K. All flow curves exhibit a peak
flow stress at relatively low strains (true strain of approximately
0.03) followed by extensive flow softening. The two possible ex-
planations of flow softening during hot deformation are adiabatic
temperature increase associated with plastic deformation, and
deformation texture evolution. Although the surface temperature
of the samples compressed at strain rates of 0.01 s~ and 0.1 s~!
momentarily decreased by approximately 10 K due to contact with
the anvils at the start of the deformation, the surface temperature
can be immediately controlled to the test temperature. Therefore,
the deformation texture evolution may be responsible for the flow
softening behavior. In contrast, the surface temperature increased
by approximately 20 K with a strain rate of 1 s~!, due to
deformation-induced temperature rise at the start of the
compression, and the temperature was not sufficiently controlled
because the strain rate was so high. For o+ titanium alloys, e.g. Ti-
6Al-4V, with a lamellar and/or acicular o microstructure, flow
softening in uniaxial compression and tension can be ascribed to
the rotation of o platelets toward softer orientations with high
Schmid factors and/or slip transfer across the a/f interfaces
[19,21,29,30].

250 T T T T — . T r
at 1173 K

N
o
o

-
N
o

100

True stress, o (MPa)

(o))
o
1

0 L 1 1 1 " 1 1 L L
0.0 0.2 04 0.6 0.8 1.0

True strain, ¢
Fig. 5. True stress—true strain (flow) curves of the materials compressed at 1173 K at

strain rates of 0.01, 0.1 and 1 s, Solid and dashed arrows represent the peak flow
stress and the flow softening, respectively.

3.3. Thermomechanically treated microstructure

The microstructure of groove-rolled material consisted of pri-
mary o (op) and secondary o (o) platelets as shown in Fig. 6a.
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Compared with the annealed structure shown in Fig. 4a, it can be
determined that the ap is developed through the division and/or
fragmentation of aac platelets during groove-rolling and that the ag
is transformed from the B phase during air cooling. The ap was
coarsened with a thickness of approximately 2 um, due to the
multi-steps groove-rolling through three heating-deformation cy-
cles. On the other hand, the thickness of the as was approximately
500 nm and finer than that of the retained p.

The orientation spread is defined as the angle of misorientation
between all the points in a grain, while the grain orientation spread
(GOS) is the average value of orientation spread in a grain. The
difference in GOS value between the ap and ag provides an effective
way of partitioning the deformed and transformed platelets. In fact,
the average lattice rotation in the individual op platelets was larger
than that in the individual oS platelets. The maximum rotation
angle in op platelets was approximately 10° as shown in Fig. 6b,
whereas the lattice rotation in the ag platelets was less than several
degrees. Since the deformation in the a+f processing is also
responsible for giving heterogeneous nucleation sites for the
transformation from f to «, the lattice rotation in fine og platelets is
suggested to derive from the lattice rotation in the deformed B, in
which the transformation to ag follows nucleation and growth ac-
cording to the Burgers orientation relationship [31].

For the material that was uniaxially compressed at 1173 K, few
as platelets transformed from deformed B platelets were detected
as shown in Fig. 7, and the distorted and/or kinked ap microstruc-
ture was observed due to lower volume fraction of the  phase
during deformation as shown in Fig. 4b. Regardless of the strain
rate, the fine equiaxed a. (oeq) grains distributed as a necklace shape
were aligned on the shear bands developed by the heavy defor-
mation. Since the uniaxial compression was done with no reheating
and under high strain rate deformation, no coarsening of op
platelets was detected. The thickness of the deformed ap platelets
was maintained at approximately 1 pm.

The traces of the ap platelets in the microstructures deformed by
groove-rolling and uniaxial compression were rotated and aligned
to the direction of metal flow to some extent, respectively. In
alignment with softening in the flow curves of the uniaxial
compression test, the rotation of ap platelets may correspond to
deformation texture evolution rather than to deformable orienta-
tion [19,32].

3.4. Microstructure evolution during annealing

Fig. 8 shows microstructures of the materials that were ther-
momechanically treated and annealed at 1173 K for 1.8 ks. For the
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groove-rolled material, the equiaxed o (0eq) grains were developed
mainly in the op platelets during annealing, in which large lattice
rotations were introduced (Fig. 8a). The average diameter of the deq
grains was approximately 2.5 pm as shown in Fig. 8b. On the con-
trary, no morphological change in the ag platelets was observed
(Fig. 8a and b), and the volume fraction and aspect ratio of os
platelets decreased slightly. For the uniaxially compressed mate-
rials with strain rates of 0.01 s™! and 0.1 s/, the a.q grains were
partially introduced around shear bands where the distorted and/
or kinked op platelets had been developed in advance (Fig. 8c and
e). On the other hand, a fully equiaxed a (eq) microstructure was
developed in the case of the material compressed with a strain rate
of 1 s~! as shown in Fig. 8g. The average grain diameter of the Oleg
grains was approximately 1.5 pm regardless of the strain rates
(Fig. 8d, f and 8h). The longer annealing time results in an equiaxed
microstructure but coarsens aeq grains, making it difficult to
develop a fine equiaxed microstructure.

Fig. 9 represents the microstructural evolution during annealing
at 1173 K. Particularly, the volume fraction, average diameter, and
number density of aeq grains are evaluated as a function of
annealing time. Here, the volume fraction and number density of
tleq are defined as the volume ratio of the aeq grains to the entire o
phase, and the number of aeq grains per unit area (pm~2),
respectively. The volume fraction of aeq grains increased with
annealing time as shown in Fig. 9a. In particular, the uniaxially
compressed material with the strain rate of 1 s~ exhibited rapid
globularization behavior, resulting in the highest fraction of aeq
with a shorter annealing time of 1.8 ks? On the other hand, glob-
ularization behaviors of other uniaxial compressed materials were
similar and proceeded slowly, taking an annealing time of 10.8 ks.
The factors increasing the volume fraction of aeq grains include (i)
formation of new o.q grains by division and/or fragmentation of a
platelets and (ii) coarsening of o.q grains [20].

To understand the rapid globularization behavior in the uniaxial
compressed material with the strain rate of 15—, the coarsening of
Oleq grains during annealing was evaluated. An exponential increase
in the diameter of aeq grains was exhibited with the increase in
annealing time as shown in Fig. 9b. The number density of deq
grains also converged to about 0.1, according to a power law
function as shown in Fig. 9c. The uniaxially compressed materials
revealed almost the same coarsening behavior regardless of the
strain rates (Fig. 9b). Although the diameter of oeq grains in the
groove-rolled material was more than twice as large as that in the
uniaxially compressed ones at the initial stage of annealing, it was
almost similar to the diameters of other materials. The number
density of the aeq grains in the groove-rolled material and the

Fig. 6. Backscatter electron image (a) and grain orientation spread map (b) of the groove-rolled material. Primary o (ap) deformed during groove-rolling and secondary o (as)

platelets transformed from deformed prior-f grain were observed.
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Fig. 7. Backscatter electron images of the uniaxial compressed materials at 1173 K at strain rates of 0.01 s~' (a) and 1 s~' (b). Distorted and/or kinked primary o (ap) platelets and

fine equiaxed a. (¢eq) grains distributed in a necklace shape were observed.

uniaxial compressed materials with the strain rate of 0.1 s~! and
0.01 s~ ! decreased with annealing time, respectively (Fig. 9c). On
the other hand, the number density of the a.q grains increased
during annealing up to 1.8 ks in the material compressed with the
strain rate of 1 s—!, while their volume fraction increased as shown
in Fig. 9a.

4. Discussion
4.1. Equiaxed « microstructure evolution

Growth and coarsening behavior of oeq grains in the a+f tita-
nium alloys during annealing can be estimated by the Lif-
shitz—Slyosov—Wagner (LSW) theory model [33—35].

Tn—rgzKst(t—to) (])

where fy is the initial time, r and ry are average radii of the aeq
grains at times of t and ty, t — tg is the annealing time, n is the
coarsening exponent (integer), Kisw is the rate constant of the
coarsening behavior depending on the composition of alloying el-
ements and temperature. The coarsening exponent n and rate
constant Kisw in Equation (1) are obtained by optimizing the
measurements in term of 1" —rf vs t — t; for the groove-rolled or
uniaxially compressed materials as shown in Table 1. The dotted
(groove-rolled) and dashed (uniaxial compressed) curves in Fig. 9b
are the calculated diameters as functions of annealing time based
on equation (1) and with the constants shown in Table 1. According
to Fig. 9b and Table 1, the constants K;sw and n representing the
coarsening rate of oeq grains, are comparable between the groove-
rolled and the uniaxially compressed materials; whereas the di-
ameters of oeq grains before annealing were different, i.e.
ro ~ 1.1 pm in groove-rolled and rg ~ 0.3 pm in uniaxially com-
pressed materials. Since the coarsening rate of Kjsyy ~ 0.15 um3/ ks
and the coarsening exponent of n ~ 3 were identically determined
for all the materials, the coarsening behavior of aq grains in them is
the same regardless of the thermomechanical processing condi-
tions such as strain rate. Namely, the coarsening of oeq grains may
not be responsible for their rapid globularization behavior in the
material compressed under a strain rate of 1 s~ .

The number density of the aeq grains, (i) increases with the
division or fragmentation of the a platelets, and (ii) decreases with
the coarsening of aeq grains. The number density of the oeq grains
increased by the annealing up to 1.8 ks only in the material com-
pressed with a strain rate of 1 s~! as shown in Fig. 9c. This increase
in the number density implies that the division or fragmentation of

the o platelets was dominant in the material compressed under a
strain rate of 1 s~! during annealing up to 1.8 ks. The constant
number density of aeq grains suggests that the oeq grains were
preferentially coarsened, and that the fine ag platelets in the vi-
cinity of aeq grains were absorbed by the o.q grains. From the above,
the division and fragmentation of the o platelets govern the equi-
axed behavior during annealing if strain is introduced to the ma-
terial at high strain rates, so that it is assumed to be possible to
obtain a fine aeq microstructure through relatively short annealing.
Therefore, deformation with higher strain rate in o+ processing
due to the installation of plastic strain in ap platelets is necessary for
developing a fine equiaxed o microstructure without coarsening
the oeq grains. The substructure that promotes division and frag-
mentation in the o platelets will be discussed in section 4.2.

4.2. Substructure in « platelets

“Thermal grooving” at the triple point of the «/B interphase
boundary and the «/a interface is known as a mechanism for the
division and fragmentation of o platelets during annealing in o.+f
titanium alloys [18,20]. In this section, the substructure in the o
platelets that affects the formation of thermal grooving is investi-
gated with TEM observations and XRD line profile analyses. Then,
the influence of thermomechanical treatments such as groove-
rolling and uniaxial compression on the substructure formation,
and division and fragmentation of « platelets during annealing is
discussed.

4.2.1. TEM observation

Fig. 10 represents the TEM bright-field images of the o, platelets
in the material that was uniaxially compressed with strain rates of
0.01 s T and 1 s, respectively. In the material compressed with a
strain rate of 0.01 s~, the dislocation density in the o platelets was
low, and interfaces such as dislocation walls and sub-grain
boundaries were observed (Fig. 10a). These interfaces appeared to
be formed by the dynamic recovery of dislocations during
compression. In contrast, in the material that was uniaxially com-
pressed with the higher strain rates of 1 s~!, higher-density dislo-
cations and the interfaces formed by their aggregation were partly
observed in the o platelets as shown in Fig. 10b. These dislocations
introduced to the o platelets are expected to recover and rearrange
statically during subsequent annealing and to form the «/a inter-
face. Thermal grooving occurs by the protrusion of the a/f inter-
phase boundary into the o platelets, due to the balance of the
interfacial energies between the ¢/} interphase boundary and the
a/a interface. The division and fragmentation of the « platelets by
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Fig. 8. Backscatter electron images of the samples that were thermomechanically treated and annealed at 1173 K for 1.8 ks followed by water quenching. The samples were groove-
rolled (a),(b), and uniaxial compressed with the strain rates of 0.01 s~' (c),(d), 0.1 s~* (e),(f), and 1 s~ (g),(h). Photographs (b), (d), (f) and (h) are magnified images of photographs
(a), (c), (e) and (g), respectively.
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Fig. 9. vol fraction (a), average diameter (b) and number density (c) of equiaxed a.q grains during annealing at 1173 K. The grain coarsening curves given by Equation (1) in (b)

represent the optimized radii with the annealing time under the LSW theory model.

Table 1

Calculated values of the initial radii of the equiaxed @ grains ry, coarsening exponent
n and rate constant Ksy under the LSW theory model following optimization by
Equation (1) and data plots in Fig. 9(b).

Processing Io (um) n Kisw (um3/ks)
Groove-rolling 1.1 3 0.15
Uniaxial compression 0.3

thermal grooving occurs easily with a large groove angle. The
groove angle d satisfies the equilibrium equation for the surface
energies of the a/f interphase boundary (y,p) and the /o interface
(Yao) [18].

Yoo = 2Yqp SIN O (2)
Equation (2) indicates that an increase in the ¢/a interfacial energy
Yae 1S Tequired to increase in groove angle 3. The a/a interfacial

Fig. 10. Bright-field images represent dislocation structures in the o platelets developed by uniaxial compression under strain rates of 0.01 s~! (a) and 1 s~' (b). Each arrow in

photographs denotes the compression axis.
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energy, Yqq increases in the interfaces consisting of fine sub-
structures [36]. Here, the a/a interface involves not only low-angle
boundary but also high-angle one. Therefore, by introducing the o/
o interface with higher interfacial energy into the « platelets during
rolling and compression, it is expected that the division and frag-
mentation of the o platelets are promoted and the equiaxed ma-
terials are obtained within a short annealing time.

4.2.2. XRD line profile analysis

The modified Williamson-Hall and modified Warren-Averbach
procedures [23,24] were employed to quantify and characterize
the substructure in o platelets, and the influence of the condition of
thermomechanical treatment on the substructure formation were
discussed. The detailed procedure of the XRD line profile analysis is
summarized in the Appendix. Fig. 11 represents the dislocation
density and crystallite size in the o phase of the groove-rolled or
uniaxially compressed materials. The edge component of disloca-
tions in the o phase for each material was 80% or more, and the
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density of edge dislocation showed no significant difference or
tendency. In contrast, focusing on the screw component of the
dislocations, the density of screw dislocations was higher in the
material compressed with higher strain rates as shown in Fig. 11a.
Compared to edge dislocations, screw dislocations move faster and
were easy to recover and annihilate by cross-slips during high-
temperature deformation. The trends in the screw dislocation
density shown in Fig. 11a suggest that the recovery and annihilation
of the screw dislocations were suppressed with the increase of the
strain rate. On the other hand, the crystallite size of the o phase
monotonically decreased with the increase of the strain rate during
either groove-rolling or uniaxial compression as shown in Fig. 11b.
The crystallite is interpreted as the region without lattice defects
such as dislocations. Therefore, the refinement of the crystallite
corresponds to the densification of the substructure introduced to
the o phase. Substructures consisting of dislocations rearrange and
form o/a interfaces in a platelets during subsequent annealing. In
this process, the formation of higher energy o/o interfaces

Groove-rolled

Uniaxial compressed, 0.01 /s

Uniaxial compressed, 0.1 /s

Uniaxial compressed, 1 /s

1 L 1 1 1 1 1 1

(a) °

Groove-rolled

Uniaxial compressed, 0.01 /s

Uniaxial compressed, 0.1 /s

Uniaxial compressed, 1 /s

(b) °

2 4 6 8 10
Dislocation density, p (104 m-2)
20 40 60 80 100

Crystallite size, D (nm)

Fig. 11. Dislocation density (a) and crystallite size (b) of the groove-rolled material and the uniaxially compressed materials. The screw dislocation density increased, and the

crystallite size decreased with the increase of strain rate.
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= small 5
a coarse substructure

o

X
K

2
W
\’ﬁ%’ :

(b)

o

fine substructure
with high v,

Fig. 12. Schematic illustration of thermal grooving. The groove angle ¢ is greater as
finer substructure with higher /o interfacial energy y,,, which promotes the division
and fragmentation of o platelets.

consisting of higher-density dislocations is expected in the case of
finer substructures existing in o platelets before annealing. From
the above, it is suggested that groove-rolling and uniaxial
compression with higher strain rates promote the formation of
higher energy «/c interfaces during annealing.

4.3. Influence of the substructure of « platelets on equiaxed «
microstructure evolution

In the material that was uniaxially compressed with the rela-
tively high strain rate of 1 s~, the equiaxed of o platelets were
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completed following annealing over a short time of 1.8 ks as shown
in Fig. 9a. Based on the variation in the number density of a.q grains
during annealing as shown in Fig. 9c, the equiaxing process of
wrought materials is mainly classified into two stages: i.e. (i) for-
mation of new a.q grains by the division and fragmentation of the
deformed o platelets, and (ii) extinction of the o platelets by
coarsening of the aeq grains. Stage (i) generally proceeds at the
beginning of annealing since it requires a driving force provided by
the strain energy. In this work, the investigated wrought materials
exhibited almost the same coarsening rates of the oeq grains, as
shown in Fig. 9b. Thus, it is presumed that stage (ii) has little in-
fluence on the difference in the increasing rate of the aeq volume
fraction. In contrast, stage (i) dominated the increase in the volume
fraction of the oeq grains in the material compressed at a strain rate
of 1 571, and that had been equiaxed over a short annealing time as
shown in Fig. 9c. TEM observation (Fig. 10) and XRD line profile
analyses (Fig. 11) revealed that compression with higher strain rates
promotes the retention of the screw dislocation introduced during
deformation and the formation of finer substructures in the o
platelets. The fine substructure introduced during the deformation
is expected to form the a/a interface having high surface energy
during subsequent annealing. From Equation (2), these high energy
a/o. interfaces increase the groove angle & in thermal grooving as
shown in Fig. 12. Therefore, it is presumed that large quantities of o/
o, interfaces, where thermal grooving occurs easily in the o plate-
lets, were formed, and the frequency of the division and fragmen-
tation of the « platelets increased in the material compressed at a
higher strain rate of 1 s~L. From the above, it is suggested that
materials should be deformed with higher strain rates to introduce
fine substructures in the o platelets in order to obtain fine equiaxed
microstructures within a short annealing time without coarsening
the aeq grains.

+ measured data !

o corrected data ]
—fitted Voigt profile
residual

Intensity, / (a.u.)

38.5

39.0

Diffraction angle, 20 (degree)

Fig. 13. XRD line profile of the uniaxially compressed material at a strain rate of 0.01 s~'. Measured data are corrected by the deconvolution—convolution treatment and fitted by

superimposed Voigt profile.
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Fig. 14. Modified Williamson-Hall (a) and modified Warren-Averbach (b) plots of the uniaxially compressed material at a strain rate of 0.01 s~'. Average contrast factor b2C is

optimized by the generic algorithm.

5. Conclusions

The influence of high-temperature deformation such as groove-
rolling and uniaxial compression in the a+f region on the equiaxed
o, microstructure evolution during annealing for Ti-10Al-1Zr-1Mo-
1Nb alloy was investigated. A summary of the main conclusions are
as follows:

(1) The compressive flow behavior of the alloy at 1173 K (in o+
region) exhibited a peak flow stress at relatively low strains
(the true strain of approximately 0.03) followed by flow
softening, regardless of the strain rates.

(2) The microstructure developed in the groove-rolled material
consisted of deformed cp platelets and transformed og
platelets due to repeated deformation and reheating. In
contrast, the uniaxially compressed materials showed
heavily deformed o microstructure such as distorted and
kinked ap platelets and fine oeq grains distributed in a
necklace shape around shear bands. The rotation of ap
platelets in the direction of metal flow revealed the evolution
of the deformation texture to be characterized by a rather
deformable orientation with higher Schmid factor during
groove-rolling and uniaxial compression, and corresponded
to the softening of the uniaxial compression flow curves.

(3) The process increasing the volume fraction of aeq during
annealing was classified into two steps, i.e. (i) formation of
new deq grains by the division and fragmentation of o
platelets, and (ii) extinction of o, platelets by coarsening of tteq
grains. In the material that was uniaxially compressed with
higher strain rate of 1 s~ the equiaxed o grains were
developed within a shorter annealing compared to the
others, where the division and fragmentation of a platelets in
the material was predominant and an advance to coarsening
o, grains.

(4) The installed screw dislocations under higher strain rate
deformation provided a fine substructure and high energy a/
o boundaries in o platelets. The fine substructure promotes
the division and fragmentation of the o platelets due to
thermal grooving during annealing. Therefore, deformation
with higher strain rates for the alloy is necessary for devel-
oping a fine equiaxed o microstructure during the annealing
process without its coarsening.
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Appendix. Procedure of XRD line profile analysis

The estimation of the substructure characteristics such as
dislocation density and crystallite size is based on following
equation [37].

InA(L) =In AS(L) — 27%1?g%eg(L)? (3)
where A(L) is the real part of Fourier coefficients of the structural
profile, AS(L) is the size component of Fourier coefficients, g is the

absolute value of the diffraction vector, eéL is the mean square

strain, and L is the Fourier length. In dislocated crystals, egl_ is
defined as follows [38].

b2C (L
L~ f (5 ()
in which,
e ek ()
b2C=" " fib*C (5)
i=1

where p is the dislocation density, b is the modulus of the Burgers

vector, C and € are the average dislocation contrast factor, f(L /Re)
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is the Wilkens function, and R, is the effective outer cutoff radius of
dislocations, respectively. Furthermore, f; (N = 11 for hexagonal
crystals) is the fraction of the activated slip plane families. The
dislocation contrast factors are averaged over the permutations of
the corresponding hkl indices. The average contrast factors for a
particular slip plane family in a hexagonal crystal are given as
follows.

Chia =Chio |1+ 0% + q(2i>xz] (6)

Here x = (2 /3)(l/ga)?, q(li) and q(zi) are parameters depending on
the ith slip plane family and the elastic properties of the crystal,

E}j,lo are the average contrast factors for the ith slip plane family
corresponding to the hk0 type reflections, and a is the lattice con-

stant in the basal plane. In the present work, the qgi) and q(zi) pa-

rameters and the values of f;:,lo of pure titanium are employed [24].

Fig. 13 represents 00020 and 1108 diffraction peaks in the XRD
line profile of the material that was uniaxially compressed at a
strain rate of 0.01 s~. A measured line profile is usually the
convolution of a physical line profile from a sample and an
instrumental line profile from an optical system of XRD. In fact, the
0002¢. diffraction peak shown in Fig. 13 exhibits an asymmetrical
profile due to the instrumental aberrations, i.e. the axial-divergence
aberration in the lower angle and the CuK,; spectrum in the higher
angle of the peak. In the present work, therefore, the measured line
profiles were corrected by the deconvolution—convolution treat-
ment [25—27]. In the modified Warren-Averbach procedure, each
diffraction peak profile is separated and analyzed by Fourier
transformation. Since the diffraction peak tails may overlap each
other, the whole line profile was fitted and separated by super-
imposing Voigt profiles in the following K abscissa, and the fitted
Voigt profiles were analyzed.
K=2sin6/A (7)
Here, 26 and 1 are diffraction angle and wavelength of Cuk,;
spectrum, respectively. The centered Voigt profile (V(K;A,a,7)), for
which the peak at zero is expressed as a convolution of the
following centered Gaussian (G(K;¢)) and Lorentzian (L(K;7))
profiles:

2
G(K; a)a\}ﬁexp<—2%) (8)
1 K2\
L(K;y) = <1 + 72) (9)
V(K:A,0,7)=A J G(K';0)L(K =K' : v)dK' (10)

where fc =20v2In2 and fi =2y are the full width at half
maximum of the Gaussian and Lorentzian profiles, and A is the
amplitude of the Voigt profile. A better approximation for the full
width at half maximum of the Voigt profile (4K) is given as follows
[39].

AK = \/f& +0.2166f% + 0.5346f;

The normalized Fourier coefficient (A(L)) of the Voigt profile is
analytically derived as follows:

(11)
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A(L) :exp( —27m2¢212 —2777L) (12)

and these Fourier coefficients were analyzed by Equation (3).

To determine the average contrast factor by Equations (5) and
(6), the fractions of the activated slip plane families are required.
The fractions that optimize the modified Williamson-Hall plot [23]
are adopted in the present work. The relationship between the
diffraction peak position (K) and the full width at half maximum
(4K) in crystal introduced dislocations is expressed as follows:

(13)

1
AK = %+ (”gz")z . (KZW)% + o(xzﬁ)

where B denotes the variable depending on the effective outer
cutoff radius of dislocations (R.). By applying the average contrast
factor calculated by Equation (5) from the optimal fractions of slip
plane families (f;), 4K exhibits a quadratic correlation with

(K2b2C)'/2, Conversely, it is possible to derive the effective average
contrast factor by optimizing the fractions f; that give a better

quadratic correlation between AK and (K2b2C)'/2. Here, the
optimal fractions f; that maximize the quadratic correlation coef-
ficient are calculated with the genetic algorithm. Fig. 14a represents
the modified Williamson-Hall plot optimized for the material
compressed at a strain rate of 0.01 s~%. The plots of 4K and

(K 2%)1/ 2 show a good correspondence with the dashed line given
by Equation (13). Then the relationship between the Fourier co-

efficients A(L) and the optimized values of K2b2C for each Fourier
length L can be described as shown in Fig. 14b. Specifically, the
dislocation density and crystallite size in the material can be
evaluated by comparing the quadratic fitting coefficients of the
plots shown in Fig. 14b with Equations (3) and (4).
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