Effect of Process Variables on Transformation-Texture

Development in Ti-6Al-4V Sheet Following Beta Heat Treatment
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The effect of preheat time, prestrain, cooling rate, and concurrent deformation during cooling
on the preferential selection of hcp alpha variants during the decomposition of the high-tem-
perature, bce beta phase in two-phase titanium alloys was established using Ti-6A1-4V sheet
material. For this purpose, sheet tension samples were pre-soaked in the beta phase field for 0 or
10 minutes (to vary the beta grain size), subjected to a prestrain of 0 or 0.1, and cooled at a rate
of 11 or 155 K/min (11 or 155 °C/min) under conditions comprising free ends, fixed ends, or
concurrent deformation at a strain rate between ~107> and 3 x 10~ s~ '. Electron-backscatter
diffraction was used to determine the orientations of the alpha variants so formed, from which
the underlying high-temperature, beta-grain microstructure and orientations were recon-
structed. These measurements revealed that the parent beta texture changed due to grain growth
during preheating. A comparison of the alpha- and beta-phase textures indicated that prefer-
ential variant selection was most noticeable under conditions involving a slow cooling rate

especially when prestrain or concurrent straining was imposed.
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I. INTRODUCTION

COMMERCIAL alpha/beta and near-alpha titanium
alloys often exhibit a high degree of property direction-
ality. This directionality is associated with moderate-to-
strong crystallographic textures of the hep alpha phase,
which comprises a majority of the microstructure, and
its limited number of slip systems. Texture can form as a
result of deformation, recrystallization, transformation,
or a combination of all three processes.

Titanium parts which require high strength, ductility,
and resistance to fatigue crack initiation are typically
processed in the two-phase (alpha + beta) field to yield a
microstructure of equiaxed, primary-alpha particles in a
matrix of transformed beta. The texture of the primary
alpha is determined by rotations due to (1) metal flow
and (2) crystallographic slip whose magnitude is a
function of the strain partitioninfg between the (softer)
beta and (harder) alpha phases..'? The texture of so-
called secondary-alpha platelets which form within the
bee beta matrix during cooling following hot working in
the two-phase field is usually similar to that of the
primary alpha. It has been hypothesized that local
stresses developed in two-phase material during cooling
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(as a result of differences in coefficients of thermal
expansion) tend to favor the formation of alpha variants
whose orientation is similar to that of the primary
alpha.’”! Such biasing of the texture of the secondary
alpha by that of the primary alpha has been modeled
based on a minimum strain-energy hypothesis.*! In
other work, it has been postulated that the anisotropic
contraction of primary alpha during cooling may
activate slip on selected {110} slip planes in the beta
phase, thus biasing the secondary-alpha variants that
are formed.

When good toughness and creep resistance are
required in alpha/beta titanium components, hot-
working or heat treatment in the high-temperature,
singlephase beta field is usually performed. These ther-
momechanical processes produce a transformed micro-
structure of lamellar alpha in a matrix of beta. The
transformation follows a classical Burgers orientation
relationship!®” such that the respective closed-packed
planes and directions of the parent beta and product
alpha phases are parallel to each other; e.g., (110) ||
(0001), and [111]4 || [2110],. Because there are six {110}-
type planes and two (111)-type directions on each of
these planes in a bcc crystal, twelve distinct alpha
variants may be developed within each beta grain of a
polycrystalline aggregate. If all twelve variants were to
form within each beta grain, the transformation texture
would be relatively weak. From observations on 2-D
sections, it often appears, however, that only a small
subset of the possible variants predominates within each
grain, thus leading to overall textures of various
strengths.

Investigations of the effect of process variables on
variant selection following beta annealing have pro-
duced sometimes-conflicting results, especially for the
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most common alpha/beta titanium alloy, Ti-6A1-4V. For
example, under very slow cooling conditions (~1 K/min,
or ~1 °C/min), Stanford and Bate!® and Obasi et al.”!
have noted a strong degree of variant selection, especially
for samples with a coarse beta grain size. This trend was
ascribed to the preferential nucleation of certain alpha
variants at the beta grain boundaries and their subse-
quent growth as alpha sideplates.'®!'"" At very high
cooling rates typical of water quenching, strong variant
selection has also been observed.!'” By contrast, prefer-
ential variant selection was found to be minimal when
intermediate cooling rates (~10 K/min, or ~10 °C/min)
were used.['’!

Relatively strong alpha-phase transformation textures
have also been observed in Ti-6Al-4V which has been
hot worked to effective strains between 0.4 and 1.6 in the
beta field prior to cooling.™ For the case involving the
largest strain, the selected variants tended to correlate
with the beta slip systems which had been most active
during the prior deformation.!')

The objective of the present work was to provide
further insight into and clarification of the effect of
process variables on variant selection in alpha/beta
titanium alloys. A sheet product form was utilized in
view of the increasing interest in such materials for high-
temperature structural applications limited by creep in
which a transformed (colony-alpha) microstructure is
beneficial. The process variables investigated included
soak time and prestrain prior to cooling, cooling rate,
and stress/strain state during cooling.

II. MATERIALS AND PROCEDURES
A. Materials

The material used in this investigation was Ti-6Al1-4V
with a measured composition (in weight percent) of 6.08
aluminum, 3.89 vanadium, 0.15 oxygen, 0.19 iron, 0.008
nitrogen, 0.014 carbon, 0.0044 hydrogen, with the
balance being titanium. It was received as 1.5-mm thick
sheet in the hot-rolled-and-surface-ground condition.
The beta-transus temperature (at which alpha + beta —
beta) was 1268 K (995 °C).

The microstructure of the as-received sheet material
consisted of primary-alpha particles and a small fraction
(<10 pct.) of fine beta grains (Figure 1(a)). As charac-
terized by (0001), (basal) pole figures, the alpha-phase
texture was moderately strong; it comprised primarily a
component along the transverse direction (TD) and
weaker components lying along the rolling direction
(RD) and a direction lying between the normal direction
(ND) and RD (Figure 1b). In these and subsequent pole
figures, the RD and TD are at the 12 and 9 o’clock
positions, respectively, and the ND is located at the
center. Furthermore, texture intensities are reported in
times-random units in all cases.

By and large, the beta-phase texture of the as-received
sheet, as exemplified by a (110) pole figure (Figure 1(b)),
was typical of a bee rolling texture with an additional split
component between the ND and RD. Although the
Burgers orientation relation was ecliminated by hot
rolling below the beta-transus temperature, some of the
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components of this texture, although weaker, mirrored
those in the alpha-phase texture.

B. Experimental Procedures

To establish the effect of process variables on variant
selection, dogbone-shaped tension samples (Figure 2)
were electric-discharge machined (EDM’ed) along the
RD of the as-received Ti-6Al-4V sheet and subjected to
various types of beta-annealing-and-cooling cycles. Pro-
cess variables such as cooling rate, stress state, and
strain rate during cooling were chosen to mimic those
that are experienced during the final heat treatment of
large-scale, fracture-critical, titanium components.

For the initial, or baseline, experiments, samples were
mounted in a servohydraulic mechanical-testing ma-
chine, and the reduced section, fillets, and a portion of
the shoulder regions of each sample were heated using
an indirect-resistance furnace. To avoid oxidation, each
test specimen was enclosed in a quartz tube through
which dried argon was passed. The heating cycle
consisted of raising the sample temperature to 1233 K
(960 °C) at a rate of ~160 K/min (~160 °C/min), hold-
ing for 3 minutes to dissolve most of the primary alpha

(0001),

Fig. 1-—Microstructure and texture of the as-received Ti-6Al-4V
sheet material: (¢) Backscattered-electron (BSE) image (alpha is the
darker phase, and beta/transformed beta is lighter) and (b) (0001),
and (011) pole figures.
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Fig. 2—Tension-sample geometry.
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and to homogenize the composition of the beta phase,
and then heating at a rate of 80 K/min (80 °C/min) to a
temperature of 1285 K £2 K (1012 + 2 °C); i.e.,
~15 K (~15°C) above the beta-transus temperature.
Upon reaching the peak temperature, the sample was
soaked for 0 or 10 minutes to obtain two different beta
grain sizes. Following the soak period, controlled
cooling at a constant rate of 11 or 155 K/min (11 or
155 °C/min) was imposed under free-end or fixed-end
conditions, i.e., conditions that did not or did give rise to
an axial stress/strain due to thermal contraction.

The effect of a prestrain in the beta phase field or
concurrent straining along the RD of the sheet during
cooling on variant selection was established in a second
set of experiments. The former trials consisted of test
conditions equivalent to those for the baseline experi-
ments with the exception that a prestrain of 0.1 was
imposed at an axial strain rate of 0.1 s~ ' immediately prior
to cooling. In the other set of experiments, deformation
was imposed at a strain rate of the order of 107> or
3 x 107* 57! during cooling at 11 or 155 K/min (11 or
155 °C/min), respectively. Because the load train was
somewhat compliant, the strains developed by this means
were between 0.02 and 0.05. Such conditions mirror the
magnitude of (non-uniform) strains and strain rates that
are developed in the interior of large titanium components
during water quenching following beta annealing.

Following heat treatment, each sample was mounted,
ground to the plan-view mid-plane, mechanically pol-
ished, and final electropolished prior to insertion into an
XL30 field-emission-gun scanning electron microscope
(FEI, Hillsboro, OR) for determination of the texture of
the alpha phase. For this purpose, the microscope was
operated at 20 kV and spot size 5 with a final aperture
diameter of 100 um, thereby producing a probe current
of 49 nA. The stage was tilted 70 deg for all measure-
ments. Local alpha-phase Kikuchi patterns produced as
a result of electron-backscatter diffraction (EBSD) were
collected over the entire sample face at a rate of
~210 frames per second using a step size of 8 um
(slow-cooled samples) or 4 um (fast-cooled samples)
and were analyzed with EDAX/TSL OIM™ software
(EDAX Corp., Mahwah, NJ). The large scan area
necessitated both beam and stage control and subse-
quent stitching of the resulting data.['®!”!

Pole figures for the alpha phase were constructed from
the EBSD data directly. Because of the limited volume
fraction of the beta phase in Ti-6Al-4V at room temper-
ature (~5 pct.), only limited EBSD results were obtained
for this phase. Hence, an alternate method was applied to
determine the orientations and hence texture of the
underlying beta grains for the beta-annealed samples
from the measurements for the alpha phase. This method
was similar to that developed by Humbert ez al."®'” and
Glavicic er al ***" For the present technique, however, the
quaternion parameterization of orientation space was
used in conjunction with average alpha-colony orienta-
tions (as described by Pilchak and Williams!*?) in contrast
to the pixel-by-pixel methods employed by the previous
researchers. This enabled complete reconstruction of the
beta grains in an area measuring ~6 mm x 12 mm (at
full resolution) in several minutes. Typical beta grain
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Fig. 3—Typical beta-grain microstructures which were reconstructed
from EBSD-measured alpha-variant data for Ti-6Al-4V samples
which were soaked 10 min above the transus and then cooled at
11 K/min (11°C/min) under free-end conditions (top) or with
concurrent deformation at an approximate strain rate of 107> s~!
(bottom).

structures reconstructed from the EBSD alpha-phase
measurements are shown in Figure 3. Circle-equivalent
beta-grain diameters and beta grain-size distributions
(GSDs) for the beta-annealed samples were determined
from the reconstructed beta grain structures using the
EDAX/TSL OIM™ software. The average beta grain
sizes so determined showed good agreement with those
determined by applying the linear-intercept method to
backscatter-electron micrographs. The average grain sizes
and GSDs were typically based on at least 200 to 400 beta
grains, except for a few coarse-grain cases involving ~100
to 150 grains.

Because the orientations of the alpha and beta phases
in the as-received (alpha/beta processed) material did
not follow the Burgers relation, the beta texture in this
condition was determined from approximately 16,000
directly-measured beta-phase EBSD data points taken
from an area identical in size to that used in the
reconstruction method, i.e., ~6 mm x 12 mm, which
was covered using a 2-um step size.

Preferential variant selection was assessed by compar-
ison of alpha-phase (0001), and beta-phase (110)z pole
figures, whose intensity contours are reported in times-
random units in all cases. Specifically, the degree of
variant selection was quantified by determining the ratio
Ry of texture-component intensity maxima in the mea-
sured (0001), and reconstructed (011) pole figures.

III. RESULTS AND DISCUSSION

The principal results of this investigation concerned
the effect of process variables on the evolution of the
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beta-phase texture during beta annealing and the
subsequent evolution of alpha-phase textures and var-
iant selection during cooling as affected by cooling rate
and imposed stress or strain.

A. Evolution of Beta-Phase Microstructure and Texture

The beta microstructure and texture both showed a
noticeable dependence on the process variables of soak
time above the beta transus temperature and prestrain/
concurrent strain during cooling. By and large, the
average beta grain size developed in the baseline trials
(i.e., those that did not involve prestrain or concurrent
strain during cooling) was approximately 220 or 390 um
for soak times of 0 or 10 minutes, respectively (Table I
and Figure 4). The grain sizes for the short soak time
(0 min) exhibited large scatter, however, perhaps due to
the rapid growth at such times, sensitivity to specific test
conditions, and/or the presence of alternating periods of
slow and fast growth due to the texture-controlled-
grain-growth effect.”*?* In particular, the sample that
was held for 0 minutes and rapidly cooled exhibited the
finest grain size (100 um) most likely due to the limited
time prior to transformation upon rapid cooling from
the peak temperature. Despite such variations, the beta
GSDs (e.g., Figure 5) were similar in most cases with a
ratio of largest-to-average beta grain diameter of
approximately 3:1. The GSDs appeared to be log-
normal for the finer beta grain sizes (Figure 5(a)). They
were broadly similar for the larger beta sizes except that
there was some scatter in the corresponding histograms
(Figure 5(b)), perhaps because of the smaller number of
grains that were sampled.

Despite the variability in the grain-size measurements,
the degree of additional growth during the longer soak
time was comparable to that predicted by a previous

phenomenological relation derived from short-time Ti-
6Al-4V measurements,ml ie.,

d? — 2 = k(1 — to)exp(—Q/RT) 1]
in which d and d, denote the instantaneous and initial
beta grain sizes at times ¢ and ¢,, respectively, the rate
constant k equals 1110 m?/s, Q is an apparent activation
energy (=312 kJ/mol), and R is the gas constant.
Calculations using Equation (1) revealed that an
increase in grain size from 220 to 390 um would require
450 seconds, or a time comparable to that utilized in the
experiments, viz., 600 seconds. Such agreement may be
fortuitous, however, in view of the limited number of
beta grains across the section of the 1500 um-thick sheet
samples and hence the propensity for grain growth to be
two-, rather than three-, dimensional in nature.

Compared to the observations for the baseline trials,
additional, strain-induced, beta grain growth was evi-
dent in the other experiments. In particular, samples
which were subjected to a prestrain of 0.1 prior to
cooling or concurrently deformed during cooling devel-
oped grain sizes approximately 50 to 100 pct larger than
those developed in the baseline samples (Table I).

The beta textures developed during beta annealing
revealed marked differences that appeared to depend
primarily on soak time and thus grain growth
(Figure 6). For example, samples that were soaked for
0 minutes upon reaching the peak temperature tended to
show a noticeable TD component and other compo-
nents (e.g., an RD component) in (011)s pole figures,
which were qualitatively similar to those in the as-
received material (Figure 1(b)). These observations sug-
gested that the beta grains grew from the small amount
of this phase which was present in the as-received
material, as previously found by Bhattacharyya ez al.””
and Obasi et al*® using in situ X-ray or neutron
diffraction, respectively. However, the intensities of the

Table I. Beta Grain-Size Measurements
Cooling Rate, Beta Grain
Sample ID Soak Time (min) Prestrain K/min (=°C/min) Cooling Condition Size (um) Ry
12 0 0 11 free ends 310 1.7
14* 0 0 11 fixed ends 260 1.4
35 0 0 155 free ends 100 32
6 10 0 11 free ends 415 1.85
7 10 0 11 fixed ends 355 2.2
8 10 0 155 free ends 355 1.5
10 10 0 155 fixed ends 415 1.5
29 0 0.1 11 free ends 550 1.95
30% 0 0.1 11 fixed ends 575 2.0
38 10 0.1 11 free ends 950 2.25
27 10 0.1 11 fixed ends 700 2.8
26 10 0.1 155 free ends 655 1.8
28 10 0.1 155 fixed ends 660 1.5
31 10 0 11 g=10"°s"" 775 2.15
32 10 0 11 £=4 x 1077 s7" 800 2.75
33* 10 0 155 =175 x 107°s7! 585 1.45
34 10 0 155 =70 x 107> s~ 795 1.35

*These conditions gave rise to a secondary (0001), texture component of strength comparable to the primary component, but exhibited sub-

stantially lower values of Ry.
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Fig. 4—Backscatter-electron images of typical microstructures developed in Ti-6Al-4V during beta annealing of (a) baseline sample soaked 0 min
prior to cooling at 11 K/min (11 °C/min), (b) baseline sample soaked 10 min prior to cooling at 11 K/min (11 °C/min), and (c¢) sample soaked

10 min and concurrently strained while cooling at 155 K/min (155 °C/min).

various components in the heat-treated samples were
weaker and somewhat different in relative magnitude in
comparison to the initial condition. This latter effect can
be ascribed to the evolution of texture associated with
grain growth during the heating and cooling cycles for
the 0-minute hold samples. As described by Ivasishin
et al®* in 2003, such texture-controlled grain growth
may result in the strengthening of initially-weaker
texture components and weakening of initially-stronger
components. The conclusions of Ivasishin er al.** on
texture-controlled grain growth have also been recently
corroborated by Obasi et al” using in situ neutron-
diffraction measurements.

A 10-minute hold at the peak, beta-annealing tem-
perature resulted in further evolution in the beta texture
which can also be rationalized on the basis of texture-
controlled grain growth. For this longer soak time, the
RD component became the strongest, the TD was
greatly reduced, and the split components lying between
the ND and TD were maintained (Figure 6). Per the
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Monte-Carlo grain-growth simulations in Reference 24,
the observed changes in the intensity of the various
principal texture components can give rise to alternating
cycles of rapid and slow beta grain growth. Hence, the
similarity of the degree of grain growth during the
10-minute soak period and prior measurements in
Reference 23 may be fortuitous.

Evidence of texture-controlled grain growth was also
found in other samples. Similar to the findings for
baseline samples given a 10-minute soak prior to
cooling, the beta textures of samples that were soaked
for 10 minutes and concurrently strained during cooling
tended to exhibit a predominant RD component, split
components between the ND and RD of intermediate
magnitude, and a weaker TD component in all cases
except one (Figure 7).

Differences in the texture of the beta phase were also
noted in orientation distribution functions (ODFs). The
principal texture components lay along the so-called
alpha fiber (¢; = 0 deg, ®, ¢ = 45 deg, in terms of
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Fig. 5—Typical size distributions for reconstructed beta-grain micro-
structures of Ti-6Al-4V samples which were soaked 10 min above
the transus and then cooled at 11 K/min (11°C/min) (@) under free-
end conditions or (b) with concurrent deformation at an approxi-
mate strain rate of 107> s~ ..

Free
Ends

Fixed
Ends

10-min hold

0-min hold

Fig. 6—Beta-phase (011)s pole figures reconstructed from measured
alpha-phase EBSD measurements on Ti-6Al-4V samples which were
beta annealed at peak temperature for 0 or 10 min followed by cool-
ing at 11 K/min (11 °C/min) under free-end or fixed end conditions.

Bunge Euler angles). In particular, the beta texture
of the as-received material and samples cooled with
0-minute soak time had a peak intensity at ® ~ 0 deg
(Figure 8). Beta grain growth associated with a
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Fig. 7—Beta-phase (011); pole figures reconstructed from measured
alpha-phase EBSD measurements on Ti-6Al-4V samples which were
beta annealed at peak temperature for 10 min and concurrently
strained during cooling at the indicated rates.
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Fig. 8—Beta-phase texture intensity along the alpha fiber (¢; = 0
deg, ®, ¢, = 45 deg) for various samples in the present research
program. See Table I for processing conditions associated with each
sample ID.

10-minute soak and/or prestrain/concurrent straining
tended to move the peak intensity to @ ~ 25 deg.
Despite the observed trends ascribed to texture-
controlled grain growth, there were some differences in
beta pole figures for each soak time. These differences
were likely due to differences in initial texture at various
locations in the as-received sheet and/or small variations
in nominal test parameters. Because of these differences,
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it was deemed critical that the magnitude of preferential
variant selection, which is described in the following
sections, be quantified in terms of the specific beta
texture of each sample.

B. Variant Selection in Baseline Trials

For the baseline experiments, only a few conditions
appeared to give rise to moderate-to-noticeable prefer-
ential variant selection as evidenced by a comparison of
alpha-phase (0001), and beta-phase (011); pole figures
(Figures 9 and 10). The degree of variant-selection was
assessed by determining the ratio R,s of texture-com-
ponent maxima in the measured (0001), and recon-
structed (011); pole figures. Not surprisingly, sample
hypothetical calculations showed that the corresponding
beta- and alpha-phase pole figures would be identical if
the formation of all twelve alpha variants were equally
probable (Figure 11), and R,; would therefore equal
unity. Thus, texture-component ratios greater than 1
served as quantitative measures of the degree of pref-
erential variant selection.

For the finer beta grain size developed during
0-minute hold conditions and the slower cooling rate
(11 K/min, or 11 °C/min), there appeared to be a
modest degree of variant selection (Figure 9 and

Measured
Alpha Phase

29

11 K/min
Free Ends

11 Kimin 54|
Fixed Ends

155 K/min
Free Ends

35

0001

(0001),

Table I). The intensity of the principal texture compo-
nent changed from 4.1 to 6.9x random for the free-end
case and from 4.4 to 6.2x random for the fixed-end
experiment. These values give moderate variant-selec-
tion ratios Rys of 1.7 and 1.4, respectively. On the other
hand, the sample which was cooled rapidly (155 K/min,
or 155 °C/min) under free-end conditions and had the
finest beta grain size observed in this research (i.e.,
100 um) showed very strong beta- and alpha-phase
textures and an R, of 3.2.

For the coarser beta grain size developed during the
10-minute hold, noticeable (preferential) variant selec-
tion was evident for the slower rate of cooling under
both free-end and fixed-end conditions (Figure 10 and
Table I). In both of these cases, strong RD alpha-phase
texture components were formed. The values of R, were
1.85 (free ends) and 2.2 (fixed ends). By contrast, variant
selection for the corresponding rapid-cooling cases was
somewhat less. These conditions gave rise to R, values
of approximately 1.5 in both instances, albeit the
strongest component was still along the RD as for the
coarse grain size, slow-cooled cases.

The observation of the relatively high degrees of
preferential variant selection (R,s ~ 2) for slow-cooled,
coarse-grain material in the present work bears some
similarity to the findings of Obasi ez al."”! In this former

Alpha Calculated from
Beta Assuming 3 or 5
Random Variants
29

Calculated
Beta Phase

011

(011),

(0001),

Fig. 9—Measured alpha-phase (0001), (left-hand column) and reconstructed beta-phase (011)4, (center column) pole figures for baseline test sam-
ples soaked at peak temperature for 0 min and cooled at 11 or 155 K/min (11 or 155 °C/min) under free-end or fixed-end conditions. The right-
hand column shows alpha pole figures calculated from the beta pole figures assuming the random selection of 3 variants (slow-cooled samples)

or 5 variants (rapidly-cooled samples).

3858—VOLUME 44A, AUGUST 2013

METALLURGICAL AND MATERIALS TRANSACTIONS A



Measured
Alpha Phase

11 K/min
Free Ends

11 K/min
Fixed Ends

155 KImin o7
Free Ends

155 K/min
Fixed Ends

(0001),

Calculated
Beta Phase

Alpha Calculated from
Beta Assuming 3 or 5
Random Variants
3.3

(0001),

Fig. 10—Measured alpha-phase (0001), (left-hand column) and reconstructed beta-phase (011)g, (center column) pole figures for baseline
test samples soaked at peak temperature for 10 min and cooled at 11 or 155 K/min (11 or 155°C/min) under free-end or fixed-end conditions.
The right-hand column shows alpha pole figures calculated from the beta pole figures assuming the random selection of 3 variants (slow-cooled

samples) or 5 variants (rapidly-cooled samples).

research, preferred nucleation and relatively unimpeded
growth due to a large beta grain size were surmised to be
the source of the observed variant selection. However,
the quantitative findings in the present work also
revealed that (1) very strong variant selection (Rys ~ 3)
can be developed in very fine-grain material which is
rapidly cooled and (2) a modest degree of variant
selection (Rys ~ 1.5) can occur for both slow-cooled,
fine-grain and rapidly-cooled, coarse-grain samples. The
latter results can be rationalized on the basis of limited
growth of nucleated alpha variants in the slow-cooled
samples due to the fine grain size or the development of
a large chemical driving force (i.e., supersaturation)
developed under rapid-cooling conditions. A high
supersaturation would be uniform throughout each beta
grain and would thus tend to promote homogenecous
and random, intragranular nucleation and growth of
alpha variants.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The present results also revealed that imposed strains
due to fixed-end conditions do not have a clear effect on
variant selection in contrast to the findings of Gey
et al" for substantially larger levels of strain. For the
fine-grain, slow-cooled sample, the variant-selection
ratio was lower for the fixed-end condition in compar-
ison to that for free-end condition in which no strain
was imposed. The reverse was true for the correspond-
ing coarse-grain samples. These observations may be
due to the very small axial strains associated with
constrained thermal contraction in the present work,
i.e., ~0.015 to 0.02. Such strains were large enough to
produce noticeable surface roughening in comparison to
the smooth surface which is retained from free-end
experiments (Figure 12). However, it is important to
realize that only a fraction of this very small strain
was induced over the temperature regime in which
substantial diffusional phase transformation occurs
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11 K/imin
Fixed Ends

155 K/imin
Free Ends

-
(0001),

Fig. 11-—Comparison of reconstructed beta-phase (011), pole figures
and alpha-phase (0001), pole figures calculated assuming all twelve
possible variants form with equal probability for baseline samples
which were cooled at 11 K/min (11 °C/min) under fixed-end condi-
tions or 155 K/min (155 °C/min) under free-end conditions.

(b)

Fig. 12—Typical macrographs of Ti-6Al-4V sheet samples that were
cooled under a (a) free-end or (b) fixed-end condition without a
prestrain or concurrent straining.

(ie., 1268 K — 973 K, or ~995 °C — 700 °C), although

martensite (with M, ~ 963 K (690 °C) for Ti-6Al-4V*" 2
was not noticed in any of the samples.

C. Variant Selection in Trials Involving Prestrain or
Concurrent Straining

The effect of cooling rate and deformation on variant
selection during the baseline trials was further elucidated
in the experiments involving a prestrain or concurrent
straining. For example, a prestrain of 0.1 in the beta
phase-field gave rise to noticeable preferential variant
selection during slow cooling at 11 K/min (11 °C/min)
for both grain sizes/soak times; non-random variant
selection was more moderate for the samples which were
rapidly-cooled at a rate of 155 K/min (155 °C/min)
(Figures 13 and 14 and Table I). Specifically, the slow-
cooled samples exhibited values of Rys of approximately
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2 (0-min soak, fine-grain samples) or 2.2 to 2.8 (10-min
soak, coarse-grain samples). On the other hand, the
rapidly cooled, coarse-grain samples exhibited Ry
values of 1.5 to 1.8. As for the baseline trials, the
chemical driving force developed during rapid cooling
likely mitigated the influence of prestrain and thus may
have limited preferential variant selection. Nevertheless,
each of the Ry, values was greater than that for the
corresponding baseline trial involving no prestrain,
irrespective of cooling rate.

The results in Figures 13 and 14 also revealed that,
depending on the specific beta texture, alpha-phase
textures which were strongest in the RD or TD were
produced. For two of the six cases shown, a predom-
inant RD (0001), component showed enhancement
relative to the corresponding (011)s component. For
the other four cases, a predominant TD component was
enhanced. These results appear unusual in view of the
work of Gey er al"*'* in which the preferred variants
were associated with highly-activated slip systems. For
both the RD and TD texture components in the present
work, the Schmid factors for tension along the RD and
the two corresponding {110}(111) slip systems were
zero. (For the RD texture, the cosine of the angle
between the tension axis and the slip-plane normal was
zero. For the TD component, the cosine of the angle
between the tension axis and each of the two possible
slip directions within this slip plane was zero.) On the
other hand, calculations for slip along {112}(111)-type
systems indicated that there were two with Schmid
factors of 0.47. While the Burgers orientation relation-
ship is commonly expressed in terms of (0001) and
(2110) in the alpha phase, crystallographic alignment
also enforces one set of {1010} , and {112} planes to be
parallel. These planes correspond to the terraces on the
broad face of the alpha lath and contain c-type misfit
dislocations. The specific {110} plane associated with the
high Schmid factor {112}(111) slip systems were both
aligned with the TD direction, indicating that disloca-
tion activity may have contributed to the strengthened
TD texture component for cases involving a prestrain. It
is noteworthy, however, that the TD component was not
enhanced for all cases (Figures 13 and 14), and thus
other mechanisms may have also been important in the
present case.

The observations for experiments involving deforma-
tion imposed concurrent with cooling were similar to
those in which samples were prestrained prior to
cooling. In other words, straining during slow or rapid
cooling led to noticeable or modest preferential variant
selection, respectively (Figure 15 and Table I). For both
strain rates that were used, the RD texture component
in the high-temperature beta phase (011)g pole figure
gave rise to a stronger RD component in the corre-
sponding alpha-phase (0001), pole figure. The values of
Ry, were 2.15 and 2.75 for the two experiments for the
slower cooling rate and 1.45 and 1.35 for those using the
faster cooling rate. Again, these findings contrast with
those summarized in Gey er al.'*'! with regard to the
specific texture component which was enhanced. How-
ever, the levels of deformation imposed on the present
concurrently-strained samples over the transformation
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Fig. 13—Measured alpha-phase (0001), (left-hand column) and reconstructed beta-phase (011)p, (center column) pole figures for test samples
soaked at peak temperature for 0 min, deformed to a prestrain of 0.1, and cooled at 11 K/min (11 °C/min) under free-end or fixed-end condi-
tions. The right-hand column shows alpha pole figures calculated from the beta pole figures assuming the random selection of 3 variants (slow-

cooled samples) or 5 variants (rapidly-cooled samples).

temperature interval (after correction for test machine
compliance) were ~0.02-0.06, or values considerably
smaller than those in the research of Gey et al.

D. Interpretation of Variant-Selection Observations

As noted in Section III-B, random variant selection
involving all twelve possible variants would give rise to
(0001), pole figures essentially identical to the corre-
sponding (011) pole figures. The observations showed
that this was not the case. Hence, insight into the
mechanism of variant selection was sought from a
number of supplemental numerical simulations which
are described in this section.

The first set of calculations was based on the common
observation that beta-phase decomposition usually gives
rise to the apparent predominance of a small subset of
the twelve possible variants, the exact number increasing
with increasing cooling rate. Therefore, simulations of
the evolution of alpha-phase textures were conducted
assuming the random selection of 3 or 5 variants for the
slow or fast cooling-rate cases, respectively. The (0001),
textures so predicted (third column in Figures 9, 10, 13
throughl15) showed generally poor agreement with
the measurements (first column in Figures 9, 10, 13
through 15).

Second, numerical calculations were performed to
establish the applicability of two criteria which have
been used in the past to interpret variant selection for
alpha/beta titanium alloys, viz.: (1) The presence (or
absence) of parallel (or nearly parallel) {011}s-type
planes in adjacent beta grains which enhances variant
nucleation and promotes the growth of a specific variant

METALLURGICAL AND MATERIALS TRANSACTIONS A

across the grain boundary!'” and (2) the minimization
of the elastic strain energy associated with the f — «
phase transformation.l*”’

To test the first criterion, the probability of the
occurrence of beta grain pairs/boundaries having nearly-
parallel {110} planes within various tolerance angles was
calculated for three of the beta textures in the present
work. For each example, pairs of Euler angles were
selected at random from the list of discrete orientations
representing the specific texture. The angles between all
{110} planes in the two orientations were calculated.
The resulting plots of probability as a function of
(tolerance) angle showed qualitatively-similar behavior
for the three cases investigated (Figure 16). However,
the beta texture which exhibited the highest probability
for a given tolerance angle (sample 14) had a relatively
modest value of Ry, (1.4). The apparent lack of
correlation between the degree of preferential variant
selection and the high probabilities for this case can be
rationalized on the basis of fine beta grain size due to a
short soak time. By contrast, for sample 7 for which R,
was 2.2, the probabilities for near-common {110}g
planes were relatively low. Hence, further research is
deemed appropriate to evaluate further the criterion
suggested by Bhattacharyya er al.l""!

For the second criterion, alpha-phase texture predic-
tions were made based on choosing the 3 or 5 variants
for the slow-cooled or rapidly-cooled samples, respec-
tively, with the lowest strain energy for each beta grain
in a given beta-texture file. For this purpose, the energy
was calculated as the tensor product of the stress state
(assumed as a first approximation to be simply an
uniaxial tensile stress for all grains) and the strain
associated with the beta-to-alpha transformation for
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Fig. 14—Measured alpha-phase (0001), (left-hand column) and reconstructed beta-phase (011)g, (center column) pole figures for test samples
soaked at peak temperature for 10 min, deformed to a prestrain of 0.1, and cooled at 11 or 155 K/min (11 or 155 °C/min) under free-end or
fixed-end conditions. The right-hand column shows alpha pole figures calculated from the beta pole figures assuming the random selection of

3 variants (slow-cooled samples) or 5 variants (rapidly-cooled samples).

each of the twelve possible variants (tensor transformed
into the sample coordinate system).*') The results for
the two baseline, coarse-grain, fixed-end cases are shown
in Figure 17. Unfortunately, these predicted textures
showed major differences with the corresponding mea-
surements (Figure 10).

The apparent lack of agreement between the mea-
surements and predictions based on a strain-energy
model may be a result partly of the Sachs isostress
assumption; i.e., the stress state in each grain was likely
much more complicated and non-uniform. On the other
hand, the nature of the sheet-sample geometry used in
the present work and the beta textures developed prior
to transformation per se may provide an alternate
means of rationalizing the observations. In particular,
the grain sizes developed during beta annealing were of
the order of 200 to 400 um for the baseline samples and
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even larger in the prestrained or concurrently-strained
samples. Thus, there were relatively few grains across
the section, especially for the coarser microstructures.
Second, the principal component of the beta textures
comprised a 011 plane normal to the RD or TD with the
rolling plane being close to a 100 direction. As described
in References 32 and 33, the distortion associated with
the transformation of beta to alpha consists primarily of
a contraction along a 011 direction and an extension
along a 100 direction in the beta crystals. For a sheet
specimen with the types of beta textures in the present
work, it may therefore be hypothesized that the required
shape change would be relatively easy when the exten-
sion strain occurred in the thickness direction because of
the limited through-thickness constraint associated with
the thinness of the sample and limited number of
surrounding beta grains in this direction.
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Fig. 15—Measured alpha-phase (0001), (left-hand column) and reconstructed beta-phase (011)s, (center column) pole figures for test samples
soaked at peak temperature for 10 min and concurrently cooled and strained at the rates indicated. The right-hand column shows alpha pole figures
calculated from the beta pole figures assuming the random selection of 3 variants (slow-cooled samples) or 5 variants (rapidly-cooled samples).
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Fig. 16—Probability of having a common 110-plane across beta grain
boundaries as a function of tolerance angle for the beta textures of
samples which were soaked 0 min and then cooled at 11 K/min
(11 °C/min) under fixed-end conditions (triangles), soaked 10 min and
then cooled at 11 K/min (11 °C/min) under fixed-end conditions
(squares), or soaked 10 min, prestrained 0.1, and cooled at 155 K/min
(155 °C/min) under fixed-end conditions (diamonds).
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Fig. 17—Predicted alpha-phase (0001), pole figures based on a mini-
mum-strain-energy variant-selection criterion for baseline samples
soaked at peak temperature for 10 min and then cooled at 11 or
155 K/min (11 or 155 °C/min) under fixed-end conditions.
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IV. SUMMARY AND CONCLUSIONS

The effect of process variables on preferential variant

selection following beta annealing of a typical alpha/
beta sheet titanium alloy was determined. From this
work, the following conclusions were drawn:

1.

The texture of the beta phase may change notice-
ably during beta annecaling as a result of grain
growth. Hence, preferential (non-random) variant
selection must be interpreted in terms of the specific
beta-phase texture immediately prior to decomposi-
tion.

Preferential variant selection tends to occur more
readily under moderately slow cooling conditions
(e.g., ~10 K/min, or ~10 °C/min) following beta
annealing. The development of a coarse beta grain
size during beta annealing or the application of
strains of the order of approximately 0.02 to 0.10
prior to or concurrently with cooling tends to in-
crease the degree of preferential variant selection.
Small strains developed due to constrained thermal
contraction lead to a lower degree of preferential
variant selection. The only exception to these trends
appears to be for samples with very fine beta grain
size (~100 um) which are cooled rapidly from the
beta phase field.

. The variants which are selected in cases involving

the application of modest strains (~0.02 to 0.10)
prior to or during cooling from the beta phase field
do not necessarily appear to correlate with those
beta-phase slip systems which have been most-
highly activated.

. Preferential variant selection during rapid cooling

(at ~150 K/min, or ~150 °C/min) is considerably
less than during slow cooling, most likely due to
the large and uniform chemical driving force associ-
ated with the development of a high supersaturation
which tends to promote homogeneous nucleation of
alpha variants within each beta grain.

Variant selection rules such as that based on near-
parallel {110} planes in adjacent beta grains appear
to provide a qualitative, but not quantitative, expla-
nation of observations of variant selection. On the
other hand, the present observations may be ratio-
nalized on the basis of the limited through-thickness
constraints associated with the type of sample that
was used and the small number of grains across the
section.

The complexity of the effects of starting texture,
product form (e.g., sheet versus forging), and pro-
cess variables on variant selection suggests that
additional work is needed to understand this com-
plex phenomenon more fully.
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