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Microstructure, Texture, and Hardness Evolution
of Cold-Rolled High-Purity Ti Sheet During Annealing
at 350 °C to 550 °C

XING HU, LINJIANG CHALI, JING SHEN, HAO WU, YUQIONG LI, JUN CHENG,
JINRU LUO, and LEI YAO

The microstructural, textural, and hardness evolution of a cold-rolled high-purity Ti sheet (50
pct reduction in thickness) during isochronal annealing at 350 °C to 550 °C was investigated by
jointly using electron backscatter diffraction, electron channel contrast imaging, X-ray
diffraction, and hardness test, with a dedicated correlation analysis between them performed.
Results show that recrystallization nucleation starts at 400 °C with prior grain boundaries as
preferential sites while fully recrystallized structures were obtained after annealing at 550 °C for
1 hours. During the primary recrystallization, contrary to earlier reports, considerable textural
changes occur: the prior bimodal basal texture characteristic is essentially replaced by a ring-like
basal texture. Such a textural change is attributed to the orientation-gradient-related subgrain
coalescence mechanism that dominates the recrystallization nucleation of the high-purity Ti
sheet. Specimen hardness always decreases with increasing the annealing temperature (from
234.3 £ 5.8 to 135.9 £ 2.9 HV), which is closely related to continuous variations of grain sizes
and dislocation densities (mainly stored in low-angle boundaries). Quantitative analyses reveal
that both grain sizes and dislocation densities have mild effects on the hardness change when
annealed below 450 °C. However, the decrease in dislocation density leads to more significant
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softening than grain coarsening when the annealing temperature exceeds 450 °C.
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I. INTRODUCTION

TiTANIUM (Ti) and its alloys are widely used in
aerospace, chemical, and biomedical fields due to its
excellent properties like high specific strength, good
corrosion resistance, and bio-compatibility.!" ¥ At room
temperature, pure Ti and low alloyed Ti alloys mainly
consist of o phase with a hexagonal close packed (HCP)
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structure. Compared to cubic metals, fewer slip systems
are operable in ¢-Ti and twinning frequently occurs,
leading its plastic deformation mechanisms to be rela-
tively complicated.*®! Among all kinds of Ti-based
materials, sheets/plates processed by rolling and subse-
quent heat treatments are the most important ones
because of their overwhelmingly large consumption. For
the sheets/plates with «-Ti as the major constituent
phase, their specific deformation behaviors often allow
numerous twins and strong rystallographic textures to
be induced during rolling.!”® Once subjected to anneal-
ing, such features would markedly affect grain boundary
migration, recrystallization nucleation, and grain
growth behaviors. To date, microstructural and textural
evolution of rolled «-Ti sheets during annealing has been
tentatively explored.” ¥ Hayama er al.”) reported that
for a coarse-grained pure Ti sheet after 50 pct rolling,
recrystallized structures fully comprised of equiaxed
grains could be obtained after annealing at 700 °C for 15
minutes. Ghosh er al'" performed unidirectional and
multi-step cross rolling (upto 90 pct reduction in
thickness) for a commercially pure Ti (CP-Ti) sheet
and found that the non-oriented nucleation was more
likely to occur in the former one during recrystallization
annealing. Through systematic studies, Sahoo er al.l'?
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noted that the texture of a heavily rolled CP-Ti sheet
would hardly be changed after primary recrystallization.

Note that most pure Ti sheets used for revealing
recrystallization behaviors in earlier work have the
“commercial purity.” In fact, the presence of specific
impurities or alloying elements in CP-Ti may have a
significant impact on its deformation microstructure and
texture,l'* '®" and further affect recrystallization nucle-
ation and grain growth during annealing.'”'® Thus,
compared to those already reported for CP-Ti, distinct
microstructural and textural characteristics could be
anticipated for high-purity Ti (HP-Ti) during rolling
and annealing. Dedicated studies of effects of annealing
temperatures on microstructural and textural evolution
of rolled HP-Ti sheets should be helpful for more
comprehensively and accurately understanding the
recrystallization mechanism of «-Ti.

In the present study, therefore, a cold-rolled HP-Ti
sheet (50 pct reduction in thickness) was subjected to
isochronal annealing at 350 °C to 550 °C for 1 hours,
with microstructural and textural characteristics
revealed by jointly using electron backscatter diffraction
(EBSD), electron channel contrast (ECC) imaging, and
X-ray diffraction (XRD) techniques. Afterward, hard-
ness was measured for both rolled and annealed
specimens and a quantitative correlation analysis was
then made between microstructural, textural character-
istics and hardness.

II. EXPERIMENTAL MATERIALS
AND METHODS

The starting material was a HP-Ti sheet (1.3 mm in
thickness; 99.99 wt pct in purity) after 50 pct rolling in
thickness reduction at room temperature. Rectangular
specimens with dimensions of 8§ mm (RD) x 6 mm (TD)
x 1.3 mm (ND) were cut from the starting sheet, with
RD, TD, and ND corresponding to rolling, transverse,
and normal directions of the sheet, respectively. The
as-cut specimens were sealed into quartz tubes under
vacuum (£ 107° Pa) and then annealed in a pro-
grammable box furnace at 350 °C, 400 °C, 450 °C, 500
°C, and 550 °C for 1 hours, respectively, followed
immediately by water quenching.

Microstructural and textural characteristics of various
specimens were mainly characterized by EBSD and ECC
imaging techniques in a field emission gun scanning
electron microscope (Zeiss Sigma HD). The EBSD
system consisted of a NordlysMax’> detector (Oxford
Instruments) with Aztec 3.1 and HKL Channel 5
software for data acquisition and post-processing,
respectively. Note that the EBSD data specifically used
for texture analyses were collected with relatively large
scanning areas (0.8 mm?), so that a reasonable number
of grain orientations could be included. Additionally,
diffraction preferences of various specimens were exam-
ined by XRD (PANalytical Empyrean Series 2) with Cu
K, radiation. For hardness measurements, a Vickers
indentation tester was employed, with 12 measurements
(at a load of 100 g for 10 seconds) made for each
specimen to calculate an average value. Before the above
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characterizations and examinations, the to-be-examined
planes (RD-ND plane for EBSD and ECC; RD-TD
plane for XRD) of all specimens were mechanically
ground by SiC papers and further electro-polished with
a mixed solution of 10 pct perchloric acid and 90 pct
methanol at 14 V and — 30 °C for 120 seconds.

III. RESULTS

A. Microstructural Characteristics

ECC observations of the as-rolled specimen and
specimens annealed at various temperatures are pre-
sented in Figures 1 and 2. From Figure 1(a), it is seen
that the as-rolled HP-Ti sheet has no clear grain
morphologies while dense twinning lamellac can be
observed at high-magnification observation
(Figure 2(a)), indicating heavy plastic deformation
induced by the 50 pct rolling. Figure 1(b) shows that
microstructural characteristics of the specimen annealed
at 350 °C for 1 hours are essentially the same as that of
the as-rolled specimen. After increasing the annealing
temperature to 400 °C, a few small crystallites appear
with distinct contrasts from surrounding deformed
structures (Figure 1(c)). A closer observation
(Figure 2(b)) reveals that they are recrystallization
nuclei (a few micrometers in size) without internal
distortions/defects, in strong contrast with surrounding
shear bands, twins, or dislocation cells, clearly indicat-
ing the occurrence of recrystallization behavior. As the
temperature increases to 450 °C (Figures 1(d) and 2(c)),
the number and size of the recrystallization nuclei
increase significantly. Figure 1(e) presents the
microstructure of the 500 °C-annealed specimen, from
which one can see that most of the prior deformed
structures have been replaced by recrystallized struc-
tures. Even for those unrecrystallized lamellae,
Figure 2(d) suggests higher contrast differences existing
between them, which may be related to gradual reori-
entation through dislocation rearrangement by recov-
ery. After annealing at 550 °C for 1 hours, fully
recrystallized structures with well-recrystallized grains
are developed and no residual deformed structures can
be found, indicating the completion of primary
recrystallization.

Figure 3 presents EBSD band contrast (BC) maps of
the as-rolled and the annealed specimens. The relatively
low image quality in Figure 3(a) suggests the presence of
numerous deformation defects in the as-rolled specimen.
After annealing at 350 °C for 1 hours, the image quality
seems to be slightly improved but no recrystallization
nuclei can be clearly defined (Figure 3(b)). Such change
might be mainly related to release of a part of stored
energy by recovery, which often plays the role of a
precursor for the recrystallization nucleation.!'” After
the annealing temperature reaches 400 °C, a few
recrystallization nuclei can be easily distinguished from
the deformed structures (Figure 3(c)). The much
brighter contrast of these nuclei indicates the absence
of considerable internal defects. With further raising the
annealing temperature to 450 °C and 500 °C, the

VOLUME 53A, JUNE 2022—2087



€

%. -
Fig. 1—ECC images of the (a) as-rolled HP-Ti sheet and specimens annealed at various temperatures: (b) 350 °C, (¢) 400 °C, (d) 450 °C, (e) 500 °C,
and (f) 550 °C, respectively.

fraction of the recrystallized structures continues to
increase at the expense of the deformed structures. After
annealing at 550 °C for 1 hours, a rather uniform
microstructure consisting of well-recrystallized grains is
obtained with the absence of all deformed structures,
clearly indicating the primary recrystallization to be
completed, in good agreement with the ECC observa-
tion in Figure 1(f).

Figure 4 shows inverse pole figure (IPF) maps
corresponding to Figure 3, with low-angle boundaries
(LABs, 2 deg< 0 < 15 deg) and high-angle boundaries
(HABs, 0 > 15 deg) delineated by silver and black lines,
respectively. It is seen from Figure 4(a), there exist both
small crystallites and lamellar structures enclosed by
HABs in the as-rolled HP-Ti sheet, which should be
resulted from sufficient twinning during rolling.”®! By
using the equivalent circle method,”” their average
grain size is determined to be 1.9 £+ 1.4 yum. Meanwhile,
a large number of LABs can also be observed in
Figure 4(a), suggesting dislocation slip to be activated
by the prior rolling as well. After annealing at 350 °C
(Figure 4(b)), compared to that in Figure 4(a), the grain
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morphology is almost unchanged with an average grain
size of 2.0 & 1.5 um. As the annealing temperature
increases to 400 °C, a few new grains (recrystallization
nuclei) without inside defects/substructures can be seen
in Figure 4(c). Such defect-free grains seem to have
different colors from the surrounding deformed struc-
tures, suggesting that the crystallographic texture (grain
orientations) may have changed to some extent during
the recrystallization. The average grain size of the 400
°C-annealed specimen is measured as 2.1 £ 1.5 um.
After further raising the annealing temperature to 450
°C and 500 °C, more recrystallized structures are
developed (Figures 4(d) and (e¢)) with their average
grain sizes increasing to 2.5 + 2.3 and 3.7 £ 3.6 um,
respectively. When the as-rolled HP-Ti sheet is annealed
at 550 °C for 1 hours, fully recrystallized structures are
obtained with the average grain size measured to be 7.2
+ 4.8 um. Most of these recrystallization grains are
separated by HABs with hardly any LABs left.
Misorientation angle and rotation axis distributions
of various specimens are presented in Figure 5.
Figure 5(a) shows that the low-angle misorientation is
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Fig. 3—EBSD BC maps (step size of 0.5 um) of the (a) as-rolled HP-Ti sheet and specimens annealed at various temperatures: (b) 350 °C, (¢)

400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C, respectively.

predominant in the as-rolled specimen, along with two
high-angle peaks near 65 and 85 deg. Their rotation axes
are determined to be (1010) and (1120), respectively,
coincident with angle/axis pairs of {1012}(1011) exten-
sion twinning and {1122}(1123) compression twinning
boundaries.”"**! Such a misorientation characteristic is
essentially unchanged after annealing at 350 °C and 400
°C (Figures 5(b) and (c)). When the annealing temper-
ature increases to 450 °C (Figure 5(d)), the LABs
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content begins to drop. At higher temperatures, LABs
are more effectively eliminated with HABs becoming
overwhelmingly dominant in the 550 °C-annealed spec-
imen. It is revealed from Figures 1 through 4 that when
the annealing temperature reaches 400 °C the recrystal-
lization nucleation begins to happen, the driving force of
which comes from the deformation energy mainly stored
in LABs.**2* Initially, a few recrystallization nuclei can
only produce a small number of HABs, leading the
misorientation characteristic of the 400 °C-annealed
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Fig. 4—EBSD IPF maps (corresponding to Fig. 3) of the (a) as-rolled HP-Ti sheet and specimens annealed at various temperatures: (b) 350 °C,

(¢) 400 °C, (d) 450 °C, () 500 °C, and (f) 550 °C, respectively.

o o

. 12 350°C| ] 400°C
g Lo Ko

) ) g

5 g g

g 261 261

o o o

[ [ [

3 3
0- 0-
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Misorientation angle (°) Misorientation angle (°) Misorientation angle (°)
(a) (b) (c)
o o o

1] 450°C | | s00°C | ] 550°C
Lo So- Lo
g g g
& S S
361 361 361
o o o
[T [T w

31 34 3

0- 0+ 04

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Misorientation angle (°)

(d)

Misorientation angle (°)

Misorientation angle (°)

(e) (f)

Fig. 5—Misorientation angle distributions (corresponding to Fig. 3) of the (a) as-rolled HP-Ti sheet and specimens annealed at various
temperatures: (b) 350 °C, (c¢) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C, respectively.

specimen (Figure 5(c)) to be still close to that of the
as-rolled one (Figure 5(a)). After annealing at higher
temperatures, more recrystallized structures are devel-
oped at the expense of deformed structures (including
twinning lamellae). As a result, low-angle misorienta-
tions and those corresponding to twins are largely
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reduced and replaced by common high-angle ones
(common HABs) (Figures 5(d) through (f)).

Figures 6 and 7 are the kernel average misorientation
(KAM) maps and distribution histograms of various
specimens, respectively, which can be used to qualita-
tively reflect local strains and stored energy in metals.[*”
From Figures 6(a) and 7(a), the KAM distribution in
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Fig. 6—EBSD KAM maps (corresponding to Fig. 3) of the (a) as-rolled HP-Ti sheet and specimens annealed at various temperatures: (b) 350 °C,
(¢) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C, respectively (Color figure online).
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Fig. 7—KAM value distributions (corresponding to Fig. 3) of the (a) as-rolled HP-Ti sheet and specimens annealed at various temperatures: (b)

350 °C, (c) 400 °C, (d) 450 °C, () 500 °C, and (f) 550 °C, respectively.

the as-rolled specimen is generally uniform with a
relatively high average KAM value (2.25 deg), indicat-
ing high local strains and stored energy induced by the
prior rolling. With increasing the temperature from 350
°C to 500 °C, the average KAM value of the annealed
specimens gradually decreases from 1.90 to 0.57 deg. In
Figure 6(c) through (e), blue regions correspond to the
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recrystallized structures in Figures 3 and 4, which have
much lower KAM values than other regions (unrecrys-
tallized). For the 550 °C-annealed specimen, Figure 6(f)
shows that it is comprised of uniform blue structures
with an average KAM value of only 0.47 deg. As
indicated in Reference 25, such a low value demon-
strates that almost no local strain or stored energy
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remains present after the primary recrystallization is
completed.

B. Textural Variation

Peak heights (intensities) in X-ray diffraction patterns
reflect relative frequency of specific planes, which can be
utilized to characterize the crystallographic texture
qualitatively, as shown in Figure 8. For the as-rolled
specimen, the diffraction intensities of (0002) and (1011)
planes are much higher than other crystal planes. After
annealing at 350 °C, no evident change seems to occur.
For the 400 °C-annealed specimen, diffraction intensities
of both (0002) and (1011) planes increase to a compa-
rable height, along with slight intensifying of the (1013)
peak. Considering the appearance of recrystallization
nuclei in this specimen, such variation suggests that a
mild textural change may have occurred due to recrys-
tallization nucleation. After annealing at higher temper-
atures, the diffraction intensity of the (1011) plane
increases rapidly to exceed that of the (0002) plane. The
difference between the two planes becomes rather
evident in the 550 °C-annealed specimen (fully recrys-
tallized), suggesting that the recrystallization should
have aroused considerable textural changes compared to
that of the as-rolled specimen.

In order to more accurately analyze their textural
features, a large-area EBSD scanning was performed for
each specimen (thousands of grains included), with
results presented in Figures 9 and 10. From pole
figures (Figure 9(a)), the as-rolled HP-Ti sheet (50 pct
reduction in thickness) has a typical bimodal basal
texture with density maxima (5.0 times random) inclined
+~30 deg from the ND toward the TD, along with a
weak ¢//TD component. After annealing at 350 °C
(Figure 9(b)), since recrystallization nucleation is not
initiated at all (Figure 3(b)), the textural characteristic is
almost the same as that of the as-rolled specimen,
consistent with that revealed in Figure 8. For the 400
°C-annealed specimen, although a few recrystallization
nuclei appear (Figure 3(c)), the bimodal basal texture
remains essentially unchanged, except further weaken-
ing of the c//TD component. After increasing the
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Fig. 8—XRD patterns of various specimens.
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annealing temperature to 450 °C, there appears a
ring-like basal texture to replace the prior bimodal
basal texture (Figure 9(d)). In a simplified description,
the new textural characteristic may be roughly regarded
as the combination of the typical bimodal one and its
rotated components. For specimens annealed at higher
temperatures (500 °C and 550 °C), the ring-like basal
texture remains the main characteristic even without
considerable change in textural intensity (Figures 9(e)
and (f)). Note that for all the specimens with the
ring-like basal texture, the recrystallization either pro-
ceeds to a significant extent (Figures 6(d) and (e)) or is
already completed (Figure 6(f)), which must be respon-
sible for such textural evolution.

Figure 10 presents a further analysis of deviation
angles (@) between c-axis and the ND for all the
specimens. For the as-rolled specimen, Figure 10(a)
shows that its ¢ prefers to concentrate on 20 to 40 and
90 deg, which agrees with the bimodal basal textural
component and the c¢//TD component revealed in
Figure 9(a). As expected, the distribution of ¢ in the
350 °C-annealed specimen is almost identical with that
of the as-rolled specimen (Figure 10(b)). After annealing
at higher temperatures, although the recrystallization
begins to occur and produce evident textural variation,
the ¢ seems to maintain its preferable distribution
between 20 and 40 deg (Figures 10(c) through (f)).
Nevertheless, the frequency of ¢ near 90 deg is always
reduced with increasing temperature, as a result of the
recrystallization.

C. Hardness Variation

Figure 11 shows the hardness variation of the
as-rolled HP-Ti sheet during annealing at 350 °C to
450 °C. The as-rolled specimen has an average hardness
value of 234.3 + 5.8 HV. After annealing at 350 °C for 1
hours, although recrystallization is not initiated at all,
the average hardness drops to 215.2 + 5.4 HV. With
increasing the annealing temperature, the specimen
hardness decreases continuously with the lowest one
(135.9 &+ 2.9 HV) obtained for the fully recrystallized
specimen (550 °C-annealed). In the following, in-depth
reasons accounting for the hardness evolution will be
analyzed and discussed in terms of the above illustrated
microstructural and textural characteristics to quantita-
tively clarify main controlling factors.

IV. DISCUSSION

A. Microstructural and Textural Evolution

In earlier studies,!'"***?7 it has been widely reported

that the bimodal basal texture (occasionally denoted as
{1125}(1010)) developed in heavily rolled o-Ti sheets
was rather stable during annealing and would be well
maintained even after complete primary recrystalliza-
tion. For example, Wagner er al.”® figured out that the
typical deformation texture of a 80 pct cold-rolled CP-Ti
sheet was essentially unchanged after annealing at 500
°C for 6 hours, even if primary recrystallization had
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(c) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C, respectively, derived from the same EBSD data as in Fig. 9.

been finished (with fully equiaxed grains). Only after
extensive annealing to allow sufficient grain growth (like
at 700 °C for 1 hours), grain orientations could 10, we demonstrate that both microstructural and
gradually develop to form the so-called ‘“‘recrystalliza- textural characteristics of the 50 pct -rolled HP-Ti sheet
tion texture” ({ 10T3}<11§0>), which anyhow still can change markedly during the primary recrystalliza-
showed bimodal maxima in the basal pole figure. tion. After 50 pct cold rolling, our HP-Ti sheet develops

Clearly, such a usual scenario is different from our
finding in the present work. Through Figures 1 through
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Fig. 11—Evolution of Vickers hardness of the as-rolled HP-Ti sheet
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a typical deformation texture ({1125}(1010)), as shown
in Figure 9(a). However, main features of such texture
are maintained only after annealing at 400 °C or lower
temperatures so that recrystallization nucleation is still
in the early stage (Figures 9(b) and (c)). At higher
temperatures (like 450 °C and 500 °C), even if
I-hour-annealing does not allow the recrystallization
to be completed, a ring-like basal texture with evident
differences from the deformation texture can be devel-
oped (Figures 9(d) and (e)). For the 550 °C-annealed
specimen with fully recrystallized structures, the ring-
like basal texture is still present suggesting considerable
stability (Figure 9(f)). To our best knowledge, such a
textural evolution feature of rolled pure Ti sheets during
annealing has not been reported in public literature.
To better understand the role played by recrystalliza-
tion in changing textural characteristics during anneal-
ing, the 400 °C- and the 450 °C-annealed specimens
(both with partly recrystallized structures) are selected
for further analyses. They are subjected to large-area
EBSD scanning so that deformed and recrystallized
structures including enough orientations can be
obtained, with results presented in Figures 12 and 13.
Figure 12(a) is the large-area BC map of the 400
°C-annealed specimen, from which recrystallization
nuclei are found to preferably appear near prior grain
boundaries. During the prior 50 pct rolling, the HP-Ti
sheet consisting of coarse equiaxed grains are heavily
deformed jointly by continuous slip and twinning, as
demonstrated through Figures 1(a) through 5(a). In the
meantime, prior grain boundaries will strongly impede
dislocation movement and twinning growth, leading to
larger plastic strains and misorientations often accumu-
lated in such locations.”**” As a result, recrystallization
nucleation will prefer to happen near these boundaries.
Figures 12(b) and (c) are IPF maps of the deformed and
the recrystallized structures extracted from Figure 12(a),
with their pole figures displayed in Figures 12(d) and (e),
respectively. Clearly, those unrecrystallized structures
have the strong bimodal basal texture while more
scattered orientations are obtained for the recrystalliza-
tion nuclei. Since the area fraction of the unrecrystal-
lized structures (~80.2 pct) is much higher than that of
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(~19.8 pct) the recrystallized structures in Figure 12, the
400 °C-annealed specimen still shows main features of
the typical deformation texture (Figure 9(c)).

A similar analysis is made for the 450 °C-annealed
specimen with a higher fraction (~74.6 pct) of recrystal-
lized structures, as presented in Figure 13. For the
unrecrystallized structures (Figure 13(d)), they still have
the same bimodal basal texture as that of the as-rolled
specimen (Figure 9(a)). For the recrystallized structures,
a ring-like textural feature with the reduced c//TD
component can be noticed in the basal pole figure (Fig-
ure 13(e)), clearly different from the deformation
texture.

Through Figures 12 and 13, one can confirm that
orientations of recrystallization nuclei/grains do not
simply maintain those in the as-rolled Ti sheet, in not
agreement with earlier reports.'"'>?®! Note that since
primary recrystallization is still uncompleted in our 400
°C- and the 450 °C-annealed specimens, such textural
variation should not be ascribed to sufficient grain
growth as noted in References 23, 26. Thus, new
orientations must have been generated during the
recrystallization nucleation to give birth to the textural
features shown in Figures 12(e) and 13(e). Two main
nucleation mechanisms have been reported for «-Ti
alloys during recrystallization annealing™": (i) strain-in-
duced boundary migration (SIBM) and (ii) orienta-
tion-gradient-related subgrain coalescence. The SIBM
mechanism involves the bulging of parts of a preexisting
HAB with different stored energies on two sides and is
featured by new grains having similar orientations to the
old ones, inconsistent with our results. As for the second
mechanism, when there exists a large orientation gradi-
ent (often along with high stored energy induced by
geometrically necessary dislocations), HABs can be
produced by subgrain growth/coalescence via rapid
recovery. As a result, new recrystallization nuclei with
orientations different from any preexisting ones are
generated, then allowing distinct textural components to
be produced. In an earlier study, Bozzolo et al.®*" found
that large orientation gradients could be produced near
HABEs in heavily rolled CP-Ti owing to strong interac-
tion between dislocations and boundaries. Compared to
CP-Ti, denser HABs can be introduced into the rolled
HP-Ti sheet by more active twinning due to the absence
of impurities, as verified in our recent work.®® Further-
more, relatively large orientation gradients are indeed
found to readily exist inside grains in the 50 pct -rolled
HP-Ti specimen, as clearly exemplified in Figure 14.
Based on the above analysis, it is reasonable to expect
that the orientation-gradient-related subgrain coales-
cence mechanism has played an important role in the
recrystallization nucleation process, eventually giving
birth to the new textural feature in the annealed HP-Ti
specimens (Figures 9(d) through (f)). Nevertheless,
along with new orientations, the global textures of
recrystallized structures (Figures 12(e) and 13(e)) are
found to always contain the bimodal basal component
(deformation texture), suggesting the SIBM may have
also worked to some extent.
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Fig. 12—Dedicated EBSD analysis (scanning area of 330 x 200 ym?® and step size of 0.8 um) for the 400 °C specimen: (a) BC map; (b) and (c)
IPF maps of deformed and recrystallized structures extracted from (a), respectively; (d) and (e) pole figures corresponding to (b) and (c),

respectively.

B. Correlation Between Microstructure, Texture,
and Hardness

The hardness of the as-rolled HP-Ti sheet is found to
decrease continuously with increasing annealing tem-
peratures. Its high purity (> 99.99 wt pct) suggests there
will be essentially no compositional variation during
annealing and the hardness change could thus be mainly
ascribed to two factors: grain size (determined based on
HABs) and dislocation content (mainly stored in LABs).
Their specific contributions could be analyzed quanti-
tatively by the use of the EBSD statistical data of
microstructural parameters. For the HP-Ti sheet, its
overall strength oo (0.2 pct proof stress) can be
expressed as,

002 =00+ 04+ Onas, 1]

where o( is the lattice friction stress of «-Ti (~290
MPam), and opap and opyap are the strengthening
contributions from LABs and HABs, respectively. The
o1Lap can be further expressed as,**

orap = MoGb\/py + pr s 2]

where M is the Taylor factor (3.0 for o-Ti"), oc 1s a
constant (0.2), G is the shear modulus (43 6 GPal")), b
is the Burgers vector (0.347 nm!®?), Po is the disloca-
tion density between boundaries in a sufficiently
annealed material and often negligible due to being

METALLURGICAL AND MATERIALS TRANSACTIONS A

too small, and ppap is the density of dislocations
stored in LABs that can be expressed by Reference 33.

30 1—f
Pras = Wa 3]

where 0; 4p is the average misorientation angle of LABs
in each specimen, fiyap is the fraction of HABs and D,
is the average spacing between all boundaries. The
above parameters can be calculated by the HKL channel
5 software from EBSD data and tabulated in Table 1.

The contribution from HABs follows the Hall-Petch
law but can be re-expressed in another equivalent
form®®

o4 = kup ng37 (4]

av
where kyp is the Hall—Petch slope with a typical value of
240 MPa um'”? for o-Ti.®

After inputting the structural parameters in Table I
into Eqs. [2], [3], and [4], oA and oyap can be obtained
for each specimen, as tabulated in Table II. The
calculated results in Table IT agree with the measured
hardness of each specimen, verifying the validity of the
above quantitative analysis. Generally, Table I and II
reveal that with increasing annealing temperature, the
fraction of HABs increases at the expense of LABs,
leading to reduced strengthening/hardening
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M

ax=8.2

bE
{0001} ax=5.2

{11-20} {10-10}

Fig. 13—Dedicated EBSD analysis (scanning area of 330 x 200 ym?® and step size of 0.8 um) for the 450 °C specimen: (a) BC map; (b) and (c)
IPF maps of deformed and recrystallized structures extracted from (a), respectively; (d) and (e) pole figures corresponding to (b) and (c),

respectively.
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Fig. 14—(a) IPF map of a selected location in the 50 pct-rolld specimen and (b) misorientation variations along the arrowed path in (a),
demonstrating the presence of large orientation gradients inside grains.

contributions from both of them. Specifically, when the
annealing temperature increases from 400 °C to 450 °C,
both the opap and the opyap are found to drop
drastically (almost halved), in contrast with mild change
at lower temperatures. According to the above results,
significant recrystallization has occurred in the 450
°C-annealed specimen, which should be responsible for
such drastic change. After annealing at higher

2096—VOLUME 53A, JUNE 2022

temperatures, the change of oyap becomes relatively
mild again while the opap further decreases. This
suggests that releasing stored energy via ecliminating
LABs is able to soften the HP-Ti sheet more effectively
than increasing grain sizes during annealing.

In spite of overall consistency, one may note that
there are still some deviations between the measured and
the calculated hardnesses in Table II. One reason might

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table I. Structural Parameters of Various Specimens Measured by EBSD
Specimens

As-Rolled 350 °C 400 °C 450 °C 500 °C 550 °C
Structural Parameters
Sfuas (Pct) 49.1 52.0 54.1 63.1 72.5 90.3
Jfras (Pct) 50.9 48.0 459 36.9 27.5 9.7
0,45 (rad x 1072) 8.4 8.6 8.6 8.9 10.8 16.9
D,, (um) 0.9 1.1 1.1 4.7 5.6 5.7

Table II. Calculated and Measured Hardnesses of Various Specimens
Specimens
As-Rolled 350 °C 400 °C 450 °C 500 °C 550 °C
Strength/hardness
oLag (MPa) 184.3 163.9 159.7 70.7 61.3 45.2
ouas (MPa) 177.3 165.0 168.3 87.9 86.4 95.5
602 (MPa) 651.6 618.9 618.0 448.6 437.7 430.7
Calculated Hardness (HV)? 217.2 206.3 206.0 149.5 145.9 143.6
Measured Hardness (HV) 234.3 215.2 189.3 160.2 150.9 135.9
#Calculated using a well-accepted empirical expression, 3 HV = g 5.

be some inaccuracy caused by empirical parameters and recrystallized structures were obtained after

experimental errors during collecting and post-process-
ing the EBSD data. In addition, recent work?®>"
demonstrated that angles between grain c-axes and the
loading axis would definitely affect hardness of «-Ti.
When its c-axis was perpendicular to the loading
direction (deviation angle ¢ = 90 deg), the grain had
the lowest hardness, which increased gradually with
reducing ¢. In the present work, the loading direction
during hardness measurements is parallel to the ND of
all the specimens. This allows the relationship between
grain orientations and hardness to be analyzed using
results in Figure 10. Figure 10(a) through (c) reveals that
the ¢ of the as-rolled specimen and the specimens
annealed at 350 °C and 400 °C preferably concentrates
on ~30 and ~90 deg. After annealing at higher temper-
atures (450 °C to 550 °C), the ¢ peak near 30 deg is
almost unchanged while the grains with ¢ = ~90 deg are
largely reduced (Figures 10(d) through (f)). This indi-
cates that one major change occurring during annealing
at higher temperatures is the reduced fraction of
soft-orientation grains (¢ near 90 deg). This may be
able to produce additional hardening. However, since
the specimen hardness is found to decrease continuously
with raising annealing temperatures, such an additional
hardening effect is expected to be relatively weak.

V. CONCLUSIONS

(1) For the 50 pct-rolled HP-Ti sheet, recrystalliza-
tion nucleation starts at 400 °C with prior grain
boundaries as preferential sites while fully

METALLURGICAL AND MATERIALS TRANSACTIONS A

annealing at 550 °C for 1 hours

(2) Considerable textural changes occur during
recrystallization annealing of the as-rolled HP-Ti
sheet, namely, the prior bimodal basal texture
characteristic is essentially replaced by a ring-like
basal texture, which can be attributed to the
orientation-gradient-related subgrain coalescence
mechanism.

(3) Hardness changes during annealing are found to be
closely related to grain sizes and dislocation den-
sities (mainly stored in low-angle boundaries).
Quantitative analyses reveal that effects of both
of them are relatively mild after annealing below
450 °C. However, the decrease in dislocation
density would lead to more significant softening
than grain coarsening when the annealing temper-
ature exceeds 450 °C.
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