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Abstract: Ti-55511 billet with the acicular « initial microstructure was hot rolled (HR sample) and then
heat treated (HR+HT sample) at 750 °C. The effects of HR and HT on the anisotropy of microstructure,
texture, and tensile properties were investigated. The tensile results show that there are obvious
anisotropic tensile properties between RD and TD. The anisotropic elongation of HR sample is related
to the morphology of « phase. After HR, the acicular « is parallel to RD. As for RD specimen,
the transgranular propagation of microcrack passing through the acicular « phase leads to the
ductile fracture, thus showing the higher ductility than TD specimen. While the intergranular
propagation of microcrack passing by the equiaxed « phase in TD specimen causes the brittle fracture.
The anisotropic strength of HR sample depends on the relationship among texture type of « phase,
slip system, and loading direction. The maximum texture intensity at TD leads to the easy activation
of basal slip system in RD and that of prismatic slip system in TD, and then causes the lower strength
of RD specimen than TD specimen. After HT, the decreased anisotropy of elongation and strength
can be attributed to the increased « size and the decreased texture intensity of « phase. These results
demonstrate that anisotropic tensile properties mainly depend on the morphology and texture of
o phase.

Keywords: Ti-55511 near {3 titanium alloy; hot rolling; anisotropy; microstructure; tensile properties

1. Introduction

Titanium and titanium alloys with super specific strength, good resistance to corrosion, and high
biocompatibility have attracted much attention and are widely used in industrial areas such as
aerospace, vessel and biomedicine [1,2]. Near 3 titanium alloys such as Ti-5A1-5Mo-5V-1Cr-1Fe
(Ti-55511) [3], Ti-5A1-5Mo-5V-3Cr-1Zr (Ti-55531) [4], Ti-7Mo-3Nb-3Cr-3Al (Ti-7333) [5] are suitably
used to manufacture large structural components in the aerospace field.

Rolling is an important deformation method to manufacture the sheets and plates of titanium
alloys [6,7]. Rolling can cause a specific plastic flow and result in the change of grain morphology [8-10].
For instance, « grains in two-phase titanium alloy can be elongated along rolling direction [11]. Some
researchers investigated the effect of « grain orientation on the anisotropic ductility in near-oc and o+
titanium alloys. Ye et al. [12] discussed the influence of grain orientation on the elongation to fracture
in cold-rolled Ti-6Al-4V alloy, and found that the ductility of transverse direction (TD) specimen
is higher than that of rolling direction (RD) specimen. Because of the relatively low amount and
dispersed distribution of « phase in 3 matrix [13,14], the microstructure evolution of near-f3 titanium
alloy should be much different from that of most-investigated Ti-6Al-4V. So it’s essential to study the
influence of the special morphology of « phase on the anisotropic ductility in near-f titanium alloys.
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Meanwhile, rolling easily causes the intense crystallographic texture in o and 3 phase and further
results in the obvious anisotropic mechanical properties in titanium alloys [15,16]. It is worth noting
that the different c/a ratio of hexagonal close-packed (HCP) crystal structure can lead to the different
type of texture [17,18]. For example, Won et al [19] proposed that the high-purity «-Ti rolled plate has a
TD split basal texture, and found that it can lead to the anisotropic slip behaviors, and further result in
the anisotropic mechanical properties. Li et al. [20] studied the near-« titanium alloy Ti60 plate with the
remarkable T-type texture, and found that the T-type texture causes the different activation of prismatic
<a> slips in TD and RD specimen, and shows the higher strength in TD specimen. Due to the high
contents of 3 stabilizer and special c/a ratio in HCP crystal structure [21], the texture and activation
of slip systems in near 3 Ti-55511 alloy may be different from other titanium alloys. Therefore, it’s
necessary to study the effect of special texture on the anisotropic mechanical property of Ti-55511
rolled plate. Besides, the effect of the subsequent heat treatment after rolling on the anisotropy of
mechanical property also needs to be further investigated.

Therefore, the current work focuses on illustrating the effects of hot rolling and heat treatment
on the anisotropy of microstructure and tensile properties of Ti-55511. Firstly, the room temperature
engineering stress-strain curves of Ti-55511 samples were obtained by tensile test. Then, the intensity
and components of texture were analyzed by the pole figure and ODF plots, and the fracture
surface and crack observation were utilized to explain the mechanism of anisotropic elongation.
Finally, the effect of heat treatment on the decreased anisotropy was explained. Our work enriches
researches about anisotropic tensile properties of titanium alloys and can offer a helpful guidance for
industrial production.

2. Experimental Details

The raw material was ® 200 mm Ti-55511 forged bar provided by Hunan Goldsky Titanium
(Industry Technology Co. Ltd., Changde, China). The chemical compositions (wt %) were Al-5.20,
Mo-4.92, V-4.96, Cr-2.99, Zr-1.08, Fe-0.40 and balance Ti. The {3 transus temperature was measured
to be 875 £ 5 °C by a metallographic method. The 110 mm X 45 mm x 12 mm billets were line
cut from the forged bar. To obtain the acicular & microstructure, the billets were solution heated
at 920 °C for 15 min, water quenched to room temperature, and then aged at 750 °C for 30 min,
followed by a final water quenching to room temperature. The as-resulted microstructure shows
the homogeneous and triangular distribution of acicular o« in 3 matrix (Figure 1). The heat-treated
billets were subjected to the unidirectional hot rolling up to 56% reduction at 750 °C. During rolling,
the samples were reduced by 8% in each pass, and after each pass, the billets were put back into
the furnace for 15 min in order to re-attain the rolling temperature. After final pass, the deformed
samples were water quenched (HR sample), followed by heat treatment at 750 °C for 120 min and
then water quenching (HR+ HT sample). The HR and HR+HT samples were line cut along the
transverse direction (TD) and rolling direction (RD). The microstructure was observed by the Helios
NanoLab G3 UC scanning electron microscopy (SEM) (FEI Electron Optics B.V., Brno, Czech Republic)
equipped with Electron Back Scattered Diffraction (EBSD) detector. The samples for SEM were
prepared through mechanical grinding and polishing, and then etching with the Kroll’s reagent of
1.5 mL HF + 3 mL HNOj3 + 100 mL HyO. The samples for EBSD were prepared through mechanical
grinding and polishing, and then electrolytically polishing with 95% ethanoic acid + 5% perchloric acid.
And the EBSD data were analyzed by TSL-OIM software (7.3, EDAX, Mahwah, NJ, USA). The texture
of samples was measured by the Bruker D8 Discover XRD detector (Bruker, Karlsruhe, Germany) at
30 kV with CuK« radiation. The flat dog-bone-shaped tensile samples (Figure 1) were line cut along TD
and RD and then mechanically polished. The tensile tests were conducted by Instron Testing Machine
(Instron, High Wycombe, UK) at room temperature with the cross-head speed of 1 mm/min. For the
statistical purpose, three tensile samples for each condition were performed. The fracture morphology
of tensile samples was observed by NOVATM Nano SEM 230 scanning electron microscope (FEI
Electron Optics B.V., Brno, Czech Republic).



Metals 2018, 8, 904

30f 14
920 °C for
15 mins
750 °C for
<z 30 mins

H Z

= =

2 g

. . g =
Line Heating 2 H
. = [
cutting treatment = :;:

=p =

forged bar

Figure 1. Line cutting and dimension of flat dog-bone-shaped tensile samples. RD = rolling direction;
TD = transverse direction; ND = normal direction.

3. Results
3.1. Anisotropy of Tensile Properties

Figure 2 shows the engineering stress-strain curves of different samples at room temperature.

And the ultimate tensile strength (UTS) and elongation are summarized in Table 1. With the increasing
of strain, the engineering stress in four curves increase rapidly to reach the peak value, followed by a
slowly decreasing up to be fractured. In both HR and HR+HT samples, the UTS along RD are higher
than that along TD, while the elongation along RD are lower than that along TD. So the hot rolling
results in the obvious anisotropy of tensile properties. After heat treatment, the UTS along RD and
TD both decrease: the UTS along RD decreases from 1056 MPa to 1017 MPa, and the that along TD
decreases from 1102 MPa to 1042 MPa. The elongations along RD and TD both increase: the elongation
along RD increases from 11.8% to 13.1%, and the elongation along TD increases from 6.7% to 10.3%.
Furthermore, the heat treatment decreases the anisotropy of tensile properties: the differences between
RD and TD values of UTS/elongation decrease from 46 MPa/5.1% before HT to 25 MPa/2.8% after

HT. The changed anisotropy of tensile properties can be related to the evolution of texture and
microstructure after HR and HT.
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Figure 2. Room temperature engineering stress-strain curves of different samples.
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Table 1. Tensile properties of different samples.

Processing Condition Direction Average UTS (MPa) Average Elongation (%)
750 °C rolling RD 1056 11.8
750 °C rolling D 1102 6.7
750 °C rolling + 750 °C aging RD 1017 13.1
750 °C rolling + 750 °C aging D 1042 10.3

3.2. Anisotropy of Microstructure

Figure 3 shows the microstructure in the ND-RD and ND-TD planes of HR and HR+HT samples.
In the ND-RD plane (Figure 3a), the majority of acicular « have been elongated and rearranged
along the rolling direction after hot rolling, and some acicular a shows the localized necking up to be
fragmented into equiaxed morphology, which is caused by the dynamic recrystallization, while the
equiaxed morphology (namely the cross section of acicular «) is displayed in the ND-TD plane
(Figure 3c). After further heating at 750 °C for 120 min, « content has no obvious change, but the
coarsening of acicular « is obvious: the diameter of cross section increases from about 0.3 um (Figure 3b,
before HT) to 0.7 um (Figure 3d). The anisotropy of morphology distribution after HR and the
coarsening of acicular o after HR+HT should lead to the discrepancy of tensile properties, crack
evolution, and fracture along RD and TD.

HR Sample HR+HT Sample

'& (a) (b)
RD
Sum Sum
ND
(c) (d) RD
LTD NBJ—>TD
Sum Sum

Figure 3. Microstructures in the RD-ND and TD-ND planes of HR and HR+ HT samples. (a,b): ND-RD
plane; (c,d): ND-TD plane.
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3.3. Texture Characterization

Figure 4 shows the (0002), and (110)g pole figures of HR and HR+HT samples. After HR,
the maximum texture intensities of o and {3 phases are 5.95 and 5.75 times higher than that of random
distribution (Figure 4a,d), respectively. As for o phase, the maximum values locate at TD (Figure 4a).
This phenomenon suggests that <0001> orientation (c axis) is rotated to be nearly parallel to ND-TD
plane and perpendicular to RD during HR, in which the angle between TD and ¢ axis is about 58°.
The texture pattern of 3 matrix (Figure 4d) is similar to that of « phase. And the maximum texture
intensity at TD also suggests that <110>g orientation is rotated to be parallel to ND-TD plane during
HR. After HR+HT, the texture intensity of « and 3 phases decreases markedly: only 3.87 and 3.64 times
higher than that of random distribution (Figure 4b,e). And the values of the maximum texture intensity
of o and P phases are still both located at TD, but their positions shift toward the center of pole
tigures, which suggest the rotation of <0001>4 and <110>p orientations in ND-TD plane as shown
in Figure 4c f.
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Figure 4. (0002) and (110)g pole figures of HR and HR+HT samples. (a—c): (0002); (d-f): (110)g.

To identify the main texture components of « and (3 phases, the orientation distribution function
(ODF) plots in the RD-TD plane at ¢ = 0° and 30° the o phase and ¢, = 45° for 3 phase are displayed
in Figure 5. It shows that the texture intensities of & and 3 phases both decreases after HR+HT. Based
on the data in Figure 5, the main texture components of « and 3 phases in the HR and HR+HT samples
are summarized in Table 2. Compared with no change about those of 3 phase, the main texture
components of & phase have only small changes, in which the changes are presented in the last number
of Miller-Bravais indices.
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Figure 5. Orientation distribution function (ODF) plots of HR and HR+HT samples. (a,b): $2 = 0°;
(c,d): $2 =30°; (e,f): $p2 =45°.
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Table 2. Main texture components for the oc and 3 phases of HR and HR+HT samples.

Sample Phase Main Texture Component
HR o {-12-10}<10-11>[f(g) = 8.55], {-12-15}<10-10>[f(g) = 2.82], {01-14}<2-1-10>[f(g) = 4.25]
HR B {111}<1-10>[f(g) = 4.54], {111}<11-2>[f(g) = 3.78], {001}<1-10>[f(g) = 3.02]
HR+HT o {-12-10}<10-11>[f(g) = 5.23], {-12-13}<10-10>[f(g) = 5.23], {01-16}<2-1-10>[f(g) = 4.35]
HR+HT B {111}<1-10>[f(g) = 3.23], {111}<11-2>[f(g) = 2.69], {001}<0-10>[f(g) = 3.23]

3.4. Schmid Factor Distributions

In order to further investigate the effect of texture on the activation of slip system, The Schmid
factor (SF) distributions for the common slip systems of & and 5 phases have been obtained from the
EBSD data, which are displayed in Figures 6-8, respectively. The « phase shows the obviously different
SF distributions of {0001}<11-20> and {10-10}<1-210> slip systems between ND-RD and ND-TD planes
of HR and HR+HT samples. As for the {0001}<11-20> slip system ofx phase for HR sample, the SF
values in ND-RD plane are all <0.3, while those in ND-TD plane are all >0.4 (seeing Comparison-1 in
Figure 6). After HR+HT, the proportion of the SF values >0.4 in ND-RD plane increases, and those in the
ND-TD plane are still all higher than 0.4 (seeing Comparison-2 in Figure 6). As for the {10-10}<1-210>
slip system of o phase for HR sample, the SF values in ND-RD plane relatively uniformly arrange
from 0.1 to 0.5, and the most of SF values in ND-TD plane are located at <0.3. After HR+HT, the SF
in the ND-RD and ND-TD planes both shift toward the higher value, in which the proportion of SF
values >0.3 increases obviously.
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Figure 6. Schmid factor distributions of {0001}<11-20> slip system in « phase. (a,b): ND-RD plane;
(c,d): ND-TD plane; (e): comparison of (a) and (c); (f): comparison of (b) and (d).
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Figure 7. Schmid factor distributions of {10-10}<1-210> slip system in « phase. (a,b): ND-RD plane;
(c,d): ND-TD plane; (e): comparison of (a) and (c); (f): comparison of (b) and (d).

Compared with those of « phase, the SF distributions of {110}<1-11> slip system in the 3 phase
of HR and HR+HT samples are both relatively centralized. As for the HR sample, the SF values in
ND-RD plane are slightly lower than those in the ND-TD plane. After HR+HT, the increased SF values
in ND-RD plane and decreased SF values in ND-TD plane are observed, which result in the inverse
phenomenon to that in the HR sample. But the SF values are still relatively high.



Metals 2018, 8, 904 9of 14

HR Sample HR+HT Sample

Min Max
[0 388531e-05 0.499988
I :88531e-05 0.100029
[ 0.100029 0.200018
[ 0200018 0.300008
[ 0300008 0.399998
I 0399998 0.499988

(e) Comparison-1 () Comparison-2
06 06
.lIR RD-ND plane HRHT: RD-ND planc
054 HR: TD-ND plane 054 HR+HT: TD-ND planc
S04 204
g g
8 2
&5/ o3
3 o
2 2
s €
Z 024 Z 024
0.1 0.1 | I I I
0.0 00 T u I u iina
0.0 ol 02 03 04 0s 0.0 0.1 02 03 04 0s
Schmid factor Schmid factor

Figure 8. Schmid factor distributions of {110}<1-11> slip system in 3 phase. (a,b): ND-RD plane;
(c,d): ND-TD plane; (e): comparison of (a) and (c); (f): comparison of (b) and (d).

3.5. Fracture Behavior

Figure 9 shows the fracture morphology of HR and HR+HT samples in ND-TD plane (Figure 9a,b,
fracturing along RD) and the ND-RD plane (Figure 9c¢,d, fracturing along TD), respectively. As for
the HR sample, the dense and homogeneous dimples with the size of about 10 pm and the small
tearing ridges are observed after fracturing along RD (Figure 9a), in which the fracture mode can be
considered as a ductile fracture. The fracture of HR sample along TD presents the crack and distinct
facet (Figure 9c), which is thought to be an apparent brittle fracture. After HR+HT, the large and
deep dimples with tearing ridge can be clearly seen after fracturing along RD (Figure 9b), while the
numerous shallow dimples are observed at TD (Figure 9d). Therefore, the fracture along RD and TD
both show the ductile feature after HT. And the decreased discrepancy of fracture modes between RD

and TD after HT suggests the decreased anisotropy.
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Figure 9. Fracture surfaces of HR and HR+HT samples after tensile tests. (a,b): ND-TD surface;
(c,d): ND-RD surface.

Figure 10 shows the microcracks of HR and HR+HT samples in the ND-RD plane (Figure 10a,b,
fracturing along RD) and ND-TD plane (Figure 10c,d, fracturing along TD), respectively. In the
ND-RD plane of HR sample (Figure 10a), the microcracks straightly cross the acicular o phase,
indicating the transgranular mode. However, in the ND-RD plane of HR sample (Figure 10c),
the microcrack propagates along the equiaxed morphology of o phase, implying the intergranular
mode. After HR+HT, in the ND-RD plane, the transgranular propagation of microcrack passing
through the thicker acicular o shows the zigzag track (Figure 10b), while the ND-TD plane of HR+HT
sample presents the transgranular propagation of microcracks (Figure 10d).
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Figure 10. Microcracks in the cross-section of HR and HR+HT sample. (a,b): RD-ND plane; (c,d):
TD-ND plane.

4. Discussion

4.1. Effect of « Morphology on the Anisotropy of Ductility

After hot rolling at 750 °C (HR sample), the & morphology of HR sample along RD and TD
is lamellar (Figure 3a, showing ND-RD plane) and equiaxed (Figure 3¢, showing ND-TD plane),
respectively. And the fracture along RD and TD is ductile mode (Figure 9a) and brittle mode (Figure 9c¢),
respectively. Based on the further microcrack observation, the crack propagation during fracture is
transgranular mode (Figure 10a) and intergranular mode (Figure 10c), respectively. The tensile
ductility is related to the resistance to microcrack nucleation and propagation [22,23]. Due to the same
microdefect state for the same HR billet, the microcrack nucleation resistance in RD and TD specimen
can be deemed as same, so the effect of the « morphology discrepancy on the microcrack propagation
along RD and TD should be considered. As for the tensile test along RD (RD specimen), the acicular «
is parallel to the tensile direction. Also, because the microcrack propagation is usually perpendicular
to the tensile direction, the microcrack is inevitable to pass through the relatively harder acicular o«
(Figure 10a), thus suggesting the higher resistance to the microcrack propagation and then leading to
the better ductility of RD specimen (11.8% elongation). In the case of the tensile test along TD (TD
specimen), o phase shows the equiaxed morphology (cross section of acicular ). In this situation,
the microcrack in TD specimen tends to pass by the equiaxed morphology and propagates in the
relatively softer 3 matrix (Figure 10c), so the less resistance to the microcrack propagation results in
the lower ductility (6.7% elongation). The effect of the different morphology of o phase along RD and
TD on the microcrack propagation causes the anisotropic ductility.
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After the subsequent HT at 750 °C (HR+HT sample), the fracture along RD (Figure 9b) and
TD (Figure 9d) is both ductile mode. The microcrack propagation mode during fracturing along
RD is transgranular mode (Figure 10b), but that along TD shifts from intergranular mode before
HT (Figure 10c) into transgranular mode (Figure 10d). And Table 1 shows the more increasing of
ductility along TD (increasing 3.6%) than RD (increasing 1.3%) after HT, thus causing the decreased
anisotropy of ductility between RD and TD: the discrepancy of elongation between RD and TD decrease
from 5.1% before HT to 2.8% after HT. In case of tensile test along the TD, the increased ductility
after HT is resulted from: (1) the decreased dislocation density (i.e., the more difficult microcrack
nucleation), and (2) the coarsen of equiaxed & morphology (Figure 3d, i.e., shifting into transgranular
propagation mode in Figure 10d), thus displaying the ductile fracture (Figure 9d). Although the
decreased dislocation density and the longer zigzag propagation track (Figure 10b) in the thicker
acicular o (Figure 3b) also increase the ductility along RD (showing the larger and deeper dimples
in Figure 9b), the more increased ductility along TD results in the decreased anisotropy of ductility,
which is determined by the morphology evolution of acicular o along RD and TD after HT and the
microcrack nucleation/propagation.

4.2. Effect of a Texture on the Anisotropy of Strength

After hot rolling at 750 °C, RD shows the lower UTS (1056 MPa) than TD (1102 MPa), which
can be explained by the relationship among texture type, slip system, and loading direction. (0002)«
pole figure (Figure 4a) suggests that c axis of « phase is nearly parallel to the ND-TD plane and
perpendicular to RD (Figure 4c). Therefore, in case of RD specimen, the loading direction is parallel to
the basal plane, thus suggesting the difficult activation of basal slip system (showing the low average
SF value of 0.20 in Figure 6); while 6 prismatic planes and their angles to the loading direction suggests
the relatively easy activation of prismatic slip system (showing the high average SF value of 0.40 in
Figure 6). In case of TD specimen, (0002) pole figure (Figure 4a) suggests the angle of about 58°
between basal plane and loading direction, so the activation of basal slip system is relatively easy
(showing the high average SF value of 0.45 in Figure 7), while that of prismatic slip system is relatively
difficult (showing the low average SF value of 0.20 in Figure 7). The activation of slip systems depends
on the activation stress CRSS/SF [24]. It has been reported that the ratio of critical resolved shear
stress (CRSS) of basal slip and prismatic slip in « phase is 1:0.7 [25]. And since the average SF values
of the prismatic slip system in RD specimen and basal slip system in TD specimen are nearly same,
the activation stress of basal slip system in TD specimen is higher than that of prismatic slip system in
RD specimen, which leads to the higher strength in TD specimen. Therefore, the anisotropic strength
is caused by the texture type of o phase induced by HR.

After subsequent HT at 750 °C, the average « size (Figure 3b,d) increases distinctly. According
to the Hall-Petch formula [26], the smaller grain size leads to the higher strength. So, the increased
average « size after HT leads to the decreased UTS. Additionally, as mentioned above, since the
anisotropic strength is resulted from the texture of « phase, the decreased texture intensity ofx phase
(Figure 4) leads to the decreased anisotropy of strength between RD and TD.

5. Conclusions

(1) The hot-rolled Ti-55511 shows the obvious anisotropic tensile properties: average UTS/elongation
of 1056 MPa/11.8% for RD specimens and 1076 MPa/6.7% for TD specimens. After subsequent
HT, the discrepancy of tensile properties between RD and TD decreases.

(2) The anisotropic elongation of HR sample is related to the @ morphology. After HR, acicular
« grains are parallel to RD. RD specimens show the transgranular propagation of microcracks
passing through acicular morphology of « phase, while TD specimens show the intergranular
propagation of microcrack passing by equiaxed morphology of « phase, which further leads to
the ductile fracture and the higher elongation of RD specimens.
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®)

)

The anisotropic strength of HR sample depends on the relationship among texture type of «
phase, slip system, and loading direction. The special texture of « phase with maximum intensity
located in TD leads to the easy activation of basal slip system in RD and that of prismatic slip
system in TD, and then causes the lower strength of RD specimens than TD specimens.

After HT, the increased « size results in the transgranular propagation of microcrack in both RD
and TD specimens, thus decreasing the anisotropy of elongation between RD and TD. And the
decreased anisotropy of strength can be explained by the decreased texture intensity of « phase.
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