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Abstract: Anisotropic mechanical behavior of the Ti-6Al-4V alloy is essential for its forming and
service. Generally, it is preferable to minimize the in-plane anisotropy of Ti-6Al-4V sheet. The present
work investigates the anisotropy of Ti-6Al-4V alloy by tensile tests along the rolling direction (RD),
transverse direction (TD), and diagonal direction (DD) of the sheet, evaluating the anisotropic yield
and flow behaviors and exploring the causes of these anisotropic properties. The intrinsic deformation
mechanism of Ti-6Al-4V alloy tensioned along different directions was studied with Schmid factor
and kernel average misorientation (KAM) analysis. The samples tensioned along the RD and TD of
the sheet (denoted as RD sample and TD sample) show similar yield stress, while tensile along the
DD (denoted as DD sample) leads to lower yield strength. The mechanical anisotropy exhibited by
the Ti-6Al-4V sheet is closely related to the crystallographic texture. The flow stresses of the RD and
TD samples are higher than that of the DD sample due to the higher density of dislocations generated
during the tensile deformation, in which prismatic (1) dislocations make a great contribution to
coordinating plastic deformation.

Keywords: Ti-6Al-4V; mechanical anisotropy; plasticity; dislocation slip; kernel average misorienta-
tion

1. Introduction

Titanium and its alloy have been widely used as an excellent structural material in
aerospace, shipping, chemical, and biomedical engineering [1,2]. Ti-6Al-4V alloy, with
low density, high specific strength, non-magnetic, and outstanding biocompatibility, has
emerged as one of the most crucial titanium alloys for engineering applications [2—4]. In
recent years, the precise forming of high-performance, lightweight materials has become a
hot topic in the field of metal processing [5]. However, due to the existence of hexagonal
close-packed (o) phases, which lack sufficient independent slip systems to accommodate
the plastic deformation, Ti-6Al-4V alloy often exhibits different yield strength and ductility
along various loading directions during processing, resulting in a narrow process window
for precise forming [6]. Therefore, understanding the anisotropic mechanical behavior
is crucial for optimizing the forming process and expanding the application of titanium
alloys [7-9].

The mechanical anisotropy of Ti-6Al-4V alloy is currently receiving a fair amount of
attention. Chen et al. [10] evaluated the mechanical behavior of Ti-6Al-4V alloy at ambient
temperature. They found that yield strengths and flow stresses along the longitudinal and
transverse directions differed significantly, which was attributed to the strong (0002) «
phase texture. Song et al. [11] studied the mechanical properties of Ti-6Al-4V sheets with
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various textures obtained from a series of rolling tests. They discovered a strong correlation
between the anisotropy of mechanical characteristics and the crystallographic texture of
the « phase. Besides o phase texture, the 3 phase texture may also be responsible for the
anisotropic mechanical behavior of Ti-6Al-4V alloy. Sheikh Ali et al. [12] confirmed that
the flow stress anisotropy of Ti-6Al-4V sheet is attributed to the 3 phase texture. Note that
the Ti-6Al-4V sheet contains randomly distributed o-phase and 3-phase grains, and the 3
phase is located between the flaky « phases and accounts for a relatively high proportion
(~10%). Thus, the texture of the two phases and the phase fractions significantly impact the
anisotropic mechanical behavior of Ti-6Al-4V alloy.

However, the present investigation about the anisotropic mechanical behavior of Ti-
6Al-4V alloy was explained by the texture and phase fraction, which is far from enough to
fully understand the behind mechanism. For Ti-6Al-4V alloys with a small proportion of
 phase, although the crystallographic texture is similar to some grades of commercially
pure titanium, they exhibit significantly different mechanical behaviors [13-15]. This is
because alloy elements (such as Al) have significantly changed their inherent deformation
mechanisms, such as dislocation slip and twinning abilities. In this case, twinning during
the tensile tests at ambient temperature is difficult to activate, while dislocation slip is
very common, which is particularly different from commercially pure titanium [16,17].
Therefore, although they are all dominated by «-phase, the significantly different intrinsic
deformation mechanisms make it necessary to examine the reasons for the anisotropic
mechanical behavior of the alloys and how they are affected.

In this work, the microstructures of Ti-6Al-4V samples tensioned in various directions
were characterized by EBSD observation. Then, the variations in the intrinsic deformation
mechanism were investigated with Schmid factor and kernel average misorientation (KAM)
analysis. The influences of the intrinsic deformation mechanism on the anisotropic yield
and flow behaviors of the Ti-6Al-4V alloy were finally evaluated.

2. Material and Experiments
2.1. Material

Two-phase Ti-6Al-4V alloy with a thickness of 2 mm, supplied by Ti-Baoji Ginho
industry and trade Co., Ltd., Baoji, China, was employed in this work. The sheet was hot
rolled at 960 °C from 120 mm to approximately ~2.6 mm in several passes, cleaned with
acid and alkali, then annealed at 810 °C for 1 h and cooled in the furnace. Finally, it was
cold rolled to 2.0 mm and annealed at 760 °C for 45 min. The chemical composition of the
Ti-6Al-4V sheet is listed in Table 1.

Table 1. Chemical compositions of the Ti-6Al-4V alloy (in wt.%).

Elements Al \% Fe H (0) Ti
Analyzed composition 6.18 4.16 0.12 0.01 0.12 Bal.

2.2. Mechanical Tests

Dog-bone tensile samples with 32 x 6 x 2 mm?® gauge dimensions were electro-
discharge machined (EDM) along the rolling direction (RD), transverse direction (TD), and
45° to the RD (i.e., the diagonal direction (DD)) of Ti-6Al-4V sheet, followed by mechanical
polishing. Figure 1 displays the sampling orientation and geometrical dimensions of the
tensile sample. The samples were uniaxially tensioned in a Hualong micro-controlled
universal testing machine at the strain rate of 1072 s~! at ambient temperature.
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Figure 1. (a) The loading orientation and (b) geometrical dimensions of the tensile sample.

2.3. Microstructure Characterization

The initial and deformed microstructures were characterized by the electron back-
scattering diffraction (EBSD) technique. Before the characterization, the surfaces of the
samples were mechanically ground with 400, 800, 1200, and 3000 grade SiC grinding papers
and then electropolished in a mixed solution of 5% perchloric acid, 60% methanol, and 35%
1-butanol (at —20 °C and 25 V for 20 s). EBSD observations were performed on a Gemini
SEM 300 scanning electron microscope (Carl Zeiss, Oberkochen, Germany) outfitted with
an Oxford Symmetry EBSD detector at an accelerating voltage of 20 kV. The working
distance used for EBSD characterization was ~15 mm. EBSD data were analyzed using the
software AZtecCrystal 2.0 (Oxford Instruments, Abingdon, UK).

3. Results and Discussion
3.1. Initial Microstructure

EBSD phase distribution map shows that the Ti-6Al-4V alloy is composed primarily
of the o phase, which makes up ~97%, and the 3 phase only makes up ~3% (Figure 2a).
Besides, the (3 phase is dispersed at the grain boundaries of the « phase and is quite small
in size. EBSD inverse pole figure identifies that most grains belong to equiaxed grains
(Figure 2b). The grain size distribution map reveals that most grains are ~3 um while a few
are in the range of 10~20 um (Figure 2c). The {0001} pole figure shows that the Ti-6Al-4V
alloy has a strong texture (Figure 2d). Most grains have similar orientations, and the c-axes
are tilted to the DD. The preferred orientation of the present Ti-6Al-4V was expected to
impact its mechanical anisotropy greatly.

3.2. Mechanical Behavior

Uniaxial tensile tests were performed on the dog-bone tensile samples machined along
the RD, TD, and DD of the Ti-6Al-4V sheet (denoted as RD sample, TD sample, and DD
sample). The engineering stress-strain curves are displayed in Figure 3a. The curves show
pronounced upper yield points along the three directions, attributed to the interstitial
solutes of Ti-6Al-4V [18,19]. The yield stress (cs) of the RD sample is slightly lower than
that of the TD sample but higher than that of the DD sample. The RD sample first softened
and then hardened with increasing strain after yielding, whereas the TD and DD samples
exhibited similar softening behaviors. The RD sample exhibited the highest ultimate tensile
strength (0},), followed by the TD sample, and finally, the DD sample (Table 2). The fracture
strain (gf) values are 0.149 for the RD sample, 0.133 for the TD sample, and 0.165 for the
DD sample. As displayed in Figure 3b, the work-hardening curves of the three samples
exhibit distinct work-hardening behaviors. For all the samples, the work-hardening rate
drops sharply after yielding (Stage A). Then, the work-hardening rate increases with strain
(Stage B), and the curve forms a local minimum between Stage A and Stage B. Later, the
work-hardening rate forms a local maximum with increasing strain, marking the entry
into Stage C. For the RD sample, the local minimum upon yielding is significantly higher
than those of the TD and DD samples. The curve of the RD sample exhibits the highest
hump at the strain of ~1.5%, that is, the local maximum between Stage B and Stage C is
significantly higher than the other two samples. The differences in mechanical properties
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and work hardening behaviors in different testing directions are attributed to the rolled
sheet texture [20].
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Figure 2. Initial microstructure of the Ti-6Al-4V. (a) Phase distribution map (Green for « and red for

f phase). (b) EBSD inverse pole figure (IPF). (c) Grain size distribution map of the « phase. (d) {0001}
pole figure (PF).
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Figure 3. (a) Engineering stress-strain curves and (b) corresponding work-hardening curves of the
Ti-6Al-4V samples tensioned in RD, DD, and TD orientations.

Table 2. Mechanical properties of Ti-6Al-4V obtained in different tensile directions.

Tensile Direction os/MPa op/MPa &
RD 1030 1090 0.149
TD 1060 1069 0.133
DD 960 980 0.165

3.3. Microstructure Evolution and Deformation Mechanism

Dislocation slip is an important deformation mechanism of Ti-6Al-4V alloy. First of all,
based on the microstructure of the initial material (Figure 2b), the Schmid factor analysis is
employed to identify the likelihood of activated slip systems. The widely concerned slip
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DD

systems for Ti-6Al-4V alloy, i.e., basal (a), prismatic (), and pyramid (c + a) slip systems,
are considered [7,21]. Figure 4a—i shows the Schmid factor distribution maps for the initial
material tensioned along the RD, TD, and DD. The relative frequency of Schmid factor
values for the basal (a), prismatic (2), and pyramid (c + a) slip systems are displayed in
Figure 4j-1. When the initial material is subjected to the RD or TD stress, most grains are
oriented for high Schmid factors for the basal (a) slip system (Figure 4a,d), while relatively
lower Schmid factors for the DD (Figure 4g). However, as the initial material is subjected to
the RD or TD stress, the Schmid factor values for the prismatic (a) slip system are lower
than that to the DD stress. As shown in Figure 4c f,i, similar Schmid factor distribution
maps for the pyramid (c + a) slip system (i.e., {10-11}<11-23>) are observed as the initial
material is tension along RD and TD, but their values are lower than those tensioned along
the DD (Figure 41).

Number Fraction (%)
M w a

—+— DD —4—DD

Number Fraction (%)

Schmid Factor

Basal <a> slip

j h I‘l
x..-m e ' ] ﬂ-#‘

Schmid Factor

Prismatic <a>slip

L
0.0 01 02 0.3 0.4 0.5
Schmid Factor
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Figure 4. Schmid factor maps for the initial material tensioned along the (a—c) RD, (d—-f) TD, and
(g-i) DD. (a,d,g) are the Schmid factor maps for the basal (a) slip system. (b,e h) are those for the
prismatic (a) slip system. (cf,i) are those for the pyramid (c + a) slip system. Relative frequency of
Schmid factor values for the (j) basal (), (k) prismatic (a), and (1) pyramid (c + a) slip systems.

The activation of the slip systems is not only related to the grain orientation, which
has been discussed using Schmid factor analysis (Figure 4), but also related to the critical
resolved shear stress (CRSS) of the slip systems [22,23]. Generally, prismatic (a) slip system
is the most prevalent in Ti alloys, since the CRSS value of prismatic slip system is lower
than those of basal (a) slip system and significantly lower than those of pyramid (¢ + a)
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slip system [23,24]. Thus, prismatic (a) slip is reasonably considered to be the dominant
plastic deformation mechanism, followed by basal (a) slip. In the previous work, the total
GND density of Ti-6Al-4V alloy has been demonstrated to dramatically increase compared
to the initial microstructure after moderate tensile deformation, and the (a) dislocations is
~20 times more abundant than (c + a) ones [25]. Thus, pyramid (c + a) slip system is very
infrequently triggered due to the high CRSS for the system [26], despite the high tendency
shown by Schmid factor analysis as the initial material is tension along all three directions
(Figure 4c,f,i). The prismatic (a) slip, which has the lowest CRSS, is most easily triggered
(Figure 4h,k) and responsible for the lowest yield stress as the initial material is tensioned
along the DD (Figure 3a). Given that the activities of various slip systems are quite similar
(Figure 4j-1), the yield stresses for the initial material tensioned along the RD and TD are
comparable (Figure 3a).

After yielding, the samples tensioned along different directions exhibit different flow
behaviors (Figure 3a). The flow stress of the DD sample is significantly lower than that of
the RD or TD sample. Generally, the flow stress (¢) combines the contributions of intrinsic
lattice friction (0p), grain boundaries (0y), dislocations (0¢), and deformation twins (c3),
ie, 0 = 09+ 0g+ 05+ 0; [27,28]. The contributions of solid solution (¢p) to the flow
stress are the same for all three samples. The contribution of the grain boundary (cy) is
the obstacle of grain boundaries to the dislocation movement, which is closely related
to the grain size [29]. Figure 5a—c shows the EBSD IPFs of the RD, TD, and DD samples
at the tensile strain of 8%, respectively. Compared with the initial material (Figure 2b),
there is no obvious grain size refinement of all three samples after undergoing tensile
deformation with a strain of 8%. The grain sizes of all samples are nearly constant from the
initial sample, thus U?D = UgD = ¢PP [30]. Besides, no deformation twins were detected
during tensile deformation at ambient temperature (Figure 5a—c). In short, the difference
between the flow stress of the samples can be attributed to the contribution of dislocations
((Tf), which can be expressed as of = MaGb,/p [27,31]. Here, a is a constant related to
the strength of dislocation-dislocation forest interactions, M is the average Taylor factor,
and G is the shear modulus [32]. The value of 0y is determined by the dislocation density,
which comprises of statistically-stored dislocations (SSDs) and geometrically-necessary
dislocations (GNDs) [33,34]. Compared with GNDs, SSD density is lower, and the total
dislocation density p can be evaluated by p = ponp + pssp = &en2. The GND density
PGND is characterized by KAM values, i.e., ognp = 2v/ (pb) [33]. v is the KAM angle, i is
the EBSD step size, and b is the magnitude of Burger’s vector. The KAM angle can be used
to characterize the GND density and reflect the contribution of dislocations (¢). The KAM
distribution maps corresponding to the microstructures of the RD, TD, and DD samples
are displayed in Figure 5d—f. The KAM values of DD sample show a lower distribution
compared to the others, suggesting that the GND dislocation density in DD sample is lower.
Thus, the dislocation strengthening effect within the DD sample was also slightly lower
than the RD and TD samples, resulting in lower flow stress of the DD sample at the strain of
8% (Figure 3a). In comparison to the initial texture (Figure 2d), the textures of the samples
tensioned along different directions alter to some extent (Figure 5g—i). For the RD sample,
the crystal orientations of some grains slightly changed at the strain of 8%, resulting in
the <0001> pole turned to the ND-TD plane (Figure 5g). For the TD and DD samples, the
<0001> pole was more dispersed than the initial texture (Figure 5h-i).
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{0001} {0001} {0001}

RD

Figure 5. EBSD inverse pole figures (IPFs) of the (a) RD sample, (b) TD sample, and (c) DD sample at
the strain of 8%. (d-f) shows the kernel average misorientation (KAM) maps of (a—c). (g—i) shows the
PFs of (a—c).

Figure 6 shows the microstructures near the fractures of the RD, TD, and DD samples.
As shown in Figure 6a, the grains within the fractured RD sample are elongated in RD
(i.e., the horizontal direction), and the degree of elongation is greater than that at the strain
of 8% (Figure 5a). For the TD sample, the grains are somewhat elongated in TD (i.e.,
the vertical direction). The grains have undergone more significant deformation when
compared to that of the TD sample at the strain of 8% (Figure 6b). For the DD sample, the
grains are elongated along ~45° direction relative to the horizontal (Figure 6¢). Figure 6d—f
shows the KAM distribution maps corresponding to Figure 6a—c, respectively. Compared
with the microstructure at the strain of 8%, the KAM values of all three samples increase
significantly, indicating that the dislocation density increases significantly with tensile
deformation. Still, no twins were detected at this time, indicating that dislocation slip
rather than deformation twins is the controlling deformation mechanism when the alloy is
tensioned in various directions.
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Figure 6. EBSD inverse pole figures (IPFs) of the (a) RD sample, (b) TD sample, and (c) DD sample at
the fractured strains. (d—f) shows kernel average misorientation (KAM) maps of (a—c).

4. Conclusions

In this work, the anisotropic mechanical behavior of Ti-6Al-4V alloy was investigated
by uniaxial tensile tests along the RD, TD, and DD of the sheet. The microstructure evolution
of the samples along the RD, TD, and DD was characterized by EBSD observation. The
slip activities of Ti-6Al-4V alloy were predicted by Schmid factor analysis based on the
microstructure of the initial sample. The KAM analysis was adopted to explore the reasons
for the difference in flow stress between the DD sample and the RD or TD sample. The
main conclusions are as follows:

The yield stress, flow stress, and work-hardening rate of Ti-6Al-4V alloy exhibit
obvious mechanical anisotropy. The yield and flow stress of the RD sample is similar to
that of the TD sample but much higher than that of the DD sample. Compared to the work-
softening behaviors exhibited by the other samples, the RD sample exhibits a significantly
different hardening behavior with a higher local minimum upon yielding and a higher
local maximum after tensioned to a strain of ~1.5%.

Prismatic (a) slip with lowest CRSS is the most important deformation mode of Ti-6Al-
4V alloy. When the initial material is subjected to the DD stress, the Schmid factor values
for the prismatic (a) slip system are higher than that to the RD or TD stress, resulting in
lower yield stress of the DD sample.

The difference in dislocation density is the main reason for the anisotropy of flow stress
in Ti-6Al-4V alloy. As revealed by the KAM distribution maps, the dislocation densities of
the RD sample and the TD sample are similar at the strain of 8%, and both are higher than
that of the DD sample, which is responsible for the higher flow stress of the RD and TD
samples.
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