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ABSTRACT

Uniaxial hot tensile tests were carried out in the RD, 45�, and TD directions of

cold-rolled Ti-6Al-4V alloy sheets. At 973 K-0.1 s-1, it shows apparent

mechanical and fracture anisotropy. Increasing temperature or decreasing strain

rate can reduce the anisotropic behavior and significantly improve its forming

quality. The SEM-EBSD result indicates that there is a T-type texture in the

initial microstructure. The yield anisotropy is closely related to the distribution

of the Schmid factor caused by the texture. In the RD and 45� loading paths, the

Schmid factors are large, and the basal and prismatic slip is easy to be activated.

It is difficult to activate these two slip systems in the TD loading direction.

Under high-temperature loading conditions, the rotation of grains leads to

different orientation dispersion, which further affects the phase transformation

and softening behavior. The primary mechanism affecting the softening

behavior is dynamic recovery (DRV). In the case of the 45� loading direction, the

orientation dispersion is the largest. Its DRV and phase transformation behavior

is more prominent than the other two loading directions. The loading along 45�
direction has the best forming quality, and it can be selected in the processing of

Ti-6Al-4V alloy.
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GRAPHICAL ABSTRACT

Introduction

The high-performance Ti-6Al-4V alloy is an advanced

structural material widely used in the aerospace

industry due to its excellent corrosion resistance, low

density, and high specific strength [1–3]. The precise

forming of such high-performance, lightweight

materials has always been a hot issue and the frontier

in the metal material processing field. Since the tita-

nium alloy has a close-packed hexagonal structure at

room temperature, it has the characteristics of few

slip systems, considerable deformation resistance,

poor plasticity, and a narrow processing window.

Generally, the hot forming technology is always used

to process this kind of hard-to-deform material [4–6].

Under the effect of the thermodynamic field, the

deformation mechanism and flow characteristics of

the Ti-6Al-4V are sensitive to temperature and strain

rate [7–9]. Besides, due to anisotropy, it shows dif-

ferent yield strengths and ductility in the different

loading directions. This characteristic will signifi-

cantly affect the formability and the service perfor-

mance of the formed parts. Therefore, it is crucial to

study the flow characteristics and anisotropic

behavior in the hot forming process.

In recent years, many scholars have carried out

much experimental research on the mechanical

properties of Ti-6Al-4V alloy from macro and micro

perspectives. In early research, temperature and

strain rate effects on mechanical properties are well

studied [10–14]. To determine the deformation

mechanism, most of these researches have carried out

microstructure observation through SEM. Many

constitutive models are established to describe

mechanical behavior [10–12]. With the development

of research, the effect of initial microstructure on its

mechanical properties has been extensively studied.

Salishchev and Zherebtsov et al. [15, 16] studied the

mechanical difference between the submicron tita-

nium alloy and the microcrystalline titanium alloy at

room and high temperature. It is pointed out that the

submicron structure can improve the strength and

fatigue limit. Gupta et al. [17] analyzed the strain

hardening behavior of the Ti-6Al-4V sheet under a

low strain rate and different heat treatment condi-

tions. They found that the ultimate tensile strength

increased with the increase of strain rate under all

conditions. Guo et al. [18] discussed the relationship

between heat treatment and the microstructure. The

results show that the heat treatment can adjust the

microstructure (equiaxed a and lamellar a) charac-

teristics and then affect the mechanical properties.

The previous researches mainly focus on the defor-

mation mechanism under uniaxial loading condi-

tions. They seldom consider the material’s
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anisotropic behavior during the forming process.

Since most Ti-6Al-4V components are processed by

different methods, they are not subject to only one

single direction of loading. The mechanical proper-

ties and the anisotropic behavior of Ti-6Al-4V need to

be revealed.

Currently, the research on the anisotropy of tita-

nium alloy has attracted the attention of scholars.

Wahed et al. [19] studied the anisotropic effect on the

superplastic mechanical properties of Ti-6Al-4V at

low strain rates from 700 �C to 900 �C The results

show that the anisotropic behavior becomes weaker

with the temperature increases. Ali et al. [20] con-

sidered that the texture of the b phase is the main

reason for the anisotropic superplastic flow stress of

the Ti-6Al-4V alloy sheet. Chen et al. [21] studied the

anisotropic behavior of extruded Ti-6Al-4V-xB alloy

and believed that the anisotropy was caused by the

(0002) a phase texture. In selective laser melting of

the Ti-6Al-4V alloy, Yang et al. [22] found that the

laser energy density would change the crystal ori-

entation and lead to mechanical anisotropy. Besides,

Li et al. [23] suggested that the cause of anisotropy of

Ti-6Al-4V alloy was due to lack of fusion defects and

b grain boundary a colony in different orientations.

Nakai et al. [24] found that twice heat treatment at

1273 K and 973 K could reduce the anisotropic

behavior of the Ti9 alloy sheet. Wang et al. [25] rolled

pure titanium with various routes (unidirectional,

cross, and three directions) and different speeds. The

results show that the anisotropic behavior of pure

titanium rolled in three directions is the smallest. Yu

et al. [26] analyzed the influence of dislocation and

texture on the anisotropy of the TA5 titanium alloy

sheet. They concluded that the basal plane texture is

the main factor affecting the anisotropy. Zhu et al.

[27] studied the TC11 alloy formed by additive

manufacturing and found that annealing in the b
phase field can significantly reduce the tensile ani-

sotropic behavior.

The improvement of the anisotropic difference is

significant for the actual production and application

of titanium alloy parts. Although some researchers

have investigated the anisotropy of Ti-6Al-4V alloy,

there are relatively few systematic studies on the

anisotropic flow characteristics, anisotropic

microstructure evolution, and anisotropic fracture

mechanism. Therefore, in this work, the hot flow

behavior and anisotropic deformation mechanism of

Ti-6Al-4V alloy are systematically studied by uniaxial

hot tensile tests and SEM-EBSD microstructure

observation. The influence of orientation dispersion

on phase transformation and softening behavior is

discussed, and the anisotropic mechanism from yield

to fracture of titanium alloy is revealed. This research

will broaden the application of Ti-6Al-4V compo-

nents in the industry.

Materials and experiments

Materials

The chemical composition of the Ti-6Al-4V alloy used

in this study is given in Table 1. The alloy is a dual-

phase alloy, in which the a phase is HCP, and the b
phase is BCC [13]. In order to reduce the internal

stress caused by rolling, the sheet was annealed at

473 K for 2 h. The thickness of the cold-rolled sheet is

2 mm.

Uniaxial hot tensile test

The static uniaxial tensile test was carried out at high

temperatures to investigate the thermomechanical

properties of Ti-6Al-4V alloy. The sheet was cut into a

dog bone shape tensile sample, as shown in Fig. 1.

Holes of U 10 are reserved at both ends of the non-

calibration area to adapt the clamps. The size of the

tensile sample is shown in Fig. 1a. The sheet is cut

along the rolling direction (RD), 45� to the rolling

direction and perpendicular to the rolling direction

(TD), as shown in Fig. 1b. The test equipment is

shown in Fig. 2. The test specimen is placed in a

tubular heating furnace. The furnace temperature is

monitored by connecting the nickel–chromium ther-

mocouple to provide temperature feedback for the

system. Once the temperature in the furnace is stable,

the tensile test is carried out. All tests performed are

shown in Table 2. In the first group, nine tests were

carried out using RD specimens with the temperature

at 923 K, 973 K, and 1023 K, strain rate at 0.001 s-1,

Table 1 Chemical composition of Ti-6Al-4V titanium alloy (mass

fraction)

Al V O Fe C N H Ti

6.50 4.10 0.16 0.21 0.03 0.015 0.002 Bal
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0.01 s-1, and 0.1 s-1, the heating rate is 5 �C/s. Once

the sample is necked and broken, the high-tempera-

ture furnace will be opened to take out the sample for

rapid cooling. In the second group, three 45� and

three TD specimens were tested at 973 K to 1023 K

and strain rates of 0.01 s-1 to 0.1 s-1. The stress and

strain fields were measured by the DIC system

(GOM). Before the test, all specimens were uniformly

sprayed with random speckle patterns, as shown in

Fig. 2. Two high-resolution cameras were used to

photograph the 3D position change of the spot at

20 Hz. Then the strain field of the deformed speci-

men was calculated by using commercial DIC soft-

ware GOM Aramis.

Characterization of microstructure

The microstructure and texture of the test specimens

are characterized by scanning electron microscopy

(SEM) and electron backscatter diffraction (EBSD).

The Vega 3 XMU (LaB6) field emission SEM (TES-

CAN) was used in the experimental system equipped

with Oxford / Nordlys EBSD detection system. Since

the Ti-6Al-4V is a dual-phase alloy, EBSD samples

should be prepared carefully to obtain high recogni-

tion patterns. Firstly, the stretched sample is cut into

7*7*1.3 mm samples. Then, the samples are ground to

1.1 mm thick with 800 sandpaper. After ground, the

samples are mechanically polished to 7*7*1 mm with

1200 sandpaper. Then the polished samples were

placed in ethanol for ultrasonic cleaning. At last, the

argon-ion polishing was carried out at 3 kV voltage

RD

TD

45°

Rolling direction

(a) (b)Figure 1 Tensile specimen

a Dimensions of tensile

specimens; b Directions of

specimens.

Figure 2 Experimental equipment for uniaxial hot tensile test.
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for 4 h. The scanning area is 769 um*577 um, and the

step size is 0.15 um.

To investigate the anisotropic fracture mechanism

of Ti-6Al-4V alloy at high temperature, the fracture

surface of the tested specimen was observed by SEM.

The fracture samples (parallel to the fracture direc-

tion) were cut by wire cutting. Then they were

immersed in alcohol for two minutes to remove the

oil and impurities. They were corroded with 2%

nitrate solution for the 30 s. The cleaned and dried

fracture samples were placed on the workbench for

SEM observation. The fracture morphologies were

obtained at 500–5000 magnification.

Results and discussion

Hot flow behavior

Experimental results of group 1

Each test was performed three times, and the data

were averaged. Under the RD loading conditions, the

stress–strain curves (experimental results of Group 1)

are shown in Fig. 3. Among them, The 9 test results

are compared in two patterns. As shown in Fig. 3a–c,

one compares different strain rates under the same

temperature at 923, 973, and 1023 K, respectively. The

other compares different temperatures under the

same strain rate at 0.1 s-1, 0.01 s-1, and 0.001 s-1, as

shown in Fig. 3d–f.

As shown in Fig. 3, the flow stress is greatly

affected by temperature and strain rate, which veri-

fies the conclusions of previous studies. At the

beginning of the deformation, all the experimental

curves rise rapidly because of the rapid accumulation

of dislocations. It appears linear elasticity. When the

stress exceeds the yield stress, the curve shows non-

linear properties. In the plastic deformation stage, the

material appears a softening phenomenon. With the

stretching going on, the stacking of dislocations leads

to the uneven distribution of dislocations. The spec-

imen begins to be necking down [28–30]. When the

shear stress exceeds the critical shear stress, the

damage cracks appear at the edge of the specimen.

The crack proliferates along a certain angle until the

specimen breaks. During this process, the true stress

decreases quickly.

Effects of strain rate

As shown in Fig. 3a–c, the flow stress increases with

the strain rate at each deformation temperature. The

main reason is that the high strain rate increases the

deformation storage energy of the metal [31, 32],

making the plastic deformation in the deforming

body unable to be completed. Figure 4 shows the

effect of strain rate on yield strength and tensile

strength. When the temperature is constant, the yield

strength and the tensile strength increase with the

strain rate. In the strain rate range from 0.001 s-1 to

0.1 s-1, the yield strength difference of Ti-6Al-4V

alloy is about 260 MPa. The maximum tensile

strength difference is 315 MPa, and the minimum

difference is 226 MPa, which verified that the Ti-6Al-

4V alloy is a strain rate-sensitive material. Besides,

with the increase of strain rate, the increasing range

of flow stress is more extensive due to the rise of

plastic deformation per unit time, which requires

more dislocations movement [33–35]. As a result, the

internal distortion is intensified. The dislocations are

entangled to form a cut step [36], making the slip and

diffusion of dislocations more difficult. Insufficient

dynamic recrystallization (DRX) and untimely

dynamic recovery (DRV) can also increase flow

stress.

Figure 4c shows the effect of strain rate on elon-

gation. It can be found that the elongation increases

with the decrease of strain rate at each temperature.

Table 2 Information of all test groups

Group Direction Temperature Strain rate

Group 1 RD 923 K 0.1 s-1

RD 923 K 0.01 s-1

RD 923 K 0.001 s-1

RD 973 K 0.1 s-1

RD 973 K 0.01 s-1

RD 973 K 0.001 s-1

RD 1023 K 0.1 s-1

RD 1023 K 0.01 s-1

RD 1023 K 0.001 s-1

Group 2 45� 973 K 0.1 s-1

45� 973 K 0.01 s-1

45� 1023 K 0.1 s-1

TD 973 K 0.1 s-1

TD 973 K 0.01 s-1

TD 1023 K 0.1 s-1
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As the strain rate decreases, the dislocation density

decreases, and the dislocation increment rate

decreases [37], which increases the required degree of

deformation to reach the maximum stress. The low

strain rate provides more time for DRX and DRV of

grains during deformation, generating more DRX

and DRV, improving its ductility [38]. Therefore, the

decrease of strain rate will increase the ductility of Ti-

6Al-4V alloy.

Effects of temperature

As shown in Fig. 3d–f, the flow stress of Ti-6Al-4V

alloy decreases with the increase of deformation

temperature at each strain rate. Figure 4 shows the
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Figure 3 Flow stress curves of hot tensile tests.
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influence of temperature on yield strength and tensile

strength. Since the Ti-6Al-4V is a temperature-sensi-

tive material, the maximum and minimum differ-

ences of yield strength are 280 and 80 MPa between

923 and 1023 K. For tensile strength, these differences

change to 270 and 100 MPa. The changing trend of

yield strength and tensile strength is almost the same,

and they are both decrease with the increase of

temperature. With the increase of temperature, the

thermal activation mechanism of this effect is

enhanced. The average absorbed kinetic energy of

each atom increases, which results in the amplitude

of atomic vibration increases. Besides, the required

Gibbs free energy for pinning dislocations to cross the

energy barrier is reduced under the thermal activa-

tion mechanism, so the mobility of dislocations,

vacancies, and slip systems increases [39–41], which

enhances the metal plasticity and reduces the

strength. Meanwhile, the temperature increase

accelerates the DRV and DRX of the plastically

deformed grains and enhances the softening effect

[42]. The combined effect of these factors reduces the

critical resolved shear stress, resulting in a decrease

in the flow stress of the alloy.

Figure 4c shows the effect of deformation temper-

ature on the elongation from 923 to 1023 K. Since the

a phase in Ti-6Al-4V alloy is the close-packed

hexagonal structure, the number of movable slip

systems in the hexagonal lattice will increase with

temperature [12]. Under the high-temperature con-

dition, the dislocation slip mechanism dominates the

deformation [11], making deformation easier than the

room temperature condition. Therefore, the increase

of temperature improves the alloy’s plasticity and

elongation significantly.

Anisotropic mechanical behavior

Experimental results of group 2

Figure 5 shows the stress–strain curves of Group 2.

When the temperature and strain rate is the same, the

yield strength, flow stress, and elongation vary sig-

nificantly under different loading path. It shows

remarkable anisotropy. Many factors can cause

material anisotropy, such as the actuation condition

of the slip systems, initial texture, DRV, and DRX.

They will be discussed in Sect. 3.3.

Analysis of anisotropic yield strength

Figure 6 shows the anisotropic yield strength under

different loading paths. It is noticed that the yield

strength of the 45� loading is always at the bottom of

the valley. Especially at 973 K-0.1 s-1, the yield

strength difference between the TD direction and the

45� direction is 61 MPa (more than 10% of yield

strength), seriously affecting the forming quality.

With the decrease of temperature or strain rate, the

difference in yield strength decreases greatly. The

change of yield strength in the RD and the 45�
directions is smaller than that in the TD direction,

which shows that the yield strength in the TD

direction is more sensitive to temperature and strain

rate than the others.

Analysis of anisotropic elongation

Temperature and strain rate can significantly affect

the elongation of Ti-6Al-4V, which has been proved

in the previous chapter. Figure 7 shows the change of

elongation under different loading paths. At 973 K-

(a) Strain rate 0.1s-1 at 973 K (b) Strain rate 0.01s-1 at 973 K (c) Strain rate  0.1s-1 at 1023 K

Figure 5 Flow stress curves in different loading paths.
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0.1 s-1, the difference of elongation between the TD

and the 45� is about 16%, seriously affecting the

forming quality. With the decrease of strain rate or

the increase of temperature, the elongation increases

greatly under the TD direction loading, which redu-

ces the gap to the RD and the 45� directions. How-

ever, when the temperature increases, the elongation

of the 45� direction is lower than that of the RD

direction. The change of grain orientation resulting in

the incongruity of grain deformation and the

decrease of elongation.

In the forming process, it is expected that the ani-

sotropy of metal is insignificant, or the loading path

with good forming quality can be used to achieve

high-quality plastic forming. The experimental

results show that the 45� loading direction is the most

suitable loading path for the hot forming of titanium

alloy due to its good elongation and low yield

strength. Besides, the anisotropy can be reduced by

increasing the temperature or decreasing the strain

rate.

Anisotropic deformation mechanism
at 973 K-0.1 s21

Analysis of texture

The SEM-EBSD results are used to analyze the ani-

sotropic mechanism. In Fig. 8, PD represents the

perpendicular direction, and ND represents the nor-

mal direction. According to the IPF figures, the grain

orientations and microstructures differ significantly

after loading in different directions. The results show

that the loading direction has a great influence on the

microstructure evolution. Figure 8a shows the IPF

figure of the material’s initial state and the pole fig-

ures of (0001), (11–20), and (10–10) of a phase. It can

be seen that the orientation of the basal plane (0001)

of the crystal is mainly concentrated in the TD

direction, so the texture type is a typical T-type tex-

ture, and the extreme density is as high as 32.62.

However, the pyramidal (11–20) and prismatic

(10–10) pole figures show weakening texture. Their

orientations are scattered, which shows that the angle

between the c-axis and the grain loading direction is

different, leading to the different initial difficulty for

the basal slip and prismatic slip. The texture changes

significantly after hot tension, as shown in Fig. 8b–d.

Under the RD loading conditions, the T-type texture

gradually disappeared. Meanwhile, the texture on

the (10–10) crystal plane (max = 10.25) appeared. The

results show that with the rotation and deformation

of the grains, the orientation of grains tends to

(10–10). Under the 45� and TD direction loading

conditions, the (0001) crystal plane has multiple tex-

ture orientations with the maximum values of 9.16

and 10.47, respectively. Due to the influence of ther-

mal activation, the strength of the texture decreases

significantly after stretching in all directions. The

grain rotation, phase transformation, DRV, and DRX

will lead to the random crystallographic orientation

of the material. When the material is deformed, the

weaker texture means a more extensive grain orien-

tation distribution [43]. With the progress of defor-

mation, the grain orientation will be more suitable for

the deformation of the material. The elongation rate

of the material is improved. The phenomenon of

σ
M
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Figure 6 Anisotropic yield strength.
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texture weakening is the most significant in the

45�direction, and the plasticity is also the best.

Analysis of Schmid factor

The activation of the slip system is positively corre-

lated with the value of the Schmid factor. The pris-

matic and basal slips are relatively easy to activate at

high-temperature loading conditions because of their

low critical resolved shear stress (CRSS) levels [45].

For Ti-6Al-4V at room temperature, the CRSS ratio of

basal and prismatic is 1:1.06 [44]. Their active

conditions are similar. At 728 K, the CRSS ratio of the

basal and prismatic slip systems changes to 1:1.38

[45]. The basal slip is more accessible to activate than

prismatic slip. However, at 1088-1228 K, when the

temperature approaches the phase transformation

temperature, the situation has reversed, the CRSS

ratio changes to 1:0.7 [46]. The slip system varies with

the crystal structure, influencing the value of CRSS.

The yield strength shows pronounced anisotropy

so that the texture will affect the Schmid factor of the

slip system. The calculation formula of the Schmid

factor is as follows:

Figure 8 EBSD maps and pole figures: a Initial; b RD; c 45�; d TD.
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m ¼ cos/ � cos k ð1Þ

where / is the angle between the loading direction

and the normal of slip plane, and k refers to the angle

between the loading direction and the slip direction.

The data of RD, 45�, and TD are analyzed by

channel 5 software. Figure 9a–c shows the initial state

of the Schmid factor for the (0001)[11–20] basal slip

system in different directions. The distribution of the

Schmid factor in the RD loading direction between

0–0.5 shows a monotonic increasing trend, and 65%

of Schmid factors are between 0.25–0.5. Under 45�

loading, the values of most Schmid factors are

between 0.4 and 0.5, and the slip system is the easiest

to start. Due to the effect of texture, the normal stress

direction of TD direction is almost parallel to the

c-axis of the grain, so the value of most Schmid fac-

tors is between 0–0.25. Through the Schmid factor

analysis of the basal slip system, the yield strength of

the TD direction is the highest. The 45� directional

yield strength is the lowest, which is consistent with

the experimental results. Figure 9d–f shows the ini-

tial state of the Schmid factor for (10–10)[11–20]

prismatic slip system in different directions. The

Figure 9 The distribution of

Schmid factor in different

directions of initial state: a–

c basal slip system; d–

f prismatic slip system.
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Schmid factor of prismatic slip system loaded in RD

direction shows a bimodal distribution, and about

55% of Schmid factor is between 0–0.25. The Schmid

factor is between 0.25–0.5 in 45� and TD directions,

and the slip system is relatively easy to start. The

yield strength in the direction of TD is the highest,

and the yield strength in the direction of 45� is the

lowest through the analysis of basal and prismatic

slip systems. The average Schmid factors of the initial

state for the basal and prismatic are calculated as 0.31

and 0.33, respectively, indicating that their active

conditions are similar, which is consistent with the

conclusion in Reference [44].

After loading in different directions, the Schmid

factor of the basal and prismatic slip systems are

shown in Fig. 10. In the RD loading direction, the

Schmid factor of the basal slip system is significantly

reduced. About 75% of the Schmid factor is between

0–0.25. The Schmid factor of the prismatic slip system

increased greatly, and the distribution was mainly

between 0.4 and 0.5. The strong texture of the (0001)

crystal plane under RD loading is weakened with the

rotation of the grains. At 45� and TD direction, the

Figure 10 The distribution of

Schmid factor after tension in

different directions: a–c basal

slip system; d–f prismatic slip

system.
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Schmid factor of the basal slip system is reduced and

distributed evenly between 0–0.5. The Schmid factor

of the prismatic slip system under 45� loading is

small, while the Schmid factor of the prismatic slip

system under TD loading slightly decreases. The

tensile strength of the TD direction is the highest by

Schmid factor analysis after deformation. The lowest

tensile strength is the 45� direction, which is in

agreement with the test results. The average Schmid

factors of the basal and prismatic after loading are

calculated as 0.23 and 0.39, respectively. The experi-

mental results show that the activity of the prismatic

slip system is higher than that of the basal slip system

after high temperatures loading, which is consistent

with the conclusion in Reference [46]. The Schmid

factor of the basal and prismatic slip system changes

significantly before and after deformation.

For Ti-6Al-4V, from room temperature to around

728 K, the basal slip is more active than the prismatic

slip as the temperature increases. However, as the

temperature approaches the phase transformation

temperature, the situation reverses, and the prismatic

slip system becomes easier to activate.

Analysis of phase transformation

Figure 11 shows the distribution of two phases in the

initial state and loading in different directions. The

soft b phase is always uniformly distributed around

the hard a phase when loading from any direction.

The b phase is minimal (0.2%) in the initial state.

Since the phase transformation occurred during the

loading process, the b phase ratio reached around 5%

in RD and TD loading conditions. However, the

phase transformation behavior increases significantly

after 45� loading. The proportion of the b phase

reaches 11.8%, as shown in Fig. 12.

Under the same temperature and strain rate, the

difference of phase transformation behavior can be

attributed to the texture of the {0001} crystal plane. As

mentioned in 3.3.2, the Schmid factor of the slip

system is different due to the texture. In the 45�
direction, the Schmid factor reaches the maximum,

and the number of dislocations is large. Dislocation

density increases due to the effect of grain boundary

in the process of slip. The growth of dislocation

density leads to a large amount of deformation stor-

age energy, making it easier to obtain the critical

energy of phase transformation. Furthermore, it

accelerates the change of crystal structure [42].

(a) (b)

(c) (d)

20um 20um

20um 20um

Figure 11 Two phase

distribution:a initial state (Red

and blue indicate a phase and

b phase); b RD; c 45�; d TD

(Red and gold indicate a phase

and b phase).
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The change of grain orientation is the largest after

45� loading, as shown in Fig. 8. The different angle

between the c-axis and the normal stress of the pre-

ferred orientation grains leads to the grains’ different

rotation. The colony of grains with the same orien-

tation in the 45� direction is weaker than in the RD

and TD directions. Its orientation dispersion is the

largest. When dislocations slip to the grain boundary

and encounter grains with different orientations, the

grain boundary will hinder the movement of dislo-

cations, increase dislocation density, and make phase

transformation easier.

Analysis of DRV and DRX

From the stress–strain curve of Fig. 5a, it is noticed

that there is apparent softening behavior and the flow

stress shows remarkable anisotropy. Dynamic

recovery (DRV) and dynamic recrystallization (DRX)

are the main reasons for the softening behavior of Ti-

6Al-4V titanium alloy at high temperatures [47, 48].

DRV and DRX reduce the defects caused by dislo-

cation slip and increase the elongation of the metal.

Figure 13 shows DRV and DRX under different

loading directions. Different DRX and DRV behaviors

are produced due to texture. In Fig. 13, PD represents

the perpendicular direction, and ND represents the

normal direction. The grains with orientation differ-

ences less than 2� are marked red, which represents

the deformed grains. During hot deformation, sub-

grain boundaries will appear in the grain due to

DRV. The grains with 2–15 degrees of orientation

differences are marked yellow, which represents the

substructure. With the progress of deformation, the

small-angle grain boundary rotates continuously to

form a large-angle grain boundary. The grains with

an orientation difference above 15� are marked by

blue, representing recrystallized grains [48, 49].

During hot deformation, dislocations will enter the

grain boundary and form a series of dislocation

substructures to reduce stress concentration. Subse-

quently, the dislocation substructure gradually

transformed into a high-angle grain boundary, pro-

ducing new DRX grains [42].

The DRX and DRV behaviors of a and b phases are

further analyzed. Figure 14 shows the DRV and DRX

ratios of the a phase under different loading direc-

tions. The ratios of DRX in RD, 45�, and TD directions

are 4%, 0.5%, and 1.8%. The proportion of DRX is

small in the a phase. Since there is a large area of

grains with the same or similar orientations in the RD

and TD directions, the dislocations between these a
phase grains are more likely to enter the grain

boundary and cause DRX behavior than the 45�. The
proportion of DRV in 45� direction reaches 40.2%.

The orientation dispersion of tensile grains in the 45�
direction is the largest. The dislocations are not easy

to enter the grain boundaries during the sliding

process, resulting in many DRV grains. Besides, the

rotation of grains leads to an increase in the number

of slip systems, making the deformation uniform. In

this case, DRV is more likely to occur than DRX. The

DRV ratio of the a phase is more prominent than that

of DRX, so the softening caused by the a phase is

mainly DRV.

Figure 15 shows the ratio of DRV and DRX in the b
phase. The DRV and DRX ratios of the b phase are

much larger than that of the a phase. There are many

b phase slip systems produced by phase transfor-

mation, which makes the deformation easier. In the

range of RD-45�-TD, the changing trend of DRV and

DRX is consistent with a. The RD and TD loading

caused orientation difference of phase transformation

grains is slight, which is still quite different with the

45� loading. It can be inferred that the orientation

dispersion of the b phase generated by phase trans-

formation depends on the orientation dispersion of

the a phase.

Based on the proportions of the two phases in

Fig. 12 and the DRV and DRX proportions of the two

phases in Figs. 14 and 15, the sum of the DRV and

DRX proportions in the two phases can be calculated,

0.2
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Figure 12 Two-phase ratio of initial and different loading

directions.
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as shown in Fig. 16. The total DRX ratios generated

by the two phases are 5.5%, 1.1%, and 4.1%, respec-

tively. Comparing with DRV, there are relatively few

grains produced by DRX, which has a limited effect

on the softening behavior of the material. The

nucleation/rotation of grain substructure is

dominant. Therefore, the primary mechanism affect-

ing the softening behavior is DRV at 973 K.

In the process of plastic deformation, the increase

of GND density will limit the movement of disloca-

tions and reduce the content of DRV [50–52]. Refer-

ence [53] indicates that the value of Kernel Average

Misorientation(KAM) could represent the density of

(a) (b)

(c)

 Deformed

Substructured

Recrystallized

Load DirectionND

PD

Figure 13 Distribution of DRX, DRV and deformation in different loading directions: a RD; b 45�;c TD.
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GND. Figure 17 shows that the average values of

KAM at the 45�, RD, and TD are 1.03, 1.20, and 1.22,

respectively. The KAM value at the TD is the highest.

Since the basal plane orientation of the Ti-6Al-4V

crystal is mainly concentrated in the TD direction,

when it is loaded along the TD direction, its loading

direction is parallel to the c-axis, resulting in a higher

GND value. Furthermore, GND will hinder the

movement of dislocations, thereby limiting the

occurrence of DRV and causing its softening phe-

nomenon to be the weakest. The KAM value of the

RD is lower than the TD because the loading direc-

tion is perpendicular to the c-axis. Its softening phe-

nomenon is stronger than TD. The KAM value of the

45� sample is the minimum makes the softening

phenomenon remarkable compared to the others.

This phenomenon is because the Schmid factor’s

value is the largest, the slip system activity is the

highest, so the GND is the lowest when loading at

45�. In summary, due to the different angles between

the loading direction and the c-axis, the GND density

is different, which results in a significant difference in

the DRV of the material in different loading direc-

tions under high-temperature loading conditions.

Analysis of grain size

Figure 18a shows the size of equiaxed grains in the

initial state, with an average grain size of 3.56 um.
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Figure 15 DRV, DRX, and deformation structure distribution of b phase at different angles: a RD; b 45�; c TD.

Figure 16 DRV, DRX, and deformation structure distribution at

different angles.

Figure 17 KAM maps of the deformed samples a RD, b 45�, c TD.
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After loading, the grains are elongated along the

loading direction and refined to varying degrees, as

shown in Fig. 8. Figure 18b shows the grain size

distribution after loading in the RD direction, with an

average grain size of 1.15 um, and the proportion of

grains with different sizes varies greatly. The average

grain size under 45� loading is 1.90 um, and the area

fraction of grains with various sizes is balanced, as

shown in Fig. 18c. It is found in Fig. 18d that the

average grain size is 1.55 um when loading along the

TD direction, and the grain content of different sizes

is distributed between RD and TD. The grain size will

become smaller after DRX, as shown in Fig. 13. The

RD has the largest proportion of DRX, the average

grain size is the smallest. Under 45� loading condi-

tions, the ratio of DRV is much higher than that of

DRX, so the average grain size is large. The average

grain size is the largest, and the flow stress is the

minimum during 45� tensile deformation.

Analysis of fracture mechanism

Figure 19 shows the fracture morphology of tensile

samples at the strain rate of 0.1 s-1 at 973 K. Firstly,

for RD and 45� loading conditions, the cracks on the

fracture surface are covered with many equiaxed

dimples and tear edges, which shows a ductile frac-

ture mechanism. Comparing the fracture morphol-

ogy in the RD and 45�, it can be found that the 45�
samples have more dimples, and the aggregation is

stronger than the RD samples. Its tearing edges

gather around the dimple. The dimples are few and

scattered for the RD samples, and the sliding tear

edges are more than that of 45�. The number, size,

and depth of dimples under the 45� loading condi-

tions are more extensive and profound than the RD.

It has the performance of microvoid coalescence

fractures in the 45� samples. In comparison, the RD

samples have the characteristics of quasi-cleavage

fractures. Then, the river patterns and many tear

edges appeared on the fracture surface for TD load-

ing. Besides, some shallow dimples are distributed at

the crack edge in the 5000 9 magnified image.

Therefore, the fracture mechanism for TD loading is a

quasi-cleavage fracture. It can be seen from the SEM

image that the cracks under TD loading are the most.

The experimental results verified that 45� loading has

the best plasticity and TD loading has the worst
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666 J Mater Sci (2022) 57:651–670



plasticity. During the deformation process of TD

loading, the normal stress direction is nearly parallel

to the c-axis of the crystal, and the Schmid factor is

small. The basal and prismatic slip systems are dif-

ficult to start. It is easy to form cleavage crack at grain

boundary due to the incongruity of deformation

between grains. The grain boundary will hinder the

forward propagation of cleavage crack. However,

due to the rotation of grains in the TD loading

direction, the orientation difference among the grains

is small. The cleavage cracks continue to expand and

finally tear the residual connection in the plastic

section.

Discussion

Through the above analysis, it can be seen that the

factors causing the anisotropic behavior are multiple

and closely related. However, the main factor is the

T-type texture in the cold-rolled Ti-6Al-4V sheet. The

initial loading stage is linearly elastic at high tem-

peratures, and the elastic modulus difference is small

under different loading paths. With the continuation

of loading, the angle between the c-axis and normal

stress of preferred oriented grains is different under

different loading paths, resulting in different Schmid

factors of slip system and anisotropy of yield

strength. The DRV and DRX behaviors affect the

grain size during the deformation process. By calcu-

lating the sum of the ratios of the two-phase DRV and

DRX, the primary mechanism affecting the softening

Figure 19 Fracture under different loading directions: a–c RD; d–f 45�; g–i TD.
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behavior is DRV at 973 K. Under the influence of

DRV, the grain size in the 45� direction is the largest.

The flow stress at this stage is the lowest. After

stable plastic deformation, necking occurs, and the

stress decreases rapidly until fracture. In this process,

both phase transformation and softening behavior

affect elongation. The DRV and DRX reduce the

defects caused by dislocation slip and greatly

improve the elongation. After the metal fracture, the

fracture mechanism is related to the Schmid factor

and grain orientation. Firstly, it is difficult to start the

slip system of preferred orientation grain under TD

direction loading. The uncoordinated deformation

between grains is easy to lead to crack initiation.

Secondly, the grain orientation is concentrated in the

TD direction, which promotes the intergranular crack

expansion.

At high temperatures, the texture weakens differ-

ently after loading along different paths, indicating

that hot deforming can reduce the anisotropy. When

the temperature and strain rate is constant, the 45�
loading has the lowest yield strength, the most bal-

anced grain distribution, the most apparent texture

weakening, and the largest elongation. Therefore, the

loading along 45� direction can be selected in the

production and processing. If anisotropy is

unavoidable, the effect of anisotropy can be reduced

by increasing temperature or decreasing strain rate.

Conclusions

The anisotropic behavior and mechanical properties

of cold-rolled Ti-6Al-4V alloy under high-tempera-

ture deformation are studied. In particular, the effect

of texture on microstructure at 973 K-0.1 s-1 is dis-

cussed. The conclusions are as follows:

1. The T-type texture of Ti-6Al-4V alloy in the a
phase is the main reason causing the anisotropy.

Under high-temperature loading conditions, the

texture weakening is noticeable, especially in the

45� loading path.

2. The mechanical properties of Ti-6Al-4V per-

formed anisotropy significantly at 973 K-0.1 s-1.

With the increase of temperature or the decrease

of strain rate, the anisotropic characteristics can

be weakened, and the forming quality of the Ti-

6Al-4V alloy can be improved.

3. Under high-temperature loading conditions, the

primary mechanism affecting the softening

behavior is DRV. The different angles between

the loading direction and the c-axis of the grains

result in a significant difference in the DRV ratio.

4. The loading along 45� direction has the best

forming quality. It can be selected in the process-

ing of Ti-6Al-4V alloy.
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