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a b s t r a c t

The superplastic formability of titanium alloys has been extensively exploited by various

industries, especially for manufacturing of high value aerospace components. Material's

microstructural characteristics, such as grain size and dislocations density, determine

superplastic formability during manufacturing process and various constitutive relation-

ships have been proposed to take their effects into consideration in modelling and simu-

lation. However, most existing models do not include all these characteristics in their

analyses due to the limitations in characterization techniques. This paper reports the re-

sults of a systematic study on the effects of thermal (i.e., static) and mechanical (i.e., dy-

namic) process parameters on the evolution of dislocations and microstructure, both

independently and simultaneously, at superplastic forming regime. The evolution of

microstructural phase fraction, grain size, crystallographic texture, and geometrically

necessary dislocation (GND) density are investaged over a temperature range of 880e920 �C

and under strain rates between 0.0005 and 0.01s�1. The results provide valuable insights

into the microstructure evolution during superplastic forming on TA15 titanium alloy and

form a basis for future physically based constitutive modelling.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Titanium alloys are widely used in themanufacture of various

aerospace components with complex geometries by super-

plastic forming (SPF) due to their combination of high

strength-to-weight ratio, corrosion resistance and thermal
(J. Jiang).

by Elsevier B.V. This
stability under severe operation conditions [1e3]. Recently,

the increased utilization of composite materials in aerospace

industry has further stimulated the demand for titanium al-

loys. This is due to the high compatibility of titanium alloys

with composites due to their relatively low galvanic corrosion

rate and superior mechanical strength in comparison to other

rival aerospace alloys e.g., aluminum. For instance, an
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increase in composite usage from 11% in Boeing 777 (i.e.,

launched in 1994) to 50% in Boeing 787 (i.e., launched in 2009)

led to an increase in titanium usage from 7% to 15%, respec-

tively. Similarly, titanium usage in military aircrafts is even

more intense, as for example titanium alloys occupy 42% of F-

22 Raptor fighter body structure materials, mainly for the

manufacture of the wings, fuselage, skins, and load-bearing

parts.

The structural integrity of superplastically formed parts

made from titanium alloys can be significantly affected by the

material microstructure, particularly when there is a change

in geometry e.g., drastic heterogeneity in wall thickness.

Consequently, the microstructure of the formed parts is vital

for their in-service performance such as fatigue resistance.

Thus, understanding microstructure evolution during their

manufacturing processes is critically important. Until now, no

comprehensive study has been conducted on the

manufacturing processes to understand the relationships

between the dynamic loading as a function of strain, strain

rate and temperature, and their combined effects on micro-

structure evolution. Although there are some studies on

microstructure evolution in titanium alloys during super-

plastic deformation [4e7], the effects of dynamic loading on

microstructure evolution are obscured by the complex effects

of static thermal annealing that occurs concurrently. A study

performed by Motyka et al. [8] shows that superplastic defor-

mation of Tie6Ale4V alloy at 875 �C/0.001s�1 led to a decrease

in the volume fraction of b-phase in both grip and gauge zones

of the specimen, although the effect was greater in the gauge

region. On the other hand, during superplastic deformation of

a Ti3Al based alloy under testing conditions of 850 �C/0.0005
s�1, as investigated by Yang et al. [9], the volume fraction of

the b-phase in the grip sections was found to be higher than

that of the gauge region, but only limited data was obtained. A

study on an aluminum alloy deformed at 550 �C/0.0002 s�1 by

Friedman and Ghosh [10], found grain size to increase faster

during superplastic deformation than that during static

annealing alone. Similarly, Kaibyshev et al. [11] found a

considerably higher grain growth in gauge regions compared

to grip regions for an aluminum alloy deformed under strain

rate of 0.0028 s�1 at temperature range of 500e580 �C. For a

magnesium alloy, Cao et al. [12] reported that in both grip and

gauge regions, grain size increased linearly with decreasing

strain rate and increasing temperature, with the effect being

more pronounced in the grip regions. Similarly, other studies

[13e16] reported smaller grain sizes in gauge regions as

compared to grip regions. In summary, it is clear from the

literature review that most studies consider only one micro-

structure parameter, i.e., grain size, for a comparative analysis

of microstructure evolution under static annealing and su-

perplastic forming conditions. There is no comprehensive

study to date which uses a consistent framework considering

multiple microstructural attributes (i.e., phase change, grain

size, grain orientation, texture, and geometrically necessary

dislocations (GND) density) simultaneously, to predict micro-

structural character distributions during concurrent static

annealing and superplastic deformation.

One of themain driving forces for dynamic recovery (DRV),

recrystallization and phase transformation is the stored

dislocation density. However, due to the limitations in the
currently available dislocation density characterization tools,

such as the small sampling areas by transmission electron

microscope (TEM) [17,18] which can lead to poor statistical

representation of the bulk [19], limited facility access for x-ray

synchrotron [20], bulk measurement by x-ray diffraction [21],

and etc., virtually no direct observation of dislocation density

effects on various dynamic processes during superplastic

forming has been obtained. Historically, sample (thin foil)

preparation for TEM analysis has been performed using elec-

tropolishing or ion milling. TEM thin foil analysis of disloca-

tions still has a number of significant limitations that are

inherent to the thin foil approach e.g., ion milling can lead to

the point defects which in turn alters the state of the dislo-

cations, similarly bulk thinning prior to electropolishing may

generate dislocations through deformation [22]. Conse-

quently, most TEM analysis of dislocation structures in

deformed materials are performed after deformation, which

makes it impossible to accurately correlate pre- and post-

deformation morphologies in the context of specific micro-

structural characteristics [22].

The recent development of GND density estimation using

EBSD, by measuring the lattice rotation and misorientation

[23,24], makes the techniquemore promising for this purpose.

It acquires a statistically representative data, high fidelity

microstructure and GND density data to enable quantitative

and qualitative analyzes. These will provide more insights

into various dynamic processes during superplastic forming.

Notes that EBSD can only estimates the GND density rather

than the total dislocation density, as the statistically stored

dislocation (SSD) density are not detectable by the technique.

However, under typical superplastic forming conditions, in

which the temperature is high and strain rate is low, the

dislocation climb and crosseslip activities are considerably

easier and profound compared to the cold forming condition.

It is not unreasonable to assume that those dislocation climb

and cross-slip would annihilate considerable number of SSDs,

whereby the majority of the stored dislocations exist in the

form of lower energy GNDs. Thus, the EBSD estimated GND

density should be sufficient to represent the total dislocation

density stored in the material during superplastic forming.

In this context, the aim of this study is to clarify how dy-

namic loading affects the microstructure evolution under

superplastic forming conditions in a near-a titanium alloy by

comparing the microstructure and GND density under static

annealing and dynamic superplastic forming conditions. A

better knowledge of the relative roles of each of these different

conditions will improve the understanding of the super-

plasticity phenomena.

The route chosen was to trace and examine the gauge and

grip regions of dog-bone shaped isothermal tensile test spec-

imens under superplastic conditions. During superplastic

deformation, the grip area was held by the crosshead, which

experiences little to no deformation [8,25,26], whilst the

specimen gauge area is exposed to significant strain. The grip

and gauge regions were, however, exposed to the same tem-

perature profile for the entire test duration [27]. Therefore, the

grip region exhibits a microstructure associated with static

annealing, whereas the gauge section exhibits a microstruc-

ture associated with dynamic superplastic loading [13]. The

dynamic loading effects on dislocation density, dynamic
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recrystallization, dynamic phase transformation, and grain

rotation leading to textural changes were analyzed, and

quantified. These results provide vital dataset for the devel-

opment of physically based viscoplastic models of SPF in ti-

tanium alloys.
2. Materials and methods

2.1. Tensile testing

The material used in these investigations was TA15

(Tie6Ale2Zre1Moe1V), which is a near-a titanium alloy,

supplied in the form of sheets with 2 mm thickness. TA15 has

wide applications in the aerospace industry because of its

high strength to mass ratio, good weldability, and superior

creep resistance at high temperature up to 550 �C, compared

to other titanium alloys [28]. The b-transus temperature of

TA15 alloy is 985 �C, which are determined by the chemical

compositions of the alloy, provided in Table 1. Tensile speci-

mens with a gauge length of 15 mm, the width of 6 mm, and

thickness of 2 mm were cut parallel to the rolling direction

(see Fig. 1b). The superplastic tensile tests were performed

using aiLETRY-5kN electro-hydraulic servo mechanical

testing machine (Fig. 1a). A conventional three-zone furnace

was used to maintain a uniform target temperature

throughout the tests. The temperature was monitored with

thermocouples spot-welded to different positions on the

tested specimen, as well as inside the upper and lower grip

boxes. Additionally, the temperature was recorded and used

by feedback control to ensure that the testing temperature

kept within ±3 �C of the target temperature. This enabled a

higher accuracy in conducting the tests well within the ASTM

standard for superplastic testing which allows a tolerance of

±6 �C. The details of the testing protocol is provided in our

previous work [28].

A schematic plot summarizing the detailed procedures for

the superplastic tensile testing and heat treatment is pre-

sented in Fig. 1c. The heating rate is determined based on the

average heating rate of a conventional furnace heating, whilst

avoiding any possible temperature overshooting issues. The

specimens were firstly heated at 5 �C/min up to a temperature

100 �C lower than the target temperature. A slow heating rate,

i3�C/min, was then applied until the specimens reached the

target deformation temperature, T. The specimens were held

at T for 15iminutes to eliminate any thermal gradient along

the sample and to stabilize the furnace temperature distri-

bution. Finally, the specimenswere superplastically deformed

at the designed temperatures and strain rates to various strain

levels, followed by water quenching to freeze their

microstructures.
Table 1 e Chemical compositions of TA15ialloy.

Element Al Zr Mo V Ti

Mass% 6.78ii 2.00 1.24 1.32 Bal.

Impurity Fei Si C Ni

Mass% 0.050i 0.01i 0.0072i 0.0038i
The deformation temperatures were 880 �C, 900 �C and

920 �C and strain rateswere 0.01s�1, 0.001s�1 and 0.005s�1. The

full matrix of the testing conditions (i.e., deformation tem-

peratures, strain rates and strain levels) are given in detail in

Table 2. Initially, a full continues test was conducted for each

condition to final fracture to obtain the total elongation and

the viscoelastic stress-strain curve. Then interrupted tests

were carried out for each condition at selected strain levels, as

given in Table 2, to examine the evolution ofmicrostructure at

intermediate strain levels.

2.2. Microstructure examination

Themicrostructures of the as-received and deformed samples

were characterized using EBSD to investigate the superplastic

deformation mechanisms. For each deformation condition,

the EBSD samples were taken from the gauge regions (i.e.,

mechanically deformed) and the corresponding grip regions

(i.e., non-deformed), where the heat treatment history was

identical. The EBSD analysis was performedwith a step size of

0.4 mm and a scan area of 248.4 � 186.9 mm. The a grain size,

orientation maps, pole figures (PFs), inverse pole figures (IPFs),

and geometrically necessary dislocations (GND) density were

calculated.

The GND calculation process was based on the method

described by Pantleon [29], using six available curvature ten-

sors (i.e., five dislocation density tensors, and a tensor

describing the difference between the dislocation tensors

mutually). GND density was calculated using MATLAB™

toolbox MTEX with self-developed routines. A total of 33 po-

tential dislocations are likely to present in the a phase

including 3 types of <a> edge on basal planes, 3 types of <a>
edge on prismatic planes, 6 types of <a> edge on pyramidal

planes, 3 types of <a> screw dislocations, 12 types of <aþc>
edge dislocations on first-order pyramidal slip planes, and 6

types of <aþc> screw dislocations. Various dislocation types

have different line energies and therefore contributions to the

total energy of the dislocations in the material. The line en-

ergy of each kind of dislocation was used as a weight; the

objective functionwas to find theminimal weighted sumof all

dislocation densities. According to Frank's rule, Eel ¼ aGb2,

where a is a constant, G is the shear modulus, b is the

magnitude of the Burgers vector, the energy of a < aþc > edge

dislocation is higher than a <a> edge dislocation by a factor of

3.51. The energy of a < a > edge dislocation is larger than < a >
screw dislocation by a factor of 1/(1-v), where v is the Pois-

son's ratio [30].
3. Results

3.1. Microstructure of the as-received material
The initial microstructure of the as-received material consists

of a two-phase structure of a (dark region) and b (bright region)

with typical equiaxed grains, as shown in the SEMmicrograph

in Fig. 2a. The volume fractions of a- and b-phases were esti-

mated to be 94% andi6%, respectively, with the b-phase

randomly distributed in a-phase matrix. A histogram of the

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 1 e (a) Hot tensile testing system used in this study, (b) dimensions of uniaxial hot tensile specimen, and (c) schematic

representation of thermo-mechanical processing route.

Table 2 e A summary of the interrupted tests carried out under various thermo-mechanical testing conditions for
microstructure examinations.

Thermal Mechanical Testing Conditions
(Temperature -�C & Strain Rate - s�1)

Stopping Stage
(Stress - MPa & Strain)

Microstructural Analysis

880 �C & 0.01 s�1 A: 73.7 & 0.084 Microstructural Analysis is performed using EBSD

technique to study the evolution of grain size, texture, grain

boundaries & GND for the Stages A to L.

B: 64 & 1.05

C: 9 & 2.1

880 �C & 0.001 s�1 D: 53 & 0.174

E: 50 & 1.54

F: 18.5 & 2.27

900 �C & 0.01 s�1 G: 22 & 0.18

H: 27 & 0.44

I: 50 & 2.67

920 �C & 0.0005 s�1 J: 14 & 0.48

K: 15 & 0.74

L: 34.5 & 2.65
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grain size distribution shown in Fig. 2b displays the micro-

structure as predominantly equiaxed in morphology with an

average grain size of 3.74 mm. Fig. 2c depicts an EBSDmapwith

IPF coloring with respect to the normal direction (ND),

showing the microstructure and texture distribution of the a

phase in the as-received material. The EBSD IPF map of the

initial microstructure shows fine equiaxed grains, with a

preferred orientation, which is attributed to the rolling with

insufficient subsequent annealing treatment. The plot of IPF

in Fig. 2d reveals that the microstructure of the as-received

sheet has strong textures, dominated by basal direction

[0001] withmaximum intensity of 4.9 (MRD), as also suggested

by the presence of dominant red coloured grains within the

microstructure in Fig. 2c. The presence of a strong preferred

crystallographic texture of the a-phase in the as-received

sheet is more clearly depicted by the basal {0001} pole figure

presented in Fig. 2e. The {0001} pole figure indicates a strong

transverse texture with the presence of basal component.

The GND distribution map of the same area is shown in

Fig. 2f, where average GND is calculated as 3.47 � 1014 m�2

with a high standard deviation of 3.36� 1014 m�2. This implies

that the GND values for the as-received material have a

widespread, ranging from grains with rare dislocations con-

tent to grains with high dislocation density. The EBSD pattern
quality map in Fig. 2g shows the fraction of low angle grain

boundaries (LAGBs) (fLAGBs) and high angle grain boundaries

(HAGBs) (fLAGBs) in the initial microstructure, with fHAGBs and

fLAGBs estimated as 83% and 17%, respectively. In this study,

HAGBs correspond to boundaries with misorientation angles

higher than 15�, while LAGBs correspond to those with

misorientation angle of 1e15�.

3.2. Tensile test results

The true-stress-strain curves for the hot tensile tests con-

ducted at 880 �C/0.01s�1, 900i�C/0.01s�1, 880i�C/0.001s�1

andi920 �C/0.0005s�1 are presented in Fig. 3. It is obvious from

the flow curves that testing under higher strain rates at lower

temperatures has led to an increased peak stress, while the

opposite (i.e., lower strain rates at higher temperatures) has

resulted in more elongation. For the former, the measured

true stress response approaches amaximum stress (smax) just

above the material's yield point. Once the smax is reached an

immediate slope change is observed in the stress-strain curve

where the material undergoes flow softening which is a

function of the test temperature and strain rate. As previously

found, dynamic recrystallization and the formation of voids

result in apparent flow softening due to the nucleation and

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 2 e SEM and EBSD analyses of the microstructure of the as-received material:(a) SEM micrograph, (b) grain size

distribution, (c) IPF coloured EBSD map w.r.t ND (d) corresponding IPF (e) {0001} (i.e., basal) pole figure showing the initial

texture in a phase, (f) evaluated GND distribution map, and (g) pattern quality map of the same area as (c).
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growth of new deformation free grains, and the coalescence of

microscopic voids formed as a result of vacancy migration

[31,32]. Hence, these measurements show that under higher

strain rate (0.01s�1) significant strain softening occurs, while

applying lower strain rates of 0.001s�1 and 0.0005 s�1 at higher
temperatures lead to strain hardening. Its apparent that there

is a transition from a flow softening regime through an opti-

mum steady-state plastic deformation region to a strain

hardening regime by decreasing the strain rate from 0.001 s�1

to 0.0005 s�1. Detailed microstructure analyses to further

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 3 e Measured true stress-true strain curves for the tested specimens at deformation temperature of 880 �C, 900 �C and

920 �C and under various strain rates.
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confirm the underlying mechanisms are presented in the

following sections.

3.3. Grain size evolution

Figure 4 shows plots of grain size distributions measured for

the grip and gauge regions at different at different stages of

thermo-mechanical tests under different conditions. For the

tests interrupted at A to F, the morphology of grain size of in

the gauge section deformed under 0.01s�1 strain rate changes

from skewed to an almost normal distribution. However, in

the grip regions of the same tests the distribution of grain

sizes retained a degree of skewness from stages A to C. This

changes to a normal distribution for stages D to F. For the

deformation stages C, E, F, G, H, and J, the average grain size in

the gauge regions are smaller than those in the grip regions. In

contrast, for the rest of the deformation of stages, the grain

sizes of the grip regions are smaller than those in the gauge

regions. Under the higher strain rate of 0.01s�1 no significant

grain growth takes places for all temperatures. In the gauge

region, for deformation conditions of 880 �C/0.01s�1 it can be

observed that moving from stage A to C, the average grain size

decrease from 7.92 mm to 3.90 mm. This agrees with the flow

softening behavior in the corresponding stress-strain curve

(see Fig. 3). On the other hand, in the grip region the grain sizes

measured for stages A to C are almost similar, with a slight

decrease (i.e., 5.56 mme5.23 mm).

Comparison between the grain size evolution in the grip

and the gauge regions showed that the final grain size in the

gauge region increases with increasing deformation tem-

perature and/or decreasing strain rate. In the grip region,

however, under a constant strain rate of 0.01s�1 the grain

size was slightly increased at both high (900 �C) and low
(880 �C) deformation temperatures. On the other hand,

under the lower strain rates of 0.001s�1 and 0.0005s�1, a

considerable increase in the grain size is measured for all

deformation temperatures in both grip and gauge regions,

with that of the gauge region being more pronounced. The

grains do, however, remain essentially equiaxed in both

regions.

3.4. Texture evolution and recrystallization

In superplastic deformation, texture evolution is completely

different from that under other non-superplastic forming

conditions. This is because changes in the texture can be used

to understand the likely deformation mechanisms active

during the forming process. For example, grain boundary

sliding (GBS) phenomenon is one of the SPF mechanisms

during which the deformation is accommodated by both

diffusion and slip. While the former might result in texture

weakening due to random grain rotations [33], the latter may

lead to changes in texture [34].

Figure 5 and Fig. 6 respectively show the IPF colored grain

orientation maps with respect to ND, and their corresponding

IPFs and {0001} pole figures for the grip and the gauge regions

under different deformation conditions. The color codes

represent the crystal orientations of the a grains, red for {0

0 0 1}, green for {1210} and blue for {1100}, shown in the stan-

dard stereographic triangle. The texture intensities from the

color bars are expressed in multiples of random distribution

(MRD) and multiples of the uniform density (MUD) for the IPF

and the pole figures, respectively. Under all testing conditions,

the measured texture present in the grip region is quite

different from those measured for the gauge region. The

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 4 e Evolution of grainsize in TA15 during superplastic deformation measured after interrupted tests at stages A, B, … L

of the stress-strain curves highlighted in Fig. 3.
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texture in the grip region changes only slightly from that of

the as-received material (see Fig. 3d and e).

For the test conducted under 880 �C/0.01s�1 condition, it is

apparent that in the gauge region (see images A, B& C in Fig. 5)

dynamic recrystallization (DRX) has initiated in stage A and its

fraction increases with increasing the deformation level such
that when the final fracture occurs (i.e., stage C) the micro-

structure becomes fully recrystallized with random grain

orientations. This is clear from the pole figures where strong

weakening of the texture occurs from stages A through to C

and results in a randomized texture. On the other hand, no

apparent recrystallization can be observed for the grip region

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 5 e EBSD IPF colouring with respect to ND showing microstructure evolution in TA15 during superplastic forming in the

gauge and the grip regions. (The labels A, B, …L denote the interrupted stages of the tensile tests highlighted in Fig. 3).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 8 : 4 2 8 5e4 3 0 24292
(i.e., A, B, & C in Fig. 6), where the final stage (i.e., stage CG) still

shows a heterogeneous microstructure.

Under the constant strain rate of 0.01s�1 an increase in the

temperature from 880 �C to 900 �C has led to a significant in-

crease in DRX in the gauge area, as shown in Fig. 5 for D, E & F

for the gauge region. This is evident from the dominant

presence of fine recrystallized equiaxed grains replacing the

coarse deformed grains. At 900 �C, similarly to 880 �C, the
extent of static recrystallization (SRX) is also slightly higher in

the grip region (see images D, E, & F in Fig. 5 for the grip re-

gions). The occurrence of SRX in the grip regions at 900 �C, as
evidenced by the randomized textures from D to F in Fig. 6, is

attributed to the effect of thermal energy which leads to static

annealing. It can be deduced that as the deformation con-

tinues from stage D to stage F, themaximum texture intensity

of the gauge region decreases monotonously from 5.2 to 1.4

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 6 e Texture evolution in TA15 during tensile testing under superplastic forming conditions at the grip and gauge

regions. (The labels A, B, …L denote the interrupted stages of the tensile tests highlighted in Fig. 3).
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and leads to weakening and full randomization of the initial

texture. The strong basal plane texture [0 0 0 1], in stage D has

completely disappeared in stage F. At the same time, there is a

little weakening of texture in the grip region throughout the

tests (i.e., from stage D through E to F in Fig. 6).
For the test carried out under 920 �C/0.0005s�1 condition

(see Fig. 6), the texture randomization of the gauge region is

achieved at a very early stage of deformation, i.e., the

maximum texture intensity at stage J drops to 2.6 which in-

dicates randomization of the initial texture. From stage J

https://doi.org/10.1016/j.jmrt.2022.04.063
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onward until the final fracture at stage L, no significant

changes in texture intensity is measured (see Fig. 6). This can

be attributed to the dynamic grain growth which hinders GBS

phenomenon and hence grain rotation. The grain orientation

map of the gauge regions shown in images G, H, & I in Fig. 6,

also supports this argument as no drastic changes in texture

has occurred beyond stage J. It can be observed that recrys-

tallization in the gauge region has been completed by stage J,

whereby grain growth becomes more dominant thereafter

rather than further recrystallization. The maximized level of

DRX under the lowest strain rate and the highest temperature

condition is mainly attributed to the longer exposure of the

microstructure to higher deformation temperature, which is

4278 s at 0.48 strain. The same exposure time to a high tem-

perature also causes significant recrystallization in the grip

regions (see images J, K, & L in Fig. 5 for the grip regions).

However, the grains are more heterogeneous in the grip area

compared to those in the gauge region of the same condition.

It is interesting to note that the higher the strain level, the

less elongated the grains become. Also, under all testing con-

ditions, the grain orientation maps of the gauge region show a

slight elongation in the grains along the tensile direction at

initial and intermediate stages of deformation. Though, the

grains in the gauge regain have eventually became fully equi-

axed by the end of the test (i.e., at fracture stage). Meanwhile, it

is also evident that the grains in the gauge regions oriented in

the {0001} direction (i.e., red grains in the orientation maps)

gradually randomized with an increase in the strain level.

Once a threshold strain is reached, the grains with {1100} and

even {0001} orientations tend to rotate in the {1210} crystallo-

graphic directions [35]. As a result, the preferential texture in

the gauge region becomes weakened or completely random-

ized, while this is not the case for the grip regions.

3.5. GND evolution

Comparative quantitative illustrations of GND evolution in the

grip and gauge regions under different thermo-mechanical

conditions are shown in Fig. 7. For all testing conditions, the

evaluated GND densities for the gauge region are smaller than

those of the grip region, except for stages A and D where the

dislocation density of the gauge region is higher than that of

the corresponding grip region by 200% and 135%, respectively.

For both A and D conditions, there is a drastic increase in the

flow stress at the beginning of deformation (see Fig. 3) which is

an evidence of the interaction and multiplication of

dislocations.

Generally, these results suggest that for both the grip and

the gauge regions, the decrease in dislocation density is

greatly affected by strain rate (hence annealing time), while

the variation in the deformation temperature has only a trivial

effect on the evolution of GND. As shown in Fig. 7, the GND of

the gauge region in stage A indicates large grains with small

dislocation densities, as signified by the blue color. Also, there

are small grains appear to be dislocation free, which is an

evidence of the creation of new recrystallized grains.

In addition to the GND, the percentage of HAGBs is also

used to study the difference between the regions under static

annealing and superplastic deformation conditions. Fig. 8
shows EBSD pattern quality maps illustrating the evolution

of HAGBs in the grip and gauge regions at different stages. The

HAGBs and LAGBs were defined as boundaries with misori-

entation angles higher than 15�, and between 1 and 15�,
respectively. The fraction of HAGBs in both the grip and the

gauge regions have increased, compared to 83% in the as-

received material (Fig. 2g). Under all testing conditions, the

evolution of the fraction of HAGBs in the gauge region is

drastically different from that of the corresponding grip region

(Fig. 8). This implies that the microstructure evolution mech-

anisms are different in both regions. In the gauge region, the

fraction of HAGBs increases monotonously with strain, while

in the grip region the fraction of HAGBs decreases with

increasing strain, except for the test carried out under 920 �C/
0.0005 s�1 which had an almost steady behavior (see Fig. 8).

Comparison between the fractions of HAGBs measured for

stages A& B to those of stages D& E (i.e., samples deformed at

the same temperatures but different strain rates), shows that

the fraction of LAGBs is relatively high for the tests underwent

the lower strain rates. This is mainly because the sub-grain

boundaries have insufficient time under higher strain rates

to absorb enough dislocations for transformation to HAGBs.
4. Discussion

4.1. Microstructural evolution mechanisms

Based on the material's thermo-mechanical response (Fig. 3)

and the microstructural observations (Figs. 4e8), the likely

mechanisms formicrostructure evolution under both thermal

(i.e., the grip region) and thermal-mechanical (i.e., the gauge

region) conditions during superplastic deformation of TA15

alloy can be classified as functions of temperature and strain

rate as illustrated schematically in Fig. 9. Further details on

the progress ofmicrostructural evolution at different stages of

each testing conditions, i.e., taking into consideration the ef-

fect of test duration, are illustrated in Fig. 10 (a & b). These

observations cover the strain rate range of 0.0005e0.01 s�1

over a temperature range of 880e920 �C.
At early stages of deformation at 880 �C and 900 �C under a

relatively high strain rate of 0.01 s�1 (points A and D in Fig. 3),

the majority of the plastic deformation is dominated by slip.

This is manifested in the rolling texture intensity where

almost no difference is measured between A and D in the grip

region (i.e., 3.7 and 3.8 respectively) but that of the gauge re-

gion is significantly increased from 4.2 to 5.2. There is also a

corresponding increase in the GND of the gauge region

compared to that of the grip region. This implies that only

dynamic recovery (DRV)was active in the grip region, in which

the initially stored dislocations were cancelled out via climb

and cross-slip operations.

At later stages of deformation (i.e., from B to C and E to F),

there is a relative drop in the measured texture intensity for

the gauge region compared to that of the grip region sug-

gesting the initiation of GBS/grain rotation at later stages of

the tests under relatively high strain rate [34]. This is also

supported by the decrease in the evaluated values for the GND

of the gauge region compared to the corresponding values for
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the grip region. This is because superplastic deformation is

generally associated with a decrease in dislocation activity

[28]. For instance the initial rolling texture of the undeformed

material in the grip region, from point A to point C is

maintained.

Under the testing condition at 880 �C/0.01s�1, the initial

stages of the SRX/SRV and grain nucleation are initiated in the
Fig. 7 e The evolution of GND in TA15 during testing under SPF

(i.e., dynamic deformation) regions of the samples. The labels A

tests from which EBSD maps were acquired (see Fig. 3).
grip region from A to C, however, more strain energy and

annealing time were required to complete the next stage of

the grain refinement. On the other hand, in the gauge region,

the grains were fully refined by reaching the C stage. This

implies that dynamic loading increases the recrystallization

kinetic, which can be observed in the similarities between the

microstructure of the grip region at stage C and that of the
conditions at the grips (i.e., static annealing) and the gauge

, B, through to L denote the interrupted stages of the tensile
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Fig. 8 e EBSD pattern quality maps showing the evolution of HAGBs in TA15 under SPF testing conditions at both the grip

and gauge regions of the samples. The labels A, B, through to L denote the interrupted stages of the tensile tests (see Fig. 3)

from which the results are obtained.
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gauge region at stage B in Fig. 3. The refined microstructure

was achieved in the gauge region after a dynamic annealing

time of 333 s, whereas for the grip region after a static

annealing time of 797 s, i.e., over twice as long.

The above explanations also stands for the testing condi-

tion of 900 �C/0.01s�1, where a slight additional grain growth

occurred with an increase in the test temperature.
Considering the grip region at the deformation tempera-

ture of 880 �C, decreasing the strain rate from 0.01s�1 to

0.001s�1 has provided the material with more annealing time.

Hence, under this relatively slower strain rate (0.001s�1) all the

stages of static recrystallization, including recovery, refine-

ment, and grain growth, appear to be completed. Note that

with the decrease in the strain rate, the initial rolling texture

https://doi.org/10.1016/j.jmrt.2022.04.063
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Fig. 9 e A deformation plot for the TA15 alloy classifying different deformation regimes based on temperature and strain rate.
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of the material is maintained in the grip region even after

exposure to a longer annealing time (i.e., 14,876 s for I).

However, in the gauge region the texture has became entirely

randomized, supporting the activation of GBS and grain

rotation [34]. Comparison between the microstructures of the

grip and the gauge regions under 0.001s�1 strain rate at stage G

show that the microstructural evolutionary mechanisms of

recovery and nucleation of new grains have initiated at the

very beginning of the test. As a result, grain growth has also

been observed at these early stages of tensile testing. Here the

growth in small grains is observed at the expense of the large

grains. At the same time, some of the large grains were

merged with smaller grains, leading to an equiaxed and ho-

mogenous microstructure.

No significant difference was observed between the

microstructure and grain size of the gauge regionwith those of

the grip region under the deformation condition of 880 �C/
0.001s�1. This may be due to the small flow stress under the

lower strain rate of 0.001s�1, thus resulting in a decrease in the

grain boundarymigration rate and also lower level of dynamic

recrystallization. The flow stress may only drive the grain

boundary rotationandsliding rather thanboundarymigration,

as the energy difference in terms of dislocation density across

the boundaries would be very small at lower flow stress levels

[36]. This is also supported by themicrostructural observations

made for the grip and the corresponding gauge regions for the

testing condition 880 �C/0.01s�1, where the rate of dynamic

recrystallization at the gauge regionwas faster than that of the

grip region, possibly because of the higher flow stresses

attainedunderhigherstrain rates. It canbededucedfromthese

observations that the higher flow stresses enhance the rate of

grain boundary migration and hence recrystallization.

Under the testing condition of 920 �C/0.0005s�1, the high

thermal energy delivered to the material at higher
temperature leads to the completion of the recrystallization

process during the 15 min soak time in the beginning of the

test, which appears to be SRX in nature. Therefore, during the

rest of the test stages, only grain growthwas observed for both

the grip and the gauge regions. Similarly to the grip regions of

all other tests, the initial undeformed rolling texture was

retained for the grip region of this test as well. For the gauge

region, however, the texture intensity was decreased at the

beginning of the test (stage J), with texture developing at the

later stages (stages K and L) due to grain growth. The grain

growth is further enhanced by the process of grain rotation.

Because of the importance of GBS and grain rotation for su-

perplasticity, there is a possibility of grain “coalescence” to

occur during deformation [37]. this occurs when the neigh-

boring grains rotate such that the misorientation between

them is eliminated, which then leads to the elimination of the

boundary between them. Following the coalescence, some

local migration of the surrounding boundaries is likely to

occur [38]. This mechanism can produce an increase in grain

size with strain and an increase in texture intensity, differing

from the texture of the original rolled plate [39]. Fig. 11 sum-

marizes the evolution of various microstructure characteris-

tics quantitatively in both the grip and the gauge regions of

TA15 samples.

4.2. Grain size evolution

The evolution of grain size has occurred over several recrys-

tallization phases including, Phase(i) dislocation annihilation

by DRV, Phase (ii) nucleation of new grains, Phase (iii) grains

refinement through absorption of small grains by larger

grains, or the appearance of cell structureswithin large grains,

and Phase (iv) normal grain growth to further reduce the grain

boundary energy.
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Fig. 10 e a. The likely mechanisms of microstructural evolution under static annealing (the grip region) and dynamic

annealing (the gauge region) process during superplastic deformation of TA15 alloy at temperatures 880 �C e 900 �C under a

strain rate of 0.01s¡1. b. The likely mechanism of microstructural evolution under static annealing (the grip region) and

dynamic annealing (the gauge region) during superplastic deformation of TA15 alloy at temperatures 880 �C and 920 �C
under strain rates of 0.001s¡1 and 0.0005s¡1, respectively.
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Figure 11b shows that the final recrystallization phase of

grain growth is activated for both the grip and the gauge re-

gions (i.e., static and dynamic conditions) under strain rates of

0.001s�1 and 0.0005s�1. On the other hand, for the tests con-

ducted under 0.01s�1, grain refinement (Phase-i) was achieved

for the gauge region whereas in the grip region Phases i, ii & iii

were still carrying on simultaneously.

It was observed that at the deformation stages C, E, F, G, H,

and J, the average grain size in gauge region was smaller than

that of the grip region. In contrast, at the rest of the deforma-

tion of stages, the grain size measured for the grip region was

smaller than that for the gauge regions. A possible interpreta-

tion for the larger grain size of the grip region compared to that

of the gauge region under given deformation conditions can be

related to DRX during superplastic deformation. As shown in

Fig. 3, under the higher strain rate (0.01s�1), the material in the
gauge region shows an apparent strain-softening behavior

beyond true strains >0.33 and > 0.74 at 880 �C and 900 �C,
respectively. This can be partially due to DRX and also the

formation and coalescence of voids during the superplastic

deformation. The low ductility and strain-softening measured

for these tests under the 0.01 s�1 strain rate has previously been

shown for Ti-6Al-4V to be due to the formation of cavitation

and their growth beyond a threshold value that leads to a

premature failure [5,31]. Post-mortem study of voids formed

under similar conditions confirmed that the size and volume

fraction of the cavities under higher strain rates were found to

be significantly larger than those of the tests that exhibited

steady state superplastic forming [31]. One the other hand,

microstructures in the grip region are only governed by grain

growth [40] since DRX cannot take place under static condi-

tions. Therefore, microstructures in the grip regionwas coarser
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Fig. 11 e Quantitative analyses of the evolutions of microstructure characteristics during testing under SPF conditions in

both the grip and gauge regions, (a) True stress-strain curves (b) grain size (c) crystallographic texture, (d) GND, and (e)

HAGBs.
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than those in the gauge region. Due to the competition between

DRX and the concurrent grain growth process, the grain size in

the gauge region did not change significantly.

For the tests subjected to relatively low strain rates, both

the grip and the gauge regions were exposed to high temper-

ature for an extended period comparatively, and hence the
grains had enough time to grow through thermally initiated

mechanisms. It can be seen from Fig. 5 that at the deformation

stages G, H, …, L (i.e., associated with different stages of the

tests conducted under low strain rates 0.001s�1 and 0.0005s�1),

grain growth in both regions was initiated at the beginning of

the superplastic deformation, resulting in an increase in grain
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size with increasing strain. The superplastic deformation

mechanism is believed to be controlled by a competition be-

tween DRX and dynamic grain growth [41]. The strain hard-

ening characteristic under SPF conditions typically emerges

from the higher impact of dynamic grain growth compared to

that of grain refinement due to DRX [5,31]. The presence of

coarser final grain size in the gauge region compared to that of

the grip region indicates that dynamic grain growth wasmore

prevalent than grain refinement by DRX under a given SPF

condition [42]. These observations (i.e., coarser final grain size

in the gauge region compared to that of the grip region) con-

tradicts the results of previous studies on other alloys

[12,13,15,16]. The possible reason for this contradiction can be

due to a slight difference in the applied SPF conditions (e.g.,

slightly higher strain rate) which can lead to the dominance of

GBS compared to grain growth, and as a result leading to a

steady state deformation with negligible level of strain hard-

ening in the stress-stress curves in those previous studies.

The effect of changes in strain rate and temperature on

deformationmechanisms and consequently on SPF behaviors

are shown schematically in Fig. 9.

At stages B and C, a continuous decrease in grains number

is evident (see Fig. 9) for the grip region, indicating that Phase i

and ii of recrystallization were operational. This is supported

by the plots of GND distribution in Fig. 7 which shows that the

distribution of GND in the grip region was not uniform, simi-

larly to the as-receivedmaterial in which small grains contain

more dislocations compared to larger grains. For the corre-

sponding gauge region at B, the number of grains was reduced

further, and the GND distribution became very similar to that

of the gauge region at stage A (see Fig. 11). Similar explana-

tions stands for the grip regions at stages D, E and F.

In the gauge region at stages D, E, F, however, the grain

refinement phase (Phase-iii) was completed in-between E and

F. The drop in the grain size measured at F (see Fig. 9) can be

attributed to the initiation of Phase-iv, i.e., grain growth, which

indicated the termination of grain refinement mechanisms

(Phase-iii).

At early stages (i.e., G and H) of the tests carried out under

880 �C/0.001s�1, the grain size has increased in the grip region

(see Fig. 9). The distribution of the grain size in the grip and the

gauge regions at G look similarly to those of the grip region at C

andD.This is due to the longer exposure timeof thegrip and the

gaugeregionsatG,wherePhases-i, ii&iiiof recrystallizationwere

completed andgrain growth (i.e., Phase-iv) progressedas the test

continued to stages H and I. The grain growth rate must have

beenhigher in the gauge region compared to the grip region due

to theadditional strainenergy inputontopof thermalenergy.At

stages J, K, and L, the grain size in the grip region (e.g., 2849 at J)

was smaller than that of the as-received material by two folds.

This was because at these stages both the grip and the gauge

regions underwent Phase-iv of recrystallization due to high

thermal energy (i.e., high temperature 920 �C) input and longer

aging time (i.e., low strain rate 0.0005s�1).

In summary, for the specimens tested under the lower

strain rates ofi0.001s�1 and 0.0005s�1, the data obtained from

the grip regions revealed the occurrence of limited time-

induced grain growth. On the other hand, the microstructure

of the corresponding gauge regions exhibited deformation-

induced grain growth under these conditions. As expected,
under these relatively lower strain rates, the grain coarsening

rate in thegauge regionwasgreater than that in thegrip region.

This is usually associatedwithGBSandan increase in the grain

boundary migration rate by the imposed stress under SPF

conditions. This implies that the applied stress imposedon the

HAGBs accelerate boundary migration rate rather than gener-

ating more dislocations. This is very different from the con-

ventional thermal mechanical loading, where the applied

stressmainly drives the dislocation activities to accommodate

plastic strain. In the grip region the grain growth is generally

thermallydrivenby the static annealingprocesswhere smaller

grains are absorbed by the larger growing grains.

4.3. Texture evolution

From Fig. 11c, it can be seen that the texture intensity in the

gauge region follows a decreasing trend with increasing

strain, while that of the grip region remains similar to the

texture of the as-received material. The initial texture in the

gauge region is almost randomized, indicates that grain

rotation has occurred, leading to the weakening of texture.

The observed changes in texture intensity of the gauge

region are closely related to GBS phenomena [39], as random

sliding events gives rise to a homogeneous decrease in texture

[43]. This emphasis on possibility of using texture evolution to

understand the likely deformation mechanism during SPF

[34]. These results suggest that variousmechanisms are active

during SPF depending on the forming conditions (e.g., strain

rate, temperature).

4.4. Evolution of GND & HAGBs

Form Fig. 10d, it can be observed that in the gauge region of all

tests, the GND has a decreasing trend, which implies that the

deformation was governed by GBS and grain rotation. The

dislocation density can be controlled by the rate of dislocation

absorption by grain boundaries [31]. As shown in Fig. 10d, a

decrease in the strain rate enhanced the capacity of grain

boundaries to absorb more dislocations, and this subse-

quently led to a relatively low level of GNDs in the gauge re-

gion compared to the grip region. The increase in the

deformation temperature under a given strain rate increases

the mobility of grain boundaries to absorb dislocations and

results in a lower overall GND density in the material.

At lowest deformation temperature (880 �C) and highest

loading rate (0.01s�1) channels like GND distributions can be

found in the form of cellular or sub grain patterns/structures,

which is evidence of continuous dynamic recrystallization

(CDRX). CDRX has been reported before [37,40], as a dominated

recovery process which proceeds by continuous absorption of

lattice dislocations generated during the deformation process

andgrowinto sub-grainboundarieswithout significantchanges

in the sub-grain size. This results in an increase in the misori-

entation angle between adjacent sub-grains [37,44]. These data

suggest that for both the grip and gauge regions, the decrease in

dislocation density is affected largely by strain rate (i.e., hence

the annealing time), while the variation in the deformation

temperature has a trivial impact on the evolution of GND.

For the higher strain rate of 0.01s�1, the initial increase in

GND in the gauge region at stages A and D can be explained by
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work hardening, whereby dislocations were generated. These

dislocationswere subsequently absorbedbygrainboundaries at

laterstagesofplasticdeformationduetothemigrationofHAGBs

and the absorbtion of dislocations (see stages C & F in Fig. 7).

Under the lower strain rates of 0.001s�1 and 0.0005s�1, the

low stress levels leads to the generation of less number of

dislocations in the grains, and therefore lower level of lower

work hardening. This is due to the climb and cross-slip of the

newly generated dislocations to cancel each other out as a

result of long exposure time to high temperature. In the gauge

regions of these tests at points H, I, K and L, the GND drops

further, supporting the idea that GBS/grain rotation is the

main deformationmechanism [43]. under these strain rates, a

higher GNDdensityweremeasured in the grip regions, as seen

at the fracture stages C and F (see Fig. 9), which can be due to

the unavoidable material flow from the grip region into the

gauge region during superplastic process [45].

The HAGBs are known as to have higher boundary energy

than the LAGBs, which promotes the occurrence of the GBS

mechanism during SPF [46,47]. HAGBs also ensure narrow

distribution of equiaxed a grains due to globalization which in

turn promotes softening behavior during hot tensile defor-

mation [48,49]. The increase in HAGBs with increasing strain

under lower strain rates of 0.001s�1 and 0.0005s�1 suggest that

GBS can be the dominant deformation mechanism during SPF

[7,50]. On the other hand, the increase in the fraction of HAGBs

(i.e., from initial 83%e92%) in the grip region under 920 �C/
0.0005s�1 (Fig. 10e), where the material was exposed to high

temperatures for a long duration of time with no strain, sug-

gest that this phenomenon cannot only be the result of strain

but also exposure to high temperature too. It is also evident

from the grip samples exposed to deformation conditions of

880 �C/0.01s�1, 900 �C/0.01s�1 and 880 �C/0.001s�1 that the

conversion of LAGBs in the interior of fine equiaxed grains into

more homogenous HAGBs is greatly affected by annealing at

these temperatures.
5. Conclusion

The key conclusions can be drawn as:

i. Superplastic deformation significantly reduced the

initial rolling texture, demonstrating the characteristic

grain rotation process. Under all testing conditions, the

texture observed in the grip region was very different

from that found in the gauge region. The maximum

intensity of the texture observed in the grip region

remained almost unchanged compared to that of the

as-received material.

ii. GND density values in the superplasticity deformed

region (i.e., gauge) seemed to generally agree well with

hardening and softening behavior shown in the

measured stress-strain curves. At the early stages of

deformation, GND density generally increase with

lower temperatures and higher strain rates. After

further deformation, GND density dropped, indicating

the initiation of recrystallization.

iii. The dynamic loading accelerated dynamic recrystalli-

zation and resulted in faster grain growth under lower
strain rates compared to static recrystallization. This

led to considerably larger grain size in the gauge region

compared to the grip regions.

iv. The superplastic forming conditions led to differences in

the evolution of the HAGBs fraction in the gauge region

compared to the corresponding grip region, indicating

that the microstructure evolution mechanisms were

different. The fraction of HAGBs in both the grip and the

gauge regions increased under all testing conditions.
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