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Abstract

Superplastic forming is an effective way to manufacture complex-shaped parts of titanium-based
alloys. This paper studies the influence of the initial microstructure and its strain-induced evolution on
superplastic deformation behavior and the formability of a titanium-based alloy. Two types of Ti-Al-V-
Mo alloy samples having a different fraction of recrystallized grains before the start of the superplastic
deformation were studied. The deformation behavior, including strain hardening and strain rate
sensitivity of the flow stress, was analyzed in a temperature range of 775°C to 900°C and a strain rate
range of 16 to 10 s*. Strain-induced changes of the microstructure within the bulk of the samples
and on the surface of the pre-polished samples were studied during superplastic deformation with a
constant strain rate. The dynamic recrystallization and dynamic grain growth in the volume of the
samples and the multiple slip bands on the samples’ surface were revealed after superplastic
deformation. The grain structure evolution and slip bands localization depended on the samples’ initial
microstructure. The results showed that the samples with an increased fraction of recrystallized grains
exhibited better superplasticity and higher quality of the formed parts with a more uniform thickness

distribution across the section than the samples with a lower initial recrystallized fraction.

Keywords: Superplasticity; Superplastic forming; Titanium alloys; Microstructural evolution; Slip

bands.



1. Introduction

Superplasticity is the capability of the metallic material to undergo an extremely large elongation at
low stress without necking due to a high strain rate sensitivity of flow stress [1-3]. Superplastic
forming (SPF) uses this phenomenon to produce high-quality complex-shaped parts that fit well with
the die surface [4-6]. The SPF results in low residual stresses, a decrease of the welding joints and the
components weight, and is appropriate for low-volume production, including airplane and space
industries. This approach is considered valuable for fabricating Ti-based alloy sheets, owing to their
limited low-temperature formability.

Grain boundary sliding is the main superplastic deformation mechanism, and the grain size
predominantly controls superplastic behavior [1,3,6—-8]. A fine-grained microstructure that remains
stable at elevated temperatures is favorable for superplastic alloys [2,6]. Two types of microstructures
providing excellent superplasticity are possible with metallic alloys. The first group of alloys exhibits
an equiaxed recrystallized fine-grained structure with the domination of high-angle grain boundaries
(HAGB) before the beginning of superplastic deformation [9,10]. The recrystallized grain structure is
usually formed at heating up to the SPF temperature. This microstructural type is typical of various
alloys, including materials processed by severe plastic deformation [11,12]. Superplastic alloys of the
second microstructural type exhibit a non-recrystallized or partially recrystallized grain structure [9]. In
these alloys, the dynamic recrystallization (DRX), occurring during superplastic deformation, allows
the formation of a fine-grained structure promoting high elongations [9,13,14].

Apart from using high temperature and/or low strain rate, which are unsuitable for environmental and
economic issues, the superplasticity of Ti-based alloys can be optimized in two main ways: (i) the
modification of the alloys’ chemical composition by either adding alloying elements that can control
the grain size [15, 16] and/or promote low-temperature superplasticity pistadpilizing elements

with high diffusivity in Ti [17] or (ii) by using advanced manufacturing procedures such as
thermomechanical treatment or severe plastic deformation [18,19], which also provides superplasticity
at desirable low temperatures and increased strain rates [20-23]. Two-phase Ti-based alloys typically
demonstrate good grain size stability at a phase proportiariohear 50/50% due to developed
interface boundaries, also facilitating grain boundary sliding [24, 25]. Moreover, the ductile and highly
diffusive B-phase effectively accommodates grain boundary sliding [10,26,27]. For the same reasons,
the dynamic grain growth (DGG) of tiffiephase is usually more rapid than that of dhghase [28]. To
minimize the DGG effect and enhance superplasticity in several alloys, the volume fractiofi-0if the
phase should be decreased to 20-30% [6, 29].



Owing to its industrial importance, superplasticity of titanium alloys is a well-developed phenomenon
[29-35]. Ti-6Al-4V is widely studied alloy that exhibits an equiaxed recrystallized structure before
superplastic deformation [10,36,37]. Other Ti-based alloys are also of industrial interest, and their
superplastic behavior and strain-induced microstructural evolution are documented in several research
works [5,6]. The superplastic characteristics of the high-strength two-phase Ti-4Al-3Mo-1V alloy
(Russian grade of VT14) with an initial mixed structure of elongated and equiaxed grains are addressed
in [38,39]. The microstructural parameters of this alloy and their evolution during superplastic flow
require further attention and understanding. The principal alloying element, Mo, might suppress the
recrystallization and spheroidization processes during annealing due to its low diffusivity that can
affect superplastic formability. For successful SPF, the microstructural evolution during superplastic
deformation of the alloy and its influence on the deformation behavior also require detailed studies.
The current work focuses on (i) studying the annealing effect and the strain-induced evolution of
macrostructure and (ii) identifying the influence of the initial microstructural parameters on
superplastic deformation behavior, deformation mechanisms, and superplastic formability of the Ti-
4Al-3Mo-1V alloy. We investigated the superplastic deformation behavior and strain-induced
microstructural changes in the bulk and on the surface of the samples of two sheets of the same
composition. The sheets exhibited a similar grain size, but they were different in the fraction of initial
elongated and recrystallized grains. Elevated temperature tensile tests, the superplastic forming of
complex-shaped parts, and detailed microstructural investigations after annealing and superplastic
deformation were performed to analyze the material behavior in several loading conditions and identify

the effect of the initial microstructure on the superplasticity of the studied alloy.

2. Materials and test experiments

The sheets of the two-phase Ti-4Al-1V-3Mo alloy (Ti-4.6Al-3.1Mo-1.1V-0.15Zr-0.08Si-0.08Fe-
0.03N-0.080-0.09C-0.009H), marked up as sheet A and sheet B, were processed by two different
thermomechanical steps (Fig.S1). The treatment of sheet A included hot rolling with subsequent water
guenching and warm rolling in the-p phase field. The processing regime for sheet A was similar to

the industrial process used to obtain superplastic sheets of this alloy [40]. Sheet B was processed using
hot rolling with subsequent quenching from fhiphase field to form a martensitic structure and warm
rolling in the two-phase field in near-isothermal conditions at 740+20°C [3]. The total rolling reduction
was similar for both sheets. Hot rolling f840% reduction was performed in three passes, and warm

rolling for ~<70% was performed in six passes.



The samples of both sheets were annealed in a temperature range of 775-900 °C for 30 min and were
subsequently water-quenched to examine the size and shape of the grains before the beginning of the
elevated temperature deformation. Note that during water quenching from a temperature clgse to the
transus, a thin lamellar of (and/or martensite”) forms within the beta grains at cooling. Thehase

fraction at high temperature is equal to the phase fractighttainsformed (and/or martensité)
observed at RT, as a bright area, on the SEM images.

The strain rate sensitivity coefficienh) was determined at temperatures in a range of 775-900 °C by
tests with a step-by-step strain rate decreasing in a range of-2x10° s*. The strain at each step

was 0.02. The uniaxial-tensile tests at constant strain rates were performed at 875 °C with strain rates in
a range of 2x10- 5x10? s* and at temperatures in a range of 775-875°C with a constant strain rate of
1x10° s*. The tensile tests were performed in a Walter-Bay LFM 100 test machine. The dog-bone type
test samples with a gauge size of 14x6x1°mmare cut parallel to the rolling direction. The strain-
induced microstructural changes were analyzed after the deformation at temperatures of 775, 825, and
875°C with a constant strain rate of 1%16" for the samples of both sheets. The samples after
superplastic deformation for various strains were immediately quenched in water to analyze their
microstructure.

The superplastic forming of the model parts was performed in a laboratory machine using the
conditions in terms of temperature and strain rate, providing the maxirauaiue and elongation-to-

failure. The used die shape and its dimensions are presented in Ref. [41].

The microstructure was studied using a TESCAN Vega 3 scanning electron microscope (SEM)
equipped with an electron backscatter diffraction detector (EBSD) HKL NordlysMax. The EBSD
analysis was employed with a step size of Qutband a scan area of 70 x #®°. The samples for the
microstructural studies were mechanically ground on SiC papers up to 2400 PP then polished on a
CHEM MD cloth with a lubricant of 50 ml colloidal silica + 10 mj® (30%) + 5 ml Kroll's agent.

To clarify the superplastic deformation mechanisms, the surface study was conducted using accurate
grid marking. The grids were milled on the pre-polished surface of the sample using a STRATA FIB -
2051 microscope. The grids have a total size of 40 urdOwith an interline spacing of 2,5m and

0.5um, and a depth of about O.LBn.

3. Results
3.1 Analysis of the initial microstructure
After processing, both sheets A and B exhibited a two-phase mixed structure of equiaxed and elongated

grains (Fig.1, left inserts). Figure 1 shows the microstructural parameters evolution vs. temperature and



microstructures of the samples water-quenched after annealing at 800 and 900 °C for 30 min. The
measured microstructural parameters are collected in Table /g fraction was near 80/20 % and

75/25 % in the as-processed samples of sheet A and sheet B, respectively. A meghgiamefvas
0.7£0.1um in the as-processed samples of both sheets. The sheet A samples exhibited a fraction of an
elongated structure of 45+5%, whereas it was 22+3% for sheet B. The changes in the phase ratio
(Fig.1a), the grain growth (Fig.1b), and the changes in the grains’ shape (Fig.1, see SEM-micrographs)
were observed with an increase of annealing temperature. The fraction of the areas with the elongated
structure after annealing at 875 °C decreased to 25+3% in sheet A and to 9+2% in sheet B. Mostly

equiaxed grains were observed after annealing at 900°C for the samples of both sheets (Fig.1, right

inserts).
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Fig. 1 (a) Volume fraction of the phases and (b) the grain size dependences on the annealing
temperature of sheet A (dotted lines) and sheet B (solid lines) Inserts: SEM-microstructures of the
investigated sheets A and B after sheet processing and annealing for 30 min at 800°C and 900°C (sheet
type and sample state are written in images)q thedp phases appear dark and bright, respectively.

The volume fraction of thg-phase changed from 20-25 to 75%, with an increase of annealing

temperature from 775 to 900 °C in the samples of both sheets (Fig. 1a). The temperature at which the
a/p phase fraction ratio is equal to 50% was between 850°C and 875 °C. The grain size of the equiaxed
grains of both phases grew from 0.8-1.0 to 1.5-2.0 um with an increase of annealing temperature from
775 to 900 °C (Fig. 1b). The considerable grain growth observed at temperatures above 850°C was

more significant in th@-phase (Fig. 1b).



Table 1. Microstructure parameteogfi phases) of the studied samples after annealing in a temperature
range 775 - 900°C for 30 min

Sheet Microstructure As- Annealing temperature [°C]

type  parameterd/p) processed —Z75 g 825 850 875 900
Mean grain size [um] i 1.1/0.9 1.2/0.9 1.3/1.2 1.5/1.4 1.7/1.7 2.0/2.3

p Volumefractionofthe 8119 g5 7030 63/37 5545 45555  25/75

phases [%0]
Fraction of areas with the 455
elongated structure

43+4  40+5  38+5  30+4 25+3 0

1.0/0.71.0/0.8 1.1/0.9 1.2/12.1 1.3/1.6 1.5/2.0
73/27 68/32 60/40 53/47 46/54 27173

Grain size [um] -
Volume fraction of the 75/25
B phases [%0]
Fraction of areas with the 2243
elongated structure

1943  18+3  15+2 1143 9+2 0

3.2  Step-by-step decreasing strain rate tensile tests

The stress-strain rate curves, the strain rate sensitivitgefficient maps are shown in Fig. 2. The
strain ratevs. the temperature data corresponding to a maximuvalue (Fig.2) and the limits inside

which m>0.3 are shown in Fig.S2. Both sheets exhibit a sigmoidal shape obthe lourves typical

of superplastic materials (Fig. 2a). The optimum strain rate, which corresponded to a maimum
value, increased with a temperature increase for both samples (Figs. 2b,c, Figs.S2). Both sheets
demonstrated a maximumm-value, m=0.45 and 0.51 for the sheets A and B, respectively, at a
deformation temperature of 875°C with a strain rate of about™3s10A slightly wider strain rate

interval ofm>0.3 was observed for sheet B than for sheet A.
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Fig. 2 (a) Stress-strain rate data obtained byesis Of step-by-step decreasing of the strain rate for A-
type (solid lines) and B-type (dash lines) sheets; (b,c) the strain rate sensHagfficientvs.
temperaturextaxis) and strain ratgHaxis) for (b) sheet A and (c) sheet B

3.3  Constant strain rate tests
Figure 3 shows the dependencies of true stegdsam logarithmic straing), elongation-to-failured),

at the studied temperatures and constant strain rates. The samples of both sheets exhibited similar



deformation behavior. The deformation was accompanied by strain softening at low strains before 0.5-
1.0 and strain hardening at larger strains (Figs.3a,b). A peak stress value and values of a strain
exponentn in the relationship ot expressed as a function ot are presented in Fig.S3. For both
sheets, increasing the deformation temperature (Fig.S3a) and decreasing the strain rate (Fig.S3b) led tc
a decrease in both stress value arabefficient. The minimum peak stress and coefficier@ (in a

strain range of 0.2-1.0) were observed at 875°C (see Fig.S3). The strain softening was less significant,

and the peak stress values were lower for B-type samples than for A-type.
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Fig. 3 (a,b) Stress-strain curves at (a) different temperatures and at a constant strain ratésdf 1x10
and (b) different strain rates at a deformation temperature of 875°C and (c) the dependency of
elongation-to-failured) from the temperature at a constant strain rate of 1stand (d) fromthe
strain rate at 875°C for sheet A (solid lines) and sheet B (dash lines).

The sheet B samples (Figs.3c,d; dash lines) demonstrated larger elongation-to-failure than the sheet A
samples (Figs.3c,d; solid lines). The maximum elongations of 740% for sheet A and 900 % for sheet B
were achieved at 875°C and 119",



3.4 Microstructural evolution during superplastic deformation

3.4.1 Comparison of the microstructures of the deformed to 0.69 (gauge part of the tensile samples)
and undeformed samples (grip part of the tensile samples)

The microstructural parameters of the grip parts (equivalent to annealing for 42 min), the gauge parts (
=0.69), and the samples were compared after deformation at temperatures of 775, 825, and 875 °C with
a strain rate of 1x19s* (Fig.4). Annealing-induced and strain-induced grain growths were observed

for botha andp phases, whose effects were pronounced at an increased temperature of 875 °C. The

grain growth for sheet A (Fig. 4a) was more intensive than for sheet B (Fig. 4b) at the tested

temperatures.
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Fig. 4 Mean grain size valued, , left axis) and dynamic grain growth compon&adt(d;=o.6g-0azmir)
(right axis) ofa- andp-phase grains for (a) sheet A and (b) sheet B. Inserts: Microstructures of
deformed to strairgf of 0.69 (gauge part of the sample) at 775 and 875 °C and annealed 2omin
(grip part of the sample) at 875 °C samples.

The dynamic grain growth componeftl (d.-o.egds2min) Of B anda grains was insignificant at low
temperatures, and it increased with increasing the temperature to 875°C (Fig. 4; blue curves). At
875 °C, theAd of botha andp grains for sheet A was higher than for sheet B.

The mixed structure of elongated and near-equiaxed grains was observed in the sample of sheet A
deformed to strair=0.69 at 775 °C (inserts in Fig.4a). The same deformation conditions (inserts in
Fig.4b) provided a near-equiaxed grain structure for sheet B. Superplastic deformation at temperatures
higher than 825 °C with: =0.69 led to the formation of near-equiaxed grains in both sheets.
Nevertheless, at this temperature range (above 825°C), some elongated grains were still observed in the

samples' undeformed grip area (left inserts in Fig.4). Indeed, a fraction of elongated grains after



annealing at 875 °C for 42 min was respectively 45+5% and 21+4% for sheet A and sheet B, which
was similar to the values obtained after annealing for 30 min at the same temperature.

3.4.2. Strain-induced microstructural evolution at a deformation temperature of 875°C

The strain-induced microstructural evolution was studied during deformation at a temperature of
875 °C with a constant strain rate of 1¥53. These testing conditions provided the maximumm

value of 0.45-0.51 and elongation-to-failure. A simifaphase fraction of around 52-55% was
observed for both sheets in the studied strain range (see SEM images in Fig.S4). Moreover, at a low
strain of 0.4, while some areas of elongated grains were still observed in the samples of sheet A, the
microstructure of sheet B was homogeneous and equiaxed. The residual cavitation was not found in the
samples of both sheets up to failure, while the dynamic grain growth was revealed. At a strain of 2.1
(720%), the studied sheets A and B exhibited respectidety.2+0.3um / d,=3.8+0.3 um, and
ds=3.8+0.2um /d,=3.4+0.2um.

The EBSD-IPF maps and misorientation angle distributions of the samples before superplastic
deformation at 875°C (as-annealed for 30 min) and after strains of 0.4 and 1.6 with a constant strain
rate of 1x1Gs! are presented in Fig. 5. The grain structure parameters are collected in Table 2. The
white-colored boundaries are low-angle (LAGB) with a misorientation angle in a range of 2 to 15°. The
black-colored boundaries are a high-angle (HAGB) with a misorientation angle of above 15°. The grain
size distributions are shown in Fig.S5 in the supplementary materials. Notabpypliase with the

BCC lattice partially transformed into the HCP lattice (martenspbase during quenching from 875

°C) during rapid water-cooling after annealing or deformation. Thus, it is difficult, by EBSD, to clearly

determine if the transformdiiphase and-phase both belong to an HCP lattice structure.
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Strain direction axis

HCP-phase and the related grain boundaries misorientation angle distributions of (a-c) sheet A and (d-
f) sheet B after (a,d) annealing for 30 min and superplastic deformation at 875°C witls 1atl(b,e)
logarithmic strain of 0.4 and (c,f) logarithmic strain of 1.6.

Table 2. The grain structure parameters evolution (EBSD data) during superplastic deformation at a

temperature of 875°C with a constant strain rate of 510

Sheet type Strain Fraction of th&lean grain size, Standard deviation
LAGBS/HAGBsS, % dycp tm of the mean grain
size, um

A 0 52/48 1.8+0.1 1.50

0.4 46/54 19+0.1 1.62

1.6 17/83 3.5+£0.2 2.10

B 0 46/54 1.7+0.1 0.86

0.4 25/75 1.8+0.1 0.80

1.6 9/91 3.2+0.2 1.60

Before superplastic deformation, sheet A (Fig.5a) exhibited the 52% LAGBs fraction; the mean grain
size was 1.8m, and its standard deviation was jith (see Fig. S5a in the supplementary materials).

By increasing the strain to 0.4, the fraction of HAGBs increased while a slight decrease in the LAGBs
fraction was observed (Fig. 5b and Fig.S5b of supplementary materials). The mean grain size and its
standard deviation were quite similar to the as-annealed state. Therefore, at a strain of 0.4, even if sheet

A started to undergo a slight microstructural evolution, insignificant changes of the non-recrystallized



areas were observed. It is also interesting to notice that the microstructure of sheet A after a strain of
0.4 (Fig. 5b) is quite similar to sheet B before superplastic deformation (Fig. 5d). Indeed, in
comparison with sheet A at 0.4 of strain (Fig. 5b), similar grain boundaries misorientation angle
distributions and a mean grain size of 7 were observed in sheet B before superplastic deformation
(Table 2). Only a lower standard deviation of a mean grain size of 0.86 pum was revealed (Fig.S5d of
supplementary materials). For sheet B, a strain of 0.4 led to a significant decrease of the LAGB fraction
from 46% to 25% (as well as to a more equiaxed microstructure) (Figs.5e, S5e, Table 2). During the
deformation to 1.6, the LAGB fraction significantly decreased to 17% for sheet A (Fig.5c, Table 2) and
9% for sheet B (Fig.5f, Table 2), and the HAGB fraction, correspondingly, increased for both sheets.
Increasing the strain to 1.6 led to the grain growth to a mean size oh3sth a standard deviation of

2.1 um for sheet A and 3.gm with a standard deviation of 1,6n for sheet B (see Fig.S5c,f). The
EBSD results suggest a strong texture before superplastic deformation and texture randomization
during superplastic deformation.

The SEM-SE images (Figs. 6,7) revealed a surface relief after deformation for the marked-up areas.
Note that during deformation up to a strain of 0.14, the FIB-grid lines (Fig.6 a,b) disappeared from the

surface of sheet A (Figs.6¢) and significantly blurred on the surface of sheet B (Figs.6d).




Fig.6. SEM-SE microstructures of the pre-polished surface samples of the sheets (a,c) A and (b,d) B
before deformation and after deformation at 875 °C with a constant strain rate 361 #i@ strain of
0.14;white dotted line in (c) shows a shift of the FIB-grid line during deformation; the tensile direction

is horizontal.

The relief related to GBS was revealed in a few areas of the sample A surface (Fig.6 c; arrows in
Fig.7a). Multiple slip bands were observed darand p-grains for sheet A, which indicates the
dislocation nature of the deformation mechanisms at low strains in both phases (see high-magnification
SEM-SE (through lens detector) images in Fig.7b).

Sheet B exhibited a more typical GBS relief that resulted from grains rotation and sliding to the tensile
direction (Fig.6d). The GBS related shifts of the cross grid lines were observed for sheet B (Fig.6d and
7c white dotted line). Figures 7e and 7f show, respectively, the SEM-SE and SEM-BSE images of the
same place on the surface and BSE image helps to identiyath@3 phases in the studied area due to

a difference in their chemical compositions. Bhgrains containing slip bands and thgrains free of

them are depicted in Figs.7d,e for sheet B. Moreover, the localization of the slip bands finjoatine

was observed in sheet B. Only a fgwgrains (Fig.7e) were free of a dislocations activity.
SheetA Sheet ___Th<—>

SRR

Fig.7. Microstructure of the pre-polished surface samples of the sheets (a,b) A and (c,e,d,f) B as-
deformed at 875 °C with a constant strain rate of Tg1@o a strain of 0.14; (a-d) SEM-SE images, (e)
and (f) SE and BSE images of the same area; (b,d) high magnification SEM-SE (through lens detector)
images; yellow arrows show grain boundary sliding related relief; white dotted line in (c) shows a shift
of the FIB grid line during deformation; tensile direction is horizontal.



Notably, the analyses of the strain-induced evolution of the surface structure revealed more
homogeneous deformation on the macroscopic level of sheet B. Local macroscopic heterogeneities of
deformation were observed in sheet A. Intense dislocation activity was revealed indnatf phases

in sheet A, while, a dislocation activity was localized mainly infifphase in sheet B. Thus, on the

microscopic level, the deformation was more heterogeneous in the samples of sheet B.

3.5  Superplastic forming

The pressure-time cycles of superplastic forming at an optimum deformation temperature of 875°C and
a strain rate of 1xI9s* were developed for both sheets, and the model parts were processed by SPF.
The pressure-time cycles calculated using the stress-strain data at constant strain rates in a range 6x1(
4.2x10° s of each sheet are shown in Fig. S6 (see the supplementary materials). The strain rate at
forming varied in a range of 8x102.5x10° s*. Fig. 8 illustrates the geometries of the SPF-parts. Both
components exhibited good quality without any visible defects. Due to the non-uniform strain rate
across the section and the influence of friction between the sheet and the die, the thickness across the
critical region was different. The thickness of the SPF-part varied from 0.15min95) to 0.41 mm

(e=1.0) for sheet A (Fig. 8 a), and it was between 0.35 pw1.20) to 0.49 mmeE0.85) for sheet B

(Fig. 8 a). In the critical areas of the SPF-parts, a strain rate increased to°x%x#&6ulted in larger

strain values in these areas. Increased fraction of an elongated non-recrystallized structure for sheet A
(Fig.8 a, insert for pointg and a near-equiaxed uniform grain structure for sheet B (Fig.8 b, insert for
point yi) were formed in the low-stained areas during the free bulging stage of SPF. The strain
localization in the critical regions led to local dynamic recrystallization and related strain-softening
accompanied by non-uniform deformation during SPF of sheet A. A more stable and homogeneous
microstructure of sheet B at low strains provided more uniform deformation and a low thickness
variation in the large-strained critical regions. A fine recrystallized grain structure was observed for the

large-strained areas of both sheets (Fig. 8, inserts for (a) paistseet A and (b),ysheet B).

1 The strain was calculated using thickness changes &¥ t,/t;), wheret; is the post-forming thickness atds the initial
sheet thickness of 1.1 mm.



Sheet B

10pm

Fig. 8. Thickness distribution (all numbers in mm) for the forming components of (a) sheet A and (b)
sheet B. Inserts: microstructures of deformed parts of sheet A (for paant$ %) and sheet B (for

points y and y).



4. Discussion

The microstructure evolution plays a critical role in the flow behavior during superplastic deformation

of the Ti-4Al-3Mo-1V alloy. Since deformation with constant strain rates was uniformed and necking-
free, the shape of the stress-strain curves depends on the strain-induced microstructural changes. The
traditional superplastic alloy Ti-6Al-4V demonstrates equiaxed recrystallized grains before superplastic
deformation and its deformation behavior, usually accompanied by strain hardening or stable flow
[10,35,36]. In superplastic materials, strain hardening on the curves is likely to result in dynamic grain
growth, while the stable flow is related to increased grain structure stability [29,42]. The strain
softening during uniform hot deformation with a constant strain rate can be explained by DRX [12,43].
The studied alloy demonstrates a partially recrystallized grain structure and its deformation
accompanied by strain softening at the beginning of the superplastic flow. The strain softening on the
stress-strain curves directly depends on the deformation temperature, the strain rate, and the related
dynamic recrystallization kinetics. Thecoefficient, showing strain-softening intensity in a strain
range of 0.2-1.0, decreases when increasing the strain rate and/or decreasing deformation temperature
This behavior is typical of DRX [36] of superplastic materials. The dynamic recrystallization
phenomenon at superplastic deformation was suggested in various Ti-based alloys via the EBSD
analysis [44-48]. Our EBSD analysis suggested that the grain structure of both sheets studied before
the start of superplastic deformation was partially non-recrystallized with a high LAGB fraction. An
increased recrystallization resistance of the Ti-4Al-3Mo-1V alloy is most likely a result of alloying by

a low-diffusive Mo [49,50]. Superplastic deformation leads to dynamic recrystallization resulting in a
significant increase of the HAGB fraction, facilitating grain boundary sliding, texture randomization,
and the related decrease in flow stress. It agrees with the results of Balasundar et al. [51], Vo et al. [52],
and Roy et al. [53].

The deformation behavior of both sheets studied was qualitatively similar but quantitatively different.
Sheet B exhibits a more equiaxed grain structure after sheet processing and after heating to superplastic
deformation temperatures. The differences in the microstructural homogeneity persisted at superplastic
deformation and resulted in quantity differences of the stress-strain behavior of the studied sheets. The
samples of sheet A, with a higher fraction of elongated non-recrystallized grains at the beginning of
deformation, demonstrate higher stress values that decrease with increasing strain up to 50-100% due
to dynamic recrystallization. This effect is less pronounced in sheet B, which exhibited a low fraction
of non-recrystallized grains before superplastic deformation that became recrystallized at strains below
50%. The microstructural study explains the differences in the deformation behavior. Higher stress

values of sheet A can be linked to high dislocation activity, in b@hdp phases, as it was observed



on the sample surface. On the contrary, sheet B demonstrated the dislocation activity predominantly in
thep phase, which provides lower stress values.

Strain softening is replaced by strain hardening at large strains. According to the microstructural
analysis, DGG and the dislocation activity in thandp phases, are the possible reasons for strain
hardening. Although a slightly higher strain hardening effect was observed in sheet B, the dynamic
grain growth of thex andp-phase grains of sheet B was less significant than in sheet A (see Fig.4). It
suggests that strain hardening at large strains is likely to result from both DGG and dislocation activity,
especially in the ductil@-phase, where the dislocation activity was significant in both sheets. The
intense dislocation activity promotes the DRX process that compensates a strain increase due to DGG
in sheet A. The cooperation between DGG and DRX explains a weaker total strain hardening effect at
larger sheet A strains. Further investigations of superplastic deformation of the samples with surface
markers are required to determine the changes in the deformation mechanisms at large strains.
Importantly, a more homogeneous and stable grain structure leads to higher elongation of sheet B. The
grain growth rate on the interfacial boundaries of the alternatfhghases is lower than that of tine

or B/B grain boundaries [10,50,54,55]. For this reason, sheet B, with a more homogeneous initial
microstructure and a high fraction of the interfacial boundaries, demonstrates increased stability of the
grain structure during heating to the elevated temperatures and superplastic deformation.

The results of the strain-induced changes in the bulk grain structure agree with the changes of the
samples’ surface deformed at optimal superplastic conditions. The typical GBS surface relief was
observed in sheet B and the local areas of the samples of sheet A after superplastic deformation. It
suggested more pronounced GBS at low strains for sheet B, which resulted in a higher HAGB fraction.
More intense GBS provided more homogeneous deformation at low strains of sheet B.

The grid lines blurred and disappeared from the samples’ surface mainly due to significant
intragranular deformation at low strains and the formation of slip bands on the surface of the grains.
The multiple slip bands on the surface were observed iff-fii@se area of the samples of both sheets
studied. Only severdl-grains show smooth surface free of dislocation activity in sheet B, suggesting
that GBS is mainly accommodated by intragranular slip deformation infoghase. The dislocations
mechanisms of thp phase deformation at superplastic deformation agree with the results of numerous
studies; in-situ studies of strain-induced microstructural evolution for the Ti-Al-V alloy [10], TEM
studies of Ti-Al-V, and various Ti-based alloys studied by the EBSD method [47,56,57]. According to
the superplasticity theory, the ductile BG&phase has an accommodation function and simplifies the
sliding of the HCRu-grains [26,27].



In the studied alloy, many slip bands were also observed on the surtaggamis. The intragranular
deformation of thea-phase was more pronounced for sheet A with an increased fraction of
recrystallized grains. This observation suggests that the active dislocation activity promotes DRX at the
early stages of superplastic deformation of both phases for sheet A. Sekiguchi et al. [48] suggested that
DRX occurred preferentially in the Ti phase at low strains and theli phase in large strains in a Ti—
531CN alloy. The formation of the slip bands on thgrains surface can also be a result of GBS
dislocation accommodation, which is reasonable in sheet B with a high fraction of recrystallized grains
and pronounced GBS.

The initial microstructure is also one of the most important parameters of the SPF process of the
studied alloy. A high fraction of elongated grains and a non-uniform grain structure at low strains led to
significant strain localization and non-uniform thickness distribution for sheet A. The equiaxed
recrystallized grains formed in the sample of sheet B before it contacted with the die surface that
provided stable flow and desirable, more uniform, thickness distribution in the formed parts of sheet B.
The regime of superplastic forming of sheet A required further optimization to increase the thickness

homogeneity of the formed parts.

5. Conclusions

In the present study, two sheets of a titanium alloy (Ti-4Al-3Mo-1V) different in their fraction of
equiaxed recrystallized/elongated non-recrystallized grains were investigated. We used uniaxial tensile
tests and microstructural characterization (as received, after annealing, after superplastic deformation)
as well as scanning electron microscopy to analyze the material characteristics and compare the sheet:
deformation behavior. The tensile tests were performed in a temperature range of 775°C-900°C and a
strain rate range of 1xP@x10? s*. Superplastic forming at a temperature of 875°C with an average

strain rate of 1x18s* was processed. Given the results, we concluded that:

1) Due to the same chemical composition, the volume fraatjsrb0/50 was between 850-875°C

for both sheets studied. A temperature of 875°C and a strain rate ofstxi@vided the maximum

strain rate sensitivity indexn) of 0.52 and 0.45 for the sheets with low and high recrystallized fraction,
respectively. The superplastic deformation of both sheets was accompanied by strain softening at low
strains. The strain-softening effect and the peak stress values increased with an increase in the strain
rate and a decrease in the deformation temperature. The samples with a lower initial non-recrystallized
fraction exhibited weaker strain softening and lower peak stress than the sheets with higher non-

recrystallized fractions.



2) The SEM and EBSD studies revealed a significant increase of the fraction of equiaxed grains
and high angle grain boundaries of both samples, which suggested dynamic recrystallization at low
strains and dynamic grain growth at large strains. The dynamic grain growth at superplastic flow was
more significant in the case of the alloy with pronounced inhomogeneity of the initial microstructure
and a lower fraction of recrystallized grains before the beginning of superplastic deformation.

3) The SEM observations of the strain-induced evolution of the surface structure at strains of 0.1-
0.2 revealed GBS relief and the formation of slip bands inside the grains of both phases, which
suggested a significant intragranular strain via dislocation mechanisms of deformation and/or
dislocation GBS accommaodation in both sheets. The weaker GBS relief and more slip bands in both
phases were revealed for the sheet with a lower initial recrystallized fraction.

4) The sheet with a higher fraction of recrystallized equiaxed grains before the beginning of
superplastic deformation demonstrated a highealue, elongation-to-failure at tensile tests, and more
uniformed thickness distribution during superplastic forming than those obtained for the sheet with a

decreased fraction of recrystallized grains in the initial state.
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Table 1. Microstructure parameters/f( phases) of the studied samples after annealing in a
temperature range 775 - 900°C for 30 min

Sheet  Microstructure As- Annealing temperature [°C]
type  parameterq/p)  Processed =75 gng 825 850 875 900
Mean grain size [um] i 1.1/0.9 1.2/0.9 1.3/1.2 1.5/1.4 1.7/1.7 2.0/2.3

Volume fraction of the  81/19
phases [%]

Fraction of areas with 4515 43+4  40+5 3845  30+4 2543 0
the elongated structure

A 80/20 70/30 63/37 55/45 45/55 25/75

Grain size [um] - 1.0/0.71.0/0.8 1.1/0.9 1.2/1.1 1.3/1.6 1.5/2.0

Volume fraction ofthe  75/25 25,07 o3> G040 53147 46/54  27/73
B phases [%]

Fraction of areas with 2243

the elongated structure

19+3  18+3  15+2 1143 9+2 0

Table 2. The grain structure parameters evolution (EBSD data) during superplastic deformation at

temperature of 875°C with a constant strain rate of 510

Sheet type Strain Fraction of th&ean grain size, Standard deviation
LAGBs/HAGBS, % dycp tm of the mean grain
size, pum
A 0 52/48 1.8+£0.1 1.50
0.4 46/54 19+£0.1 1.62
1.6 17/83 3.5+£0.2 2.10
B 0 46/54 1.7+£0.1 0.86
0.4 25/75 1.8+0.1 0.80

1.6 9/91 3.2+0.2 1.60
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