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Abstract. Temperature reduction of superplastic forming of titanium alloys is currently a
significant issue. The present study focused on the effect of modifying the Ti-4Al-3Mo-1V-0.1B
alloy with 0.5-2 wt% Co additions on the superplastic behavior and microstructure evolution. The
results demonstrated that Co alloying promoted the formation of recrystallized and globular
microstructure before the beginning of superplastic deformation due to the acceleration of
diffusivity by Co in comparison with the Co-free alloy. The diffusivity acceleration also led to
dynamic grain growth during superplastic deformation but promoted a stable superplastic flow of
alloys with 0.5-2% Co at temperatures of 700-750 °C. This enhanced the strain rate sensitivity
coefficient m from 0.35-0.4 to 0.5-0.65 and the elongation to failure from 200-350% to 500-1000%
compared to the Co-free alloy. The 2 wt% Co alloying provided excellent low-temperature
superplasticity in the temperature range of 625-775 °C with a coefficient m of 0.5-0.65 and
elongation to failure of 800-1000% at a constant strain rate of 1 x 103 s,

Introduction

Titanium alloys' exceptional mechanical and physical properties make them popular in numerous
fields. But the forming process of parts from titanium alloys using traditional methods at low
temperatures is a time-consuming and energy-consuming process due to their high strength and
relatively low elastic modulus [1,2]. Complex-shaped alloy components can be formed using
superplastic forming (SPF) at low gas pressure in a single technological process. The
implementation of the SPF method is constrained by a requirement for high temperatures of 800-
1000 °C to produce suitable superplasticity performance of titanium alloys [3]. Reducing the
forming temperature decreases cycle time, die material cost and wear, and energy consumption,
increases die life, and inhibits the formation of an alpha-oxide layer on the surface of manufactured
parts [2,4]. There are several effective methods for reducing the superplastic forming temperature
of titanium alloys, including grain structure refinement before superplastic forming [5-8] and
modification of the alloy chemical composition by alloying with highly diffusive elements [9,10].
Elements with high diffusivity in titanium, such as Fe, Ni, and Co, are of particular interest in this
regard [10—13]. Previous studies indicated that alloying with highly diffusive S-stabilizers, such as
Fe and Ni, is efficient for obtaining low-temperature superplasticity [10,14—17]. Thus, the study
of the effect of Co modification on the superplasticity and microstructure of titanium alloys is an
actual issue.
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The conventional alloy Ti-4Al-3Mo-1Vdue is widely used in manufacturing applications due
to its high strength and corrosion resistance and good creep resistance. The alloy exhibits a fine-
grained structure with simple thermomechanical processing that provides excellent superplastic
behavior but at high temperatures of 825-875 °C [18]. The purpose of this study is to the influence
0f 0.5% to 2wt% Co on the microstructure and superplastic behavior of the Ti-4Al-3Mo-1V alloy
to reduce the superplastic deformation temperature. In previous studies, it was found that the trace
boron addition accelerates recrystallization and globularization of the microstructure [19] which
provides a stable flow and reduces the flow stresses at the initial stage of superplastic deformation
[20]. In this regard, the investigated alloys were also alloyed with 0.1wt% trace boron addition.

Materials and Methods

Table 1 provides the chemical compositions of the alloys studied. (SEM-EDS data for Al, Mo, V,
and Co and nominal for B content). For the preparation of the alloys, technically pure metals of Al
(99.99 wt.%), V (99.95 wt.%), Co (99.95 wt.%), and Ti-50wt% Mo master alloy were used. Arc
200 vacuum arc melting crucible furnace with water-cooled copper mold was used to melt and cast
100g ingots with a dimension of 50x40x10 mm?.

Table 1. Chemical composition of the investigated alloys (wt.%).

Alloy Al Mo \" Co B Ti
0Co 3.7 3.0 1.2 0.0 0.1 Bal.
0.5Co 41 2.8 0.9 0.5 0.1 Bal.
1Co 44 3.1 1.0 1.0 0.1 Bal.
2Co 3.8 3.3 1.1 2.0 0.1 Bal.

The ingots were subjected to a heat treatment process that included homogenization annealing
for one hour at 800 °C and subsequent annealing for 0.5 hours in a f-phase field with subsequent
water cooling. The quenched ingots were subjected to hot rolling at 750 + 10 °C in the two-phase
(at+p) field with a total reduction of 90% (from 10 to 1 mm).

The scanning electron microscope (SEM) Tescan Vega 3-LMH with an X-Max 80 energy
dispersive detector was used to analyze the microstructure, chemical, and phase composition of
alloys. Samples for SEM analysis were mechanically polished on a Struers LaboPol-5 machine
with SiC abrasive papers of 300 to 2400 grit and then polished with a 10% H2O> solution in OP-
U silica-based suspension.

Thermo-Calc software (TTTI3 database) was used for the construction of a polythermal section
of the phase diagram and the determination of f-transus temperatures. The S-transus values of the
alloys were also experimentally determined by differential thermal analysis (DTA, Setaram
Labsys).

The uniaxial strain rate tensile tests were performed on a Walter Bai LFM-100 machine in an
argon atmosphere furnace at temperatures of 625, 700, and 775 °C. The dog-bone samples with
dimensions of 14x6x1 mm?® were held in the furnace for 0.5 h to provide uniform temperature
during the tensile test. The superplastic behavior was evaluated using step-by-step strain rate
reduction tests ranging from 5x102 s to 5x107 s™!, constant strain rate tests at 1x107s™!, and tests
with a change in strain rate (20% from nominal strain rate with a strain step of 0.2) during
deformation by ASTM E2448-11.
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Results and Discussion

Thermo-Calc calculations and DTA analysis

The Thermo-Calc calculated polythermal section of the multicomponent phase diagram for the Ti-
4Al1-1V-1Fe-1Ni-0.1B-xMo section (Figure 1a) and the DTA spectra for the alloys studied (Figure
1b) showed similar theoretical 920, 909, 901 and 885 °C and experimental 922, 908, 903 and
886 °C temperatures of f-transus for the 0Co, 0.5Co, 1Co and 2Co alloys, respectively. Therefore,
an increase in the Co content from 0 to 2wt% leads to a decrease in the S-transus temperature from
922 to 886 °C.
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Figure 1. (a) Polythermal section of the Ti-4Al-3Mo-1V-0.1B-xFe diagram constructed by
Thermo-Calc software and (b) DTA spectra for the investigated alloys.

Analysis of the microstructure after processing

Figure 2a-c demonstrates the microstructures of the investigated alloys after thermomechanical
processing. A similar partially recrystallized microstructure with elongated grains in the rolling
direction was observed in all investigated alloys. Table 2 demonstrates the mean grain size
measurements both across (d.) and along (d/) the rolling direction and grain’s aspect ratio (d_/d)).
Increasing the Co content resulted in insignificant changes in the grain size of the & and f phases;
dyranged from 0.7 to 0.9 um for the a phase and from 0.8 to 1.0 um for the § phase, 4. ranged
from 0.4 to 0.5 um for the a phase and from 0.3 to 0.4 pm for the f phase, respectively. Moreover,
when the cobalt content increased from 0 to 2 wt.%, the grain aspect ratio (d./dy) changed
insignificantly for both phases; d./djranged from 0.5 to 0.7 for the a-phase and from 0.3 to 0.4 for
the f-phase. Also, alloying of the 0.5-2.0%Co resulted in an increase in f-phase volume fraction
to 23-37% compared with 20% for the Co-free alloy.

e T e "

Figure 2. SEM images of hotolled sheets for the (a) 0Co alloy, (b) 0.5Co alloy, (c) ollo,
and (d) 2Co alloy.
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Table 2. Mean grain size along (d;) and across (d.) the hot deformation direction after
processing of the investigated alloys.

a [MkM] B [Mxm]
Alloy
dy di dudy dy di dudy
0Co 09=+0.1 04+0.1 0.5 1.0+£0.1 03+0.1 0.3
0.5Co 0.7+0.1 0.5+0.1 0.7 0.8+0.2 0.4+0.1 0.4
1Co 0.8+0.1 0.5+0.1 0.6 09=+0.1 0.3+0.1 0.3
2Co 09=+0.1 0.4+0.1 0.5 1.0+£0.1 0.3+0.1 0.3

Superplastic deformation behavior and microstructure evolution

Figure 3a-c demonstrates the results of the step-by-step decreasing strain rate test at different
temperatures. Co alloying resulted in a decrease in flow stress and an increase in the strain rate
sensitivity coefficient (m) compared to the base 0Co alloy. The base alloy exhibited maximum m
values of 0.4-0.43 at 775 °C in the range of strain rates 1x10* - 4x107 s’ The 0.5-2% Co alloying
increases the coefficient m to 0.5-0.65 in the same strain rate range. The 0.5Co,1Co, and 2Co alloys
exhibited high m values of 0.5-0.6 even at a low temperature of 700 °C. The 2Co alloy
demonstrated high m values of 0.50-0.53 even at 625 °C in the strain rate range of 5 x 10 - 1 x 10-
35l

The strain rate of 1 x 103 s™! corresponded to a maximum m of 0.55-0.65 at 775 °C and high m
values of 0.40-0.50 at temperatures of 775-625 °C for Co-containing alloys. Thus, the alloys
studied were tested by uniaxial tensile to failure at a constant strain rate of 1 x 102 s at
temperatures of 625, 700, and 775 °C (Figure 3d-f, Figure 4). The alloying with 0.5-2% Co
resulted in a decrease in flow stress throughout the investigated temperature range and an increase
in elongation to failure from 200-350% to 500-1000% at 700-775 °C. The maximum difference in
superplastic behavior was obtained by alloying with 2%Co as compared to the Co-free base alloy
at all temperature ranges of 625-775 °C; the flow stress decreased by 2-3 times and the elongation
to failure increased to 900-1000% (Figure 5a).

o [MPa] 625 °C (a) m o[MPa] 700 °C (b) m o&[MPa] 775 °C (c) m
] ] 10.6 ]
lo.s 0.6
S . 105 10.5
100 =< 04 100- ~ 104 100 = loa
103 10.3 103
10.2 0.2 102
10.1 10.1 —+—1Co 10.1
: : . | , : , =200
10 10° 102 £[s] - 3 102 &[s"] 104 10° 10?2 ¢€[s]
o [MPa] 625 °C d o [MPa] 700 °C o [MPa] 775 °C
@ ©) oo ()
200 —0Co 601 —0.5c0
——0.5Co
160 P 60 1Co
120 72 0 401 ——2Co
Co 40 =~ 00
80 —0.5Co 20/
40 20 —— 1Co

0l ' . _ . 0l . . — 2Co . ' ] .
0.0 0.5 1.0 1.5 20 ¢ 00 05 1.0 1.5 20 ¢ 0.0 0.5 1.0 1.5 20 ¢

Figure 3. (a—c) Stress vs. strain rate and m value vs. strain rate obtained by a step-by-step
decrease in the strain rate and (d—f) stress—strain curves at a constant strain rate of 1 x 107 57!
at (a,d) 625 °C, (b,c) 700 °C and (c,f) 775 °C.
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specimen images after SPD tests at a strain rate of 1 x 107 s at (a) 625 °C, (b) 700 °C and (c)
775 °C.

The superplastic behavior is strongly influenced by the microstructure evolution during
deformation. In this regard, the strain-induced evolution of m with a 20% change in strain rate
during deformation to failure was studied by testing at a constant nominal strain rate of 1 x 107 s°
! Co-containing alloys exhibit high values of m>0.5 at deformation up to 1-1.5 true strain at
temperatures of 775 and 700 °C compared to the reference 0Co alloy (m=0.35-0.40). The m-value
decreases to 0.4 for true strain exceeding 1-1.5 presumably due to the acceleration of dynamic
grain growth. At the same time, an alloy with 2% Co exhibits m values of 0.4-0.5 with a stable

superplastic flow up to a strain of 1.8 (Figure 5a).
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Figure 5. Stress-strain curves and strain-induced evolution of coefficient m at the tests with a
20% change in strain rate according to ASTM standard at (a) 625 °C, (b) 700 °C, and (c)
775 °C at the nominal strain rate of 1 x 107 s7.

The strain-induced microstructural evolution was analyzed at 700 °C for the Co-free base alloy
and the alloy with 2% Co with the most difference in deformation behavior. Figure 6 provides
microstructures of 0Co and 2Co alloys before (annealing for 30 min) and after superplastic
deformation to failure. After annealing at 700 °C the 0Co alloy exhibits a fine grain structure with
uncrystallized areas with a 13% f-phase volume fraction and a grain size of 0.6 + 0.2 pm for the
a-phase and 0.8 £ 0.2 um for the f-phase. The 2Co alloy exhibits a more globular microstructure
with a B-phase volume fraction of 27% and a grain size of 1.0 + 0.2 um for the a-phase and
1.1 £0.2 um for the S-phase. Superplastic deformation leads to dynamic grain growth to
1.0 £ 0.1 pm for a-phase and to 1.2 £ 0.1 for f-phase in the Co-free alloy and to 1.4 = 0.2 pm for

o-phase and to 2.0 = 0.2 um for S-phase in the 2Co alloy.
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Figure 6. Microstructures of (a,c) 0Co alloy and (b,d) 2Co alloy (a,b) before (annealing for 30
min) and (c,d) after deformation at 700 °C with a strain rate of 1 x 107 s7.

As a result, the 2%Co alloying significantly improved the superplasticity of the base Ti-4Al-
3Mo-1V-0.1B alloy despite the acceleration of dynamic grain growth. This effect can be explained
for several reasons. The first reason is that Co is a f-stabilizing element and increases the f-phase
volume fraction at deformation temperatures. Increasing the f-phase volume fraction simplifies
deformation by its high diffusivity and ductility due to the BCC lattice. It is known that most Ti
alloys require 20-50% f-phase to provide a stable superplastic flow with limited grain growth [21—
23]. Increasing the pf-stabilizer content provides the required p-phase fraction at lower
temperatures and consequently provides a better superplastic behavior. The second reason is that
Co is an element with high diffusivity in Ti and promotes diffusion-controlled mechanisms of
superplastic deformation — grain boundary sliding (GBS) and its accommodation [10,16,24,25]. In
addition, recrystallization and fragmentation occurred at low temperatures due to accelerated
diffusion for the Co-bearing alloys, which provided the required recrystallized microstructure with
equiaxial fine grains before superplastic deformation.

Summary

The effect of 0.5-2 wt.% Co addition on the superplastic behavior and microstructure parameters
of Ti-4Al-3Mo-1V-0.1B alloy in the temperature range of 625-775 °C was investigated. The main
conclusions are the following:

The addition of 0.5-2%Co significantly improved the superplastic behavior of the Ti-4Al-3Mo-
1V-0.1B alloy at 700-775 °C: m value increased from 0.35-0.4 to 0.5-0.65, elongation to failure
increased from 200-350% to 500-1000% with lower flow stress in Co-bearing alloys. The
microstructure evolution analysis revealed an acceleration of recrystallization and fragmentation
of the microstructure during annealing at superplastic deformation temperature due to diffusivity
acceleration by Co addition. Enhanced diffusivity also led to dynamic grain growth during
superplastic deformation but promoted stable superplastic flow due to the facilitation of GBS. As
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a result, the alloying with 2 wt% Co provides excellent superplastic behavior in the temperature
range 625-775 °C at a constant strain rate of 1 x 10~ s™! with a coefficient m value of 0.5-0.65 and
elongation to failure of 800-1000%.
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