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In the present study, the room temperature mechanical properties and formability of metastable p-Tita-
nium (-21S) and Ti-6Al-4V (« + B) alloys in sheet form are evaluated and compared. The alloys are
subjected to various deformation modes, such as biaxial stretching, stretch flanging and deep drawing.
Formability was characterized in terms of forming limit curve (FLC), limiting dome height (LDH), hole
expansion ratio (HER) and limiting draw ratio (LDR). Uniaxial tensile tests were conducted to determine
the mechanical properties, anisotropic parameters and flow curves. f-21S exhibited flow softening with
similar strength, higher ductility and lower anisotropy than Ti-6Al-4V. Forming limit curves (FLCs) of both
alloys were determined by performing tests in different strain paths using the simplified Hecker’s method.
The FLCs showed that limit strains of f-21S are marginally higher than Ti-6Al-4V. In addition, the LDH,
HER and LDR values of $-21S are found to be higher than that of Ti-6Al-4V. Thus, the findings indicate
better overall formability of metastable f-21S alloy making it more suitable than Ti-6Al-4V for room

temperature forming applications.
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1. Introduction

Ti-6Al-4V is the most extensively used titanium alloy in
aerospace and marine industries and biomedical applications
such as implants and prostheses. It contains both « and f§ phases
at room temperature (RT), and it is the most common example
of o + f§ phase Ti alloys. On the other hand, -Ti alloys have
predominantly f-phase at RT, but they might also contain a
small amount of a-phase and other intermediate phases like
martensitic phase and omega (w) phase depending upon
thermo-mechanical processing and heat treatment. Upon defor-
mation, depending on the stability of the f-phase, they tend to
exhibit stress-induced transformation, which enhances their
mechanical properties (Ref 1, 2). Among the -Ti alloys, -21S
(Ti-15Mo-2.7Nb-3A1-0.2Si) is a metastable [-Ti alloy that
exhibits good creep resistance, high-temperature strength and
superior oxidation resistance, making it suitable for military
and civil aircraft. It is also used for manufacturing large and
complex sheet metal parts in aircraft. For example, f-21S is
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used for manufacturing the tail plug for the B-777 engine (Ref
3). Therefore, a study on the mechanical behavior of -21S Ti
alloy during sheet metal forming and its formability in different
processes is important. However, the previous research (Ref 4-
8) in this field has been predominantly focused on and limited
to commercially pure titanium (CP-Ti) and Ti-6Al-4V alloys.

One of the earlier studies (Ref 9) on the mechanical
behavior of Ti-6A1-4V alloy sheets revealed rapid necking after
reaching the ultimate tensile strength, while CP-Ti demon-
strated diffused necking. In another study (Ref 10) also, it was
reported that the Ti-6A1-4V samples exhibited a sudden fracture
without necking when deformed at RT. Djavanroodi and
Derogar (Ref 12) found that the limiting strain values in the
forming limit diagram (FLD) of Ti-6Al-4V increased with the
increase in strain hardening exponent (1) and normal anisotropy
(R), thereby shifting the forming limit diagram upward. But
when the Ti-6A1-4V alloy was deformed at 400 °C, the limiting
major strain was found to be less than 0.1 at the plain strain
condition, suggesting that the formability of Ti-6Al-4V alloy is
limited even at elevated temperatures (Ref 4).

The formability of sheet metals is generally characterized in
terms of stretchability, stretch flangeability and drawability (Ref
13). Limiting dome height (LDH) is a measure of the
stretchability of sheets. The LDH and strain distribution in
biaxial stretching are influenced by friction between the punch
and the blank (Ref 14). Nitin Kotkunde et al. (Ref 4) performed
the LDH test on Ti-6Al-4V at 400 °C and found that the
predicted value of LDH from numerical simulation agreed with
the experimental result. The hole expansion test (HET) is used
to determine stretch flangeability or edge formability. The hole
expansion ratio (HER) is the ratio of the final hole diameter at
the time of the first edge crack to the original hole diameter
(Ref 15) in a hole expansion test. The hole expansion ratio of
the EDM-machined CP-Ti sample was found to be much higher
than that of the abrasive water jet machined sample due to the
better surface finish of the hole edge (Ref 5). Though a uniaxial
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state of stress exists at the hole edge in HET, but conventional
tensile testing methods are not suitable for finding HER.
Multiple localized necking around the hole edge causes non-
uniform thinning leading to higher deformation in HET, while
the uniaxial tensile test results in single localized necking with
uniform thinning (Ref 5). The drawability of sheet metals in the
deep drawing is assessed by performing the Swift flat bottom
cup test (Ref 14). Drawability is determined by the limiting
draw ratio (LDR), which is defined as the ratio of the maximum
blank diameter that can be successfully drawn to the punch
diameter. A larger LDR value implies a larger possible cup
depth, which suggests better drawability (Ref 14). In the case of
CP-Ti, it was observed that the LDR increased from 2.2 at RT
to 2.9 with an increase in temperature up to 200 °C (Ref 6).
Thus, it indicates that the drawability increases with the
increase in temperature. However, in the case of Ti-6Al-4V, an
LDR of only 1.86 could be achieved at 400 °C (Ref 4).

As evident from hitherto literature, most of the work on the
formability of Ti and its alloys at room temperature and
elevated temperatures has been limited to CP-Ti and Ti-6Al-4V
alloy sheets only. In the case of 8-Ti alloys, researchers (Ref 11,
16) focused on the microstructural evolution and strengthening
of f-Ti alloys through solution treatment and aging but the
formability of these alloys has not been studied for applications
in sheet metal forming processes. For these applications, both
strength and formability are equally important. Since f-Ti
alloys are being used for sheet metal forming applications in
aircraft, it is important to characterize the formability of ff-alloy
sheets in different modes of deformation and compare it with
that of a most commonly used Ti alloy such as Ti-6Al-4V to
establish the specific advantages and disadvantages of these
alloys in sheet metal forming. In this present work, the room
temperature mechanical properties and formability of S-21S
alloy sheets in solution-treated conditions are evaluated. This
study explores formability in three different deformation
modes, namely biaxial stretching, stretch flanging and deep
drawing. The formability characteristics are correlated with
microstructure and mechanical properties to offer comprehen-
sive and insightful information about the material’s behavior.
The obtained results are systematically compared with those of
commercially available Ti-6Al-4V alloy to assess the relative
performance of f-21S alloy. This comparative analysis pro-
vides a foundation for comprehending the potential applications
and practical implications of -21S alloy.

2. Materials and Experimental Procedure

2.1 Materials and Conditions

The f-21S alloy sheets of 200 x 200 x 2 mm and the
commercially available Ti-6A1-4V sheets of 500 x 500 x
1.2 mm were procured. The chemical composition of these
alloys, analyzed using X-ray fluorescence (XRF), is presented

in Table 1. The as-received 2-mm-thick sheet samples of 5-21S
alloy were solutionized at 900 °C (above its f-transus temper-
ature of 810 °C) for 30 min in Tempsens HTF-T-1700 furnace
by applying a protective layer of delta-glaze to avoid oxidation
and then water quenched to room temperature to retain the
high-temperature f-phase. The hard outer layer of delta-glaze
formed after solution treatment was removed by grinding. Most
of the industrial applications, for example, compressor blades,
consider the two-phase (o + §) microstructure of Ti-6Al-4V
alloy (Ref 17). Therefore, the commercially available Ti-6Al-
4V sheets, in the as-received condition, were compared with
solutionized f-218 alloy.

2.2 Microscopy

The various conditions of f-21S and Ti-6Al-4V samples
were examined using optical microscopy and X-ray diffraction
(XRD) analysis. The metallographic samples were prepared as
per the standard procedures of grinding, and mechanical
polishing followed by etching with Kroll reagent (92% distilled
water, 6% nitric acid and 2% hydrofluoric acid). Using Buehler,
Ultramet 2005, the polished samples were ultrasonically
cleaned in ethanol for 15 min. Optical microstructures were
captured using an inverted optical microscope (Zeiss Axio-
vert25). Image-J (version 1.53t) software was used to estimate
the volume fraction of the phases. X-ray diffraction (Rigaku
Ultima IV) was used for phase identification. XRD measure-
ments using Cu Ko radiation (A = 0.1542 nm) operating at
40 kV and 40 mA were performed in the 20 range of 30-90°
with a step size of 0.02° and scan rate of 1°/min.

2.3 Mechanical Properties

2.3.1 Tensile testing. Uniaxial tensile test was carried out
using ASTM-E8 sub-size standard dog-bone samples with
gauge dimensions of 6 mm width and 25 mm length to
determine the tensile properties of both f-21S alloy and Ti-
6Al-4V alloy sheets. Tensile anisotropy was evaluated using
samples prepared along 0°, 45° and 90° to the RD as shown in
Fig. 1. The samples were prepared using a wire EDM machine,
and the tests were carried out on a 30 kN Zwick-Roell Z030
universal testing machine with a video-extensometer at a
constant strain rate of 107> s~'. The true strains in width and
length directions were measured using a video-extensometer.
The strength coefficient (K) and strain hardening exponent (n)
in the power law of hardening ¢ = K¢" were found by plotting
In(6)-In(€) data in the uniform plastic deformation region (i.e.,
between YS and UTS), where ¢ and ¢ are true stress and true
strain, respectively.

2.3.2 Anisotropy. Anisotropy in terms of plastic strain
ratio (R) has been characterized as it plays an important role in
processes like deep drawing. As per ASTM E517 standard, the
plastic strain ratio is determined at a constant strain in the
uniform plastic deformation region, but in the case of -21S,

Table 1 Chemical composition of f-21S and Ti-6Al-4V alloys (in wt.%)

Alloy/element Al \% Si Fe Mo Nb Ti
p-218 3.07 £ 0.3 0.15 £ 0.03 0.40 £ 0.1 0.06 £ 0.01 13.91 £ 0.14 2.68 £ 0.02 Bal.
Ti-6Al-4V 5.74 £ 0.32 3.87 £+ 0.09 0.27 + 0.02 0.20 £ 0.01 Bal.
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Fig. 1 Tensile test specimen orientations with respect to the rolling
direction (RD)

UTS occurs very close to YS, showing a very small uniform
plastic region followed by flow softening. No standard
methodology was found in the literature to determine R-values
for materials showing flow-softening behavior. Thus, an
alternative method of Hill’s plastic strain ratio (R) was
adopted (Ref 18). In this method, the length and width strains
were measured at different strains of regular intervals. The
longitudinal and width strains were obtained continuously from
the video-extensometer until fracture. The plot between these
strains varies linearly, and the slope of the linear fit is used to
determine the R”-value. If K is the slope of the curve, then R
is calculated by Eq 1 (Ref 18):

% —K

_ Eq 1
11K (Eq 1)

Some materials show a variation of the R-value with the
longitudinal strain at which it is measured. So, the R-value
measured by the ASTM method is strain-dependent, while the
R"-value is strain-independent over a range of longitudinal
stains even beyond uniform elongation (Ref 18). The R"
method was used to determine R-values (Rj, R;s and Rgy) of
specimens oriented at 0°, 45° and 90° to RD, and the normal
anisotropy (R) and the planar anisotropy (AR) are calculated
using the following equations (Ref 13):

Ro + 2R45 + Roo

R =
4

(Eq 2)
_ Ro — 2Ry45 + Rop

AR
2

(Eq 3)

2.4 Formability Tests

2.4.1 Forming Limit Diagram (FLD) and Limiting
Dome Height (LDH) test. The FLDs of the two alloys were
determined by following the method suggested by Hecker (Ref
19). In this method, a 100-mm-diameter cylindrical punch with
a hemispherical bottom was used to deform the specimens up to
necking or failure in different modes of deformation (tension-
compression, plane strain and biaxial tension). To obtain the
different strain paths, specimens of different widths were tested.
Rectangular specimens of length 175 mm with five different
widths (25, 50, 100, 125, and 175 mm) were deformed on a
HIND make 100-ton formability testing machine. LDH was
measured using the specimen (175 X175 mm) which is
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subjected to pure out-of-plane biaxial stretching as shown in
Fig. 2(a). A blank holding force (BHF) of 500 kN was applied
to prevent draw-in of the material. A circular grid with 5-mm-
diameter circles with a gap of 1 mm was marked on the surface
of the specimen by a 20 W fiber laser marking machine. A
video camera was used to identify the initiation of the crack,
and the test was stopped when a sudden drop in load at the
onset of necking/fracture was observed. The major and minor
strains on the deformed samples were measured in safe, necked
and failed regions using a grid pattern analyzer. The major—
minor strain data were used to plot the FLDs.

2.4.2 Hole Expansion Test (HET). Hole expansion tests
were done as per ISO 16630 standards. As per this standard,
square blanks of 100-mm side with a 10-mm hole at the center
were used for testing. The hole in the blanks was made by a
wire EDM machine. In this test, the hole was expanded with the
help of a 50-mm diameter conical punch with a conical angle of
60° as shown in Fig. 2(b). The test was stopped when the
fracture first appeared on the edge of the hole. The final
thickness around the edge and the final hole diameter were
measured. The ratio of the final hole diameter at fracture to the
initial diameter is the hole expansion ratio (HER), and it is a
measure of stretch flangeability or local edge formability.

2.4.3 Deep Drawing Test. A Swift flat bottom deep
drawing cup test (Ref 9) was conducted for both $-21S and Ti-
6Al-4V sheets using circular blanks of diameter (Dy) and
thickness (%o0). Tests were carried out using a 50-mm diameter
(Dp) cylindrical punch with a 6-mm corner radius (Rp) and
54.8-mm internal die diameter with a 6-mm corner radius (R,)
as shown in Fig. 2(¢c). A blank holding force of 150 kN and 200
kN was applied to prevent wrinkling in the case of Ti-6A1-4V
and f-218, respectively. Lubricating oil was applied on the
blank to reduce the friction between the dies and the blank.
LDR was determined by increasing the blank diameter in steps
of 5 mm, starting with an initial diameter of 90 mm, and testing
was continued until fracture occurred. The percentage thickness
variation in the deep drawn cups was measured using a pointed
micrometer.

3. Results and Discussion

3.1 Microstructure

The microstructures of f-218S in the solution-treated condi-
tion and Ti-6Al-4V in the as-received condition are shown in
Fig. 3. Due to the solution treatment at 900 °C for 30 min, the
microstructure of $-21S exhibits a single f phase, as shown in
Fig. 3(a). Ti-6Al-4V has a homogeneous distribution of islands
of the bce ff phase in the matrix of the hep o phase (Fig. 3b).
The volume fraction of the f§ phase in Ti-6Al-4V was found to
be approximately 28%. In contrast to Ti-6A1-4V, -21S with a
single f phase has a homogenous equiaxed microstructure.
XRD peaks in Fig. 4 demonstrate the absence of the hcp «
phase in f-218S and its presence in Ti-6Al-4V.

3.2 Tensile Properties

The true stress—true strain curves and work hardening rate
plots of p-21S and Ti-6Al-4V alloys obtained from uniaxial
tensile tests at RT are shown in Fig. 5. The stress—strain curve
of (-218S alloy (Fig. 5a) shows decreasing flow stress with
strain for most of the plastic deformation. The negative work
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Fig. 2 Schematic representation of (a) limiting dome height test, (b) hole expansion test (the respective diameters of the initial and deformed
samples are presented below the test setup) (c) deep drawing test setup of a cylindrical cup

Fig. 3 Optical microstructures of (a) -21S in solution-treated condition and (b) Ti-6Al-4V in the as-received condition

hardening rate (Fig. 5¢) is a clear indication of flow-softening
behavior. There is no discernible difference between YS and
UTS for the $-218 alloy since the UTS was attained relatively
quickly after yielding. Similar observations of flow softening of
p-21S alloy were reported in the literature (Ref 11, 16).
However, Ti-6Al-4V alloy shows a stress—strain curve (Fig. 5b)
with strain hardening behavior and positive work hardening

rate in the plastic deformation region (Fig. 5d) like many other
common alloys. The possible phenomenon for such flow-
softening behavior in -21S alloy could be due to the intense
slip band formation (Fig. 6) during deformation resulting in
flow localization. The other possible phenomenon as claimed
by the researchers (Ref 11, 16) was the presence of a fine
athermal omega (w,y) phase in the alloy leading to planar
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inhomogeneous flow resulting from localized near adiabatic
temperature rise. The ®,y, phase that forms during quenching,
in the case of fS-Ti alloys, can be easily sheared by the
dislocations during plastic deformation due to its fine size, of
the order of 2-5 nm (Ref 20). The subsequent dissolution of
these m,q, phase particles results in easier slip activation and the
formation of intense planar slip bands leading to flow
localization. Hence, flow stress either decreases or remains
constant after yielding. However, in the case of Ti-6Al-4V

— Ti-6A1-4V

Intensity (a.u)

20 (degree)

Fig. 4 XRD peaks of -21S and Ti-6Al-4V alloys
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alloy, the presence of brittle o phase acts as a barrier to the
dislocation movement, resulting in strain hardening.

The tensile properties of both the alloys in the three
orientations to RD (0°, 45° and 90°) are summarized in Table 2.
It is observed that the Young’s modulus (E) of 5-21S is ~ 38%
lower than that of Ti-6Al-4V. The modulus of elasticity in
metastable f§ alloys is expected to vary with the presence of
phases in the following order ® > o > o’ > o” > f (Ref
21). So, the presence of a single f phase in f-21S could be
related to the lower modulus of elasticity when compared to Ti-
6A1-4V. However, the average YS of f-21S was found to
be ~ 5% higher than Ti-6Al-4V, while the average UTS values
of p-21S and Ti-6Al-4V are almost the same. The total
elongation of f-21S was found to be 20-30% higher than that of
Ti-6Al-4V. As stated earlier, the presence of brittle o phase acts
as a barrier to the dislocation movement and thereby improves
the strength but limits the plastic deformation due to crack
formation. In contrast, the single  phase with homogenous
microstructure results in higher plastic deformation before
failure. In addition, the formation of intense planar slip bands
results in easier slip activation in $-21S (Ref 11), leading to
higher ductility compared to the limited number of active slip
systems in Ti-6Al-4V. Thus, diffuse necking was observed
before localized necking in the case of $-218S, while in the case
of Ti-6A1-4V, a sudden failure without diffuse necking was
observed, which is consistent with the literature (Ref 13).
Hence, the room temperature tensile test results show ductility
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Fig. 5 True stress—true strain curves of (a) f-21S and (b) Ti-6Al1-4V in three different orientations to RD and the corresponding work hardening
rate plots of (¢) -21S and (d) Ti-6Al-4V alloys along the rolling direction (RD) in the plastic deformation region
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of B-21S is superior to Ti-6Al-4V with comparable strength
values.

Since no significant hardening was observed in the flow
curve of 3-218, the values of n and K could not be found. The n
and K values of Ti-6Al-4V are given in Table 2. The # values of
Ti-6Al-4V are consistent with those reported in the literature
(Ref 22, 23), and the very low n values indicate the limited
strain hardening ability of Ti-6Al-4V. Typically, the n value
increases with increasing temperature (Ref 7, 8, 22) and
decreasing strain rate (Ref 7). A high n value is preferred for
better formability because it enhances the uniformity of strain
distribution and hence postpones the onset of necking. This
could be one of the reasons for carrying out the formability
studies of Ti-6Al-4V at elevated temperatures.

3.3 Anisotropy

Anisotropy was observed in the tensile properties of both
alloys to a limited extent. The UTS of 5-21S along RD (i.e., 0°)
is ~ 6% lower than at 45° to RD. Similarly, for Ti-6Al-4V,
UTS along RD is ~ 5.5% higher than at 45° to RD. The plots
between true longitudinal strain and true width strain are shown
in Fig. 7 for both alloys. Table 3 shows R”-values (as per Eq 1)
for $-21S and Ti-6Al-4V along 0°, 45°, and 90° to RD at a
strain rate of 107 s™'. It is observed that R”-values of -218S are
relatively lower than those of Ti-6Al-4V, indicating lower
resistance to thinning when compared to Ti-6Al-4V. Among the
R-values, Ry, and Ry, of solution-treated -21S showed slightly
different values from those reported in the literature (Ref 11).
At a strain rate of 107> s™!, the R-values of Ti-6Al-4V in this
work were in the range of 0.4-0.6, while at a strain rate of
107" s, it is in the range of 0.65—1.45 (Ref 23). To the extent

Fig. 6 Intense planar slip bands formed during deformation in the
necking region of a 3-21S tensile specimen

Table 2 Tensile properties of -21S and Ti-6Al1-4V alloys

of texture weakening, there would be a significant increase in
the R-values, which is directly related to the formability (Ref
24). So, the variation in texture and the microstructural
constituents might have played a key role in the variation of
R-values.

The values of normal anisotropy (R) and planar anisotropy
(AR) [as per equations (2) and (3), respectively] are shown in
Table 3. -21S shows lower R when compared to Ti-6Al-4V.
Higher R is an advantage in processes like deep drawing and
stretch flanging while a lower value of AR helps in reducing the
earing defect in deep drawing. f-21S alloy shows a significant
planar anisotropy but Ti-6Al-4V show a negative value. The
negative value of planar anisotropy indicates that the mechan-
ical properties of the alloy are almost approaching the isotropic
behavior. The experimental investigations of drawability and
stretch flangeability would be critical to assess the formability
characteristics of 5-21S which showed flow-softening behavior
with higher ductility and similar strength, but lower R-values as
compared to Ti-6Al-4V.

3.4 Forming Limit Diagram

The experimentally determined FLDs of f-21S and Ti-6Al-
4V are shown in Fig. 8. In the case of -218S, the FLD samples
showed clear necking (Fig. 9a). Hence, the limit strains at the
onset of necking could be measured and they lie just above the
safe strains but well below the failure strains. However, due to
sudden failure in samples of Ti-6Al-4V without any visible
onset of necking, the test could not be stopped at necking or the
initiation of crack. So, some samples were tested up to failure
(Fig. 9b), and some were stopped after reaching the maximum
limit of safe region (Fig. 9c). This resulted in a large gap
between the safe and the fracture strains for Ti-6Al-4V. Hence,
two curves are shown for Ti-6Al-4V in Fig. 8, one representing
the maximum safe strain limit and the other failure strain, while
the FLD of -21S represents the strains at the onset of necking.

Although void coalescence is the ductile micro-mechanism
of rupture, a macroscopic mechanism of sheet rupture by fast
shear was found in the case of Ti-6Al-4V at both room
temperature and elevated temperatures with no evident necking
(Ref 25). The absence of local necking in Ti-6Al-4V samples
may also be due to negligible strain rate sensitivity coefficient
(m) and minimal fracture strain during biaxial stretching (Ref
23). Therefore, a large difference between safe and failed data
points is observed on the FLD. The plain strain intercept of the
curve (FLD,), which is the limiting major strain in plane strain
stretching is higher for $-21S by ~ 73 % as compared to Ti-
6Al1-4V. FLD, indicates the overall level of the FLD. Also, the
maximum limiting major and minor strains of -21S are higher
in most of the strain paths (except in some parts on the LHS of

p-218 Ti-6Al-4V

0° 45° 90° 0° 45° 90°
Yield strength, MPa 920.0 978.8 983.0 919.6 902.4 937.8
Ultimate tensile strength, MPa 923.8 979.2 986.3 982.0 928.2 970.3
Total elongation, % 20.4 17.8 22.1 14.2 15.9 15.9
Young’s modulus, GPa 58.8 75.1 63.5 105.3 105.8 110.8
Strain hardening exponent, n 0.063 0.043 0.051
Strength coefficient, K, MPa 1234.9 1101.4 1181.1
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Fig. 7 True longitudinal strain—true width strain plots used for determination of R”-value of (a) -21S and (b) Ti-6Al-4V

Table 3 Anisotropic parameters of -21S and Ti-6Al-4V
alloys

p-21S Ti-6A1-4V
RY, 0.19 0.52
R7,s 0.14 0.63
R, 0.36 0.40
R 0.21 0.55
AR 0.14 —0.17

the curve), which implies the overall formability of -21S is
better than that of Ti-6Al1-4V. The higher formability of -21S
can be attributed to the presence of a single f§ phase with coarse
grain structure and higher ductility. Interestingly, on the left
side of the FLD, the room temperature safe and failure strains
of Ti-6Al-4V are almost identical to the limit strains reported at
high temperatures (Ref 4, 12, 23). This indicates that the room
temperature drawability might result in a similar formability
limit as achieved for high temperatures in the literature (Ref 4).

3.5 Stretchability

The LDH test samples deformed up to near necking or
fracture of $-21S andTi-6Al-4V alloys are shown in Fig. 10. In
the case of -218S alloy, the measured dome height near necking
has been considered to be the LDH, while in Ti-6Al-4V, the
dome height at fracture was considered. The LDH, maximum
major strain, maximum minor strain and peak load values of
both the alloys are summarized in Table 4. Experimental results
show that the LDH of 8-218 is 44% higher than that of Ti-6Al-
4V indicating that -21S is superior to Ti-6Al-4V in terms of
stretchability. It is also reflected in the significant difference
between the maximum major and minor strains that confirm the
formability of -21S in biaxial stretching is better than that of
Ti-6Al-4V. The better stretchability of -21S could be due to
flow softening leading to larger uniform elongation prior to
localized necking as indicated in the flow curve. The LDH of f3-
218 alloy at room temperature is almost equal to the LDH of
Ti-6Al1-4V reported at 400 °C (Ref 4). Additionally, it is
demonstrated for Ti-6Al-4V that the n value increases up to
400 °C with negligible change in the m value leading to higher
LDH than at 600 °C, where 7 is lower and m is higher (Ref 23).
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The load—displacement curves of the two alloys obtained
from LDH tests are illustrated in Fig. 11. The force required to
reach an equal depth of deformation (say, 10 mm) is 38 to 45%
lower in $-21S. However, due to the higher depth of forming,
the peak punch load is higher for $-21S as compared to Ti-6Al-
4V. For f-218 alloy, it is interesting to note that after achieving
a peak load value of 120 kN, the load needed for additional
deformation remains constant and is consistent with both of its
samples. The higher load requirement for Ti-6A1-4V for a given
depth of forming can be attributed to the pinning of dislocations
during deformation due to the presence of the « phase.
However, in f-21S alloy, the ease of slip band formation
initiating localized deformation might be the cause for obtain-
ing higher deformation even at lower loads. In addition,
shearing of @, particles by the dislocations would also
contribute to the lower force requirement. As observed in
Fig. 5, the stress remains constant during deformation in the
plastic region before failure. Similarly, the load required for
further deformation after reaching a peak value remains the
same till fracture. The deformation under constant load could
be related to the slip transfer that produces continuous planar
slip bands, as evident from Fig. 12, favoring the deformation.
The presence of planar slip bands during the plastic deforma-
tion of $-21S is consistent with the observations made in the
literature (Ref 11). Thus, higher LDH can be produced at room
temperature with lower loads for f-21S alloy when compared
to Ti-6Al-4V alloy and thereby avoiding high-temperature
complexities.

3.6 Stretch flangeability

A hole expansion test (HET) was performed to determine
stretch flangeability. The experimentally tested HET samples of
p-21S and Ti-6Al-4V alloys are shown in Fig. 13. The hole
expansion ratio (HER), max % reduction in thickness and the
peak load are summarized in Table 5 for both the alloys. In the
case of -21S alloy, HER was observed to be 83%, which is
much higher than that of Ti-6Al-4V alloy (30.5%). Larger HER
indicates higher deformation prior to edge cracks and hence
thinning would be higher in the region near the crack. It is
consistent with the higher maximum % thinning observed in
the case of 5-21S alloy. Punch load at failure is higher for f-
21S due to its higher strength, thickness and extent of
deformation in HET. The results indicate higher stretch
flangeability of -21S alloy making it more suitable than Ti-
6Al-4V for applications which require high edge formability.
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Fig. 8 Forming limit diagrams of (a) -21S (at necking) and (b) Ti-6Al-4V (maximum safe and failure)

Fig. 9 Tested FLD samples of different widths: (a) -21S, (b) Ti-
6Al-4V at failure, and (c) Ti-6Al-4V just before failure (maximum
safe condition)

3.7 Drawability

Drawability was determined by finding out the LDR in the
cylindrical cup deep drawing test. The experimental results of
deep drawing tests are summarized in Table 6. It has been
found that the LDR of f-21S is slightly higher than that of Ti-
6Al1-4V. In the case of f-218, a blank with an initial diameter of
95 mm was successfully drawn, whereas a blank with a 95 mm
diameter of Ti-6Al-4V failed during deep drawing. The cups,
successfully drawn with a maximum diameter and the failed
ones of both alloys, are shown in Fig. 14. The experimental
results show an LDR of 1.8 for Ti-6Al-4V, which could be due
to low normal anisotropy when compared to other ductile
materials like low-carbon steel. It can also be observed that four
small ears formed during the process. Slightly better drawabil-
ity (in terms of LDR) was exhibited by -21S in contradiction
to the lower R value when compared to Ti-6Al-4V. It could be
due to the lack of a standard methodology to determine the R-
value for a material showing flow softening. Thus, the higher
LDR of -21S alloy shall be attributed to the microstructure
with single f§ phase favorable for deformation under constant
stress exhibiting higher ductility. Figure 15 shows variation of
percentage thinning in the experimentally deep drawn cups of
p-21S and Ti-6Al-4V. The point “0” represents the center of
the cup while the last point (9 or 13) corresponds to its flange
end. It is observed that at the cup bottom, the thickness remains
nearly constant, it is minimum at the punch corner radius, and it
increases as we move toward the edge of the flange. This

maximum thinning in the cup wall is due to plane strain
stretching, while due to circumferential compressive strains,
thickening occurs in the flange area. The maximum thinning
observed in 5-218 is nearly twice that of the thinning observed
in Ti-6Al-4V.

The left side of the FLD (tension-compression region in
Fig. 8) of Ti-6Al-4V at room temperature (present work) and
elevated temperatures (Ref 8) shows similar strains indicating
that the formability in terms of its drawability would be nearly
the same. This observation is well substantiated with the same
LDR reported (Ref 4) at 400 °C. The negative planar
anisotropy with almost similar properties in all directions is
an ideal condition for deep drawing. It may be for this reason
that Ti-6Al-4V exhibits LDR, which was obtained at a higher
temperature, and retained at room temperature. It is also
reported that the sheets with low R value at room temperature
exhibit little change or a slight drop in its value as the
deformation temperature is increased, but sheets with a high R
value at room temperature retains a high value at temperatures
roughly up to 800 °C. As a result, the anisotropic features of Ti-
6Al1-4V observed at ambient temperature are retained even at
higher temperatures (Ref 26).

In summary, room temperature deformation of titanium
alloys is constrained due to the limited active slip systems of
the hcp crystal structure. The composition, morphology and
distribution of o and f§ phase decides the properties of the alloy.
Interestingly, f-21S exhibited superior room temperature
formability than commercially available Ti-6Al1-4V. The coarse
f grain structure along with the localized plastic deformation
due to intense slip band formation resulted in higher ductility
with comparable strength values. The ease of slip activation,
slip transfer from one grain to another grain and its interaction
favor higher deformations at lower loads. On the other hand,
the presence of brittle o phase has limited the formability of Ti-
6Al-4V at room temperature.

4. Conclusions

The following are the main conclusions from the present
study on the room temperature mechanical properties and
formability characteristics of -21S and Ti-6Al-4V alloys:
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Fig. 10 LDH test samples of (a) -21S alloy and (b) Ti-6Al-4V alloy

Table 4 Comparison of experimental results of LDH test

p-218 Ti-6Al-4V
LDH, mm 21.6 14.9
Max. major strain 0.26 0.13
Max. minor strain 0.24 0.08
Peak punch load, kN 120 73
150
1254
100 1 . .
= Fig. 13 Hole expansion test samples of f-21S and Ti-6Al-4V
< 751 4 alloys
3z .
® ‘y
S //
504 . .
s —p215_Neck Table S Comparison of hole expansion test (HET) results
254 VA - - - B-21S_Failure .
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> — - = Ti-6AI-4V_Failure
0 0 5 0 15 20 25 30 35 Hole expansion ratio (HER) (%) 83.1 30.5
Displacement (mm) % Reduction in thickness at the failure location  30.8 11.8

Peak punch load, kN 42 11

Fig. 11 Load-displacement curves of f-21S and Ti-6Al-4V alloys
obtained in LDH tests

Table 6 Comparison of deep drawing test results

p-218 Ti-6Al-4V
Limiting draw ratio 1.9 1.8
Maximum thinning (%) 10.7 5.4

(in cup wall bottom)

(1) The uniaxial tensile test of $-21S exhibits flow softening
with a significant plastic deformation at a constant stress
after the UTS resulting in higher ductility (~ 20.1 %
elongation) than Ti-6Al-4V (~ 15.3 % elongation) with
comparable strength values (UTS ~ 960 MPa). The
lower elastic modulus (~ 75 GPa) of -21S suggests
potential applications in areas like biomedical applica-
tions requiring high strength with low modulus.

Fig. 12 Optical micrograph showing continuous slip band
formation (arrows) in f-218S alloy during deformation
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The substantial plastic deformation observed in the f-
218 alloy can be ascribed to the existence of a single f
phase and the occurrence of flow localization caused by
the development of pronounced slip bands during defor-
mation. In contrast, the Ti-6Al-4V alloy experiences
hardening due to the presence of the hard and brittle o
phase.

The limiting dome height (LDH) value of f(-21S is
~ 44% higher than that of Ti-6Al-4V, while the load re-
quired for the deformation up to a depth of 10 mm in
the case of -21S is ~ 46% lower than that of Ti-6Al-
4V. In the deep drawing test, the limiting draw ratio
(LDR) of f-21S is marginally higher than that of Ti-
6Al-4V.

A higher hole expansion ratio (HER) of 83.1% for f-
21S compared to 30.5% for Ti-6Al-4V resulted in higher
deformation prior to edge cracking in the hole expansion
test. It clearly indicates better stretch flangeability of f-
218 alloy.

Experimentally determined forming limit diagrams
(FLDs) showed that the overall limit strains of (-21S
are marginally higher than those of Ti-6Al-4V which is
consistent with the improvement observed in three dif-
ferent modes of deformation. Thus, the overall formabil-
ity characteristics of f-21S at room temperature are
superior when compared to Ti-6Al-4V.
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