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The commercial p-Ti alloy, Ti-10V-2Fe-3Al; primarily used with an a+p microstructure, exhibits a high yield
strength but with poor strain-hardenability and limited ductility. This paper focuses on the interplay between
stress-induced martensite (o) in this alloy, introduced via prior cold-rolling (5,10, 20, and 30%) and additional
martensite (o) forming during subsequent tensile loading, leading to a simple way to substantially increase the
yield strength while enhancing the high strain hardenability (via TRIP) and maintaining the uniform tensile

ductility. The results indicate that the YS in this alloy can be substantially tuned from 400 to 1800 MPa, via cold-
rolling. Among the various conditions that were analyzed, the 5% cold-rolled condition offered the best com-
bination of YS (~900 MPa), ductility (8%) and the strain hardenability. The stress-induced o formation during
tensile loading is essential for maintaining the high strain-hardening and, consequently the uniform tensile

ductility in this alloy.

The demand for high-strength f—titanium alloys is growing signifi-
cantly to design high-performance, lightweight, and fuel-efficient ve-
hicles for aerospace applications. Solid solution strengthening [1,2],
precipitation strengthening via secondary o/w phases [3-5], and
cold-working [6] are possibly the three main approaches to strength-
ening p-titanium alloys. While the first two approaches have been
extensively studied [7], there are few studies discussing strengthening
via cold-working. Typically, in case of cold-worked alloys, the increase
in yield strength is accompanied by a significant loss in ductility [8].
Additionally, the enhancement in yield strength obtained via
cold-working of the alloys can be rather limited [9], as exhibited by
those B-titanium alloys whose plasticity is dominated by dislocation slip.
However, this may not be the case in those alloys which deform via TRIP
(Transformation induced plasticity) and TWIP (Twinning induced
plasticity) [10,11].

Ti-10V-2Fe-3Al (all in wt.%) is a high-strength metastable p-titanium
alloy that essentially deforms via TRIP and TWIP in its p-solutionized
and quenched state [12,13]. It exhibits significant strain hardenability
and ductility but relatively low yield strengths under uniaxial tensile
loading [2,14]. The relatively low stability of the p-phase results in

* Corresponding author.

stress-induced martensite (SIM) f—a” transformation, which is mainly
responsible for the high strain hardenability observed [15,16]. Several
approaches were shown in the past to enhance the yield strength of this
alloy [2,3,17]. Annealing in the a+p phase field can improve the yield
strength but significantly compromises the alloy’s ductility and strain
hardenability [2,18]. During annealing, the a precipitates tend to reject
the B-stabilizers into the f-matrix, which increases the f-phase stability.
This changes the deformation mechanism from TRIP/TWIP to disloca-
tion mediated plasticity and subsequently compromises the alloy’s
strain hardenability [15,16]. Danard et al. have designed a strategy to
anneal the forged alloy in a+p phase-field to potentially increase the
yield strength while preserving TWIP/TRIP and the associated strain
hardening [19]. In this article, we present a more straightforward
alternative strategy, cold-working via rolling, to enhance the mechani-
cal properties of Ti-10V-2Fe-3Al. A detailed microstructural investiga-
tion is performed to understand the differences in the Stress-Induced
Products (SIP) formed during the cold-rolling versus uniaxial tensile
deformation.

A forged ingot of Ti-10V-2Fe-3Al was procured from ATI Corpora-
tion. Five bars, sectioned from the received material, were p-solution
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Fig. 1. SEM backscatter images for various cold rolled conditions: (a,b) SACR-5%, (c,d) SACR-10%, (e,f) SACR-20% and (g,h) SACR-30% conditions.
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Fig. 2. The (a) Engineering stress- Engineering plastic strain, (b) True stress -
True plastic strain and (c) Strain hardening rate plots for various cold-rolled
conditions of Ti-1023.

annealed at 900 °C for 30 min and then quenched in water, this condi-
tion will be hereafter referred to as SA. Subsequently, four out of these
five bars were cold-rolled to various percentages 5, 10, 20, 30, which
will be referred to as SACR-5%, SACR-10%, SACR-20%, and SACR-30%,

Scripta Materialia 219 (2022) 114890

respectively. Mini tensile specimens of 5 mm gage length and 1 mm gage
width were machined from all five conditions and tests were performed
at a strain rate of 10~3/s. Imaging and Electron backscatter diffraction
(EBSD) analysis was performed in an FEI-Quanta Nova-Nano SEM 230.
OIM™ software was used to produce the Inverse Pole Figure (IPF) maps
and Phase maps from EBSD scans. TEM foils were prepared inside an FEI
Nova 200 Nanolab dual-beam Focused ion beam (FIB/SEM) and were
characterized using FEI Tecnai G2 F20 ST S/TEM. Further, high energy
SR-XRD was performed on select conditions at the Advanced Photon
Source (APS) on the 11-ID-C beamline at Argonne National Laboratory
using a monochromatic 105.5 keV (A = 0.117300 10\) x-ray beam with a
beam size of 200 x 200 um2 The beam exposure time was approxi-
mately 0.1 s averaged over ten frames, and calibration of the SR-XRD
experiments was performed using a standard CeOy powder.

The SEM backscatter images from the p-solutionized condition, i.e.,
SA, are shown in Supplementary Figure S1. The microstructure appears
to be single-phase () devoid of any second-phase precipitates in the
grain interiors or along the grain boundaries. Figs. 1(a,b), 1(c,d), 1(e,f)
and 1(g,h) represent the low and high magnification SEM backscatter
images from various cold-rolled conditions. The SEM images show plate
or lathlike features within the p-grains for all four conditions. These
lathlike features could be the a/ phase formed during the cold rolling of
the alloy. While such sharp features are present in all four conditions,
wavy-like deformation bands are mainly found in the significantly cold-
rolled alloys, i.e., SACR-20% and SACR-30% conditions. The high
magnification SEM backscatter images (Figs. 1(b,d,f,h)) clearly show the
increase in the density of the deformation bands with an increase in the
percentage of cold-rolling. Further, the deformation bands clearly seem
to shear the martensite laths creating offsets along the length of the
band, as shown in the inset in Fig. 1(d). While one would expect that
with an increasing amount of cold-work, the fraction of SIM (a”) would
also increase, this is not presently evident from the SEM images shown in
Fig. 1. However, an assessment of the relative change in a//phase frac-
tion was carried out using synchrotron-based X-ray diffraction analysis,
which is presented later in this paper.

Uniaxial tensile tests were performed on all the conditions to
investigate the effect of cold-rolling on the mechanical properties. The
engineering stress-plastic strain and the true stress-plastic strain plots for
all the conditions are shown in Fig. 2(a) and 2(b), respectively. A clear
trend of increase in yield strength with an increase in the percentage of
cold-rolling is observed. While the p-solutionized condition (SA) shows
the lowest yield strength of 400 MPa, the 30% cold-rolled condition
(SACR-30%) exhibits the highest yield strength of 1780 MPa. The
ductility, on the other hand, seems to decrease with an increase in the
extent of cold-rolling; the SA exhibits the highest ductility ~21%, fol-
lowed by ~8% and ~6% exhibited by SACR-5% and SACR-10% con-
ditions, respectively. A significant loss in ductility is observed in the
samples rolled to 20% and 30%; the SACR-20% condition exhibits a
ductility of ~3%, and the SACR-30% condition does not exhibit any
appreciable ductility. The true stress-true strain curves have been
plotted up to the point of necking and therefore the elongation values
mentioned above correspond to uniform elongation. The strain hard-
ening rate (SHR) plots for SA, SACR-5%, and SACR-10%, are shown in
Fig. 2(c). The SHR plot for the SA condition clearly exhibits local minima
and local maxima points. The local minimum corresponds to the onset of
the SIM (ar) transformation while the local maximum represents the
near saturation of the same during uniaxial tensile loading. Previous
reports indicate that deformation is dominated by dislocation slip
(within the p-matrix) in Region I and SIM transformation (of the
f—matrix)/(TRIP) in Region II (Fig. 2(b)) [20,21]. There could still be
some amount of SIM transformation of the p-phase beyond the local
maximum, i.e., in Region III, but the deformation occurs mainly via
dislocation slip within the retained p—matrix and the transformed ar
and also via deformation twinning within the a/ laths. The SHR plot for
SACR-5% condition exhibits Regions II and III, but the SHR plot for
SACR-10% condition shows only Region III (Fig. 2(b)). This possibly
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Fig. 3. SR-XRD plots (before and after tensile deformation) for SA, SACR-5%, and SACR-10% conditions.

Table 1
The peak intensity ratios, I(002)a"/I1(211)B, for SA, SACR-5%, and SACR-
10% conditions of Ti-1023 alloy.

Condition Peak intensity ratio
1(002)a"/1(211)p

SA 0

SA + Tensile Deform. 1.80

SACR-5% 1.29

SACR-5%-+Tensile Deform. 1.8

SACR-10% 1.67

SACR-10%-+Tensile Deform. 1.72

suggests that there could be a significant amount of a/ formed in the
SACR-5% condition, while only a negligible amount of «" was formed in
the SACR-10% condition during uniaxial tensile deformation.

A qualitative analysis of phase fraction and texture of a//-martensite,
formed during cold-rolling and uniaxial tensile loading, was performed
via SR-XRD. SR-XRD plots for SA, SACR-5%, and SACR-10% conditions
are shown in Fig. 3. The presence of f and athermal- phases can be
clearly observed in the SA condition, which agrees well with literature
reports [12]. The peaks corresponding to a/ are observed in the
cold-rolled as well as the tensile tested conditions, confirming the evo-
lution of a# during plastic deformation. The peak intensity ratios, I
(002)a"/1(211)B, for SA, SACR-5%, and SACR-10% conditions are listed
in Table 1. There is a clear indication of an increase in phase fraction of
arr with an increase in the extent of cold-rolling, i.e., I(002)a"/I1(211)p
ratio increases from 0 in SA condition to 1.29 and 1.67 in SACR-5% and
SACR-10% conditions, respectively. After uniaxial tensile testing, the
SACR-5% condition showed a considerable increment in the ratio (from
1.29 to 1.8), but the SACR-10% condition hardly showed any noticeable
increase (from 1.67 to 1.72). This indicates that there is a substantial
formation of a// during tensile deformation of the SACR-5% condition
compared to the almost negligible formation of " in SACR-10% condi-
tion corroborating the results from SHR analysis.

The EBSD and TEM results before and after tensile deformation for
the SACR-5% condition are presented in Fig. 4. The phase map from
EBSD analysis, shown in Fig. 4(a), identifies the a/ laths (phase fraction
~23%) formed in the p—matrix during cold-rolling. Fig. 4(b) shows a
low-magnification dark-field image of the TEM foil, highlighting the a
laths, recorded from the spot indicated in the [01 1] a/zone axis
diffraction pattern shown in the inset. A DFTEM image, recorded from a
region away from the a// laths within the p matrix in the foil (indicated in
Fig. 4(b)) is shown in Fig. 4(c). This dark-field image has been recorded
from the superlattice spot in the diffraction pattern, shown in the inset.
The diffraction pattern is obtained from the [1101p zone axis (ZA), and
the superlattice spots at 1/3 and 2/3 [112]p locations in the pattern
correspond to the ® phase. The DFTEM image in Fig. 4(c) shows the fine-
scale (athermal) o precipitates formed during the quenching from
B—phase field prior to the cold-rolling. The SIM transformation of the
B-matrix results in the shearing of the o precipitates; therefore, the ®
precipitates are only found in the untransformed f-regions. An apparent
increase in the phase fraction of a/ (~50% increment) due to tensile
deformation is observed in the EBSD phase map shown in Fig. 4(d). A
dark-field TEM image (Fig. 4(e)) recorded from a diffraction spot cor-
responding to a// (outlined in the inset) in the [1111p // [110]a/ZA,
features a single coarse a// lath along with multiple fine a// laths within
the p-matrix. The multiple fine-scale a// laths, revealed in Fig. 4(e), are
possibly forming during the tensile loading and are substantially more
refined than the ones developed during the prior cold-rolling (Fig. 4(b)).
The DFTEM image (Fig. 4(f)) recorded from the fundamental spot cor-
responding to the p—phase (outlined in the inset) reveals the untrans-
formed B-matrix after the tensile deformation of the SACR-5% condition.

A similar analysis was performed on the SACR-10% condition, and
the results are presented in Fig. 5. The phase map in Fig. 5(a) suggests a
significant transformation (up to ~85%) of the f-matrix to
arr martensite due to the (10%) cold rolling which validates the SR-XRD
analysis (Table 1). The high magnification DFTEM image (Fig. 5(b))
from the as-rolled condition of the SACR-10% sample reveals multiple
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Fig. 4. (a) Phase Map identifying the @/ laths formed in the f—matrix of the SACR-5% condition during the prior cold-rolling, (b) low-magnification DFTEM image,

highlighting the a laths formed in the same condition, recorded from the spot indicated in the [01 1] a/7 SAED pattern shown in the inset and (c) high magnification
DFTEM image, recorded from a region away from the a/ laths within the p matrix from the same foil shown in Fig. 4(b). (d) Phase Map identifying the a laths
formed in the p—matrix of the SACR-5% condition during the uniaxial tensile loading, (¢) DFTEM image recorded from a superlattice spot corresponding to o”
(outlined in the inset) in the [111]f // [110]«” ZA and (f) DFTEM image recorded from the fundamental spot corresponding to the f—phase (outlined in the inset)

from the same condition (SACR-5% Tensile Deformed).

fine-scale ar laths, identical to the SACR-5% condition after tensile
deformation (Fig. 4(e)). This suggests that regardless of the mode of
deformation (cold-rolling or uniaxial tensile loading) when the applied
stress is greater than the triggering stress for SIM, coarser a// laths begin
to form initially, followed by more refined laths within the untrans-
formed f-regions to accommodate the strain resulting from deformation.
Therefore, the high strain hardening under tensile loading observed in
the SA, and SACR-5% conditions (Fig. 2(c)) can be attributed to the
formation of multiple generations of the SIM ar laths [15,22,23] .

The high magnification DFTEM image in Fig. 5(c) highlights the
B-regions that essentially remained untransformed after 10% cold-
rolling. Based on the SR-XRD and SHR analyses, it appears that the
near saturation of SIM formation occurred during the (10%) cold rolling
itself, and hence there is no apparent additional transformation of
B to ar during subsequent tensile testing. Consequently, there is no TRIP
effect contributing to increasing the SHR or the overall plasticity (Fig. 2
(c)) during tensile deformation (Table 1). Surprisingly, however, a sig-
nificant ductility of ~6% is observed in the SACR-10% condition under
tensile loading; and the underlying reason has therefore been investi-
gated via TEM. The diffraction pattern obtained from the overlap of
[1111B ZA // [110]arrZA is shown in Fig. 5(d) with an a/ spot circled in
red. The low and high magnification dark-field TEM images recorded
from this a/ spot are shown in Figs. 5(e) and 5(f), respectively. The high
magnification image (Fig. 5(f)) shows significant dislocation activity
within the a/ laths. This indicates that, under tensile loading, the SACR-
10% condition deforms predominantly via dislocation slip (within the
arr laths) with possibly negligible TRIP (in the remanent f§ matrix).

Additional experiments have been conducted to critically assess the

differences in the strengthening mechanisms in this alloy, resulting from
arr formation (e.g., SACR-5% condition) versus the more commonly
employed a precipitation. The SA alloys have been annealed at two
different temperatures, i.e., 700 C and 750 C for 4 h (followed by water
quenching) for a precipitation (within the p matrix). The stress-strain
behaviors for SA+700 C/4 h, SA+750 C/4 h, and SACR-5% conditions
have been presented in Supplementary Fig. S2. Comparing these stress-
strain plots (Fig. S2(a)), it should be noted that yield stress for the two
a + f annealed conditions is close to the yield stress of a//+  condition
(SACR-5%). However, both the a + f conditions exhibit substantially
lower ductility of ~2% as compared to ~8% in the case of a//+  con-
dition. Furthermore, there is very limited strain-hardenability in the two
a + p conditions, as shown in the work-hardening plots in Fig. S2(b).
Based on the results from a -+ § conditions, it is expected that a signif-
icant increase in yield strength (to ~900 MPa) results in a significant
decrease in the ductility (to ~2%). However, in case of the a//+ f con-
dition, a similar yield stress ~ 900 MPa (for SACR-5% condition)
maintains a substantially higher ductility of ~8%. Therefore, it can be
concluded that the stress-induced a//formation during tensile loading is
essential for maintaining the high strain-hardening and, consequently
the uniform tensile ductility in this alloy.

This difference in stress-strain behaviors can be rationalized based on
the compositional partitioning between the o/f phases versus the lack of
such a difference between the a//p phases. The pronounced composi-
tional partitioning between the o and p phases is evident in the back-
scatter SEM images shown in Figs. S2(c) and (d), the brighter contrast of
the p matrix indicates V and Fe enrichment within the matrix, while the
darker contrast in a phase indicates Al enrichment. V and Fe stabilize the
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Fig. 5. (a) Phase Map identifying the ar laths formed in the p—matrix of the SACR-10% condition during the prior cold-rolling, (b) high magnification DFTEM
highlighting the a// laths formed in the same condition, recorded from the spot indicated in the [121]a/ ZA SAED pattern shown in the inset and (c) high
magnification DFTEM image of the untransformed B-region from the same condition, recorded from the spot indicated in the [001]p ZA SAED pattern shown in the
inset. (d) SAED pattern obtained from the overlap of [11118 ZA // [110]arZA from the SACR-10% condition after tensile deformation. (e) Low and (f) High
magnification DFTEM images obtained from the diffraction spot (circled in red) corresponding to a/shown in Fig. 5(d) .

p matrix, thus reducing its metastability with respect to TRIP/TWIP ef-
fects and strain-hardenability. In contrast, the cold-rolling leads to the
formation of a/ plates within the  matrix, which does not change the
matrix composition, consequently maintaining the TRIP/TWIP effects
and strain-hardenability in the matrix.

To summarize, a commercial p—titanium alloy, Ti-10V-2Fe-3Al,
which exhibits TRIP/TWIP, has been cold-rolled to various percent-
ages (5,10, 20, and 30) with the aim of increasing the YS while preser-
ving its strain hardenability and ductility to varying degrees. The 30%
cold-rolled condition exhibits an extraordinarily high YS of ~1800
MPa but virtually no tensile ductility. While the 20% cold-rolled con-
dition exhibited reasonably high YS (~1500 MPa) with limited ductility
(3%), the 5% and 10% rolled conditions offered the best combination of
YS and ductility. Detailed microstructural characterization has been
performed to understand the differences in the stress-induced products
formed during cold-rolling versus during uniaxial tensile loading,
leading to the high strain hardening rates. The results indicate that cold
working can be an effective mechanism to tailor the YS in these alloys,
while preserving strain-hardenability and ductility via TRIP/TWIP
mechanisms.
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