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Lightweight alloys are known to improve the fuel efficiency of the structural components due to high strength-to-
weight ratio, however, they lack formability at room temperature. This major limitation of poor formability is
most of the time overcome by post-fabrication processing and treatments thereby increasing their cost expo-
nentially. We present a novel TisoVieZrigNbipAlsMos (all in at. %) complex concentrated alloy (Ti-CCA)
designed based on the combination of valence electron concentration theory and the high entropy approach. The
optimal selection of constituent elements has led to a density of 5.63 gm/cc for Ti-CCA after suction casting (SC).
SC Ti-CCA displayed exceptional room temperature strength (UTS ~ 1.25 GPa) and ductility (¢ ~ 35 %) with a
yield strength (YS) of ~ 1.1 GPa (Specific YS = 191 MPa/gm/cc) without any post-processing treatments. The
exceptional YS in Ti-CCA is attributed to hetero grain size microstructure, whereas enormous strength-ductility
synergy is due to the concurrent occurrence of slip and deformation band formation in the early stages of
deformation followed by prolonged necking event due to delayed void nucleation and growth. The proposed
philosophy of Ti-CCA design overcomes the conventional notion of strength-ductility trade-off in such alloy

systems by retaining their inherent characteristics.

1. Introduction and design framework

Lightweight alloys have a good specific strength; however, they
exhibit a common limitation of very poor tensile ductility at room
temperature (RT) in as-cast conditions. Typical conventional light-
weight alloys such as Ti-6Al-4V or Ti-5553 alloys displayed very high
specific strength, but their reasonable ductility is only achieved after the
post-fabrication of as-cast alloys by implementing thermomechanical
treatments [1,2]. The mechanical properties of these light metal alloys is
proven to improve by adding reinforcements like carbon nanotubes
(CNTs). However, this increases the fabrication cost and time and can
lead to unidirectional properties [3-5]. A similar trend is seen for con-
ventional refractory elements-based alloys, most of which need some
post-fabrication treatments to attain some fair plasticity level in them
[6,7]. In addition, casting is seen as a primary issue due to their high
melting points, as they are typically fabricated using the powder met-
allurgy route.
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The inclusion of alternative fabrication routes not only increases the
cost of the already expensive alloys but also makes them very fragile for
operations such as machining and cutting. Many attempts were made to
overcome these issues including the development of metastable Ti alloys
which essentially merge the lightweight alloy design with refractory
alloy design since major alloying addition in this design strategy in-
cludes the addition of refractory elements such as V, Nb, and Mo in a
lightweight matrix of Ti. Ti-7.5Mo alloy is a classic example in this di-
rection which displayed a very high strength (1.1GPa) at a total elon-
gation of 30 % in the as-cast state. The only issue, in this case, is a low YS
of ~ 550 MPa which has limited its applications due to poor safety
considerations [8]. The introduction of the complex concentrated alloy
concept to the metallurgical community has provided a new pathway for
looking at the alloy design. Fewer attempts were made to merge CCA
design theory with conventional metastable Ti alloy design [9].

The introduction of multiple alloying additions (CCA design princi-
ple) in the Ti matrix was tried based on molybdenum equivalence (MoE)
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[10] and valence electron concentration (VEC) theory [11] individually 4. The fourth step used is very critical since it involves fixing the
wherein f phase stability is engineered for obtaining good strength- amounts of the major constituent elements such as Nb, V, Zr, and Al
ductility synergy while not compromising the YS of the material. In in a matrix of 50 % Ti alloy based on the valence electron concen-
similar lines, Huang et. al. [6] reported YS of 800 MPa with UTS and tration (VEC) theory. We started fixing the amount of the proposed
ductility of ~ 1.1 GPa and 22 % respectively for as-cast TiZrHfTag g elements by taking the reference system as TisgZria5Vi2.5N-
complex concentrated alloy which they mainly attributed to the b12.5Al125. We performed a detailed analysis of VEC for as-cast Ti
transformation-induced plasticity (TRIP) in the alloy at RT [6]. How- alloys including conventional as well as complex alloys (having Ti
ever, this simultaneous increase in YS, UTS, and ductility was at the content > 45 at. %) as shown in Fig. 1(a4) and found that SDI vs VEC
expense of an immense increase in the average cost and density of the follows a Gaussian type of distribution (r? = 0.99). The detailed
alloy due to the huge presence of expensive and heavy elements like Hf equation of the curve is present in the Supplementary Document
and Ta. A recent attempt was made by Zhang et al. [12] to obtain a cost- Table S2. having a peak of SDI in the VEC range of 4.22 to 4.35 for
effective solution to this problem wherein Ti-rich alloy containing very the as-cast Ti rich alloys [12,14-27]. The complete study is available
cost-friendly elements such as Al, Cr, Fe, and V are added displaying YS in the Supplementary Document Table S1. The VEC calculations are
of 1057 GPa and UTS of ~ 1.2 GPa but at the expense of a decrease in made as per the Eq. (1), [11]
ductility to 6.5 % in as-cast state. R

Fig. 1(a) shows the decision path of alloy design which involves VEC = ZC"' (VEC), @
multi-filtering methodology used for alloy system formulation in this i=1
work.

Where, VEC: valence electron concentration, c¢;; atomic fraction of
element i in the matrix, and (VEC)i: valence electron concentration of
the i element. Thus, we fixed a region of interest as marked in Fig. 1
(as), and in line with that, we started optimizing the VEC value by
compositional variation in the TisoZri25Vi2.5Nb12sAl12 5 alloy sys-
tem.

As the VEC of the reference alloy was found to be very low (4.125),
we increased the content of V and Zr both by 2.5 at. %, at the expense
of Al and Nb, making the new alloy composition as TisoZr;5V15N-
bi10Aljg and having a VEC of 4.15. We chose to decrease Nb and Al at
the expense of Zr and V with the same amounts to have negligible
variation in density while having substantial change in VEC as shown
in supplementary Fig. S1. As VEC showed a increasing trend with this
compositional variation, we further tried to modify the composition
by reducing the Al content by 2 at. % at the expense of both Zr and V
since Al is the most influential element in the alteration of VEC [11]
than the rest of the other elements in the reference system. Moreover,
Al is the only element in the proposed alloy system that has

1. The first step in the procedure was filtering out elements based on the
MoE theory used for designing metastable and stable -Ti complex
alloys [10]. The elements that have very high multiplicity factors in
the MoE equation (Fig. 1(a;)) are strong p eutectoid stabilizers and
hence they are sieved out in this step which thus makes Mo, V, W, Nb,
Ta, Hf, Sn, Zr, Si and Al as available elements to select for the new
alloy system.

2. In the second step, solubility of these remaining elements is studied
in the B-Ti phase field [13] (i.e. above the p-transus in corresponding
binary phase diagrams with Ti) and based on that, Si and Sn are taken
out from the list of available elements.

3. The third step applies the density filter to remain aligned to obtain an
alloy with a density of less than 6 g/cc [13]. As a result, very heavy
elements like W, Ta, and Hf are filtered out from the list of Mo, V, W,
Nb, Ta, Hf, Zr, and Al (Fig. 1(ag)). As a result of this step, a system to
be designed is fixed to Ti-Zr-V-Nb-Al-Mo.

Top-down approach adopted for alloy designing

| Focus: MoE >12|4.2<VEC <
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Fig. 1. (a) Decision path for alloy design of Ti-CCA, (a;) Molybdenum equivalence (MoE) equation, (ap) Maximum solubility of an element in the B-phase field of
binary alloy with Ti, (a3) Density of all elements soluble in B-Ti, (a4) Strength-ductility index (SDI) vs valence electron concentration (VEC) of the pre-existing Ti-rich
alloys (Ti > 45 at. %) in as-cast condition [12,14-27], (as) critical temperature range (CTR) as function of increase in Mo content at the expense of Al in
TisoZr16V16Alg.xMoy (at. %) alloy.



A.R. Balpande et al.

solubility < 50 % in p-Ti and thus decreasing its amount reduces the
chances of IMC formation upon melting [11]. However, we reduced
Al content to a minor amount to satisfy the density requirements in
the targeted range. This compositional change led to the next variant
of the alloy TisoZr1V16Nb1oAlg but having a very sluggish increase
in VEC to 4.18 and a further decrease in Al can increase the VEC but
at the expense of a significant increase in density (Fig. S1).

These compositional variations suggested that the targeted VEC
range can only be achieved by the addition of such an element whose
minor addition can lead to a major change in VEC without a rapid
increase in density (Fig. S1). Moreover, it should be almost 100 %
soluble in B-Ti. As a result, we decided to introduce Mo into the
TisoZr16V16Nb10Alg alloy to reach the VEC value > 4.22. Mo is also a
very strong grain refiner and alters the critical temperature range
(CTR) [28] of most of the Ti-based alloys drastically which is desired
to have defect-free castings. Hence, the Mo content in the alloy is
fixed by considering CTR, VEC, and density simultaneously. As we
wanted to have a minor addition of Mo, we decided to have it at the
expense of Al due to the high sensitivity of later to the alteration of
VEC and its lower solubility in p-Ti.

5. The TisoZr16V16Nb1oAlg.xMoy alloy system is further studied using
the CALPHAD approach (Thermo-Calc-based TCHEA6 database) to
identify the optimal amount of Mo content (x) to be added in the
alloy system. This is tried by studying the effect of Mo addition on the
Scheil solidification curve, i.e., on CTR [28]. As CTR decides the
ability of the alloy to suppress the solidification cracking because of
solute enrichment in the last liquid getting solidified, minimum CTR
is preferred for defect-free solidification. Moreover, smaller CTR also
indicates lesser solute partitioning among solid and liquid phases
towards the end of solidification which in turn leads to a planar so-
lidification front. As a result, alloys with low CTR solidify very
similarly to pure metals, i.e., by planar solidification mechanism.
Planar solidification in polycrystalline materials (pure metals) pro-
motes equiaxed morphology at the end of casting which is prefer-
ential for obtaining isotropic mechanical properties. Hence, it is
expected that alloys with low CTR can show equiaxed microstructure
after complete solidification [29].

In line with this, Scheil’s simulations with Mo content showed a very
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interesting behavior. The CTR of the TisoZri6V1gNbigAlg.xMoy alloy
system is found to initially decrease dramatically from almost 1000 °C
to ~ 100 °C when Mo is varied from O to 4 at. % (Fig. 1(as)). However,
there is a sudden increase in CTR again with the increase in Mo content
beyond 4 at. % taking it closer to 200 °C (Fig. 1(as)). Thus, to obtain
equiaxed solidification in the designed alloy composition, we preferred
to have Mo content from 3 to 4 at. % based on the analysis shown in
Fig. 1(as). However, Mo is also a very crucial element in altering the VEC
and density of the alloy (as per Fig. 1(as and a4)) and hence final tuning
of Mo content is again performed by doing the VEC and density calcu-
lations. Based on these evaluations, 3 at. % Mo is found to be optimal to
keep the VEC and density of the proposed alloy in the targeted range as
shown in Fig. 2. Hence, the alloy composition is fixed to TisyZr6V16N-
b10AlsMo3 (hence-forth designated as Ti-CCA), and it was chosen for the
study.

2. Experimental
2.1. Material and processing

Ti5oZr16V16Nb10AlsMos (henceforth designated as Ti-CCA) is pro-
duced from high-purity metals (>99.9 %), with each alloying element
sectioned into smaller pieces beforehand, and the weight was confirmed
to have an accuracy of 0.005 g. Specimens were prepared with arc
melter (Edmund Biihler GmbH, Germany), operated ina Ti-gettered
high-purity argon atmosphere with a prior vacuum of order of 107
mbar. The melting of each metallic button was repeated at least five
times, with specimens being flipped after each melting, to achieve good
macroscopic chemical homogeneity. Obtained alloy buttons were drop
cast into a 10 x 10 x 45 mm?> copper mold. The casting mold and
melting plate on which the raw material was placed, are made from
copper to conduct the heat quickly. The casting chamber and the cru-
cible plate are also water-cooled by an external chiller to avoid o-
verheating during the melting process. The average density (measured
using Archimedes principle) of the alloy was measured to be 5.63 gm/cc
after casting.

6.0
4.28 | Ti50V1szr1sNb1.oA|5M°3 1 G
()
s 45.8=
_ - L
4.24 + TisoV16Zr1gNbsoAlMo, 1 >
. P =
/ _-* {5.6 £
o Ti50V1GZr15Nb1oA|7M°1 l/ /./ qc,
11 4.20 | 7o T |2
> = E
isoV16Zr1gNb, oAl -5.48
50V 164<!16 10718 N
/. @
416} ° | 5
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, N 1 1 1 1 5.0

Compositional variation

Fig. 2. VEC and theoretical density change as a function of compositional variation in TisgZr;6V16Nb10Alg xMoy alloy system.



A.R. Balpande et al.
2.2. Microstructural and mechanical characterization

The X-ray diffraction (XRD) measurement was performed using
RIGAKU X-ray equipped with Cu K, source at 40 kV and 30 mA with a
step size of 0.1 degrees at a scan rate of 1 degree per minute. The
microstructure was analyzed by various methods and at various loca-
tions. For microscopy, the samples were electropolished using the
electrolyte solution (90 ml dist-H50O, 730 ml ethanol, 100 ml butoxy
ethanol solution mixed with 78 ml perchloric acid) using Struers elec-
tropolishing setup for 20 s at constant (2.1 A, 40 V) power supply. The
Backscattered electron (BSE) imaging and energy-dispersive spectros-
copy (EDS) were done using Zeiss Gemini 450 scanning electron mi-
croscope (SEM). The microscope was equipped with the EDAX octane
elite and velocity detectors to obtain nearly accurate EBSD results. The
step size used varied from 50 nm to 2 pm based on the requirements for
the analysis. The EBSD data was analyzed using the TSL OIM V8 soft-
ware. Fracture surface imagaging is carried out after complete tensile
testing using same FE-SEM system to know the fracture modes in detail.
All the specimens were ultrasonically cleaned before they are imaged for
fractography. The transmission electron microscopy (TEM) was carried
out in FEI Tecnai 20 with EDS at 200 kV. Samples are prepared with FIB
(to take out samples from specific area) and a precision ion polishing
system (PIPS) to thin down to electron transparency using ions to TEM
thickness (a few nanometers thickness with a hole in the center), where
TEM is carried out at 200 kV.

For the tensile study, dog bone-shaped samples with a gauge length
of 2 mm, width of 1 mm, and thickness of 1 mm were machined from the
center of the ingot using wire electrical discharge machining. The
detailed dimensions of the sample can be seen in the attached Supple-
mentary Document (refer to Fig. S2). The samples were tested on a
Tinius-Olsen ST25 universal testing machine (UTM) equipped with a 25
kN load cell. In each condition, three samples were tested at room
temperature and an initial strain rate of 10 s7! to confirm the repro-
ducibility of the results (refer to Fig. S3 for Supplementary Document).

X-ray microscopy (XRM) is performed on fractured tensile specimens
of SC Ti-CCA using a Zeiss Xradia Versa 520 microscope. A full field-of-
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view scan at a magnification of 4X and an interior tomography at a
higher magnification of 20X were carried out to image the fractured
tensile specimen and detailed fracture surface, respectively. Voltage and
power, exposure time, and source-to-detector distances were optimized
and selected based on the requirement. In each case, the filter was
selected by checking the transmittance at the angular position of 45°.
The initial transmittance was recorded for the air filter. Based on this
transmittance value, an appropriate filter was selected to increase
transmittance in the range of 20-35 %. The analysis of the obtained XRM
data was done using the Dragonfly software.

3. Results and discussion
3.1. Microstructure and phase analysis

Fig. 3(a) shows the Scheil solidification curve obtained from the
Thermo-Calc TCHEA6 database for the designed composition which
clearly shows that the critical temperature range is very small (~120 °C)
which is almost 100 °C less than conventional Ti-6Al-4V alloy indicating
a higher tendency to undergo planar solidification in former. Electron
back scattered diffraction (EBSD) inverse pole figure map (Fig. 3b)
clearly shows the formation of equiaxed grain morphology of the SC Ti-
CCA. Moreover, the microstructure displayed a heterogenous distribu-
tion of grains with the finest grain of dgyg ~ 5.9 um in the matrix of very
coarse grains dgy; ~ 353 um with no preferred texture irrespective of
their sizes as confirmed by Fig. 3(b). The overall grain distribution is
seen in the Supplementary Document Table S3. To understand the phase
formation in the state, EBSD and the X-ray diffraction (XRD) analysis are
performed as shown in Fig. 3(c, d) which show formation of heteroge-
nous grained fp-b.c.c. microstructure which is further supported by the
major peaks of the p-Ti (b.c.c.) phase in XRD. A minor peak of Zr con-
taining B (b.c.c.) phase (card details present in the Supplementary
Document) is also captured in XRD and to confirm the formation of two
compositionally different phases we performed the energy dispersive
spectroscopy-based X-ray mapping as shown in Fig. 3(e).

Fig. 3(e) shows the secondary electron image of the SC specimen
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Fig. 3. (a) Scheil’s solidification behavior showing the critical temperature range for Ti-CCA, (b) IPF map showing the absence of any preferential orientation in SC
microstructure, (c) Phase map showing SC microstructure, (d) XRD pattern showing the presence of $-Ti and Zr containing b.c.c. phase in the SC microstructure of Ti-

CCA, (e) EDS X-ray mapping showing the Zr separation at the grain boundaries.
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along with the corresponding X-ray maps for Zr (Fig. 3(ep)). Grain-to-
grain mapping (as shown in Fig. 3(e, e;)) reveals severe grain bound-
ary presence of Zr. The complete X-ray mapping can be seen in the
Supplementary Document Fig. S4. As per literature [13], all constituent
elements such as V, and Nb (except Al) are strong p stabilizers in both Ti
as well as Zr and hence resulted in overall stability of the § —b.c.c.
dominated microstructure in Ti-CCA in spite of pronounced Zr splitting
at the grain boundaries (Fig. 3(e)). The lattice parameters of Zr-rich and
Ti-rich b.c.c. phases were 3.025 and 3.286 A respectively with Zr-rich b.
c.c. phase nearly equal to 3 vol% thus making it tough to distinguish
them in the EBSD phase map.

It is also important to note that, the microstructure of Ti-CCA in the
SC condition is not conventional dendritic but throughout the cross
section it showed equiaxed morphology with severe grain size distri-
bution irrespective of varying thermal gradients and solidification rate.
The grain size distribution (fine colonies in the matrix of coarse grains)
appears to be the result of the combined effects of temperature gradients
and the sluggish diffusivity of Zr in Ti-Zr-V-Nb-Mo containing alloys
[30]. As predicted by the solidification curve in Fig. 3(a), a smaller CTR
gives more opportunity to solidify the alloy with a planar interface in
conventional cooling rates. We examined this by melting the alloy with
three methodologies.

In the first, the alloy is melted in a conventional Cu crucible (non-
confined crucible melting), and in the second one, it is melted in a cavity
created in a Cu crucible (confined crucible melting). In these two cases,
the major difference is the change in gradients since in cavity-based
solidification, the cooling occurs from all three sides whereas in a con-
ventional crucible, it mainly happens only at the bottom where the ingot
touches the Cu wall. In the suction casting method, cooling not only
happens from all 6 sides but also occurs at a high rate. As a result, we get
equiaxed morphology in all three cases but the most heterogeneous
grain size distribution is obtained in suction casted alloy compared to
other cases. The details of these are shown in Fig. 4. As a result, the
equiaxed microstructure formed in Ti-CCA is an inherent nature of the
alloy system, and changes in casting methodology may only result in a
change in the grain size distribution in the microstructure with minor
changes in fractions of Zr containing b.c.c. phase.
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3.2. Stress—strain response

Fig. 5 shows the overall tensile behavior of Ti-CCA at RT in the SC
condition. It is very clear from Fig. 5(a) that Ti-CCA has shown excep-
tional strength-ductility synergy demonstrated by true stress-true strain
curve when compared to other conventional Ti alloys such as Ti-6Al-4 V,
and recently developed Ti alloys [1,12]. Interestingly, two distinct re-
gions of strain hardening and softening were seen with the onset of
necking in Ti-CCA.

The work hardening (WH) curve of Ti-CCA (Fig. 5(b)) resembles
most of the f.c.c.-based transition metal CCAs where the WH rate (WHR,
0) has sustained above 1000 MPa (refer. Supplementary Doc Fig. S5
[31-33]. The sustainment of WHR at a strain level of more than 5 %
indicates deviation from conventional slip-dominated deformation to
non-conventional modes such as twinning or transformation-based
deformation [1]. The formation of a hump in the WHR rate curve
within a strain regime of 10-15 % moreover points towards an extensive
local increase in the stress required for the deformation. Thus, it is ex-
pected that Ti-CCA has multiple deformation modes active at RT in the
SC state itself providing it with the ability to harden while retaining the
plasticity. Fig. 5(c) shows the pre and post-deformation pole figures for
{001}, {011}p, and {11 1} textures. There appears substantial change
in texture intensity from 1.36 to 5.42 after deformation which is mainly
attributed to lattice rotations during deformation as marked in Fig. 5(c).

It is reported that plastic deformation i.e., changes in the shape of the
metal/alloy can be related to the valence electron concentration (VEC)
and is purely a compositional property [34]. Higher VEC implies
stronger metallic bonding and hence more difficulty in deformation. As
a result, HCP alloys that have the highest VEC in the range of 8.25-8.5
show immense difficulty [30] in deformation, whereas BCC alloys show
easy deformability owing to lower VEC. Within this broader range of
VEC, we found that Ti alloys (having Ti content > 45 %) having VEC
values within a narrower range of 4.2-4.35 display high SDI values
(Fig. 1(a4)) thereby following a classical gaussian distrubution.

Based on this, Ti-CCA designed in the present investigation, exhibits
a VEC of 4.27 which thus falls in the range of strong and ductile p-Ti
alloys regime [12,14-27,34], thus rendering it ductile. Ti-CCA showed a
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Tensile behavior of as-cast Ti-CCA
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Fig. 5. (a) True stress-true strain curve for Ti-CCA in SC state deformed at RT and strain rate of 103571 [1,12], (b) work hardening curve for Ti-CCA in the SC state
showing different stages of WH, (c;, c3) Texture analysis for pre and post deformation microstructures of Ti-CCA.

MoE value of 19.73 which as per the discussion by Wang et al. [7] in-
dicates extreme f stability and matches with the observed microstruc-
tural evolution in the SC state. Thus, a combined consideration of VEC
and MoE has led to the design of Ti-CCA with adequate deformation
response [35]. A detailed discussion of the experiments to investigate
the deformation behavior of Ti-CCA is given subsequently.

3.3. Tensile flow hardening: Deformation mechanisms

It is important to first note the extremely high yield strength (YS ~ 1

GPa) for Ti-CCA in a suction casted condition. This high YS of SC Ti-CCA
is a result of having almost more than 30 % fraction (Fig. 6(a)) of fine
grains (highlighted with white colour in Fig. 6al) having sizes ranging
from 5 to 55 pm and very little volume (~5.6 %, Fig. 6(a)) of extremely
coarse grain sizes (~200 — 375 pm) in the SC microstructure (high-
lighted by small white dotted line in Fig. 6(a;)). Moreover, the presence
of Zr segregation at the grain boundary (Fig. 3(d;)) helps in the refine-
ment of microstructure during SC which supports the presence of a
higher finer grain size region thereby providing excellent YS to the alloy
by Hall-Petch strengthening. The details of grain size distribution are

Deformation mechanism: flow hardening
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Fig. 6. (a) Average grain distribution in the SC Ti-CCA with the reference micrograph covering the grain distribution, (b) Inverse pole figure (IPF) along with (b;-bs)
Grain reference orientation deviation (GROD) maps of selected grains as marked in Fig. 6(a).
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given in supplementary files for reference. Heterogeneous grain size
distribution can also help in maintaining the strength-ductility balance
by effective stress partitioning among different-sized grains. The fine
grains help in providing strength whereas small grains assist in accom-
modating deformation. Thus, the presence of a heterogenous grain
structure is also beneficial in contributing to an overall increase in work
hardening ability of Ti-CCA in SC condition.

The subsequent thing to note is the significant flow hardening and
steady flow softening before the tensile failure in the true stress—strain
curve of Ti-CCA. Such a deformation response itself is very uncommon in
most of the recently designed strong and ductile Ti-based complex alloys
and thus we investigated the post-deformation microstructures as shown
in Fig. 6(b). To understand the primary deformation mode during flow
hardening, we performed low magnification EBSD mapping of the gauge
section which captured the region from a less deformed zone to a frac-
ture tip. It is evident from the IPF map that the deformation is pre-
dominantly accommodated by slip and there are no traces of twins or
martensite/ o laths in the deformed region.

The texture analysis before and after deformation suggested sub-
stantial grain rotations (Fig. 6(b)) during deformation which is a
necessary step taken by the material to maintain a minimum of 5 slip
systems for continuing the deformation when other mechanisms such as
twinning or transformation are not present [36-38]. However, the
distinct sustainment of WH rate over the 10-15 % plastic strain in the
WH curve (Fig. 5(b)) indicates activation of additional deformation
modes than just slip during deformation. To understand the finer
microstructural attributes of deformation, 3 grains were identified as
highlighted by the black squares, and the strain distribution within each
of these three grains was obtained using the grain reference orientation
deviation (GROD) analysis (Fig. 6(b)). The misorientation line analysis
within each of these grains suggested a local increase in the misorien-
tation indicated by the increase in GROD value for grain 1 to grain 3
respectively, indicating a substantial increase in slip heterogeneity
within the grains as a function of straining. The local increase in the
misorientation caused by heterogeneous slip events can lead to dislo-
cation rearrangements and can form deformation bands (DBs) in b.c.c.
materials. The main driving force for the formation of such DBs during
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the deformation is slip heterogeneity within the grains which is captured
by the GROD maps in Fig. 6b [36-40].

Fig. 7(a—a4) show the trace analysis performed on such DBs formed in
3 different grains to understand their slip character. Trace analysis on
these grains confirmed that these bands are predominantly parallel to
{110}, planes of the p-b.c.c. matrix. Fig. 7(b) shows the bright field TEM
image corresponding to the [001]; zone axis from the gauge region of the
deformed specimen. Fig. 7bl further confirms the formation of a
deformation band having an approximate size of 200 nm in the
deformed specimen having a similar slip character as shown by EBSD
analysis earlier. It is further important to note that, the absence of
change in crystal structure or spot splitting in the corresponding selected
area diffraction (SAD) pattern (Fig. 7(bs)) also validates that no phase or
twin transformation occurred during deformation. Fig. 7(a4) shows the
EBSD image quality (IQ) map of the deformed region which clearly
shows grain fragmentation. Detailed EBSD analysis of the selected re-
gion from the IQ map shows a zone that appears like a twin in the grain
but has a local misorientation (0) at the twin-like feature/ parent grain
interface to be 4° (shown in supplementary document, Fig. S6). This
further supports the formation of {110} DB with a size of around 7-8
um. Further, sub-grains having local misorientations of less than 15°
have started forming within such DBs as as shown in Fig. 7(a4).

As suggested by EBSD as well as TEM investigations, the absence of
twin/transformation traces indicates sustained WH over Aégstained 1S @
result of strain energy minimization by the formation of deformation
bands (DBs) [27,41]. Such DBs are seen with TEM and EBSD analysis as
marked in Figs. 6 and 7 clearly. These DBs and sub-grains themselves
can act as barriers to dislocation motion as the deformation continues
and can cause a local increase in stress required for deformation by the
dynamic Hall-Petch effect [40]. Moreover, the presence of heterogenous
grain size distribution helps in effective load transfer during deforma-
tion thereby maintaining the strength-ductility synergy over a wide
range of strains [42-44]. The presence of dislocation motion obstacles
such as DBs and grains of varying diameters causes a local increase in
stress required for deformation which is captured in the WH curve in the
form of a hump formed over the strain levels of 10-17.5 %. Thus, the
deformation in SC Ti-CCA within the sustained regime is mainly

Deformation mechanism: deformation bands induced plasticity

Large deformation bands

10 1/nm

[001]; zone axis

Fig. 7. (a) EBSD IQ map of deformed specimen showing the highlighted grains, (a;,-a4) Selected grains for trace analsyis, (b-b,) Bright field TEM images and

corresponding selected area diffraction pattern for deformed specimen.
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accommodated by two events namely the heterogeneous grain size
distribution and WH activity at the DB/matrix interfaces (formation of a
hump in sustained WH regime) respectively. Thus, the concurrent
presence of slip and formation of DBs led to significant strain hardening
in SC Ti-CCA.

3.4. Tensile flow softening: Fracture mechanisms

Further, the substantial softening observed in the stress—strain curve
of Ti-CCA (Fig. 5(a)) must be associated with the pronounced diffused
necking behavior beyond the point of instability [45]. Fig. 8(a) shows
the 2D reconstruction of the entire gauge region after performing X-ray
microscopy (XRM) which shows a very pronounced cone-shaped feature
of the fractured tip. The marginal drop (5.5°) in vertical gauge angle on
either side of the gauge region (marked by dotted yellow lines in Fig. 8
(a)) suggests very steady progress of the necking event in the specimen
during deformation. This sustained flow softening displayed in the
stress-strain behavior is evidence of not only delayed plastic instability
but also low-stress triaxiality during later stages of deformation. The
details of this region are seen in Fig. 8(b).

The overall nature of the fracture appears to be in a mixed mode
wherein dimples, as well as river line features, are seen at higher
magnification imaging of the fracture surface as shown in Fig. 8(c). A
detailed investigation of fracture modes was carried out from fracto-
graphic analysis and it was found that the dimples (D), quasi-cleavage
(QC) as well and cleavage (C) are the primary modes of failure. Vol-
ume fraction calculations (Fig. 8(c)) of these modes from the fracto-
graphic micrographs show that most of the fraction is occupied by D
mode and almost similar fractions are present for QC and C mode which
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suggest that softening is not sudden but steady. This is also supported by
the presence of a 45° angle in the fractured tip (green dotted lines in
Fig. 8(b)) with the tensile loading direction (i.e. with the gauge length)
in the central region whereas 20° tilt from the loading direction at the
edges of the fracture tip thereby suggesting the gradual defect propa-
gation (ductile) at the central part and sudden fracturing (near brittle) at
the edge [46,47]. To understand the steady flow softening behavior
further, we performed some detailed analysis using XRM which is dis-
cussed subsequently.

According to the fracture theory, void nucleation mainly happens in
the region of necking due to stress localization and change of stress state
[47,48]. Tt is also understood that, if the grains have high/low aspect
ratios (columnar morphology of grains), it promotes easy void nucle-
ation followed by their coalescence leading to early fracture [47,48]. If
the stress triaxiality can be maintained low during tensile deformation,
the void nucleation can be minimized. Moreover, if the voids form, they
reach the void growth saturation well before the void coalescence begins
and thus can delay the fracture. Hence, maintaining low-stress triaxiality
throughout the gauge is the key to having sustained softening behavior
during deformation. A minor fraction of the second phase/deformation
obstacles (bands, twins, etc) also assists in minimizing the stress triaxi-
ality promoting sites and thus can help in the steady necking of the
sample [48].

In line with that, with the equiaxed morphology of grains in SC Ti-
CCA, the void nucleation by decohesion at the grain boundary can be
minimized suggesting a low void nucleation tendency. The XRM analysis
(Fig. 8(d)) further showed a very low void fraction supporting very
sluggish void nucleation (volume fraction of voids as 1.6 %) whereas the
3D reconstructed gauge volume displayed very uniform and finer void
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Fig. 8. (a) 2D reconstructed gauge volume of SC Ti-CCA tensile specimen after fracture using X-ray microscopy (XRM) showing diffused necking (b) Cropped section
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size distribution (max size of void = 20 pm, average size of 2 pm)
thereby confirming early void growth saturation. Moreover, XRM
analysis suggests that the maximum void size formed is smaller than the
average grain size (Fig. 8(e)) of the SC Ti-CCA and thus suppresses void
growth tendency further as per the ripening theory. Also, the DBs
formed during deformation can act as a dislocation obstacle, its pro-
pensity to promoting stress triaxiality at DB/matrix interface is low since
both DBs and matrix have the same crystal structure. Minor presence of
B-Zr (b.c.c.) would also not alter the stress axiality at a greater extent in
Ti-CCA due to similar deformation requirements as that of the §-Ti (b.c.
c.) matrix. Thus, the formation of equiaxed grains, minor volume frac-
tions of deformation obstacles, and the absence of different crystal
structures in the microstructures helped in delaying the plastic insta-
bility and thus displayed steady necking assisted flow softening event in
the SC Ti-CCA [47,48].

3.5. Excellent specific strength-ductility synergy

Fig. 9(a) reproduces Fig. 1(a4) i.e., SDI vs. VEC plot [12,14-27] with
the addition of Ti-CCA data point. It is important to first note that SC Ti-
CCA locates itself at a position better than the targeted region which
suggests the design philosophy used is a pathway of future design of Ti-
based complex alloys. Moreover, the alloy outperforms all existing Ti-
based conventional and complex alloys (Ti > 45 at. %) in SDI values
in the as-cast state to date. It is further interesting to note that Ti CCA is
found to be way better in SDI values compared to the SDI values of alloys
having YS > 1 GPa. This suggests the Ti-CCA has the synergistic presence
of high SDI and specific YS without any post-processing treatments,
which is an ongoing demand of most of the structural material industries
in terms of alloy characteristics. This is also supported by the SDI vs.
specific yield strength (Fig. 9(b)) plot made for the same data points as
shown in Fig. 9(a). Thus, Ti-CCA overcomes the strength-ductility
paradigm in the pre-existing Ti alloys by simultaneous inheritance of
significant YS, UTS, and ductility in a much cheaper way compared to
high-density and high-cost elements (Hf, Ta, and W) containing light-
weight refractory CCAs.

4. Conclusions

The design and successful fabrication of TisyZr16V16NbyoAlsMog (Ti-
CCA) led to the following conclusions.
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1. B-Ti (b.c.c.) dominated as-cast microstructure of Ti-CCA displayed an
equiaxed grain structure with heterogenous grain size distribution
with minor presence of p-Zr phase (~3%) which is the result of not
only selected alloy chemistry but also of the fabrication route.

2. This work’s design of Ti-CAA shows a 35 % tensile ductility when
compared to traditional Ti-based alloys or newly designed Ti-CCAs
while having not only high ultimate tensile strength but also very
high yield strength (YS) thereby overcoming the conventional
strength-ductility tradeoff without performing any post-processing
of the SC microstructure when compared with conventional Ti-
based alloys or recently designed Ti dominating CCAs.

3. This synergistic combination of YS, UTS, and ductility is a result of
sustained strain hardening response due to the formation of defor-
mation bands (DBs) and work hardening activity at the DB/matrix
interfaces occurring concurrently in heterogenous grained p micro-
structure whereas steady softening response as a result of delayed
void nucleation and its early growth saturation in heterogenous
equiaxed grain microstructure.

4. The multi-filtering (merging CCA design, VEC, solubility, and density
concepts) alloy design approach used in the current work for the
development of Ti-CCA provided a new pathway for realizing next-
generation, strong, and ductile CCAs cost-effectively.
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