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Abstract

Ti-10V-4Cr-1Al wt% (TVCA) is a new grade of titamualloy, developed to combine
twinning induced plasticity (TWIP) and transfornmati induced plasticity (TRIP)
effects. The TVCA alloy exhibits a very high strdnardening rate and an excellent
balance between strength and ductility for greaemial in aerospace applications.
Deformation mechanisms are investigated usingtintschniques as synchrotron X-ray

diffraction (SXRD) and in-situ electron backscattiffraction (EBSD) analysis during



tensile strain, as well as transmission electroarescopy (TEM). The results reveal
that permanent {332}<113> mechanical twinning amd wmstable orthorhombia”
martensite are the major deformation products. W®tigly aims at unveiling the
interaction and co-deformation of the various defation features, that lead to the
outstanding mechanical properties of the alloy. Tkey high strain hardening rate
could be explained by the simultaneous activatibtwo different deformation modes,
the primary TRIP mode on one side, and the hybWdH and secondary TRIP mode
on the other one, in different grains, resulting imgrain dynamic hardening
(Hall-Petch) / softeningal martensite) effects and meso-scale dynamic mecakn
contrast. Selection of the deformation mechanisiR# or TWIP —, which seems to
be inhomogeneous, at both the inter- and the graaular level, is investigated.
Keywords

Titanium alloy, deformation twinning, martensitibgse transformation, strain

hardening, deformation structures

1. Introduction

The development di-titanium alloys has attracted an increasing attenbver the last
few years for fulfilling the growing demand frometlaerospace industry. Until recently,
the interest brought to this family of titaniumaglé was limited because of their rather
weak work hardening and ductility, specific to stctures. However, proof was given

that triggering twinning and/or martensitic phassformation in thg-phase under



applied stress, even for dual-phase alloys, coukhtly enhance both the work
hardening capability as well as the elongationhaf alloy, leading to materials with
great potential for various applications [1-9]. i now well known that the
transformation induced plasticity (TRIP) and thentwng induced plasticity (TWIP)
effects are closely related to the chemical stgbdf the B-phase at room temperature
[10]. The stability domains of the later can bedceed with good accuracy using the
Bo-Md (where Bo stands for mean bond order and bidnfiean d-orbital energy)
design method [2,11], DFT [12], but also Calphagrapch. They allow to target the
boundaries of the stabffedomains, where TRIP and TWIP are more likely touncThe
understanding of the deformation mechanisms, takeependently, benefits from
several studies. Concerning the TRIP effect, a goudkerstanding of the formation of
stress induced martensite was reached with theysaidshape memory alloys,
superelastic alloys and gum-metals, used for biacaédpplications [4,5,8,13,14]. As
for the twinning effect, it has been investigat&dvarious aspects, such as the influence
of the grain orientation [15-17], deformation r§it8] and chemical homogeneity [19].
Twinning mechanisms for the bcc structure are stillhypotheses among various
models, especially regarding the {332}<113> twirgjinheoretically unfavorable yet
widely observed in metastablgTi-alloys [20-23]. Recent assumptions based on
experimental observations suggest that the {3323=1iwinning process could be
mediated by the formation of orthorhombic martensitormed as a martensitic

reversion product [23-25]. This shows the complerit the interactions between the



various phenomena, and how interdependent they duzul

Thus, even more complex than single TWIP or sifigkP effects, the interplay of the
two deformation modes in TWIP/TRIP alloys, althoulglading to highly desirable
mechanical properties, remains far from being weltlerstood; even if some first
attempts to describe the deformation sequencelanthteractions between the various
features (including the role of the stress indueeghase, not observed in this study)
have been reported [1,26-28]. Yet, no agreementhendeformation sequence was
found, and microstructural mechanisms are derivedniy based on post-mortem
imaging, limiting the understanding of the complaxeractions which are very
sensitive to stress-strain environment [26,29,30]is study focuses on the-situ
investigation of the deformation mechanisms at thdous length scales, and their
interaction, using a Ti-V-Cr-Al alloy designed frodielectron approach [2,11]. The
composition is designed for the formation of TRIRIAWIP upon deformation, using
Bo (mean bond order) and Md (medworbital energy) parameters of 2.785 and 2.353
respectively [2,11,31)n-situ analyses are of particular interest in this caeasidering
the partially reversible (when tensile stress isased) behavior of the martensite. A
special focus is given to the understanding of dheeria ruling the selection of the
deformation mechanisms, to try to add to the engstiesults on the “deformation
sequence” in such alloys. The macro-scale dataity synchrotron X ray diffraction
SXRD) and the microstructural analysés$tu SEM and EBSD, with supplementary

TEM) are used to investigate the evolution of thertemsitic and th@-twins fractions.



The triggering of one and/or the other mechanisameng TRIP and TWIP - for the
various grains, using a Schmid factor (SF) analysisised to explain the exceptional
tensile properties of the material.

2. Experimental

Ti-10V-4Cr-1Al alloy (TVCA) in wt% is processed bgrc melting under a high Ar
purity atmosphere. A 200g ingot is melted usingustdal purity Ti sponges, Cr
granules, a master alloy of AlV and Al shots. Pdaté 3mm thickness are cut out,
homogenized at 1173K under air for 900 s and thatemquenched. Slice-cut samples
are cold rolled down to 0.5mm sheets, corresponthng reduction level of 80%. To
restore a fullyp state, cold rolled sheets are finally solutiorateel (ST) under high
purity Ar atmosphere at 1033 K for 900 s, and thexer quenched. Tensile tests are
performed at room temperature using an INSTRON5S8&6hine with an extensometer,
on specimen with dimensions of 50 mm x 5 mm x 0.5matra strain rate of 10s™
In-situ SEM tensile samples, with dimensions 35 mm x 2mdn5xnm, are prepared by
electropolishing. Electron backscatter diffracti@BSD) scans are collected using a
field emission gun scanning electron microscoperaipgy at 20kV, with step size
ranging from 0.5 to 0.0lpmin-situ tensile tests are performed using a Proxima
100-Micromecha machine. Deformation is followed bgcondary electron (SE)
imaging during the loading state and EBSD scansracerded at different strains.
Because of some surface relief related to the ateiilv deformation mechanisms,

preventing indexation, a few microns of the surfaate the rupture stage were



electropolished before recording the last EBSD scan
In situ SXRD is conducted at the high resolutiorarbeline ID22 of the European
Synchrotron Radiation Source (ESRF), Grenoble, dgafrom a tensile sample with
gauge width of 4mm and 0.5mm in thickness. Thedieri X-ray beam had a diameter
of 1 mm and a wavelength of 0.040002106 nm. Dallaatmn of transmitted diffracted
beams was performed over th@ @&gular range 6-24°, with a step size of 0.00%. S
scanning stages are carried out at room temperatasing from the unloaded state,
and then for increasingly loaded states, up toaansbf 0.20 with a strain rate of 1&™.
Analysis of the diffraction patterns consists ientifying the phases corresponding to
the different peaks, and then estimating the ktiarameters owing to Pawley
refinement using the TOPAS software. Estimationthef intensity of specific peaks is
also carried out. Site-specific samples for tragsimon electron microscopy (TEM)
were prepared using a FEI Nova NanoLab 200™ focisetieam (FIB) system. TEM
studies were carried out using a FEI Tecnai F20-Fip€rating at 200 kV and FEI
Tecnai G2 30 TWIN operating at 300 kV.
3. Results

3.1Mechanical performances of Ti-V-Cr-Al alloy
The mechanical behavior is shown in form of a umilatensile curve in figure 1a, in
which a stable plastic flow starts at about 420MiRd is maintained until 1200MPa.
Initiation of localized necking is observed at abeud0.35, yet the total engineering

elongation exceeds 50%. Consistent with the Bo/Msigh strategy, the TVCA alloy



displays a complex, non-monotonic, stress-straofilprpreviously observed in both
Ti-12Mo and Ti-8.5Cr-1.5Sn alloys, especially doettie hump in the work-hardening
rate curve (figure 1b). The work hardening ratd@fCA reaches a maximum of about
2.6 GPa at=0.12. The vertex divides the work hardening predet two stages: early
stage - from yielding t@=0.12 - and late stage from 0.12 to 0.35. The wwidening
rate is characterized by an increase in the etatyes before to slowly decrease during
the late stage.

3.21n situ SXRD investigation of deformation mechanisms
Before deformation ¢£0), the singlep phase (body center cubic bcc) with cell
parameter a=3.26 A is confirmed by SXRD (FigureSIM is, as expected, triggered at
the end of the elastic regime. The orthorhomBlicnartensitic phase is indeed detected
by the first SXRD analysis in tension, for a defatimn of¢=0.02 (Fig. 2a), with lattice
parameters a=3.06 A, b=4.88 A and c=4.62 A detezthiny Rierveld refinement. The
evolution of the volume fraction ai” is estimated from the quantitative Rietveld
refinement results for each diffraction diagramsuasing that the texture is random
(Figure 2b). Although this last hypothesis is a &itong, it allows us to access
approximately the amount af, as well as to get the relative evolution of tiephase
fraction with strain. The volume fraction increasagidly to about 30 vol% at at0.08,
and then reaches a plateau, during which the amiogneases very little, to reach
approximately 35 vol% at=0.2.

3.3Local analysis of the deformation mechanisms: a hetogeneous behavior



At the macro-scale, an EBSD analysis of the micuostire (Figure 3) reveals a 1006
structure prior deformation, consistently with t8%RD information, and an average
grain size of 46 microns. The color code referthcalculated SF of the {332}<113>
twinning (in red) and to the one of the SIM fornoati in green, calculated using the
habit plane of the martensite. One can see thagthies are grouped, defining some
zones that are more likely, based on the SF, toraefeither by twinning or by
formation of martensite. It can also be noted thiaén the grains are well oriented for
one mechanism, the other mechanism is rather uwyliice occur. Therefore, further
analyses were performed to identify the respectseguence of deformation
mechanisms in the two populations of grains. The papulations are referred to in the
following as “type A” grains, displaying high SFrf8IM (TRIP), and “type B” grains
displaying high SF for mechanical twinning (TWIReet),
3.3.1 Deformation induced martensitic phase transformatiom (“Type A”
grain)

For further investigation, a model “type A” grais selected, and called grain A in the
following. Plate-like deformation bands (Fig. 4ak aobserved by SEI (secondary
electron imaging) aftem-situ tensile loading t@=0.03. EBSD mapping identifies the
nature of the bands a% martensite. It can be seen from Fig. 4a thatafrthe bands is
composed of two orientations af that are in twinning relationship. The orientatio
relationships between th€ phase variants anfl matrix are verified by pole figure

projection (Fig. 4c and 4d). The classical Burgetationship (11Qy// (2-11) is found



for the major SIM variant (green), but not found faurple one, confirming that the
purple variant is obtained by twinning of the primanartensite (green variant). After
releasing the tensile load, the martensite disapp@ag. 4b), and a fulp structure is
restored, confirmed by EBSD mapping on the same.zlbrshows that the martensitic
phase transformation can be reversible in the esdge. In contrast, no mechanical
twinning of beta phase was observed in the arethése deformation levels.

3.3.2 Stress induced twinning and secondary SIM (“Type B’grain)
In-situ SEM investigations are then performed tonitay the deformation of a grain,
showing a high SF for mechanical twinning, dendigdrain B hereafter.
SEI show that at yield (Fig. 5b), two straight pi@tabands appear on the surface of
Grain B, growing about 76° away from the tensileediion (vertical). At lower
deformation (up t@~0.2), deformation seems to proceed by band mud&pbn, before
thickening of the bands takes over.
Deformation strain is held at0.1 ande~0.2 for EBSD mapping, and a final EBSD is
performed on the fractured sampie(.35). Phase maps are over imposed on the SE
images (figure 5), and details of the orientatioaps at the different stages can be
found in the supplementary materials. Difficulties indexation are noticed at the
interfaces between bands and matrix, probably dileet shadow of the relief or to very
fine and strained microstructures. The in-deptHyamaof the nature of the deformation
products, their orientation and surface fractionttie sample after rupture is then

performed, and the results are given in Fig. 6a. d&oeasier identification, they are



labelled T1 to T4 for th-twins, and al to a3 for the martensitic variants.

As can be seen in figures 5 and 6, the strain-iedweformation bands are mainly
identified asp twins belonging to the {332}<113> twinning systefthree twinning
systems T1, T2 and T3, for a total surface fractb@7.2%). A major twinning system
T1 is observed, and one {112}<111> twin (T4) isnied at the late stage of the
deformation (Figure 1 of supplementaty materialithviow surface fraction of 0.7%.
Some martensite is detected too, mostly on the sgle of the grain. Thre#® variants
are found, with surface fractions of 2.3%, 1.3% &P6. The a3 variant, it is the only
one detected only after rupture (Figure 1 of supgeletary materials), unlike the other
variants which are identified for lower strains.

Considering the indexed parts, the {332} twins msssa higher volume fraction than
the martensitic phase. The martensite surfaceis@ao much lower than macroscopic
SXRD estimation (Fig. 2b). Yet, this is a localuksand an analysis of this zone with
lower magnification leads to 22.9% (surface fractiof martensite at failure, closer to
the SXRD results (Figure 2 of supplementary malerigy plotting the stereographic
projections of the different features (Figure 6gc-elassical crystallographic
relationships are confirmed for the major T1 anel tmatrix, and for al variant and T1
but not for al and the matrix. This leads to th@dtlgesis that al is a secondary
deformation product obtained from the deformatiénTd and not the matrix. Similar
results are found for a2, that does not fulfill Bigrgers relationship with the matrix but

with T1 (not displayed here).
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3.3.3 Detailed microstructures of twins and martensite
An in-band microstructure is studied by TEM, totimybetter understand the complexity
of the secondary deformation mechanisms and therlymlg phenomena. Grain B is
selected, and the lift-out is performed after fuaet on a band with low confidence of
index (black pixels in Fig. 7a). Figure 7 shows thess section of the band, where a
step is observed at the surface. It is evidenaad the SAED patterns (Fig. 7b) that the
microstructure is composed of a {332} twin withemtal secondary’ phase. However,
the o” phase seems unstable, since SAED pattern orefheflthe Figure 7b, taken on
the same area after six months of “aging” at roemgerature, shows that thephase
is actually reversed into its parent phase ptfi&32} twin.

3.3.4 Schmid factor analysis
Details of the SF, that led to the selection ofrggaA and B as model grains, are given
in Figure 8. It is completed with analysis of thgerimentally observed deformation
features (highlighted) and details of T1 are alseemg as this system was shown to
display internal secondary deformation featurese B¥ for the three best-oriented
variants (highest SF) of {332} twins, {112} twin®xdo” martensite are given. In all the
cases, there is a {112} twinning system which digplthe highest SF of all systems.
However, such twins are not observed, except imddafor large strains (detected only
in the last EBSD mapping). Apart from this twinnisigstem, the mechanisms triggered
in grains A and B fulfill the SF selection critemiothe formation of martensite is the

favored mechanism in grain A and is indeed expertaiy observed, similar to the
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{332} twinning system for grain B, with the higheSF of 0.459 for the main variant T1
(3-23) [131]. The fact that the SF of martensiteas the highest one for the secondary
deformation mechanism in T1, and yet it is the naecdm observed, may indicate that
the SF rule is not respected for secondary defaomabhechanisms. This is in line with
the idea that secondary deformation mechanismsvaocalate the mechanical contrast
inside the grains, without any direct link with tmacroscopic strain.

3.4 Correlation between the mechanical data and the amgsis of the deformation

mechanisms

Finally, the comparison between strain hardenirig aad strain transforming products
at two different scales is shown in Figure 9. ligufe 9a, results from macroscopic
measurements, strain hardening from tensile testafmaction from in-situ SXRD, are
plotted as a function of tensile strain. The plate@ached by the martensitic fraction
happens to correspond to the hump in the work-Imémderate. Microscopic evolutions
of the area fractions df twins anda” martensite in grain B (TWIP/TRIP mode) are
presented in Figure 9b as a function of tensilairstrThe increase in the twinned
fraction is monotonic up to about 25 area% at mgtln contrary the” fraction is very
low and increases slowly until 20% and then strongfl the fractured stage. The
difference between macroscopic and microscopic rghiens may confirm the
preferential selection of local deformation meckani according to the grain
orientation.
4. Discussion

12



The tensile behavior coupled with-situ analysis of the deformation mechanisms of a
B-metastable Ti-alloy are reported in this paper.ekpected from the shape of the
tensile curve, a signature of strain transformaddleys with deformation processes
related to TRIP and TWIP, stress induced marteraitd twins are formed upon
deformation, as indicated by the SXRD (Figure BMSEBSD) (Figure 4-6) and TEM
analyses (Figure 7). Yet, an EBSD analysis at tteermiscale prior deformation
suggests that, depending on their orientation anthsir Schmid factor, some grains
may be more favorable for TRIP and some other MHAH. This could indicate that,
rather than the existence of a unique deformatemuance in the alloy, each type of
grain undergoes a different pattern. Therefore,ftflewing discussion will focus on
the “type A” and the “type B” ones. The differeimies of the martensite, in the earlier
deformation stage and in the late one, will be disgussed. Finally, the impact of this
contrast, between the two populations of graindl, @ discussed in the light of the
mechanical properties and possible hardening mésrhan

4.1 Investigation of the different behaviors observedn type A and type B grains

4.1.1 Selection of the primary deformation mechanism

The textural influence on mechanical twinning hasrbhighlighted in several papers,
through Schmid factor (SF) analysis [15—-17]. Howevieis particular parameter has
not been evaluated in case of potentially combii@P and TWIP effects, with

subsequent questions on the twins/martensite oiters. As can be seen in Figure 2,

the B-grains at the initial state seem to be, basedhenctlculation of the SF, well
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oriented for one or the other mechanism, eitherPT& TWIP. Experimentally, it is
confirmed that SF predicts with good accuracy wigcdin will TRIP or TWIP (at least
as primary deformation mechanism). “Type A” graias,the one investigated in figure
4, shows that the first deformation mechanism otegkis TRIP, in good agreement
with the calculation of the SF (Figure 8). In tigimin, up tae=0.03, no twinning of the
B-phase is found.

Similarly, in the grain investigated in figures §*#%ype B” grain), TWIP is the primary
deformation mechanism, with the formation and rplittation of {332}<113> twins in
the first stage. In grain B, the detected martensst identified as a secondary
deformation product (discussed later in section2}.1At the end of the deformation
process, up to 30% (surface fraction) of the giaitwinned, and less than 10% is
indexed as martensite, well below the average valftie€35% calculated on the
macroscopic level by SXRD. This highlights the fawt different behaviors are found
at the grain-size level, and the macroscopic datg cannot reflect on the variety and
complexity of the local behaviors. Therefore, th&dry of the deformation, applying in
every grain, cannot be treated as unique, but miSplit into at least two stories, for
the type A and type B grains in the alloy. The fd#wat both mechanisms can be
triggered as primary deformation mechanisms alsiicates that the critical resolved
shear stresses (CRSS) required for TRIP and TWdRIanilar, as is classically expected
for TRIP/TWIP alloys. Indeed, if one of the meclsans had a much lower CRSS, it

would be triggered regardless of the grain oriéomat
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4.1.2 Formation of secondary deformation products

When increasing the strain in grain B (figures 5{gformation products other than
{332}<113> twinning are observed: {112}<111> twimg is found, as well as
martensite variants. The fact that {112}<111> twimnis not observed earlier in the
alloy (see supplementary material for details)spite of its high SF (Figure 8) may be
explained by a possible high CRSS, that prevensedarlier formation. Regarding the
martensite, the indexed variants al and a2 douifit the Burgers relationship with
the matrix but with T1 (Figure 7d), therefore thegn be identified as a secondary
deformation mechanism.

Taking a closer look at the location where the eraite is formed, it seems to mostly
be coupled with other features, such as a graimdemy or a {332} twin, with
sometimes a very intricate structure for the lattese. This suggests that martensite is
triggered at late deformation stages in the higltgined areas, to accommodate strong
local strain fields.

Bands composed only of martensite (fully marteasiteedles) are not found in this
grain. Contrary to al and a2, detected=dl.1 ande=0.2 in association with T1, a3 is
observed in grain B only after rupture. This greanant, detected in several zones of
grain B, has a twinning relationship with al andaid also a negative SF. This leads to
the hypothesis that a3 is formed by twinning of@2viously indexed in the same zone
in the grain), aiming at accommodating the backstme the sample.

4.1.3 On the {332}<113> twinning

15



The formation of {332}<113> twins has been subjddi® a lot of hypothesis, including
shuffling, or martensitic mediation [23-25]. Yehet controversy remains, as no
“universal mechanism” is reached, each alloy prsgrits own characteristic features.
For this alloy, to get a better understanding of ke defects form and interact together,
one of the band, that is not easily indexed, offthetured sample, was looked at by
TEM. One deformation step before, parts on thetragthe of the band was indexed as
martensite (al), and the left side of the bandindexed as T1.

Bright field images show that the band is actuallynposed of several components
stacked on top of each other. The central and $atggnd was unambiguously indexed
as orthorhombic martensite in (310) zone axissltsurrounded by one band with
{332}<113> twinning orientation relationship on déaside, making the transition with
the matrix.

This result is the opposite of what was observedeweral papers [23-25], where the
boundary between a {332}<113> twin and the matriaswmade of orthorhombic
martensite, more or less well defined. Results ftbenliterature lead to the hypothesis
that the formation of {332}<113> twins could be neeéd by martensitic phase
transformation. In the present case, several hsoggest that this scenario is not
happening. First, the martensite is contained énttvin. Besides, the interface between
the martensite and the twin is not parallel to itterface between the twin and the
matrix. This indicates that the twin formed firahd that the martensite is a deformation

sub-product, in good agreement with the EBSD daitally, the sample was analyzed
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again after 6 months at room temperature (“agefffadtion pattern in figure 7). The
new TEM analysis of the “aged” sample shows tha thartensite needle has
transformed back into a bcc structure, the lat@virg the same orientation as the
neighboring twin, and not the matrix. The martensiterefore reverted into its parent
structure: the {332}<113> twin.

The deformation sequence observed here does noatabmeing universal, since it is
important to keep in mind that all the fFmetastable alloys with different compositions
have a different sensitivity for the TRIP and th&lP mechanism. But it shows that the
mechanisms suggested, the martensitic mediatidwiahing, although undeniable in
the reported cases, also cannot be extended {83B§<113> in general.

4.2 Understanding the deformation mechanisms

4.2.1 Correlation between the microstructural investigatons and the tensile

testing curve

Figure 1 shows that the tensile behavior can be asenade of two different domains.
The first one goes up to abatst0.12, and the second one goes from that pointron. |
the first stage, the work-hardening rate increasles, and decreases in the second one.
The first deformation stage is also marked by angjrincrease of the quantity of
martensite, as indicated by the SXRD data (figyresBowing a raise from 0% (initial
state, undeformed sample) to about 30%. The shiaibe tensile curve is characteristic
of alloys forming SIM with the double yielding, absed between~0.055 anct~0.12.

It is usually considered that the second yieldingesponds to the elastic deformation
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of the martensite that was formed during the Stage (here up t&~0.055). This is in
good agreement with the fact that according to SXRE, the fraction of martensite in
the material reaches a plateau at about 10% ofmeat®mn, which corresponds to the
beginning of the hump in the work-hardening ratet, ds the present alloy is not purely
superelastic but TRIP/TWIP, the mechanisms assatiaith this step combines elastic
deformation of the martensite, but also twinnind drslocation glide.

The first deformation domain therefore seems tacdmtrolled by two “independent”
primary deformation mechanisms, twinning and SIMgche of them occurring in
different grains (type A and type B).

During the second deformation stage, the amounnadtensite increases very little.
Considering this slight increase and the discussibrthe previous part, it can be
assumed that the martensite formed during thatestaga secondary deformation
product, and is formed to accommodate local sfiekts, explaining the much smaller
quantity. This also explains the rather heterogeseepartition of the martensite in the
grain, mostly localized in the twins or at the grdioundaries, which are locations
expected to be under higher strain levels.

4.2.2 Towards a two-levels composite effect

The study of the grains A and B brought a lot dbimation on the various behaviors
observed in the grains. The first major point @titinere is a heterogeneity between the
grains depending on their orientation. Some of tteger more favorably oriented for

TRIP and some others for TWIP, therefore grain®meing by TWIP are lying next to
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grains deforming by TRIP. However, the consequeriane or the other mechanism is
not the same from a mechanical point of view. fpety8 grains, the refinement of the
microstructure by twinning creates hardening via ttynamic Hall-Petch law [32].
Twin boundaries act as barriers to gliding dislmoa, consequently reducing their
mean free path, and these grains harden. In cosaparihe role of martensite is still
under discussion, as it is classically considei®a goft phase, with a modulus lower
than the one of the bcc phase. Besides, as wassihoavrecent study, martensite may
not act as a strong barrier for gliding dislocasiom comparison with twin boundaries
[33]. It could however participate in the hardenlmgacting as dislocation source, and
still contribute to hindering the dislocation glideverall, the hardening is expected to
be different in type-A grains and type-B grainsdimg to a first grain-level type of
heterogeneities. The second point is that in typegr8ins (favorable for TWIP),
martensite can form to accommodate the strong keftcain fields, at twins or at grain
boundaries, that may otherwise lead to earlierufeailof the sample. Therefore,
heterogeneities are observed at two different sevéhe first one is the level of
individual grains or groups of grains, and the secone is the intragranular scale. Thus,
the distinct yet complementary roles of the two mdéeformation mechanisms TRIP
and TWIP in type A and B grains may be used toarphe outstanding ductility and
UTS in this alloy. It is well known that both mecisms, taken individually or together,
allow the beta structures to reach better mechhpieperties, compared to simple

dislocation glide [7,14,16,17,34,35]. Two main effe are used to explain this
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improvement: the dynamic Hall-Petch effect and dbmposite effect, which relates to
the co-deformation of the various phases. Thisrsgeffect seems of particular interest
in this case, considering the two levels of hetenagties discussed before. There is
therefore a two-level composite effect observedthis alloy. The first one is an
intergranular mechanical contrast between hardgingrand softer grains. The second
one is the intragranular mechanical contrast, sbetween the matrix and the
deformation products — harder for twins, softer fmartensite. This architectural strain
distribution may explain the excellent work-hardenicapability and ductility of the
alloy.

4 Conclusion

In-situ studies on the heterogeneous nature of deformaticm strain-transformable
Ti-V-Cr-Al alloy are reported. The multi-scale aysik of the deformation mechanisms
occurring in this alloy allowed to confirm the defeation mechanisms TRIP and TWIP,
and the focus is put on the heterogeneity of tlierént zones of the sample, which
depends highly on the grain orientation with resptex the tensile axis. This
heterogeneous microstructure results in complemgic@deformation of the material
at two different scales (intragranular and intengitar). Finally, with the help ah-situ
techniques, the behavior of the martensite couldabeurately investigated. An
important result of this study is that, based ogirtlorientation, grains seem to prefer
one or the other deformation mechanism between T&i® TWIP. Two different

behaviors, twinning and martensitic transformatiare thus observed in the primary
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stages of the deformation, each of them for a iiffegroup of grains. This coincides
well with a fast increase of the martensite fragtifound in the form of needles in the
grains favorably oriented, that reaches about 36f6~0.12. In the latter stage of the
deformation, the overall martensitic content stabd, even though it is still formed in
small amounts in TWIP-favored grains as secondaghanism, to accommodate the
highly strained areas. These results suggest h#atere is, for this alloy, no unique
deformation path, but rather two parallel scenaribs suggested that the exceptional
mechanical properties of this alloy, a yield stténgf 420 MPa, a UTS of almost 1200
MPa and a uniform elongation of 35%, can be andlyethe result of the multi-scale

heterogeneities and co-deformation of the variaierthation features of this material.
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Figure 1: Uniaxial mechanical properties of Ti-V-@t alloy in the ST state. (a) true

stress-true strain curve. (b) Work hardening raseaafunction of the true stress.
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Figure 7: TEM analysis of the profile of a deformoatband in grain B. (a) EBSD 1Q,
IPF and phase map of the band before the liftd)tTEM bright field of the band, and
diffraction patterns corresponding to the differeones of the band. Twinning
interfaces are marked by a red line and interfaeeMeerny:” and the$ twin are marked

by a blue line.
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Figure 9: (a) Evolution of the overall martensitelwme fraction (SXRD) and the work
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in grain B as a function of strain.



