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a b s t r a c t

Strain-transformable Ti-based alloys are known to display a superior combination of strength, ductility and strain-
hardening and attracted considerable interest on recent years. They generally still display, however, a limited
yield strength that can be possibly overcome by further precipitation strengthening of the developed systems. In
that work, we developed a design strategy to reach a forged dual-phase (𝛼+𝛽) microstructure with TRIP/TWIP
properties in a Ti–10V–2Fe–3Al alloy. The results showed an excellent combination of mechanical properties due
to the strain-transformable deformed 𝛽-matrix. The investigation on the deformation mechanisms in the Ti–10V–
2Fe–3Al alloy was accurately performed by means of both in-situ synchrotron XRD, mechanical testing followed
by SEM/EBSD mapping and “post mortem” TEM microstructural analyses. Combined Twinning Induced Plasticity
(TWIP) and Transformation Induced Plasticity (TRIP) effects were shown to be intensively activated in the alloy.
The particular role of stain-induced martensite 𝛼″, acting as a relaxation mechanism at the 𝛼∕𝛽 interfaces, as well
as the strong interactions between mechanical twins and primary 𝛼 nodules were particularly highlighted.

1

i
h
T
t
a
n
t
s
b
t
e
s
p
p
s
s
p

t
o
a
p
t
e
a
w
c
p
a
i
a
m
T
s
T
t
l
b

h
R
A
2

. Introduction

In recent years, a new family of metastable 𝛽 titanium alloys display-
ng a superior combination of strength, ductility and enhanced strain-
ardenability has been extensively investigated. These alloys combine
Ransformation Induced Plasticity (TRIP) and TWinning Induced Plas-
icity (TWIP) effects resulting in both complex deformed microstructures
nd extremely efficient dynamical strain-hardening mechanisms (dy-
amical Hall–Petch, mechanical contrast between twins and matrix due
o the high elastic anisotropy of 𝛽-phase, hetero-deformation induced
train-hardening) [1–7]. Most of the alloys developed to date have been
ased on a “d-electron” design approach for single 𝛽 phase microstruc-
ures [8]. These alloys typically exhibit low yield strengths and therefore
nhancing the yield strength while preserving large tensile ductility and
train hardenability remains a challenge. For that purpose, additional
recipitation strengthening approaches have been already successfully
roposed, for example 𝜔 phase precipitation [9]. However, there is
till limited information related to TRIP/TWIP effects in conventionally
trengthened 𝛼+𝛽 dual-phase microstructures [10]. Yield strength im-
rovement can be, however, expected from that approach, considering
∗ Corresponding author.
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hat 𝛼 particles may significantly decrease the observed mean-free path
f the mechanical twins, for example. Several critical questions may
rise from that strategy: (i) the 𝛽 phase compositional design has to be
erformed considering both the nominal compositional design and the
argeted 𝛼 phase volume fraction. (ii) The 𝛼 phase precipitation has to be
nsured in a well-controlled manner with homogeneous distribution to
void excessive stress-concentration. Considering these different facts,
e propose in this paper a simplified and straightforward way to reach

onventionally strengthened 𝛼+𝛽 dual-phase with combined TRIP/TWIP
roperties and resulting in high strain-hardenability. For that purpose,
n as-forged industrial Ti–10V–2Fe–3Al (wt%) has been used as start-
ng material and a strain-transformable microstructure has been gener-
ted from a single and well controlled solution treatment. Advantages
ay be multiple: (1) Ti–10V–2Fe–3Al is a fully available commercial
i alloy from the near-𝛽 family. (2) It is already widely used as large
tructural parts in aerospace industry (landing gear). (3) Properties of
i–10V–2Fe–3Al can be tailored over a very wide range, from superelas-
icity in the single 𝛽 phase metastable state [11], to a high strength al-
oy when used in a classical bimodal microstructural state, composed of
oth primary (𝛼p) and secondary (𝛼s) alpha phase [12–14]. To establish
he proof of concept, the microstructural design approach followed in
his work is firstly presented. The investigation of resulting deformation
echanisms is mainly based on a combination of in-situ mechanical test-

ng, coupled with synchrotron x-ray diffraction measurements (SXRD)
.
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nd electron backscatter diffraction (EBSD) studies in a scanning elec-
ron microscope (SEM), as a function of the strain. Finally, results of
reliminary transmission electron microscopy (TEM) investigations of
he interaction of mechanical twins with 𝛼 precipitates, after interrupted
ensile tests, has been presented in this paper.

. Material and methods

Ti-10V-2Fe-3Al (in wt%) (Ti-1023) as-forged bars, with a 𝛽 transus
qual to 1073 K, had been provided by TIMET for this study. Samples
ith dimensions of 55×18×10 mm3 were solution-treated in the 𝛼+𝛽
eld at 1023 K for 14.4 ks and then water quenched. Tensile specimens
ith dog bone shape and gauge dimensions of 55×6×3 mm3 were ma-

hined. Tensile tests were performed at room temperature, at a strain
ate of 10−3 s−1, on a Criterion 43 MTS machine equipped with an ex-
ensometer with a gauge length of 25 mm. All specimen for both conven-
ional x-ray diffraction (XRD) and synchrotron x-ray diffraction (SXRD)
nalyses were first prepared by mechanical polishing on SiC papers and
sing an OPS–H2O2–H2O mixture for final polishing. The surface of
pecimens for EBSD were prepared by electropolishing. Microstructures
ere observed using a field emission gun scanning electron microscope

FEG-SEM ZEISS LEO1530) operated at 20 kV. X-ray diffraction mea-
urements were collected using a Bruker Endeavor D8 X-ray diffractome-
er. EBSD scans were collected under in-situ tensile conditions, with step
ize ranging from 0.03 to 0.5 μm, at the initial state, at 5% of deforma-
ion and then after unloading. In-situ tensile tests, both for synchrotron
nd SEM, were performed using a Proxima 100-Micromecha machine
n 55 mm×1.5 mm × 1 mm3 samples. In-situ SXRD scans were carried
ut at the DiffAbs (Diffraction and Absorption) beamline at SOLEIL, the
rench synchrotron facility. XRD measurements were performed in re-
ection mode with an energy of the X-ray beam fixed to 12.475 keV
𝜆=0.994 Å). Using this energy combined with an incident angle of 9°,
he penetration depth was approximately 20 μm. A 600×300 μm2 x-ray
eam size (HxV fwhm) at the center of the 6-circle diffractometer was
sed in order to obtain good statistics of grains during measurements.
owever, the average grain size in these samples had been measured

o be around 300 μm. As a consequence, it can be estimated that no
ore than two or three grains were actually analysed. The diffraction
atterns were recorded thanks to a bi-dimensional XPAD-S140 detec-
or (hybrid pixel technology, 560×240 pixels2 image size) [15],[16].
he detector was mounted on the 2𝜃 goniometer arm with a detector
ample distance of 580 mm (granting an angular resolution of 0.013°).
fter recording, each diffraction pattern was converted to diffraction di-
gram (radial integration) with a typical [37.3°−41°] 2𝜃 angular range.
EM samples were prepared using twin-jet electropolishing technique.
JEOL 2100Plus transmission electron microscope (TEM) operating at

00 kV was used to carry out microstructural analyses.

. Results and discussion

.1. Design of a strain-transformable microstructure in Ti-10-2-3

The proposed strategy is related on a fine tuning of the initial mi-
rostructure to get a well-controlled (𝛼+𝛽) dual-phase with a strain-
ransformable 𝛽 matrix phase. As stated earlier, the deformation behav-
or of the 𝛽 phase is largely controlled by its chemical composition and
tability/metastability [14],[17–19]. The 𝛽 composition in turn requires
ontrolling the chemical partition of alloying elements between 𝛼 and
phases, respectively, and therefore it becomes necessary to tune the 𝛼

hase volume fraction in Ti-10-2-3. Based on extensive previous work on
RIP/TWIP Ti alloys, the stability range for strain-transformable single-
hase alloys has been evaluated to lie around the empirical stability
arameter Moeq =12 [1]. The 𝛽 phase Moeq value in case of Ti-10-2-3
as been clearly shown to evolve progressively as a function of 𝛼 phase
olume fraction with an obtained value of 12 as Moeq parameter for an
phase volume fraction at 20% [12]. Therefore, in the present study,
he as-forged Ti-10-2-3 sample has been subjected to different annealing
reatments between 1003 K and 1043 K, in the 𝛼+𝛽 two-phase region.
hese annealing treatments have been optimized on the basis of 𝛼 vol-
me fraction, and the final treatment that was selected was annealing
t 1023 K (T𝛽– 50 K) for 14.4 ks.

.2. Initial microstructure and resulting mechanical properties

The initial microstructure is a typical as-forged microstructure as
hown in Fig. 1(a). A bimodal distribution of 𝛼 phase can be observed,
omposed of both primary (𝛼p) nodules and secondary (𝛼s) laths. The
verage 𝛽 grain size is of about 300 μm, however it can be noticed that
he 𝛽 grains are fragmented into 𝛽 sub-grains ranging from 5 to 10 μm in
ize. This 𝛽 grain fragmentation is produced, along with 𝛼p globulariza-
ion, during the last step of hot forging in the (𝛼+𝛽) field [14],[17–19].
rom this initial as-forged microstructure, a single step solution treat-
ent at 1023 K for 14.4 ks is performed to dissolve the 𝛼s laths, to pre-

erve a controlled volume fraction (20%) of homogeneously dispersed

p nodules and to complete 𝛼p nodules globularization. The resulting
icrostructure is presented in Fig. 1(b) and (c) and shows a dual phase
icrostructure composed of a fine and homogeneous dispersion of glob-
larized 𝛼p nodules of 3 μm in average size in the 𝛽 matrix. It should be
oted that the 𝛼p nodules are mainly located at the 𝛽 sub-grains bound-
ries. As a consequence, it is likely that these 𝛼p precipitates display a
oticeable misorientation with respect to the Burgers Orientation Re-
ationships (BOR) with, at least, one of the neighboring misoriented 𝛽

ub-grains. The 𝛼p volume fraction has been estimated to be 19% with
he EBSD phase map (Fig. 1(c)).

The associated tensile stress-strain curve (Fig. 2, in red) displays
remarkable combination of mechanical properties with a good

ield strength YS0.2 ==670 MPa and a high ultimate tensile strength
TS=1120 MPa. The maximum uniform tensile strain is very high at
.30 and is associated with an extremely stable strain-hardening rate
howing a large plateau at 1400 MPa. In comparison the tensile stress-
train and work-hardening curves of the initial as-forged microstructure
re given in black in the Fig. 2. These curves show a higher yield strength
ut very limited work-hardening capability and uniform deformation at
racture. The evolution of mechanical properties validates the design
trategy: the precipitation of a controlled percentage of 𝛼p precipitates
eads to a large improvement of the work-hardening rate and the tensile
train. It can also be noticed that, thanks to the better work-hardening
apacity, the tensile strength is higher on the tensile curve of the Ti-
023 solution treated in the 𝛼+𝛽 field compared to the as-forged state.
his result is close to the targeted properties of this present work and is
onsistent with previous experimental results on alloys presenting com-
ined TRIP and TWIP effects on loading [1–7],[20]. It is worth noting
hat the presently displayed mechanical properties are equal or even
uperior to most of the TRIP/TWIP alloys reported so far.

.3. In-situ observation of the associated deformation mechanisms

The main deformation mechanisms, and more particularly the strain-
nduced martensite formation, were first characterized, on loading, by
n-situ SXRD. The obtained results are reported in Fig. 3(c), displaying
he evolution of the SXRD diagrams as the strain is increased, up to
% and then unloaded. It should be noted that the diffraction range
as been selected specifically for strain-induced martensite precipita-
ion and as a consequence, no 𝛽 phase diffraction peak is visible in that
ange (Fig. 3(c)). However, 𝛽 peaks are present in the whole-range di-
grams (Fig. 3(a)). In the initial stage (0% strain), the diffractogram
hows the presence of the 𝛼p phase ((11–20) diffraction) and no 𝛼″
artensite after the annealing treatment, consistently with the EBSD

nalyses (Fig. 1). At 2% strain, diffraction peaks corresponding to the
200) and the (130) planes of the strain-induced martensite 𝛼″ are ob-
erved to progressively grow on loading, confirming an early TRIP effect
n the dual-phase Ti–10V–2Fe–3Al alloy, consistently with the observed
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Fig. 1. (a) Backscatter electron image of the
as-forged microstructure. EBSD mapping of the
initial microstructure before deformation: (b)
inverse pole figure (IPF) along the normal di-
rection, and (c) corresponding phase map with
𝛽 in red and 𝛼 in green. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 2. (a) True stress-true strain and (b) work-hardening rate curves of Ti-10V-2Fe-3Al (wt%) alloy solution-treated in the 𝛼+𝛽 field (in red) and as-forged (in black).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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echanical properties where a slight bump is visible on the onset of the
lastic range (Fig. 2). As the deformation increases, up to 8%, the inten-
ity of the 𝛼″ peaks increases continuously, specifically referring to the
200) 𝛼″ peak. Two different facts look interesting in the set of diffrac-
ograms: (1) the strain-induced 𝛼″ martensite appears to be almost fully
eversed after unloading from 8% strain, indicating a high degree of
artensite reversibility in this alloy, even when compared to classical
uperelastic alloys [21]. Intriguingly, it is worth noting that the com-
lete reversion of the stress-induced martensite is presently not associ-
ted with any superelastic effect after a 8% strain (2) the (11–20)𝛼 peak
hifts to higher angles during the deformation and then shows a ten-
ency to shift back to its initial position during unloading which seems
o indicate a large elastic deformation of the 𝛼 phase on the onset of
oading.
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Fig. 3. (a) XRD at the initial state, (b) tensile test curve of the
in-situ SXRD test and (c) SXRD diagrams from 37.3° to 41° of
the alloy deformed from 0% to 8% and after unloading from
8%. Peaks are labeled in green for the 𝛽 phase, in red for the
𝛼 phase and in blue for the 𝛼″ phase.
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In order to further analyze these observations, the elastic strain evo-
ution of 𝛼 and 𝛼’’ peaks between 0% and 7,5% of deformation, calcu-
ated using the formula [22] are presented on Fig. 4:

ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙 − 𝑑0,ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
(1)

The elastic strain of the (11–20)𝛼 is calculated using the position of
he initial state as reference. The elastic strain of the (200)𝛼″ peak is cal-
ulated using the position of peak at 2% of deformation, corresponding
o the first stage where (200)𝛼″ peak can be detected.

The absence of 𝛽 peaks in the angular range limits the complete study
f elastic strain partitioning between all the phases, however, it can be
een that the (11–20)𝛼 and (200)𝛼″ elastic strain evolutions are clearly
elated. It can be observed from the Fig. 4 that, at early strain, the (11–
0)𝛼 shift is strong and almost linear, which is consistent with a marked
lastic deformation and with the hypothesis that 𝛼 can be considered
s the “hard” phase taking a lot of load, in the dual phase alloy (which
orrespond to the “classical” hypothesis in a 𝛼 + 𝛽 microstructure). The
nteresting point is that, as soon as the stress-induced 𝛼″ martensite is
bserved, a sudden change of behavior of 𝛼 phase is actually observed
n parallel. The hypothesis would be here that the 𝛼 phase plastifies
nd progressively shed load. Meanwhile, the evolution of the 𝛼″ (11–
0) lattice strain evolves strongly and almost linearly, suggesting that
he martensite take the load on the analyzed deformation range. Con-
istently, a peak broadening can be observed on the (11–20)𝛼 peak after
nloading from 8% strain, suggesting that the 𝛼 phase is no longer an
lastic inclusion at this strain level. However, the behavior of the 𝛼 phase
as to be considered cautiously since, in the plastic regime, there is a
trong interaction of the 𝛼p particles with the propagated mechanical
wins which can induce additional plastic deformation by shearing.

Further detailed investigation of the deformation mechanisms has
een carried out via in-situ mechanical testing in an SEM coupled with
BSD analyses. Samples have been loaded up to 5% and subsequently
nloaded to 0%. The EBSD follow-up has been recorded for two differ-
nt zones on the dual-phase (𝛽+𝛼p) microstructure and is presented in
ig. 5. Some of the dark zones near 𝛼p nodules are related to a “shadow”
ffect. The electropolishing of the sample surface generates some rough-
ess that hinders proper EBSD mapping in these zones. However, the
BSD analyses are able to image perfectly the strain-induced 𝛼″ pre-
ipitation on the 5% deformed sample, whatever the texture of the
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Fig. 4. Evolution of the elastic strain of (11-20)𝛼 and (200)𝛼” peaks as a func-
tion of the force, calculated from the synchrotron XRD patterns of the alloy
deformed from 0% to 7.5%, with 0.5% steps.
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onsidered zone. One noticeable fact relates to the spatial location of
he strain-induced 𝛼″ martensite plates in the dual-phase microstruc-
ure: every observed strain-induced 𝛼″ plate is observed on or close to
he 𝛼p/𝛽 interfaces. It raises questions regarding the origin of this strain-
nduced product which could possibly be induced to accommodate the
mechanical contrast” between the HCP 𝛼 phase and the BCC 𝛽 phase.
his fact is strongly corroborated by the Schmid factor calculation asso-
iated with 𝛼″ precipitation in the considered zones, which are shown
o be low with respect to the external (applied) stress. For example, in
one A (Fig. 5), the Schmid factor (calculated with respect to the 𝛼″/𝛽
abit plane) with respect to the externally applied stress is comprised in
he [0.2–0.3] range, suggesting that the 𝛼″ phase created during defor-
ation may accommodate rather internal stresses than applied stress.
his statement could additionally explain the noticeable absence of any
uperelastic effect associated with unloading. The present hypothesis is
hat the mechanisms involved here differs somehow from the “direct”
RIP effect (triggered by applied stress), commonly signed by a plateau
n the stress-strain curves (absent in the present case), and followed by a
ump in the stress-hardening curve. Therefore, accommodation of inter-
al stresses may appear as an additional driving force for 𝛼″ martensite
n dual-phase alloys. The other interesting statement is that, even if the
driving force” for stress-induced 𝛼″ precipitation seems mainly to be
nitially related to a “relaxation” process, it is reasonable to think from
ig. 4 that 𝛼″ play a role as an elastic inclusion. From this point, it can
e therefore postulated that this may provide a notable contribution to
he observed macroscopic strain-hardening. A reasonable comparison
an be established with the “classical” single phase TRIP/TWIP alloys
isplaying a strong “bump” following the 𝛼″ precipitation. This bump
an be interpreted as the elastic deformation contribution of the formed
artensite to the overall strain-hardening, which ends when the marten-

ite itself enters into plasticity. Additional information is also available
rom EBSD data (Fig. 5(a)) since large deformation bands (red arrows
n zone A) are clearly displayed on 5% deformed samples. These bands
an be indexed as {332} ⟨113⟩ deformation twins from misorientation
nalysis (showing a misorientation of 50.5° through the twin/matrix in-
erface). These bands appear, however, as strongly distorted, probably
ecause of the size of the 𝛽 sub-grains which are observed to be of the
ame order of magnitude as twin length. As a result, this crystallographic
istortion leads to some challenges for accurate indexing of these de-
ormation twins. Fig. 5(a) in zone A shows some cases of interactions
etween {332} ⟨113⟩ deformation twins and 𝛼p nodules, resulting in
ormation of shear bands within these nodules (black arrow). Besides,
his is the sign that 𝛼p nodules may actually act as strong barriers against
win propagation since some twins are stopped at the 𝛼p/𝛽 interfaces
hereas some of these deformation twins appear to be stopped “at some
istance” from these 𝛼p/𝛽 interfaces which could involve an additional
nfluence of internal strain-fields or back-stresses on twin propagation.
s stated earlier in this paper, the 𝛼p particles do not respect perfectly

he classical BOR because they tend to form at the boundaries between
isoriented 𝛽 sub-grains during the forging sequence. This misorienta-

ion from classical BOR may induce additional internal strain-fields, on
oading, strongly interacting with the deformation twins. Consequently,
asy shear of 𝛼p nodules is not expected in that kind of microstructure.

The EBSD observations of the unloaded states (Fig. 5(b)) show that,
onsistent with the synchrotron data, the strain-induced 𝛼″ martensite
s nearly fully reversed into the 𝛽 phase, with very few residual 𝛼″ plates
emaining in the unloaded microstructure. In contrast, none of the {332}
113⟩ twinning bands are reversed. An additional EBSD observation has
een performed on a fractured sample near the fracture surface (see in
upplementary materials, Fig. 1). It shows that a high quantity of de-
ormation bands is visible in the 𝛽-matrix, leading to a very low qual-
ty of indexation (supplementary materials Fig. 1(c)), but no marten-
ite bands are observed. It can be concluded that the residual bands
re {332}<113> twins and that even at a high strain, the 𝛼″ phase dis-
lays a strong tendency to reverse into the 𝛽 phase. At this stage, the
omplete reversion of the 𝛼″ phase, even at fracture stage, is not fully
nderstood.

Based on these initial observations it can be concluded that TRIP
nd TWIP effects are present in Ti-1023 alloy with the dual-phase mi-
rostructure, validating the design strategy.

.4. TEM investigation of {332}<113> deformation twins and their

nteraction with 𝛼p particles

Further detailed investigation of the highly distorted {332} ⟨113⟩
ands was carried out on post-deformed samples (5%) using transmis-
ion electron microscopy. Fig. 6 shows a {332} ⟨113⟩ deformation twin
n the 𝛽 matrix away from 𝛼p nodules. The bright field image of the
bserved twin (of about 150 nm in thickness) exhibits a perfect [3–3–
] ⟨1–13⟩ relationship with the 𝛽 matrix (Fig. 6(a)). The band/matrix
race is parallel to the twinning interface, determined by the selected
rea diffraction along the 110 𝛽 zone axis (inset of Fig. 6(a)). The ob-
erved morphology, imaged via dark field (Fig. 6(b)), is very similar to
hose previously observed in single 𝛽 phase alloys, such as Ti–Mo or Ti–
r based alloys [1],[2]. The nano-beam electron diffraction performed

nside the band (inset of Fig. 6(b)) confirms that neither 𝛼″ precipita-
ion, nor internal twinning take place inside the primary twin after 5%
training. However, a thin layer of 𝛼″ martensite, with BOR with respect
o the 𝛽 matrix, can be identified at the twin/matrix interface (Fig. 6(c)
nd inset). Along with the 𝛼″ martensite in relation with the 𝛼p/𝛽, this
ocalized martensite may be potentially induced upon loading or un-
oading to accommodate the strain-misfit at the twin/matrix interfaces
23]. This indicates that in the present case the 𝛼″ martensite is likely
o be acting mainly as a local stress relaxation mechanism at the inter-
aces rather than a primary deformation mechanism such as deformation
wins.

When observing the {332}<113> twin in the vicinity of 𝛼p nod-
les, twins are observed to be highly perturbed both from the crys-
allographic and morphological points of view, as already observed
n the EBSD maps (Fig. 5). Fig. 7 shows a deformation twin split-
ing into two individual branches (twinning bands) at some distance
rom the 𝛼p/𝛽 interface, probably when encountering the elastic strain-
eld generated from the 𝛼p/𝛽 elastic mismatch. Even before splitting,
he {332}<113> incident twin (propagating from the left side) un-
ergoes a crystallographic twist around the [1–12]𝛽 direction. Simi-
ar phenomenon has been observed near the intersection zone of two
332}<113> twins [24]. As an illustration, two different selected area
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Fig. 5. In-situ follow-up of the deformation mechanisms by
EBSD mapping. Normal direction Inverse Pole Figure (IPF)
maps and corresponding phases maps (a) at 5% of deforma-
tion and (b) after unloading.
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lectron diffraction patterns (SEAD) have been recorded on the 𝛽 ma-
rix side (SA1) and inside the band (SA2), respectively (Fig. 7). The
32 planes are still parallel in the twisted band and the matrix, con-
rming the signature of 332 twinning relationship. However, when tilt-

ng along [1–12] 𝛽 axis (black arrow in Fig. 7), almost perpendicu-
ar to the interface trace of the band, a high misorientation (~ 21°)
an be measured between the two ⟨110⟩ zone axes. This suggests a
trong interaction between the incident {332}<113> deformation twin
nd the complex elastic strain-field in the vicinity of the 𝛼p/𝛽 distorted
nterface.

Besides, instead of directly shearing the 𝛼p nodule, there is a change
n the twinning plane observed towards a (1–12) 𝛽 twinning plane for a
ortion of the original band, resulting in a final {112} ⟨111⟩ twin from
he original {332}<113> twin. This part of the initial twin constitutes
ne of the two branches, which has clearly deviated from the 𝛼p nodule
ying on the original trajectory, after splitting. The observed 𝛼p nodule
nteracts with the remaining {332} ⟨113⟩ branch of the incident defor-
ation twin and is observed to cross the entire nodule, leaving behind a

hear band. Internal misorientations have been noticed on TEM images,
nside the 𝛼p nodule. Additionally, this particle shear band formation is
lso visible in the EBSD results from orientation gradients in several 𝛼p
odules (Fig. 5 in zone A).

It is worth noting that a noticeable residual volume fraction of 𝛼″
artensite can be observed inside the different twins as fine-scaled sub-

tructures as seen on the associated dark-field image (Fig. 8). This ob-
ervation was absent from “isolated” twins, far from any 𝛼p particle (see
ig. 6). Therefore, it may show that 𝛼″ martensite is able to play a major
dditional role in the accommodation of internal stresses resulting from
he strong elastic interactions of propagating deformation twins and 𝛼p
odules.
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Fig. 6. TEM observations of the post-mortem sample after tensile test at 𝜀=0.05: (a) bright field image of a {332}<113> band; (b) dark field image of the 332T band
with nano beam diffraction pattern (NBD1), (c) 𝛼″ martensite at the 332T/matrix interface.

Fig. 7. TEM observations of the post-mortem
sample after tensile deformation at 𝜀=0.05: (a)
bright field image of a set of deformation bands
interacting with a 𝛼p particle (b) diffraction
patterns showing the phase constitution and
orientation relationships (OR by tilting) of the
band and the matrix respectively.
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Bringing together all these observations leads to two sets of new in-
ights on the deformation behavior of this dual-phase Ti–10V–2Fe–3Al
orged alloy: (1) the interaction between the {332} ⟨113⟩ mechanical
wins and the primary 𝛼p nodules is strong and complex. The nodules
evelop shear bands due to the direct interaction, but the experimental
esults clearly show strong additional elastic interactions in the vicinity
f the 𝛼p/𝛽 interfaces. This is rather consistent with SXRD data show-
ng, in addition to strain-induced martensitic transformation, that the 𝛼

hase is strongly elastically deformed during loading, resulting in large
eaks shifts (Fig. 3(c)). This should suggest a large strain-partitioning
etween 𝛼 and 𝛽 phases, due to mechanical contrast between the two
hases (generating deformation incompatibilities), and resulting in a
arge internal stress (back stress), growing with strain. As a consequence,
tress-induced {332} ⟨113⟩ deformation twins are strongly interacting
ith the complex elastic strain fields arising due to the 𝛼p/𝛽 interfaces.
his results in a high strain-hardening rate as displayed in Fig. 2. (2)
he particular role of strain-induced 𝛼″ martensite is highlighted in this
ork. Based on the experimental results, this role is presumably not
irectly associated with the accommodation of the external stress, as
reviously reported in case of many systems. The present results indi-
ate that the “strain-induced” 𝛼″ precipitation is rather related to the
elaxation of the internal stress (back-stress) as previously stated in this
rticle. This fact is corroborated by: (a) 𝛼″ precipitation in the vicinity
r on the 𝛼p/𝛽 interfaces with an associated small Schmid factor with re-
pect to the external stress (Fig. 5). (b) 𝛼″ precipitation at twin/matrix
nterfaces after unloading, to accommodate coherency strain between
332} ⟨113⟩ deformation twins and 𝛽 matrix. (c) 𝛼″ precipitation in-
ide the deformation twins, following strong interactions with either 𝛼p
odules or associated surrounding elastic strain-fields, to accommodate
ocal distortions. These observations may show that the 𝛼″precipitation
n dual phase Ti–10V–2Fe–3Al is generated from heterogeneous defor-
ation inside the microstructure rather than directly from the applied

xternal stress. By simple analogy, the 𝛼″ precipitation in this case ap-
ears to play a “similar role” to the one of Geometrically Necessary Dis-
ocations (GND) in many other heterogeneous systems: accommodation
f deformation incompatibilities in the microstructure.
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Fig. 8. TEM observations of the post-mortem sample after tensile deformation
at 𝜀=0.05: dark field image of the martensite in bands interacting with a 𝛼p

particle.
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. Conclusions

Summarizing, it can be postulated that the extremely promising me-
hanical properties observed in the dual-phase Ti–10V–2Fe–3Al forged
lloy result from the combined effects of: an efficient strain-hardening
echanism, directly related to both twinning propagation (dynami-

al Hall–Petch effect) and the additional strong twin interactions with
odular 𝛼p particles, and an efficient relaxation mechanism through 𝛼″
artensitic precipitation, to accommodate the different local stress con-

entration zones (interfaces and interactions zones). This effect proba-
ly prevents early fracture despite the heterogeneous nature of the plas-
ic deformation. Additionally, it is reasonable to think that 𝛼″ play a
ole as an elastic inclusion: from the observation of the almost full re-
ersibility of the 𝛼″ stress-induced martensite, it can be suggested that
he proper deformation of this phase may be mainly elastic. As a con-
equence, this may provide a notable additional contribution to the ob-
erved macroscopic strain-hardening. Both effects, when combined, re-
ults in a “dynamic balance” which finally allows both high strength and
igh ductility with an extremely stable strain-hardening rate. Based on
hese results, the overall strategy developed in this work could possibly
e extended to other metastable 𝛽 titanium alloys.
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