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ABSTRACT

The strength of dual-phase a+«' Ti-6Al-4V sheet material can be significantly enhanced through additional short-
time annealing lasting only a few minutes, as shown in previous work and attributed to nano-scale microstructural
changes within the martensitically transformed f-phase. However, the microstructural mechanisms remained
unclear. In this study, the microstructures of the as-received state, the solution heat treated state with a-+a'
microstructure and additionally (short-time) annealed states were compared to provide deeper insight into these
microstructural processes. Advanced high-resolution techniques, including high resolution scanning transmission
electron microscopy, atom probe tomography and high-energy X-ray diffraction, were combined with tensile
testing for mechanical assessment. Short-time annealing of metastable Ti-6Al-4V a+«' microstructures at 570 °C for
180 s triggered an o' — a+p transformation, comprising: (i) chemical changes, involving V- and Fe-segregation to
interfaces, and the formation of V-/Fe-enriched clusters; and (ii) crystallographic decomposition, manifested by o
lattice relaxation and lattice parameter changes. With prolonged annealing, element partitioning and f precipi-
tation progressed from the clusters and nuclei located along interfaces, accompanied by slight changes in the lattice
parameters of both phases. After 3 h, the microstructure approached equilibrium, with stabilized o and  phase
fractions and lattice parameters. The strengthening achieved by short-time annealing is attributed to suppression of
reorientation-induced plasticity in prior o-martensite and dislocation-cluster/precipitate/solute interactions. In
summary, this work reveals microstructural evolution and processes during martensite decomposition in dual-
phase Ti-6Al-4V, including p-stabilizer segregation to interfaces. Further, it discusses their role in strength
enhancement, providing guidance for developing effective heat treatment and processing routes.

1. Introduction

hexagonal close packed (hcp) a-phase and the high temperature body
centered cubic (bcc) p-phase coexist — extends to relatively high tem-

The most efficient utilization of the material potential for high-
performance applications is of fundamental technological interest.
One approach involves the implementation of novel heat treatments or
thermo-mechanical strategies on alloys for the purpose of specifically
modifying the microstructure and thereby improving properties. A
multitude of examples can be found in literature for several different
alloy systems, including titanium alloys [1-6].

A variety of microstructures and mechanical properties can be ob-
tained in a+f titanium alloys through thermal or thermomechanical
treatments [7,8]. Owing to the presence of both - and p-stabilizing el-
ements, the a+p two-phase region — in which the low temperature
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peratures. In Ti-6Al-4V, aluminum (Al) serves as a stabilizer of the hcp
a-phase, while vanadium (V) and iron (Fe) act as stabilizers of the bcc
p-phase. The standard orientation relationship between the bcc p-phase
and the hep a-phase follows the Burgers relationship characterized by
{0001} || {110} and (11-20), || (111) [9-12].

It is further well established that certain titanium alloys, including Ti-
6Al-4V, can undergo a displacive martensitic transformation from the
parent p-phase if the cooling rate exceeds a critical threshold and diffu-
sional transformations are suppressed [13-17]. Depending on the con-
centration of f-stabilizing elements present in the prior p-phase, the
resulting metastable martensitic phase may adopt either a distorted hep (o)
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or a more severely distorted orthorhombic («") lattice structure [18,19].

Solution heat treatment in the o+p two-phase region just below the f
transus temperature (Tp) followed by water-quenching can produce
microstructures consisting of primary a-grains and fully-martensitic
transformed prior f-grains. Such a+a' or a+a" dual-phase microstruc-
tures in titanium alloys can exhibit a high work-hardening potential
combined with a satisfying ductility [20-25]. These properties are
commonly attributed to the composite-like behavior arising from the
different mechanical behavior of the two phases, as well as to specific
deformation mechanisms such as the reorientation induced plasticity
(RIP) effect. When considering Ti-6Al-4V, quenching from the upper o+
region leads to a § — o' transformation, resulting in a+o' microstructures
[25,26]. The mechanisms of RIP in such Ti-6Al-4V a+«' microstructures
has been described by O. Dumas et al. [26,27]. It involves the reor-
ientation of certain o'-plates under uniaxial loading, facilitated by the
mobility of the {13-41} o' twin planes that occur between different
a'-variants within a self-accommodating plate group. The appearance
and the extent of the RIP-effect depend on several factors, including the
chemical composition of the martensite, the interaction energy between
a'-variants within one prior p-grain, and the crystallographic orientation
of the parent f-grain relative to the loading direction.

While the combination of enhanced work-hardening capacity and high
ductility can be advantageous for certain applications of titanium alloy,
the metastable nature of the martensitic o'-phase presents a technological
limitation, as it tends to evolve toward thermodynamic equilibrium.
Previous investigations by N. Pfeffer et al. demonstrated that Ti-6Al-4V
sheet material — solution heat treated in the upper a+f region, water-
quenched, and thus exhibiting an a+o' microstructure — can attain a
substantial increase in strength after a very brief annealing treatment [25,
28]. This finding highlights new technological opportunities, particularly
for sheet materials and the fabrication of thin-walled sheet metal com-
ponents with superior strength [28]. Other researchers have consistently
reported an increase in strength of Ti-6Al-4V after short-time annealing of
a short-time solution heat treated and quenched (STQ) condition [29-31].
However, the mechanisms by which the strength is increased after short
annealing times have not yet been conclusively clarified.

T. Morita et al. [29] and S. Tanaka et al. [30] reported in their studies on
Ti-6Al-4V, that the STQ treatment (930 °C, 120 s, WQ) did not completely
transform the previous p-grains into martensite. Instead, a metastable
f-phase was found to remain, in which finely distributed a-phase was
proposed to precipitate besides stable B-phase during the subsequent
short-time annealing. They attributed the strengthening by annealing to the
a-precipitate-formation. P.J. Fopiano and C.F. Hickey [31] reported a rapid
initial increase in hardness during annealing when starting from a+o' mi-
crostructures without retained metastable p-phase, ascribing it to the
decomposition of martensite. However, the methods they applied did not
provide an adequate resolution of microstructural events and element
distributions after short annealing times due to their inherent fine-scale
nature. In earlier work by N. Pfeffer et al. [25], high energy X-ray diffrac-
tion (HEXRD) results were interpreted as evidence for the onset of
martensite decomposition when comparing the STQ-state to the addition-
ally short-time annealed state. However, none of these publications pro-
vides a detailed account of the underlying microstructural processes or a
thorough analysis of how they relate to the resulting mechanical properties.

To date, extensive research on the (initial) microstructural evolution
during martensite decomposition in titanium alloys has primarily
focused on alloys processed through laser powder bed fusion (LPBF), as
for example in Refs. [32-35]. In SEM observations, as-built LPBF mi-
crostructures of Ti-6Al-4V typically appear fully-martensitic, which is
the result of high cooling rates occurring in the deposited layers. How-
ever, several studies using techniques with higher resolution have
revealed the presence of fine-scale V- and/or Fe-rich clusters in the
as-built condition [32-34]. The formation of these clusters has been
attributed to the repeated thermo-kinetic cycles within a layer during
the deposition of additional layers, which are characteristic of the LPBF
process. In this context, the phrase “martensite decomposition” has to be
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understood not only in terms of crystallographic changes but also
incorporating diffusion processes leading to the cluster formation.
J. Haubrich et al. [33] and H. Wang et al. [34] further investigated the
impact of post-LPBF heat treatments and reported progressive
martensite decomposition towards the thermodynamic equilibrium
(o — a+p). Both studies describe the V/(Fe)-rich clusters located at
defects in the as-built microstructure to act as precursors for p-phase
formation during this decomposition process. Within post-LPBF heat
treatments, the applied parameters are known to play a critical role in
shaping the resulting microstructural features, such as the width and
aspect ratio of a-lamellae as well as the morphology and distribution of
the B-phase within the (near-)equilibrium o-+p microstructure, and
thereby exert a strong influence on the mechanical properties [33,
35-39]. Compared to the as-built Ti-6Al1-4V LPBF state, which demon-
strates high strength and low ductility, typical post-process heat treat-
ments (temperatures: >700 °C; duration: in the range of few hours)
reduce strength and enhance ductility - a trend that becomes more
pronounced with increasing heat treatment temperature due to coars-
ening of microstructural features [33,36,37,39]. On the other hand,
lower annealing temperatures (approx. < 600 °C) can help maintain or
even increase the strength of the as-built material; however, internal
stresses may not be sufficiently relieved when heat treatment times are
kept in the range of few hours [33,35,40].

Returning to the context of a+a' dual-phase microstructures and the
effect of annealing, it is relevant to consider the recent work by
O. Dumas et al. [41]. The researchers demonstrated by electron back-
scatter diffraction analyses that the RIP-effect, which is manifested
during deformation of STQ a+a' microstructures in the o'-phase, is
suppressed after annealing for durations >15 min. The suppression was
attributed to the presence of p-precipitates at o'/a' interfaces resulting
from martensite decomposition. These precipitates were assumed to
exert a pinning effect. Additionally, a chemical alteration of the former
martensite during decomposition was considered likely, which would
cause the critical content of f-stabilizers to fall below the level required
for RIP. A suppression of the RIP-effect may also be applicable to shorter
annealing times, potentially contributing to the increase in strength
compared to the STQ o-+o'-state, as the latter has been reported in the
aforementioned literature [25,28-31].

Overall, existing studies do not yet provide a coherent microstruc-
tural explanation for the strength increase observed upon (short-time)
annealing of a+a' microstructures. The aim of this study was therefore to
gain deeper insight into the nanoscale microstructural processes
occurring during short-time annealing of a+a' microstructures that are
responsible for this strengthening effect. For this purpose, STQ material
in the as-quenched condition and after additional short-time annealing
was investigated and systematically compared. The heat treatment pa-
rameters were derived from previous studies and preliminary experi-
ments and are described in detail in Section 2.2. High-resolution
characterization methods were employed, including high-resolution
scanning transmission electron microscopy, atom probe tomography,
and high-energy X-ray diffraction. To further advance understanding,
additional microstructural investigations were performed on the as-
received starting material (rolled and mill-annealed condition) as well
as on samples subjected to prolonged annealing. Tensile tests were
conducted on selected material states to correlate microstructural fea-
tures with mechanical properties.

2. Material and experimental methods
2.1. Initial material

The starting material was a 1 mm thick sheet of Ti-6Al-4V Grade 5,
which underwent a rolling and mill annealing process. This material was
supplied by Shaanxi Lasting Titanium Industry Co., Ltd. and used in its as-
received (AR) condition. The chemical composition, as specified in the
manufacturer's certificate, is shown in Table 1, together with own-
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Table 1

Chemical composition (wt.-%) of the as-received Ti-6Al-4V sheet metal as
specified in the manufacturer's certificate, together with the measured compo-
sition obtained by OES and CGHE methods.

Ti Al \Y o Fe C Others
Certificate  Bal. 6.0 4.00- 0.14- 0.12- 0.01- <0.01
4.10 0.15 0.13 0.02
Measured Bal. 6.04 4.19 0.15 0.13 0.04 <0.015

measured values. The latter were obtained by optical emission spec-
trometry (OES), and by carrier gas hot extraction (CGHE) for oxygen.
Both sets are consistent with the AMS 4911 specifications.

2.2. Production of STQ and STA material states using a vertical furnace

The selection of heat treatment parameters was guided by available
literature [22,23,25,29,30,42] and further supported by preliminary
experiments. A solution heat treatment temperature of 915 °C was
chosen, as it provides approximately balanced volume fractions of pri-
mary a and transformed p and has been shown to yield high uniform
elongation and pronounced strain-hardening capability [25]. Pre-
liminary screening experiments were conducted to define suitable
annealing parameters. An annealing temperature of 570 °C was identi-
fied as appropriate to induce a pronounced strengthening response
already at short annealing times, while enabling the consideration of
different microstructural mechanisms that may become relevant to the
mechanical properties with increasing annealing duration.

Heat treatments were conducted in a modified vertical furnace
ROC 105/610/15 from Thermconcept, as previously described in detail
[25]. A Kanthal® A wire basket was equipped with four microstructural
and four tensile specimens for each treatment. Once the furnace reached
the target temperature, an argon gas flow (purity grade 4.6, 99.996 %)
was initiated. After a 15-min homogenization period, the basket was
pre-heated above the furnace lid for 60 s, then moved to the constant
temperature zone, where the temperature was controlled and monitored
by a nearby thermocouple.

In this work, the STQ heat treatment parameters remained unaltered,
consisting of a solution heat treatment at 915 °C (Tsr) for 120 s (time
counted from the moment the specimen reached the constant-
temperature zone), followed by water quenching, see Fig. 1 a). After
pre-heating to approximately 150 °C, samples were pulled into the
constant temperature zone and reached the target solution heat treat-
ment temperature within approximately 60 s. The water quenching
yielded cooling rates of approximately 300 K/s in the range between the
Tsr to 500 °C (for the determination procedure, see [25]).

Subsequent annealing was performed at 570 °C (Tp) for various times
(ta), ranging from 180 to 21600 s (STA1-STA6), see Fig. 1 b). Samples
reached around 60 °C in the lower pre-heating zone, then attained the
target annealing temperature within 120 s in the constant temperature
zone. After the desired annealing time was reached, the samples were
air-cooled outside the furnace.

2.3. Characterization methods

Scanning electron microscopy (SEM) was used to investigate
microstructural evolution across different material states on the micro-
to submicron scale. The transverse direction (TD) was defined as
viewing direction. For metallographic preparation, the specimens were
ground to achieve parallel surfaces, fine-ground on one side, and sub-
sequently polished with a 3 pm suspension with a force of 20 N for 10
min, followed by chemo-mechanical polishing using an OPS:H505 (9:1
ratio) suspension with 15 N for 15 min. For both polishing steps, the
plate and sample holder were rotated in the same direction at identical
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rotational speeds. SEM analysis was performed in a Zeiss Crossbeam 540
EsB in backscattered electron (BSE) mode using a Zeiss 4QBSD detector
and the following parameters: 10 kV acceleration voltage, 5 nA probe
current, and at 8.5 mm working distance.

High resolution scanning transmission electron microscopy
(HRSTEM) was conducted to analyze the localization of alloying ele-
ments for different material states and, in particular, to characterize the
segregation of alloying elements to microstructural features during
short-time annealing. Therefore, the STQ condition and the short-time
annealed STA1 condition (STQ + 570 °C, 180 s, AC) were character-
ized and compared. For this purpose, TEM lamellae were fabricated
using an FEI Helios 3D dual-beam focused ion beam (FIB)/SEM system.
The areas of interest were protected with a Pt coating prior to milling,
and FIB-based lift-outs were performed in accordance with an estab-
lished protocol [43]. Standard Cu lift-out grids were utilized as
support-structure for secure sample handling between the microscopes.
The lamellae were shaped and thinned with a 30 kV Ga™ ion beam.
Subsequently, an ion cleaning step at 2.0 kV was employed to prevent
residual sample damage. The thinning process concluded when the
electron transparency became discernible as a contrast change in the
secondary electron image. HRSTEM was performed on a Thermo Fisher
Scientific Spectra 200 C-FEG microscope, equipped with a Super-X G2
electron dispersive X-ray spectroscopy (EDS) detector and operated at
200 kV. For TEM imaging, a 30 mrad convergence semi-angle was used
with collection semi-angles of 0-23 mrad for bright-field (BF) and
56-200 mrad for high-angular annular dark-field (HAADF) imaging. EDS
maps were processed using Cliff-Lorimer analysis via Thermo Fisher Sci-
entific's Velox software.

HRSTEM(-EDS) investigations were supplemented by atom probe
tomography (APT) measurements to determine absolute element con-
centrations at interfaces. For APT tip preparation, FIB-based lift-out
procedures were carried out in the Zeiss Crossbeam 540 EsB, following
the procedure described by M.K. Miller et al. [44] and K. Thompson et al.
[43]. Measurements were conducted utilizing a Leap 4000X HR instru-
ment from Cameca, operating at a temperature of 49 K with a pulse rate
of 200 kHz in laser mode with a laser energy of 50 pJ. The acquired data
were processed and analyzed using Cameca's IVAS 3.6.8 software.

Ex-situ HEXRD measurements were performed at the PO7: High En-
ergy Materials Science beamline at PETRA III, DESY, in Hamburg [45]. For
this purpose, the 1 mm thick sheet metal specimens were irradiated in
normal direction using an X-ray beam with an energy of 103.3 keV
(A=0.120 10\) and a beam spot size of 1 mm x 1 mm. Diffraction signals
were recorded using a flat-panel Perkin Elmer XRD 1621 detector posi-
tioned in a distance of 1630 mm from the sample. To enhance grain
statistics, the sheet specimens were additionally rotated by + 10°
around the rolling axis relative to the normal direction and the
diffraction image was taken continuously during rotation. Data analysis
began with a 1D reduction using the software Pydidas [46], calibrated
with a LaBg standard. Subsequently, a Rietveld refinement was performed
over a diffraction angle range of 20 = 2-7° using the FullProf software
package [47]. The instrumental broadening effect was accounted for by
incorporating an instrumental resolution file, which was determined
using the LaBg standard. The chemical phase composition constraints
used for the refinement were guided by the results of HRSTEM-EDS and
APT in this work, and SEM-EDS analyses reported in previous work [25].
In the as-received (AR) state, two phases were considered: the hexagonal
close-packed (hcp) a-phase and the body-centered cubic (bcc) B-phase.
Additionally, texture refinement for the a-phase was performed using
the March-Dollase multi-axial model [48] for preferred orientation,
specifically for (001), (101), and (110). In the STQ-state, an additional
distorted hep phase was introduced in order to distinguish o'-martensite
from the a-phase. This second o' hcp phase was modeled with a different
chemistry than the o-phase, as determined experimentally in [25].
Initially, the lattice and shape parameters of the a-phase were fixed,
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Fig. 1. Schematic temperature-time curves of the short-time heat treatments performed: a) solution heat treatment followed by water quenching (STQ) and b)
additional annealing for 180-21600 s followed by air cooling resulting in the STA material state.

based on values from other material states and assuming only minor
changes, while the lattice parameters a and ¢ and shape parameters U
and X of o were refined. This yielded phase fractions in excellent
agreement with experimental data from [25]. In the final refinement,
the phase fractions and shape parameters of both a and o' were fixed,
and their lattice parameters were released. For the STA-states, the fitting
was again performed using two phases: one texture-refined hcp
phase - given the challenge of clearly distinguishing between two hcp
phases - and the bcc f-phase. In cases of discrepancies between the
curves calculated from Rietveld refinement and measured curves,
manual adjustments were applied to achieve a reasonable and accurate
representation of peak details. This was particularly the case for the
peaks of the p-phase present in only trace amounts, and for the STQ-state
featuring two overlapping hcp phases.

Tensile testing was conducted using an Instron 4505 universal testing
machine in accordance with DIN EN ISO 6892-1 with the following pa-
rameters: specimen geometry based on DIN 50125/shape H, see [25], an
engineering strain rate of 10~3/s, force measurement by means of a 20
kN load cell and the displacement monitored with a laser extensometer of
the company Fiedler Optoelektronik GmbH. To ensure robust and statis-
tically sound results, a minimum number of three samples per material
state (N > 3) were taken into account for the evaluation of mean char-
acteristic values. The loading direction was equal to the rolling
direction.

3. Results
3.1. Microstructure of the as-received (AR) material state

The microstructure of the as-received (AR) material mainly consists
of hexagonal close packed a-grains with only a small fraction of f-phase
located along the a grain boundaries, see Fig. 2 a) and b). The a-grains
are subject to a certain inhomogeneity in terms of morphology and
dislocation density, as previously discussed in [25]. It was observed that
regions containing elongated a-grains exhibit a more pronounced crys-
tallographic texture and a higher density of small angle boundaries and
dislocations compared to areas with globular a-grains. The latter is also
reflected by the HRSTEM image in Fig. 2 ¢), where an a-grain with high
dislocation density is present on the left, and a globular a-grain without
dislocations on the right. HRSTEM-EDS investigations enabled a precise
determination of chemical compositions of the two microstructural
constituents, a-phase and p-phase and the chemical gradient across the
a/p interface. Elemental maps for the elements Ti, Al, V and Fe in Fig. 2

d) represent a region containing portions of two a-grains and one
B-grain. Corresponding concentration profiles are shown in Fig. 2 e). The
a-phase shows an enrichment of a-stabilizer Al (~13.4 at.-%), while the
B-phase is characterized by elevated levels of p-stabilizers V (~30.5
at.-%) and Fe (~2.6 at.-%). The chemical composition of the two
a-grains in the AR-TEM foil were observed to exhibit slight discrepancies
in terms of their Al- and Ti-content.

3.2. Microstructures of the short-time solution heat treated and quenched
(STQ) and additionally short-time annealed (STA) material state

3.2.1. Comparative overview of STQ and STA microstructures from SEM
and HRSTEM

By short-time solution heat treatment of the AR-material at a tem-
perature just below the f-transus temperature, followed by water
quenching, a dual-phase a-+a' microstructure is achieved, as previously
demonstrated in [25]. During solution heat treatment, the p-phase
fraction increases due to temperature-dependent changes of phase
equilibria. The hcp o'-martensite is the result of a non-diffusional dis-
placive transformation of the prior p-phase during quenching. The so-
lution heat treatment temperature of 915 °C employed in the present
study resulted in the formation of almost equal fractions of the primary
a-phase (o) and transformed prior p-grains (Brans), as is reflected by the
SEM-BSE micrographs in Fig. 2 f) and g). Due to the fast-quenching rates,
a wide-range redistribution of alloying elements during quenching is
effectively precluded. Consequently, the mean chemical composition of
Brans/®' can be considered analogous to that of the p-phase at the solu-
tion heat treatment temperature. SEM-EDS scans within op- and
Btrans-grains in [25] have already proved differing mean chemical
compositions of both microstructural constituents, more precisely a
higher V-content and lower Al-content in Pyans compared to op.
Although not shown in this work, a HRSTEM-EDS map of the area shown
in Fig. 2 h) confirmed an increased content of the p-stabilizers V and Fe
in the o solid solution within P, compared to the ay-phase, and
consequently a reduced content of Ti and Al. This trend is likewise
apparent in Fig. 3 b).

When comparing Fig. 2 f) and g) to i) and j), the SEM-BSE images do
not uncover discernible microstructural differences between the two
material states STQ and STA1. Furthermore, HRSTEM-EDS mappings
revealed no significant alternations in the chemical composition of o-
and Pirans-grains of the STQ- and STA1l-material (not shown here).

HRSTEM micrographs in Fig. 2 h) and k) substantiate that both
material states, STQ and STAI, exhibit a nearly identical structure,
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Fig. 2. Microstructural characteristics of the as-received Ti-6Al-4V sheet material represented by a) and b) SEM-BSE images, ¢) a HRSTEM-BF image, d) HRSTEM-
EDS maps for the elements Ti, Al, V and Fe, and e) HRSTEM-EDS concentration profiles corresponding to the area marked in d). Microstructures of two heat treated
Ti-6Al-4V material states: f)-h) STQ-state (915 °C, 120 s, WQ) versus i)-k) STA1-state (915 °C, 120 s, WQ + 570 °C, 180 s, AC) with SEM-BSE images in f), g) and i), j)

and HRSTEM-BF overview images in h) and k).

characterized by the presence of ap-grains alongside Pans grains
featuring a fine plate-like substructure, in which transformation twins
are commonly observed. The latter are the result of the displacive f — o
transformation during quenching, accommodating the lattice and shape
misfit to minimize elastic stresses and achieve a more symmetric dis-
tribution of transformation strains.

Upon closer examination, in the 2D-TEM projections shown in Fig. 2
h) and k), op/Perans interfaces appear as rather straight or uniformly
curved lines in the STQ-state and as wavy lines in the STA-state.

3.2.2. Fine-scale chemical heterogeneities in STQ- and STA-material states

To further investigate interface characteristics and differences be-
tween the two material states STQ and STA1, detailed HRSTEM(-EDS)
and APT investigations were performed at op/Buans interfaces and
within the fine-scale Pyans-microstructure. The latter includes
o'/a’-interfaces and nano-twin interfaces within the o'-plates.

HRSTEM(-EDS) results for op/Pirans interfaces (STQ vs. STA1) are
shown in Fig. 3, APT results in Fig. 4.

The HRSTEM images in Fig. 3 a)-d) highlight the aforementioned
difference in interfacial geometry between the STQ- and the STA1-state.
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(HAADF images).

In three-dimensional space, the interfaces that appear as lines in the TEM
images correspond to two-dimensional planes. Derived from the 2D-pro-
jections, these planes are highly likely to be relatively flat and smoothly
curved in the STQ-state. In contrast, they exhibit a significantly higher
complexity in the STA-state. It should be noted that the displacive
martensitic transformation from the bcc p-phase to the distorted hcp

o'-phase is highly likely accompanied by a volume change. This implies
that the op/Brrans interfaces in the STQ-state are not fully relaxed. Against
this background, the higher complexity of the op/Birans interfaces after
short-time annealing may be indicative of partial stress relaxation. This
interpretation is further supported by independent evidence for stress
relaxation obtained from HEXRD experiments (Section 3.4).
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In the STQ condition, the op/Pirans interfaces are decorated with a V-
rich interfacial layer (see Fig. 3 b), e), g) and Fig. 4 a)). This layer ex-
hibits a maximum V-content directly at the op/Brans interface, exceeding
that within the Pans interior. The proxigrams show a gradual decrease in
V-concentration from the op/Brans interface toward the Pans grain
interior. After ~20-30 nm, the V-level approaches that of the Pirans
interior. The concentration profiles obtained by HRSTEM-EDS and APT
are in good qualitative agreement; however, quantitative differences are
observed. In HRSTEM-EDS, a non-perfect edge-on interface orientation
combined with beam broadening leads to signal contributions from re-
gions above, below, and adjacent to the interface, reducing the apparent
segregation magnitude. The higher values measured by APT are there-
fore considered quantitatively more accurate.

In contrast to the STQ-state, the a,/Brrans interfaces in the STA1-state
exhibit clusters enriched in f-stabilizing elements V and Fe. These
rounded clusters alternate with interfacial sections depleted in
fB-stabilizing elements, compare Fig. 3 d), f), g), and Fig. 4 b). For clar-
ification - in this context, the term “cluster” refers to a localized chemical
enrichment without explicit information on the underlying crystal
structure or phase identity. From both HRSTEM-EDS and APT, it can be
deduced that the clusters observed in the STA1-state are more heavily
enriched with f-stabilizers than the layer that appears in the STQ-state.
Accordingly, the trends from STQ to STA1 are in good agreement when
comparing the two methods; however, as in the STQ-state, the maximum
element concentrations of the interfacial clusters determined by HEXRD-
EDS are lower than in the case of APT. Again, the actual V- and Fe-
contents of the V-/Fe-rich clusters are underestimated by HRSTEM-
EDS analysis (Fig. 3 g)). In the STA-state, the deviation from the
actual composition is even higher than in the STQ-state. This is attrib-
uted to the fine, rounded shape of the V-/Fe-rich clusters. As a result, the
HRSTEM-EDS analysis inevitably includes regions beneath, above or
adjacent to the clusters to a certain extent. From the APT results shown
in Fig. 4 b), it is evident that the exemplarily considered V-/Fe-rich
cluster at the o,/Prrans interface exhibits a maximum V-content of ~27.5
at.-% and a Fe-content of ~2.5-3.0 at.-%. The adjacent region within the
Btrans grain (left side of the concentration profile) contains lower levels of

B-stabilizers and a higher Al-content compared to the cluster. However,
comparing the composition of this inter-cluster region with that of the
primary o-phase (right side of the profile) reveals clear differences.
Specifically, the contents of f-stabilizing elements are higher, while
those of Al and Ti are lower than in the a,-phase. The findings indicate
that V and Fe were expelled from the o'-martensite. Consequently, the
inter-cluster regions have chemically evolved towards the a-phase.
Nevertheless, their higher Fe- and V-contents compared to the primary
a-phase indicate that the redistribution of elements has not yet pro-
gressed to a stable state. For completeness, it is noted that a proxigram
across a cluster in the lower part of the same STA1 tip (not shown here)
yielded similar absolute values and compositional trends as the exem-
plary case from the upper part presented above.

After analyzing the ap/Bans interfaces, attention is next turned to
sub-structure interfaces within the Buans-grains. To enable a reliable
comparison between the STQ- and STA1l-state, nano-twin-interfaces
within (prior) o'-plates were selected due to their identical misorienta-
tion. These interfaces were analyzed in comparable orientations, i.e.,
oriented edge-on along the same zone axis [12-31]. HRSTEM images of
such nano-twins at atomic resolution as well as corresponding
HRSTEM-EDS results are shown in Fig. 5. The twins were identified to
exhibit a (1-101) twinning plane type relationship, compare Supple-
mentary Note 1, belonging to the {10-11} twinning plane family.

The HRSTEM-EDS element maps of the STQ nano-twin in Fig. 5 b)
and the concentration profiles in Fig. 5 g) prove that the interface is
slightly enriched in V and Fe and depleted in Ti compared to the sur-
rounding o'-martensite. Furthermore, the concentration profiles indicate
that this enrichment extends over only a few atomic layers on either side
of the twin interface. This suggests that V-atoms are somehow migrating
towards the newly formed interface during the martensitic trans-
formation of prior p-grains.

The HRSTEM-EDS concentration profile of the STA1 nano-twin-
interface (Fig. 5 g)) confirms diffusion-driven segregation of the
p-stabilizers V and Fe toward the interfaces during short-time annealing.
In the STAl-state, the V-/Fe-enriched region around the nano-twin-
interface is broader, and the segregation magnitude at the interface is
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higher compared to the STQ-state.

APT analysis of a tip extracted from an STA1-Bans-grain, shown in
Fig. 6 a), also reveals V- and Fe-enrichments. The observed cluster-like
distribution aligns well with the interfacial architecture within Bans,

in particular those of a'/a'-interfaces and nano-twins. Fig. 6 b) presents
concentration profiles taken from different sites of interest within the
STA1-Beans-tip, each across the V-depleted matrix and V-rich clusters.
The concentration profiles of sites of interest 2 and 3 demonstrate that
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the regions enriched in p-stabilizers are distinguished by a maximum higher by ~1.5-2 at.-%. Further, it can be derived from site of interest
V-content of ~18-20 at.-% and a maximum Fe-content of ~4.5-5 at.-%. 1, see rotated section in Fig. 6 a) and the concentration profile for
Therefore, the chemical cluster composition within ans differs from cylinder 1 in Fig. 6 b), that the distribution of alloying elements at in-
that at the op/Brrans interface; more precisely, it is characterized by a terfaces within Bians is not homogeneous.

maximum V-content lower by ~7-10 at.-% and a maximum Fe-content Based on the diffusion coefficient values reported by G. Lindwall

Fig. 7. SEM-BSE microstructural images of different STA-states (915 °C, 120 s, WQ + 570 °C, var. ta, AC) with t, for a) STA1: 180 s (3 min), b) STA2: 600 s (10 min),
¢) STA3: 1800 s (30 min), d) STA4: 3600 s (1 h), e) STA5: 10800 s (3 h) and f) STA6: 21600 s (6 h).



N. Pfeffer et al.

et al. [49], and as described in Supplementary Note 2, the diffusion
coefficient of V in hep o-Ti at 570 °C was extrapolated to approximately
3.5 x 1071 m?/s. Using this value, we estimated a diffusion distance of
6.5 nm for the STA1-state. The calculation is based on ty = 180 s and an
effective time on target temperature Ategs of ~60 s (compare Fig. 1 b)).
The obtained value should be regarded as an estimate. It is based on a
bulk diffusion model and therefore does not account for potential
short-circuit diffusion pathways associated with the high density of in-
terfaces, twins, and lattice defects present in o' martensite, nor for grain
boundary diffusion or mutual interactions with other alloying elements
in a-Ti. In addition, the heating period is neglected. Nevertheless, this
estimate is in reasonable agreement with the experimentally observed
concentration profiles shown in Fig. 6 b).

3.3. Microstructural evolution during prolonged annealing

The above observed segregation and local enrichment of $-stabilizers
at interfaces indicate the onset of an o' — a+f transformation reaction.
To further elucidate the microstructural evolution during progressive
transformation, SEM-BSE imaging was employed to characterize sam-
ples after prolonged annealing times. The resulting microstructures are
presented in Fig. 7.

When comparing SEM-BSE micrographs in Fig. 7 a) to f), an
increasing occurrence of brighter regions are observed for longer
annealing times. Distinctive brighter phases firstly appear after a ta of
1800 s at the a,/Prrans interface, see arrows in Fig. 7 c). These brighter
phases show a round morphology. At higher t > 3600 s, shown in Fig. 7
d)-f), additional bright phases appear at o' /«'-interfaces and nano-twin-
interfaces. Since brighter regions in BSE-contrast are typically associated
with a higher average atomic number, the appearance of these regions
indicates local enrichments of p-stabilizing elements such as V and Fe.
The progressive increase of brighter regions with annealing time can be
associated with a progressive element partitioning from o' to equilib-
rium a- (&teq) and equilibrium p-phases (fey). Due to the occurrence of the
brighter regions at op/irans, /¢ and nano-twin-interfaces, it is
considered highly likely that the V-/Fe-enrichments observed after an
annealing time of 180 s at these interfaces (compare Section 3.2.2)
either already represent f-nuclei with a bce crystal structure - thereby
promoting further accumulation of f-stabilizing elements - or at least
serve as precursor sites for f-phase formation. Additionally, it is notable
in the SEM-BSE images that the Pans-grains are surrounded by a seam-
like structure, which is clearly evident in the SEM-BSE image of the
STA6-sample (t, = 21600 s) in Fig. 7 f) and stands out from both the
ap-phase and the Pyrans microstructure. Closer examination reveals that
the seam expands from o,/Brans grain boundary position xg in the di-
rection of the Pans-grains with increasing ta; for clarification compare
Supplementary Note 3. Furthermore, estimated diffusion distances of V
in o-Ti for the STA1 to STAG6 states, derived using the bulk diffusion
approach described above, are provided in Supplementary Note 2.

3.4. Crystallographic phase properties derived from HEXRD

To further rationalize the microstructural evolution, a detailed
analysis of the crystallographic evolution from AR to STQ to STA1 to
STA6 was conducted using HEXRD.

HEXRD spectra of AR, STQ and STA1 states have already been
compared in a previous publication by N. Pfeffer et al. [25]. It is worth
noting that in the case of material states consisting of both a- and
a'-phases (e.g., the STQ-state in this work), the peaks of both phases
substantially overlap in HEXRD 1D-spectra due to their similar lattice
parameters and lattice geometry. Consequently, it is not possible to
distinctly differentiate between these two phases through mere visual
inspection. However, in [25] it was shown that the HEXRD spectrum of
the STQ material is characterized by the appearance of broader
a/o'-peaks and the absence of p-peaks in comparison to the as-received
state, in which only pure a- and B-peaks are known to occur. This
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peak broadening, as well as the flatter narrowing of the o/o'-peaks and
the partially asymmetrical appearance is attributable to the presence of
the martensitic o'-phase.

Fig. 8 a) — ¢) compares HEXRD spectra of the STQ-state and the STA-
states. It is evident that the o/’ peak width undergoes a slight decrease
from STQ to STAL, i.e., after a short annealing time of only 180 s at 570
°C, compare Fig. 8 b). This observation indicates a reduction in internal
stresses and a relaxation of the martensitic unit cell towards those of the
hcp a-phase, even after this short annealing time. The occurrence of
small p-reflections in the STA1 condition (see, for instance, Fig. 8 c))
indicates a phase transformation of small regions to the bcc f-phase.
These regions most likely correspond to those with an increased V-/Fe-
content within Pans, as identified in Section 3.2.2.

As the annealing time increases from STA1 to STAS, the height of the
B-peaks increases markedly, reflecting an increasing f-phase fraction
with increasing annealing time. This provides evidence for progressive
transformation along the o' — a+f pathway, consistent with the trend
indicated by SEM-BSE in Section 3.3. Additionally, the peak width of the
a/a’-peaks changes with ta, sometimes asymmetrically. For instance,
when examining the a/a' (002) peak, a peak narrowing becomes
evident, starting from larger diffraction angles, and a shift of the (002)
peak maximum to smaller diffraction angles, i.e., to larger lattice pa-
rameters according to the Bragg's law.

Rietveld refinement enabled a quantification of the phase fractions of
o, B and o as well as their lattice parameters for the considered states
(AR, STQ, STA1-6). As mentioned in the experimental section, the a- and
o'-phase in the STQ-state were fitted separately. Calculated spectra for
sum, o, and o relative to the observed one are demonstrated by the
excerpt in Fig. 8 d). In contrast, a single hcp phase was fitted for the STA-
states. Additionally, the microstrain of the hcp and bcc phases was
determined using the full width at half maximum (FWHM) of the peaks,
following the Williamson-Hall method [50]. It should be noted that any
potential influence of grain size on the microstrain from STQ to STA6,
which is assumed to be minimal, was neglected in this analysis.

First, Fig. 9 a)-d) provide information on the fractions of hcp phases
and their lattice parameters a and c and lattice geometries (via c/a ratio)
and e)-f) on phase fraction and lattice parameter of the bcc p-phase (as).

A comparison of the phase fractions in Fig. 9 a) and e) reveals the
following trends: In the AR-state, Rietveld refinement yields phase
fractions of 96.1 % a and 3.9 % p. After STQ treatment, the micro-
structure consists of ~48.6 % o' besides 51.4 % o with no detectable
B-phase. These results are in good agreement with the fractions obtained
via phase binarization in [25]. Within the STA-states, the p-phase frac-
tion increases steadily from ~1.1 % (t, = 180 s) to ~4.2 % (tp = 21600
s) with t4 and approaches an equilibrium state after 10800 s consistent
with the fraction in the AR-state.

Examining the lattice parameters of the a- and p-phases in the AR-
state, Fig. 9 b), ¢) and f), reveals the following: the a-phase lattice pa-
rameters, with a, ~ 2.923 A und Cq ~ 4.668 }o\, deviate from those re-
ported for high-purity Ti (a ~ 2.950 A, ¢ ~ 4.683 A, and c/a ~ 1.587
[51]). However, they are in good agreement with values reported for the
a-phase in slowly cooled Ti-6A1-4V (a, = 2.925 + 0.002 A, ¢, = 4.670 +
0.005 A, c/a =~ 1.597 [52]). The f lattice parameter, with az = 3.184 A,
differs from the extrapolated value for bcc high-purity Ti at room tem-
perature (a = 3.283 [53]). The deviations of the lattice parameter values
obtained in this work from those reported for high-purity Ti are pri-
marily attributed to the influence of alloying elements on the lattice
parameters, although processing may also have exerted a minor effect.

Fig. 9 b) and c¢) confirm that the hexagonal cell of the o’-martensite in
STQ-state is characterized by a larger a lattice parameter and a smaller ¢
lattice parameter compared to the - or a-phase in the STQ- and the
AR-state. This is associated with a smaller c/a ratio of the hexagonal
o' cell (see Fig. 9 d)). This finding is consistent with observations re-
ported in literature, which compare the hexagonal cell of o' in the fully-
martensitic microstructure case with that of the (near-)equilibrium
a-phase in a+f microstructures [54,55]. Therefore, the observed
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differences between the o and o' hcp lattice properties are mainly
attributed to the displacive character of the transformation § (bcc) — o,
which imposes a distorted hcp lattice with a non-ideal, energetically
unfavorable c/a ratio. Moreover, the chemical compositions of the
phases likely also contribute, at least to some extent, to both the absolute
values and the relative differences of the lattice parameters between
aand o [14,51,56-59].

A comparison of the c/a ratios for the STQ and STA1 states in
Fig. 9 d) clearly shows that the martensitic lattice geometry rapidly
approaches an energetically preferred configuration close to that of the
ap-phase even after a short annealing time (STA1, ty = 180 s). Accord-
ingly, from a crystallographic point of view, the former o'-phase can no
longer be classified as such after ty > 180 s, but is more accurately
described as a-phase supersaturated with f-stabilizing elements. Since
the observed crystallographic o'-decomposition occurs simultaneously
to the chemical redistribution (as shown above), the term “martensite
decomposition” will hereafter refer to the combination of both pro-
cesses. As the annealing time tp increases from STA1 to STA6, there are
additional, though moderate, changes in the c/a ratio and the lattice
parameters a and c (Fig. 9 b) and c)). These alterations are attributed to
the progressive relaxation and the increasing formation of p-phase, with
the latter being associated with a further partitioning of the alloying
elements between a and f.

The lattice parameter of the f-phase initially increases substantially
from STA1 (ty = 180 s) to STA3 (ta = 1800 s), see Fig. 9 f). After that, the
time-related rate of change decreases towards STA5 (ta = 10800 s).
Studies on the Ti-V binary system [60,61] demonstrated that a reduction
in V-content increases the f lattice parameter. It is conceivable that the
p-nuclei with a bee structure detected after 180 s originate primarily
from clusters at the o,/Pans interfaces, as these regions are more
enriched in p-stabilizers, or more precisely, show a different chemical

11

composition than those in the Pians interior. With longer annealing
times, these nuclei are expected to grow, and additional nuclei form
from V-/Fe-enriched regions inside the Bans grains. However, the newly
formed nuclei are likely to contain lower levels of f-stabilizers and
higher Al-content compared to the previously formed nuclei. This could
account for the observed increase in the overall p lattice parameter.
Once the B phase fraction is close to the equilibrium, the element con-
centrations in different B-regions are expected to gradually equalize. The
only minor difference in the determined p lattice parameter between
STAS and STA6 suggests that equilibrium has been reached.

For the quantitative evaluation of peak broadening, the diffraction
reflections were analyzed using the Williamson-Hall approach. For this
purpose, the integral peak breadth cos(6) e 10® was plotted against
4 sin(0) (Williamson-Hall plot). The slope of the resulting linear fit
yields the isotropic microstrain of the respective phase. Fig. 10 shows
the Williamson-Hall plots as well as the corresponding values of the
isotropic microstrain for the investigated material conditions.

Regarding the microstrain in the hcp phases, the following conclu-
sions can be drawn from Fig. 10 a) and b): The martensite in the STQ-
state exhibits a significantly higher microstrain than the a-phase in the
AR- and STQ-state and the hcp phase in the STA-states. This was already
evident from the peak widths in Fig. 8. From STAl-to STA6-state, the
microstrain of o-phase was found to decrease continuously with
increasing annealing time. The AR-state shows the lowest microstrain
among all investigated stress state of the present study. However, after
annealing at 570 °C for 21600 s, followed by air cooling, a similarly
relaxed state of the a-phase was attained.

Fig. 10 c) and d) show that the microstrain of the p-phase as a
function of t5 exhibits a similar trend to that of the a-phase. In particular,
the microstrain of the pB-phase decreases from STAl1 to STAS6,
approaching the microstrain of the p-phase in the AR-state. Possible
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Fig. 10. Microstrain analysis of phases in different Ti-6A1-4V material states, based on refined spectra: a) Williamson-Hall plots for the hcp a-phase, b) corresponding
isotropic microstrain values for the a-phase, ¢) Williamson-Hall plots for material states containing the bcc p-phase, and d) corresponding isotropic microstrain values
for the B-phase. For the STQ-state, data for «' are additionally included (unfilled crossed blue data points) and labeled accordingly.

origins of the observed parallel trend between the hep and bec phases
will be addressed/discussed in Section 4.1.

3.5. Tensile behavior

Fig. 11 provides representative stress-strain curves for the AR-state,
the STQ-state and three STA-states and Table 2 corresponding mean
values for the yield strength at 0.2 % plastic deformation (YS), the ul-
timate tensile strength (UTS), the delta between UTS and YS (UTS-YS),
the uniform elongation (UEL) and the elongation at fracture (ELF).

The strength data for the AR, STQ, and STA1 conditions have been

Table 2

previously reported and discussed in [25]. Of particular relevance to the
present study is the finding that the strength of the STQ condition can be
significantly enhanced by a subsequent (short-time) annealing. The
present results further reveal that annealing at 570 °C leads to system-
atic changes in the tensile response as the annealing time increases from
STA1 to STA6: strength decreases, while the UEL increases markedly.
Additionally, a gradual trend towards a more pronounced YS with
increasing ta is observed. Furthermore, the work-hardening rate (WHR)
decreases from STA1 to STA4, while similar values are observed for the
AR, STA4, and STA6 material states.

Mean yield strength at 0.2 % plastic strain (YS), mean ultimate tensile strength (UTS), AUTS-YS, mean uniform elongation (UEL), and mean total elongation at fracture
(ELF) for different material states: AR (as-received), STQ (915 °C, 120 s, WQ) and STA material states (STQ + 570 °C, var. ta, AC) with t, = 180 s for STA1, t, = 3600 s
for STA4 and ty = 21600 s for STA6. The values were built from a minimum of three valuable tests (N > 3). An asterisk (*) indicates data that have been reported

previously in [25] for N > 3.

Material state YS in MPa UTS in MPa UTS-YS in MPa UEL in % ELF in %

AR* 987 £ 3.0 1080 + 3.9 93+ 3.6 6.7 + 0.46 15.4 £ 0.39
STQ* 839 +£9.8 1076 + 5.0 237 +10.6 10.2 + 0.30 18.8 £+ 0.95
STA1 1111+ 1.6 1226 + 3.3 114+ 3.3 3.6 £0.14 12.0 £ 0.85
STA4 1086 + 7.3 1181 £5.3 95+ 3.3 4.4 £0.21 12.3 £0.25
STA6 1062 + 6.8 1152 + 3.9 90 + 6.4 5.1+£0.28 12.9 £ 0.13
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Fig. 11. Representative stress-strain curves for different material states: AR (as-received), STQ (915 °C, 120 s, WQ) and STA material states (STQ + 570 °C, var. ta,
AC) with ty = 180 s for STA1, t, = 3600 s for STA4 and t, = 21600 s for STA6. An asterisk (*) indicates data that have been reported previously in [25].

4. Discussion
4.1. Microstructural evolution of a+a' Ti-6Al-4V during annealing

By combining the results of this study with findings from literature,
the microstructural evolution of a+o' Ti-6Al-4V (solution heat treat-
ment: 915 °C, 120 s, WQ) during subsequent annealing (+570 °C,
<21600 s, AC) can be described as follows. The schematic in Fig. 12
illustrates the chemical redistribution of the alloying elements along the
applied heat-treatment path.

4.1.1. STQ-state

In the STQ a+a' microstructure, the present a'-martensite results
from a displacive transformation from bcc f to hep o, exhibiting several
characteristics due to its non-diffusional transformation that is based on
shear deformation.

Morphological appearance and internal structure: The martensite forms
as numerous o'-plates, introducing a high density of o'/a' interfaces and
nano-twins within o' upon quenching (compare Fig. 2 g)-h), and scheme
Fig. 12 a)). In the literature, coherent transformation twins with a
twinning plane of the {10-11} type within the o'-plates have been
frequently reported for titanium-based alloy systems [16,37,41,62,63],
which is the same type as identified for the twins in Fig. 5. However,
twins of the {10-12} and {11-22} plane types have been also observed in
some cases [5,64].

Chemical supersaturation: The o'-martensite retains the chemical
composition of the p-phase, resulting in supersaturation with
p-stabilizing elements. This is evidenced by HRSTEM-EDS analyses
(Fig. 3 b) and EDS-results from previous work by N. Pfeffer et al. [25]
and represented by scheme Fig. 12 a).

Elemental segregation at interfaces: Slight enrichment in f-stabilizers V
and Fe is detected at o'/’ and nano-twin interfaces, with corresponding
depletion in adjacent atomic layers (see Fig. 5 b), g) and scheme Fig. 12
a)). This suggests that V and Fe atoms locally segregate to newly formed
interfaces either during martensitic transformation or upon further
cooling below the martensite finish temperature My. Recent work by D.
Wen et al. [65] indicates that short-range segregation over a few atomic
layers is possible during a very short time interval. Further, an incre-
mental estimate of the diffusion distance of V during water quenching
between a potential My and room temperature, based on the data pro-
vided by G. Lindwall et al. [49] (see Supplementary Note 4), suggests
that diffusion distances in the order of only a few atomic layers are
possible. However, it must be considered that the Mg value of 710 °C
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after [17] used in this estimation may differ from the actual trans-
formation temperature, as it is likely sensitive to the chemical compo-
sition of the B-phase before quenching. Moreover, the obtained diffusion
distances should again be regarded as estimates. The diffusion coeffi-
cient employed represents bulk diffusion behavior in o-Ti and does not
account for potential short-circuit diffusion pathways associated with
interfaces, lattice defects, and stress fields that dynamically form during
quenching and martensitic transformation, nor for mutual interactions
with other alloying elements. More pronounced V-enrichment at
ap/Prrans interfaces may originate from segregation during solution heat
treatment and subsequent retention during quenching, from increased
driving forces at incoherent interfaces or from short-range atomic dis-
placements associated with the formation of martensite plates, which
may shift near-interface V atoms toward the oyp/Byrans interface.

Lattice distortion and internal stresses: the martensitic o'-phase is
characterized by a high level of elastic lattice distortion and high degree
of stored energy, which is reflected by HEXRD results in Figs. 8 d) and
Fig. 10 a) and b). The lattice parameters of the o'-phase differ from those
of the a-phase (Fig. 9 b)-d)), which is mainly attributed to the lattice
correspondence between the prior f-phase (i.e. the p-phase present at
the solution heat treatment temperature) and the o'-martensite.
Furthermore, internal stresses are expected to accumulate along the
®p/Breans interfaces due to the volumetric change associated with the p —
o transformation.

In summary, the martensite remains in a metastable state at room
temperature, characterized by high energy due to both its chemical
composition and the structural distortions of the hcp lattice, with a
kinetically limited driving force to transition into a more stable state.

4.1.2. Martensite decomposition and segregation of f-stabilizers to
interfaces (T4 = 570 °C, ty = 180 s)

The provision of thermal energy throughout the annealing process
initiates a number of ongoing concurrent and interlinked microstruc-
tural processes. These processes work to minimize the free energy G of
the whole Ti-6Al-4V system with AG acting as driving force and to
restore thermodynamic equilibrium (0eq+Peq). According to the
Ti-6Al-4V phase equilibrium at annealing temperature, o-martensite
tends to decompose predominantly into a-phase, accompanied by a
smaller fraction of B-phase. This transformation process, however, re-
quires chemical redistribution within Bans.

As shown in this study, one underlying process is the diffusion-based
migration of the a,/Pyrans interface towards the higher-energetic o'-grain
(Fig. 7, schemes Fig. 12 c)-e)). This results in the accumulation of the
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supersaturated solute elements, specifically V and Fe, at the migrating
®p/Prrans interface front. These elements cluster into ellipsoidal V-/Fe-
rich allotriomorphs at the o,/ians interface, causing local solute
depletion in adjacent regions, see Fig. 3 d), ), g) and scheme in Fig. 12
¢). The rounded shape arises from an energetically favorable surface-to-
volume ratio. Its rapid formation is attributed to enhanced elemental
diffusion along grain boundaries, particularly pronounced in the case of
high-angle boundaries. Notably, there is a similarity to the initial stages
of microstructural formation described for cellular precipitation [66]. As
a result of this op/Pans boundary migration and the formation of
V-/Fe-rich clusters, there is a corresponding decrease in solute atoms in
the areas through which the boundaries have traveled (Fig. 3 f) and g),
Fig. 4 b)). The wave-like appearance of the STA1 op/Brans interface is
likely related to the stress-relaxation of the a,/Prans interface and/or a
pinning effect of the V-/Fe-rich clusters.

STQ: a +a’

metastable state
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Beyond the a,/Buans interfaces, V-/Fe-rich clustering was also
observed within the Pans-grains, where o/o' and nano-twin-interfaces
act as segregation sites for V and Fe (compare Fig. 5 d) and g), Figs. 6
and 12 ¢)). The inhomogeneous enrichment of f-stabilizers at these in-
terfaces (Fig. 6) is attributed to preferential segregation at specific
interfacial sites, e.g. such under comparatively high compressive stresses
[63]. Further, the appearance of different interface characters, namely
o'/a' and internal twins, may affect segregation tendencies due to
differing attraction forces for p-stabilizers. Variations in phase fractions
and lattice parameters with increasing annealing time (Fig. 9) as well as
chemical phase properties of STAl-state (Fig. 6) reveal that ty = 180 s is
insufficient to achieve a full chemical redistribution, respectively a
0+(0teq+Peq) microstructure.

From a crystallographic perspective, a significant reduction in elastic
distortion of the hcp a'-lattice was observed after only 180 s of annealing

+ annealing
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Fig. 12. Schematic representation of the chemical redistribution at the o,/Bans interface and within Pyans during annealing: a) microstructural situation in the STQ
state with the 0-position of the op/Birans interface (xo) marked, b) representation of the microstructural tendency driven by the application of thermal energy during
annealing. c) and d) represent intermediate states of the progressive martensite decomposition o — eq+Peq, With former a'-phase depleted in p-stabilizers referred to
as “t'gep” and enriched in B-stabilizers as “o'c,,” and e) equilibrium state, with a aeq and feq structure.
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at 570 °C, compare Fig. 10 a) and b). This is mainly attributed to the fact
that the martensitic o'-phase, due to the lattice correspondence with the
prior B-phase, is constrained into an elastically not fully relaxed
configuration. During annealing, thermally activated atomic movements
are assumed to enable the lattice to rapidly relax from this state into a
more favorable, less distorted configuration. However, to some extent,
dislocation annihilation (as observed and described by S.A. Oh et al.
[55] for the initial stage of the martensite decomposition in LPBF
Ti-6A1-4V) and the chemical redistribution of alloying elements could
also be involved in this crystallographic transition.

In summary, the initial annealing stage is marked by a pronounced
reduction in microstrain and a strong evolution of the «' lattice param-
eters towards those of the a-phase, whereas the p phase fraction in-
creases only moderately. The correlated evolution of these parameters
suggests that o lattice relaxation dominates at ty = 180 s, while only
initial stages of the a' — a+f transformation are initiated.

4.1.3. Progressive redistribution of alloying elements (Ta = 570 °C, ts >
180 s)

With increasing annealing time, the redistribution of alloying ele-
ments within Bans progresses gradually until saturation is reached and a
relaxed oeq+Peq €quilibrium microstructure is established. The process is
reflected by changes in phase fractions, lattice parameters and micro-
strains of both phases (Figs. 9 and 10).

With increasing annealing time, the  phase fraction increases
gradually. During this process, V-/Fe-rich clusters or bcc f-nuclei
located at op/Pirans interfaces and at interfaces within Pyans act as
preferred sites for further p-phase formation (compare STA1 HRSTEM-
EDS and APT results from Section 3.2.2 with Fig. 7).

The continuous but moderate increase in p phase fraction and the
changes in lattice parameters occur in parallel with a similarly moderate
and continuous decrease in o lattice strain with increasing annealing
time. This simultaneous response provides clear evidence for progres-
sive chemical redistribution within ;s and ongoing o' — a+p trans-
formation. In contrast, a purely recovery-driven or stress-relaxation
process would primarily reduce lattice strain without causing systematic
changes in phase fractions and lattice parameters. However, a concur-
rent reduction in dislocation density cannot be excluded as an additional
contributor to the release of stored distortion energy in the o lattice.

The correlated evolution of a- and B-phase lattice strain as a function
of annealing time suggests crystallographic interplay between the indi-
vidual phases. In the STAl condition, incomplete relaxation of the
former o-lattice may introduce adaptation strain in the adjacent
B-phase, for example to maintain a defined orientation relationship such
as that according to Burgers [18]. Additionally, compositional variations
between the p-phase at a,/Brans and o'/o interfaces (cf. Fig. 4 b) and
Fig. 6) as well as between «;, and the decomposition-derived a-phase,
may affect the determined lattice strain state of the hep and bee phases.

At longer annealing times, the system reaches a compositionally and
structurally stabilized state, consistent with phase equilibrium (scheme
Fig. 12 e)). This interpretation is supported by HEXRD results (Figs. 9
and 10), which show no further significant changes in phase fractions,
lattice parameters and lattice strain beyond 10800 s of annealing. Since
the formation of the p-phase involves not only the enrichment of
fB-stabilizing elements but also a corresponding depletion of Al in spe-
cific regions, it can be assumed that the diffusion rates of alloying ele-
ments play a decisive role in determining the time required to reach this
stabilized state.

In the stabilized STA6 state, the -phase appears slightly coarser at
former a,/Brrans interfaces than at former o'/o' and nano-twin-interfaces,
attributed to the initially higher V availability at o,/Brrans interfaces in
the STQ-state in combination with the likely higher driving force for
segregation towards and along high angle grain boundaries.
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4.2. Comparison with the a' - a+p transformation reaction in LPBF- and
fully-martensitic microstructures

The V-/Fe-rich clusters observed in the STA1-Bans-grains resemble
the findings reported in the literature on Ti-6Al-4V processed via LPBF
in the as-built state, as documented by J. Haubrich et al. [33],
M.V. Pantawane et al. [32], and H. Wang et al. [34]. During a single
LPBF cycle, the material is heated above T, and rapid cooling produces
a fully martensitic structure in the deposited layer. In the subsequent
layer-by-layer buildup, transient thermal peaks repeatedly affect the
underlying layers until they remain unaffected after a certain number of
depositions. The cumulative effect of these thermal cycles has been
shown to promote the formation of V-/Fe-rich clusters as precursors of
the B-phase in the as-built material, indicating the onset of martensite
decomposition towards thermodynamic equilibrium (o' — Oeq+Beq)-
J. Haubrich et al. [33] reported V-/Fe-enrichments at o'/o'-interfaces,
while M.V. Pantawane et al. [32] additionally detected V-rich clusters
within the martensite plates. H. Wang et al. [34] observed the accu-
mulation of B-stabilizers at a'/a'-interfaces and characterized these re-
gions still as hexagonal a-phase but with elevated Moeq-content. In [33],
the element partitioning ratio kK = Cp/Cy into the f-phase was deter-
mined to be one order of magnitude higher for Fe than for V. Similar
tendency is derivable from our results presented in Fig. 6.

Relevant literature on other alloy systems further supports the
findings of this study. C. Liu et al. [63] investigated the binary Ti-4Mo
system with a fully-martensitic initial structure, annealed at 400 °C for
4 h and 500 °C for 8 h. The resulting B precipitates exhibited a Potter
orientation relationship with both the o'-phase and the twin boundary,
(01-1) || (10-11)y and [-111]g || [-1210],- In contrast, heterogeneous
B-precipitation at o /o' interfaces and within martensite plates followed
the conventional Burgers orientation relationship. Complementary
first-principles calculations indicated that Mo segregation to compres-
sion sites at coherent twin boundaries is energetically favorable.
Calculated segregation energies for alternative f-stabilizers revealed
that besides Mo, the elements Nb, Cr, V, and Fe, also exhibit a tendency
to segregate to these compression sites [63].

At this point it is worth emphasizing that the chemical composition
of the martensite in dual-phase a+a' Ti-6Al-4V is different from that of
the martensitic structure in fully-o'-martensitic Ti-6Al-4V, as for
example found in the as-LPBFed or the from above Ty as-quenched state.
In the fully-martensitic case, the average martensite composition cor-
responds to the nominal alloy composition [19]. In contrast,
o'-martensite in dual-phase a+a' microstructures exhibits higher con-
centration of p-stabilizing elements V and Fe, but less of a-stabilizer Al
This results from element partitioning between the a- and f-phases
during sub-Tg solution heat treatment prior to quenching, with the f
composition depending on the solution heat treatment temperature [19,
25,67]. Therefore, the chemical starting condition for decomposition
events of o' in this work (or more general in case of Ti-6Al-4V o+
microstructures) is different from that proposed in the literature on the
fully-martensitic case cited just above. Moreover, the o'-plates are much
finer in the case of dual-phase a+a' microstructures, as their morphology
is governed by the prior-f} grain size (compare for example [22] to [68]).

However, it can be stated that in all cases the supply of thermal
energy causes p-stabilizers to be expelled from the original martensitic
regions, which are supersaturated with these elements. Interfaces
consistently play a crucial role, serving as early segregation sites for
B-stabilizers during the initial martensitic decomposition and acting as
preferred nucleation sites for the progressive formation of the $-phase
during decomposition. The results of C. Liu et al. [63] further suggest
that similar mechanisms are active in the martensitic decomposition
processes of other titanium-based alloy systems. The segregation
behavior and diffusion kinetics of alloying elements likely have a strong
impact on the decomposition in case of both fully martensitic and
dual-phase a+a' microstructures. In a+a«' microstructures, elemental
partitioning between a and f prior to quenching, or, in other words, the
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degree of ao'-supersaturation, is assumed to be another decisive factor
governing the thermodynamic driving force and kinetic pathways of
a'-decomposition. Moreover, the interface density - and thus the fineness
of a'-plates and nano-twins within o'-plates - may affect the kinetics of
B-nucleation and subsequent chemical redistribution, as well as the
potential localization of the newly formed p-phase.

4.3. Correlation between microstructure and mechanical properties of
different material states

In the following, the microstructural evolution induced by the
applied short-time heat treatments is correlated with the resulting me-
chanical properties of Ti-6Al-4V.

Firstly, as interstitial oxygen is known to can influence the strength
of titanium alloys [69,70], its potential contribution is briefly consid-
ered. Oxygen measurements for the AR, STQ, and STA1 conditions show
only a minor increase along the applied heat treatment route (see Sup-
plementary Note 5). This limited change is attributed to the short heat
treatment durations as well as the argon atmosphere used during heat
treatments. Further considering the diffusion-controlled oxygen uptake
from the surface toward the material interior [71,72], the bulk oxygen
content can be assumed comparable, and its influence on the mechanical
properties is therefore considered subordinate to the effects of the
microstructural evolution discussed below.

As the microstructure of the AR-state consists primarily of the
a-phase, deformation can be assumed to be governed by a-phase prop-
erties, the o, grain size (Hall-Petch effect), and o/a grain boundaries, as
discussed in [25]. The stress-strain curve shows a distinct yield point
(Fig. 11 b)), likely due to interstitial solute atoms impeding dislocation
movement, followed by sudden dislocation release.

In contrast to the AR-state, the STQ-state (915 °C, 120 s, WQ) ex-
hibits a significantly lower YS but higher WHR, UEL, and ELF. As shown
in literature, o'-martensite has a lower yield strength and hardness than
ap, and deformation is initiated in it despite the potential strengthening
effect provided by multiple o'/a' interfaces [23,73]. This suggests that
the Hall-Petch effect within Pyans-Structures is not offsetting the lower
yield strength related to the different chemical composition and the
RIP-effect. The macroscopic deformation is governed by the chemical
and mechanical differences between o and o, as well as their defor-
mation compatibility. As a result, the dual-phase STQ-a+a' microstruc-
ture behaves like a composite. More specifically, the preferential
deformation of the softer o'-martensite-packages (Birans-grains) leads to
the formation of geometrically necessary dislocations (GNDs) in the
adjacent «;,-grains to accommodate local strain differences. These dis-
locations increase the dislocation density in the op-phase, hindering
further dislocation movement and thereby likely contributing to sig-
nificant work-hardening of the material, as described in Refs. [22,24].

In the STAl-state, the fine structure of the Pans microstructure, or
more precisely of the former o'-plates, is retained. Nevertheless, STA1
shows a higher Brans hardness compared to the STQ-state (see [25]) and
is characterized by significantly increased tensile strengths
(see Fig. 11 a)). Even compared to the AR-state, the STA1-state shows a
significantly increased strength. We hypothesize that suppression of the
RIP mechanism, as described by O. Dumas et al. [41], already occurs at
this early stage of martensite decomposition in the STAl-state. The
presence of V-/Fe-enriched clusters and first bec-precipitates may alter
the interfacial configuration sufficiently to inhibit RIP. Moreover, it is
plausible that these clusters/first bce-B-precipitates and/or other solute
elements may interact with dislocations, thereby contributing to the
strengthening effect. In addition, the relaxation of the martensitic lattice
may further impede the RIP mechanism by modifying the state of the
original o'/« interfaces.

Between the annealed STA1 and STA6 conditions, the differences in
the work-hardening behavior and yielding nature suggest that the
interaction between dislocations and solute atoms undergoes a change
with increasing annealing time. It is plausible that the transition from
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rather isolated solute atoms to solute clusters leads to distinct interac-
tion patterns. While classical solid solution friction is likely after a short
annealing time, after a prolonged one, dislocations are likely to be
initially pinned by solute clusters until they overcome the pinning and
interact with them during further deformation. In this context, the time
available for solute diffusion and redistribution appears to be the deci-
sive parameter, as it governs the segregation of solutes to lattice defects
and interfaces, thereby affecting yielding behavior and work-hardening.
Additionally, the slight coarsening of the Pians microstructure with
increasing annealing time (Hall-Petch correlation), as well as the
reduction in phase strains and increasing recovery processes of dislo-
cations with increasing annealing time can be made partially reasonable
for the reduction in strength. Considering that prolonged annealing
would be expected to promote further oxygen uptake, the observed
decrease in strength with increasing annealing time further supports the
assumption outlined above that the strength evolution is primarily
governed by microstructural changes, while slight variations in the ox-
ygen content play only a minor role.

A comparison of the microstructure of the STA6-state with that of the
AR-state reveals similar phase fractions and only slight differences in the
phase microstrains of o and . However, the morphology and arrange-
ment of the phases differs significantly. The AR microstructure is char-
acterized by a-grains in the median area size range of Aggy, = 18.6 pm2
[25] with only ~3.9 (this work) - 4.5 % ([25]) p-phase located at the
grain boundaries of the a-grains. In contrast, the STA6 microstructure
consists of «, - comparable to the a-phase of the AR state - next to
significantly finer "lamellar" a-structures that have developed from the
preceding STQ-Ptrans microstructure. The finer a-lamellae show a higher
aspect ratio than the primary a-grains and are enveloped by thin,
discontinuous f-films. Such B-films also manifest at the former twin
boundaries within the former o'-lamellae. It is evident that the enhanced
strength of STA6 compared to AR can be mainly attributed to the sub-
stantially finer average a-grain size, i.e., via the Hall-Petch correlation.
However, an influence of slight differences in phase strain and lattice
parameters between the two materials cannot be entirely excluded.

Fracture surface analyses revealed predominantly ductile fracture
with a dimpled morphology for all investigated conditions, including the
STA-states. As no distinct features enabling a clear correlation with
specific microstructural components were observed, representative
fracture surfaces are provided in the Supplementary Note 6.

Overall, the results demonstrate that the properties of Ti-6Al-4V are
susceptible to substantial modification by adjusting different metastable
and stable modifications within the microstructure. In particular, it
should be emphasized that the strength of Ti-6Al-4V a+a' microstruc-
tures can be significantly increased by additional annealing, whereby
the annealing time can be used as a further tuning screw for setting the
mechanical properties. Since the underlying decomposition process is
partially controlled by the diffusion behavior of the alloying elements, it
can be hypothesized that in addition to the annealing time, the
annealing temperature also plays a decisive role due to the influence on
thermal activation. Furthermore, we would like to emphasize that the
potential to induce analogous property alterations through this
approach of martensite decomposition is expected to be also applicable
to some other titanium-based alloys that allow martensitic
transformation.

4.4. New insights and contextualization

In the previous own work by N. Pfeffer et al. [25], a noticeable in-
crease in strength after short-time annealing of a-+o'-Ti-6Al-4V micro-
structures has been reported. However, the explanation was limited to a
largely phenomenological and constituent-level description. The present
study now provides direct evidence for the early stages of martensite
decomposition. The combined HRSTEM, APT, and HEXRD approaches
allowed the relevant nanoscale mechanisms to be resolved. The onset of
the o' — o+p transformation reveals a sequence of processes, including
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(i) segregation of p-stabilizers to interfaces, (ii) the transition from
V-/(Fe-)rich interfacial layers or enrichments to discrete V-/Fe-enriched
clusters and/or first f-nuclei, (iii) concurrent crystallographic relaxation
of the former o'-phase, together with an increased geometrical
complexity of a,/Prans interfaces, consistent with stress-driven interfa-
cial reconfiguration during early martensite decomposition. Moreover,
the time-dependency of the martensite decomposition is revealed in
both crystallographic and chemical terms: from early segregation and
clustering of p-stabilizing elements through progressive elemental
redistribution and f-related feature formation to the equilibrium o+
state. In combination with the results reported in [25], this enabled an
in-depth understanding of the between the nano-/microstructural
changes and the mechanical responses of the STA-states.

An additional question arises in this context: what makes the
annealing approach in this work so special compared to those applied to
LPBF and fully martensitic Ti-6Al-4V microstructures? The dual-phase
a+o' microstructures in our case represent a fundamentally different
starting condition for martensite decomposition induced by annealing.
The two constituents, « and o', are chemically, crystallographically, and
morphologically distinct, and additional op/Birans interfaces are present.
The results of this work show that martensite decomposition in such
microstructures is governed by a coupled set of chemical, crystallo-
graphic, and deformation-related processes, with additional contribu-
tions compared to fully martensitic states. In particular, the suppression
of reorientation-induced plasticity, which is characteristic of dual-phase
a+0o' Ti-6Al-4V microstructures, constitutes an additional strengthening
pathway that is absent in fully martensitic states.

Overall, the present study provides a mechanism-based under-
standing of the strength increase during (short-time) annealing in dual-
phase a+a' Ti-6A1-4V and its coupling to the mechanical response during
progressive decomposition.

5. Conclusion

This study provides in-depth insights into the o'-martensite decom-
position during annealing of Ti-6Al-4V with an initial dual-phase o+
microstructure, with the latter produced by short-time solution heat
treatment of the AR-material at 915 °C followed by water-quenching.
Crystallographic evolution and concurrent chemical changes during
the o —» a+p transformation were identified through detailed analysis,
revealing mechanisms that potentially contribute to strengthening. The
following conclusions can be drawn:

- The a+a' microstructure consists of approximately equal fractions of
primary o (op) and transformed B (Bians), with o-martensite
appearing as a fine plate-like transformation product. Compared to
the ap- and aeq-phases, o is enriched and even supersaturated in
pB-stabilizers V and Fe. Further it is characterized by a high distortion
energy, since the lattice correspondence with the bcc parent phase
forces it into a distorted hep structure. Mechanically, the a+a'-state
exhibits a comparatively low yield strength (~839 MPa), pro-
nounced work hardening, and good ductility.

Short-time annealing (570 °C, 180 s): V-/Fe-segregation to o,/
Birans and o' /o' interfaces as well as to transformation twin interfaces
within o' led to the formation of V-/Fe-rich nano-scale clusters. These
chemical changes occurred concurrently with crystallographic
martensite decomposition. Consequently, the original distorted hcp
lattice of the o'-phase underwent a relaxation, with a c/a ratio
approaching the equilibrium value of the hcp a-phase. Segregated
regions partially exhibited a bcc structure (~1.1 %).

Prolonged annealing: the pgans-microstructure progressively
transformed towards the equilibrium o+ structure. Accordingly, p
precipitation progressed, as evidenced by an increasing (-phase
fraction. Its occurrence along interfaces strongly suggests that it
evolved from V-/Fe-rich clusters and p-nuclei. Further, migration of
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the otp/Prans interface into the direction of former martensitic regions
was evident. Continuous lattice parameter changes indicated
ongoing elemental partitioning between o and B, accompanied by
ongoing lattice relaxation of both phases. After 3 h of annealing, the
microstructure approached a saturated state, and at longer times
lattice parameters and phase fractions remained essentially un-
changed. This, together with comparison to the as-received material,
strongly suggested that a near-equilibrium condition had been
reached. After 6 h, the B-phase fraction amounted to ~4.2 %.
Mechanical properties: The stage of o' — o+p transformation
strongly influenced the mechanical response. Stress-strain curves
indicated that the reorientation-induced plasticity effect, character-
istic of Ti-6Al-4V a+o' microstructures, is suppressed already after
short-time annealing, and likely contributes to the observed signifi-
cant strength increase (yield strength: ~1111 MPa) respective to the
initial a+o' microstructure. Additionally, fine V-/Fe-rich clusters and
first B-precipitates may have further enhanced strengthening. The
strength and work-hardening were found to decrease with increasing
annealing time and this was attributed to changes in dislocation-
solute interactions as well as microstructural coarsening, including
an increase in a-lamellae size.

Due to the diffusion-controlled nature of the observed processes
during annealing, the annealing temperature is expected to strongly
influence microstructural and mechanical evolution. Similar micro-
structural changes to those reported here for Ti-6Al-4V are expected to
also occur during annealing of other titanium alloys exhibiting a+a' or
a+a" microstructures, although the kinetics are likely dependent on the
specific alloying elements.
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