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Martensite decomposition during rapid
heating of Ti-6Al-4V studied via in situ
synchrotron X-ray diffraction
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, Joseph W. Aroh', Nicholas L. Lamprinakos ®, Chihpin Andrew Chuang ®?2,

Martensite, ', commonly appears in Ti-6Al-4V upon rapid cooling from above the p-transus
temperature. It is known that o' decomposes into a and § at high temperatures but well below the
B-transus temperature. Here, we study the decomposition of martensitic Ti-6Al-4V under rapid laser
heating, employing in situ synchrotron X-ray diffraction. A comparison is made with post-annealed
Ti-6Al-4V under heating to elucidate changes without martensite decomposition. The fast acquisition
of X-ray diffraction data at 250 Hz temporally resolves the decomposition process initiated by
annihilating dislocations in a‘. The recovery process is accompanied by structural changes in
martensite, followed by the phase transformation to p. Thermal profiles estimated from the lattice
parameter data reveal the influence of heating rates and dislocation densities on the decomposition
process. Throughout the analysis of the diffraction profiles with respect to estimated temperature, we
propose a straightforward method for approximating the initiation temperature of martensite

decomposition.

Titanium alloys are renowned for their exceptional mechanical properties,
corrosion resistance, and biocompatibility, making them widely used in
various applications. For Ti-6Al-4V, one of the most popular a + { titanium
alloys, a wide range of microstructures and properties can be achieved based
on variations in processing' ™.

The metastable phase, martensite o, is commonly observed in the Ti-
6Al-4V after processes involving high cooling rates, such as quenching, laser
welding, or additive manufacturing"’””. The o is a distorted HCP phase that
has higher vanadium and lower aluminum contents than a thermo-
dynamically stable phase, a, as a result of the diffusionless transformation
where no segregation occurs'. During rapid cooling from above the
B-transus temperature, the high-temperature BCC phase, B, transforms
into o’, which typically exhibits a fine acicular microstructure'""*.

In martensite, a high density of dislocations and twins are generated to
accommodate the shape deformation associated with the martensitic
transformation". The high density of dislocations contributes to the high
strength of the martensitic Ti-6A1-4V, and it also causes low ductility, in part
due to the absence of the ductile f phase"'*""°. Therefore, martensitic Ti-6Al-
4V is generally considered to be less desirable for engineering

718 and there have been many studies to tailor the micro-

applications
structure by decomposition of the martensite, known as tempering™'*'"*™*.

Martensite decomposition corresponds to the transformation of the
metastable o’ to a mixture of thermodynamically stable a and P phases by
annealing the martensitic Ti-6Al-4V. Complete decomposition is known to
be achieved at temperatures above 700 °C*'**. To enhance the performance
of initially martensitic Ti-6Al-4V components, many studies have aimed to
optimize the annealing process®*'>'®'>*,

The detailed investigation of how the o lattice evolves during
decomposition presents challenges as o and o share the same crystal
structure, HCP, with similar lattice parameters, making differentiation
difficult. Despite this difficulty, a few investigations have endeavored to
uncover the intricacies of martensite decomposition. Some claimed that the
martensite decomposition begins with the formation of the  phase and the
B-stabilizer (i.e., V) depleted martensite, o gepl, Which subsequently trans-
forms into o’"*!. Furthermore, several studies have examined the role of
alloying element diffusion on dislocation density and the shape and dis-
persity of precipitated p during the decomposition®'****. Recently, Wang
et al”® discovered a B-stabilizer-rich phase, age, through TEM analysis of
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an as-printed Ti64 block, suggesting it as an intermediate phase preceding
the formation of the § phase during martensite decomposition™.

In addition to the ex situ studies, a few previous in situ studies have
examined martensite decomposition. Brown et al.” used in situ synchrotron
X-ray diffraction during continuous heating of as-printed Ti-6Al-4V.
Through analysis of continuously collected diffraction profiles and dif-
fraction line profile analysis (DLPA), they found the critical temperature
associated with the recovery of dislocations in the as-printed part under
continuous heating at a rate of 100 K/min. However, most other in situ
reports only provide limited information from isothermal experiments or
rely on indirect evidence”'***”’, potentially leading to misinterpretations of
the decomposition process. Ascertaining the fundamental details of the
decomposition process remains a challenge and necessitates advanced
experiments.

Transmission electron microscopy (TEM) and X-ray diffraction are
commonly employed techniques to characterize martensite decomposition.
TEM allows for the direct examination of compositional variations and
dislocation structures, particularly at the microscale level, making it suitable
for studying martensite and its decomposition®****. X-ray diffraction is a
non-destructive technique ideal for investigating continuously changing
behaviors. In particular, the width of the diffraction profiles is sensitive to
microstrain induced by internal stress from defects within a grain and
crystal size. Consequently, X-ray diffraction has been used extensively to
study the evolution of defects, ie., dislocations, and crystal size in
martensite]2,23,25,27,31734.

This study presents a time-resolved investigation of martensitic
decomposition via in situ synchrotron X-ray diffraction, focused on laser-
induced rapid heating. The high temporal resolution (250 Hz) of the X-ray
diffraction setup allows for the observation of rapid behaviors involved in
the martensite decomposition process in Ti-6Al-4V. The synchrotron X-ray
diffraction setup used in the study has microscale spatial resolution,
allowing precise measurements of heated regions. However, due to the

limited number of grains in the measured area, quantitative analyses such as
DLPA are not appropriate. Nonetheless, by excluding a few factors affecting
the measured diffraction profiles, examination of the continuously changing
profiles enables quantitative analysis of the martensite decomposition
process. Specifically, the rapid heating rates ranging from 10° to 10* K/s were
expected to mitigate the effects of grain growth and recrystallization on the
widths of the diffraction profiles.

The measurements of martensite decomposition were achieved by
probing the heat-affected zone (HAZ) below a laser weld in a sample cut
from an additively manufactured Ti-6Al-4V block. A control sample with
fully decomposed martensite (i.e., o + ), was prepared by annealing the
same as-printed Ti-6Al-4V at 800°C for 2h. This study’s comparison
between the two Ti-6Al-4V samples that differed in the presence/absence of
martensite, provides new evidence for characterizing the martensite
decomposition from the continuously acquired X-ray diffraction profiles. In
addition, the direct observation of martensite decomposition at different
heating rates reveals how diffusion affects the crystal structure and dis-
location densities in the lattices of martensitic Ti-6Al-4V during rapid
heating.

Results

Materials: as-printed Ti-6Al-4V and post-annealed Ti-6Al-4V

The backscattered electron (BSE) images in Fig. 1a, b present general phase
configurations of the base metals, the as-printed Ti-6Al-4V and the heat-
treated Ti-6A1-4V, which were used in the heating experiments. The mar-
ginal contrast difference observed in the as-printed Ti-6Al-4V indicates an
almost single-phase microstructure, which is assumed to be mostly acicular
. Such a microstructure is well-known to be characteristic of martensitic
Ti-6A1-4V**, In the post-annealed Ti-6A1-4V (Fig. 1b), the overall micro-
structure is characterized by bright and dark regions, corresponding to the 3
and o phases, respectively. Therefore, it can be inferred that the martensite
largely decomposes into an a+ 3 microstructure through annealing at

Fig. 1 | Prepared Ti-6A1-4V specimens. BSE-SEM
images showing the cross-sections of (a) as-printed
Ti-6Al-4V and b post-annealed Ti-6Al-4V, and
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Fig. 2 | Evolution of diffraction data of as-printed
Ti-6Al-4V during the heating experiment. a Two-
dimensional diffraction patterns and b one-
dimensional (intensity-q) profiles.
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800°C”. This observation is consistent with the integrated diffraction
profiles (intensity-q (A1) in Fig. 1c where the strong peak of § {110} appears
between o’/a{002} and «’/a{101} in the post-annealed sample, while no
B profile is detected in the as-printed Ti-6A1-4V. Furthermore, the dif-
fraction profiles reveal that the peak width decreases in the annealed Ti-6Al-
4V compared to the as-printed sample, indicating significant changes
in the microstrain and crystallite size of the hexagonal phase after post-
annealing. The peak positions (g) of the HCP phases are comparable in
both samples, but the {002} of the annealed sample is positioned at slightly
lower g than that of the as-printed sample, suggesting accompanying
changes in the anisotropy of the crystal structure as the martensite
decomposes.

Phase evolutions during laser heating

Figures 2 and 3 show the evolution of the diffraction data at different time
stamps during the heating experiments conducted at 25 W power and
5 mm/s velocity of a laser scan. The images at 0 ms in Figs. 2a and 3a are the
acquired diffraction patterns of the unheated samples. In both images, the
intensity distributions of the diffraction rings are uneven, and the {002} rings
are intermittent around the azimuth. These features possibly indicate that
the microstructure is textured, commonly observed in printed Ti-6Al-4V.
However, the diffraction rings of lattice planes with larger multiplicities in
the hexagonal system appear continuous, suggesting that it also has a fine
microstructure with many grains even within the small measured volumes
(=50 % 30 X 400 um’). For the quantitative analysis interpretations, the 2D
diffraction patterns are azimuthally integrated to convert them into 1D
profiles (Figs. 2b and 3b). The general characteristics, including thickness
and radius, of the rings in 2D images correspond to the shape and g position

of peaks in 1D profiles. The reference time, 0 milliseconds (ms), is defined as
the time at the beginning of the laser heating process.

In Fig. 3b, the {110} profile of the transformed P appears at a lower g
value than the {110} profile of the pre-existing } between 152 and 160 ms.
This finding matches the 2D patterns in Fig. 3a at 160 ms where the {110}
line is wider than that before heating. It is evident that the peak positions,
corresponding to the lattice parameters, for the transformed B and pre-
existing f are different, suggesting compositional differences between them.
This difference is attributed to the higher vanadium (V) content in the pre-
existing {3 lattice, which partitioned to the B as the martensite slowly
decomposed to the thermodynamically stable form during annealing, thus
leading to a decrease in the BCC lattice parameter'*>”. The vanadium
concentration in the p lattice subsequently becomes smaller and more
homogeneous as the alloying elements redistribute between the two types of
B during the phase transformation under rapid heating.

In Fig. 2a at 0 ms, no clear B peak is present before heating, indicating a
predominantly martensitic sample. However, a hazy region located between
{002} and {101} rings suggests that the B may exist at very small fractions in
the sample. A discernible peak emerges at 120 ms, but its intensity remains
unchanged by 140 ms. Therefore, this behavior does not signify the initia-
tion of the phase transformation to p at 120 ms. The cause remains unclear,
but it is plausible that the orientations of the pre-existing B grains in the as-
printed Ti-6Al-4V were influenced by neighboring grains during con-
tinuous laser heating, resulting in diffracted beams falling on the detector.
The presence of this small § peak enables us to analyze the evolution of the
B lattice in the as-printed Ti-6Al-4V before the phase transformation during
heating and to compare it with the corresponding results from the annealed
Ti-6Al-4V, as shown in Fig. 4.
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by the initial intensity of o’/a{101} in the as-printed Ti-6Al-4V, d in the post-
annealed Ti-6Al-4V, e the FWHM, and f the c/a ratio of the hexagonal phases with
moving average trendlines.

Time-resolved investigations of diffraction profiles during laser

heating

As depicted in Fig. 4a, the hexagonal phases in the two samples exhibit only
marginal differences in unit cell volume. However, from 136 ms until the

phase transformation to the p terminates, the unit cell volume of the hex-
agonal lattice in the as-printed Ti-6Al-4V remains noticeably smaller than
in the annealed Ti-6Al-4V. This divergence indicates that a structural
change starts in the o lattice from 136 ms, resulting in a distinct hexagonal
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Table 1 | List of experiments with different laser parameters
using as-printed Ti-6Al-4V and corresponding heating rates
calculated from the estimated temperatures

ID Power Velocity Heating rate
LH-S2 25W 2mm/s 3200K/s
LH-S1 25W 3mm/s 5100 K/s
LH-0 25W 5mm/s 8500 K/s
LH-F1 40W 5mm/s 10,500 K/s
LH-F2 55 W 5mm/s 14,000 K/s

lattice of the as-printed Ti-6A1-4V from the o in the annealed Ti-6Al-4V.
Moreover, a significant disparity is noticed in the volume of the { lattice
between the two samples, indicating a significant difference in the com-
positions of the B between the two samples. Nonetheless, during the onset of
the phase transformation to {3, the BCC lattices in both samples undergo
rapid expansion until their volumes slightly surpass that of the hexagonal
lattices.

Figure 4b illustrates how lattice spacing of o’/a changes over time
during heating. To facilitate comparison across different lattice planes, the
lattice spacings are normalized by calculating the difference between each
time-resolved lattice spacing, d, and the initial spacing, dy, before heating.
The lattice spacings of {101} and {100} experience temporal arrest between
136 and 152ms in the as-printed Ti-6Al-4V, while the {002} spacing
exhibits a monotonic increase under heating. This behavior is evidenced by
the rapid increase in the c/a ratio, calculated using {002} and {100}, as shown
in Fig. 4f. The results suggest a sudden anisotropic change in the lattice of the
as-printed Ti-6Al-4V between 136 and 152 ms. And, the exact cause for the
fluctuation in the c/a ratios, commonly observed in both heating experi-
ments, remains unclear, but it can be related to the anisotropies in the
diffusivity of solutes and thermal expansion in the hexagonal lattices™".

Figure 4c, d illustrates the evolution of peak intensities, normalized by
the initial intensity of the {101} o’/a profile. Owing to thermal effects on the
diffracted X-rays, the peak intensities in both figures gradually decrease
under heating. At the onset of the phase transformation, when the  lattice
rapidly expands, the amount of B gradually increases. Consequently, the
rapid growth of B initiates when the lattice volumes of the two phases become
similar, as shown in Fig. 4a. These results imply that high coherency between
the two lattices favors the phase transformation. In addition, the overall peak
intensities in the as-printed Ti-6A1-4V increase from 140 ms to 160 ms. This
behavior is attributed to the rapid decrease in the Full Width Half Maximums
(FWHMs), as described in Fig. 4e, since the profile areas of o’/ should
remain constant before the phase transformation occurs (Figs. 5b and 6a).

Figure 4e depicts the evolution of the FWHM:s of the hexagonal phase
profiles over time. As shown in Fig. 2, the as-printed Ti-6Al-4V exhibits
much broader peak profiles compared to the annealed Ti-6Al-4V, ascribable
to a higher density of dislocations in the martensitic o’ phase. Evident and
sudden decreases in the FWHM simultaneously occur in all reflections of
o’/a in the as-printed Ti-6A1-4V from 136 ms. This timing coincides with
the abrupt increase in the c/a ratio in Fig. 4f. Although defining the exact
initiation time for the phase transformation to the  phase is challenging due
to the intrinsic detection limitations of the fast X-ray diffraction technique in
small peaks, the discernable onset of the phase transformation is observed
after the occurrence of these simultaneous changes in the a’/a. The result
indicates that the temperatures at which the FWHM and c/a ratio changes
occur are lower than the phase transformation temperature to . In contrast,
in the annealed Ti-6Al-4V, which is assumed to be only marginally mar-
tensitic, no noticeable changes in the profiles are observed before the phase
transformation.

Discussion
For further investigations into the unidentified behaviors, four different
laser heating (LH) experiments, as described in Table 1, were conducted

using the as-printed Ti-6Al-4V. These experiments aimed to examine the
effects of various heating rates on the diffraction profiles by altering the
power and velocity of the laser scanning. The laser condition used for the as-
printed and post-annealed Ti-6Al-4V, presented in Fig. 4, is labeled as LH-0.

Temperature estimations based on thermal expansion behavior were
conducted for experiments with as-printed Ti-6Al-4V, as shown in Fig. 5a.
These estimated temperatures are uncertain enough that the temperature
range within which specific events occur can only be bracketed because, e.g.,
mechanical and compositional effects on lattice spacings are unknown.
However, the estimation is useful for comparing similar experiments with
different thermal histories on a material and provides actual in situ thermal
histories on measured grains, unlike other comparative methods that either
measure sample surfaces or ignore spatial thermal gradients within a bulk
sample. Such methods are unsuitable for microscale in situ experiments.

Figure 5a demonstrates how the temperature of the o’/a phase changes
over time for five different experiments, each reaching similar temperatures
at different timings, indicating different heating rates. The errors were cal-
culated from the standard deviations of the estimated temperatures based on
lattice spacing of different lattice planes. Although the heating rates vary
continuously during the experiments, the temperature-time curves in Fig. 5a
are nearly linear, which permits linear fits to calculate the overall heating
rates, as shown in Table 1. The experiment (LH-0) presented in Fig. 4 has a
heating rate of around 8500 K/s, which is faster than LH-S1 and LH-S2 but
slower than LH-F1 and LH-F2.

Accordingly, the phase transformation begins at a different time for
each experiment, depending on its associated thermal history. The profile
area (integrated intensities) evolutions in Fig. 5b provide quantitative
information on the phases per time interval. For cross-experiment com-
parison, {101} profiles are exclusively presented. To minimize the thermal
effects on the diffracted X-ray intensities, the Debye-Waller factors’* were
approximated using the estimated temperature and then applied to the
profile areas. Some experiments, i.e., LH-S2 and LH-F2, exhibit gradual
reduction in area over time before the phase transformation, attributed to
inaccuracies arising from temperature estimations and the calculation of the
thermal factor, M, on the diffraction intensity, basedon I = I, - e M where
I is the observed intensity and I is the intensity at rest. Regardless, the
experiments consistently display rapid decreases in the profile area, repre-
senting the moment of the phase transformation to the  for each experi-
ment. In Fig. 5¢, d, the initial c/a ratios vary between experiments, similarly
to the initial FWHM, both of which stem from slight local non-uniformities
in the hexagonal phases (a’/a) in the as-printed Ti-6Al-4V. Nonetheless, the
abrupt changes in the c/a ratio and the FWHM are consistently evident in all
experiments before the phase transformation to the . These findings clearly
point to a discrete reaction occurring at a lower temperature than the phase
transformation temperature in the martensitic Ti-6Al-4V.

To identify the reaction, we analyzed the profile parameters as a
function of the temperature. Figure 6a presents the profile area evolution of
the o’/a{101} as a function of temperature, providing temperature ranges for
the phase transformation temperature from «’/a to p in each experiment.
There is a consistent trend of decreasing area with rising temperature across
different experiments. The phase transformation typically terminates at a
lower temperature for slower heating. The phase transformation in LH-F2
appears to be complete at a lower temperature than other experiments, but
this is ascribed to the small number of collected data points due to its higher
heating rate. Overall, the phase transformation to the { is confirmed as a
diffusional process significantly influenced by the heating rate.

Similarly, the notable change in FWHM, shown in Fig. 6b, is affected by
the heating rates, indicating its association with a diffusional process. The
size effects on the profile widths caused by grain growth are considered
negligible owing to the rapid heating process in this work. Moreover, the
consistency between the profiles obtained from the azimuthally sectioned
diffraction patterns at 15° intervals in Supplementary Fig. 4 verifies that the
changes in the FWHM are likely due to the changes in the intragranular
strain (microstrain) during heating. Therefore, the observed result primarily
stems from the rapid reduction in microstrain within the lattices
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Fig. 5 | Evolution of each experiment as a function A LH-S2
of time during the rapid heating experiments. 1000
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corresponding to rapid decreases in dislocation density. In Fig. 6¢, while the
increments in the c/a ratios depend on the initial values, all experiments
show an increase in the c/a ratio, which occurs simultaneously with the
change in the FWHM. This suggests a clear relationship between the
reduction in dislocation density in the martensite and the alteration in
crystal structure.

As multiple profile parameters undergo coincidental and complex
changes over a short time, the profile parameters of LH-0 shown in Fig. 4 are
reexamined in Fig. 7. This presentation aims to clarify the evolving sequence
of changes and is accompanied by detailed discussions for each change.
Initially, during the early heating stage prior to the phase transformation,

thermal expansions occur in both the  (blue marker) and «’/a (red marker)
lattices at a similar rate. Subsequently, the { lattice rapidly expands from
152 ms while the growth of the p{110} peak remains marginal (green
marker). This result implies that the existing  phase exchanges the alloying
elements, particularly V, with the a’/a during this stage”. The phase
transformation gains momentum as coherency between the BCC and
hexagonal phases increases. Thus, the transition in the increasing lattice
volume gradient of the B under heating can be deemed the pivotal point
indicating the onset of the phase transformation.

In Fig. 7, it is evident that the rapid changes in the FWHM (brown
marker) and c/a ratio (purple marker) of the a’/a profile begin 16 ms ahead
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100 dislocation densities. The dislocation density in the martensite is known to
0.040 range between 10" and 10" m™ (see refs. 22,33,40). Due to the limited
accuracy in quantifications using line profile analysis associated with the
dataset in our experiments, which is attributed to the restricted number of
0.036 o . o . .
grains in the measured volume, this work utilized the reported dislocation
T densities for as-printed Ti-6Al-4V>>7,
% 601 Distance FWHM 0.0327 The temperature ranges at which the calculated diffusion distances
% 5 A t:zf t:zf % correspond to half of MDS coincide with the temperature range where the
2 —o— LHO  -o- LHO 0028 < FWHM begins to decrease. Furthermore, this approach is applicable to a
§ aof = LHF1 -G LHF1 T2 slower heating experiment in ref. 27 with as-printed Ti-6Al-4V. They
8 R LH-F2 N = observed a decrease in the FWHM of the diffraction profiles (o’/a) with a
g * \0.024 heating rate of 100 K/min around 497 °C, which is the highest temperature
20 among three other experiments they conducted at the same heating rate.
el mEE GlileeEien Spesliyg 2 The result is comparable to the approximation of the dislocation spacing
10 for p: 7x101 ~ 4x101> m~2 "4 }0.020 5.2 L. o .
. calculated from p = (4 £ 0.5) X 10" m™*, which is ~431 °C. Furthermore, this
0 : : approach is confirmed by another experiment in our work, shown in
0.016 Supplementary Fig. 5, with a heating rate exceeding 50,000 K/s. In this
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Temperature (°C)

Fig. 8 | Correlations of changes in dislocation densities with diffusion behaviors
in martensitic Ti-6Al-4V. Diffusion distance of V in the «’/a and FWHM of the
profiles with moving average trendlines as a function of temperature during heating
for the five different experiments.

of the initiation. During the stage when the dislocation density (p) starts to
decrease, generally termed recovery, the dislocations are easily self-annihi-
lated, resulting from canceling out of a pair of dipoles. This phenomenon
arises due to the climb motion of dislocations. The motion is driven by the
diffusion of point defects, including vacancies, and is thermally activated.
For dislocations of opposite signs to mutually annihilate, they must traverse
at least half the distance between them. The mean dislocation spacing
(MDS) between dislocations can be estimated as 1/ /P (per unit length),
and it is proportional to the dislocation cell size.

In Fig. 8, the solid lines represent the diffusion distance of V in the
hexagonal phase. The distances are estimated by integrating the diffusion
length for each time interval, calculated using X(£) = 2(Dt)""* where t is time,
X is the diffusion length of an element, and D is the chemical diffusion
coefficient obtained from TCTI3 and MOBTI4 databases in ThermoCalc
software”. The standard deviations of the estimated diffusion distances
from temperature profiles estimated from different lattice planes were used
to represent errors, and these were plotted as shaded color regions. Vana-
dium diffuses faster than aluminum in the o phase, making it a preferred
solute for swapping with vacancies in the solid solution phase. Assuming
that the diffusion coefficient of the vacancy is comparative to that of V
within the a lattice of Ti-6Al-4V, the MDS is computed based on the

experiment, the sample was heated to ~870 °C before undergoing cooling.
Here, the FWHM begins to decrease when the diffusion distance of V
reaches half of MDS during the process.

In Fig. 7, the FWHM steadily decreases from 136 ms until the entire
hexagonal phase transforms into the BCC phase. Conversely, starting at
152 ms, the rapid increase in the c/a ratio diminishes, becoming less sig-
nificant compared to the earlier changes, while the volume of the {§ rapidly
expands. These findings suggest a scenario where dislocation annihilation
occurs through two distinct reactions occurring sequentially, with a certain
degree of temporal overlap.

One plausible explanation for this behavior is that while the dislocation
annihilation resulting from the canceling out of dipoles completes early™ at
the initial stage of the phase transformation to p, the exchange of alloying
elements between o’/a and P phases expedites dislocation annihilation by
redistributing solutes between the phases"'. This behavior is more evident
in the slower heating experiments, LH-S1 and LH-S2. Figures 5 and 6 show
that, after the rapid increase in the c/a ratio, the c/a ratio still increases over
time (and temperature) with a reduced gradient. Concurrently, the FHWM
consistently decreases over time, implying that the self-annihilation of the
dislocation dipoles terminates early in the martensite decomposition, while
the dislocation removal process persists until the phase transformation
finishes.

The c/a ratio is a parameter that represents the structural anisotropy of
the hexagonal crystal system, and it serves as evidence to distinguish
microscopic changes in the phase. Previous studies have reported that the ¢/
a ratio of o is smaller than that of a in the a + p microstructure”®*. A c/a
ratio closer to 1.633 implies a crystal structure closer to HCP, which is
further away from martensite. Therefore, an increase in the c/a ratio along
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with a reduction in the dislocation density in martensite can indicate the
decomposition of o to a. As the elastic microstrain energy in the distorted
lattice is relieved, a distinct anisotropic change (c/a ratio) occurs in the
martensitic lattice, resulting in the decomposition of the metastable crystal
structure to a stable hexagonal structure. Even under the rapid heating
process, the relaxation of dislocations in the martensite is significant.

As aresult of this recovery, the lattice volume of the hexagonal phase in
the as-printed Ti-6Al-4V is temporarily smaller compared to that of a in the
annealed Ti-6Al-4V, appearing as a gap in in the lattice volumes between the
two different Ti-6Al-4V in Fig. 4a. This is ascribed to the mitigation of
distortion within the o« lattice. In addition, in accordance with the known
relationship where an increase in V content in the aleads to a reduction in its
lattice parameters, it is attributed to a higher V content in the distortion-
relieved hexagonal phase compared to the a in the annealed sample’***.
Moreover, this state of the hexagonal phase is presumed to be the inter-
mediate phase, avg, reported in ref. 26. Overall, several events observed in
the diffraction profiles collected by the in situ measurements suggest the
possibility that the decomposition of «’ is initiated by relaxing the distorted
lattice with the annihilation of dislocations, which produces a vanadium-
rich hexagonal phase before transforming to the § phase under the rapid
heating process. The results also indicate that an acicular morphology does
not necessarily represent the fully martensitic microstructure*.

Conclusion

In summary, significant changes in the diffraction profiles of o’/a are
observed before the phase transformation to B occurs during continuous
heating of as-printed (martensitic) Ti-6A1-4V. Utilizing a high-speed in situ
X-ray diffraction system, this study effectively resolves the details of the
changes, and the use of a laser source for rapid heating helps mitigate size
effects on the diffraction profiles. Our findings suggest the possibility that the
decomposition of o’ to a + P begins as the dislocations annihilate in the o,
leading to the formation of a V-rich hexagonal phase with a less distorted
structure than the o’, prior to the formation of the a +  microstructure. This
observation supports Wang’s claim™ regarding the presence of an inter-
mediate phase, agyg, during martensite decomposition, although the
changes appear too continuous to warrant classification as a separate phase.
Additionally, through several experiments with varying heating rates, we
discovered that the onset of the diffusional process is associated with a
specific temperature range within which vacancies (or solutes) can diffuse
over half of the mean dislocation spacing. The temporally resolved
decomposition process in this work offers valuable insights to optimize the
microstructure of the martensitic Ti-6Al-4V.

Methods

The entire samples were obtained from an as-printed Ti64 block,
60 x 60 x 8 mm’. The block was fabricated using EOS Ti-6Al-4V Grade
5 standard powder on an EOS M 290 system. The laser scanning during the
build had no rotation between each 30-um printing layer. The key printing
parameters were as follows: laser power of 280 W, scanning speed of
1200 mm/s, hatch spacing of 140 um, and spot size of ~100 pm. A portion of
the as-printed block was sectioned off to prepare a Ti-6Al-4V sample where
the martensite was fully decomposed. The sectioned part was annealed with
a 10 K/min heating rate at 800 °C for 2 h, followed by air cooling. Subse-
quently, the prepared as-printed block and annealed piece were cut into thin
plates, measuring 40 x 3 X 0.4 mm?®, oriented at an angle of 67° with respect
to the printing scan direction, using electrical discharge machining as illu-
strated in Supplementary Fig. 1. To examine the microstructures of the
prepared samples, a TESCAN MIRA-3 FEG scanning electron microscope
(SEM) was utilized.

The in situ experiments were conducted at the 1-ID-E beamline at the
Advanced Photon Source in Argonne National Laboratory, following the
same experimental setup as our previous experiments”''. The monochro-
matic X-ray beam energy used in this work was 61.33 KeV (A = 0.2022 A),
with a beam size of 50(h) x 30(v) um?> The X-ray beam was centered at
30 pum below the surface to observe the microstructural behavior in the HAZ

below the laser track. Supplementary Fig. 2 presents a schematic of the in situ
heating experimental setup. Prior to laser heating, the surfaces of the pre-
pared samples were polished to ensure consistent laser-material coupling
along the scan path. Laser scanning was performed with different laser
power and velocity, as summarized in Table 1, to manipulate the heating
profiles. The laser maintained a fixed spot size of 100 um and a scan length of
2.0 mm. The Pilatus3X 2 M CdTe detector was positioned downstream of
the sample at an appropriate distance, covering at least six rings of the
hexagonal phases. Each diffraction image was acquired at intervals of 4 ms.
Subsequently, data reduction and calibration were performed using the
HEXRD package®.

Through an examination of the azimuthally sectioned diffraction
images at 15° intervals, it was established that the as-printed Ti-6Al-4V
exhibited a larger variation in peak positions (g (A™")) with azimuth com-
pared to the post-annealed Ti-6Al-4V; however, both variations were
marginal (Supplementary Fig. 3). The calibrated diffraction images were
azimuthally integrated into intensity profiles. The split Pseudo-Voigt
function was employed to fit individual peak profiles of each lattice plane,
yielding fitting residuals with an R-squared value over 99%. This process
provided peak positions, FWHM, and intensities of profiles. The fitted
parameters were monitored in real-time, and a moving average was
employed to find the trend of parameter changes. By monitoring changes in
lattice spacing over time, the temperature was estimated based on the
assumption that the thermal expansion behavior follows the coefficients of
thermal expansion (CTE). The method reported in our previous works™"’
and the CTE data calculated from the reported lattice expansion results were
employed™. While the estimation is subject to uncertainty from mechanical
strain and slight temperature gradients that may exist within the
region measured by 50 x 30 um” x-ray beam, it exhibits a high degree of
reliability, particularly at elevated temperatures, and tends to offer a gen-
erally reasonable range of temperature values®. The estimated temperatures
were employed to adjust the observed intensity of the diffraction profiles,
thereby excluding the influence of thermal vibrations of atoms. This
adjustment was achieved by utilizing a general relation with the
Debye-Waller effect’™”. To approximate the temperature effect in the
current study, an averaged Debye characteristic temperature for o-titanium
from previous reports was utilized***.

Data availability
The datasets generated during the current study are available from the
corresponding author upon reasonable request.
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