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Highlights

e High-speed in situ X-ray diffraction during laser scanning were performed on a
Ti-6Al-4V thin wall produced by laser powder bed fusion.
e The temperature evolution and cooling rates were determined as a function of
depth with a time resolution of 50 us.
e Based on the evolution of the crystallographic phases the shape of the melt
pool and the 3 phase in the heat-affected zone could be estimated.
e The depth-dependent temperature profiles provide valuable input for the
calibration of finite element simulations
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Abstract

During laser-powder bed fusion (L-PBF) the printed material is subjected to multiple
fast heating and cooling cycles when the laser interacts with neighboring tracks or
layers above. The complex thermal history influences the final microstructure and the
macroscopic properties of the printed part. In this work, we demonstrate how high-
speed in situ X-ray diffraction in transmission mode can be used to measure
temperature profiles and cooling rates in a Ti-6Al-4V single-track wall. During the laser
remelting of the top layer, a temperature exceeding the 8 transus temperature (Tg ~
1252 K) is measured up to 150 um below the surface. The maximum observed cooling
rates vary from 108 K/s at the top surface, to 10° K/s at a depth of 135 um and 10* K/s
at a depth of 255 um. Based on the temporal evolution of the various crystallographic
phases, the dimensions of the melt pool and the high-temperature 8 zone surrounding
the melt pool are estimated. It is anticipated that the data obtained from in situ
measurements in transmission mode on a thin wall combined with in situ
measurements in reflection mode on a bulk sample will allow verification and validation

of finite element models used in L-PBF processing.
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1. Introduction

Ti-6Al-4V alloys produced by laser powder bed fusion (L-PBF) typically exhibit
hierarchical martensite microstructures consisting of martensitic alpha prime (a’) laths
encased within vertically oriented prior-3 grains [1,2]. Several thermomechanical [3—
7] and thermokinetic [8,9] finite-element models (FEM) have been developed to
simulate and predict melt pool geometries, residual stress [10-12], porosity [13,14],
and microstructures [15—-17] produced by L-PBF. During the manufacturing process,
the deposited material is subjected to multiple thermal cycles, both when the laser
interacts with neighboring tracks belonging to the same layer and when successive
layers are progressively deposited. Thermal cycles can be considered as a series of
fast intrinsic heat treatments that gradually develop the microstructure causing phase
decomposition, elemental partitioning and defect evolution [18]. Therefore, thermal
cycling is expected to influence the microstructures and residual stresses in Ti alloys

[4,8,19,20] and the resulting mechanical properties [21-23].

A qualitative model of thermal cycling has been proposed in the literature to support
the interpretation of the observed hierarchical martensites in printed Ti-6Al-4V [24,25].
The development of such a model would benefit from more accurate information on
the geometry and temperatures of the heat-affected zone (HAZ) during thermal
cycling. Thus, it is essential to measure the temperature profiles and phase

transformation (—a’) during the manufacturing process.

During past years, several in situ synchrotron X-ray diffraction and imaging
experiments have been performed to study the microstructure evolution during metal
3D printing. The melt pool dynamics can be studied in detail by fast radiography
experiments [26-31]. The evolution of the crystallographic phases, stress and
temperature has been investigated by in situ X-ray diffraction [28,32—35]. High-speed
X-ray imaging and diffraction experiments in transmission mode have been conducted
to monitor phase transformation in Ti-6Al-4V during laser scanning [36,37]. High-
speed in situ X-ray diffraction in reflection mode has been used to measure the local
temperature and cooling rates in the upper layer during printing a 3D Ti-6Al-4V
structure [38,39]. These results have been used to evaluate different heat source
models in FEM simulations, [39]. For instance, FEM simulations using a single
ellipsoid model consisting of a volumetric Gaussian heat flux derived from the double

ellipsoid model of Goldak [3,5], provide similar values as the cooling rates and melt
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pool dimensions measured at the sample surface during in situ X-ray diffraction [39].
Heat models considering a cylindrical heat flux with parabolic decay for penetration
[10] performed better in the depth and width, but the melt pool length on the surface
of the sample is considerably smaller. The temperature profiles of layers below the top
surface plane are however more difficult to measure. Thermocouples would be a
natural choice [19,40], however, these can only be inserted at a sufficient distance to
the melt pool to avoid high-temperature damage.

A systematic study of thermal profiles along the building direction during layer-by-layer
deposition is essential to quantify the thermal cycling effect. It is also indispensable to
verify and calibrate existed heat sources models for FEM in order to increase their
accuracy. However, the direct measurement of temperatures data at different
distances from the laser processing surface is rather limited, especially at regions
close to melt pool. In this study, we propose a method to obtain the temperature
profiles below the processing plane during L-PBF by using high-speed in situ X-ray
diffraction in transmission mode while the laser re-scans the top of a previously printed
thin wall. We apply this method to Ti-6Al-4V, a representative alloy widely used in L-
PBF process. The phase evolution, temperature profile, and cooling rates were
measured for different layers every 30 um, corresponding to the nominal layer
thickness of printed the wall, with a high time resolution of 50 us. The temperature
profiles and phase evolution as a function of time were used to estimate the
dimensions of the melt pool and the 8 zone surrounding the melt pool. We advocate
that the data obtained from in situ measurements in transmission mode on a thin wall
combined with in situ measurements in reflection mode on a bulk sample allows full

verification and validation of finite element L-PBF models.

2. Materials and methods
2.1. Powder feedstock

The powder used in this study was a pre-alloyed Ti-6Al-4V powder, produced by
plasma atomization and supplied by LPW Technology (now Carpenter Additive, USA).
The spherical morphology of the Ti-6Al-4V powder is shown in the backscattered
electron micrographs Fig. S1 in Supplementary Materials. The particle size distribution

was measured by a laser diffraction particle size analyzer Partica LA-950 V2 system



(Horiba, Tokyo, Japan). The size distribution is as follows: D1g = 21.8 ym, Dsg = 33 ym
and Dgo =49.5 pm.

2.2. Single-track wall manufactured by laser powder bed fusion

Prior to the in situ X-ray diffraction experiments, a single-track wall was printed with a
miniaturized L-PBF printer. Details on this setup can be found in Refs. [38,41]. Table
1 summarizes the most important process parameters. During printing, the process
chamber was continuously flushed with high purity Ar, to keep the oxygen levels well
below 0.2%. A Ti-6Al-4V thin wall with approximate dimensions of 6 mm length, 1.2
mm height and 0.1 mm thickness was printed by stacking 40 single tracks. After
printing, the loose powder around the walls was gently removed. A schematic view of
the printed thin wall is shown in Fig. 1a. The layers are numbered from L1 to L40 with

L1 being the last printed layer.

Table 1. Overview of the process parameters used for printing a single-track wall.

Laser spot size 100 pm

Laser power 200 W

Scan speed 600 mm/s

Nominal layer thickness 30 ym

Base plate material Ti-6Al-4V

Base plate temperature Ambient temperature

2.3. In situ X-ray diffraction measurement

In situ X-ray diffraction experiments were performed while the laser rescanned the top
surface of the printed wall. This was conducted using the same miniaturized L-PBF
printer, mounted at the MicroXAS beamline located at the Swiss Light Source. A
schematic of this in situ experiment is shown in Fig. 1a. The X-ray beam had an energy
of 14.55 keV and a full-width at one-tenth maximum (FWTM) spot size of 110 x 30 um?2
(width x height). The printer was tilted by 5 degrees towards the direction of the
incident X-ray beam, allowing easier positioning of the X-ray beam at various heights

from the top (L1) to the bottom (L40) of the wall. The volume illuminated by the X-ray
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beam on the wall, defined as Vg, has the following dimensions: 100 x 110 x 30 ym?
labelled in Fig. 1a. A fast EIGER 1M detector [42] recorded 2D diffraction patterns at
a frame rate of 20 kHz for a total duration of 1 sec. The 2D diffraction images are
reduced to conventional 1D diffraction patterns by azimuthal integration using pyFAl,

an established python library for fast powder integration [43].

Prior to the in situ experiments, the position of the top edge of the walls was
determined by scanning the X-ray beam across the sample height while recording the
transmission signal. For the first in situ experiment, the X-ray beam was positioned in
the centre of the length of the sample at a distance of 15 um below the top edge, i.e.
the middle of the first 30 um thickness (L1). Note that the notation L1 refers to the first
30 um of deposited materials measured by the X-ray beam. Whilst recording
transmission diffraction patterns at 20 kHz, the top layer was remelted with the same
laser parameters used to build the walls (see Tab. 1). For the second in situ
experiment, the centre of the X-ray beam was positioned 30 um lower in the middle of
the next layer (L2) while the top layer was remelted again. This process was repeated
until L20, where Vg is located at 615 um from the top edge of the wall. There was
sufficient time between each remelt for the complete wall to cool down to room
temperature. It is worth noting, as one major difference to normal L-PBF, these in situ
experiments were performed by melting directly the same top layer (L1) without adding
fresh loose powders. In other words, layer L1 was remelted N times, while diffraction
patterns were recorded at layer Ly. It is known that the laser absorption coefficient of
a solid layer (~0.3) [11] is lower than that of a powder layer (0.3-0.6) [7,44]. This
difference is also influenced by laser wavelength [45,46] and the roughness of solid
surface [47]. It can be assumed that the temperature evolution measured in the
present experiments should not deviate significantly from those during printing. In
addition to the in situ measurements, spatially resolved X-ray diffraction was
performed before and after 20 times remelting to determine the microstructure with
better statistics. For each layer, 50 diffraction patterns were acquired along a

horizontal line with a step size of 0.1 mm and then summed up.

2.4. Phase identification and temperature calculation

Analysis of the diffraction patterns was performed with in-house written MATLAB

routines. Fig. 1b displays exemplary diffraction intensity versus diffraction angle as a
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function of time acquired with Vxg positioned on layer L1. The t = 0 ms is defined as
the moment when the laser passes through Vg with a temperature increase of 5%
above ambient temperature. The exact procedure is described in detail in
Supplementary Materials (Fig. S2). Fig. 1c shows the diffraction patterns at three
characteristic times. Prior to laser melting (t < 0 ms), the diffraction patterns exhibit
only peaks from the hexagonal close-packed (hcp) a/a’ phase. Note that both a and
o’ phases are expected to form because of the high cooling rates during printing and
remelting. The a and a’ phases share the same hcp structure and exhibit similar lattice
parameters with a small difference [48]. It is difficult to differentiate them in the X-ray
diffraction patterns from the high-speed in situ measurements. Therefore, the peaks
from the hcp structure are referred to as a/a’. When the laser passes through Vg, the
sharp hcp diffraction peaks completely disappear. The diffraction pattern now reflects
the presence of the liquid phase with typical low reflection intensity [49], as shown in
Fig. 1c at t = 0.25 ms. The remaining weak peaks can be assigned to diffraction of
non-molten solid located outside the melt pool but inside Vxg. Starting from t = 0.3 ms,
the diffracted peaks of the high-temperature B phase grow and reach their maximum
att=1.05 ms (see Fig. 1c). The layers L2 and L3 exhibit similar behaviour, as shown
in Fig. S3 in Supplementary Materials. The liquid fraction is lower in L2 and L3, as
shown by the larger intensities of the remaining diffraction peaks of the solid phase.

Layer L4 and the layers below did not show any sign of a molten phase.

During heating and cooling, the diffracted peaks shift from the positions recorded at
ambient temperature. Assuming that the peak shift is entirely due to isotropic thermal
expansion, temperatures of the solid phases can be derived. The elastic strain of the
crystalline lattice induced by the thermal expansion or contraction is determined by the
relative shift of the peak positions (26). To calculate the lattice strain, a reference lattice
parameter of 0.3246 nm for 3 phase [34,50] and lattice parameters of 0.2938 and
0.4668 nm for a and c of hcp o’ phase [24] are used. The lattice strain prior to remelting
is very similar in all layers and amounts to 0.04 + 0.02%. This lattice strain, in turn, is
used to calculate the local temperature in Vxgr by applying the temperature-dependent
thermal expansion coefficients [51]. The detailed calculation procedure and formulas
can be found in Ref [41]. During the martensitic phase transformation, the  phase
experiences significant tensile stresses [38]. Therefore, the temperature profiles are

only measured until that point. Since heating and cooling rates are quite fast, the



diffraction patterns recorded with the high frame rate of 20 kHz can be noisy at the
onset of a phase transformation. We identify the martensite start temperature M¥ when
the integrated intensity of {01.1} a/a’ reflection peaks exceeds 1 count per pixel after
background subtraction. Below this threshold, the noise level is too high, resulting in
large temperature fluctuations. A similar criterion is applied for the B phase, where the
temperature is derived from the {011} reflection. The martensite finish temperature
M}‘ is identified when the integrated intensity of the B phase is lower than 1 count per
pixel. The findings will be discussed with respect to literature reference values for the
B transus (Tg) ~1252 K, Ms~1053.15 K, and M;~923.15 K for Ti-6Al-4V [52]. Note that
important temperature gradients can be present in the volume Vxg (100 x 110 x 30
pum3), especially at high temperatures, hence the measured temperature values are
an average over this volume. The magnitude of the temperature gradient within Vxg
and the sources that may contribute to errors in temperature calculation are discussed

in Section 4.
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Figure. 1 Demonstration of the in situ X-ray diffraction measurement. (a) Schematic of
the in situ experiment with a focused X-ray beam positioned at the top layer of a Ti-
6Al-4V wall (denoted as L1). (b) Evolution of the diffraction patterns as a function of
time measured with the X-ray beam positioned at the L1 during laser scanning. The
colour scale is cut at 0.8 counts per pixel to optimize visibility. (c) Single diffraction
patterns recorded prior to heating (t = -0.40 ms), at the molten state (t = 0.25 ms), and
during cooling (t = 1.06 ms), showing the phase transformation between the liquid and

solid phases of Ti-6Al-4V.

2.5. Microstructure characterization

The microstructure of the Ti-6Al-4V wall cross-section was analyzed by scanning
electron microscopy (SEM). Electron backscatter diffraction (EBSD) was performed in
a Helios plasma focused ion beam (ThermoFisher Scientific) equipped with a

symmetry EBSD detector using an electron beam operated at 20 keV. EBSD maps



are obtained using 0.2 um step size for scanning the whole wall and 0.1 ym step size
in a high-resolution scan for L1, L3, and L7. Post-processing of EBSD data and map

construction was done with the HKL-Channel 5 TM.

3. Results
3.1. Phase transformations induced by the intrinsic heat treatments during the

L-PBF process

The results of in situ X-ray diffraction from layers L1-L6 of the wall are shown in Fig.
2. The first column of Fig. 2 (a, d, g, j, m, and p) shows the integrated intensities of the
{01.1}a/a’ and {011} reflections as a function of time. This reflects the evolution of
ao/a’ and B phases measured in Vxg for each layer during the passage of the laser on
the different layers. The second column in Fig. 2 (b, e, h, k, n, and q) shows the
temperatures measured in the Vygr, which are derived from the peak shifts of the
{01.1}a/a’ and {011}B. The third column of Fig. 2 (c, f, i, |, 0, and r) shows a schematic
to demonstrate the position of Vxg relative to the melting pool at an arbitrary instant t=

2.5 ms and the estimated shape of the B phase zone and the melt pool.

The first row of Fig. 2 shows the phase evolution and the temperature profiles
experienced in Vxg positioned in L1 as the laser approaches, traverses, and leaves
this probed volume. As the laser approaches Vxg, the material heats up much more
rapidly than the detection rate and as a result, only a limited portion of the heating
ramp can be captured. Fig. 2a shows that at t = 0.2 ms, intensities of both phases
vanish. This defines the onset of melting of Vxgr. Neglecting weak reflection intensities
(as shown in the diffraction pattern at t = 0.25 ms in Fig. 1c), the total time that Vxr
remains in the molten state is estimated as 0.4 ms. By considering the laser scanning
speed of 600 mm/s and the actual width of the X-ray beam (~110 ym), the melt pool
is estimated to have a total length of 350 um (as outlined in detail in the Supplementary
Materials Fig. S4). Its width corresponds with the thickness of the wall (~100 um). After
0.6 ms, the B phase appears at T = 1907 K meaning that the width of the melt pool is
now smaller than the thickness of the wall, and a mixture of liquid and solid B phase is
measured over a length of 160 um (Fig. S4a). Then Vxgr solidifies entirely into the 3
phase, the {011} reflection achieves the maximum integrated intensity of 7.3 counts

per pixel att = 1.05 ms, at which a temperature of 1362 K is measured. The 3 region
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has a thickness inferior to that of Vxgr over a length of 1400um. Fig. 2c schematically
shows the relative position of the heat-affected zone (HAZ) and Vxg in L1 att = 2.5
ms. At t = 3.2 ms (T= 988 K), the solid phase transformation (B — a’) starts in the
cooler regions at the surfaces of Vxg until approximately t = 4 ms corresponding to T=
943 K. This indicates a length of the tail part of mixture region of B and o’ phases is
about 370 ym. The temperatures calculated from both phases overlap quite well
around this time with only a small deviation of about 30 K (Fig. 2b), which can be
attributed to the fact the calculated temperature is an average value from the whole
VxRr.

The thermal cycle imposed by L-PBF when Vg is positioned in the centre of L2 is
shown in Figs. 2d—-2f. When the laser approaches, Vxg is rapidly heated and only partly
molten at t= 0.5 ms, as suggested by the presence of remaining diffraction peaks (see
Fig. S3a in Supplementary Materials). As the laser leaves Vg, the B phase is detected
att=0.7 ms (T = 1655 K) and then achieves the maximum intensity at t= 1.1 ms. The
Vxr probes only the B phase until t = 2.3 ms. This corresponds to a maximum length
of the complete B phase zone of 830 um. The a/a’ phase is present from t = 2.3 ms,
at a temperature of T= 970 K. Both phases co-exist for approximately 1.7 ms until t =
4 ms, resulting in a maximum length of B region including its tail part in the HAZ of
1740 um. Beyond t = 4 ms, Vg exhibits a single a/a’ phase while cooling to ambient

temperature.

The phase and temperature evolution when Vyg is positioned in the centre of L3 is
shown in Figs 2g-2i. The thermal cycle is for the most part analogous to that
experienced by L2. Only the upper part of Vxr transforms into liquid att = 0.2 ms, as
suggested by the reduced intensities of the diffraction peaks (att = 0.2 and 0.25 ms,
Supplementary Materials Fig. S3d). This suggests that the depth of the melt pool is of
the order of 75 ym, as schematically depicted in Fig. 2i. The Vxgr probes the 3 phase
between t = 0.45 ms and t = 2.45 ms, the maximum intensity is reached att = 1 ms.
This means that the B region covers the full thickness of the wall over 980 um. The
{01.1}a/a’ reflection is presentatt=2.45ms, i.e. T = 979 K. Both a’ and 3 phases co-
exist for approximately 0.55 ms until t = 3 ms (T= 924K). The maximum length of the
B zone including the tail (where both solid phases are present) amounts to 1200 pym.

As shown in Fig. 2i, at t= 2.5 ms, Vxris located at the boundary of a/a’ and 3 zones.
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So the thermal cycle experienced by L3 is mostly a rapid heat treatment to the 3 phase,

followed by quenching.

When Vxg is positioned at layer L4, the material is rapidly heated from T= 1280 K at t
= 0.5 ms to a maximum temperature of T = 1380 K at t= 0.75 ms, where a/a’ and 3
coexist (Fig. 2k). The B phase achieves maximum intensity att = 0.75 ms (T= 1380 K)
and then disappears at t = 2.95 ms (T= 934 K). The maximum length of the B zone
including its tail amounts to 1320 um. At t = 2.5 ms the intensity of the {01.1}a/d’
reflection is higher than that of {011}, suggesting that at that time, Vxr has to a great
part cooled down into the a/a’ phase, as is shown in Fig. 2. Note that between t=0.75
ms and t = 2.95 ms, there is a slight disparity between the measured temperatures of
both phases. This is because within Vxg the two phases are spatially separated,
schematically represented in Fig. S6 in Supplementary Materials. The inner B phase
has a slightly higher temperature compared to the outer a/a’ phase. The thermal cycle
experienced by L4 is therefore equivalent to a rapid heat treatment into the a+f3 phase,
followed by quenching.

The fifth layer (L5) below the processing plane experiences a heat treatment that still
allows solid phase transformations. As the heating rate is slower, it is possible to
estimate with more accuracy the temperature at which the o/a’ phase starts to
transform into B phase. The B phase is detected at t = 0.45 ms (Fig. 2m) with a
temperature of 1360 K and heats up to a maximum temperature of 1407 K (t = 0.6
ms). During the cooling of layer L5, the 3 phase is cooled down to 951 K (t = 3.4 ms).
The schematic in Fig. 20 shows the relative position of Vxg at the time t = 2.5 ms, at
which the intensities of reflections from both phases are clearly probed. It is therefore
possible to estimate that L5 experiences the equivalent of the rapid heat treatment in

the medium portion of the a+p phase field, followed by quenching.

In the lower layers L6, L7, etc., no solid-phase transformations could be detected. Fig.
2p presents the evolution of the diffraction patterns measured when Vg is positioned
at approx. 150-180 um below the top of the wall (L6) as layer L1 is melted. The
material reaches a maximum temperature of T= 845 K. This is accompanied by a small
decrease in the intensity of a/a’ reflection due to thermal diffuse scattering. As the
material cools to ambient temperature, the intensities of {01.1}a/a’ reflection recover.
The full temperature profiles until ambient temperature for layers L1-L10 are shown

in the Supplementary Material Fig. S5.
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Figure 2. Thermal cycles in L1-L6 during laser remelting. The first column shows the

evolution of integrated intensities of {01.1}a/a’ and {011} reflections as a function of
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time. The second column shows the temperatures as a function of time calculated from
{011} — red and {01.1}a/a’ — blue. The third column represents a schematics of the
relative positions of the volume probed by the X-ray beam Vg (brown), melting pool
(red), the B phase (blue), and the a’ phase (white) at the cross-section of the wall for
layers L1-L6 att = 2.5 ms. The size of the melt pool and 8 zone along the horizontal

direction are not to scale.

4. Discussion
4.1 Temperature and cooling profiles along the build direction

Using in situ X-ray diffraction, the temperature and cooling rates experienced by a
volume Vyg located at different distances from the top surface of an L-PBF printed wall
were measured while the upper layer was remelted. Fig. 3 shows a summary of the
temperature profiles measured in L1-L6. In the first five layers (L1-L5) the maximum
temperatures exceed Tg (~1252 K). The maximum temperatures calculated from the
B phase in L4 and L5 exhibit a smaller difference than expected. This can be attributed
to the strong overlap between the {011} B and the (00.2) a/a’ peak at the start of the
cooling, which causes some potential errors in the determination of the position of
diffraction peaks. From layer L6 on, located at a depth of 150-180 um below the top
surface, the peak temperatures below Tg are too low to induce a phase transformation.
In other words, transformations between a/a’ and B phases are thought to occur
predominantly in the top five layers. It is worth noting that since the in situ heating and
cooling during thermal cycling are fairly rapid, phase transformations during L-PBF
occur at significantly different temperatures compared to water quenching conditions.
Table 2 summarizes the temperatures measured when the a/a’ phase appears (M%)
in Vxr and the temperature when the solid phase transformation f—a’ (M}() is finished,
using the intensity criteria specified in Section 2.4. The temperature measured for M¥
and M}( are within a certain error similar for each layer. The M¥ temperatures observed
in the upper layers (L1-L3) is in the temperature range of 970-988 K. This is about
100 K lower compared to the Mg of ~1073.15 K reported under a relatively low cooling
rate [52]. Although one could explain this variation as an excess of undercooling
needed by the martensitic reaction to take place given the high cooling rates imposed

by the process, the temperature gradients in the volume Vxgr (due to the presence of
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free surfaces of the wall) also affect the measurement of these critical temperatures,
especially at high temperatures. In addition to that, the value corresponds to the
temperature at which the {01.1}a/a’ reflection achieves an integrated intensity above
1. This definition may induce a slight underestimation of Ms. The M}‘, in the range of
924-951 K, is instead close to the reported value of 923 K. Since the M}( temperature

is determined at the time when the integrated intensity of {011}p reflection decreases
below the threshold value of 1, this induces a certain overestimation of M. It should
be emphasized that experimentally determined temperature profiles should be
compared with simulations of a wall structure since the presence of additional surfaces

changes heat dissipation.
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Figure 3. Temperature profiles of thermal cycles on upper layers (L1-L6) of Ti-6Al-4V

400 _

wall during laser remelting on the top layer L1. The B transus (Tg ~1252 K) obtained
from the phase diagram of Ti-6Al-4V [52,53] and the average values of M¥ (~979 K)

and M}‘ (~937 K) measured in the present study are labelled with dashed lines.
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Table 2. Summary of the temperatures measured in the different layers for the onset

of a/a’ phase (M%) and the disappearance of the B phase (M}() as measured in the

upper layers during laser remelting.

Layer Num M¥ (K) MF (K)
L1 988 943
L2 970 935
L3 979 924
L4 - 934
L5 - 951

During laser scanning, the material experiences rapid heating and subsequent cooling.
The heating rate is generally higher than the cooling rate [54]. For the upper layers of
L1-L3, the heating rate is too high to be captured by the present frame rate of 20 kHz.
For the lower layers L4-L10, the maximum heating rates were determined in the range
of 8.5 x 10% - 1.8 x 108 K/s as shown in Supplementary Materials Fig. S7b. The cooling
rate shows a significant dependency on the temperature in all layers. It varies between
106 K/s immediately after solidification in the upper 2 layers to 20 K/s near the end of
the cooling period (Fig. S7a). The cooling rate is proportional to heat flux (q) dissipation
through both radiation and convection modes, which occur simultaneously during
cooling but exhibit different relationships with temperature [55]. According to Stefan-
Boltzmann’s law, the radiation heat flux (q,44) has an exponential relationship with
temperature T as: g,qq < f(T* —T$). In Newton’s law, the convection heat flux (gcony)
with surroundings has a linear relationship with temperature T as: q.on, < f(T —T,).
Heat radiation loss is dominant at high temperatures, explaining the high cooling rates
at high temperatures. It is worth noting that the maximum cooling rate in the top layer
of the wall (~1x108 K/s) is higher compared to what was obtained for the surface layer
in Ti-6Al-4V bulk samples (~6.5x10° K/s) [39] printed with the same laser process
parameters. There are two mechanisms contributing to this difference: (1) the heat
accumulation during single track printing is limited compared to multi-track printing, (2)
radiation loss at high temperature is more important in the wall because of the free

surfaces exposed to Ar gas flow. This result demonstrates a geometrical effect on
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cooling behaviour during manufacturing. Because of the presence of free surfaces in
the 2D nature of the thin wall structures, the ratio between the heat loss by radiation
and convection is different. This hints for considering the effects of geometries and
locations on thermal cycling during L-PBF of complex structures such as lattice and
truss structures [56,57]. Below M;, the cooling rate as a function of temperature (Fig.
S7a) exhibits a change in slope (black arrow). This may be related to an increased
lattice contraction during the p — a/a’ transformation [50,58]. In addition, residual
stresses also arise because of the difference in thermal expansion between the a/a’
and B phases [11,59].

4.2 Estimation of the melt pool size and the heat-affected zone

The above results allow estimating the size and phase composition of the heat-
affected zone (HAZ) induced by laser scanning. Fig. 4 shows an estimated shape of
the melt pool and B zone at the cross-section in the center of the wall and
perpendicular to the X-ray beam. The position of layers L1-L6 is indicated. Solid colors
red and blue are used for the zones where the melt pool and the B phase respectively
extend over the thickness of the wall (90-100 pm). Graded colors correspond to zones
that are thinner than the wall thickness. The procedure to calculate the length of each
region in L1 is detailed in Supplementary Materials Fig. S4. According to the
temperature profiles and phase evolutions measured by the in situ experiments (Fig.
2), the melt pool covering the entire wall thickness in L1 has approximately a length of
350 um and a depth of 75 pm. For a more accurate determination of the dimensions
of HAZ, X-ray imaging methods should be applied [27,29]. SEM observations at the
bottom of the wall, as shown in Fig. S11 in the Supplementary Materials, confirm the
above-mentioned melt pool depth.

Assuming that the maximum intensity of the B reflection is reached at the tail of the
melt pool, the total length of the melt pool including the tail surrounded by the 3 phase
in L1 amounts to ~510 ym. There is a region of 1400 ym where the B phase covers
the thickness of the wall. Thereafter, there are instants in which both the 8 and a/a’
phases are detected. Performing a similar analysis for the other layers, a full picture
of the heat-affected zone is obtained, demonstrating that the melt pool has a depth of
about 75 pm, whereas the 3 phase region extends to 150 uym (L5). A similar principle
is also applied to calculate the lengths of each region until L5. The present melt pool

depth (~75 pm) is close to the calculated depth of ~85 pm in single-track Ti-1AI-8V-
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5Fe using the Rosenthal equation. The surface temperature was measured by infrared
imaging and, subsequently, the melt pool depth was derived by simulations [20].
However, in bulk specimens [39], in situ experiments and post-mortem measurements
suggest larger melt pool dimensions (500 uym length and 150 um depth). There are
two potential reasons for this difference. First, the 2D nature of a free-standing wall
strongly affects heat dissipation, in particular at high temperatures. This will
presumably lead to smaller melt pool sizes compared to a bulk specimen. Second, 3
and liquid phases which are both present in the melt pool tail (layers L1-L3), are
difficult to deconvolute in the X-ray spectrum. Therefore, the length and depth of the
melt pool measured in this study represent the dimensions of that part of the melt pool

that covers the complete thickness of the wall.
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Figure 4. Schematic of the shape of the melt pool (red) and 8 zone (blue) at the cross-
section of the upper layers (L1-L5). The sizes of the melt pool and 8 zone along the
horizontal direction are to scale. The solid line marks a boundary of a zone with a width
comparable to the thickness of the wall and the dashed line marks a boundary of the

tail part (graded colour) with a width smaller than wall thickness.

4.3 Sources of error in the temperature measurements

There exist several sources that may contribute to the errors in the temperature
calculations. Within the Vg, the temperature is not fully homogeneous. Assuming that
the HAZ moves at the same speed as the laser, it is possible to provide a rough

estimate for the temperature gradients in the direction of the laser motion. For layers
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L1, L2 and L3, we obtain a maximum gradient of 1.5, 1.2 and 1 K/um, respectively,
when Vg is positioned just next to the melt pool. About 1 mm away from the melt pool,
the gradients reduce to 0.1 K/um. In the building direction, the gradient can be
estimated as the derivative of the temperature as a function of depth. Close to the melt
pool, we obtain a gradient of 5 K/um, which reduces to zero at a 1 mm distance from
the melt pool. In the direction along with the thickness of the wall (i.e. parallel to the
incoming X-ray beam), it is not possible to estimate the temperature gradient. The
magnitude of the reported gradients is of the same order as what has been found by
FE modelling [6,39].

The rapid heating and cooling cycles during laser scanning induce residual stress in
printed Ti-6Al-4V [10]. The residual stress induces lattice strain, changing the position
of the diffraction peaks and therefore influencing the temperature calculations. This
effect can be estimated by computing the lattice strain from the positions of the
{01.1}a/a’ and {00.2}a/a’ reflections after cooling down to ambient temperatures. All
layers exhibit a very small tensile strain with an averaged value of 0.08 + 0.2%,
resulting in an overestimation of the temperature of about 67 + 24 K. The strain
calculated from the {00.2}a/a’ reflection is smaller than that from {01.1}a/a’, indicating
less expansion along c-axis of hcp lattice. This can be explained by the larger Young'’s
modulus (~155 GPa) along c-axis compared to the other crystalline orientations in the
a/a’ phase [60]. The higher tensile strains were observed in bulk L-PBF processes Ti-
6AI-4V [38,59].

Local fluctuations in the chemical composition may induce changes in the lattice
parameters. To verify changes in chemical composition, energy-dispersive X-ray
(EDX) measurements were performed on the cross-section of an as-built and a 20x
remelted wall. Fig. S9 and Fig. S10 in Supplementary Materials show a homogeneous
distribution of Ti, Al and V in both samples. In other words, during the phase
transformation, the observed cooling rates of the order of 10° K/s are sufficiently high

to limit elemental segregation.

4.4 Microstructural evolution of Ti-6Al-4V from L-PBF process

The thermal cycles during L-PBF manufacturing are thought to have a profound effect

on the formation and evolution of the hierarchical martensites observed in the printed
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Ti-6Al-4V, and primary, secondary, ternary, and quaternary o’ laths are typically
reported in the literature [24,61]. In Ref [24], Yang et al. proposed a relatively simple
process-microstructure model to explain the observed martensite hierarchy. The
model predicts that during printing, the first 3-4 layers would reach temperatures
above Tg, while the layers below would experience peak temperatures below Tg This
is similar to the results obtained in our study, which are summarised in Fig. 3. Yang et
al. also suggest, however, only primary martensite forms immediately after printing
(L1) and that at least 4 to 5 thermal cycles are required to form finer secondary, tertiary
and quaternary martensites. This is in contrast to that observed in our study. Fig.
5a-5c presents high-resolution EBSD IPF maps of L1, L3, and L7. Several martensitic
laths of various thicknesses are already found in L1 a layer that did not experience
any thermal cycle. Furthermore, the martensitic structure in L1 is similar to that
observed in L3 and L7, layers that were subjected to two and six thermal cycles,

respectively.

To gain further insights into the formation of the martensitic structure, an EBSD IPF
map of the entire cross-section of the wall (layers L1-L8 are indicated) together with
a map depicting the corresponding parent  grains are shown in Fig. 5g and 5h. It is
observed that the columnar 3 grains exhibit a major axis along the build direction [62—
64]. The size of the B grains close to the wall surface is smaller than those of the
interior grains due to the more rapid cooling. Since a/a’ laths can traverse the whole 3
grain, i.e. the maximum length of a/a’ laths is comparable to the width of the primary
B grains, it is expected that close to the surface finer a/a’ laths with shorter length and
narrower width are present. Since the evolution of the martensite variants is not the

focus of our experiments, we leave this topic for further research.
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Figure 5. Microstructures of the cross-section at the upper part of Ti-6Al-4V wall in the
as-built state from EBSD measurements. High-resolution inverse pole figure maps (a-
¢) and band contrast images (d-f) of L1, L3, and L7. (g) IPF map of the cross-section
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of the whole wall. (h) IPF map of reconstructed primary 3 grains for the same region.

Scale bar: 20 um.

5. Conclusions

In situ X-ray diffraction has been performed on multiple layers along the build direction
of a single-track Ti-6Al-4V wall while laser rescanning on the top layer, providing phase
evolution and temperature profiles. The temperatures as a function of time of each
layer are used to calculate cooling rates, enabling a quantitative study of thermal
cycling during L-PBF manufacturing. The dimensions and shape of the melt pool and
B zone in the laser heat-affected zone are estimated. The following conclusions can

be drawn:

- The thermal cycles experienced in the first 5 layers (L1-L5), layer thickness 30
MM, reach a maximum temperature exceeding the beta transus temperature of
Tg=1252 K. Below a depth of 180 um under the surface (after layer L6), the
peak temperatures of thermal cycles are too low to induce a phase
transformation for the applied laser parameters.

- The martensitic start temperatures measured for a thin wall during laser
scanning are lower than those reported for conventional manufacturing
processes with lower cooling rates, e.g. water quenching.

- The melt pool extends the entire wall thickness in L1 and has approximately a
length of 350 ym and a depth of 75 ym. The length and depth are smaller
compared to what is observed for bulk specimens, witnessing the importance
of radiation loss at the free surfaces.

- The higher cooling rate (~1x108 K/s) measured in the top layer of a single-track
wall compared to that in bulk structures (~4.6x10% K/s) confirms a geometrical
effect on the cooling rates. The measured cooling rates vary in a range of
2x10"-1x106 K/s.

It is anticipated that our in situ measurements in transmission on a thin wall, combined
with in situ measurements in reflection on a bulk sample provide the necessary data
to validate FEM models. It should be emphasized that the data of the wall should be
compared with FEM simulations of a wall structure since the presence of additional

surfaces changes the heat dissipation.
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Highlights

High-speed in situ X-ray diffraction during laser scanning were performed on a
Ti-6Al-4V thin wall produced by laser powder bed fusion.

The temperature evolution and cooling rates were determined as a function of
depth with a time resolution of 50us

Based on the evolution of the crystallographic phases the shape of the melt
pool and the B phase in the heat-affected zone could be estimated

The depth-dependent temperature profiles provide valuable input for the
calibration of finite element simulations
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