
Materials & Design 210 (2021) 110072
Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier .com/locate /matdes
Achieving homogeneity in a high-Fe b-Ti alloy laser-printed from
blended elemental powders
https://doi.org/10.1016/j.matdes.2021.110072
0264-1275/� 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding authors at: Mechanical Engineering, University College London,
London, England WC1E 7J3, United Kingdom (P.D. Lee). Materials Science and
Engineering, McMaster University, Hamilton, Canada, L8S 4L7 (A.B. Phillion)

E-mail addresses: peter.lee@ucl.ac.uk (P.D. Lee), andre.phillion@mcmaster.ca (A.
B. Phillion).
Farheen F. Ahmed a, Samuel J. Clark b,c, Chu Lun Alex Leung b,g, Leigh Stanger d, Jon Willmott d,
Sebastian Marussi b, Veijo Honkimaki e, Noel Haynes f, Hatem S. Zurob a, P.D. Lee b,g,⇑, A.B. Phillion a,⇑
aDepartment of Materials Science and Engineering, McMaster University, Hamilton L8S 4L8, Canada
bMechanical Engineering, University College London, London, England WC1E 7J3, United Kingdom
cX-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Lemont, IL 60439, USA
dDepartment of Electronic and Electrical Engineering, University of Sheffield, Sheffield, England S1 3JD, United Kingdom
e European Synchrotron Radiation Facility, 38000 Grenoble, France
fCollins Aerospace, 1400 South Service Road West, Oakville L6L 5Y7, Canada
gResearch Complex at Harwell, RAL, Didcot OX11 0FA, United Kingdom
h i g h l i g h t s

� In-situ alloying of a Ti-1Al-8V-5Fe
powder during Selective Laser
Melting was investigated using
synchrotron X-ray diffraction and
infra-red thermal imaging.

� The alloying process of a b-Ti powder
was studied by X-ray diffraction and
IR imaging.

� Exothermic mixing aids in melting
but this gives a mix of alloyed &
unalloyed regions

� A consistent microstructure is only
achieved via thermal cycling in the
HAZ
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
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a b s t r a c t

Blended Elemental powders are an emerging alternative to pre-alloyed powders in metal additive man-
ufacturing due to the wider range of alloys producible with them and the cost savings from not develop-
ing novel feedstock. In this study, in situ alloying and concurrent microstructure evolution during SLM are
investigated by performing SLM on a BE Ti-185 powder while tracking the surface temperatures via Infra-
red imaging and phase transforma- tion via synchrotron X-ray Diffraction. We then performed post-
mortem electron microscopy (Backscatter Electron imaging, Energy Dispersive X-ray Spectroscopy and
Electron Backscatter Diffraction) to further gain insight into microstructure development. We show that
although exothermic mixing aids the melting process, laser melting results only in a mixture of alloyed
and unmixed regions. Full alloying and thus a consistent microstructure is only achieved through further
thermal cycling in the heat-affected zone.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Additive Manufacturing (AM) has grown over the last decade as
a class of methods to make near-net-shape parts without signifi-
cant post-processing, making it a novel alternative to conventional
manufacturing processes [1]. AM via Selective Laser Melting (SLM),
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Fig. 1. Setup of real-time sXRD and IR imaging in the ISOPR. Note that this diagram
is not to scale to emphasize the different features in the setup.
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which involves repeatedly depositing layers of feedstock powder
onto a bed and fusing selected regions with a microscopically-
focused laser beam, has particularly grown as a metal AM process
[2]. One of its strengths is an ability to create components with
novel microstructures that cannot be achieved during conventional
processing, as a result of the extremely high cooling rates on the
order of 105 � 106 K/s [3].

During SLM, alloys are normally printed from pre-alloyed pow-
ders (i.e. Ti-6Al-4V powder to build a Ti-6Al-4V part). This limits
printing to alloys having commercially available feedstock. How-
ever, new alloy compositions that take advantage of the highly
non-equilibrium nature of SLM are required to exploit the full
potential of this fabrication method [1]. The costs of developing
novel feedstock can be mitigated via in situ alloying [2]. This
emerging technique uses pure elemental powders, instead of pre-
alloyed ones, that are blended prior to SLM. The Blended Elemental
(BE) powder then alloys during melting and in subsequent reheat-
ing cycles. Customizability of the alloy composition is greatly
expanded, and components with a gradient in composition can
also be developed [4]. As shown by Dobbelstein [5], the process
of alloying requires multiple heating cycles. The initial printing sin-
ters and weakly alloys the powder; complete alloying and homog-
enization only occurs with the additional heat input that is a result
of printing additional layers.

Whether the bulk microstructure completely alloys depends on
two main factors: (1) the difference in melting temperature
between elements since high melting point particles may not melt
thus reducing the bulk alloy composition [6–19]; and (2) the input
energy density since high energy densities facilitate mixing over
low energy densities [6–8,15,18,20,21,11,12,22,23]. Although all
elements will melt and then mix with a high input energy density,
using a too-high energy density may vaporize low boiling-point
elements and/or cause keyholing [19,22,18,24,23,21].

To understand how to improve the in situ alloying process when
using BE powder, it is imperative to understand how an alloyed
microstructure develops. Few studies have directly examined
microstructure development during AM via BE. In one study, Yan
et al. [25] investigated in situ alloying of BE Ti-6Al-4V during
SLM of a thin wall, and observed a decrease in Al and V concentra-
tion towards the final layer. Although they attributed this differ-
ence in concentration to lesser heat transfer in the single wall
than the substrate, a clear discussion of the process of homogeniza-
tion was not provided. In another, Kang et al. noticed more
unmelted Mo near the top than near the bottom of SLM-
processed single wall fabricated with BE Ti and Mo powder. Thus,
a higher amount of b-phase (stabilized by Mo) was found at the
bottom, indicating successful alloying via intrinsic heating cycles.
However, they too only offered a limited discussion of microstruc-
tural evolution in the partially-alloyed layers [26].

b-Ti alloys are an important class of Ti alloys that are finding
increased usage in the commercial aerospace industry owing to
their higher tensile and fatigue strengths and increased formability
over a-Ti (HCP) and aþ b alloys [27]. However, they are quite
expensive due to a high Mo content. Ti-185 is a low-cost b
(BCC)-Ti alloy containing 1Al, 8V, and 5Fe (wt.%) that is being
explored [28] for AM applications. In this study, in situ alloying
and concurrent microstructure evolution during SLM are investi-
gated by performing SLM on a BE Ti-185 powder while tracking
the surface temperatures via Infra-red (IR) imaging and phase
transformation via synchrotron X-ray Diffraction (sXRD). While
sXRD has been previously used to observe phase transformations
during SLM [29–34], this is the first study on BE powder and thus
of the in situ alloying process.
2

2. Methods

Fig. 1 provides a schematic of the experimental setup whereby
SLM, IR imaging, and sXRD were performed concurrently to
observe phase transformations in situwithin the BE Ti-185 powder.
The global coordinate system is also indicated: x is the direction of
the laser pass; y is the path of the X-ray beam; and z is the vertical
(depth) direction. The experiment was performed on Beamline ID-
31 of the European Synchrotron Radiation Facility in Grenoble,
France. Each stage of the process is described below, along with
the method used to obtain the below-surface temperatures as well
as details of the post-build microscopy.

2.1. Material

The Ti-185 BE powder consisted of pure Ti (Tm = 1941 K), pure
Fe (Tm = 1811 K), and alloyed AlV (Tm = 2093 K [35], approx. 85%V
by weight) particles. The mixture was supplied by ADMA Advanced
Materials Products, Inc. (Hudson, OH), and had a size distribution
with d10% = 21 lm, d50% = 51 lm and d90% = 68 lm, an apparent
density of 3.1 g/cm3, and an oxygen content of 150 ppm. The Al
(Tm = 934 K) and V (Tm = 2183 K) were alloyed together to prevent
excessive vaporization of Al [18,9]. Due to mixing via ball milling,
the powder particles were irregularly shaped [28]. The critical tem-
peratures for this alloy (btr = 970 K, Tsol = 1703 K and Tliq = 1849 K)
were determined via ThermoCalcTM using the TCTI2 database. This
database was also used to determine the Ti-185 thermophysical
properties as well as the mixing enthalpies of Ti-185 as well as
the binary Ti-1.1 Al, Ti-8.5V and Ti-5.5Fe with respect to their con-
stituent elements. Note that the binary compositions represent the
compositions assuming the other elements were excluded.

2.2. Selective Laser Melting

SLM was performed using a bespoke apparatus known as the In
Situ and Operando Process Replicator (ISOPR) shown in Fig. 1 [36–
39] that utilizes a continuous-wave (1070 nm) laser to fuse powder
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to a substrate. To contain the powder, the substrate is sandwiched
between two panels of glassy carbon, each 300 lm thick and trans-
parent to X-rays. After each pass of the laser, the platform holding
the substrate is shifted downwards 25 lm, and then a small
vibration-assisted hopper deposits an additional layer from a pow-
der resevoir. In this way, the ISOPR creates thin wall components
via single track, multi-layer SLM.

The experiment consisted of printing a 14-layer BE Ti-185 thin
wall, 3 cm in length, 100 lm in thickness and 350 lm in height,
onto a commercially pure Ti substrate 4.5 cm in length, 300 lm
in thickness, and 1.75 cm in height. Printing was conducted in a
high-purity Ar environment. The laser energy and travel speed dur-
ing each single-track pass were 200 W and 400 mm/s. This
amounted to an energy density of 66.7 J/mm3 [40]. Layers 1–5
were initial layers, built to avoid substrate effects when collecting
sXRD patterns. Layers 6–10 were used to examine melt crystalliza-
tion. Layers 11–14 were used to collect sXRD of a single layer
(Layer 11) as it underwent multiple reheating cycles during the
building of subsequent layers.

2.3. Synchrotron X-ray diffraction

Diffraction images were collected on ID-31 at ESRF using a Dec-
tris Pilatus CdTe 2 M detector placed at 639.6 mm away from the
substrate. The k = 0.1812 Å X-ray beam used for diffraction was
rectangular in shape, 50 � 20 lm in cross-section. The detector
had a pixel size of 172 lm, a field of view of 253.7 � 288.8 mm,
and acquired datasets at 250 Hz with an exposure time of
0.3 ms. The acquired diffraction images were radially integrated
to 1D patterns using a Matlab package developed at ESRF [41],
and compared to reference patterns of individual phases. sXRD
images were not collected for Layers 1–5. While printing Layers
6–10, the sXRD X-ray beam was placed at a target position of 40
lm below the surface. Although this appears to place the X-ray
beam in the layer just beneath the powder layer, assuming a 25
lm layer thickness to match the downward motion of the plat-
form, prior experience identified this location as being optimally-
aligned with the melt pool. Specifically, layer shrink occurred dur-
ing printing due to the low bulk density of the BE Ti-185 powder
and the occurrence of powder denudation during SLM. For Layers
11 to 14, the ISOPR was shifted upwards by 25 lm between laser
passes to track a single layer as it underwent multiple reheating
cycles. This displacement is coincident with the platform shift
between laser passes.

2.4. IR Imaging

IR imaging (Hamamatsu ORCA-Flash4.0 V3 Digital CMOS cam-
era with a pixel size of 6.3 lm) was performed to measure the sur-
face temperature during each laser pass. A field of view of 2048 x
128 pixels, or 13.312 x 0.832 mm, centred on the printed layer, col-
lected images at a rate of 1603.5 Hz. Individual frames were then
translated such that the laser was assumed to be a moving frame
of reference travelling at steady-state. Due to shadowing caused
by the glassy carbon panels, temperature measurement was lim-
ited to the central ± 100 lm in the thickness direction. Although
the IR detector operated at temperatures above 958 K, the signal-
to-noise ratio was found to be too high at temperatures below
1273 K. As such, this was set to be the minimum-observable
temperature.

2.5. Prediction of Below-surface Temperatures

The IR imaging provides only the surface temperature during
SLM. Thus, the thin wall [42] form of the Rosenthal equation [43]
(Eqs. 1,2), was employed to estimate the below-surface tempera-
3

tures within the substrate, thin wall, and powder between the
two glassy carbon panels,

T ¼ aQ
pkb

e� �x0 ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�x02 þ �z02

p
Þ þ T0with ð1Þ

�x0 ¼ x0qcV
2k

and �z0 ¼ z0qcV
2k

; ð2Þ

where T represents the temperature at coordinates x0 and z0 in the
scanning and depth directions with respect to the moving laser, T0

is the ambient temperature, Q is the laser power, a is the absorptiv-
ity, k is the thermal conductivity, b is the width of the thin wall, q is
the density, c is the specific heat capacity and V is the laser scan
speed.

The Rosenthal solution assumes that material properties are
constant, the laser is a point heat source, heat is lost only through
conduction via the layers below and/or the substrate, and radiation
and convection to the surroundings are negligible [42]. Owing to
these assumptions, only temperatures below the solidus can be
predicted with any accuracy since at fluid convection at tempera-
tures above the solidus significantly accelerates heat transfer far
beyond the limit for constant material properties.

The material properties for Ti-185 (q = 4558 kg/m3, k = 25 W/
m�K, Cp= 723 J/kg�K) at 1703 K, corresponding to the solidus tem-
perature for this alloy, were used for the calculation. The properties
at the solidus were selected to best reflect the thermal behaviour at
high temperatures.

2.6. Microscopy

Scanning Electron Microscopy (SEM) was performed at the
Canadian Centre for Electron Microscopy in Hamilton, Canada on
the SLM-printed single-track Ti-185 thin wall. Specifically,
Backscatter Electron (BSE) and Energy Dispersive Spectroscopy
(EDX) were performed using a JEOL 6610 LV, and Electron
Backscatter Diffraction (EBSD) was performed using a JEOL 7000.
Prior to SEM, the sample was sectioned into three 1-cm-long seg-
ments along the scanning direction to preserve the melted and
heat-affected zones for analysis, followed by mounting in epoxy.
Grinding (SiC paper with 600, 800, and 1200 grit) and polishing (di-
amond 3 lm suspension followed by colloidal silica 1 lm and 20%
hydrogen peroxide) were performed with an automatic polisher on
co-rotation. Finally, each section was coated with carbon and with
Ni paint.

3. Results

3.1. Overview of the SLM process

Fig. 2 shows a schematic of the build’s cross-section after print-
ing a) Layer 1, b) Layer 6, c) Layer 10 and d) Layer 14. The position
of Layer 1 is indicated in b), c) and d) to show the downward
motion of the platform. Beginning with a) it can be seen that while
the substrate is nicely contained between the glassy carbon, not all
the powder fuses because the laser spot size was thinner than the
substrate width. Thus, a-Ti, AlV and Fe powder remain after print-
ing. As the layers continue to build (images b,c), the amount of
unmelted powder is seen to increase.

3.2. X-ray diffraction during SLM

Fig. 3 shows the sXRD peak evolution for the phase transforma-
tions at the melt pool surface, acquired during the printing of Layer
6. XRD patterns are shown before printing (0 ms), at the start of the
phase transformation (4 ms) and at its completion (36 ms). Upon
laser heating, the powder melted, however because it was molten



Fig. 2. Schematic of the single-track, multi-layer printing process after SLM of a)
Layer 1, b) Layer 6, c) Layer 11 and d) Layer 14 in cross-section view (the laser path
is ”into the page”). The Ti substrate and printed layers are shown in blue; the glassy
carbon plates are grey, and the un-melted powder is red, yellow, and green. The X-
ray beam position is also shown for reference in b), c) and d) (data was not acquired
for layers 1–5). To interpret the colour in this figure, please refer to the web version
of this paper.

Fig. 3. sXRD data collected for Layer 6. Frames are shown before printing (0 ms), at
the start of the phase transformation (4 ms) and at its completion (36 ms).
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for only �1.5 ms (see Fig. 7), an amorphous melt curve was not
observed in the image collected at 4 ms; as the acquisition rate
was 250 Hz, intermediate images could not be collected. Note that
as the beam size is small the grain statistics are insufficient to per-
form quantitative sXRD. However, as can be seen, there are suffi-
cient grains to produce a signal that allows for phase
4

identification. Note also that the missing AlV and Fe peaks is a
result that powder moves in and out of the sampling volume due
to Marangoni flow effects and spatter.

The first signs of a phase transformation were the suddenly-
high b-Ti and low a-Ti signals (middle line, Fig. 3). Over the course
of the phase transformation, the b-peaks are seen to shift towards
higher angles i.e. decreasing the lattice parameter. This is because
of a combination of sample cooling, and an increase in amount of
Fe and V dissolved in the b phase. The b intensities also decreased,
while a intensities increased up until the end of the phase transfor-
mation. The phase transformation ended at approximately 36 ms.
At the end of the phase transformation period, a weak b-{110} peak
was seen to overlap with the a-{002} peak. Alone, this would sug-
gest that a low amount of b was retained. However, the a signals
are also quite low. This, along with the fact that there were consid-
erable unmelted powders, as discussed below, meant that much of
this a-Ti was likely not part of the printed layer. Thus the presence
of b is inferred.

The presence of unmelted particles, shown in Fig. 2, made inter-
pretation of the sXRD images difficult. Despite not being part of the
printed sample, these unmelted particles still diffracted the incom-
ing X-rays and thus produced a signal that was collected by the
detector. Because of heat conduction, the unmelted pure a-Ti pow-
ders would have transformed to b during SLM, but upon cooling
they would have immediately reverted to a [27]. Hence, they
would have provided an additional a-Ti signal both before and
after heating, and additional b-Ti signal while the temperature
was greater than the b-transus. As the exact temperature for each
frame was unknown, some frames had both additional a-Ti and b-
Ti over-and-above the signal collected from the Ti-185 melt pool.

Melt-pool diffraction data was collected for each of Layers 6–10.
In general, the results were similar with all containing a-Ti peaks.
However, only some contained weak AlV or Fe peaks, and one did
not show any of these peaks. The starting intensities of the peaks,
at 0 ms, also varied between the five repeats. The observed varia-
tions are due to a combination of the size of the acquisition volume
and the random sampling of powders. The variability in phase
transformation end time was 36 ± 14 ms. Further, only one showed
a distinct b-{002} peak after the laser beam had passed.

Fig. 4 a) shows the post-phase transformation sXRD patterns
collected for Layer 11 as it underwent multiple melting and reheat-
ing cycles due to the printing of Layers 11–14. This corresponds to
depths of 40, 65, 90, 115 and 140 lm below the build surface.

At 65 lm below the surface, Fig. 4 a) shows that the sample
heated up to a mixture of high b and low a intensities. As compared
to the pre-reheating frame, the b peaks were seen to shrink and
shift to the right with respect to the initial phase transformation
peaks during cooling. However, they did not fully disappear, coex-
isting along the with the a peaks. At 90 lm below the melt pool,
this combination was reheated to both high b and low a peaks.
The b peaks again shrank and shifted to the right, while the a peaks
re-emerged, without fully disappearing. The same process
occurred at 115 and 140 lm below the surface. Note that due to
the accumulation of unmelted powders, it is possible that this sam-
ple had less a-Ti than was indicated in the plots.

Fig. 4 b) shows the post-phase transformation sXRD peaks at
depths of 115 and 140 lm below the surface, with the intensity
magnified by a factor of 13.3. These images directly show the pres-
ence of the b-{002} peak, further demonstrating that the overlap-
ping a-{002}/b-{110} were predominantly b-{110} at these depths.

Traditionally, Rietveld refinement used to analyze sXRD peak
intensity and locations. Unfortunately, it was not possible to apply
this technique on the collected data. This is for a number of rea-
sons: (i) the sample temperature is not uniform; (ii) the exact com-
position of Ti in the melt pool is unknown, and therefore the
appropriate equilibrium lattice parameters for each temperature



Fig. 4. a) Post-phase-transformation sXRD frames after each laser pass when a
single layer was tracked through reheating cycles. The duration of each phase
transformation is also shown. b) and c) show the a{102} and b-{002} peaks in the
2h = 5.5–6.7� range with the intensity magnified by a factor of 13.3 at depths of 115
and 140 lm respectively.

Fig. 5. a) BSE image of the printed layers cross-sectioned perpendicular to the
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are unknown; (iii) the rapid cooling results in a non-equilibrium
lattice parameter due to the buildup of internal stresses; (iv) the
IR imaging data and Rosenthal equation (discussed below) provide
an estimation of temperature only without enough accuracy to
carry out Reitveld analysis.
scanning direction. Example melt pool boundaries showing keyholing are high-
lighted in blue. b) EDX maps of Ti, Fe, Al and V; MZ = Melted Zone, HAZ = Heat
Affected Zone, AZ = Alloyed Zone, SMZ = Substrate Mixed Zone. To interpret the
colour in b), the reader is referred to the web version of this paper.
3.3. Microscopy

SEM, EDX, and EBSD were conducted on the SLM-printed
sample.

Fig. 5 a) shows an SEM (BSE) image of the Ti-185 thin wall
cross-section (perpendicular to the scanning direction). A number
of salient observations can be made. First, the cross-section varies
between the centreline and edges of the sample, as heat was most
concentrated at the centreline. Hence, the degree of alloying was
investigated with reference to the centreline and not the edges.
As can be seen, the depth of the melted zone and heat-affected
zone are clearly evident. The melt pool is �100 lm deep at the
edges, but 140 lm at the centre. The heat-affected zone extends
up to 230 lm deep. At this point, the microstructure is consistent
5

until 300 lm, suggesting that it is alloyed. At 300 lm, the
substrate-mixed zone begins. This zone continues up until 400
lm, at which point the sample appears to be completely substrate.
Second, lines indicating the visible melt pool contours - having
keyhole shape - that formed during the printing process. These
lines appear because of the single-track SLM; in an actual printed
microstructure, the edges will be heated due to the printing of
multiple hatches. Third, the thin wall has a thickness of � 200
lm, leaving a 100-lm thick gap in which unmelted powders accu-
mulated, confirming that sXRD detected more a-Ti than was pre-
sent in the printed sample.
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Fig. 5 b) shows the corresponding EDX images for each alloying
element. As can be seen, the melted zone alternates between
evenly-alloyed regions and those concentrated in a single element
(or two, in the case of Al and V). In the heat-affected zone, there is
less homogeneity near the edges due to a lower heat input there.
However, near the centre of each layer, the sample increases in
homogeneity down the build direction. The sample is homogenous
in the alloyed zone. Note that high-resolution EDX images of the
Melted Zone and Heat Affected Zone are provided as supplemental
images S1-S4.

Fig. 6 shows the corresponding EBSD image of the printed layers
with a) and b) being the orientation map and the phase map of the
whole section, c) and d) being the orientation map and phase map
of a section within the melt pool, and e) indicating the colour cod-
ing for the phase maps in a) and c). In Fig. 6 a) and b), the boundary
between the melted zone and the heat-affected zone is not clear.
However, for the purposes of interpretation we can use the mushy
zone depth determined from BSE imaging (Fig. 5 a)) of � 100 lm at
the edges and 140 lm at the centre. The boundary between the
heat-affected zone and the rest of the sample is clear. Specifically,
this boundary is where there are no longer large (10–40 lm wide),
Fig. 6. a) Orientation map and b) Phase map of the entire printed layer; c)
Orientation map and d) Phase map of a high-resolution image of the melted zone
area highlighted in a) and b); and e) Legend for orientation maps a) and c). In b) and
d), the a and b are represented by red and blue respectively. Grain orientations are
with respect to the build direction (vertical, pointing upwards). The scanning
direction is into the page. To interpret the colour in this figure, the reader is referred
to the web version of this paper; MZ = Melted Zone, HAZ = Heat Affected Zone,
AZ = Alloyed Zone, SMZ = Substrate Mixed Zone.

6

curved regions of a, and only small regions of a remain. This zone
extends up to the substrate-mixed zone. In the melted zone, a
mixed aþ b structure is observed with some layers having more
than 50% a. The heat-affected zone is mostly b. However, some a
is present as curved regions 10–40 lm wide. Within the heat-
affected zone, the larger regions of a formed along the melt pool
boundaries. Below the heat-affected zone, a is present in the form
of small regions <3 lm in size (approximately 1–2 pixels wide) at
the grain boundaries.
3.4. Thermal Profiles during SLM

Fig. 7 shows the (top) two-dimensional and (bottom) centreline
temperature profiles on the powder surface during SLM as
acquired by the IR camera as the laser beam moved from right to
left. A moving frame-of-reference was used due to the steady-
state nature of the process and thus position ðx; yÞ ¼ ð0;0Þ corre-
sponds to the centre of the laser. The x-coordinate can additionally
be converted to a time coordinate by dividing by the laser scanning
speed. Negative horizontal coordinates represent positions in front
of the laser or in the future for a spatial- and time-based coordi-
nate, while positive horizontal coordinates represent the position
behind the laser or in the past. Due to the 1273 K minimum tem-
perature limit, the thermal profile was only generated between �1
and 1.5 mm, or �2.5 to 3.75 ms.

As can be seen in the figure, when the laser arrived, the powder
heated rapidly at a rate of � 3,000 K/ms (point i) to a temperature
of 2830 K (point ii). This value is above the melting temperatures of
the Ti, AlV, and Fe powders as well as the Ti-185 alloy. The powder
then cooled rapidly at an initial rate of � 2,000 K/ms (point iii),
spending 1.5 ms molten before solidifying, and then cooling at a
rate of � 200 K/ms (point iv).

Fig. 8 a) shows the sub-surface temperatures estimated via the
Rosenthal equation, while 8 b) shows the maximum temperature
predicted along the build direction. For this calculation, a was set
to 0.51 in order to match the calculated melt pool width with
the measured value seen in Fig. 7. This value is in line with previ-
Fig. 7. Time- and position-dependent temperature profile at the surface as a (top)
two-dimensional map and (bottom) one-dimensional centreline profiles during
SLM. For reference, the melting point of titanium (1941 K) is also plotted as a gray,
dotted line. At points i) and iii), the heating and cooling rates are 3,000 and 2,000 K/
ms respectively; at point ii), the maximum temperature observed, 2830 K; at point
iv), a cooling rate of � 200 K/ms is observed. For reference, an image showing the
coordinates on the sample is included in the top-left region of the bottom plot. To
interpret the colour in this figure, please refer to the web version of this paper.).



Fig. 8. a) Estimation of the steady-state sub-surface temperatures via the Rosenthal
equation. b) Maximum temperature below the melt pool as a function of depth.
Note that the z axis in a) is not to scale to emphasize this direction. To interpret the
colour in this figure, please refer to the web version of this paper.

F.F. Ahmed, S.J. Clark, Chu Lun Alex Leung et al. Materials & Design 210 (2021) 110072
ous studies, which utilized a-values of 0.34–0.53 in the transition
mode between conduction and keyholing modes [44]. As was
shown in Section 3.3, melt pool shapes of this type were observed.
The melt pool depth was � 85 lm, indicating that at least 3–4 lay-
ers below the powder layer underwent remelting during each laser
pass. This differed from the actual depth of � 100 lm at the edge,
and � 140 lm at the centreline, as shown in Fig. 5. This demon-
strates that factors not included in the Rosenthal equation itself
were in play, including the exothermic mixing enthalpy of Ti-185
(-4.085 kJ/mol at 2500 K), a mixed keyholing-and-conduction-
mode melt pool, and the heterogeneous nature of the powder.
The b-transus of pure Ti (1155 K) was reached at depths of up to
145 lm, while the b-transus of Ti-185 (970.68 K) was reached at
depths up to 185 lm.
4. Discussion

4.1. Completion of Homogeneity

By combining the sXRD plots in Figs. 3 and 4, the EDX maps in
Fig. 5) and the EBSD phase maps in Figs. 6), a clear view of in situ
alloying during SLM is presented. We define this as a three-step
process: (1) partial alloying of elements in the melt pool; (2) con-
tinued elemental diffusion in the heat-affected zone; and (3) com-
pletion of alloying by the end of the heat-affected zone.
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Step 1: In the melted zone, there exists a significant competition
between the large heat imparted and the rapid heat diffusion that
defines the solidified microstructure. On one hand, there were
intense heat inputs: a laser power of 200 W narrowly focused to
a spot size of 50 lm, and an exothermic mixing enthalpy (-
4.085 kJ/mol at 2500 K). As a result, the temperature reached up
� 2800 K. On the other hand, the narrowly-focused heat dissipated
rapidly. Thus the powder was molten for only 1.5 ms, while the
subsequent solid state phase transformation took only
36 ± 14 ms (Figs. 3 and 4) which offered very little time for atomic
diffusion. As a result, the powders only partially mixed during
melting. This was demonstrated in Fig. 5 b), where the melt pool
contained regions consistent in concentration, and regions high
in one element but lower in the other elements. EBSD verified this
finding by showing a mixture of b and martensitic a, i.e. a’, in the
melted zone. Martensitic laths occur in regions insufficiently b-
stabilized when cooled at minimum rates of a few hundred K/s
[45]. Thus, the a phase occurs in the regions high in Ti and Al, while
the b phase is found in the regions low in Ti and Al.

Step 2: In the heat-affected-zone, mixing also depends on the
competition between the heat imparted and heat dissipated. Here,
the mixing enthalpy is also exothermic (-0.170 kJ/mol at 900 K).
Maximum temperatures and cooling rates are lower than those
in the melted zone. For example, the bottom of the heat-
affected-zone, according to the Rosenthal solution, reached
835 K. The maximum cooling rate ranged between 75 K/ms at
140 lm to 17 K/ms at 230 lm. As a result of slower heat dissipa-
tion, further mixing occurs during each reheating cycle, as shown
in the increasingly consistent microstructures from 140 to 230
lm in the EDX image, Fig. 5 b). This is verified by the EBSD phase
map in Fig. 6 b) that shows an increasing b phase fraction (and
decreasing a) with increasing depth below the top surface. Further
mixing caused more a to be converted to b. Fig. 6 b) also shows a at
b grain boundaries. The lower cooling rates induced the formation
of grain boundary a, which only forms upon aging b-Ti (i.e. heating
it below the b-transus) [45].

Step 3: Alloying is seen to be complete at the end of the heat-
affected-zone. Within the alloyed zone, the heat imparted from
the laser is negligible thus neither causing microstructural refine-
ment nor significant atomic diffusion and hence. The consistent
microstructure in this region with b-grains and sub-microscopic
grain-boundary a and up to the substrate-mixed region (seen in
both the elemental and phase maps in Figs. 7 b) and 8 b)) shows
that alloying has been achieved.
4.2. Comparison with Other Works on SLM-printed Ti-185 and In Situ
Alloying

The degree of mixing and the depth whereby mixing continues
to occur during SLM depends greatly on the interplay between heat
input and heat dissipation. Our previous work on printing Ti-185
from BE powder obtained a mixed a+b structure instead of mainly
bwith sub-microscopic grain-boundary a [28]. However that study
used a lower energy density of 50.4 J/mm3, rather than 66.7 J/mm3

used in this work. Further, the larger dimensions of the sample in
[28] enabled more heat dissipation and hence higher cooling rates,
allowing retention of more b. Hence, less energy was imparted per
layer and less a at the edge of the melt pool boundaries was con-
verted to b. Although Azizi et al. showed homogeneity throughout
the structure [28], the wall printed in this work only achieved
homogeneity at the centreline, but not at the edges. This was likely
due to the use of single-track SLM and not the hatching process
applied when printing with an industrial SLM machine. Hatch
spacing would facilitate homogenization away from the centre of
the melt pool.
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This work verifies what has previously been shown by Dobbel-
stein et al. [5] in that the surface of a laser-printed alloy is not
homogenous. It expands on this by showing how mixing occurs
through repeated passes of the laser. This work also confirms the
observation of a graded structure between the top and bottom of
a single wall laser-printed from BE powder by Yan et al. and Kang
et al. [25,26]. It takes this work further by analysing the transfor-
mation from the melted zone to the bulk microstructure, via the
heat-affected zone. This research has also used sXRD, in addition
to conventional electron microscopy techniques, to explain the
phase transformations in the microstructure, and relate them
directly back the degree of alloying. Ultimately, this research has
described how a single layer of BE powder undergoes multiple
intrinsic heating cycles as it develops into a bulk, homogenous
microstructure.

Finally, the results of this investigation show that contrary to
many prior studies (of [23,5,46,14,47,18,22,19,24,48,49,7,13,50]),
the presence of unmelted powders at the surface is not a useful
metric for determining if exposed layers in a sample are alloyed.
Even though sintered unmelted powders may be absent on
exposed surfaces, the distribution of alloying elements will still
be uneven, and not match the desired microscopic concentration.
If one desires to preserve exposed layers in a structure, for exam-
ple, a lattice or honeycomb structure, remelting each layer after
building it (or a similar technique) could be performed. Past
research [23,51,46,5,52,53] has shown that this technique pro-
duces few unmelted particles at the surface without a high laser
power thus limiting defect including keyholing or excessive
vaporization.
5. Conclusions

This study provided a clear picture of the process of insitu alloy-
ing from a BE powder mixture to an alloyed microstructure. Specif-
ically, the three stage process of alloying during SLM has, for the
first time, been observed. First, hindered by a rapid transformation
time but aided by the high melt pool temperature and an exother-
mic mixing enthalpy, only partial alloying occurs in the melted
zone, with mixed and unmixed regions randomly distributed
within the former melt pool. Second, in the heat-affected zone,
the process of elemental diffusion is accelerated by the laser heat
and exothermic mixing. Third, towards the end of the heat-
affected zone, complete alloying achieved. The insight on how
in situ alloying occurs and the factors influencing it provided by
this research can be employed to design optimal printing processes
for alloys printed from BE powder.
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