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ABSTRACT

As new alloys are being developed for additive manufacturing (AM) applications, questions related to the temperature-dependent structural
and compositional stability of these alloys remain. In this work, the benefits and limitations of a unique method for testing this stability
are presented. This system employs the use of polychromatic synchrotron light to perform energy-dispersive x-ray diffraction (ED-XRD)
on an electrostatically levitated sample at high temperatures. In comparison with a traditional angular-dispersive setup, the container-less
electrostatic levitation method has unique advantages, including quicker acquisition times, simultaneous compositional information through
fluorescence emissions, a reduction in background noise, and, importantly, concurrent/subsequent measurement of thermophysical proper-
ties. This combined method is ideal for phase transition studies by holding the levitated sample at a stable position and temperature through
controlled heating and temperature management. To illustrate these capabilities, we show ED-XRD data of the well-known martensitic phase
transition (hcp to bec) in Ti-6A1-4V. In addition, results from the novel alloy Nis; CussCrs are presented. This alloy is shown to maintain an
fce structure upon heating. However, the concentration of Cu is reduced at high temperatures, resulting in a decrease in the lattice constant.
As concurrent thermophysical properties are probed, these preliminary structure and composition experiments demonstrate the capabilities
of this technique to determine the composition-processing-structure-properties of metal alloys for AM.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0213480

I. INTRODUCTION are melted, or even just heated, they can form different structures

and compositions upon cooling, which can lead to a change in their
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Additive manufacturing (AM) of metal alloys has a variety of
beneficial uses, such as rapid prototyping, manufacturing of geome-
tries not possible with other methods, and creation of parts with
difficult to machine alloys. However, a major challenge of develop-
ing new metal alloys for use in AM is determining if the desired
properties of these alloys can be maintained during the high tem-
peratures and rapid solidification associated with AM processes.
Many materials properties such as hardness and ductility, along
with other mechanical and electrochemical properties, are tied to
the long- and short-range structural details of an alloy. When alloys

properties.

While there are many different techniques for AM of metal
alloy parts,’ all require exposure to high temperatures. In a pow-
der bed fusion process,” a solid metal powder is liquefied by a laser
and then rapidly re-solidified. Friction stir additive manufacturing’
rapidly rotates a solid or powder feedstock, heating it to near 80%
of its melting point, causing it to plastically deform onto the build
surface. These processes can be problematic for many alloys that
contain elements that vaporize easily and can be preferentially lost
during AM.™
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In the past, electrostatic levitation (ESL) has been used exten-
sively” for the measurement of thermophysical properties such
as density, thermal expansion, surface tension, viscosity, emissiv-
ity, electrical conductivity, and vapor pressure.” '° Furthermore,
a considerable amount of effort has been focused on analyzing
the structural changes of materials with x-ray scattering and neu-
tron scattering techniques using ESL."”** The new experimental
capabilities presented here expand upon those previous studies
by combining the technique of energy-dispersive x-ray diffraction
(ED-XRD)* with the simultaneous measurement of x-ray fluores-
cence (XRF) emissions. These new experimental capabilities, which
involve a coupling between NASA Marshall Space Flight Center’s
(MSFC) mobile Electrostatic Levitation (ESL) Chamber’* and LSU’s
synchrotron facility [(Center for Advanced Microstructures and
Devices (CAMD)], help us answer critical questions about the struc-
tural and compositional stability, as well as thermophysical proper-
ties, of complex concentrated alloys used in AM processes. In this
paper, we will show the preliminary results of these experiments and
demonstrate some of the capabilities of this experimental setup.

Il. BACKGROUND

Information about the crystal structure of a sample, such as a
metal alloy, can be obtained by observing the elastic scattering of x
rays. To measure this scattering, two techniques are generally avail-
able. The most common method is to use a monochromatic x-ray
beam and perform angular scans [angular-dispersive x-ray diffrac-
tion (AD-XRD)]. An alternative method consists of employing a
continuous (polychromatic) source of x rays, such as from a syn-
chrotron. This latter ED-XRD technique uses an energy-sensitive
detector to measure the elastically scattered x rays at a fixed angle.
In ED-XRD, a modified version of Bragg’s law is used,

he
E= 2d sin 6’ ()
where E is the energy of the scattered x rays, d is the lattice spacing, 6
is the fixed angle of the detector, and hc (1239.9 €V nm) is a constant.
Apart from concurrent thermophysical property measurements, this
method of combining ED-XRD with ESL has several advantages over
a typical AD-XRD setup, which are listed as follows:" "

o Reduced acquisition time: Since the detector does not have
to move, the entire measurable spectrum can be acquired at
the same time. In an angular setup, the scan time is limited
by the angular speed of the diffractometer arms.

o Steady experimental setup: Once the sample is in its final
position, the trajectory of the beam is fixed. Unlike in AD-
XRD, no detector movement can compromise the alignment
causing additional systematic error. In addition, small sam-
ples, or complex devices, such as heaters, can be easily
introduced into the experimental setup. The beam must only
be collimated down to just slightly larger than the sample
size.

o Simultaneous compositional information: The relative com-
position of the sample components can be acquired simul-
taneously with structural information through the measure-
ment of x-ray fluorescence (XRF) emission.

ARTICLE pubs.aip.org/aip/rsi

e These advantages make ED-XRD ideally suited for studies of
phase transitions. However, some disadvantages need to be
considered as follows:

o Limitation of measurable energies: The energy that can be
measured is limited by the type of detector used. At a specific
angle, this limits the value of d, or lattice spacing that can
be measured. For our measurements with a Si drift detector
(max = 20 keV) with 26 = 32.098°, the range of d is limited
to 1.12-4.48 A,

e Decrease in the lattice spacing resolution: Using the modified
Bragg’s law, we can estimate the error in the lattice spac-
ing”” as 8d/d = 0.002. This error consists of two parts: one
from the energy resolution of the detector and the other
from the angular divergence of the outgoing x-ray beam.
The energy resolution is fixed, but given sufficient flux, the
angular divergence can be improved with collimation of the
outgoing x rays.

o Varying probing depth: The probing depth, or penetration
depth of the x rays, is dependent on the energy of the x rays
and the mass adsorption coefficient of the sample through
the Lambert-Beer law. For any sample, given its density and
energy of each XRF emission/scattering peak, the probing
depth can vary by several microns. For example, if a pure Cr
sample with Ky emission at 5.4 keV is considered,”® then the
attenuation length of the x rays would be (given our exper-
imental setup) 8.8 ym.”” However, in the case of a pure Cu
sample with Ky emission at 8.0 keV,”® the attenuation length
of the x rays would be 11.8 ym.”’

The last disadvantage leads to a unique issue with the measure-
ment of the depth-dependent compositional change in the sample.
Upon synchrotron white-light illumination, the total flux of pho-
tons that could cause XRF emissions can differ depending on their
respective energy. The majority of the incident light on the sam-
ple will have a much higher energy than required for fluorescence
emission and will penetrate deep into the sample. However, the char-
acteristic emission from the interior of the sample may not make
it all the way out of the sample depending on the mass absorption
coefficient. Each emission will be attenuated differently.

The intrinsic photon energy spectrum from the synchrotron
insertion device is modified through interactions with anything
between the synchrotron and the sample, such as collimators, fil-
ters, windows, and any air in between the beamline and sample as
illustrated in Fig. 1 (red line). A simulation of the incoming pho-
ton flux from the CAMD synchrotron at the wavelength-shifter x
ray diffraction (WXRD) beamline is shown in Fig. 1 (black line).
This spectrum was generated using the software x-ray oriented pro-
grams (XOP),” using the appropriate filters (for x-ray absorbers) for
our experimental setup, which consisted of a 0.3 mm Be window, a
0.3 mm Al window, and a 150 mm air gap (N3). This representation
also considers the operating parameters for the wavelength shifter’!
spectrum during our experiments, which were a magnetic field of
6.5 T and a beam energy of 1.1 GeV.

Despite this classification of the incoming spectrum, it does
not fully account for all the issues related to XRF elemental quan-
tification. Additional effects can alter the intensity of measured
XRF emissions, including extra x-ray absorbers beyond the sample
and secondary excitations from other components’ XRF emissions.
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FIG. 1. Energy spectrum of x rays exiting the CAMD beamline operating at 6.5 T
with a beam energy of 1.1 GeV. The black line represents the overall x-ray spectra,
and the red line represents the spectrum after filters (for x-ray absorbers).

However, precise quantification is primarily limited by the density-
dependent attenuation length of the x-ray emissions. Since density is
determined by composition, a comparison with known standards is
necessary to determine the appropriate correction factors for accu-
rate quantification. A comprehensive analysis of these factors and
comparison with well-established standards is beyond the current
scope of this study. Nonetheless, these factors are not temperature
dependent. This means that the relative change in the XRF inten-
sity as a function of temperature can indicate compositional changes
in the near-surface region (<15 ym). This requires normalizing the
spectrum for factors affecting intensity between measurements, such
as synchrotron beam current and acquisition time.

Finally, the thermophysical property measurements afforded
by this technique allow for the ability to bring a sample all the way
to its melting point, while probing the sample’s density, thermal
expansion,” and surface tension'' simultaneously with structural
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measurements. These results can be critical for implementation in
AM applications.””’

Ill. EXPERIMENTAL SETUP

Our experimental setup combined the advantages of ED-XRD
with the additional benefits of container-less processing, specifically
with the use of ESL. This combination allowed us to collect ther-
mophysical property data and process samples with a significant
reduction in background signal and artifacts. In addition, no inter-
facial interactions with a holder were possible, since the sample was
under vacuum (~10~7 Torr) and not in any physical contact with any
other materials while being heated.

A schematic of our ED-XRD experimental setup is shown in
Fig. 2(a). The vacuum chamber was connected to CAMD’s WXRD
wavelength shifter beamline, providing white light out of the beam-
line with an energy spectrum as shown in Fig. 1. The CAMD
synchrotron and ESL chamber were separate vacuum systems, with
a small (150 mm) air gap between them. The end of the CAMD
beamline was sealed with an Al window (0.3 mm thick).

Prior to entering the chamber, the white light passed through a
4-jaw slit to cut the beam down to ~3 x 3 mm?. With the synchrotron
source located 21 m away, this resulted in a horizontal angular
divergence of 0.14 mrad. The light then passed through a beryl-
lium window (0.3 mm thick) before interacting with the levitated
sample in the center of the ESL chamber. All XRF emissions and
elastically scattered x rays [Eq. (1)], within the limited d-range, are
measured at a fixed angle of 32.098° after passing through another
beryllium exit window. Collimated through a combination of slits, a

KETEK  AXAS-MI Si drift detector, which is sensitive to energies
up to 20 keV, was used. This collimation was achieved by two meth-
ods: a horizontally oriented 2-jaw slit that reduced the beam down
to ~1.5 mm in height and a vertically oriented series of twenty par-
allel tungsten sheets spaced about 0.5 mm apart. By measuring the
x ray scattering and fluorescence from pure element samples of Ti,
Cr, Fe, Co, Ni, and Zr at room temperature (RT ~25 °C), the detector

FIG. 2. (a) Schematic of the ED-XRD setup as connected at the CAMD synchrotron. (b) Image of the ESL chamber as installed at the WXRD beamline at CAMD.
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energy and angle were calibrated as described in the supplementary
material.

All samples were spherical metal beads, about 2 mm in dia-
meter. These samples were electrostatically levitated using a set of
dynamically controlled electrodes as described by Rulison et al.™
and others.'”* The capabilities of MSFC’s ESL system are described
in detail elsewhere,'” but some slight distinctions should be noted.
The charge compensation for the levitated sample, which is pri-
marily provided by a UV source, is supplemented by x rays from
the synchrotron, providing additional charge via the photoelectric
effect. This could cause a destabilizing effect when the sample was
initially launched into the electrostatic field but did not affect the
samples’ stability afterward. The ionization actually improved the
stability of some samples, which were only able to be levitated to
the melting point with the synchrotron radiation. During measure-
ments, samples would rotate due to fluctuations in surface charge,
but the sample’s position remained fixed (within 100 ym) in the ~3
x 3 mm” area of incoming xrays. Once levitated, the sample could
be heated with a 600 W 810 nm diode laser, and the temperature
was monitored using an Impac IGA 140 optical pyrometer (300° to
2000 °C). Each measurement was taken once the sample had reached
a stable temperature and position, with data recorded over a period
of 180 s.

The samples, exposed to polychromatic light from the syn-
chrotron, generated x ray scattering and XRF emissions, which
provided structural and compositional information. Each sample
was measured at a variety of temperatures from room temperature
(RT, ~25°C) to near its predicted melting point. In some cases, sam-
ples were measured at their melting point. All reported values of
temperature were determined by averaging the temperature values
recorded by the optical pyrometer during the time of measurement.
It should be noted that evaporative losses due to preferential sur-
face sublimation in ESL processing at high temperatures can be
a significant factor’’* when dealing with multi-component alloys
such as those presented here. In particular, certain thermophysi-
cal properties, for example surface tension, depend critically on the
composition of the near-surface region.

These samples were made by mixing the desired concentrations
of pure powders (99.99%) and arc-melting in an argon atmosphere
on a water-cooled copper hearth with a tungsten electrode. The
larger ingot was turned over several times and re-melted to ensure
a homogeneous sample. A small piece was then cut off from the
larger ingot, which was then arc-melted again to form a small
(~2 mm) spherical metal bead, which is typical for processing in ESL
applications.

In addition to structural and compositional scans, samples
that were able to achieve a full melt cycle were processed for high
temperature density measurements and thermal data. This was per-
formed through the utilization of an ultrahigh speed camera and
a radiation pyrometer, which are normal components of MSFC’s
ESL processing. In this case, when combined and synced through
software analysis, these instruments allow for the determination of
a material’s temperature dependent density up to and through a
material’s liquidus, including superheated and undercooled regions.
The measurements are performed by triggering a video of the sam-
ple in its levitated state once molten at a frame rate of 1000 fps.
Upon triggering, the heating power supplied via laser is removed,
and the sample is allowed to cool. This allows for the collection of the

ARTICLE pubs.aip.org/aip/rsi

sample’s change in diameter in pixels with respect to temperature as
well as generating a temperature curve for the identification of lig-
uidus, solidus, and undercooling potential. A video of a machined
calibration sphere collected preprocess and the post-image analy-
sis software allow for the conversion of the digital image into a
measurement of the sample’s 2D area and diameter in mm and
therefore can produce usable volume measurements. Assuming a
linear rate of material evaporation, pre- and post-processing mass
values and volume measurements can be used in a general den-
sity formula to produce temperature dependent density relations
throughout a sample’s cooling cycle. The ability to generate these
data simultaneously further emphasizes the novelty of this method.

IV. PRELIMINARY RESULTS

As a proof-of-concept for measuring phase transitions, we con-
ducted scattering experiments on a well-known alloy, Ti-6Al-4V,
which has been studied by other groups’”* for AM applications.
According to CALculation of PHAse Diagram (CALPHAD) meth-
ods* and literature,'”"' Ti-6A1-4V forms a hexagonal-close-packed
(hcp) structure at RT, undergoes a martensitic phase transition
to body-centered cubic (bcc) around 800 °C, and fully transitions
at ~1000°C. A 2 mm sample of Ti-6A1-4V was loaded into the
ESL chamber, and measurements were taken at regular tempera-
ture increments. In Fig. 3, this structural phase transition is clearly
revealed. At RT [Fig. 3(a), black line], the sample exhibits the
expected single-phase hcp crystal structure. This structure persists
until 959 °C (blue line), where the sample shows the predicted mix
of hep + bec phases. Eventually, at 1002 °C (red line), all traces of an
hcp structure are attenuated and the spectra are dominated by the
scattering of a pure bcc structural phase.

In addition to Ti-6Al-4V, we conducted measurements of sev-
eral 3D transition metal alloys, including Nis;CusCrs from RT
to 1389 °C. Ni- and Cu-based alloys have recently garnered inter-
est for AM due to their excellent electrochemical and mechanical
properties, as well as their applications in aerospace, oil, and gas
industries.””"” This particular composition was chosen because it
best illustrates the capabilities of this technique. The results of these
measurements are shown in Fig. 4. Figure 4(a) shows the character-
istic Kq and Kp emissions from Cr (5.4 and 5.9 keV), Ni (7.5 and
8.3 keV), and Cu (8.0 and 8.9 keV).”® By integrating the contribu-
tions from each of these emission lines, we compared the elemental
composition in the near-surface region (3-13 ym).”” As mentioned
before, it is only possible to quantify the relative change in compo-
sition as a function of temperature. After heating the sample, the
relative intensity of the Cu XRF peaks decreased rapidly around
1100 °C [Fig. 4(a), top inset]. This decrease is understood to be pri-
marily due to the much higher vapor pressure of Cu,** as compared
to Ni,”” resulting in a preferential evaporative loss from the near-
surface region (probing depth) when approaching the melting point.
This indicates that the sample is not compositionally stable in the
near-surface region upon heating and melting.

This alloy forms a face-centered-cubic (fcc) structure
[Fig. 4(b)], with the first three diffraction peaks labeled (111), (200),
and (220) persisting up to 1389 °C. By fitting these three peaks for
each temperature (as explained in the supplementary material),
we can determine the average lattice constant [Fig. 4(c)]. This
lattice constant increases as expected under thermal expansion
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until 1100 °C, at which point it starts to decrease. From a Vegard’s
law'®"” perspective, this is unsurprising. While Vegard’s law does
not generally apply very well to ternary systems,"" the decrease in
lattice constant happens at the same point as the decrease in Cu
concentration [Fig. 4(a)]. Since pure Cu has a larger lattice constant
(3.6149 A)* than Ni (3.524 A),” this is to be expected.

After performing these ED-XRD measurements, energy-
dispersive x-ray spectroscopy (EDS) measurements were performed
using a FEI Quanta 3D FEG Dual Beam FIB-SEM at the Shared
Instrumentation Facility at Louisiana State University. Prior to EDS
measurements, the sample was sanded and polished to half its dia-
meter. EDS elemental quantification was performed ina 15 x 15 ym?
area within 5-10 ym of the edge, in a 15 x 15 ym? area in the
center of the sample, and across the entire 2 mm diameter. The
compositions measured through EDS in all three regions did not dif-
fer significantly, so the reported compositions are results from the
entire cross section (2 mm diameter) of the sample. This revealed
(Fig. 4, bottom inset) a change in composition from Nis; CuysCrs to
Nis7.9Cus6.7Crs.4, consistent with the decrease in Cu concentration
observed in XRF.

In addition to compositional scan data produced for 3D transi-
tional metal alloys, high temperature density and thermal cycle data
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FIG. 5. (a) Melt profile from a typical ESL process displaying temperature charac-
teristics, including the liquidus and solidus, respectively, of the sample processed.
(b) Density vs temperature trends of the Nis;CussCrs alloy in the solid and liquid
regions of the material with respective characteristic uncertainties and equations
noted.
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were taken for the Nis;CuyCrs alloy. This resulted in the devel-
opment of equations that characterize the relationship between the
density of the material and temperature of the sample in regions
above 1100 °C. The results from these data as well as a representa-
tion of the temperature of the sample through a melt cycle are shown
in Fig. 5.

In Fig. 5(a), the melt cycle presented has three distinct loca-
tions of interest being the beginning and exit temperatures of the
melt plateau of the material and the degree at which the material
undercooled. For the Nis; CussCrs sample that was tested here, the
respective solidus and liquidus temperatures were found to be 1455
and 1536 °C. The degree of undercooling was assessed by examining
the range of temperature where the sample was still liquid, which
was down to 1504 °C. Staying above the solidus, this shows a low
potential for undercooling with this material in terms of material
density. Figure 5(b) displays the density trend developed from 8950
sampling points within the liquid and solid regions of the material
from 1100 to 1687 °C. These trends are accompanied by charac-
teristic equations that define the relationship between density and
temperature over each respective region. Both equations hold a
similar slope, showing the same potential for the expansion of the
material at elevated temperatures both above and below the phase
transitional zone. In addition, the material exhibited characteris-
tics that show a low potential for rapid material shrinkage, which
is often associated with cracking during rapid solidification pro-
cesses. The main characteristic that points to this implication is the
decreased range in between the solid and liquid densities at only a
0.8% difference in value at the solidification temperature.

V. CONCLUSION

In conclusion, we have demonstrated a unique technique that
offers significant advantages over a typical AD-XRD setup. By
employing an energy-dispersive method for diffraction, many of the
disadvantages associated with AD-XRD are eliminated. ED-XRD
enables much quicker acquisition times while maintaining a stable
experimental setup. This stability facilitates the introduction of novel
interaction methods with the sample, such as laser heating and elec-
trostatic levitation. ESL allows us to contain the sample in a vacuum
environment without any physical contact, thereby avoiding addi-
tional background signal or interfacial interactions with the sample
when it is heated.

With this energy-dispersive setup, we can simultaneously
determine the structural and compositional stability of a metal alloy
at high temperatures. We have demonstrated the capabilities of this
experimental setup by observing the martensitic phase transition
in Ti-6Al-4V. In addition, we have demonstrated the structural
stability alongside the compositional instability of the novel alloy
Nis; CuysCrs as well as its density measurement. As new complex
concentrated alloys with unique properties are developed for AM
processes, this experimental setup can provide valuable insights
into the composition—-processing-structure-properties of these
alloys.

SUPPLEMENTARY MATERIAL

The supplementary material includes details on the energy and
angle calibration procedures and fitting programs used to obtain
lattice spacing measurements.
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