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Abstract: Accurate phase fraction analysis is an essential element of the microstructural characteri-
zation of alloys and often serves as a basis to quantify effects such as heat treatment or mechanical
deformation. Additive manufacturing (AM) of metals, due to the intrinsic nonequilibrium solidi-
fication and spatial variability, creates additional challenges for the proper quantification of phase
fraction. Such challenges are exacerbated when the alloy itself is prone to deformation-induced phase
transformation. Using commonly available in-house X-ray diffraction (XRD) and electron backscatter
diffraction (EBSD) and less commonly used synchrotron-based high-energy X-ray diffraction, we
characterized nitrogen-atomized 17-4 precipitation-hardening martensitic stainless steel, a class of
AM alloy that has received broad attention within the AM research community. On the same build,
our measurements recovered the entire range of reported values on the austenite phase fractions
of as-built AM 17-4 in literature, from ~100% martensite to ~100% austenite. Aided by Calphad
simulation, our experimental findings established that our as-built AM 17-4 is almost fully austenitic
and that in-house XRD and EBSD measurements are subject to significant uncertainties created by the
specimen’s surface finish. Hence, measurements made using these techniques must be understood
in their correct context. Our results carry significant implications, not only to AM 17-4 but also
to AM alloys that are susceptible to deformation-induced structure transformation and suggest
that characterizations with less accessible but bulk sensitive techniques such as synchrotron-based
high energy X-ray diffraction or neutron diffraction may be required for proper understanding of
these materials.

Keywords: additive manufacturing; 17-4 steel; phase fraction; X-ray diffraction; electron backscatter
diffraction; CALPHAD; laser-powder bed fusion

1. Introduction

Additive manufacturing (AM) of metals represents a suite of emerging manufactur-
ing technologies that allow fabrication of parts with complex shapes and geometries in
a single manufacturing step [1]. AM is an extension of the digital transformation in the
manufacturing domain and leads to many exciting innovations that promise to deliver new
and cost-effective products to their customers, both faster and with better performance.
Compared with conventional metallurgical manufacturing approaches, which are usually
based on equilibrium or near-equilibrium solidification, AM relies on nonequilibrium solid-
ification [2]. This characteristic of AM processing, in turn, is often regarded as the dominant
factor that determines the microstructure of AM parts. Our limited understanding of the
processing (solidification)-structure—property relationship presents a major hurdle to the
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qualification and certification of high-value added AM parts for various industrial sectors,
such as defense and aerospace [3,4].

A fundamental element of the microstructural characterization of alloys is their phase
composition and distribution. This is essential to many aspects of metallurgical science,
including development of new alloys, optimization of alloy fabrication technologies, and
design and control of heat treatment protocols, aimed at the desired mechanical, physical,
and chemical properties. Accurate assessment of the phases also influences alloy perfor-
mance predictability in applications [5]. Previous studies have clearly demonstrated that,
for many types of AM alloys, even when the starting feedstock materials have the correct
composition and phases, due to the rapid solidification ubiquitous to AM, the as-built part
can have either unexpected phases [6-9] or unexpected elemental distribution that can
lead to unforeseen solid-state transformation during post processing [10-14]. Because of
these reasons, we must understand the effect of nonequilibrium solidification on the phase
landscape of AM parts in their as-built states, which, in turn, forms a basis of the numerical
models that pursue optimization strategies for fabrication and post-processing, a crucial
component for the advancement of AM technologies due to their vast parameter space.

X-ray or electron-based diffraction methods are the most common phase characteriza-
tion techniques due to their wide availability. Data acquired using these techniques are
routinely part of published research of AM alloys. For some AM alloys, particularly those
that are subject to deformation-induced phase transformations or those whose processing
conditions lead to large compositional variations, the variability of the reported values can
be confusing. In this work, we will present an in-depth phase-fraction analysis using com-
monly available characterization techniques such as in-house XRD and EBSD to evaluate
their impact on the measured values and discuss the degree of uncertainty of the results.

We use 17-4 martensitic precipitation-hardening (PH) stainless steel (SS) as an example
to demonstrate and explain the variation in measured phase fractions. Most steels are highly
weldable, which makes them prime candidates for AM processing. In fact, steel represents
the most widely used class of AM alloys. Stainless steels, due to their many benefits, such
as corrosion, fire, heat, and impact resistance, and long-term value, occupy nearly half of
the AM steel market share [15]. The 17-4 PH SS has one of the highest tensile strengths of
SS and, due to its high chromium content, attractiveness for applications requiring high
strength, high hardness, and good corrosion resistance. Because of these reasons, 17-4 PH
is perhaps the most studied precipitation-hardening stainless steels by the AM research
community so far. Notably, while 17-4 PH is designed as a martensitic steel and wrought
17-4 PH is almost 100% martensitic, a large variation in the reported phase fractions
of as-built materials exists in literature. To gain insight and address this variation, we
performed a controlled and systematic investigation using different analytical techniques
and interrogated the consistency of the orthogonally acquired experimental values. We will
also present a thermodynamic modeling effort to substantiate our experimental findings.

2. Materials and Methods
2.1. Materials

We acquired Njp-atomized 17-4 powders (Stainless Steel GP1) from EOS (Electro-
Optical Systems. (Certain commercial equipment, instruments, software, or materials
are identified in this paper to foster understanding. Such identification does not imply
recommendation or endorsement by the Department of Commerce or the National Institute
of Standards and Technology, nor does it imply that the materials or equipment identified
are necessarily the best available for the purpose.) Cubes of approximate dimensions of
15 mm x 15 mm x 15 mm were fabricated on an EOS M270 laser powder-bed fusion
system. We used an Nd:YAG laser source with an estimated spot size of 50 um. The source
approximately follows a Gaussian shape power distribution. The laser power was set at
195 W. The scanning speed was 800 mm/s and the hatch distance was 100 pm. Using
these standard processing parameters recommended by EOS, we built each layer with an
approximate layer height at 20 pm. The height of each layer was approximately 20 um. Nj
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with an approximate oxygen level of 0.5% was used as shielding gas during the build. The
cube was removed from the substrate using wire-cut electrical discharge machining without
a stress-relief heat treatment. The composition of the as-built 17-4 cube was determined
using standard chemical analysis, following standards specified by ISO/IEC 17025:2005.
These values are reported in Table 1.

Table 1. Measured composition of 17-4 powders used in this work and the allowable range of
composition in mass fraction.

Element Additive 17-4 Standard Range
(Mass Fraction in Percentage) (Mass Fraction in Percentage)

Fe Balance Balance

Cr 15.72 15.00-17.50
Ni 4.81 3.00-5.00
Cu 3.74 3.00-5.00
Nb 0.27 0.15-0.45
Mn 0.67 1.00 max
Mo 0.11 -

Si 0.80 1.00 max

C 0.03 0.07 max

S 0.01 0.030 max

P 0.02 0.040 max

N 0.12 -

2.2. Electron Backscatter Diffraction Measurements

We performed electron backscatter diffraction (EBSD) measurements on the as-built
AM 17-4 part to identify and determine the distribution of available phases and their
fractions. We used an EOL S-7100F (JEOL, Ltd., Akishima, Tokyo, Japan) field emission
scanning electron microscopy (SEM) equipped with Oxford NordlysMax2 EBSD detectors,
allowing microstructural aspects such as grain morphology, texture, and crystallographic
mapping to be explored. We operated the SEM at an accelerating voltage of 20 kV and a
beam current of ~ 10 nA to minimize the acquisition time and enhance the EBSD resolution.
The EBSD data were acquired with a step size of 0.1 pum and 2 x 2 binning.

To examine the effect of surface finish on EBSD results, we performed measurements
on two surfaces. The first surface was prepared by mechanical polishing to 1 pm roughness,
followed by a 16 h vibratory polishing with non-colloidal silica of nominal size of 50 nm.
The second surface was prepared following the same protocol as the first surface, after
which the surface was subject to a two-step ion milling procedure: (1) 30 min at 400 V, 7 mA
and (2) 40 min at 200 V, 2 mA. The goal of the ion milling steps is to remove near-surface
materials to reveal the buried sample underlayer.

2.3. In-House X-ray Diffraction Measurement with a Cu Source

We performed a comprehensive study to evaluate the effect of surface finish on the
X-ray diffraction (XRD) analysis of phase fraction. We conducted in-house XRD measure-
ments using a Bruker D8 Advance diffractometer (Bruker AXS, Inc., Billerica, MA, USA)
equipped with an EIGER2 R 500K (Dectris, Inc., Baden, Switzerland) single-photon-
counting detector (we will refer to this type of XRD measurements as in-house mea-
surements hereinafter). The monochromatic X-ray wavelength was 1.5418 A from the
Cu Ka radiation. The XRD scans were focused on a 2 6 range from 10° to 100°, which
covers the main diffraction peaks of the martensite and austenite, two phases known to
exist in as-built AM 17-4. XRD data were acquired in the Bragg—Brentano (reflection)
geometry. Data reduction was conducted using Bruker DIFFRAC.EVA version 5.0 software
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and XRD analyses were performed using the Irena package [16] developed on Igor Pro and
GSAS-II [17].

We evaluated three surface finishes on the same as-built 17-4 part to cover a spectrum
of sample conditions commonly used in XRD characterization of AM 17-4. The first was
the as-cut surface. We cut the 17-4 cube using a TechCut Precision Sectioning Machine
equipped with an Al,O3 blade, operating at 3000 RPM. Measurements were made directly
on the as-cut surface. The second surface finish was achieved by sanding the as-cut surface
with 800 grit sandpaper until scratches, streaks, or other imperfections were not visibly
observed. The third surface was achieved by removing 200 um material from the 2nd
surface, sanding with 800 and 2000 grit sandpapers, followed by a 16 h vibratory polishing
with non-colloidal silica (referred to as finely polished hereinafter).

2.4. High-Energy X-ray Diffraction Measurements with a Synchrotron Source

In order to evaluate the bulk phase fraction of the as-built 17-4 alloy, we performed
high-energy X-ray diffraction (HEXRD) measurements at 11-ID-B of the Advanced Photon
Source, Argonne National Laboratory [18]. The synchrotron HEXRD measurements, unlike
in-house XRD measurements above, were conducted in the transmission mode. The X-ray
wavelength is 0.2113 A, which corresponds to an X-ray energy of 58.68 keV. The X-ray flux
density is on the order of 10! photon-mm~2-s~1. X-ray beam size was 300 pm x 300 um.
The standard Perkins-Almer 2D area detector was at the beamline and the sample to
detector distance was 750 mm; this setup allows a continuous g range from 0.25 A~ to
7.75 A=1, where g =2n/A x sin (0), with 6 being one half of the diffraction angle 2 6
and A being the X-ray wavelength. The instrument was calibrated with the NIST ceria
dioxide standard reference material (674b) for X-ray diffraction [19]. A total of 10 XRD
measurements were acquired with an acquisition time of 1 s each. The reported data are
the sum of 10 XRD measurements.

The HEXRD specimen was cut from the same piece of as-built 17-4 used for in-house
XRD measurements. The specimen was ~1 mm in thickness. The surfaces of this HEXRD
specimen were polished on both sides using 800 grit sandpaper.

2.5. Calphad Modeling

To evaluate the micro-segregation during solidification, we performed Calphad model-
ing using commercial software Thermo-Calc and DICTRA [20]. The solidification behavior
was modelled using equilibrium solidification, the Scheil-Gilliver model [21], and DICTRA
at different cooling rates. In the DICTRA simulations, local equilibrium was assumed at
the interface between different phases and flux balance was maintained for each element.
We excluded the effects of dendritic tip diffusion, and the conducted simulations are one di-
mensional. We used commercial thermodynamic database TCFE7 for these calculations [22]
and assumed one half of the interdendritic distance at 200 nm. To increase computational
speed, we used a reduced composition for these simulations, where Mn, Si, Nb, Mo, C, P,
and S are neglected.

3. Results and Discussions

Phase and phase fraction analysis is a critical component of metal research and es-
sential to the construction of the structure—property relationship. For AM alloys where
post-build treatment is often required to eliminate undesired microstructural features
such as unwanted phases [23], elemental micro-segregations [10], and microstructural
anisotropy [24], or to take advantage of the alloy design and enhance the alloy perfor-
mance [25], an accurate understanding of the as-built phase landscape serves as the starting
point for the design of such post-build treatments. The reported values for many alloys,
however, show significant variations. An example for 17-4 PH SS, which is extracted from
an incomplete set of existing data [7,26-33], is shown in Figure 1.
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Figure 1. An incomplete set of phase fraction of retained austenite in as-built 17-4 steel, identified
in literature. The measurement technique is specified by the symbols on the top of the individual
columns. XRD stands for XRD results acquired using in-house X-ray diffractometer. SEM results are
acquired from EBSD. ND stands for neutron diffraction.

Figure 1 shows a wide range of the reported retained austenite fraction of as-built
17-4 PH, from ~35% to nearly 100%. Most of the reported values were acquired using
in-house XRD instruments with Cu or Mo X-ray sources. Other techniques that were
used to acquire these values include SEM (EBSD) and neutron diffraction (ND). While it is
tempting to attribute this level of variation to the complexity intrinsic to metal additive
manufacturing, it is worth noting that a number of these studies [28-33] used the same
grade powders (GP1) from the same powder vendor (EOS) and the AM parts were fabri-
cated on EOS laser-powder bed fusion systems using their specified GP1 parameter sets.
While geometrical shape may affect local cooling rates and batch differences of the starting
powders cannot be ruled out, a variation of phase fraction to this extent is unexpected and
can make eventual part qualification and certification challenging. It poses an important
question, is there anything deeper to these reported values?

To answer this question, we designed a study that builds around the same AM 17-4
part and systematically investigated its phase composition and fraction. For the XRD
measurements, we sought to capture the position-dependent phase fractions and lattice
constants. The schematic of the measurement setup is shown in Figure 2. We chose a
5 x 5 grid on the surface of the specimen. The mesh spacing along both directions is 3 mm.
With a collimated beam size of 1 mm, this reduces the possible overlap of the probed
sample volumes between measurements of two neighboring positions. The diffraction
pattern was captured on a 2D area detector. The single-photon-counting nature of the
detector, when coupled with long counting time, provides the low noise required for
quantitative comparison.
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X-ray beam
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Figure 2. Schematic of the in-house X-ray measurements performed in this study. XRD measurements were conducted with
a Bragg—Brentano geometry. A collimated beam with 1 mm beam size was used. XRD data were acquired using an area
detector. XRD patterns were acquired at 25 sample positions located on a 5 x 5 grid, as highlighted by the map above.

Figure 3 shows a waterfall plot of 25 sets of in-house XRD data of the as-built 17-4
sample with a finely polished surface. For clarity, only data over a g range between 2.7 A~1
and 3.4 A~1 are shown. XRD data in this g range include the two most intense peaks
from austenite and martensite phases, namely, face-centered cubic (FCC, austenite) {111}
peak and body-centered cubic (BCC, martensite) {110} peak, as highlighted by the inset.
It is worth noting that while martensite is expected to have a body-centered tetragonal
structure, the tetragonality is known to be very close to one for this class of AM martensitic
steels [31,34], making it impossible to distinguish between BCC and BCT.

The XRD datasets over the entire measured g range can be described by a combination
of BCC and FCC lattices. Hence, two conclusions can be drawn immediately. The first
is that the as-built AM 17-4 appears to consist only of martensite and austenite phases,
consistent with most of the existing results shown in Figure 1. The second is that the
phase fraction of austenite or martensite appears to be location-dependent and significant
variation exists, judging by the 25 sets of XRD data alone.

To evaluate the position dependence of the lattice constants and phase fractions of the
austenite and martensite phases, we performed a quantitative analysis and calculated the
diffraction intensity of a given peak following [35]

I0A° 5 M)
Iniye = ;= 7‘Fhkl
(kD = ggzrrey2 | (ke

2 <1 + cos®(26)cos*(26p) > Ou ¢y

sin*0cosd

DA
ki Ms

where « refers to a specific phase, Ikl represents the Miller indices of a given reflection, Ij is
the incident beam intensity, r is the sample to detector distance, A is the wavelength, 7, is
the classical electron radius, ys is the sample’s linear attenuation coefficient, v, = volume
fraction of phase &, M) is the multiplicity for reflection hkl, V, is the volume of the
unit cell of phase a, the fraction in parentheses represents the Lorentz and polarization
corrections, 26 is the diffraction angle, 26, is the monochromator diffraction angle, and
Fnki)a 1s the structure factor for reflection hkl.
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Figure 3. Spatially resolved, in-house XRD data of as-built 17-4 sample with a finely polished surface. For clarity, only the
data within a g range of 2.7 A~1 and 3.4 A~ are shown. The inset shows the indexing of these two peaks as FCC {111} and

BCC {110}, respectively.

For a system that contains two phases (austenite, v and martensite, m), we have
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Thus, after determining the lattice constants, peak positions in 26, and peak integrated
intensities, we can calculate M), V, Fi) and use these parameters to determine the
phase fractions.

We focused on the austenite {111} peak and martensite {110} peak for the peak fraction
analysis. The reasons are two-fold. First, these two peaks are the most intensive peaks for
their respective phases. Second, and more importantly, the diffraction angles of these two
peaks are very close (only 1° apart in 20 with Cu K« radiation), which means that they are
probing an almost identical sample volume, for reasons that will be stated in more detail
later in this work. The parameters used for phase fraction analysis are listed in Table 2. The
lattice parameters were determined using GSAS-II and the integrated peak intensity was
automatically determined in batch mode using Irena.

Figure 4a—c shows the position-dependent austenite lattice parameter, martensite
lattice parameter, and austenite phase fraction for the finely polished sample, respectively.
Significant variations in all three sets of values are observed. Phase fraction of austenite, the
main topic of this work, was found to be in a range of ~ 12% to ~ 45%Moreover, the lattice
parameters of these two phases appear to be closely correlated. In other words, at the mea-
surement positions where martensite lattice parameter is high, austenite lattice parameter
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is likely high. A statistical analysis shows martensite lattice parameter is (2.880 + 0.002) A
and the austenite lattice parameter is (3.598 4 0.002) A. Here and hereafter, the uncertainty
represents one standard deviation. The range of variation, defined as (maximum lattice
parameter—-minimum lattice parameter)/average lattice parameter, is almost identical for
both martensite and austenite at 0.0047. Assuming a Young’s modulus at 200 GPa, with-
out considering compositional effect on the lattice parameter measurements, this result
suggests a maximum range of stress variation of 970 MPa among all the sample positions,
qualitatively in agreement with a recent investigation on cutting and polishing on surface
stress of 304 steels at ~740 MPa [36]. The results acquired on all sample conditions are
reported in Table 3.

Table 2. Parameters used to calculate the intensity normalization factors for austenite {111} peak and martensite {110}. The
meanings of the parameters are explained in the text associated with Equations (1) and (2).

T . 2 LP Intensity Normalization
2 3

h k 1 Multiplicity | Fyq | 26_Si(111) 20 V (A?) Factor Factor

Austenite 1 1 1 8 4642.1 28.44 43.51 46.64 11.85 202.3

Martensite 1 1 0 12 1132.6 28.44 44.55 23.73 11.23 2712

The average phase fractions of the same part with three different surface conditions
are shown in Figure 5. Data clearly indicate that, despite the same austenite phase fraction
being expected, the statistically meaningful results strongly depend on the surface finish.
The as-cut condition shows (63.3 4 7.7)% austenite, which more than doubles those frac-
tions acquired under 800 grit and finely polished conditions. While spatial heterogeneity
might be able to explain the variations among individual locations, statistically, these
differences are significant and show that in-house XRD is not a reliable method to provide
quantitative characterization of the austenite fraction in AM 17-4.

Similar conclusions can be drawn for EBSD, an orthogonal, yet commonly used
method to characterize phase fraction. The results acquired on two different sample
conditions are shown in Figure 6. In both cases, similar to in-house XRD, only martensite
and austenite were identified, with the blue region indicating martensite and the yellow
region indicating austenite. In Figure 6a, acquired with the sample prepared by polishing
alone, EBSD shows almost no presence of austenite (~0.05% based on area analysis).
On the same surface, with an additional two-step ion milling, EBSD under identical
measurement conditions shows an austenite level at 40.5%. Ion milling, through atom
sputtering, is known to facilitate sample preparation for EBSD measurements and allows
the microstructures buried beneath the very top surface layer, such as the Beilby layer, to be
observed [37,38]. The difference between these two sets of EBSD results, therefore, strongly
indicates the presence of a deformed layer after mechanical polishing.

EBSD and in-house XRD measurements, together, cover a broad range of austenite
fraction from 0.05% to ~76 % (maximum austenite fraction from 75 measurements). This,
while not completely reproducing the range of austenite phase fraction covered in Figure 1,
does show that common in-house measurements can lead to severe uncertainties. We note
that both EBSD and XRD measurements conducted in Bragg-Brentano geometry make
use of diffractions by crystallites near surface. This promotes a question—what is the bulk
behavior of the same material?

To answer this question, we conducted synchrotron-based HEXRD measurements. A
typical dataset is shown in Figure 7. On a linear scale, the acquired HEXRD data show
a perfect match with the stick pattern simulated with a Fm-3m symmetry and a lattice
constant of (3.5997 4 0.0004) A, hence, suggesting the material is (almost) fully austenite. A
careful inspection on a linear-log scale, however, shows that a small fraction of martensite
exists, as highlighted by the inset of Figure 7. A quantitative analysis of the HEXRD data
shows that austenite phase fraction is approximately 99.4%, in other words, consistent with
the neutron diffraction results by [33], the only bulk measurement shown in Figure 1.
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Figure 4. Location-specific (a): BCC (martensite) lattice parameter, (b): FCC (austenite) lattice parameter, and (c): austenite
fraction of the 17-4 sample with finely polished surface. The position indices are the same as specified in Figure 2.

Table 3. Statistical austenite lattice parameter, martensite lattice parameter, and austenite fraction
from in-house XRD measurements. The uncertainties are reported in one standard deviation.

. Austenite Lattice Martensite Lattice . .
Heading Parameter (A) Parameter (A) Austenite Fraction

As-cut 3.587 £ 0.003 2.871 £ 0.002 0.633 £ 0.077

800 grit 3.597 + 0.003 2.881 + 0.003 0.298 + 0.039

Finely polished 3.598 £ 0.002 2.880 £ 0.002 0.275 £ 0.080
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Figure 5. Retained austenite fractions analyzed using 25 sets of XRD data acquired from the same AM 17-4 part with three
different surface finishes. “As cut” refers to the unpolished surface after cut using a low-speed saw. “800 grit” refers to a
surface polished with an 800-grit sandpaper disc. “Fine polished” refers to a mirror-finish surface prepared following the
steps described in the paper. The uncertainties are reported in one standard deviation.

Figure 6. EBSD data on the same 17-4specimen with two different surface finishes. (a). Mechanical polish to 1 um, followed
by a 16 h vibratory polishing step using colloidal SiC. (b) The same polish steps as (a), followed by two ion mill steps. The
first step was 30 min at 400 V, 7 mA and the second step was 40 min at 200 V, 2 mA. In both (a,b), blue region indicates
martensite and yellow region indicates austenite.

An individual may wonder, for two pieces of AM 17-4 alloy cut from the same part,
using the same characterization technique (X-ray diffraction), why the results from in-house
measurements differ so much from HEXRD results. The answer, as inferred above, lies in
the diffraction geometry. This is explained in Figure 8.
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Figure 7. Synchrotron-based HEXRD of 1 mm thick as-built AM 17-4. The stick pattern was calculated with a Fm-3m
symmetry and a lattice constant of 3.5997 A. The inset shows the same XRD pattern, with the intensity on a logarithmic
scale to highlight the presence of very weak BCC peaks.

The sample volume probed by XRD in the Bragg—Brentano geometry, as in the case
of the typical in-house X-ray diffractometer, depends on the sample penetration because
of X-ray absorption. As an X-ray photon is absorbed by an atom, the excess energy
is transferred to an electron. This creates a photoelectric absorption process, which is
quantitatively described by a linear absorption coefficient. It is well known [39] that, for
an incident beam intensity of Iy, after transmitting a distance z in a material with linear
absorption coefficient y, the transmitted intensity becomes

I = Iyexp(—puz) 3)

In a reflection geometry, as depicted by the inset of Figure 8, for a diffraction angle of
20, and total X-ray travel distance z, the penetration depth d is simply

d= —ln(IIO>sin(9)/2y 4)

For simplicity, we calculated the linear transmission coefficient of Cu K« X-rays
(wavelength 1.5418 A) in Fe (density 7.874 g/cm®) at 2363 cm ™! using Irena [16]. Assuming
a 5% transmission (I/]), we calculated the diffraction angle-dependent penetration depth
for Cu K« X-rays. This is shown in Figure 8. There are two main conclusions which can
be drawn. First, Cu K& X-rays only penetrate the first few micrometers of the surface.
Therefore, the in-house X-ray results are strictly surface-sensitive. This conclusion is not
limited to Fe (steel). For metallic materials that contain a significant fraction of heavy
elements, most in-house X-ray diffractometers equipped with common X-ray sources, such
as Cu, Mo, and Co, only probe surface and near-surface crystal structures. Using the same
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X-ray source, in general, the denser the material, the less the penetration depth. Table 4
summarizes the calculated penetration depths at 5% penetration for Fe, Ni, Al, Co, and Cu,
for in-house XRD diffractometers using a Cu K« source in a Bragg—Brentano (reflection)
geometry. We found that for the {111} reflection of their respective diffraction patterns, the
penetration depths range from 2 pm to 38 pm, i.e., either on surface or near surface. Second,
XRD data at different diffraction angles are acquired from different sample volumes, due
to both different penetration depths and different incident X-ray footprints, which adds
additional complexity for quantitative analysis. This also explains why we focused on
austenite {111} and martensite {110} peaks for quantitative phase fraction analysis in this
study, as they are closely positioned and probe almost identical sample volume.

(0))

(&)
T
]

N

N

—

40 60 80 100

Penetration depth at 5% transmission (um)
w

I\)O
o

diffraction angle 26 (°)

Figure 8. Diffraction-angle dependent penetration depth of Cu K« X-rays in Fe. The absorption
threshold was set at 95 %. The schematic in the inset illustrates the Bragg—Brentano geometry. The
width of the beam indicates the number of X-ray photons transmitted.

Table 4. Calculated penetration depths at 5% penetration (I/1y, as in Equation (4)) for Fe, Ni, Al, Co, and Cu, for in-house

XRD diffractometers using a Cu K« source in a Bragg—Brentano (reflection) geometry. These values also serve as ballpark

guidance for Fe, Ni, Al, Co, and Cu alloys.

Density (g/cm®) Absorpt(ion Soefﬁcient FCC Lattice Parameter 20 Angle.for {0111} Penetration Depth
cm—1) (A) Reflection (°) (um)
Fe 7.9 2363 3.555 44.12 2.4
Ni 8.9 405 3.499 44.87 14.1
Al 2.7 129 4.046 38.54 38.3
Co 8.9 2863 3.544 44.27 2.0
Cu 9.0 436 3.597 43.58 12.8

Electrons, when compared with X-rays, have significantly less penetration power
because of electron’s much higher scattering cross-section. In steel, previous Monte Carlo
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simulations [40] and experimental work [41] have suggested that the EBSD’s penetration
depth is on the scale of 25 nm, i.e., two orders of magnitude lower than in-house XRD. This
makes EBSD even more surface-sensitive and explains the drastic differences observed in
this study on the same 17-4 mechanically polished surface before and after a two-step ion
milling treatment.

Our in-house XRD and EBSD results both firmly point to the role of surface finish
on the acquired phase fractions in as-built AM 17-4. The main purpose of polishing is to
remove surface irregularities and reduce surface roughness. However, it has been long
recognized that polishing can also introduce a surface layer with an altered microstruc-
ture [42-45]. New insight gained from electron microscopy and asperity-abrasive contact
further suggests that during polishing, repetitive sliding contacts allow the surface asper-
ities to undergo plastic flow and introduce plastic deformation in a thin (1 pm-10 pm)
layer at the top of an AM Ti-6Al-4V alloy surface [46]. In other words, normal polishing
methods create a deformation layer with a layer thickness that covers the penetration depth
of typical in-house XRD and EBSD for many types of alloys, and can lead to undesirable
repercussions for the measurement results.

This type of plastic deformation creates a challenge for phase fraction analysis of
alloys such as 17-4. The metastable austenite in 17-4 formed during AM processing is
known to be associated with a high stacking-fault probability with a stacking fault energy
on the scale of 15-20 mJ] m~2 [35]. Austenite with this type of thermodynamic instability
can transform to martensite during loading or deformation, because the applied stress
acts to provide the energy necessary to transform austenite to martensite at a temperature
above the martensite start temperature Ms. This resembles the strengthening mechanism
in typical TRIP (transformation-induced plasticity) steels [47,48]. In AM 17-4, deformation-
induced austenite-martensite transformation, including complete transformation, has been
reported [32,49]. This suggests that, polishing-induced, near-surface structural transfor-
mation from the metastable austenite to martensite creates a situation that makes reliable
phase-fraction determination using in-house XRD and EBSD measurements very difficult,
if not impossible.

Synchrotron-based HEXRD, on the other hand, was conducted in the transmission
geometry, where high energy X-ray was able to penetrate 1 mm thick steel due to its
much smaller absorption coefficient-X-ray absorption coefficient p is 2363 cm ™! at 8.04 keV
(CuKa) vs. 8.1 cm™! at 58.68 keV (the X-ray energy for the HEXRD measurements). The
HEXRD specimen, after cutting, was polished on both sides, which created the same
type of damage layers for HEXRD as for in-house XRD and EBSD. However, because the
sample volume that was subject to the deformation-induced transformation was relatively
small (damage fraction is on the scale of 2 x 10 um/1 mm = 0.02 or smaller), the impact
of this sample-preparation related uncertainty is therefore much less significant. This is
reflected in the 99.4% austenite volume fraction acquired from the HEXRD analysis, which
effectively suggests that the as-built AM 17-4 used in this study is close to being fully
austenitic. Interestingly, our HEXRD measurements on the virgin GP1 powder show an
austenite fraction of 0.797 (data not shown). This indicates that the solidification process
during build dictates the phase landscape of the as-built AM 17-4.

The 17-4 is designed as a martensitic steel, with an Ms temperature at ~130 °C [1,50].
Yet our results show that the as-built AM 17-4 is approximately 100% austenite. To rational-
ize this extreme difference, we conducted comprehensive modeling studies to understand
the solidification behavior and solid-state transformation of AM 17-4. Some of the results
are reported in Figure 9.

Figure 9a shows the solidification behavior of 17-4. A total of three different ap-
proaches were applied, namely, equilibrium solidification, Scheil solidification, and DIC-
TRA solidification. Equilibrium solidification followed the equilibrium phase diagram,
where solid state diffusion is complete. Scheil solidification assumes perfect mixing in the
liquid and ignores diffusion in the solid phase. DICTRA solidification considers diffusion
in the liquid and solid phases, which both contribute to mass redistribution, and therefore
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accounts for temperature-dependent elemental diffusion and partitioning and more closely
resembles the physical reality. The DICTRA simulation starts at a high temperature when
only the liquid phase is present, as cooling proceeds the two stable phases (FCC and BCC)
are introduced from the sides as per an eutectic reaction.” The solidified material during
AM is heated again as scanning proceeds, and this stepwise heating must be considered to
obtain a more realistic model. In this process, we assume cooling is conducted until the
material is fully solidified and undergoes a heating at 1 x 10° °C/s to account for a second
scan and its associated cooling thereafter. As the material is layered, heat is conducted to
the already solidified material. A third heating and cooling is also included during the
simulation, however at lower temperature as the heat conducted after the third layer is
less. This approach is similar to the thermal history reported previously [51].

1500
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5 | Equilibrium
¢ 1350 91 ——Scheil
o | —DICTRA 1E3°C/s
‘é 1300 B
= —DICTRA 1E4 °C/s
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Figure 9. (a) Temperature-dependent solidification profile for reduced composition of 17-4 using
equilibrium solidification, Scheil solidification, and DICTRA at different cooling rates. (b): elemental
distribution across dendritic arm spacing predicted by DICTRA at a cooling rate of 1 x 10% °C/s.

In DICTRA simulation, cooling rates from 1 x 103 °C/s to 2 x 10° °C/s were consid-
ered. These cooling rates are commonly encountered in directed energy deposition and
laser powder-bed fusion-based AM processing. It is clear from Figure 9a that, as expected,
equilibrium solidification and Scheil solidification represented the two extremes (theo-
retical limits), and the more physically reasonable DICTRA simulations fall in-between
because they use both thermodynamic and kinetic data for diffusion calculations. Predic-
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tion made by Scheil simulations, in particular, shows significant deviation from DICTRA
results, evidenced by the greater than 200 °C difference in fully solidified temperature.
This suggests that Scheil simulation, despite its simplicity and availability [52], may not
be a good approximation for the AM solidification process in 17-4. It is also evident that
the fully solidified temperature (where fraction solid = 1) is cooling rate dependent—the
higher the cooling rate, the lower the temperature.

To emulate the real AM processing condition, we adopted a 3-pass thermal history
similar to the one applied in Keller et al., which was determined by finite element analysis
and validated by thermographic measurements [51]. Assuming one half of the interden-
dritic distance of 200 nm, DICTRA simulation at a cooling rate of 1 x 10° °C/s predicted
a segregation profile, as shown in Figure 9b. An abrupt jump in the molar fraction of
Cr, Ni, and Cu was observed at ~175 nm. Interestingly, this prediction is consistent with
previous observations by Cheruvathur et al. [28] in as-built 17-4, where they reported that
Fe and Cr are enriched in the dendritic cores. Because these elements have a different
solubility in the FCC austenite phase and BCC ferrite phase, this suggests that high temper-
ature b ferrite may remain upon solidification, through a solidification-velocity dependent
competition between austenite and 0 ferrite [53]. Recent synchrotron-based high-speed
X-ray diffraction experiments that follow the solidification phase transformation sequence
from melt to room temperature convincingly demonstrate that the high-temperature 6
ferrite, once formed, can sustain to room temperature, albeit at a reduced phase fraction
at room temperature than at solidus [54]. We emphasize that the phase fraction indicated
by Figure 9b is qualitative as it represents only a line, instead of volumetric, profile. In
addition, further cooling leads shifts in Gibbs energy curves and fraction of FCC austenite
is expected to increase, hence serving to reduce the volume fraction of high-temperature &
ferrite even further (at this composition).

The as-solidified microstructure serves as a starting point for the solid-state transfor-
mation of as-built AM 17-4. It has been well established that nitrogen is highly effective
(20 x more effective than Ni) in stabilizing austenite and reducing the tendency for marten-
sitic transformation to lower temperatures [55]. In AM 17-4 literature, nitrogen stabilization
is also identified as the main mechanism for the reduction of the Ms in nitrogen atomized
17-4 [31]. Using the compositional profiles acquired in Figure 9b, we calculated the Cr-Ni
contour maps for the Ms with and without nitrogen. Our results, which will be reported
in detail elsewhere, show that a reduction in the Ms temperature by over 100 °C when
0.12% mass nitrogen is present and that the lath Ms is below 0 °C. This is consistent with
the experimental evidence that a quench to —40 °C is required to recover a nearly fully
(~95%) martensitic structure in nitrogen atomized 17-4 [31]. This significant reduction
in Ms, from another angle, corroborates our finding that our AM 17-4 is indeed almost
fully austenitic in its as-built state and that a bulk measurement technique is required to
quantitively characterize the phase fractions.

Previous works have suggested that for AM 17-4, post-build treatment can be effective
to recover the martensitic microstructure of wrought 17-4 [26,31]. While this is clearly
feasible, evidence used to support this argument is oftentimes obtained with surface-based
analytical techniques such as XRD with Cu or Mo source and SEM. With the uncertainties
associated with these approaches, as is clearly demonstrated in our results, we argue
that special attention must be given to establish the effectiveness of post-build treatment
protocols for AM 17-4 and similar alloys, so that the perceived martensitic structure after
post-build heat treatment is indeed the desired microstructure. For example, using Cu K«
X-ray, Lebrun et al. reported that a heat treatment (1040 °C for 30 min) followed by cooling
to room temperature completely transforms their 17-4 to 100% martensite, where the
martensitic start and finish temperatures were estimated at 100 °C and 32 °C, respectively.
Conversely, in a separate study, using synchrotron high-energy XRD, Lass et al. found
that a cooling step to —40 °C and lower, after heat treatment at elevated temperatures
(1150 °C for 1 h and 1050 °C for 30 min), is necessary to convert their AM 17-4 to a ~95%
martensitic structure, suggesting the martensitic finish temperature is well below room
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temperature. Such differences cannot be ignored, as the strength of 17-4 originates from
both the martensites and the Cu precipitates. Thus, the identification of the correct heat
treatment procedure that can truly recover the martensitic structure serves as the starting
point of an aging heat treatment that seeks to optimize the mechanical property of this
class of important AM alloy.

4. Conclusions

Phase fraction analysis is a routine element of microstructural analysis of AM alloys.
The 17-4 precipitation-hardening martensitic stainless steel, as an important class of AM
alloy, has received broad attention within the AM research community. The reported phase
fractions of as-built AM 17-4, however, show significant variation.

We conducted a careful study to understand this variation, making use of widely
available in-house XRD and EBSD and less accessible high-energy X-ray diffraction, as
well as Calphad modeling. Our in-house XRD measurements were conducted on the same
AM part with three different surface finishes. On each surface, we measured 25 sample
positions. The in-house XRD measurements show strong dependence on the measurement
positions. Statistically significant differences were identified on the austenite fractions
acquired on three surface finishes. Our results also suggest surface stress variation on the
scale of 900 MPa may exist on these samples. Similar results were acquired using EBSD
measurements, where a fully martensitic microstructure was observed on a mechanically
polished surface.

The bulk measurements conducted with high-energy X-ray diffraction tell a different
story. The as-built AM 17-4 specimen prepared using the same AM part consists of nearly
100% austenite, which is corroborated by our Calphad modeling results. Our analyses
show that for alloys with heavy elements, in-house XRD and EBSD are strictly surface
sensitive techniques with different degree of penetration power (in-house XRD using Cu
source, a few micrometers; EBSD, tens of nanometers). Hence, measurements made using
these techniques must be understood in their correct context.

Our results have significant implications because 17-4, as designed, is a martensitic
steel with superior strength. While it is known that retained austenite exists in AM as-built
17-4, it remains a collective goal in the AM steel community to either identify an effective
heat treatment procedures to recover the martensitic microstructure or optimize the alloy
composition and/or build parameters to achieve a martensitic structure in the as-built
state. In other words, a martensitic microstructure is required before the ageing step that
promotes the formation of Cu precipitates and further strengthening of the alloy can take
place. An accurate evaluation of the phase fraction is therefore crucial in determining the
efficacy of heat treatment procedures or composition and build-parameter optimization.

In a more general sense, our findings unequivocally demonstrate that, for AM alloys
that are prone to plastic deformation-induced structure transformation, careful consid-
eration of surface-sensitive characterization techniques such as in-house XRD or EBSD
must be given. Characterizations with less accessible but bulk sensitive techniques such as
synchrotron-based high energy X-ray diffraction or neutron diffraction may be required.
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