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understanding of the martensitic phase transformation as a function of 17-4 PH
powder feedstock and L-PBF route remains limited. We aim to fill this gap by
comparing builds from two processing routes with different powder feedstocks
and processing parameters. As-built and heat treated (1 h at 1040 °C followed
by water quenching) conditions are considered. We reveal the link between the
parent austenite grain size (PAGS) and the resulting martensite microstructure. A
detailed five-parameter characterization of interfaces shows that a smaller PAGS
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tional material science demonstrates the link between the processing parameters
and composition with microstructural variations and development. Our results
are broadly applicable to steel L-PBF, underpinning that refinement of martensite
will improve the grain boundary network and selection of desirable intervari-
ants. This is expected to impact material properties such as toughness, strength,
intergranular corrosion, cracking, slip, and the segregation of impurities.
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Introduction

Metal additive manufacturing (AM), while often
advertised for being able to easily make highly com-
plex geometrical features, still suffers from signifi-
cant uncertainties in microstructure and property
control [1-3]. There are numerous current efforts
toward understanding these microstructural varia-
tions and even developing the ability for site-specific
microstructural control [1, 4-8]. For laser powder
bed fusion (L-PBF), 17-4 precipitation hardened
(PH) stainless steel has been a material of interest
due to its attractive property profile including high
strength and toughness combined with excellent
corrosion resistance. 17-4 PH has numerous appli-
cations involving complex parts in aerospace, marine
environments, power generation, and the chemical
industries [9-13]. However, there have been chal-
lenges in obtaining consistent microstructures using
17-4 PH in L-PBF due to the sensitivity of its phase
transformations to the chemical composition and
processing parameters.

17-4 PH has been designed to carefully balance
the fraction of retained austenite and martensite
while avoiding the formation of unfavorable é-fer-
rite following traditional cast and wrought process-
ing routes [14]. The desired 17-4 PH microstructural
evolution during processing is first, the solidification
as é-ferrite, followed by a diffusional transformation

to austenite, and then a displacive transformation
to martensite. However, due to both compositional
variations permitted by the material specification
and sensitivity to cooling rates inherent to the L-PBF
process, 17-4 PH sees large variations in final as-built
and heat treated microstructures [15-20]. It has been
well established that powder composition plays a
large role in influencing the microstructures in the
as-built condition due to the potential variation in N
content [17, 21, 22]. Works have shown that lower N
content powder is more likely to form é-ferrite and
minimal amounts of austenite in the as-built, while
an increase in N makes the formation of austenite
more likely. In certain cases, where the composi-
tion favors faster austenite kinetics but where the
martensite start temperature is not significantly sup-
pressed, even the formation of martensite has been
reported [16, 23]. Other publications have demon-
strated the impact of processing parameters on the
formation of austenite, with lower cooling rates
resulting in a greater amount of austenite formation
[3, 18].

In the consideration of different heat treatments,
many publications have shown the formation of a
predominantly martensitic microstructure with a
limited fraction of retained austenite [17, 19, 22-26].
It should be noted, however, that these works
mostly consider the difference in powder composi-
tion with minimal detailed analysis on the resulting
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Table 1 Composition

) Fe Cr Ni Cu Mn Si Nb Mo N C Cr,/Ni,

(wt.%) of 17-4 PH stainless 4«
steel powder measured from High N
inductively coupled plasma Powder Bal 16.1 434 381 087 071 032 0.13 0.10 0.03 1.96
atomic emission spectrometry Build Bal 168 457 392 090 092 037 0.2 009 002 204
(ICP-AES) Low N

Powder Bal 165 401 3.88 064 0.57 034 0.08 0.02 0.02 278

Build Bal 160 394 361 056 060 025 0.07 0077 0.01 233

martensitic microstructure. Yet, multiple proper-
ties of the martensitic microstructure, including the
character of the martensitic interfaces and martensite
packet size impact the toughness [27], strength [28],
intergranular corrosion [29-31], cracking [32], slip
[33], and segregation of impurities within stainless
steels.

Overall, the parent austenite grain structure and
size play a significant role in the transformation to
martensite during quenching [34-37]. The austenite
grain boundaries more often serve as the nucleation
sites for martensite. For any given austenite grain, 24
crystallographically equivalent orientated martensite
variants/orientations can be formed according to the
Kurdjumov-Sachs (K-S) orientation relationship
(Table S1 in the supplementary materials) [38, 39]. The
impingement of these variants hypothetically leads to
23 lattice misorientations, which can be reduced to 16
distinct intervariant boundaries due to crystal sym-
metry. The parent austenite grain size (PAGS) deter-
mines the packet size and intervariant selection of the
martensite grains and alters the driving force for mar-
tensite transformation by influencing the strain acting
against it. However, compositional variations can alter
lattice parameters and lattice strains associated with
the austenite to martensite transformation, resulting
in unique grain boundary networks [35, 40].

The martensitic transformation and its relation-
ship to processing parameters and powder composi-
tion in L-PBF 17-4 PH have received little attention
in the literature, despite extensive analyses in tradi-
tionally manufactured materials, leaving a significant
gap in the understanding of the phase transformation
characteristics and martensite microstructure devel-
opment in AM materials. The current study aims to
reveal the complexities in the martensitic transforma-
tion in L-PBF 17-4 PH through advanced characteri-
zation of the martensite hierarchy. Two sets of builds
are considered in this study following two different
processing routes. Both builds underwent solution
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heat treatment and quenching (CA heat treatment)
to obtain martensitic microstructures. The results
demonstrate that vastly different martensitic micro-
structures are formed, with significant differences
in microstructure refinement. Through an in-depth
analysis of the as-built and heat treated microstruc-
tures, the differences are linked back to differences in
the powder composition and processing parameters.
This is complemented by a comprehensive analysis
of interfaces including intervariant boundary popula-
tions, their habit planes, and their connectivity. Over-
all, the advanced understanding of the martensitic
transformation in 17-4 PH, within the context of AM,
will help to reduce microstructural variations, enable
microstructure refinement, and, in turn, AM of 17-4
PH builds with superior properties.

Materials and methods
Experimental procedures

Two different builds were produced utilizing two dif-
ferent gas atomized 17-4 PH powders supplied by 3D
Systems and General Electric (GE), respectively. The
3D systems powder was used in a 3D Systems ProX
300 and the GE powder was used in a GE Concept
Laser MLab 200R, respectively. Both powder compo-
sitions are given in Table 1. The Cr,/Ni, ratio [22],
often used as a guide toward the preference for -fer-
rite versus austenite formation, is also given in Table 1.
The major distinguishing attribute between the two
powders is their N content. The 3D systems powder
was gas atomized under N,. The GE powder was gas
atomized under Ar. From henceforth, builds printed
using the 3D system’s powder will be referred to as
the ‘High N’ builds, and the builds utilizing the GE
powder will be referred to as the ‘Low N’ builds.

All builds were printed with 10 x 10 x 15 mm?
cuboidal geometries. Schematics of the geometry
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Figure 1 a Schematic with dimensions of the cuboidal geom-
etries printed. b Schematic of the raster geometry with the 90°
rotation per layer

Table 2 Processing parameters used in for printing the Low N
and High N builds

Low N High N
Machine GE Concept Laser 3D
MLab 200R Systems
ProX
300
Laser power (W) 180 127.5
Laser velocity (mm/s) 1170 1200
Laser diameter (um) 75 90
Hatch spacing (um) 82 50
Layer height (um) 30 40

with reference coordinates are given in Fig. 1a. The
compositions of the builds are presented in Table 1.
The High N build showed a slight decrease in the
N content compared to the initial powder, while
the low N samples saw an increase in N content.
Of note, the Low N build still shows a higher Creq/
Ni., compared to the High N builds. The process-
ing parameters for the High N and Low N builds
are given in Table 2 and are the standard machine
parameters recommended by the manufacturers. The
energy density given as E; = P/vlh was 5.9 x 10'* ]
and 6.25 x 10" J for the High N and Low N builds,
respectively, with P being the laser power, v the laser
velocity, I the layer height, and & the hatch spac-
ing. Both builds utilized a raster scan strategy with
a 90° rotation. Schematics of the scan strategy are
given in Fig. 1b. The High N builds were built in
an N, atmosphere with a minimum purity of 99.8%,
while the Low N builds were built in an Ar atmos-
phere with a purity of 99.9970%. Selected samples
went through the standard CA heat treatment step,
based on ASTM standard A705/A705M-23 [41], to
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encourage martensitic transformation which entailed
heat treating the sample at 1040 °C for 1 h followed
by water quenching [42, 43]. Overall, the process of
utilizing two different machines with powders from
two different manufacturers followed by a standard
heat treatment regime mimics a potential real-world
scenario, where two manufactures are tasked with
the printing of specific geometries for a particular
part. The square geometries were chosen here for
simplicity while still representing potential changes
in microstructure due to process variations.

Metallographic sample preparation involved
grinding using SiC papers up to 4000 grit. Polishing
was done to a mirror finish down to 1 um diamond
suspensions. Samples were then electro-polished
using Struers A2 etchant at 25 V for 20 s. To reveal
melt pool boundaries, Fry’s reagent (40 mL HCL, 5 g
Cu(Cl,, 30 mL water, and 25 mL ethanol) was utilized
for 5 s. Electron backscatter diffraction (EBSD) was
conducted using a Hikari-EDAX camera mounted on
a JEOL 7001F scanning electron microscope (SEM).
EBSD data were captured using a 13 nA probe cur-
rent, 20 kV acceleration voltage and 8 x 8 binning. A
step size of 0.5 um for as-built samples and 0.2 um
for CA samples was utilized. EBSD data analysis was
performed using the TSL software. Prior austenite
grain reconstruction was done via TSL utilizing a
probabilistic back construction technique outlined by
Ranger et al. [44]. The EBSD data were cleaned first
through a dilation clean-up with a minimum grain
size limit of 5 pixels to remove unindexed points.
A single average orientation was then assigned to
each grain by considering the orientations of neigh-
boring pixels with a tolerance of 5°. Lastly, during
the grain boundary reconstruction, the boundaries
were smoothed considering a deviation of 2 pixels.
The extracted boundaries were then used for calcu-
lating the five-parameter character distribution of
interfaces using the approach developed by Rohrer
et al. [45]. For X-ray diffraction (XRD), the samples
underwent the same grinding and electropolishing
routine as for EBSD. The lattice parameters of the
CA samples were determined using a Panalytical
X'pert PRO MRD XL machine. The XRD scans were
conducted with a Cu source, running at an applied
voltage of 50 kV and a current of 40 mA. The lattice
parameters for martensite and austenite if present in
the XRD within the High N and Low N samples were
determined through Bragg’s law.
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Table 3 Properties used in the analytical heat transfer simulation

Property Low N High N References
T,(K) 348.15

T(K) 1659

kW m™' K™ 22.6 [51]
c,(JKg™' K™ 460.0 [51]

p(Kg m™) 7800.0 [51]

n 0.8 1.1

o (um) 70 80

Thermal modeling

Thermal simulations are applied to better understand
resulting differences in microstructural evolution
between the High N and Low N builds due to differ-
ences in processing conditions, and simulations will
be used to underpin the discussion of the experimen-
tal results in the following. One could consider all
phenomenological contributions such as fluid flow,
latent heat, evaporation, and convective heat losses
[46]. However, the consideration of broader melt pool
trends is seen to be sufficient here. Therefore, a simple
conduction only analytical heat transfer model was
utilized that was developed by Oak Ridge National
Laboratory [47]. This code has been validated in multi-
ple studies for modeling the thermal conditions within
the AM process [5, 6, 48, 49] and models the heat trans-
fer conditions over an entire layer. The underlying
model is based on an analytical solution for a moving
volumetric Gaussian heat source proposed by Nguyen
et al. [50]:

| J Mater Sci (2025) 60:3430-3453

calibrated from melt pool geometry or obtained from
references where relevant.

Results
Microstructure evolution

The inverse pole figure maps (IPF), phase maps, and
pole figures from EBSD for the as-built builds, paral-
lel to the build direction, are presented in Fig. 2. Both
builds show more randomly oriented crescent shaped
grains sandwiched between thin long grains oriented
in the <100 > direction parallel to the build direction.
The grain structure between the two builds is clearly
influenced by the differences in processing parameters
and the distance between the crescent grain structures
decreased for the High N build compared to the Low
N build. Overall, the High N build has smaller grains
with a calculated average grain diameter of ~22 ym
compared to ~ 65 um for the Low N build. The High
N build also shows a greater degree of randomness
in texture with an intensity of 2.35 oriented roughly
in the <100 > parallel to the build direction. The Low
N build has an intensity of 4.21 oriented similarly in
the <100 > parallel to the build direction. The lack
of a lath microstructure in either IPF map indicates
that both builds have solidified with a 6-ferrite micro-
structure and that martensite is not present. The phase
maps show that both builds contain mostly a body
centered cubic (BCC) s-ferrite microstructure with a
higher content of grain boundary face-centered cubic

£ 2 2 2
—3x(t 3y(t 3z(t
T-Ty= ZHQS/Z/ ! xexp< 3;( ) - y; ) - Zfi) ) >dt'
w(5)" 4 o o

where T is the initial preheat temperature, T is the
temperature, Q is the beam power, 7 is the laser
absorption coefficient, p is the density, t is time, c is
the specific heat, and ¢; = 12a(t — t/) + aiz fori =x,y,z.
Thermal diffusivity @ = k/pc where k is the thermal
conduction. The width of the volumetric heat source
is described by o, 6,, and o,. More details related to
the theory behind these analytical codes can be found
elsewhere [47]. The material parameters used for both
builds are given in Table 3. The liquidus temperature
(T}) used for tracking the melt pool was obtained
from ThermoCalc. All other properties were either
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(FCC) austenite occurring in the High N build, due to
the lower Cr,/Ni,, ratio. Further analysis of the FCC
pole figures separately (Fig. S1 in the supplementary)
indicates a preference for the FCC to be oriented in
the <110 > direction. Such preferential grain direction,
with a lack of grains orientated in the <100 > direction
parallel to the build direction, indicates a solid—solid
transformation occurred from é-ferrite to austenite.
The proceeding analysis of grain boundaries will,
however, give further proof for the formation of §
-ferrite without the need to rely on more complex



J Mater Sci (2025) 60:3430-3453

Phase

Pole Figures

110

3435

Low N (As-built)

] IR \
-c‘;' {8 X (J ', 3 :}/\ |

W1 ALY

N

S S001 101

mBCC
WFCC

400 pm

127
1.000
0.787

110

Figure 2 EBSD data of the as-built a, ¢ High N and b, d Low N builds in the XZ plane. a, b show IPF maps, ¢, d phase maps, and e, f

the pole figures, respectively.

methods such as neutron diffraction for a distinction
between ferrite and martensite.

IPF maps, phase maps, and IPF austenite recon-
structions for the CA heat treated builds are given in
Fig. 3, while a separation of the BCC and FCC phases
for Fig. 2c are given as Fig. S2 in the supplementary
materials. IPF maps show that for both builds, a sig-
nificantly refined microstructure has formed when
compared to the as-built counterparts. The prior
solidified é-ferrite microstructure has been replaced

by a mostly martensitic microstructure due to the
CA heat treatment that is evident by the lack of any
AM solidification structure and, in the case of the
Low N builds, lath microstructure. Significant dif-
ferences in the refinement of the microstructure can
be seen between the High N and Low N builds with
the High N build having a smaller lath/packet size
compared to the Low N build. These phase maps
further reveal a stark difference in the fraction of
retained austenite with the High N build showing a
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Figure 3 EBSD maps of the builds in CA condition. a, ¢ High N and b, d Low N builds in the XZ plane where a, b show IPF maps, c,

d phase maps, and e, f the austenite reconstruction.

high fraction of retained austenite (~ 9.7%), while the
Low N builds only detected an insignificant number
of points from EBSD (~ 0%) (Fig. 3¢, d). The IPF maps
of the reconstructed austenite show that the High N
build has notably smaller and more equiaxed parent
austenite grains compared to the Low N build with
PAGS being ~10.2+0.4 pm and ~52.6 + 0.1 um for
the High N and Low N builds, respectively. The dif-
ference in reconstructed PAGS indicates that the pro-
cessing parameters and composition of the powder
likely plays a role in influencing the nucleation and
growth of austenite and the proceeding transforma-
tion to martensite.

@ Springer

XRD results for the CA builds are provided in
Fig. 4. The results show that no austenite was detected
in the Low N build, while austenite was detected in
the High N build. Only the BCC/martensite matrix
phase and FCC/austenite phases could be detected.
While oxides and carbides often form within L-PBF
steel builds, these are usually too small to be detected
through laboratory-based XRD.

Misorientation angle distributions

An analysis of the BCC-BCC grain boundary mis-
orientation angle distributions (Fig. 5) reveals a
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Figure 4 XRD results for the Low N CA and High N CA builds
revealing an absence of austenite in Low N.

significant difference between the as-built and CA
builds, with smaller differences between High N and
Low N builds. The as-built builds show relatively
random misorientation angle distributions. While
an indication for being predominantly é-ferrite was
established through the as-built grain structure, the

Figure 5 BCC/BCC misori- a)
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relatively random distribution in the misorientation
angle distribution underpins é-ferrite formation
further. Martensite is expected to have the majority
of its misorientations correlate to K-S intervariant
boundaries as will be seen in the CA heat treated
builds [39, 52]. It should be noted that martensite can
also follow an N-W OR, and, as a result, these mar-
tensite boundaries will not only include K-S inter-
variant boundaries, but also possibly N-W intervari-
ant boundaries, and mixed boundaries [53]. A full
analysis of all these intervariant boundaries would
be a major task and, therefore, we have chosen to
focus on the K-S intervariant boundaries here as they
are the majority of boundaries present. Between the
two builds, the Low N build shows a marginally
higher distribution of misorientation angles toward
lower values (< 20°). The CA builds from both builds
show considerable peaks around 60° and smaller
peaks at 10-15°, which is expected as these angles
fall within intervariant boundaries resulted from a
K-S orientation relationship (Table S1 in the supple-
mentary materials) [39, 52]. Compared to the High
N build, the Low N build has a much higher peak

entation angle distributions
for a as-built High N and
Low N builds and b CA High
N and Low N builds.
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Figure 6 Distributions of grain boundary planes in a, b High N
and Low N as-built (ferritic) and ¢, d CA (martensitic) samples.

around 60° and a greater number of misorienta-
tion angles ~ 10°. The High N build, however, has
a slightly greater number of misorientation angles
around 22-46° which correlate to the impingement of
variants from either side of a given parent austenite
grain boundary [54].

Grain boundary plane distributions

The grain boundary plane distribution for each build
irrespective of the misorientation angle is given
in Fig. 6. The as-built conditions show maximum
multiples of a random distribution (MRDs) of ~2.3
and ~ 2.7 at the (100) plane with minima of ~ 0.2
and ~ 0.2 along the (111) plane for the High N and
Low N builds, respectively. The CA builds on the
other hand show maximum MRDs of ~1.2 and ~ 1.6
at the (101) plane with minima of ~0.8 and ~ 0.7
along the (100) plane for the High N (CA) and Low
N (CA) builds, respectively. Only minor differences
in distributions were noted between the two CA
builds with small differences in populations of the
(111) planes.
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Figure 7 Distribution of intervariant boundaries associated with
the K-S orientation relationship for the BCC phase (ferrite and
martensite) in the as-built and CA conditions of the High N and
Low N builds.

Intervariant boundary character distributions

For all builds, the distributions of intervariant bound-
aries expected from a transformation following a
K-S orientation relationship (refer to supplementary
Table S1) are given in Fig. 7. Overall, the distribution
of the intervariant boundaries varies depending on
whether the build is in the as-built or CA condition.
The as-built builds do not show any strong K-S ori-
entation relationship preference. This is expected as
these builds has not experienced any solid-state phase
transformations. The CA builds, however, show domi-
nant populatlons of 60°/[0 11], ¢ 60°/[11 1], 10.5°/[0 1
1], 57.2°/[3 5 6] and 51.7/[ 11 6 11] intervariants. More
specifically, the Low N samples show a greater length
fraction of 60°/[1 1 1] and 10.5°/[0 1 1] intervariant
boundaries compared to the High N sample, while
the High N sample shows a greater length fraction of
14.9°/[13 51] and 51.7[11 6 11] intervariant boundaries
compared to the Low N sample.

Figures 8 and 9 present habit plane distributions for
most populated K-S intervariant boundaries with mis-
orientation axes of [0 1 1] and [1 1 1], respectively. The
theoretical positions of habit planes have also been
plotted for the characteristic misorientations using
the grain boundary toolbox software by Glowinski
[55] and are shown in supplementary Fig. S3. Due to
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Figure 8 Distribution of boundary plane normals for boundaries in the as-built a—f and CA conditions g-1 for High N a—c, g—i and Low
Nd-f, j-lata,d, g j 10.5°[0-1-1], b, e, h, k 49.5°/[011], and ¢, £, i, 1 60°/[011].

differences in phase (i.e., 6-ferrite in the as-built builds distribution is observed between the as-built and
and martensite in the CA builds), a noticeable differ- CA builds. For 10.53° misorientations about the [0 1
ence in the intervariant boundary plane character 1] axis (Fig. 8), maxima are observed for boundaries
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Figure 9 Distribution of boundary plane normals for boundaries in the as-built a—f and CA conditions g-1 for High N a—¢, g-i and Low

Nd-f, j-lata,d, g, j10.5°/[11-1], b, e, h, k 49.5°/[-1-11], and ¢, f, i, 1 60°/[11-1].

with twist {1 0 0} orientations for the as-built High N~ High N builds, maxima are seen mostly along tilt and
and Low N conditions. Greater differences are noted twist boundaries with near {1 0 1} orientations while
for the High N and Low N CA conditions. For the for Low N builds the peak is seen along a single twist
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grain boundary with a (0 1 1) orientation. For 49.47°
misorientations about the [0 1 1] axis, as-built condi-
tions show similar behavior with maxima along {1 1
4} orientations and with a smaller single peak present
at the (ﬁ 1) orientation. In the CA conditions, both
builds show a single peak at the (0 1 1) twist boundary
orientation with MRDs of ~ 11 and ~ 17 for the High N
and Low N CA conditions, respectively. For 60° mis-
orientations, the as-built conditions have diffuse peaks
close to {2 05} and {15 10} planes. The CA conditions
show a pronounced peak at (0 1 1) twist boundaries
with an intensity of ~ 65 and ~ 100 MRDs for the High
N and Low N CA conditions, respectively.

The distribution of intervariant boundary plane
characters about the [1 1 1] misorientation axis (Fig. 9)
shows similar trends between the as-built and CA con-
ditions. At a misorientation angle of 10.53°, maxima
are seen along multiple {1 0 0} orientations for the
as-built condition. Under the CA conditions, maxima
were along multiple {1 0 1} orientations; however, the
Low N CA builds have MRDs at much higher values
of ~ 8 compared to the High N CA builds at maximum
MRD of ~3.8. At the misorientation angle of 49.47°, the
as-built condition shows maxima at twist {1 1 4} ori-
entations. The Low N conditions have a higher MRD
of ~20 compared to the High N conditions with a
maximum MRD of ~11. For the CA conditions, peaks
vary between the High N and Low N builds. The
High N and Low N CA conditions have diffuse peaks
along twist boundaries with {3 4 7} orientations. For
60° misorientations, the as-built conditions have peaks
around the twist boundaries of the {1 0 2} orientations.
The CA conditions saw maxima that are on the zone
axis of tilt boundaries of {1 1 0} orientations.

Discussion

The resulting grain boundary characteristics will be
greatly influenced by the solidification conditions
and the proceeding solid-solid phase transforma-
tions; thus, a discussion of these factors is warranted
that looks at the connection between processing
parameters and composition in conjunction with
the solid-liquid and solid—solid phase transforma-
tions. Likewise, numerous factors relating to the as-
built solidification-based é-ferrite microstructure will
impact the proceeding austenite nucleation. These fac-
tors primarily derive from differences in the resulting

solidification microstructure and compositional dif-
ferences. Reasoning for the differences in as-built and
heat treated microstructures is possible through analy-
sis of changes in the resulting processing parameters’
impact on the solidification microstructure through
consideration of the columnar to equiaxed transition
(CET), and analysis of epitaxial grain growth at the
melt pool boundaries [56-58]. However, changes in
heat treated microstructures can be analyzed through
the consideration of computational material thermo-
dynamics and kinetics [59].

Impact of composition and processing
parameters on solidification microstructure

Both the Low N and High N as-built microstructures
show a primarily é-ferrite grain structure. Confirma-
tion of the formation of the é-ferrite microstructure
comes from the grain boundary planes in Fig. 6, which
show a favored <100 > direction that is parallel to the
build direction. If a transformation-induced plastic-
ity (TRIP) effect had occurred due to sample prepara-
tion, then the as-built condition would have seen a
strong <101 > orientation that aligns to expected K-S
orientation relationships, which is not the case here.
Further, while some austenite is seen in the High N
build, this austenite is believed to have formed via a
solid—solid transformation based on the FCC pole fig-
ures (Fig. S1 in the supplementary materials) show-
ing a favored <110 > direction not aligned to the build
direction. Overall, the differences in the as-built solidi-
fication microstructure can mostly be attributed to dif-
ferences in processing parameters as argued through
computational material science calculations given
below.

CET calculations here are performed to consider the
impact of composition and processing parameters on
the solidification microstructure. The CET utilized the
methods outlined by some of the current authors [60].
Thermodynamic data were obtained from ThermoCalc
using the TCFE11 database, while the thermal gradi-
ents and solidification velocity were obtained from
the analytical heat transfer simulation described in
Sect. “Thermal modeling” utilizing a raster scan strat-
egy as used for both builds. The nucleation density
of equiaxed grains was set to 1 x 10> m™, the highest
reasonable potential nucleation density cited in AM
literature [8]. The CET results are presented in Fig. 10.
The different 17-4 PH compositions have little effect on
the CET curves, which is consistent with results from
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Figure 11 Comparison of calculated dendritic growth direction for the a Low N and b High N as-built conditions based on results from

the semi-analytical heat transfer simulation.

literature [60] that compositions play a minimal role in
impacting the CET. Both processing parameters show
a preference toward columnar grain structures. The
minority of points that are below the CET curve for
the High N build likely occurs at the end of solidifica-
tion and, thus, are likely to be remelted upon the next
layer, limiting any equiaxed grain formation.

The evolution of the grain structure is dependent
on multiple factors including the thermal gradient,
solidification velocity, and undercooling [61]. The ana-
lytical CET model used here only considers the com-
petition between columnar grains and their potential
impingement with equiaxed grains that grow ahead of
the advancing columnar front [62]. Therefore, there is
no consideration, in the CET, on the impact of the melt
pool shape on epitaxial grain growth. As grains tend
to grow in the direction of the highest thermal gra-
dients, more turbulent melt pool dynamics are likely
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to encourage numerous different favored grain direc-
tions resulting in greater competition [61] and greater
epitaxy in the grain structure. The impact of the
thermal gradient direction is quantified here using a
method proposed by Raghavan et al. [63] by consider-
ing the thermal gradients alignment at the solid-liquid
interface with respect to the build direction through:

0= COS_1 (Gz/Gresultant)

where 0 is the angle between the thermal gradient in
the build/Z-direction (G,) and the thermal gradient at
the solid-liquid interface (G, egyitant)- The output best
represents the curvature of the melt pool. Only the
bottom 30 pum for the Low N builds and bottom 40 pm
for the High N builds were considered here due to the
remelting that will occur for any segment of the melt
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pool above these values. Histograms of the calculated
angles are presented in Fig. 11.

Considering the resulting curvature in the melt pool
based on the angles presented, the Low N build results
in a solid-liquid interface that has thermal gradients
distributed more in line with the build direction.
The impact is a more consistent preference for grain
growth favored in the <100 > direction parallel to the
build direction with consistent growth of fewer grains
and less competition (in line with Fig. 2). The High
N build, in contrast, has a wider distribution of ther-
mal gradients. Thus, there will be greater competition
between grains resulting in the nucleation of grains in
different grain directions that do not necessarily align
with <100 > parallel to the build direction [61]. The
ultimate outcome is that, due to the processing param-
eter differences, the High N build has a smaller grain
size and greater density of §-ferrite grain boundaries
compared to the Low N builds for the as-built state
which will have an impact on the available number
of nucleation sites for austenite during the heat treat-
ment step.

Impact of composition and processing
parameters on the transformation of o-ferrite
to austenite

The transformation of the é-ferrite to austenite will be
dictated by both the composition and the solidifica-
tion microstructures [64-66]. This can be explained
first through understanding that the nucleation of
the austenite phase will be influenced by the number
of nucleation sites, the local diffusion fields around
nucleation sites, the driving force for nucleation, and
the interfacial energy. Many of these parameters can
be estimated through the use of computational ther-
modynamics and kinetics or through general observa-
tions of the microstructure.

Austenite under L-PBF 17-4 PH nucleates at the
é-ferrite grain boundaries [67]. Overall, the high
N builds have a higher grain boundary density
at 0.154 pum/um? compared to the low N builds at
0.104 um/um? due to differences in solidification
conditions as discussed in the previous section. The
higher density of grain boundary results in the High
N build having a greater number of nucleation sites
for austenite to nucleate from. Further, calculations
from ThermoCalc using the TCFE11 database show
that the High N builds have a higher driving force
for nucleation of austenite compared to the low N
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builds, increasing from 4.63 to 4.94 J/mol. As such it
is expected that the high N builds will see more pro-
nounced nucleation of austenite. The growth of aus-
tenite is also expected to be faster in the High N builds
due to the differences in composition as the high N
builds have a lower Cr,/Ni ratio. In turn, however,
due to the greater number of nucleated austenite
grains and faster growth rates in the high N builds, the
austenite grains quickly impinge on each other result-
ing in a smaller PAGS. The low N builds compara-
tively see much slower austenite kinetics. These results
have a down the line impact on the martensite block
and packet sizes and the resulting martensite inter-
variant selection as will be discussed in the following.

The role of composition and processing
parameters on austenite to martensite phase
transformation and grain boundary network

Grain boundary planes in as-built versus CA builds

The boundary network characteristics play an essen-
tial role in the properties of AM builds. For instance,
the {110} boundary planes are beneficial for control-
ling hydrogen embrittlement and dislocation plas-
ticity [28, 68, 69]. Overall, the intervariant boundary
plane distributions in the displacively transformed
martensitic microstructures after the CA heat treat-
ment is different from the as-built microstructures
that have undergone primarily diffusional transforma-
tions instead (Figs. 7, 8). The strong preference toward
the (100) plane for the as-built conditions align with
expectations that the solidification microstructure (i.e.,
é-ferrite) is influenced by the strong thermal gradient
direction from the melt pool promoting growth in
the <100 > direction. The preferred orientation along
the (101) planes in the CA builds is due to the mar-
tensitic microstructure in which the transformation
constraints determine the habit planes [70].

For the as-built condition, it can be observed that
the grain boundary plane distribution for the low
energy 60°/[111] intervariant boundaries has a diffuse
peak at the low energy near twist {102} orientations
which is close to the distribution reported in polygonal
ferrite microstructures [71, 72]. On the other hand, the
martensitic microstructures show a distinct peak at the
{110} twist plane orientations which is in accordance
with what has been previously observed in wrought
martensitic 17-4 PH steels [40]. It should be noted that
according to the crystallography of the K-S orientation
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relationship, the close packed planes of the austenite
phase should be parallel to the close packed planes
of the martensite imposing impingement of the vari-
ant at the higher energy twist {110} plane orientations.
Therefore, the crystallographic constraints associated
with the phase transformation mostly govern the
boundary characteristics during the CA treatment,
while the as-built microstructures mostly follow the
configurations promoted by solidification and texture.

Impact of composition and austenite microstructure
on variant selection

The intervariant boundary populations are generally
sensitive to various factors, including chemical com-
position [40, 73, 74], phase transformation mechanisms
[75], crystallographic texture [76], temperature [77],
strain [54], and grain size [78]. Here, the effect of phase
transformation pathways and crystallographic texture
can be excluded as contributing factors, mainly due to
both builds undergoing martensitic transformations
governed by the K-S orientation relationship, result-
ing in similar transformation texture characteristics
[79]. Based on the austenite reconstruction, both builds
show weak textures around the <111 >or <110 > direc-
tions dependent on the collected dataset for both High
N and Low N builds. As these textures are relatively
weak, they will not have a strong impact on the grain
boundary population. That leaves chemical composi-
tion, the phase transformation temperature, and grain
size as potential factors. The martensite transforma-
tion occurs through variant selection that is dictated
by the associated shape strain development and the
involved accommodation mechanisms (i.e., slip and
twinning). The transformation strain is accommodated
by the formation of specific variant arrangements (i.e.,
variant selection), resulting in specific intervariant net-
work characteristics in the microstructure. Which of
the slip or twinning mechanisms is developed dur-
ing the transformation is strongly associated with the
lattice parameters of the parent and daughter phases
[80, 81].

The é-ferrite to austenite transformation kinet-
ics and initial as-built §-ferrite grain structure will
play a large role in influencing the transformation of
austenite to martensite after the CA heat treatment.
The higher density of grain boundaries in combi-
nation with the lower barrier to nucleation in the
High N builds, as discussed previously, results in
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a significantly higher number of austenite grains in
the High N builds [82]. The resulting transformation
path (i.e., austenite to martensite) is impacted twofold
based on the parent austenite structure. Firstly, the
parent grain size alters the martensite start (M,) and
martensite finish (M;) temperatures [34, 38]. Such a
change in the martensite transformation temperatures
likely plays a role in the stabilization of austenite in
High N builds after the CA heat treatment (Fig. 3).
Previous studies have reported that the M, tempera-
ture starts to decrease at parent austenite grain diam-
eters below ~ 10 um [37]. As the reconstructed parent
austenite grains in the High N samples have a mean
grain diameter of ~10.2+0.4 um (Fig. 3), there is a
high likelihood that the size of a subsection of grains
results in the suppression of the M, temperature. This
is different to the Low N builds which have a mean
reconstructed PAGS of ~52.6 0.1 pm.

Second, the parent austenite grain structure has an
impact on the variant selection of martensite. Mar-
tensite forms in multi-variant blocks to minimize the
volume expansion that accompanies the martensitic
transformations. A smaller PAGS limits the number of
variants that can form within a single austenite grain,
ultimately changing the intervariant boundary popu-
lation [34, 40]. Parent austenite grain refinement will
alter the misorientation angle distribution, resulting in
an increased population of non-K-S misorientations
ranging from 23° to 45° and a decrease in the popula-
tion of K-S-related boundaries with misorientations in
the range 10°-22° and 46°-60° (as can be seen in Fig. 5).
The reduction in the number of K-S related bounda-
ries is mainly related to the intersection of variants
belonging to two neighboring parent austenite grains
with distinct orientations. The impact of the PAGS is
consistent with the High N build showing a decrease
in populations of 60°/[1 1 1], 10.5°/[0 1 1] and 10.5°/[1
1 1] boundaries and increase in populations of 60°/[0
11], 14.9°/[13 5 1], 57.21°/[6 2 5], and 51.7°/ [11 6 11]
(Fig. 7). However, the fraction of retained austenite
and changes in the intervariant boundary network
requires us to also consider the differences in the
chemical composition of the High N and Low N builds
which result in notable changes in lattice sizes of the
phases, impacting the transformation to martensite.

Composition has a similar impact as the PAGS in
that it can influence both the martensite transforma-
tion temperature and the variant selection. Consider-
ing the retained austenite within the microstructure
of the High N builds, the increase in N content has
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the impact of decreasing the M, and M; temperatures
and makes the occurrence of retained austenite more
likely [83, 84]. It should be noted, however, that the
influence of either the composition or the PAGS on
the retained austenite cannot be easily deconvoluted,
thus, a statement on either contributing factor cannot
be made here.

The impact of composition on variant selection is
primarily exhibited through alteration of the lattice
parameters of the parent austenite and martensite
phases. Variations in lattice distortion and inhomo-
geneous shear during the phase transformation are
caused by this difference in lattice correspondence
between the austenite and martensite phases [40].
The martensitic phase transformation mechanism (i.e.,
dislocation slip vs. twinning) can then be controlled,
allowing for the development of unique variant selec-
tion arrangements that can better accommodate the
strain introduced by the transformation [85]. The
austenite lattice parameters decreased from 3.5961 to
3.591 A from the High N to the Low N builds, and for
martensite from 2.8729 to 2.8699 A from the High N
to Low N builds, respectively. It should be noted that
the XRD peaks related to the Low N builds did not
exhibit any austenite peaks; therefore, austenite lattice
parameters were taken from [40], whereas the other
ones were calculated from our XRD data (in Fig. 3).
The change in lattice parameter influences the elastic
strain associated with the shear/displacive transfor-
mation, potentially influencing variant arrangement.
To evaluate the impact of lattice parameter and the
associated change in elastic strain, the phenomenologi-
cal theory of martensite crystallography (PTMC), that
considers the lattice parameter of both parent austen-
ite and martensite for High N and Low N parent aus-
tenite grains, was employed. Greater detail on PTMC
is given in Section S1 in the supplementary materials
and in [86-91].

The combination of different variant arrangements
calculated using PTMC is shown in Table 4. The
change in chemical composition between the differ-
ent powder manufactures influences the respective
austenite and martensite lattice parameters, ultimately
affecting the inhomogeneous shear magnitude (sup-
plementary Table S2). However, the shear magnitude
is not significantly different between different variant
combinations for each composition, indicating that all
combinations have almost a similar probability to form
within a parent austenite grain. To better compare the
combination of variants between the two builds, the
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overall probability of various intervariants for all the
possible combinations is also calculated (Table 4).
It can be observed that the 60°/[1 1 0] intervariant
boundaries have about a 50% formation probability
from the possible combinations promoted during the
martensitic phase transformation. In comparison, the
variant combination in the Low N builds show forma-
tion probabilities of 33% and 30% for 60°/[1 1 0] and
60°/[1 1 1] intervariants, respectively. This is consist-
ent with the measured intervariant boundary popula-
tion distribution of both builds after the CA treatment
(Fig. 7), where the population of 60°/[1 1 0] bounda-
ries increases at the expense of 60°/[1 1 1] in High N
composition in comparison with the Low N composi-
tion. It should be mentioned that the minimum shear
strain for all variant combinations is close, therefore,
no tendency for specific variant arrangements can be
expected in the microstructure of either build.

The results of the PTMC calculations are consistent
with the variant arrangements observed in the micro-
structure of Low N and High N alloys (Fig. 7) showing
how composition (i.e., increased concentrations of N)
not only impacts the nucleation of austenite, but also
the variant selection within martensite. Nevertheless,
it should be noted that other variation arrangements,
which may not have the lowest strain according to the
PTMC (Table 4), can also be observed in the micro-
structures. The observed mismatch may be attributed,
in part, to the limitations of two-dimensional obser-
vations, which fail to adequately capture the three-
dimensional configuration of variants. Furthermore,
it should be noted that the strain variation among
various variant arrangements is found to be below 5%
according to the data presented in Table 4. This finding
suggests the potential for the formation of alternative
variant configurations inside certain grains.

Connectivity of intervariant boundaries in as-built
and CA builds

Both the PTMC calculation and the observation of
different variant groups support the finding that the
High N composition in conjunction with reduced
parent austenite grain size results in a higher occur-
rence of 60°/[1 1 0] intervariant boundaries, while
reducing the occurrence of intervariant bounda-
ries with 60°/[1 1 1] misorientations. The change in
variant arrangements (variant selection mechanism)
resulting from the change in the composition and
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PAGS can also impact the connectivity of intervari-
ant boundaries. The enhancement of the connectivity
of the low energy intervariant boundaries reduces
their boundary spacings, and impedes the disloca-
tion movement and coalescence of voids [37]. Here,
a homology metric approach [92, 93] was used to
measure the connectivity of the boundaries (Fig. 12).
For each EBSD map of the low and High N alloys,
the topology parameters (Betti numbers) B, and B,
are measured. The parameter B, refers to the closed
paths and continuous boundaries, while the B, refers
to isolated boundary segments within the micro-
structure. The inverse connectivity of the boundary
network can be characterized by By/B;, known as
By, within a given microstructure [40, 70]. There-
fore, the enhanced connectivity of interest will be
reflected in lower By/B; values. Here, the connectivity
of the intervariant boundaries was calculated using
the CHOMP software for K-S related misorientation
angles (excluding 23°-45° misorientations).

The grain boundary network connectivity clearly
shows a distinct difference between the as-built micro-
structures (ferritic) and the CA heat treated (marten-
sitic) microstructures. Generally, the connectivity of
the martensitic microstructure is significantly higher
compared to the ferritic microstructure at high-angle
boundaries (6> 45°, Fig. 12a). These changes reflect the
distinct difference in the misorientation angle distribu-
tion of these microstructures (Fig. 5). Comparison of
the Low N and High N CA builds, however, reveals a
slightly lower connectivity for the Low N CA builds
compared to the High N CA build.

The connectivity of the intervariant boundaries at
a given crystallographic plane can also be observed in

Fig. 12b for the CA builds. Here, the interfaces of the
K-S orientation relationship are mostly terminated on
the {11 0} or near {1 1 0} planes, therefore, by extract-
ing the K-S related misorientation angles, the con-
nectivity of all the {1 1 0} planes can be measured. In
parallel, with further considering the [11 1] and [1 1
0] misorientation axes related to the K-S orientation
relationship, the connectivity can be measured based
on the {110} symmetric tilt and twist-type boundaries,
respectively. In general, at low-angle threshold, the {1
1 0} boundary planes share a similar connectivity with
the tilt and twist character boundaries. However, with
the increase in the misorientation angle threshold, the
inverse boundary network connectivity (B0/B1 value)
increases for all conditions.

The Low N {1 1 0} boundaries show a greater
connectivity compared to the High N boundaries
(Fig. 12b). Interestingly, the tilt and twist character
boundaries for the Low N condition have similar con-
nectivity values, mostly due to the similar distribution
of 60°/[11 1] and 60°/[1 1 0] boundaries (Fig. 7). How-
ever, the {110} tilt boundaries show the least connec-
tivity compared to the {1 1 0} twist character bounda-
ries in the High N alloy (Fig. 12b). This reduction in
connectivity of tilt boundaries can be attributed to a
decrease in the occurrence of 60°/[1 1 1] boundaries
(Fig. 7). In all scenarios, a higher population of a spe-
cific grain boundary type increases the probability of
their intersection and the subsequent formation of a
more interconnected network.
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Conclusions

We systematically studied the microstructural evolu-
tion of two 17-4 PH L-PBF builds (High N versus Low
N) in their as-built state and its impact on the final
martensitic microstructure after the standard solution
annealing and quenching (CA) heat treatment. Our
results demonstrate the extreme sensitivity of 17-4
PH in producing different martensitic microstructures
in the CA state due to different initial as-built micro-
structures and the associated differences in the L-PBF
processing parameters and powder compositions.
Overall, the following conclusions can be obtained
from this work:

¢ Upon solidification, both builds formed a predomi-
nately é-ferrite microstructure in their as-built con-
ditions. In the High N build, a low fraction of small
austenite grains formed. The difference in é-ferrite
grain size was attributed to the difference in solidi-
fication conditions and confirmed through com-
putational analysis via thermal simulations. The
difference in density of é-ferrite grain boundaries
and the fraction of high-angle grain boundaries was
also attributed to a difference in PAGS between the
Low N and High N builds.

e The PAGS had an impact on the final martensi-
tic microstructure through two factors. The first
is through effecting the M, temperature. With a
decrease in austenite grain size, M decreases. The
decrease in M, temperature in the smaller grains
likely led to the increase in the retained austenite
grains in the High N builds which averaged in
diameter around ~ 10.2 +0.4 um. Second, the aus-
tenite grain size influences the variant selection
due to size constraints induced by the austenite
grains and due to the decreasing M, temperature.
This influences the elastic strain associated with the
shear/displacive transformation of the martensite
transformation.

¢ The impact of the powder composition on the mar-
tensitic microstructure is seen through increases in
the amount of retained austenite and through alter-
ing the austenite and martensite lattice parameters.
The change in lattice parameter influences the elas-
tic strain associated with the shear/displacive trans-
formation, thus influencing variant arrangement.

¢ Itis shown that an increase in connectivity between
martensite grain boundaries occurs going from
the Low N CA to the High N CA builds, where
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an increase in connectivity is associated with an
increase in toughness. However, it was noted that
the high fraction of retained austenite in the High
N CA builds would likely negatively impact their
mechanical properties, thus, showing the impor-
tance of controlling the parent austenite grain size.

These results demonstrate that universal standards
cannot be made easily, and decisions on processing
parameters and heat treatments will have to be made
with considerations of powder composition’s impact
on the final microstructure. Further, the additive man-
ufacturing process was shown to have influence over
an often-overlooked microstructural feature of mar-
tensitic steels, the interface characteristics, which are
expected to play a role in controlling the properties of
the material.
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