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Abstract: The role of the nitrogen atmosphere on the microstructure and tensile properties of
laser powder bed fused (PBF-LB/M) Fe-xCr (x=0, 5, 10, 15, 24 wt.%, mixed using elemental
Fe and pre-alloyed Fe-46 wt.% Cr powders) binary alloys was investigated and compared with
those fabricated under an inert (argon) atmosphere. Microstructural characterization reveals the
variations of grain morphology with the chemical composition and the distinct effects of
nitrogen on grain refinement and texture. Additionally, PBF-LB/M performed under the
nitrogen atmosphere leads to the formation of Cr and Fe nitrides in the alloy. Significant
enhancements in strength were observed in Fe, Fe-5Cr, and Fe-10Cr fabricated under nitrogen
atmosphere due possibly to the solid solution and precipitation strengthening caused by
dissolved nitrogen and the nitrides, respectively. However, the Fe-15Cr and Fe-24Cr alloys
processed under the nitrogen atmosphere are brittle and crack upon PBF-LB/M due to the
residual stresses. The findings in this work enrich the understanding of the effects of fabrication
atmospheres in additive manufacturing, insights of which can be extended to diverse categories
of alloys.
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1. Introduction

The advantages brought forth by additive manufacturing (AM) of metals, using techniques
such as laser powder bed fusion (PBF-LB/M), from the manufacturing perspectives are now
widely known. From the metallurgical perspective, due to the ‘bottom-up’ nature of
manufacturing near-net shaped components, it offers additional degrees of freedom for meso-
and microstructural design by varying the process parameters such as the laser power, scan
speed, and scan rotation [1-3]. One can also vary the physical conditions such as heating the
substrate [4,5], imposing a magnetic field [6], or subjecting the PBF-LB/M process to
ultrasonic treatment [7], for the above purpose. In this context, varying the protective
atmosphere has also been explored [8-11]. Its implementation is straightforward as no complex
alternation on the printing machine is required. However, its utility, especially in Fe-based
alloys, remains largely unexplored.

Nitrogen is known for enhancing the mechanical properties of steels. As interstitial
solute atoms, nitrogen hardens the materials via solid solution strengthening [12,13].
Interestingly, it enhances the fracture toughness, possibly by increasing the electron state
density at the Fermi level, which promotes nondirectional metallic bonding [13,14]. Through
surface treatment, nitrogen can also be incorporated to the alloys as nitrides, which harden the
surface significantly [15,16]. Several different approaches can be utilized in PBF-LB/M for
introducing nitrogen into steels, e.g., addition of nitride particles to the powder mixture [17],
conducting gas atomization of powders under a nitrogen atmosphere [18,19], and utilizing
nitrogen as protective atmosphere during printing [13,18]. While recent studies reveal the effect
of nitrogen on commercial steels processed using PBF-LB/M, the complex chemical
compositions of such steels (typically more than 5 alloying elements) make it challenging to
fully understand the interaction between nitrogen and the other alloying elements. Some key
issues remain unexplored. For example, would the high cooling rate and high energy input of
the PBF-LB/M affect the solubility and existence form of the nitrogen (solute atoms or nitrides)?
What is the role that alloying element plays, when interacting with nitrogen during PBF-LB/M?

Keeping this in view, binary Fe-Cr alloys were selected as the target materials, and
printing under nitrogen atmosphere was chosen as the approach to introduce nitrogen during
PBF-LB/M process. The rationales behind the research strategy are as follows. (i) Cr is known
to increase the concentration of nitrogen and therefore commonly used in nitrogen steels
[20,21], due to the strong Cr-N interaction [21,22]. (ii) Compared to other methods, utilizing

nitrogen as the atmosphere during PBF-LB/M is more straightforward and can be conveniently



applied to varying materials systems. (iii) Studying the binary Fe-Cr alloys instead of steels
with complex compositions can help in firmly establishing the cause-effect relations. Here, the
Fe-xCr (x up to 24 wt.%) alloys fabricated under the nitrogen atmosphere were studied and
compared with those processed under an argon atmosphere, in order to reveal the effect of
nitrogen on the key aspects of the PBF-LB/M alloys, e.g., printability, microstructure,
precipitation, and mechanical properties. Significant effects of nitrogen atmosphere were
uncovered after comprehensive characterizations. The revealed interactions between the
nitrogen atmosphere and the Fe-Cr alloys are in distinct contrast to those in the conventional

manufactured alloys, indicating the unique effects of the PBF-LB/M process.

2. Experiment

A Trumpf TruPrint 1000 PBF-LB/M machine was utilized for fabricating the Fe-xCr
alloys (x=0, 5, 10, 15, 24 wt.%), using elemental Fe (average diameter ~22.8 pum) and pre-
alloyed Fe-46 wt.% Cr powders (average diameter ~32.5 um) as feedstock. Both the feedstock
powders were prepared using gas atomization under Ar atmosphere and have spherical shapes.
The powders are physically mixed in a roller mill for 12 h to achieve homogeneous distribution.
One example of Fe-10 wt.% Cr powder mixture (characterized using scanning electron
microscopy (SEM)) is given in Figure 1. Blocks with size 10x20x30 mm?® of each
predetermined composition were fabricated under either Ar or N2 atmospheres, with gas flow
rate of 2 m/s. The samples will be referred to by their composition and printing atmosphere
hereafter. For example, Fe-5Cr(N) refers to the alloy with the Fe-5 wt.% Cr fabricated under
N2 atmosphere. For process parameter optimization, laser power (120, 150, and 175 W), hatch
spacing (70 and 100 um), and scan speed (200, 240, and 300 mm/s) were varied. The following
fabrication parameter combination, which resulted in the minimum porosity (< 1%) and no
delamination or cracking, were selected for all the samples: laser spot diameter d=30 um, laser
wavelength A=1064 nm, laser power w=175 W, layer thickness t=30 um, hatch spacing 1=70

um, laser scan speed v=300 mm/s, and scan rotation §=67°.



Figure 1. Representative secondary electron images of Fe-10 wt.% Cr powder mixture,

showing homogeneous powder distribution.

Metallographic inspection (using optical microscopy) was conducted on the
mechanically mirror-polished samples to measure the porosity levels in them. At least five
images were taken for each condition. A SEM equipped with back-scattered electron (BSE),
energy-dispersive X-ray spectroscopy (EDS), and electron backscatter diffraction (EBSD)
detectors were utilized for microstructural characterizations, which were operated at the
accelerating voltages of 15, 20, and 20 kV, respectively. A small step size of 0.5 um was
utilized for EBSD mapping to reveal the grain structures. Transmission electron microscopy
(TEM) was further utilized to investigate the precipitates. The TEM specimens with thickness
of ~50 nm were prepared using Ar-ion milling and the following combinations of ion energy
(keV) and beam angle: 6 & 5°, 4 & 4°, and 2 & 2°.

Tensile testing was conducted on flat dog-bone samples (gauge dimensions: 6x1x2
mm?) at a nominal strain rate of 103 s, At least three tests were conducted for each condition.
Note that the gauge dimensions of the tensile specimens do not conform to either the ASTM
or ISO standards that are designed for bulk, conventionally manufactured alloys, as the
geometrically complex shapes of the AM components, featured by heterogeneous
microstructures and non-uniform section thicknesses make it challenging to strictly follow. To
address this issue, non-standard miniature tensile testing specimens have been increasingly
adopted and ASTM is developing new tensile testing standard for AM alloys (ASTM
WK75901).



Synchrotron diffraction experiments (Figure 2(a)) were conducted on cylindrical Fe-Cr
samples (10 mm diameter and 1 mm thickness) using the 112-JEEP beam line (wavelength of
0.0099975 nm), Diamond Light Source. Monochromatic beam energy was set to 124 keV with
a spot size of 500 x 500 um?. The cylindrical samples were mounted statically on a plate (see
Figure 2(b)), forming an array of 10 samples vertical to the incident beam, such that travels
through the build direction (see Figure 2(c)) of them. By moving along the X and Y axes, large
area diffraction mapping was conducted covering the central volume of the samples. Debye-
Scherrer ring patterns were recorded using a large 2D area diffraction detector Pilatus 2M CdTe
sitting behind the sample. The integration range for every sample was 40° to 160°, to ensure
that the software integration limits were visible for every Debye-Scherrer ring 2D image in the
GSAS Il graphical user interface.

The nitrogen and oxygen contents of the samples were measured using the inert gas
fusion technique in a LECO ONH Determinator. More specifically, the samples (after
removing oxides layer and surface cleaning) were fused at 3000 °C in a high-purity graphite
crucible under the protection of purified helium gas. Subsequently, the liberated analyte gas
was swept out of the furnace by the helium gas to a series of detectors, where nitrogen and

oxygen contents were measured by thermal conductivity detector and non-dispersive infrared
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Figure 2. (a) The single shot synchrotron X-ray diffraction measurements. All 2D patterns
from the mapping area were merged to a single 1D pattern, and the Rietveld analysis was
performed using the GSAS-I1I software [23]. (b) Pictures of the Fe-xCr sample for single-shot
synchrotron. (b) Synchrotron measurement schematic.




3. Results and discussion

3.1.Nitrogen uptake and precipitation

Five different compositions, based on the Fe-Cr binary phase diagram (Figure 3(a)),
were selected with the following rationale. (i) Fe, Fe-5Cr, and Fe-10Cr undergo a face centered
cubic (FCC; y) to a body centered cubic (BCC; a) solid-state phase transformation after
solidification. While Fe-5Cr highlights the effect of Cr on such a transformation, Fe-10Cr
experiences y=>o+y—>a transformation during cooling. (ii) Both Fe-15Cr and Fe-24Cr solidify
without experiencing any y—>a phase transformation. However, in Fe-24Cr, dual phase
microstructure with a+o (close packed tetragonal; an intermetallic compound) phases is
expected. (iii) As shown by the phase diagram, 24 wt.% Cr is close to the upper limit of
composition range where the melting temperature remains constant and no noticeable
distinction can be seen between the solidus and liquidus. This indicates the solidification
processes of the examined compositions are likely to be similar and the effect of constitutional
supercooling is insignificant.

The Cr contents in the Fe-xCr alloys, obtained using EDS, are listed in Table 1. The
compositions of the printed alloys correspond well with the expected ones. However, in situ
alloying (using mixed powders) inevitably introduces chemical heterogeneity into the
fabricated parts, due to one or more of the following reasons: un-melted particles [24], varying
minor powders within melt pools [25], and insufficient physical/chemical mixing [26,27]. It is
worth noting that Cr has a higher melting point (1907 °C) than Fe (1538 °C), which could lead
to un-melted Cr particles, when elemental Cr and Fe powders are used. To circumvent such a
possibility, pre-alloyed Fe-46 wt.%Cr powder was used as the source for Cr, which, according
to the Fe-Cr binary phase diagram, has a similar melting point to Fe. Another advantage of
using the pre-alloyed Fe-Cr power is that the level of Cr segregation can be alleviated, when
compared to the use of elemental Cr powder. Detailed discussion on the chemical heterogeneity
and its effect is given in section 3.2.1.

Although solidification during PBF-LB/M occurs under non-equilibrium conditions
due to high thermal gradient and rapid cooling, the equilibrium phase diagrams can provide
valuable insights on the solid-state phase transformations that may take place and constitutional
undercooling [28,29]. To examine whether the phase variations in each PBF-LB/M alloy occur
according to that expected from the equilibrium phase diagram, the printed samples were
examined using synchrotron diffraction, and the results are shown in Figure 3(b). It is noted

that only o phase exists in all the samples, despite the variations in composition and printing



atmosphere. Neither y nor o phases was detected. While the absence of the former is in

accordance with the phase diagram, it is possible that the rapid solidification conditions that

prevail during PBF-LB/M prevent the precipitation of ¢ in Fe-24Cr.
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Figure 3. (a) Fe-Cr phase diagram (adopted from [30]). Compositions that are examined in this
work are highlighted in red. (b) Synchrotron diffraction patterns of Fe-xCr alloys (x=0, 5, 10,
15, 24 wt.%), fabricated under both argon and nitrogen atmosphere. (c) Debye-Scherrer ring
patterns of Fe-10Cr(N). (d) Zoomed-in image of the area highlighted by blue dashed lines in
(c), showing the vague ring of Cr2N precipitates with hexagonal close packed (HCP) structure.

Table 1. Cr and N contents, relative densities, and grain sizes of Fe-xCr alloys (x=0, 5, 10, 15,

24 wt.%).
Cr content Relative density
Alloy N (wt.%) Grain size (um)
(Wt.%) (%)
- Ar / 99.4 +0.2 0.011+0.002 4.2+0.5
e
N2 / 99.5 +0.1 0.053+0.002 3.940.7
Fo5C Ar 4.8+0.9 99.2 £0.3 0.013+0.003 2.1+0.4
e-5Cr
N2 5.0+0.8 99.30.2 0.025+0.003 1.840.2




Ar 10.2 +1.5 99.1 +0.2 0.0097+£0.001  3.4+0.5/7.9+0.6

Fe-10Cr
N2 9.9+1.8 99.1 +0.1 0.037+0.002 3.2+0.2/7.1+0.6
Ar 15.3+1.9 99.3+0.2 0.012+0.001 51.6+3.5
Fe-15Cr
N2 15.1+2.0 99.2 +0.1 0.021+0.003 21.5+1.8
Ar 244425 99.2 £0.2 0.015+0.002 44.3+4.3
Fe-24Cr
N2 23.9+1.8 99.1 +0.1 0.062+0.004 28.4+0.5

The measured relative densities (using optical microscopy) of each sample are listed in
Table 1. No evident effect of the atmosphere on the porosity could be seen. The N contents in
Fe-xCr(N) were measured and listed in Table 1. Compared to the N contents of Fe and Fe46Cr
powders (0.0079 and 0.006 wt.%, respectively), those in all the printed Fe-xCr(N) are markedly
higher, implying significant N uptake during PBF-LB/M. The uptake of N content in the
samples fabricated in the Ar atmosphere is negligible, as shown in Table 1. This is expected,
for the following reasons. (i) Both Fe and Fe-46Cr starting powders were gas atomized under
an Ar atmosphere and the N contents in these powders are small (0.0079 and 0.006 wt.%,
respectively). (ii) Before PBF-LB/M fabrication, high-purity Ar gas (99.999%) was used to
purge the chamber and acts as protecting atmosphere.

A careful analysis on the synchrotron results reveals the presence of a trace amount of
a hexagonal close packed (HCP) precipitate in Fe-xCr(N) (x=5, 10, and 15 wt.%), which should
be CrzN, the most widely observed nitride in Cr-containing alloys [20,31]. One example of Fe-
10Cr(N) is shown in Figures 3(c) and 3(d). Except for the Cr2N observed using the synchrotron
diffraction, it is possible that other types of precipitates that are small in size or volume fraction
(or both) exist within the microstructure. Especially the rapid cooling and chemical
inhomogeneities that occur during PBF-LB/M can lead to the formation of precipitates that are
unanticipated in conventional methods [31]. There are 8 types of precipitates that can form in
the Fe-xCr alloys (Table 2), excluding the phases that are not experimentally established or
only stable under high pressure, e.g., FeN [32-34], FeNz [35], Fe7N3[36], and FeNa4 [37]. Note
that oxides are also included in Table 2, because recent studies have revealed that O uptake is
inevitable in the PBF-LB/M process (either from the PBF-LB/M chamber or from the oxide
layers of the powder [38-41]. To confirm the O uptake, the O contents of the two powder
feedstock and the printed samples were measured and listed in Table 3. Evident O contents
were detected in the powder feedstocks (compared to nitrogen, which is lower than 0.01 wt.%),
and a slight increase can be seen after the PBF-LB/M process. No significant effect of Cr on
the oxygen intake can be observed.



Table 2. Structure and lattice parameters of commonly observed Fe/Cr nitrides and oxides.

Phase Structure and space group Lattice parameter
a=4.4373 A, b=55413 A, and
¢ =4.8429 A [42]
v’-FeaN Perovskite, Pm(3)m [42] a=3.79A [42]
o’ -FesN Body-centered tetragonal, 14/mmm [43]  a=2.85Aand c=3.09 A [43]
o’-FesN2  Body-centered tetragonal, 14/mmm [44]  a=5.72 Aand ¢ = 6.31 A [44]
CrN Hexagonal close packed, P6(3)/mmc [45] a=4.18 Aand ¢ = 4.44 A [45]

(-FeoN Orthorhombic, Pbcn [42]

CrN NaCl type, Fm(3)m [46] a=4.14 A [46]
Fe203 Corundum structure, R(3)c [47] a=5.03 Aandc=13.75 A [47]
Cr203 Corundum structure, R(3)c [47] a=4.95Aand c=13.57 A [47]

Table 3. The O contents of the Fe, Fe-46Cr powders, and the as-printed Fe-xCr alloys (under
nitrogen atmosphere).
Condition Fe Fe-46Cr Fe Fe-5Cr Fe-10Cr Fe-15Cr Fe-24Cr
powder  powder
O (wt.%) 0.036 0.052 0.055 0.042 0.069 0.044 0.067

Each of the Fe-xCr sample were subjected to TEM to study the morphology and crystal
structure of the precipitates in them. The results are shown in Figure 4. Fine and uniformly
distributed precipitates were observed in all the samples. The fractions and sizes of the
precipitates were estimated and plotted against the Cr content in Figure 5. The following are
the observations, made on the basis of Figures 4 and 5. (i) Increasing the Cr content results in
a reduction in precipitate size and an increase in their quantity. (ii) In comparison to samples
fabricated under the Ar atmosphere, those fabricated under N2 exhibit a greater fraction of
precipitates, albeit with a finer size. (iii) As only oxides are expected in the Ar samples, the
increment of the fraction of precipitates in N samples can be attributed to the formation of
nitrides. The highest increase in the precipitate fraction was observed in the Fe-15Cr and Fe-
24Cr samples. Note that the estimation of precipitate characteristics, displayed in Figure 5, was
made according to the contrast of precipitates under TEM. There would be precipitates that are

either low in contrast or small in size and thus were not included.
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Figure 4. Representative TEM bright field images of Fe-xCr alloys (x=0, 5, 10, 15, 24 wt.%),

showing disperse precipitates (marked out by yellow arrows).
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Figure 5. (a) Fractions and (b) average sizes of the precipitates, obtained using TEM, in Fe-
xCr alloys (x=0, 5, 10, 15, 24 wt.%) fabricated under both N2 and Ar atmospheres.

TEM-EDS mapping was conducted on each sample to reveal the type of the precipitates,

and the representative results, obtained from Fe-24Cr(N), are shown in Figure 6. As seen from
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Figure 6(a), which was performed on the precipitates shown in Figure 4, the spherical particles
that were commonly observed are confirmed to be oxides (evidenced by the contrast of Oxygen
in Figure 6(as4)). Clear evidence on the existence of nitrides was only found by recourse to EDS
mapping at higher magnification, as exemplified by Figure 6(b). It was revealed that Cr nitrides

tend to occur predominantly along the grain boundary.

Cr

.
.

Figure 6. (a) Representative TEM EDS maps on the precipitates, and (b) zoomed-in maps on

the nitrides, obtained from Fe-24Cr(N) sample.

Given the complexity of types of precipitates (see Table 2), we did not attempt to
identify ALL the precipitates observed in TEM, as it is beyond the scope of the current study.
Characterization on one of them, as an example, using high resolution (HR) TEM shows a
semi-coherent precipitate/matrix interface, Figure 7(a), with misfit dislocations compensating
the inter-planar spacing mismatch. Based on the HRTEM results and corresponding Fast
Fourier Transform (FFT) pattern (Figure 7(b)), the precipitate is found to be o’-FesN,
exhibiting [001]a//[001]a” orientation relationship with the matrix.

11
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Figure 7. (a) High resolution TEM image of one precipitate and the corresponding FFT pattern.

Understanding nitrogen’s solubility in steels and effectively controlling its content,
particularly in Cr-containing stainless steels, have long been recognized as crucial for
enhancing mechanical properties of steels [20,48]. Typically, nitrogen’s solubility in the Fe-Cr
alloys is measured using the Sieverts method or the sampling method (gas—liquid metal
equilibration technique) [48], where constant temperature and pressure, and sufficient diffusion

time are required. Based on such measurements, equations on the nitrogen’s solubility: [N] =

ap+a, * [Cr] + a, * P% + az * [Cr]? + a4 = [Cr] * P% (where ay, a,, a,, azand a, are
interaction coefficients and P is the melt pressure) and the activity coefficient of chromium on
nitrogen: logf,¥" = eS" * [Cr] + r§" = [Cr]? (where e§” and 5" are the first and the second
order interaction parameters of Cr and nitrogen in liquid Fe—Cr alloys), were developed [20,48].
However, during the scanning of the high-power laser with a Gaussian profile, the temperature
of the melt varies rapidly and inhomogeneously. Regarding the pressure, due to the interaction
of nitrogen atmosphere with the laser and the melt, there would be turbulence in the nitrogen
flow and thus unstable pressure. These factors make any estimates of the solubility of N in
PBF-LB/M Fe-Cr alloys, using the equations established for conventional alloys, imprecise.

It is known that Cr can substantially increase the N concentration in the steels [20,21].
In a study on the Fe-Cr alloys that are melted in a furnace attached to a hot isostatic press (HIP)
furnace that uses nitrogen as the pressurizing gas, it was found that, at atmospheric pressure, N
acted as a solute (without forming any nitride) in alloys with 2-20 wt.% Cr [20]. In these alloys,
N content increased from 0.05 to 0.22 wt.% [20]. Evidently, these results are in distinct contrast
to our findings, as nitrides formed in the as-printed PBF-LB/M samples. Despite the significant

effort in characterizing the types and morphologies of the precipitates using Synchrotron and
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TEM, there would still be precipitates that are either low in contrast or small in size and thus
cannot be well-characterized. Moreover, the complexity in the thermal history of PBF-LB/M
would lead to formation of precipitates/phases that are metastable/unstable under conventional
fabrication method, thus making it challenging to discuss the stability and formation
mechanisms. As the exact amount of N in the nitrides cannot be obtained due to the complexity
of nitride type and uncertainty of quantity, the solubility of N in the PBF-LB/M samples cannot
be estimated, despite the measured N content in the bulk samples (Table 1). Such difference
between the PBF-LB/M and HIP samples can be attributed to the unique way that N2 gas
interacts with the high-energy laser during the PBF-LB/M process. The interaction between
laser and N2 gas is a complex subject, which involves the specifications of laser (i.e., power,
wavelength, beam shape, and spot size) and various reactions of N2 gas (e.g., absorption,
scattering, photodissociation, and photoionization). This aspect is beyond the scope of the
current study, which will be pursued in the future.

The complexity of melt pool dynamics also makes it challenging to further investigate
the effect of Cr content on the interaction between N2 gas and melt pool. With varying amount
of Fe-46Cr powders for each fabrication process, the melt pool shape, surface tension, and the
flow characteristics of the liquid are likely to vary significantly [49], resulting in the distinct
interactions with the N2 atmosphere and thus the N content in the Cr containing alloys
examined. Moreover, the inevitable chemical heterogeneity that arise during in situ alloying
will further complicate this issue. Another aspect that can affect the solidification process and
the N uptake is the enthalpy of mixing, which increases with an increasing Cr content [50].
Hence, during the solidification and formation of solid solution in the Fe-xCr alloys,
endothermic dissolution reaction occurs to varying degrees, which leads to different
temperatures in the molten pool and thus the variations of interaction with N2 atmosphere. Due
to the complexity of the interactions between N atmosphere and the melt pool, the Cr content
is no longer the key factor in affecting the N solubility and uptake, which is the reason for the

unclear relationship between the overall N and Cr listed in Table 1.

3.2.Microstructure

3.2.1 Variations of grain size/morphologies with Cr content
The crystallographic orientation maps on side surfaces of the Fe-xCr alloys (whose
normal is perpendicular to the build direction, BD) characterized using EBSD are shown in

Figure 8. The following are the three major aspects that need to be discussed regarding the
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microstructures: (i) variations of grain size/morphologies with Cr content, (ii) bimodal grain
morphology in the Fe-10Cr sample, and (iii) the effect of printing atmosphere on the grain
refinement. Aspect (i) is addressed here, while the remaining two aspects will be discussed in
the subsequent subsections. Both Fe and Fe-5Cr fabricated under both Ar and N2 atmospheres
show fine equiaxed grains, while Fe-10Cr exhibit both equiaxed and columnar grains. Further
increase of Cr content to 15 and 24 wt.% leads to the formation of columnar grains. The grain
sizes, obtained from the EBSD maps, are listed in Table 1.

In AM processes, columnar grains are typically favoured due to the relatively lower
energy barrier for epitaxial growth, which implies that the grains in a molten pool nucleate
from the previously deposited layer, hence following the same crystallographic orientation as
the previous grains (as exemplified by Fe-15Cr(Ar) in Figure 8) [2]. However, there are several
approaches that can be utilized to break the occurrence of columnar grains, e.g., altering the
thermal history through manipulating fabrication conditions [2], constitutional undercooling
[28], additional inoculations as grain nucleation sites [51], and phase transformation [52].

Here, according to the phase diagram, it appears that the a—>y-> a phase transformation
plays a key role in the formation of fine equiaxed grains in the Fe, Fe-5Cr, and Fe-10Cr samples,
as they are in distinct contrast to the columnar grains in Fe-15Cr and Fe-24Cr ones, where the
phase transformation is not expected. Another reason for highlighting the effect of phase
transformation is that, among the samples fabricated under the same atmosphere, other grain
refinement mechanisms (mentioned above) are largely absent. Of particular note is that, in the
range of 0-24 wt.% Cr (see phase diagram in Figure 3(a)), the melting temperature remains
constant (slope of the liquidus close to 0) and there is no evident gap between the solidus and
liquidus, indicating insignificant chemical partitioning and, thus, negligible constitutional
undercooling [28,53].

The a—>y—>a phase transformation induced grain refinement is a well-reported
phenomenon in conventionally manufactured steels [54-56]. In the case of AM process, the
rapid cooling and cycling heating can lead to more complex phenomenon, and the underlying
mechanism can be understood through the following aspects. (i) Upon solidification, columnar
a grains are favoured due to the rapid cooling and lack of constitutional undercooling. (ii) As
the solidified materials cool down, solid-state phase transformations a—=>y—> a occur, each of
which are accompanied by phase nucleation and change of lattice parameters/volume [52]. The
volume change can lead to increase of internal strain, which can be reduced either by elastic-
plastic deformation [57] or autocatalytic nucleation of o phase on the migrating y/a interface

[58]. With driving force for grain nucleation and limited time (due to the rapid cooling) for

14



grain growth, columnar grains are broken down into fine, equiaxed ones [52]. (iii) During the
layer-by-layer fabrication process, the high-energy laser can repetitively heat the solidified

layers, resulting in iterations of a«<>y phase transformation and further grain refinement.
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Figure 8. Crystallographic orientation maps of Fe-xCr alloys (x=0, 5, 10, 15, 24 wt.%). Frist
row shows the samples fabricated under N2 atmosphere, while second row shows that under
Ar.

3.2.2 Chemical heterogeneity and bimodal grain morphology in Fe-10Cr sample

The bimodal grain morphology observed in the Fe-10Cr sample can be rationalized by
resource to the chemical heterogeneity that inevitably occurs during in situ alloying (using
mixed powders). The formation mechanisms of the chemical heterogeneities can be
summarized as follows. (i) When the powder feedstocks have distinct melting points, the one
with higher melt point could be retained as un-melted particles and thus lead to severe chemical
heterogeneity [24]. (ii) Insufficient physical mixing results in pre-existing clusters of powders
and thus chemical segregations [26]. (iii) In cases where the powders are physically well-mixed,
distinct physical properties or limited solubility can lead to chemical heterogeneity within the
melt pools [27]. (iv) Even when the above mechanisms are not notable, melt pools can capture
varying numbers of minor alloy powders and thus lead to inhomogeneous compositions at the
local scale [25].

In the present’s works context, as two feedstocks, i.e., Fe and Fe-46Cr, have good
solubility and similar melting points and are physically well-mixed, the chemical heterogeneity
is induced by the mechanism (iv)—varying minor powders in each melt pool. As 10 wt.% is
close to the critical value of Cr in determining the occurrence of y=> o phase transformation and
thus grain morphology, chemical fluctuations induced during in situ alloying process can lead
to distinct grain morphologies. A backscattered electron (BSE) image of the Fe-10Cr(N) and

the corresponding EDS line scans are shown in Figure 9. It is observed that coarse grains
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correspond to higher Cr content, while fine grains are of lower Cr content. Note that the
chemical heterogeneity discussed here is inherent to the in situ alloying process (using mixed
powders) where the melt pools can capture various numbers of minor particles. Therefore, it is
expected in all the samples. Fe-10Cr is a critical composition where the effect of chemical
heterogeneity can be highlighted through y—=>a phase transformation and, thus, grain
morphologies. It is also worth noting that the chemical heterogeneity can also exert influence
on the local solubility of N, formation of nitrides, etc. These aspects will be further investigated

in future.

1 1
0 100 >

Location (um)

Figure 9. Backscattered electron image on Fe-10Cr sample fabricated under nitrogen

atmosphere and the corresponding EDS line scan covering both coarse and fine grains.

3.2.3 Effect of printing atmosphere on the microstructures

As shown in Figure 10, the relative grain refinement in the Fe, Fe-5Cr, and Fe-10Cr
samples that were processed under N2 atmosphere (compared to those processed under Ar) is
insignificant. This is because equiaxed grains were observed in these alloys, irrespective of the
atmosphere used. The relative grain refinement is more pronounced in the Fe-15Cr and Fe-
24Cr samples with columnar grains when processed in Ar. There are two probable grain
refinement mechanisms. (i) The precipitates, i.e., nitrides, that formed in situ during the
solidification process (including remelting and re-solidification) can act as grain nucleation
sites and thus suppress the epitaxial growth and formation of columnar grains [59]. (ii) The

differences in the thermophysical properties, e.g., specific heat, gas constant, and thermal

16



conductivity, of the two atmospheres results in the variations of the thermal history during the
solidification and thus varying microstructures. Recent studies have revealed that the N2 and
Ar atmospheres can lead to different thermodynamics and kinetics of the melt pool and the
evaporation flow, resulting in varying porosity and microstructures [13,60], which supports the

above argument.
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Figure 10. Grain sizes, obtained using EBSD, of Fe-xCr alloys (x=0, 5, 10, 15, 24 wt.%)

fabricated under both N2 and Ar atmospheres.

3.3. Cracking

Micro-cracks were found in Fe-15Cr(N) and Fe-24Cr(N) samples in the as-printed state.
Typical morphologies of the cracks are shown in Figure 11, where cracks both parallel and
perpendicular to BD were observed. The straightness of the cracks indicates they propagated
without interacting with the microstructure. Since solidification and liquation cracks typically
occur along grain/dendrite boundaries [61,62] and heat-affected zones, respectively [63], the
observed crack morphology suggests that they are residual stress induced cracks. As cracking
was not observed in Fe-15Cr(Ar) and Fe-24Cr(Ar), N2 atmosphere must be one of the key
factors in inducing the cracking in Fe-15Cr(N) and Fe-24Cr(N), either via causing brittleness
or exacerbating residual stress. With an increase in the Cr content, an overall increase in the
precipitate content can be expected, given the low enthalpy of forming Cr-N bond (-117
kJ/mol[64]). A higher fraction of precipitates (than in Fe-10Cr(N)) in Fe-15Cr(N) and Fe-
24Cr(N), as evidenced by Figures 4 and 5, can lead to hardening and embrittlement, eventually

resulting in cracking in the presence of the residual stress that arise during and/or after
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solidification. The microstructures of Fe-15Cr and Fe-24Cr could be another factor for the
formation of cracking. More specifically, the columnar grains in Fe-15Cr and Fe-24Cr make
them less resistant to crack growth, compared to the samples with finer grains [65]. y=> o phase
transformation plays a significant role in affecting the residual stress, as it is closely associated
with volume change and dislocation mobility [66,67]. Hence, the absence of this phase
transformation in the Fe-15Cr and Fe-24Cr alloys may contribute to elevated levels of residual
stress in these alloys, compared to the others. When combined with the presence of columnar
grains and precipitates, these factors could be significant contributors to the observed cracking

in these two samples.

Figure 11. Cracks observed in Fe-24Cr(N) sample, both parallel and perpendicular to the BD.

3.4. Mechanical properties

Representative engineering stress-strain responses of the printed alloys, tensile tested
in the parallel and vertical orientations (with respect to BD) are shown in Figures 12(a) and
12(b), respectively. The average ultimate tensile strength (outs) and yield strength (oy)
extracted from the results are plotted against the Cr content in Figures 12(c) and 12(d),
respectively. (As already mentioned, both Fe-15Cr(N) and Fe-24Cr(N) are cracked in the as-
printed state and thus meaningful tensile tests could not be conducted. No crack was observed
in other samples.) The following are some key observations. (i) The anisotropy in strength in
any sample is insignificant (less than 5%). Therefore, the properties of vertical and parallel
orientations will not be distinguished hereafter. (ii)) Compared to their Ar counterparts,
significant enhancements of both oy and ours are seen in Fe(N), Fe-5Cr(N), and Fe-10Cr(N),

which could be due to the collective effects of solid solution strengthening caused by N and
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the precipitation strengthening by nitrides. (iii) Among the samples fabricated under Ar
atmosphere, Fe-5Cr(Ar) shows the highest oy and ours, due to grain boundary strengthening
associated with the fine equiaxed grains (Figure 10). When N2 atmosphere was utilized, highest
ours is seen in Fe-10Cr(N) sample, while maximum oy is obtained in Fe-5Cr(N) sample. (iv)
Except for inducing hot cracking and, thus premature failure in Fe-15Cr(N) and Fe-24Cr(N)
samples, the effect of N2 atmosphere on the uniform elongation (until ours) is insignificant. In
some of the conditions, e.g., the Fe-5Cr and Fe-10Cr parallel, samples fabricated under N2
atmosphere show lower elongation to failure than those under Ar, but similar uniform
elongation. (v) Yield point phenomenon was observed in the Fe and Fe-5Cr samples, under
both printing atmospheres. This phenomenon in steels is well-known and can be attributed to
the Cottrell atmosphere induced by interstitial atoms (i.e., carbon, oxygen, and nitrogen) [68].
TEM-EDS maps have shown the dissolved N and O atoms in Figure 6, which could contribute
to the formation of the Cottrell atmospheres around dislocation cores. However, TEM-EDS
mapping only offers qualitative results on light elements, making the exact amount of dissolved
N unavailable. Upon deformation, interstitial atoms can segregate to dislocations, form the
Cottrell atmospheres, which, in turn, pin the dislocations, leading to a higher energy barrier for
dislocation motion [68]. Once the dislocations are unpinned from the Cottrell atmosphere
through the application of a higher stress, they multiply rapidly, which results in lowered flow
stress. Compared to low-alloy steels, yield point phenomenon is less evident in the steels with
high contents of the alloying elements e.g., Fe-10Cr, Fe-15Cr, and Fe-24Cr alloys, due to the
dominance of the alloying elements on the microstructure and mechanical properties of the
materials, e.g., solid solution strengthening and precipitation hardening. Therefore, the onset
of plastic deformation could be more gradual instead of a distinct yield point. As shown in
Figure 12, the yield point phenomenon is less evident in Fe-5Cr than Fe and cannot be seen in

the samples with Cr content = 10 wt.%. Except for the nitrogen from the printing atmosphere,

oxygen (either from the PBF-LB/M chamber or the oxide layer of the powders) can dissolve

into the alloy and cause a yield plateau.
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Figure 12. Representative engineering stress-strain curves of Fe-xCr alloys (x=0, 5, 10, 15, 24
wt.%), fabricated under both N2 and Ar atmospheres. Tensile testing was conducted along two
orientations (a) parallel and (b) vertical, as schematically shown in the figure. Plots of ourts (C)
and oy (d) against Cr content. The difference between samples under N2 and Ar atmospheres
are also given.

4. Summary

In summary, Fe-xCr (x=0, 5, 10, 15, 24 wt.%) alloys were fabricated under both Ar and
N2 atmospheres to study the effect of nitrogen uptake during PBF-LB/M on the microstructures
and mechanical properties. PBF-LB/M performed under the N2 atmosphere leads to the
formation of Cr and Fe nitrides in the alloy. Both Fe and Fe-5Cr possess fine and equiaxed
grains, irrespective of the atmosphere used, due to the y=>ao phase transformation during
cooling. Bimodal grain morphologies are seen in Fe-10Cr, induced by the melt-pool-scale
chemical heterogeneity. Strongly textured columnar grains are seen in Fe-15Cr(Ar) and Fe-
24Cr(Ar), while N2 atmosphere significantly refines the grain size and weakens the texture.
Evident enhancement of strength was observed in Fe(N), Fe-5Cr(N), and Fe-10Cr(N) due
possibly to solid solution and precipitation strengthening caused by N. The combination of
columnar grain morphology, larger precipitate volume fraction, and residual stress lead to
embrittlement of Fe-15Cr(N) and Fe-24Cr(N). Results of this study demonstrate that the
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nitrogen atmosphere exerts a significant influence on the microstructure and mechanical

properties of Fe-Cr alloys, insights of which can be applied to other classes of alloys.
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