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A B S T R A C T   

Lightweight Fe–Mn–Al–C steels have become a topic of significant interest for the defense and automotive in
dustries. These alloys can maintain high strength and ductility while also reducing weight in structural appli
cations. Conventionally processed Fe–Mn–Al–C austenitic steels with high Al content (~9 wt%) demonstrate 
greater than 1.5 GPa strength with 35% elongation. Several recent studies have demonstrated success in fabri
cating steel parts using laser powder bed fusion (L-PBF) additive manufacturing (AM), which can generate near- 
net-shape components with complex geometries and is capable of local microstructural control. However, studies 
on L-PBF processing of Fe–Mn–Al–C alloys have focused on low Al content (<5 wt%) compositional regimes 
representing alloys that undergo transformation-induced plasticity (TRIP) and twinning-induced plasticity 
(TWIP). Here, we present the effects of L-PBF processing on the microstructure and mechanical properties of an 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C austenitic steel. A process optimization framework is employed to determine an 
ideal L-PBF processing space that will result in >99% density parts. Implementing this framework resulted in 
near-fully dense specimens fabricated over a broad range of process parameters. Additionally, two bi-directional 
scan rotation strategies (90◦ and 67◦) were applied to understand their effects on texture and anisotropy in this 
material. As-printed specimens displayed considerable work-hardening characteristics with average strengths of 
up to 1.3 GPa and 36% elongation in the build direction. However, solidification microcracks oriented in the 
build direction resulted in anisotropy in tensile strength and ductility resulting in average strengths of 1.1 GPa 
and 20% elongation perpendicular to the build direction. The successful L-PBF fabrication of Fe–30Mn–9Al–1Si- 
0.5Mo-0.9C presented here is expected to open new avenues for weight reduction in structural applications with 
a high degree of control over part topology.   

1. Introduction 

The additive manufacturing (AM) method laser powder bed fusion 
(L-PBF) can generate parts with complex geometries that are difficult or 
impossible to replicate with traditional processing techniques. Many 
alloy systems have been successfully fabricated with L-PBF, including 
austenitic and martensitic steels [1–4], nickel-based super alloys [2, 
5–8], Al–Si–Mg alloys [2,9,10], Ti–6Al–4V [2,11,12], and numerous 
other alloy systems [13–16]. 

Fe–Mn–Al–C alloys have been the subject of recent interest for AM 

due to their high specific strength and toughness for weight critical 
applications. Several studies have focused on Fe–Mn–Al–C alloys that 
display twinning-induced plasticity (TWIP) and transformation-induced 
plasticity (TRIP), which typically contain less than 5 wt% aluminum 
[17–20]. These alloys have been successfully fabricated via L-PBF with 
excellent strength and ductility in the as-printed condition. Köhnen et al. 
[17] utilized L-PBF to fabricate Fe–21Mn-(X)Al-0.3C with various Al 
contents (X = 0–5 wt%). They reported an ultimate tensile strength of 
greater than 800 MPa and 30% elongation in specimens tested perpen
dicular to the building direction at 5 wt% Al content. Anisotropy was 
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observed in the mechanical properties of this alloy, with a ~75 MPa 
drop in UTS observed along the building direction. Li et al. [19] reported 
an UTS of 1625 MPa and 7.8% elongation in an Fe–10M
n-1.6Al-0.4C-0.7V alloy fabricated via L-PBF. 

While the mechanical properties of TRIP and TWIP steels are 
impressive, the low Al content of these alloy systems constrains their 
weight reduction potential. Aluminum additions stabilize body- 
centered-cubic (BCC) ferrite in steels and suppress TWIP and TRIP ef
fects, promoting dislocation glide instead [21,22]. However, the addi
tion of Al in Fe–Mn–Al–C alloys increases their solidification range, 
making them prone to solidification cracking and cavitation [21]. 
Austenitic Fe–Mn–Al–C steels have been demonstrated to achieve 
excellent mechanical properties due to the precipitation hardening ef
fect of κ-carbide precipitates [21,23–26]. To stabilize 
face-centered-cubic (FCC) austenite in a steel with significant Al addi
tions, relatively high Mn contents (20–30 wt%) are required [27]. This 
can render higher Al content Fe–Mn–Al–C challenging to fabricate with 
L-PBF. Defects such as solidification cracking may be possible to miti
gate by optimizing L-PBF process parameters [28,29]. Seede et al. [3] 
recently proposed a process parameter optimization framework to 
develop optimal process windows for new alloys utilizing information 
gathered from single track scans. This framework has been validated for 
various alloy systems including Ni-based alloys, steels, and shape 
memory alloys [3,30–34]. Development of these process windows may 
allow for printing defect-free parts of Fe–Mn–Al–C with higher Al 
content. 

The lightweight and high strength Fe–30Mn–9Al–1Si-0.5Mo-0.9C 
alloy is of significant interest for automotive and defense applications 
due to its excellent mechanical properties and weight reduction poten
tial [21,27]. This austenitic alloy offers up to 17% weight reduction 
compared to traditional Cr–Mo steels with comparable strength and 
fracture toughness [27]. Traditionally processed 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C displays ultimate tensile strengths of up 
to 1.5 GPa with ~35% tensile elongation [35]. However, recent in
vestigations have shown that traditionally processed 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C has significant anisotropy in mechanical 
properties, in particular in tensile ductility, due to the formation of 
large, laminated Mn segregation structures that result in extreme 
anisotropy in ductility under tensile loading [35]. Additive processing 
techniques such as L-PBF have been shown to refine microstructural 
features which may result in a reduction in mechanical anisotropy in 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C. Additionally, fabrication of geometri
cally complex components with these properties is of great value for 
industrial applications. The large solidification ranges of Mn- and Al-rich 
Fe–Mn–Al–C steel renders L-PBF fabrication without solidification 
cracks difficult, and there is currently no known literature on fabricating 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C or any other Al-rich austenitic 
Fe–Mn–Al–C steel using L-PBF AM. This work presents a systematic 
study on the effect of process parameters on microstructure and me
chanical properties in Fe–30Mn–9Al–1Si-0.5Mo-0.9C. A process opti
mization strategy developed in Ref. [3] to achieve full part density is 
implemented to investigate the range of process parameters which result 
in optimal part density for Fe–30Mn–9Al–1Si-0.5Mo-0.9C. Near-fully 
dense parts are then fabricated across a range of parameters to assess 
their role on microstructural evolution and mechanical properties in 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C. 

2. Experimental methodology 

2.1. Process parameter optimization 

To establish an optimum window in the laser power-velocity 
parameter space that mitigates porosity in Fe–30Mn–9Al–1Si-0.5Mo- 
0.9C, an optimization framework described in Ref. [3] is employed. An 
analytical thermal model developed by Eagar and Tsai (E-T) [36] is 
utilized to provide computationally inexpensive predictions of melt pool 

dimensions such as melt pool width (W) and depth (D) across the 
parameter space. The laser power-velocity parameter space is then 
sampled with single tracks to perform statistical calibration for 
improved model prediction accuracy. Markers in Fig. 1 display laser 
power-velocity combinations selected using grid-based sampling at 
sixty-one locations in the parameter space. Laser power (P) and scan 
speed (v) boundaries were chosen to be (Pmin, Pmax) = {35, 260 W} and 
(vmin, vmax) = {0.05, 2.5 m/s}. Machine limitations were used to bound 
Pmax and vmax, and vmin was chosen to avoid sluggish scan velocities. Pmin 
corresponds to E-T model predictions of the lowest power capable of 
achieving a melt pool depth of at least one layer thickness (t) at vmin. 
Two regions of the P – v space were sampled. Forty parameter sets were 
selected between vmin = 0.05 m/s – v = 1.3 m/s, and 21 were selected 
between v = 1.3 m/s – vmax = 2.5 m/s. Lower scan speed values were 
more densely sampled as they are expected to result in more successful 
parts. Defect modes such as keyholing and balling were classified 
qualitatively in single tracks based on top-view and cross sectional mi
crographs and characteristic melt pool features which are well estab
lished in the literature [2,3,37–39]. Melt pool depth ≤ layer thickness 
(D ≤ t) was used as a criterion from the literature to classify lack of 
fusion in single tracks [3,30,37]. 

Kennedy and O’Hagan [40] developed a statistical calibration 
methodology that is implemented to improve the prediction accuracy of 
the E-T model. A surrogate model is constructed using Gaussian process 
regression and measured melt pool dimensions are utilized for calibra
tion. A discrepancy function is then used to further improve the accuracy 
of the calibrated model. The fully calibrated model then outputs melt 
pool dimension predictions across the laser power-scan speed parameter 
space. These predictions, as well as melt pool dimension relationships 
established in the literature, are used to identify the lack of fusion and 
keyholing regions of the processing space displayed in Fig. 1. A rela
tionship between melt pool width and depth (namely: W/D) is used to 
identify the keyholing defect region and melt pool depth/layer thickness 
(D/t) is used to establish a lack of fusion region [3,37,41–43]. Experi
mentally classified keyhole single tracks are compared with several 
keyhole criteria in Fig. 1 to determine which criterion most accurately 
identifies the defect region. These criteria are selected based on estab
lished literature values (W/D ≤ 1.2, 1.5, 2.0) [3]. The keyholing crite
rion W/D ≤ 1.2 was observed to fit the experimental observations best 
for Fe–30Mn–9Al–1Si-0.5Mo-0.9C. As with classification in single 
tracks, the criterion used to establish the lack of fusion defect region was 
selected as D/t ≤ 1. A 3rd degree polynomial kernel support vector 
machine (SVM) classifier [44,45] was used to split the processing space 
into balling and non-balling regions based on experimental single track 
classifications. A finalized process map for 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C can be established by plotting each of 
these defect criteria. It should be noted that since there may be machine 
to machine differences in single track morphology, the methodology 
implemented here is intended to be machine specific. 

Single track melt pool morphology is also employed to select hatch 
spacing values that result in full density parts using a geometrical hatch 
spacing criterion [3]. This criterion was derived with two major as
sumptions, namely, that above and below the printing surface a para
bolic cross-sectional melt pool morphology exists and that layer 
thickness and melt pool height are equivalent. This results in the deri
vation of a maximum hatch spacing (hmax) value that will ensure the 
mitigation of lack of fusion porosity between laser scans: 

hmax = W
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
t

(t + D)

√

(1)  

where W is the melt pool width, D is the melt pool depth, and t is the 
selected layer thickness which is held constant in this study. This 
equation determines a boundary for hmax at any location in the P – v 
space as simply a function of single track dimensions and layer thick
ness, with the melt pool dimensions predicted using the calibrated, 
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surrogate E-T model. Maximum hatch spacing contours are plotted in a 
finalized process map in Fig. 2 for Fe–30Mn–9Al–1Si-0.5Mo-0.9C. Three 
different P – v – h parameter sets listed in Table 1 were selected to 
fabricate 8 × 8 × 8 mm specimens guided by the processing maps in 
Fig. 2 within the optimal processing window. Hatch spacing values were 
rounded down to the nearest multiple of 5 μm for each of the parameter 
sets. Cubes were printed with a bi-directional scan strategy and two 
different scan rotation angles, namely, 90◦ and 67◦ to determine the 
effect of scan rotation on microstructure and mechanical properties in 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C. 

2.2. Materials fabrication and characterization 

Fe–30Mn–9Al–1Si-0.5Mo-0.9C powder was gas atomized and pro
cured from Nanoval GmbH & Co. KG with a cumulative size distribution 
at 50% (i.e. D50) and 80% (i.e. D80) of 21.4 μm and 35 μm respectively. 
The nominal composition of Fe–30Mn–9Al–1Si-0.5Mo-0.9C as well as 
the composition of the powder measured by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) is listed in Table 2. 

A 3D systems ProX DMP 200 L-PBF machine containing a Gaussian 
profile fiber laser, wavelength of λ = 1070 nm, and a beam diameter of 
80 μm was used to print all specimens in this work. Parts were printed 
under a high purity argon atmosphere for protection against oxygen 
contamination. An as-cast base plate with the same nominal composi
tion as the powder was used for printing single tracks. Sixty-one single 
tracks were printed 10 mm in length with 1 mm spacing between each 
track. The parameters selected for single tracks and representative mi
crographs of different melt pool morphologies are displayed in Fig. 1. 
These tracks were printed with a powder layer thickness of 35 μm cor
responding to the 80th percentile of the powder size distribution. 
Electrical discharge machining (EDM) was utilized to cut cross sections 
of the single tracks, and these cross sections were polished to 0.25 μm 
with a water-based diamond suspension and vibratory polished in 0.04 
μm colloidal silica for 2 h. A 4% Nital solution (4 ml HNO3, 96 ml 
ethanol) was used to etch the single tracks to reveal melt pool 
morphology. The widths and depths of three cross sections were 
measured for each single track using optical microscopy and averaged to 
obtain representative melt pool dimension values. 

Square 8 × 8 × 8 mm cubes were printed based on the process 
optimization strategy discussed in Section 2.1, and the parameters used 
to print each cube are listed in Table 1. The density of the as-printed 
cubes was measured using the Archimedes method (ASTM B962-15). 
All as-printed cubes were measured to have an Archimedes density of 
greater than 99%. EDM was used to cut cross sections of each cube, and 
the same polishing procedure was implemented to prepare the cubes for 
microstructural analysis as was described for single tracks. Three optical 
micrographs were taken from each of the polished cross sections and the 
software ImageJ® [46] was used to determine the area fraction of 
porosity in each of the cubes. Porosity values determined by image 
analysis were averaged from the measurements conducted in each of the 

Fig. 1. A L-PBF P – v map is displayed for Fe–30Mn–9Al–1Si-0.5Mo-0.9C. The map contains several keyholing criteria (W/D ≤ 1.2, 1.5, 2.0) to ascertain the optimal 
criterion, and a lack of fusion criterion (D ≤ t). A Support Vector Machine (SVM) classifier used to identify the parameter space where balling was observed is also 
plotted. Experimental observations of single tracks with keyholing, lack of fusion, balling, and good track characteristics are displayed as markers in the process map, 
and optical micrographs showing the characteristic morphology of these tracks are displayed to the right of the process map. W: Melt Pool Width, D: Melt Pool Depth, 
t: Powder Layer Thickness. 

Fig. 2. A finalized L-PBF process parameter map for Fe–30Mn–9Al–1Si-0.5Mo- 
0.9C with keyholing, lack of fusion, and balling criteria overlayed with 
maximum hatch spacing contours. W/D ≤ 1.2 is selected to represent the 
keyholing region. Lack of fusion is represented with a criterion of D ≤ t, and a 
SVM classifier was used to fit experimental observations of balling. W: Melt 
Pool Width, D: Melt Pool Depth, t: Powder Layer Thickness. 
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three optical micrographs for each cube. 
Optical micrographs of single tracks and cubes were obtained using a 

Keyence VH-X digital microscope with a VH-Z100 wide range zoom lens. 
Backscatter electron micrographs were obtained using a FEI Quanta 600 
Field Emission scanning electron microscope (SEM). Quantitative 
composition maps were acquired using wavelength dispersive spec
troscopy (WDS) on a LaB6 equipped CAMECA SXFive electron probe 

microanalyzer. Parameters used to collect WDS data were 15 kV, 50 nA, 
110 μs pixel dwell time, and a step size of 0.1 μm. X-ray diffraction 
(XRD) patterns were collected with a Bruker D8 Discover X-ray 
Diffractometer with a Vantec 500 area detector and a Cu K-α source. A 
scan rate of 1.5◦ per minute, a step size of 0.01◦, and a maximum power 
of 40 kV were used to acquire XRD patterns. XRD was conducted normal 
to the building direction in all as-printed specimens. A Thermo Scientific 
Helios G4 DualBeam FIB/SEM equipped with an EDAX Team® detector 
was used to collect electron backscattered diffraction (EBSD) maps at 
250x magnification, 20 kV, and 400 nm step size. EBSD maps were 
minimally post-processed in EDAX’s Orientation Imaging Microscopy 
(OIM) software. All EBSD maps were taken from the center of the as- 
printed Fe–30Mn–9Al–1Si-0.5Mo-0.9C cube cross sections. 

Flat dog bone tension specimens were EDM cut from as-printed 
rectangular 10 × 10 × 30 mm prisms fabricated with the same param
eters as the cubes listed in Table 1. These rectangular prisms were 
printed both parallel and perpendicular to the building direction to 
characterize anisotropy in the mechanical properties. The tension 
specimens were cut with 26 mm overall length and 8 × 3 × 1 mm gauge 
dimensions. Tension testing was conducted with an MTS 810 servohy
draulic test frame at room temperature. Three tension tests were con
ducted for each parameter set at an effective strain rate of 5 × 10−4 s−1, 
and the three tests were averaged to determine the tabulated mechanical 

Table 1 
A list of the parameters selected to fabricate 8 × 8 × 8 mm specimens in the optimal window of the process map in Fig. 2.  

Cube Laser Power (W) Scan Speed (m/s) Hatch Spacing (μm) Scan Rotation (◦) Layer Thickness (μm) Substrate Temperature (◦C) 

1 90 0.55 90 90 35 25 
2 120 0.80 85 90 
3 150 0.80 105 90 
4 90 0.55 90 67 
5 120 0.80 85 67 
6 150 0.80 105 67  

Table 2 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C austenitic steel nominal composition and pow
der composition measured by Inductively Coupled Plasma – Atomic Emission 
Spectroscopy (ICP-AES) and combustion infrared absorbance.  

Elements (wt.%) Nominal Powder 

Fea 58.5 57.12 
Mn 30 32.21 
Al 9 8.17 
Si 1 1.05 
Mo 0.5 0.49 
Cb 0.9 0.9 
S <0.01 0.007 
P <0.005 0.021  

a Determined by difference. 
b Determined by combustion-infrared absorbance. 

Fig. 3. Backscattered electron micrographs 
of gas atomized powder. a) A micrograph 
taken at low magnification displaying the 
powder distribution and morphology. High 
magnification micrographs b) displaying the 
surface morphology of an individual particle 
and the cross section of a particle. c) Grains 
and cellular segregation structures are 
observable in the powder cross section. d) A 
cumulative powder size distribution graph 
showing the powder sizes ranged from 0 to 
60 μm, and the D50 of the powder is 21.4 
μm.   
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property values reported in this study. 

3. Results and discussion 

3.1. Powder characterization 

Fe–30Mn–9Al–1Si-0.5Mo-0.9C powder surface morphology, internal 
microstructure, and powder size distribution are displayed in Fig. 3. The 
particles are mostly spherical with some satellite particles observed on 
the surfaces of larger particles. Microdendritic features are identifiable 
on the surface of the powder as can be seen in Fig. 3b. In powder cross 
sections (Fig. 3c) cellular dendritic structures are also observable. 
Elemental segregation of Mn is typically observed in as-cast and L-PBF 
steels with high Mn content [18,20,47,48]. The cellular dendritic 
structures in the powder in Fig. 3c likely contain increased amounts of 
Mn due to the large solidification range of this alloy and the proclivity of 
Mn to segregate during solidification. 

3.2. Density and microstructure 

Optical micrographs showing the residual porosity in as-printed 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C cubes are displayed in Fig. 4. As dis
cussed in Section 2.2, each of the cubes printed in this study were 
measured to have greater than 99% Archimedes density. Image analysis 
revealed that each of the cube cross sections contains less than 0.50% 
porosity, and all but one of the cubes was measured to have less than 
0.30% porosity. The lowest porosity was measured in cube 1 at 0.20%. 
Additionally, the cubes printed with a scan rotation of 90◦ (cubes 1–3) 
were observed to contain lower amounts of porosity compared to those 
printed with a 67◦ scan rotation (cubes 4–6). However, since image 
thresholding only considers pixel intensities when calculating the 
porosity values, higher magnification microstructural analysis is 
necessary to determine whether these results are indicative of differ
ences in porosity within the cubes. 

Low magnification backscattered electron micrographs displayed in 
Fig. 5 reveal spherical porosity and microcracks within the as-fabricated 
cubes. These small (<20 μm) spherical pores are typically detected in 
parts fabricated with gas atomized powder [2], and were observed in all 
of the cubes printed in this study. Differences in the amount of micro
cracks were observed in each of the cubes. Cracking was most prevalent 
in cube 6, where microcracks of up to 65 μm in length were observed. 
Shorter and fewer microcracks were observed in cubes 1–5, with crack 
lengths generally ranged from 5 to 50 μm. These results indicate that it is 

differences in microcracking, not porosity, that cause the discrepancy in 
image thresholded porosity values reported in Fig. 4. Columnar grains 
are observed to be oriented in the build direction in all specimens. 
Additionally, the majority of microcracks are observed to be oriented in 
the build direction along grain boundaries in each of the cubes. 

Melt pool structures indicated by white dotted lines are observed in 
high magnification backscattered electron micrographs displayed in 
Fig. 6a – c. Austenitic grains oriented in the build direction are unin
terrupted by melt pool boundaries, some of which are observed to 
extend over multiple layers. This indicates epitaxial grain growth as has 
been reported in the literature for Fe–Mn–Al–C and other alloys pro
cessed by L-PBF [2,17,18]. During laser melting, previous layers of 
material are partially remelted, and grains grow epitaxially from 
pre-existing grains during solidification. The need for nucleating new 
grains is therefore eliminated as epitaxial grain growth has a lower 
activation energy barrier. Resultant columnar grains are typically ori
ented in the build direction with a preferred crystallographic growth 
direction of <1 0 0> in FCC alloys which can cause anisotropic me
chanical properties. 

Cellular and columnar microdendritic sub-grain structures are 
observable in Fig. 6e – f. These features have been reported to contain 
Mn and C segregation in L-PBF fabricated TRIP and TWIP high manga
nese steels [17,18]. Wavelength dispersive spectroscopy compositional 
analysis displayed in Fig. 7 shows light segregation of Mn and Si in these 
cellular dendritic regions within the melt pools. More prominent 
segregation of Mn and Si is observed along melt pool boundaries. Al 
appears to be relatively homogenous within the melt pools, but higher 
concentrations of Al are observed in Mn and Si deficient regions at the 
melt pool boundaries. During melting, these boundaries solidify starting 
from zero velocity and have lower solidification growth rates compared 
to the rest of the melt pool. This allows for increased segregation of 
solute elements at the melt pool boundaries compared to the higher 
growth rate melt pool centers [34]. 

Fig. 6d displays microcracking and microcavitation occurring along 
cellular sub-grain boundaries, which is indicative of solidification 
cracking (also known as hot-cracking). As discussed in Section 1, Al 
additions to Fe–Mn–Al–C alloys make them more susceptible to solidi
fication cracking due to the increased solidification range [21]. How
ever, Figs. 4 and 5 demonstrate that selection of process parameters can 
help mitigate solidification cracking in Fe–30Mn–9Al–1Si-0.5Mo-0.9C. 
Specimens printed with a scan rotation of 67◦ were observed to contain 
slightly more cracks compared to those printed at 90◦. Almost twice as 
many microcracks were observed in cube 6 compared to the other 

Fig. 4. Optical micrographs of polished L-PBF fabricated cube cross sections for the cubes listed in Table 1. The viewing plane is normal to the build direction in all 
the micrographs displayed. Porosity values calculated using thresholding image analysis are reported in each micrograph. 
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specimens printed in this study. It is not clear why cube 6 specifically 
contained more cracks compared to the other specimens, especially 
considering the volumetric energy densities used for all the cubes are 
about the same. However, these results indicate that it may be possible 
to fully mitigate cracking with parameters not explored here such as 
substrate preheating. 

Low magnification WDS maps displayed in Fig. 8 reveal macro- 
inhomogeneity in Mn, while Al, Si, and Mo are relatively homoge
nous. Macro-inhomogeneity in Mn and Al were also reported by Köhnen 
et al. [17] for Fe–21Mn–5Al-0.3C, though a thorough discussion was not 
provided. Macro-segregation is not commonly observed in L-PBF. 
Additionally, the observed Mn macro-segregation appears to be con
tained within melt pool structures. This phenomenon is likely the result 
of compositional inhomogeneities in the powder which results in 
convective mixing of Mn within each melt pool as the laser melts powder 
particles with varying Mn composition together. Although only cube 1 is 
presented in Fig. 8, similar macro-inhomogeneity of Mn was observed in 
all the cubes fabricated in this study. 

Phase analysis and macro-texture determined via X-ray diffraction 
(XRD) are illustrated in Fig. 9. Diffraction peaks are observed at 42.44◦, 
49.45◦, and 72.43◦ which correspond to (111), (200), and (220) γ 
austenite respectively. Austenite was the only observable phase in the 
XRD data for all specimens. A strong (111) macro-texture is observed in 
specimens printed with a 90◦ scan rotation (cubes 1–3). In contrast, 

specimens printed with a 67◦ scan rotation are observed to have larger 
(200) diffraction peaks along with the dominant (111) texture. The ef
fect of scan rotation on reducing texture in austenitic alloys has been 
reported in the literature [49,50]. Scan rotations that capture a variety 
of different scan angles during a build, such as a 67◦ scan rotation, 
promote misalignment between the thermal gradient generated by the 
laser and the growth direction of columnar grains in previous layers. In 
the case of the 90◦ scan rotation, only two laser path directions are 
effectively captured, and the scan is exactly repeated every four layers. 
This results in a higher degree of alignment between columnar grains in 
previous layers and the thermal gradient, allowing grains to conserve 
their crystallographic alignment as well as the energy required for grain 
nucleation. 

Meso-texture and crystallographic data collected by electron back
scattered diffraction (EBSD) are displayed in Fig. 10 as inverse pole 
figure (IPF) maps and pole figures (PF). Average grain size and aspect 
ratio data corresponding to these results are listed in Table 3. Columnar 
austenitic grains oriented in the build direction are observed in all the 
cubes. Although all the specimens have average grain sizes within one 
standard deviation of each other, cubes 3 & 6 both appear to have the 
smallest average grain size (33 μm), and both cubes were printed with 
highest linear energy density parameter set (150 W, 0.8 m/s, 105 μm) 
used in this study. Average grain sizes in cubes 1 & 4 (printed at 90 W, 
0.55 m/s, 90 μm) also appear to be very similar with only a 1.4 μm 

Fig. 5. Low magnification backscattered electron 
micrographs of the polished L-PBF fabricated cube 
cross sections listed in Table 1. Examples of 
spherical porosity observed in the micrographs 
are identified by the white arrows, while exam
ples of microcracking are identified by yellow 
arrows. The viewing plane is normal to the build 
direction in all the micrographs displayed. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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difference and an average value of ~45 μm. Cubes 2 & 5 are printed at 
the lowest linear energy density parameter set in this study (120 W, 0.8 
m/s, 85 μm) and are measured to have average grain sizes of 53 μm and 
37 μm respectively, displaying more variation compared to the other 
specimens. However, cube 2 had the lowest aspect ratio grains out of the 
specimens printed at 90◦ scan rotation, indicating thinner columnar 
grain structures compared to the other specimens. Cube 5 also showed 
the lowest aspect ratio grains out of the specimens printed at 67◦ scan 
rotation. IPF maps and PFs indicate that all specimens are weakly 
textured, and no dominant orientation is observed. 

3.3. Mechanical properties 

Quasi-static tensile tests carried out at room temperature were con
ducted on Fe–30Mn–9Al–1Si-0.5Mo-0.9C. The resulting stress strain 
curves are displayed in Fig. 11, and tabulated mechanical property data 
is presented in Table 3. Tensile specimens printed at parameter sets 1–6 
listed in Table 1 were tested with two different orientations with respect 

to the building direction. In these tests, the loading axis was oriented 
both perpendicular and parallel to the build direction. Significant 
anisotropy is observed in mechanical properties for all specimens. 
Specimens tested perpendicular to the building direction had an average 
yield strength (YS) 25 MPa greater than those tested in the building 
direction. Both ultimate tensile strength (UTS) and ductility were 
observed to be greater in the building direction. The largest UTS 
observed in the building direction reached up to 1292 MPa in specimen 
1, compared to 1133 MPa perpendicular to the building direction in 
specimen 5. This discrepancy in UTS occurs due to the drop in ductility 
observed from loading specimens perpendicular to the build direction. 
Since Fe–30Mn–9Al–1Si-0.5Mo-0.9C displays significant work hard
ening characteristics, early fracture in the perpendicularly oriented 
specimens also results in lower strength. Specimen 5 had the largest 
elongation to fracture observed in both orientations, with fracture 
occurring at 35.8% in the build direction and 19.7% perpendicular to 
the build direction. 

Variations in mechanical properties between parameter sets appears 

Fig. 6. High magnification backscattered elec
tron micrographs of polished L-PBF fabricated 
cube cross sections. a) A micrograph of cube 2, b) 
and c) micrographs of cube 3 showing melt pools, 
microcracks, spherical pores and epitaxial grains. 
White dotted lines indicate melt pool boundaries. 
High magnification micrographs of d) cube 2 
showing cellular dendritic sub-grain structures 
and small microcracks along the sub-grain 
boundaries, e) cube 3 showing columnar den
dritic sub-grain structures, and f) cube 4 showing 
columnar dendritic sub-grain structures and a 
melt pool boundary zone containing smaller 
equiaxed sub-grain features. The melt pool 
boundary zone is indicated between the yellow 
dotted lines. The viewing plane is normal to the 
build direction in all the micrographs displayed. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
Web version of this article.)   
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to be influenced by the differences in microcracking levels reported in 
Fig. 4, especially perpendicular to the build direction. Cube 1 was 
observed to contain the lowest amount of microcracking out of the 
specimens printed with a 90◦ scan rotation (cubes 1–3) and displays 
superior ductility perpendicular to the build direction compared to 
cubes 2 & 3. Similarly, cube 5 displays the highest ductility in both di
rections, and was measured to contain the lowest microcracking values 
out of the specimens printed with a 67◦ scan rotation (cubes 4–6). Since 
microcracking is observed to be chiefly oriented in the build direction, 
stress concentration at the crack tips increases significantly when loaded 
perpendicular to this direction. This results in both substantial anisot
ropy in ductility, as well as the observed mechanical property differ
ences between specimens depending on the microcrack content. Even 
with the existence of microcracks within the material, 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C achieved nearly 1300 MPa UTS with 
~36% ductility in the build direction and 1130 MPa UTS at ~20% 
ductility perpendicular to the build direction in the as-printed condition. 
The authors speculate that significant improvement in anisotropy can be 
achieved if microcracking can be fully mitigated in this alloy. This is a 
topic of ongoing investigation. 

Picak et al. [35] reported significant anisotropy in the mechanical 
properties of hot rolled, annealed, and aged (forming κ-carbides) 
Fe–30Mn–9Al–1Si-0.5Mo-0.9C, as can be seen in Fig. 11. This anisot
ropy was attributed to large anisotropic lamellar segregation structures 
of manganese resulting in delamination-induced cleavage fracture 
perpendicular to the lamellae. The as-printed material reported here 
achieved 200 MPa lower strength in the building direction as compared 

to the conventionally processed material tested in the transverse direc
tion. However, similar or improved ductility was observed in the 
as-printed specimens compared to the conventionally processed samples 
in Ref. [35]. Approximately 3% larger elongation to fracture was 
observed in the building direction compared to conventionally pro
cessed materials tested in the transverse direction, and 15% larger 
elongation to fracture and 350 MPa greater tensile strength was 
observed perpendicular to the building direction as compared to 
conventionally processed materials in the normal direction (perpen
dicular to the lamellae). This demonstrates that as-printed specimens 
show improved tensile isotropy as compared to conventionally pro
cessed Fe–30Mn–9Al–1Si-0.5Mo-0.9C. These differences are likely due 
to the refinement of Mn segregation structures in as-printed specimens, 
as compared to the macro-scale laminated Mn segregation that occurs in 
the wrought material and remains after thermal processing. Macro
scopic chemical inhomogeneities in the wrought material were observed 
to result in inhomogeneous formation of κ-carbide precipitates which 
exacerbated delamination that occurred at the interfaces between 
Mn-rich and Mn-depleted regions of the material [35]. However, the 
chemical inhomogeneities were still observed to lead to significant 
anisotropy in the wrought material even after κ-carbides were dissolved 
with solution heat treatments [35]. In contrast, the Mn segregation that 
occurs in melt pool structures in as-printed specimens (Fig. 8) is not 
oriented in a particular direction. The scale of as-printed micro-
segregation is significantly lower in the as-printed material as these 
structures are contained within each individual melt pool which are 
<100 μm wide in comparison to the laminated wrought material 

Fig. 7. High magnification WDS maps of cube 1. Quantitative elemental compositions are displayed in at.% for Fe, Mn, Al, Si, and Mo. The viewing plane is normal to 
the build direction in each WDS map. 
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structures [35]. Additionally, Mn micro-segregation in the form of 
cellular-dendritic structures is concentrated chiefly at melt pool 
boundaries and do not appear consistently throughout the melt pools. 
These microstructural refinements in the L-PBF processed material led to 
the significant reduction in the mechanical property anisotropy 

compared to the wrought material, despite microcracking oriented in 
the build direction of as-printed specimens. 

4. Summary and conclusions 

The effects of L-PBF additive manufacturing on the lightweight 
austenitic steel Fe–30Mn–9Al–1Si-0.5Mo-0.9C are presented here. A 
process optimization framework was implemented to develop process
ing maps for this alloy, resulting in the fabrication of near fully dense 
specimens at a wide range of process parameters. Additionally, speci
mens were built with two scan rotations (90◦ and 67◦) to determine their 
effects on microstructure and mechanical properties. The following 
conclusions can be drawn from this study. 

• Near-full density Fe–30Mn–9Al–1Si-0.5Mo-0.9C parts were success
fully fabricated using L-PBF. All as-printed specimens were observed 
to have >99% Archimedes density, the majority of which also ach
ieved >99.7% density measured using porosity content. However, 
solidification microcracking was observed in all the as-fabricated 
samples due to the large solidification range of the material.  

• Noticeable Mn and Si cellular-dendritic segregation was observed 
throughout the material, and more prominent segregation of these 
elements was detected along the melt pool boundaries. Additionally, 
higher concentrations of Al were observed in Mn and Si depleted 
regions within the melt pool boundaries. However, no secondary 
phases or precipitates were detected by x-ray diffraction. 

Fig. 8. Low magnification WDS maps of Cube 1. Quantitative elemental compositions are displayed in at.% for Fe, Mn, Al, Si, and Mo. The viewing plane is normal to 
the build direction in each WDS map. 

Fig. 9. X-ray diffraction (XRD) spectra in cubes 1–6 listed in Table 1. Diffrac
tion peaks associated with γ austenite in the (111), (200), and (220) planes are 
observed in all the cubes. XRD spectra were collected in the plane normal to the 
build direction. 
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• As-fabricated Fe–30Mn–9Al–1Si-0.5Mo-0.9C achieved an impressive 
1300 MPa strength and ~36% ductility in the build direction. Sub
stantial anisotropy was observed in the mechanical properties of the 
material due to microcracks oriented along the build direction. 
Specimens loaded perpendicular to this direction increased the stress 
at the crack tips, resulting in a drop in mechanical properties (1130 
MPa and 20% ductility). Similar mechanical properties were 
observed for specimens printed with varied process parameters, with 

minor differences occurring due to variations in microcrack content. 
The best mechanical properties were observed in material fabricated 
at 120 W, 0.8 m/s, 85 μm hatch spacing, and a 67◦ scan rotation. 
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Fig. 10. Electron backscattered diffraction (EBSD) inverse pole figure (IPF) maps and pole figures (PF) collected from a viewing plane parallel to the building plane 
in cubes 1–6 listed in Table 1. Refer to Table 3 for corresponding average grain size and aspect ratio data corresponding to the IPF maps. All maps were indexed for 
face-centered-cubic (FCC) austenite. The viewing plane is normal to the build direction in each EBSD map. 

Table 3 
Average microstructural features and mechanical properties of Fe–30Mn–9Al–1Si-0.5Mo-0.9C in the as-fabricated condition. Average grain sizes and aspect ratios were 
extracted from the EBSD data. Tensile properties were measured in 3 separate tests for each parameter set and loading orientation, and the values reported in this table 
are averaged from these tests. The ± values represent one standard deviation from the mean for all reported data. Mechanical property values are reported for true 
stress-strain data.  

Parameter 
Set 

Average Grain Size 
(μm) 

Average Grain Aspect 
Ratio 

Orientation with Build 
Direction 

Ultimate Tensile Strength 
(MPa) 

Elongation 
(%) 

Yield Strength 
(MPa) 

1 45.4 ± 25.1 0.346 ± 0.138 Perpendicular 1123.3 ± 11.0 17.9 ± 0.8 743.3 ± 9.8 
Parallel 1291.7 ± 13.4 34.2 ± 1.5 720.4 ± 10.4 
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Parallel 1235.0 ± 3.1 32.4 ± 0.2 699.3 ± 7.6 

4 46.8 ± 24.9 0.370 ± 0.106 Perpendicular 1105.0 ± 22.1 17.7 ± 0.9 746.7 ± 13.6 
Parallel 1237.8 ± 1.9 31.2 ± 0.2 715.7 ± 8.7 

5 37.1 ± 21.0 0.195 ± 0.109 Perpendicular 1133.0 ± 11.9 19.7 ± 0.9 743.3 ± 6.9 
Parallel 1282.9 ± 7.8 35.8 ± 0.1 703.0 ± 2.9 

6 33.0 ± 16.3 0.205 ± 0.107 Perpendicular 1034.0 ± 47.3 15.4 ± 2.6 726.0 ± 9.9 
Parallel 1231.3 ± 6.0 30.9 ± 0.8 707.3 ± 6.1  
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