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ABSTRACT
This study developed a design methodology against liquid-state cracking by combining the
Scheil–Gulliver solidification simulations and Machine Learning analysis to design alloys for Fusion
Additive Manufacturing. Applying this design approach resulted in a Fe–20Cr–7Al–4Mo–3Ni. The
alloy was successfully printed with relative densities of over 99%. Microstructure of printed material
was extensively characterised through scanning and transmission electron microscopy, energy dis-
persive spectroscopy and x-ray diffraction, confirming a single-phase material with low texture and
negligible chemical segregation. Neither solidification nor liquation cracks were detected, support-
ing the validity of themethodology, however, the alloy suffered from solid-state cracking, hindering
the ductility.
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A design methodology against solidification and liquation cracking and chemical segregation to
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Additive manufacturing (AM) technologies hold great
promise for manufacturing advanced materials with
unprecedented degrees of freedom in structural optimi-
sation to significantly improve mechanical performance
and functionalities. However, there remain challenges
such as cracks, porosity and unwanted phases that can
severely affect the performance ofAMcomponents [1–3].
Cracks formation is inherently related to the microstruc-
ture evolution in the solidification and solid-state phase
transformations. The microstructure development in
solidification is affected by the thermal field, which, in
turn, is governed by the processing conditions [4–6].
There is an overwhelming number of studies investigat-
ing the effect of the process parameters on the poros-
ity formation during AM [7–11]. However, the effects
of solidification conditions such as freezing range and
solidification gradient on cracks are often overlooked.
Fundamental studies in welding metallurgy highlight the
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roles of such solidification conditions in the microstruc-
ture development [6] (including the grainmisorientation
[12]), and most importantly, in the cracking susceptibil-
ity of alloys [13–18]. It is increasingly vital to translate
such in-depth understanding to study the effects of solid-
ification characteristics on the susceptibility to cracking
in AM. This investigation aims to integrate knowledge in
liquid-state cracking obtained in cast and fusion welding
[12] to develop a set of criteria that assesses crack sus-
ceptibility. Such an assessment is subsequently used to
assist the selection and design of printable alloys with low
susceptibility to solidification and liquation cracking in
fusion AM.

S. Kou developed a generalised methodology to assess
the solidification cracking susceptibility for fusion weld-
ing, highlighting the influential role of solidification
behaviour in the cracking of Al alloys [14,16]. Solidifi-
cation cracks typically form at the terminal stage of the
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solidification when the liquid feed in the intercellular
region becomes constrained. Kou has demonstrated that
a steeper gradient between temperature and fraction of
solid (i.e. solidification gradient) results in higher sus-
ceptibility to the solidification cracking of the material.
Therefore, a material with a lower solidification gradient
should have good resistance to the solidification cracking.
Despite significant similarities between fusion welding
and fusion additive manufacturing, such as laser pow-
der bed fusion (LPBF), this theory has not been yet used
to assess the cracking susceptibility in fusion AM pro-
cess. Besides, the cooling rate during LPBF is usually
higher than that in arc and laser/electron beam weld-
ing, reaching 106–107 K/s [19–21]. It is still yet to be
determined whether Kou’ criteria applies to processes
with higher cooling rates. Therefore, it is important to
check the applicability of this theory to design an alloy
immune to solidification cracking in LPBF.

Liquation cracking occurs in regions of low melting
temperatures (eutectic compounds or solute-enriched
regions) in the heat-affected zone (HAZ). The solubil-
ity of alloying elements tends to decrease with reducing
temperature, causing the chemical segregation towards
the end of the solidification. This segregation extends
the solidus temperature of the material and can result
in solute element enriched regions (and eutectic com-
pounds) with lower melting temperatures. Because of the
repeated deposition, each location inside the build expe-
riences multiple cycles of melting and solidification, and
subsequently being the HAZ when its adjacent locations
are being deposited. Low melting temperature regions
can be locally melted and pulled apart by thermal stresses
imposed by the surrounding solid [22,23]. Designing an
alloy with a stable single-phase and minimal chemical
segregation will vastly reduce the susceptibility to liqua-
tion cracking. The chemical segregation is related to the
freezing range (i.e. the difference between liquidus and
solidus temperature). Wider the range, more segregated
the alloying elements. Designing an alloy with a narrow
freezing range can minimise chemical segregation.

Consequently, this study integrateswelding approaches
into the assessment of susceptibility to solidification and
liquation cracking. The assessment criteria were used
to generate a thermodynamics database of solidification
behaviour to assist the search for alloys with good resis-
tance to cracking. The search was validated by examin-
ing the consolidation, microstructure and properties of a
selected alloy.

Among high-performance materials, Fe-based alloys
are considered asmost versatile and used alloys with high
recyclability and potential to increase sustainability in
structural applications [24]. FeCrAl alloys were of par-
ticular interest as they have been widely reported as a

good candidate for nuclear applications, specifically the
fuel cladding, heating elements and catalytic converters
[25–27]. A high amount of Cr and Al provide excep-
tional oxidation resistance, forming a coherent protective
multilayer film of Al2O3–Cr2O3 up to the melting point
of ∼1500°C [28]. Furthermore, FeCrAl alloys have not
previously been used in AM. Therefore, this alloy family
was chosen as a candidate for validating the assessment
criteria.

Solidification gradient was calculated by the Scheil–
Gulliver solidification model using ThermoCalc (TC),
commercial software for calculating thermodynamics
phase diagrams (CALPHAD). The solidification gra-
dient was calculated at a terminal region of solidifi-
cation in a range of 0.87< fs <0.94, where fs is the
fraction of solid component, according to Kou’ study
[14]. Composition optimisation was performed to min-
imise the solidification range and gradient within the
Fe–Cr–Al–Ni–Mo system by coupling TC with a Mat-
lab script. Machine Learning was used to analyse the
effect of alloying elements on solidification gradient and
range, Figures S2, S3. A detailed description of the
methods is given in Section A of the Supplementary
Materials. The optimisation process suggested a material
(Fe–20Cr–7Al–4Mo–3Ni) that has a very narrow freez-
ing range 1512–1483°C (29°C) and a very shallow solid-
ification gradient dfs1/2

dT = −350K at the terminal range
(Figure 1(a)). This gradient ismuch lower as compared to
H13 tool steel (−2364K), whichwas found to form solid-
ification cracks during LBPF processing [29], and even
lower than that of highly printable 316L [6] (−506K).
While the low solidification gradient results in less sus-
ceptibility to solidification cracking, the narrow freez-
ing range reduces the chemical segregation, reducing the
risk of liquation cracking. Moreover, Fe, Cr and Al have
very similar vapour pressures and low volatility, reducing
preferential evaporation and keyholing.

The pre-alloyed gas atomised powder (provided by
HC Starck STC GmbH) was characterised using SEM
analysis (Figure 1(b)). Alloy composition was confirmed
by energy-dispersive X-ray spectroscopy (EDX) analy-
sis in both the powder and as-printed material, con-
ducted using a Zeiss Auriga scanning electron micro-
scope (SEM) at 20 kV. Printed samples were manufac-
tured using Renishaw AM400. Process parameters of the
builds are presented in Table S1. The volumetric energy
density, a common metric used to optimise the consoli-
dation, was calculated using the following equation:

Eρ = P
v · h · t (1)

where P, v, h and t denote laser power, scan speed,
hatch spacing and layer thickness, respectively. Cubes
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Figure 1. (a) SEM image of FeCrAl powder; (b) powder size distribution measured through SEM imaging; (c) effect of energy density on
relative density during deposition; (d) XRD patterns of powder, as-print, and wrought samples.

10× 10× 10mm3 were firstly printed to identify an opti-
mal process window (batch 1, 2 in Table S1). Subse-
quently, blocks of 50× 20× 20mm3 were built using
identified optimal parameters to evaluate the mechani-
cal properties (batch 3, 4 in Table S1). Consolidation of
the samples was measured using the Archimedes density
principle, while the theoretical density of the sample was
estimated using the method described elsewhere [30].
To investigate the impact of the LPBF on material prop-
erties, some of the atomised powder was molten in a
ceramic crucible at 1600°C for 2 h using a vacuum fur-
nace. The solidified block was forged with 40% height
reduction, hot rolled with 80% thickness reduction and
annealed for 1 h, with all procedures performed sequen-
tially at 1000°C. Powder, printed and wrought samples
were analysed by X-ray diffraction (XRD) using a Bruker
D2 Phaser to identify the phases and measure the lat-
tice parameter. Mechanical properties were evaluated by
tensile testing performed using a Gatan 5000W micro-
tensile at a strain rate of 10−3s−1 (sample dimensions are
presented in Figure S4). Electron backscattered diffrac-
tion (EBSD) was performed using Zeiss Sigma300 at
the voltage of 20 kV. Transmission electron microscopy
(TEM) was done using JEOL 2100F, equipped with an
Oxford instrument EDS detector at the voltage of 100 kV
to characterise the dislocation condition and chemical

segregation. Samples for TEM were prepared using elec-
trochemical polishing with the standard A2 electrolyte at
25V.

Powder size ranged between 5 and 45 μm, while
morphology was mostly spherical, with a few satellites
present, Figure 1(b). Highly dense samples (with the con-
solidation was above 98%) were obtained with energy
density above 47 Jmm−3 (Figure 1(c)). High-resolution
optical sections of the samples are presented in Supple-
mentary Figure S5. The remaining porosity of dense sam-
ples mainly consisted of keyholes near the free surface
of samples (Figure S5C) due to changes in local ther-
mal conduction and significant changes in the melt-pool
dynamics near the end of the deposition line, resulting
in excessive energy density and unstable melt-pool [19].
Lack-of-fusion pores (Figure 1(c) top right insert) were
relatively infrequent.

Powders, as-printed and wrought samples exhibited
a single-phase body centred cubic (BBC) structure,
Figure 1(d). There were no peak shifts observed on
the XRD, suggesting no change in the lattice param-
eter before and after L-PBF. Through Rietveld refine-
ment, the lattice parameter was identified to be 2.894Å
in all samples. Interestingly, the peak intensities do not
substantially differ, indicating that the crystallographic
texture in the as-print and wrought samples is minimal
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Figure 2. EBSD scan of the as-print specimen parallel (a) and perpendicular (b) to the build direction. Pole figure of EBSD in (a) from
grains with (c1) aspect ratio < 4, (c2) > 4 and (c3) from the combined orientation data of (a) and (b).
Note: Note the legend for the (a) and (b) showing the build direction and scanning directions. (a) and (b) are coloured with inverse pole figure along the build
direction and the same scale shown at the bottom left of (a).

(XRD was carried out on the top surface of the as-print
samples).

EBSDof the as-printmaterial shows typicalmicrostruc-
ture for scan strategy with 90° rotation between layers
[30]. Wide, long columnar grains were observed along
the build direction growing across in-layer neighbour-
ing melt-pools, extending up to seven layers, Figure 2(a).
These grains appear rectangular or circular on the cross-
section view (Figure 2(b)) and are alternatively arranged
with thin, highly columnar and slender grains with their
[001] parallel to the build direction growing along the
middle of the melt-pools, Figure 2(a). Solidifying regions
inherit the grain orientation of the substrate thanks to the
epitaxial growth. However, if the fast growth orientation
(<100> in cubic crystals) is misaligned with the local
thermal gradient, neighbouring grains with better align-
ment will outgrow them—competitive growth. Vertical
thermal gradient along the centre of a melt-pool allowed
the central grains to outgrow grains from the sides of
the melt-pool. Such central grains grew across multi-
ple layers with a preferred orientation of <001> ||BD
but only confined to along the centreline, making them
highly textured and columnar. The interplay between

epitaxial and competitive growth mechanisms resulted
in the observed alternating microstructure similarly seen
in FCC alloys [6,30,31]. Separating the crystallographic
orientation from grains with a low aspect ratio against
ones with a high aspect ratio reveals interesting insights
into the texture of the as-printed condition. Figure 2(c1)
shows the pole figure (PF) from grains with aspect ratio
<4. This PF showed very little texture, with maximum
multiple uniform distribution (MUD) index of about 2.8.
On the contrary, high aspect ratio grains (>4) were
highly textured: the three <001> crystallographic ori-
entations were aligned along the principal directions and
has a maximum MUD index of about 7 (Figure 2(c2)).
Such grains were found to be the slender ones locating at
the centre of deposited beads.

The PF in Figure 2(c3) shows combined orientation
data from Figure 2(a,b). By comparing Figure 2(c2,c3),
it can be concluded that the texture is primarily made
up of high aspect ratio grains. EBSD, Figure 2(c3), con-
firmed the weak texture detected by XRD. Nevertheless,
thanks to a higher resolution thanXRD, EBSDwas able to
show the group of slender grains that had relatively strong
<001> texture. The average grain sizes in as-print and
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Figure 3. SEM image of (a) five final layers of as-print sample (b) cross-section perpendicular to the build direction; (c), (d) bright-field
TEM images of as-print sample; (e) solid-state crack with an EBSD of the region; (f ) STEM-EDS line scan across the grain boundary.

wrought conditions were estimated to be 60+/−32 μm
and 220+/−50 μm (the value of the error is the standard
deviation), respectively.

The as-printedmicrostructure is presented in Figure 3
(a,b). While chemical etching effectively revealed the
grain boundaries, it could not highlight the melt-pool
boundaries and solidification cell boundaries. Figure 3(b)
was one of the few locations in the sample in which solid-
ification cells were revealed by etching. Figure 3(c) shows
dislocation tangles rather uniformly distributed through-
out the material. Unlike the typical cellular microstruc-
ture with high dislocation density at the boundaries,
found in alloys fabricated by LPBF [7,30,32,33]. Some
regions even resembled annealed condition, charac-
terised by dislocation pile-ups near the grain boundaries,
Figure 3(d). TEM investigation rarely showed oxides in

the alloy (the red circle, bottom right of Figure 3(d))
in contrast to other alloys where fine oxides were com-
monly observed after LPBF [30]. The chemical distri-
bution at the observed length scale was rather uniform
(Figure 3(f)), indicating minimal chemical segregation.
OM and SEM investigations did not show the presence
of solidification and liquation cracks across all the sam-
ples, indicating that the alloy has a high resistance to
the liquid-state cracking, confirming the validity of the
design.

However, despite the good resistance to solidification
and liquation cracking as designed, the alloy was prone
to solid-state cracking (SSC), Figure 3(e). EBSD of the
cracked region reveals a transgranular cleavage crack,
suggesting it was not due to solidification or liquation.
These defect types were not accounted for in the alloy
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Figure 4. Stress-strain behaviour of FeCrAl alloy in as-print (AM) andWrought conditions (a) with respective fractographic investigations
of sample AM1 and Wrought 1 (b), (c).

design, which was focused on solidification cracking.
The SSC mainly associates with a reduction in mate-
rial ductility, solid-state phase transformation, precip-
itation and weakened regions resulting from enriched
(or depleted) chemical elements (chemical segregation).
CALPHAD predicted that the designed alloy did not
experience a solid-state transformation, partly confirmed
by STEM andXRD. Figure 3(f,b) indicates that the chem-
ical elementswere distributed rather uniformly (probably
explaining why there were no liquation cracks observed).
Therefore, the observed solid-state cracking in the alloy
was unlikely related to phase transformation, precipita-
tion or chemical segregation. The ductile-brittle transi-
tion above the room temperature can cause the loss of
ductility during cooling, increasing the risk of forming
cracks in a solid-state. The FeCrAl alloy family is known
to experience the ductile-brittle transition (DBT) at a
temperature range between 100°C and 350°C [26]. Sun
et al. also showed that the DBT temperature (DBTT) in
the FeCrAl alloy family strongly depends on the resid-
ual strain, composition and microstructure [26]. Forged
Fe–21Cr–5Al–3Mo with bimodal microstructure and
relatively large grains (190 μm) remained brittle through
the testing temperature range, up to 600°C, whereas the
hot-rolled version with smaller uniform recrystallised
grains (40 μm) showed a DBTT at a lower tempera-
ture, 400°C [26]. FeCrAl investigated in this study has
a bimodal microstructure with a grain size of 30–90 μm
and high thermal stress during rapid cooling rates, mak-
ing the alloy prone to SSC induced by the DBT.

Tensile tests of the samples revealed very brittle
behaviour, Figure 4. The ductility of as-printed samples
was very limited (ca 0.7± 0.1%), while wrought sam-
ples hardly deform plastically, indicating the wrought
condition was even more brittle. The 0.2% offset yield
stress and ultimate tensile strength of as-printed sam-
ples were 750± 15 and 800± 15MPa, respectively.

Failure stress of the wrought samples was recorded at
450± 10MPa. Fractographic investigations of samples
AM1 and Wrought 1 revealed quasi-cleavage fracture
surfaces, Figure 4(b1,c1) with failure initiating from pro-
cess defects in both samples, Figure 4(b2–c2). Failure in
as-printed sample started fromapre-existing transgranu-
lar crack, Figure 4(b2–3), whereas fracture of thewrought
sample originated from a small porewith an oxidised sur-
face, Figure 4(c2,c3). It can be noted that, even though
the material did not show outstanding mechanical prop-
erties, the AM samples showed higher strength and duc-
tility than the wrought condition—this is probably due to
larger grains in the wrought.

Although the material did not have exceptional duc-
tility, no evidence of solidification and liquation crack-
ing was observed in the alloy strongly supports the
alloy design approach (against such cracking) and its
aid in automated search for printable alloys for addi-
tive manufacturing. Scheil–Gulliver solidification sim-
ulation is shown to be extremely helpful to assess
the effect of composition on the solidification range
and solidification gradient, providing crucial assistance
to reduce and eliminate the liquid state cracks. This
study suggests that the developed alloy design criteria
against the liquid state cracking are valid and effec-
tive. However, these results also signify the extreme
importance of considering of the solid-state cracking
in the alloy design and solid-state microstructure. In
the case of the FeCrAl, the inherent brittleness of the
BCC alloy below the DBTT and bimodal microstructure
increased the risk of solid-state cracking and limited the
ductility.
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