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ABSTRACT
This study investigated cracking phenomena in 316L stainless steel (SS316L) and Inconel 718 (IN718)
composition-gradedmaterial (CGM) additively manufactured by the direct energy deposition (DED)
process. In order to prevent cracking in the CGM, thermodynamic analysis was performed to avoid
the critical concentration for crack formation. Based on the local compositional detouring (LCD)
method suggested by new approach, a crack-free CGM with a nonlinear combination of SS316L
and IN718 was successfully fabricated with local additional elemental powder in the CGM defective
region obtained using a multi-powder feeding system during the DED process.

IMPACT STATEMENT
We aim to avoid the cracks of functionally graded materials fabricated by local in-situ alloying
technique using the result of thermodynamically analyzing.
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1. Introduction

Metal additive manufacturing (MAM), also called metal
three-dimensional (3D) printing, has led a global man-
ufacturing trend by opening a new window for pro-
ducing multi-functional complex geometry products
[1–6]. Among the variousMAM techniques, the directed
energy deposition (DED) process, in which powder is
sprayed into a melt pool with scanning of a high-energy
beam (e.g. laser beam), has recently attracted consider-
able attention. In particular, the fabrication of function-
ally graded materials (FGMs) in various compositions is
possible using a DED machine equipped with multiple
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powder feeders [7–11]. Therefore, numerous scientists
have attempted to fabricate composition graded materi-
als (CGMs) with variousmaterial combinations to obtain
a multi-functional product with unique performance
[7–16]. In particular, the expected performance of the
combination of austenitic stainless steels and austenitic
nickel-based superalloys includes goodmechanical prop-
erties at high temperatures, excellent corrosion resis-
tance, and outstanding mechanical properties at cryo-
genic temperatures (e.g. nuclear reactors, aerospace, and
offshore plants) [7–11,17–21]. On the other hand, inter-
metallic compound (IMC)-induced cracking has been
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often reported for DED-processed CGMs because the
DED process generates a compositional gradient region
at the interface from the complete melting of different
materials [17–19,22,23]. However, it has been reported
that the avoidance of cracking is still difficult when using
only a linear combination of nickel-based superalloy and
stainless steels [17–20,24]. To develop a new strategy for
avoiding cracking in nickel-based superalloy and stain-
less steel CGMs, the crack formation mechanism has
been systematically explored both experimentally and
theoretically in this study.

2. Experimental

A DED machine (MX-lab, InssTek Co., Republic of
Korea) equipped with multi-powder feeders was used
for the production of CGM in various configurations
[25,26]. The rectangular blocks were deposited using
SS316L (austenitic stainless steel ASTM 316L) and IN718
(austenitic nickel-based superalloy Inconel 718) powders
on an SS316L substrate (see the schematic of the pro-
cess in Figure 1(a)). In order to fabricate a sample with
gradient composition, the SS316L and IN718 powders

Figure 1. (a) Schematic of the DED process for CGM fabrication; (b) OM, (c) SEM, (d) EDS line profile, and (e) estimated concentration
ratio of SS316L and IN718 CGM fabricated using the DED process. In this study, the longitudinal direction is denoted as X, the transverse
direction is denoted as Y, and the fabrication direction is denoted as Z.
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Figure 2. SEM micrographs obtained from the crack region at various magnifications: (a) the crack zone cracks are indicated by white
arrows, building direction are indicated by yellow arrows, (b) cell structure and secondary phases, (c) SEM and EDS results obtained at
high magnification. (d) XRD pattern of the CGM fabricated by the DED process and (e) a resized XRD pattern to clearly show secondary
phases.

were simultaneously sprayed from the powder nozzle
while the volume fraction of IN718 powder was lin-
early increased during 54 layers from 0% at the bottom
to 100% at the top. The length and width of the sam-
ple were 30 and 6mm, respectively. For microstructure
characterization, X-ray diffraction (XRD) analysis, Opti-
cal microscopy (OM) images, field-emission scanning
electron microscopy (FE-SEM) equipped with energy-
dispersive spectroscopy (EDS) and backscattered elec-
tron (BSE) detectors and electron backscatter diffraction
(EBSD) analysis was conducted. The compositions of
materials, DED processing conditions, and microstruc-
ture characterization details can be found in Supplemen-
tal Information.

3. Results and discussion

Figure 1(b) presents OM and SEM-BSE micrographs
with EDS elemental analysis on the transverse section (Y
plane) of the as-fabricated sample. As shown in Figure
1(c), the grains were epitaxially grown along the building
direction of the CGM. When the fraction of IN718 was
increased along the building direction, the contrast of the
SEM-BSE micrographs became brighter. This increase in
brightness is attributed to a concentration of relatively
heavy elements with the presence of secondary phases
in IN718 compared to those in the SS316L [21,27,28].
In order to measure the chemical composition distribu-
tion in the building direction of the sample, an EDS line
profile was acquired along the white arrow in the SEM
micrographs (Figure 1(c)), as shown in Figure 1(d). The
Fe concentration linearly decreases and the Ni concen-
tration linearly increases with increasing distance from
the substrate along the building direction. Based on the

elemental distribution measured in the EDS analysis, the
variation of the fraction of SS316L and IN718 contents
in the building direction could be calculated as indi-
cated in Figure 2(e). It can be clearly observed that the
composition-graded sample was well fabricated with a
gradual layer-by-layer increase of IN718 fraction using a
DED process with multi-powder feeders.

Meanwhile, as indicated by blue arrows in the OM
(Figure 1(b)) and SEM images (Figure 1(c)), large cracks
within a submillimeter length are observed at the bot-
tom region of the as-fabricated sample, near the sub-
strate. These micro-cracks are detected in the SS316L-
rich region of the composition-graded sample while it is
difficult to find any cracks in the middle and top regions
of the samples. In other words, cracking occurs at a spe-
cific composition range in the gradient composition of
the SS316L and IN718 mixture, and sound microstruc-
ture can be obtained without crack formation when the
fraction of IN718 content is increased over a critical
amount. The composition range of Fe in the crack for-
mation region was measured to range from ∼58 to ∼66
wt%, which could be used to determine the range of
SS316L content in the composition-graded sample: ∼78
to ∼98 wt%. The results also demonstrate that the sec-
ondary phase in a specific composition range (SS316L
of ∼80–96 wt%) was more harmful than those in the
other composition range. In the current work, we have
confirmed the critical composition range in which the
intermetallic formation causes cracking. Further, to solve
the cracking problem, a technique for local in-situ control
of chemical composition is proposed. Importantly, crack-
free FGMof SS316L/IN718 was successfully produced by
changing the composition in real-time only in the specific
region where cracking was induced.



MATER. RES. LETT. 589

Figure 3. (a) Equilibrium phase fraction with temperature for a wt% ratio 88:12 (SS316L:IN718), (b) the magnified view of (a) to clearly
show minor phases, (c) CCT curves as a function of time and temperature for a wt% concentration ratio of 88:12 (SS316L:IN718) and (e)
fraction of secondary phases to Ni concentration considering the temperature of the CGM fabricated by the DED process.

Figure 2 presents magnified SEM micrographs in the
CGM crack region. It can be clearly observed in these
micrographs that the cracks mainly propagate along the
grain boundaries and cell boundaries in the fabrication
direction. Meanwhile, as shown in Figure 2(b), the sec-
ondary phases with white contrast in the SEM-BSE image
have spherical or long-chain shapes along the crack sur-
face and strongly imply that cracking could be induced
by a secondary phase in the mixed SS316L and IN718.
Figure 2(c) shows SEM-BSE images combined with EDS
mapping for the CGM crack region. Noticeably, an abun-
dant enrichment ofMo andNb content is observed in the
secondary phases along the crack lines.

In order to understand the evolution of the secondary
phase in theCGMcracking region, a thermodynamic cal-
culation was conducted using the CALPHAD software
(JMatPro® 7.0, Sente Software Ltd,UK,NiFe-based super-
alloy database). Figure 3 presents the equilibrium phase
fraction with temperature at the chemical composition
of the median composition of the CGM crack formation
region (88-wt% SS316L and 12-wt% IN718). The sec-
ondary phases could be identified under a wide tempera-
ture range at the crack formation region composition. For
a temperature range of 600–1300°C, NbC monocarbides
(MCs) are found. The presence of MC-type carbide is
often reported for additively manufactured IN718 alloys

[29,30]. Moreover, it has been often reported that NbC
carbide has high Mo solubility over a wide tempera-
ture range: NbC carbide could also involve the Mo con-
tents as (Nb, Mo)C carbide [17–19,29,30]. Below 1080
°C, precipitation of an Nb- and Mo-rich Laves phase is
observed, and the fraction of the Laves phase increases
when temperature decreases from 1080 to 640 °C. Mean-
while, the temperature range of the Laves phase and the
NbC was obviously extended at the crack region of the
CGM as compared to the case of IN718 alone [24]. This
demonstrates that the precipitation of brittle Laves phase
and NbC is more preferential in the SS316L-enriched
CGM composition than in those of the IN718 region
and could highly promote the cracking at the SS316L-
enriched region.

Figure 2(d, e) shows the XRD patterns obtained from
the crack region of the CGMs. When identifying the
XRD peaks, high-temperature stable phases (Laves phase
and NbC) are detected in the face-centered cubic (FCC)
matrix of the CGM. The XRD peak of Cr23C6 car-
bide could be mainly detected in the SS316L-side of the
CGM, which was previously reported for additivelyman-
ufactured austenitic stainless steel due to sensitization
at a wide temperature range [24]. It has been widely
reported that DED-processed materials produce high-
temperature-stable microstructure [18,31]. During DED,
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Figure 4. SEM-EBSD maps of crack zones: (a) SEM micrograph showing cracks in the composition range between (SS316L ∼ 2 to
∼ 24wt%), with yellow arrows showing the cracks. (b) The inverse pole figure map of the region shown in (a) indicates that the cracks
formed along the grain boundary; (c) the corresponding KAMmap shows that the crack regions have high KAM values.

solidification occurs in the melt pool with a tremen-
dously high cooling rate (102–104 K/s) after themelt pool
is exposed to the laser beam [32,33]. Therefore, high-
temperature-stable microstructure could be obtained
under rapid solidification in DED-processed materials
[17,34]. Moreover, an in-situ heat treatment affects phase
transformation during additive manufacturing since the
heat flux is repeatedly transferred from adjoining regions
to the substrate, allowing for low-temperature stable
phases to be dissolved [35–37]. It has been suggested that
representative temperatures should be considered for the
phase evolution behavior of samples fabricated by DED.
Carrol et al. [17] investigated crack formation in a DED-
processed CGM having three sections of SS304L, a gra-
dient zone, and IN625 along the building direction. They
found secondary-phase-induced cracking near the start-
ing region of the gradient zone (approximately 82-wt%
SS304L) and in the SS304L part, similar to our results.
They supposed a representative temperature range of
950–1100 °C for the phase evolution behavior in CGMs
during the DED process. In addition, they observed that
high-temperature-stable precipitates remained in the as-
fabricated CGMs. On the assumption of a representative
temperature range of 950–1100 °C, the brittle phases
(NbC, Laves phase) are dominant secondary phases in
their CGMs. Furthermore, Nb is segregated at the cell
boundaries because Nb atomswere ejected from liquid to

solid during solidification [38,39]. This segregation can
highly promote the formation of brittle Laves phase or
NbC carbide in the samples.

Figure 3(c) presents continuous cooling transfor-
mation (CCT) curves at a starting temperature of
1100 °C and a CGM wt% composition ratio of 88:12
(SS316L:IN718). Although both the NbC and the Laves
phase coexist in the composition of the cracking region
in the CGMs, formation of the Laves phase appears to be
predominant compared with the formation of NbC car-
bide. Therefore, the major cracking factor at the transi-
tion region in the CGMs could be due to the Laves phase,
which is widely known as the brittle phase in IN718 alloy
[38,40]. Figure 3(d) shows variations of Laves phase and
MC carbide fractions with increasing Ni content at a
temperature range of 1000–1150 °C. Noticeably, themax-
imumpeaks of the Laves phase fraction are located at aNi
fraction ranging from 12 to 15wt%, which corresponds
with IN718 fractions ranging from ∼5 to ∼10wt%.
The composition range of the CGM cracking regions is
well matched. Furthermore, the Ni composition range
(∼12–25wt%) accompanying the precipitation of the
Laves phase in Figure 3(d) is in good agreement with
the crack formation region indicated by the red box in
Figure 1(d). When the Ni fraction increases beyond the
maximum peak of the Laves phase fraction, the Laves
phase fraction rapidly decreases. This strongly implies
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Figure 5. (a) OM, (b) SEM, and (c) corresponding EDS line profile results of the pure Ni-added CGM fabricated by in-situ alloying. Due
to the local in-situ alloyed Ni, the local composition was changed and cracks disappeared (compared with the crack zone in Figure 1).
(e) Equilibrium phase fraction with temperature for defect-free FGM at 12wt% IN718, (f ) the magnified diagram to clearly show minor
phases.

that the formation of the Laves phase is a key factor for the
cracking phenomenon observed at a specific SS316L and
IN718 composition range.Meng et al. [41] recently inves-
tigated the phase evolution behavior in a DED-processed
CGM of SS316L and IN625. They observed that the pre-
cipitated phases were transformed from FCC+ Laves to

FCC+NbCphases when increasing IN625 contents over
50wt% in the CGM. Their observation is quite sim-
ilar to our theoretical and experimental results. This
strongly supports that the cracking mainly occurs due
to the profuse evolution of the brittle Laves phase at the
SS316L-rich region in the composition-graded region of
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the CGM. In addition, to understand the cracking during
solidification, a Scheil-Gulliver solidification simulation
that effectively calculates the solute elements’ segrega-
tions during the solidification was performed [42–46].
The Scheil-Gulliver solidification simulations at the com-
position ratio of 88:12 (SS316L:IN718 in wt%) of FGM
results in the conclusion that the Laves phase is the
cause of the cracking (Figure S4). Moreover, it could
be suggested that crack formation was suppressed by an
increase in Ni contents that reduced the fraction of the
Laves phase. It is well known that Laves phase, or Nb-rich
phase ((Ni, Cr, Fe)2 (Nb, Mo, Ti, Si)), is a brittle inter-
metallic compound. Since austenitic stainless steels are
susceptible to solidification cracking, small amounts of
Laves could be sufficient to cause crack formation in the
SS316L-rich region [18,19].

Furthermore, the high thermal residual stress during
the DED process evolves due to the complex thermal
cycle with ultrafast heating and cooling [32,33]. In par-
ticular, severe thermal residual stress could arise in the
CGM sample due to the difference in thermal expansion
coefficient between SS316L and IN718. Figure 4 presents
EBSD maps of the CGM crack regions. The cracks are
mainly located at the grain and cell boundaries. Local
strains are abundantly accumulated at the crack surface,
as indicated in Figure 4(c). It has been reported that the
strain accumulation during solidification could be catas-
trophic from the perspective of dislocation migration at
grain boundaries [17–19,22–24,47]. When the thermal-
induced tensile stress exceeds the yield stress of a local
region, dislocation slip could lead to dislocation pile-
up at the grain boundaries having long chains of hard
laves phase [43], which promotes the tensile residual
stress normal to the boundaries and accelerates crack-
ing [44–48]. This can be inferred from the high kernel
average misorientation (KAM) value concentrated at the
cracked grain boundaries (Figure 2c).

On the other hand, residual thermal stresses and the
formation of brittle Laves phase are inevitable in a CGM
because critical concentrations will always exist when
using only a linear combination of IN718 and SS316L
powders [17]. Therefore, a potential approach to reduce
the cracking in the CGM could be modifying the com-
position by using more powder feeders to suppress the
formation of the Laves phase. Based on these results
and analysis, A new additive manufacturing strategy,
local compositional detouring (LCD), is introduced. The
key of strategy is to avoid cracking factors by in-situ
changing the local chemical composition during addi-
tive manufacturing. In order to verify the possibility of
suppression of Laves-phase-induced cracking based on
our thermodynamic study, pure Ni was simultaneously
added to the SS316L-rich region from the substrate to the

region with 70-wt% SS616L in the CGM. Cross-sectional
micrographs (Y plane) with EDS line profile results for
the Ni-added CGM are shown in Figure 5. Strikingly,
a crack-free sample was obtained by in-situ addition of
Ni powder to the CGM. Figure 5(c) indicates EDS line
profile results for the pure Ni-added CGM. Based on
the thermodynamic calculation (Figure 3(d)), when the
Ni composition exceeds 25 wt% at the crack region in
the SS316L and IN718 CGM, the precipitation of Laves
phase is suppressed and the NbC phase is the dominant
Nb-rich precipitate. For the pure Ni-added samples, the
Ni composition was over 25 wt% at the crack-sensitive
region and therewere no observable cracks in the samples
(Figure 5). The EDS results at the same location studied
in the cracked FGM are Ni: 48.92, Fe: 33.68, Cr: 13.15,
Mo: 0.772, and Nb: 0.982. Thermodynamic phase cal-
culations at this composition are shown in Figure 5(d,
e). Compared to Figures 3(a, b), (Nb, Mo)C type car-
bides are present in a smaller fraction in all temperature
ranges, and the laves phase is formed below 700 °C. In
other words, the local Ni addition can effectively sup-
press the laves phase and effectively avoid the cause of
crack formation. This demonstrates that the local addi-
tion of elemental powder using multi-powder feeders to
vary the composition (compositional detouring method)
is an effective crack-mitigation strategy for avoiding the
critical concentration with respect to the precipitation of
the harmful phase in the DED-fabricated CGM.

4. Conclusion

In summary, cracks in an SS316L and IN718 CGM fab-
ricated using a single DED process, without prior alloy
powder fabrication or prior powder mixing, were ana-
lyzed. The induced cracks were analyzed considering the
mixed composition and the cause for cracking was deter-
mined to be the secondary phase formed during theDED
process (solidification with rapid cooling). Furthermore,
a new method for manufacturing defect-free CGM was
proposed in consideration of the composition. The cur-
rent work suggests the LCD method for manufacturing
defect-free continuous CGMs in a single process using an
in-situ alloying technique. Furthermore, this method can
be adopted not only for CGMs of SS316L and IN718 but
also for other material combinations wherein cracks are
induced by the secondary phases during solidification.
Also, this method does not require pre-powder mixing,
which saves considerable time. In addition, because this
method can manufacture defect-free parts with FGM
by tailoring compositions of local regions only, material
savings are also expected.
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