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Additive manufacturing (AM) of functionally graded materials (FGM) has become an important growing trend in
the research and development of various sectors. The main challenging issue is alloy design for the transition
zone between terminal alloys so that the expected performance is achieved with minimal risk of defects. In this
study, the transition zone design in AISI 316 L-IN718 FGM via laser-directed energy deposition (L-DED) is
investigated concerning susceptibility to cracking defect, its formation mechanisms, as well as the design effect
on mechanical properties. Consequently, the compatible design of the AISI 316 L-IN718 graded materials is
established for laser-based AM. The evaluation of the gradient structures showed that the 75 % AISI 316 L-25 %
IN718 region, with the continuous evolution of low-melting eutectic compounds caused by the formation of
crystallographic texture in the build direction, is highly sensitive to liquation cracking, which occurs in the
presence of thermal stresses arising from the deposition of subsequent layers. In addition, defects of porosity and
oxide micro-inclusions intensify the discontinuity and cracking in the remarked composition region. Finally, it
was demonstrated that the improvement of the dissimilar structure of AISI 316 L and IN718 alloys can be
purposefully fulfilled by designing a compositional gradient in the form of a 50 wt% mixed region between the
base alloys (FGM-50 %) resulted in the maximum mechanical properties (tensile strength 540 + 10 MPa,
elongation 52 + 2 %, and toughness 24 + 1.4 kJ/mm?).

concept as it can place materials in the exact designed position [5,6].
Accordingly, lots of attention has led to the standardization (ISO/ASTM

1. Introduction

In recent years, the development of advanced metallic materials
through additive manufacturing (AM) technology has been accelerated
due to the elimination of the inherent obstacles of conventional
manufacturing (CM) methods, the unique capability to directly realize
the design into the final part, and the advancement of materials science
and metallurgy in AM [1-4]. Functionally graded/gradient materials
(FGMs), determined by gradual evolution of their characteristics (such
as porosity, microstructure, and composition) in preferred direction(s)
to provide site-specific properties, are those advanced engineering ma-
terials that the layer-by-layer manner of AM is well suited to their

TR 52912) of the production of FGMs by AM, abbreviated as FGAM, and
adaptation to high-tech industries [7]. The AM process of directed en-
ergy deposition (DED) owing to the powder blowing/wire injection
mechanism gives high flexibility to adjust the base materials combina-
tion while fabricating complex compositional FGMs, thus it has been
much referred to in literature [8,9]. In contrast, the powder bed fusion
(PBF) process is of interest for the fabrication of structural FGMs, though
recently efforts have been made to enable it in selective powder
dispersion and building multi-material [10].

One of the most interesting cases of FGAM is the structure of stainless
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Fig. 1. Morphology and particle size distribution of powder: a, b) AISI 316 L and c, d) IN718.

Table 1

Chemical composition of used AISI 316 L and IN718 powders (wt%).
Element Fe Ni Cr Mn Si Mo Nb Ti Al
AISI 316 L Bal. 11.7 18.1 1.7 0.6 2.47 - - -
IN718 17.7 Bal. 19.5 - - 3.2 5 1 0.5

steel-nickel based superalloy, which is widely used in critical energy
industries, such as power plants and oil refineries, with a favorable
balance of economic aspects and functional properties [11,12]. This
method of manufacturing the structure is proposed as an alternative
solution in the face of its dissimilar welding issues, such as cracking,
local corrosion, and residual stress, as regards providing a gradual
transition instead of a sharp interface feasibly throughout a part can lead
to higher efficiency and longevity [13-15]. So far, several researches
have addressed the aspects of processing, microstructure, and mechan-
ical properties of the FGM with a variety in the grade of base alloys and
AM techniques. Zhang et al. [16] and Tong et al. [17] studied stainless
steel 316 L (AISI 316 L)-Inconel 625 (IN625) FGM produced by L-DED
and both observed that the yield strength of the FGM is close to IN625
and its tensile strength is close to AISI 316 L. In a similar work, Chen
et al. [18] showed that the wear resistance of FGM is significantly
improved when the content of IN625 reaches 60-80 %. Su et al. [19] and
Melzer et al. [20] investigated the tensile properties of AISI 316 L-IN718
FGM as-built by L-DED. Further, other works demonstrated that
microstructural evolution including the precipitation of secondary
phases (especially at higher IN718 content) through post-heat treatment
leads to the improvement of mechanical properties [21,22] and hot
corrosion resistance [23] of the FGM. In addition, EB-PBF [24] and L-
PBF [25,26] processes were successfully used to produce AISI 316 L-
IN718 bimetallic structure. Furthermore, Wen et al. [27] realized a

compositionally graded alloy (CGA) perpendicular to the build direction
via L-PBF and reported that the heat treatment of double aging leads to
the loss of yield strength and tensile strength of AISI 316 L-rich sections
and brittleness of IN718-rich sections. Also, some researchers investi-
gated wire arc additive manufacturing (WAAM) of AISI 904 L-Hastelloy
C-276 [28], AISI 316 L-IN825 [29], and AISI 316 L-IN625 [30] struc-
tures and unanimously showed that the inherent high dilution of the
process leads to gradient interfaces and strong metallurgical bonding
between the layers.

Despite the progress made and overall promising results in the above
review, some credible studies reported susceptibility to cracking defects
in the AM of stainless steel-nickel based superalloy structures. This
concern is more or less present in all 3 AM processes of L-DED [31-35],
L-PBF [36-38], and WAAM [39] for various alloy grades. In the case of
AISI 316 L-IN718 FGM combining good mechanical properties and
corrosion resistance applicable for the elevated-temperature and harsh
service environment such in power plants, Kim et al. [33] found the
compositional range of 20-30 wt% IN718 to be defective when fabri-
cated by L-DED, while Yang et al. [34] observed crack formation at
different positions of non-graded and graded samples. Nevertheless,
both of them explained ceramic oxides, precipitation, and columnar-to-
equiaxial transition (CET) as factors of the crack initiation and propa-
gation. Meanwhile, other researchers found the bimetallic interface
prone to cracking due to the mismatch between energy and material
[35-37]. Hence, it seems that there is no comprehensive consensus
about the susceptibility to FGAM cracking of the AISI 316 L-IN718
structure and its prevention, and further investigation is needed.

Therefore, the present research studies the fabrication of different
designs of AISI 316 L-IN718 FGM by L-DED to provide crack formation
mechanisms in susceptible compositional regions and to achieve a
compatible (crack-free) FGM design for laser additive manufacturing. In
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Fig. 2. a) SEM image and b-d) its elemental distribution maps of for a 50:50 weight ratio mixture of AISI 316 L and IN718 powders.

addition, the mechanical properties of the FGMs are evaluated to
develop their processing-microstructure-properties relationship.

2. Materials and methods
2.1. FGM design and L-DED process

The feeding materials in the form of gas-atomized powders (supplied
by LPW Technology Ltd.) with the morphology and particle size distri-
bution of AISI 316 L (D1¢ = 53.5, Dso = 86, Dgg = 111.5 pm) and IN718
(D10 = 42.5, D5p = 56, Dgg = 71 pm) in Fig. 1 and AISI 316 L stainless
steel plate with dimensions of 150 x 80 x 8 mm?® as the building plat-
form were used.

The chemical composition of the alloy powders is presented in
Table 1. Also, three weight ratios of 50:50, 75:25, and vice versa were
prepared from the primary powders through uniform mechanical mixing
in separate containers to fabricate gradient zones with the desired
composition.

For example, the powder sampled from the weight ratio of 50:50 and
the distribution maps of elements on it are shown in Fig. 2. L-DED ad-
ditive manufacturing machine equipped with a continuous fiber laser
(Convergent Photonics CF1000, Italy) with a maximum power of 1000
W, a wavelength of 1070 nm, and a spot size of 1 mm, a multi-nozzle
deposition head (Optomec Inc., USA), carrier and shielding argon (Ar)
gas, and rotating disc-type powder feeding system were employed in this
research. More information about the L-DED machine is available else-
where [40].

Based on our previous study on thin-walled FGMs [41], to evaluate
the cracking susceptibility of compositional gradient regions and the
mechanical behavior of the studied structure, cubic FGM samples were
designed and named as shown in Fig. 3. The deposition sequence here
was considered starting with AISI 316 L since the inverse one has been
demonstrated high cracking susceptibility [31]. For each transition
design between base alloys, two cubic samples with different dimensions

were considered for microscopy characterizations (Fig. 3a, c, €) and the
possibility of preparing tensile test samples (Fig. 3b, d, f). In order to
minimize the porosity defect, processing parameters were used ac-
cording to each region of FGM structures.

For this purpose, in a preliminary study, several cubes of pure AISI
316 L and IN718 alloys were produced through a full factorial design of
experiment (DoE) taking into account different levels of key processing
parameters (including laser power, scanning speed, powder feeding rate,
and hatch distance) and were evaluated for internal defects by Archi-
medes test and X-ray computed tomography, CT (voltage: 220 kV, cur-
rent: 190 pA, voxel size: 17 pm, source-to-sample distance: 150 mm,
sample-to-detector distance: 1000 mm) methods. More details on the
DoE for the processing parameters can be found in the recently pub-
lished work [40]. Fig. 4 shows the samples of the cubes produced in that
evaluation along with the three-dimensional CT images, which indicate
the high density of the parts (>99.5 %, noting the detection limit in the
voxel size used) and the suitable processing conditions of each one.
Thereby, the processing conditions of the pure regions in the FGM
structures were obtained and for the gradient zones were also deter-
mined according to their nature close to the base alloys, which are
presented in Table 2. Fig. 5 shows the cubic FGM structures produced by
the L-DED process, indicating almost good dimensional accuracy
compared to their design (Fig. 3) though some surface oxidation and
adhered powder particles during the process have led to a deviation
from the ideal surface quality and dimensional accuracy. It should be
noted that the FGM samples designed for the microscopy characteriza-
tions were produced in three replicates to ensure the reproducibility of
the process.

2.2. Characterization and evaluation

In order to characterize the microstructure, a cross-section was
removed from the middle of the FGM samples by wire electrical
discharge machining (WEDM), and their surface was prepared by
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Fig. 4. The preliminary evaluation to achieve processing conditions with minimal internal defects (esp. porosity): a) cubes produced from pure AISI 316 L and IN718
alloys, b, c) three-dimensional CT images of half of the cubes in (a) showing the volume fraction of porosity in each.

standard metallographic methods. Then the surfaces were etched in 15
mL HCl + 5 mL HNOj; solution for 10 s and evaluated by optical mi-
croscopy (Olympus, Japan) and scanning electron microscopy (FEI
ESEM QUANTA 200, USA). An X-ray energy diffraction spectroscope
(EDAX EDS Silicon Drift 2017, USA) operated in the scanning electron
microscope was used to semi-quantitatively analyze the distribution of
constituent elements and the chemical composition of possible phases in
the microstructure. Moreover, additional surface preparation, including
automatic polishing in 3 and 1 pm diamond suspension and electro-
chemical polishing with 6 vol% HCIO4 + 94 vol% CH3COOH solution at
50 V for 10 s, was carried out to evaluate the evolution of the crystal-
lographic texture, grain structure, grain boundaries, and crystal defects
in the FGM samples by electron backscattered diffraction (EBSD) anal-
ysis inside a field emission scanning electron microscope (FE-SEM Zeiss
Sigma 500 VP, Germany). For each sample, EBSD was performed in two
windows of 1.75 x 1 mm? in the build direction from the interface of the
FGM regions with the conditions of 6 pm step size, 25 kV accelerating
voltage, 10 nA probe current, 12 mm working distance, and 70° sample
tilt angle and the results were analyzed by HKL-Channel 5 software. To
appraise the mechanical properties and behavior, a uniaxial tensile test
(Instron 5500R, UK) with a crosshead rate of 2 mm/min and a gauge
length of 20 mm was implemented on the samples prepared according to
Ref. [19] shown in Fig. 6 by WEDM from the FGMs built for this purpose.
Then, tensile properties including yield strength (YS), ultimate tensile
strength (UTS), percent elongation (EL), and toughness (integrating the
area under the stress-strain curve) were derived from the stress-strain
curves and reported as mean values + standard deviation (STD). Addi-
tionally, the fracture surfaces were evaluated by SEM.

3. Results and discussion

Fig. 7a shows numerous cracks in the macrostructure of the 75 %
AISI 316 L-25 % IN718 region of FGM-25 %, which indicates the high
susceptibility of this region to cracking and was also observed in pre-
vious studies [34]. The jagged and uneven edge of the crack morphology
in Fig. 7b reveals that its formation occurred as a hot crack. As
demonstrated in our recent study [42] through finite element (FE)

Table 2
Process parameters used to produce cubic FGM structures.
Parameter Value
Power (W) 400
Scanning speed (mm/min) 750
Powder feeding rate (g/min) 6
Air blow (L/min) 15
Carrier gas flow (L/min) 6
Shielding gas flow (L/min) 10
Standoff distance (mm) 10.5

Scanning strategy 0°/90° (raster)

Compositional region Hatch space (mm) Z-step (mm)
100 % AISI 316 L 0.414 0.271
75 % AISI 316 L + 25 % IN718 0.414 0.271
50 % AISI 316 L + 50 % IN718* 0.404 0.332
25 % AISI 316 L + 75 % IN718 0.404 0.332
100 % IN718 0.404 0.332

" In the experimental evaluations of the production of this compositional re-
gion with the processing parameters of pure IN718 compared to pure AISI 316 L,
fewer internal defects were observed.
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modeling, the design of FGM-25 %, similar to FGM-50 % from a me-
chanical point of view can effectively resolve the issue of concentration
and sharp change of residual stresses at the interface of the multi-
material structure between the base alloys, as shown in Fig. 8, owing
to the reduction in properties difference of adjacent compositional re-
gions. However, here from a metallurgical perspective, the structure of
FGM-25 % is highly susceptible to hot cracking in the remarked region,
which could adversely affect its properties and performance.

In spite of some black dots in Fig. 7e indicating oxide inclusions (Si/
Mn-rich) from the powder feedstock [43], it can be seen that the solid-
ification structure in the build direction (Fig. 7e-c) has evolved from
columnar cell morphology to columnar dendritic to equiaxed dendritic
morphology due to the increased undercooling and has become coarser
as the cooling rate decreases due to the heat accumulation [44,45]. In
order to find out the metallurgical origin and understand the mecha-
nisms of crack formation in the FGM-25 % structure, more details were
studied by different techniques, which will be discussed below.

Fig. 9 shows the SEM micrographs of the crack and its marked areas.
The different contrast along the crack origin (Fig. 9a, c) is evidence of
the formation of a continuous liquid film, which can be caused by the
low melting point compounds exposed to the deposition heat of the
upper layer. In addition, the different directions of growth and devel-
opment of the microstructure around the crack origin (Fig. 9¢) elucidate
that the liquid film was formed at the boundary of two adjacent grains,
which justifies its continuity. In such conditions and under the thermal
stresses caused by the solidification shrinkage and solid-state contrac-
tions during the process, it is expectable that the crack nucleation has
occurred inter-granularly. Nevertheless, further evaluation of the crack
length indicates that in addition to the inter-granular mode, its propa-
gation also occurred intra-granularly (through solidification sub-grain
boundaries, SSGBs) as illustrated in Fig. 9b, d related to the middle of
the crack length.

In order to determine the chemical composition and identify possible
phases around the crack, semi-quantitative EDS analysis was used on the
numbered locations in Fig. 9¢c, the results of which are shown in Fig. 10.
From the core of the dendrite adjacent to the crack (location #1) to the

edges (locations #2 and #3) and especially its origin (location #4),
microsegregation of Nb and Mo elements with a low partition coefficient
can be discerned.

Although it cannot be certain about the content of the light carbon
element, as a rough estimate similar to Ref. [14] the analysis of location
#3 indicates the formation of segregated metal carbides and further the
formation of Laves intermetallic phase (analysis of location #4) through
the eutectic reactions of L - y + MC and L — y + Laves, respectively. The
formation of such low melting compounds at the origin and edge of the
crack, besides the previous evidence, well confirms the occurrence of the
liquation crack, which has been declared in related studies [32,39].
Furthermore, the detection of oxygen in location #3 can indicate the
presence of oxide compounds arising from the used powder or oxidation
during the process, which according to proven findings [33] would lead
to discontinuity and deterioration of cracking in the structure. In the
following, further evidence of the traces of unwanted oxide compounds
will be presented and discussed. However, it seems that another
important factor plays a role in the cracking susceptibility of the FGM-
25 % structure, because obviously and also according to thermodynamic
calculations in [33] the fraction of carbide and intermetallic phases (the
source of grain boundary liquid film through the reversal of the low-
temperature eutectic reactions) increases with greater participation of
IN718. While no trace of cracking was found in IN718-rich regions of
FGM-25 % structure.

Fig. 11 shows the results of the EBSD analysis of the multi-material
(MM) structure from the two interfaces of AISI 316 L/IN718 and the
structure/substrate in the build direction. The white dashed line in the
inverse pole figures (IPFs, Fig. 11a, b) determines the position of the
interface on each of them, which for the interface in Fig. 11a, the dis-
tribution maps of Ni and Fe elements (Fig. 11c, d respectively) support
the accuracy of its position. In the IPF maps, at the beginning of the
deposition of each region due to the high-temperature gradient, espe-
cially at the structure/substrate interface (Fig. 11b), a finer grain
structure is observed and further, due to the heat accumulation and the
reduction of the temperature gradient, coarser grains have been formed
through the competitive growth mechanism in line with the maximum
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temperature gradient. The predominance of this mechanism and its
being affected by the successive change in the scanning direction (SD)
has prevented the growth of grains in a certain direction. In addition, in
the interface of AISI 316 L/IN718, the sharp difference in the chemical
composition has disturbed the epitaxial growth to some extent and has
aggravated the situation. The distribution of high and low angle grain
boundaries in the build direction in Fig. 11f, h, in addition to clarifying
the misorientation angle histogram (Fig. 11e) as a transition from the
worked structure of the substrate with a mass of high-angle boundaries
to the MM solidification structure with multiple sub-grain (low-angle)
boundaries, confirms the above findings on the competitive growth in
another way. Besides, the distribution maps of the kernel average
misorientation (KAM) in Fig. 11g, i show two accumulations of crystal
defects near the interfaces (areas bounded by dashed lines), which are
qualitatively reminiscent of local strain and residual stress concentra-
tion. In other words, the major temperature gradient at the structure/
substrate interface (Fig. 11i) has led to the evolution of high local strain
and stresses, resulting in a relatively large accumulation of dislocations
and solidification sub-boundaries. While at the AISI 316 L/IN718
interface (Fig. 11g), despite the formation of a dilution zone (DZ) in a
width of about 200 pm (Fig. 11c, d), the accumulation of defects (though
with a shorter range) can be observed due to the difference in the
thermo-physical properties of the base alloys and local strain.

Fig. 12 shows the results of the EBSD analysis of the FGM-50 %
structure from the interface area of AISI 316 L/50-50/IN718 and the
structure/substrate in the build direction. In addition to the evolution of
the grain structure similar to the previous case, the detection of micro-
inclusions in the 50 %-50 % region (Fig. 12d) is another evidence of
the role of oxide compounds (induced by powder materials or oxidation)
in the process, whose presence causes different phenomena. First, as can
be seen from Fig. 12c, d, the presence of oxide has disrupted the melt
fluid flow caused by Marangoni convection. This effect, which has been
numerically and experimentally demonstrated by Zuback et al. [46], has
led to changes in the melt pool shape and the formation of an unmixed
zone (UZ). Second, according to Fig. 12f, it has acted as a nucleation site,
and thus numerous fine grains have formed around it. On the other
hand, although the KAM maps in Fig. 12g, i show the accumulation of
crystal defects at the structure/substrate interface (as in the MM struc-
ture), at the same time, indicate the lack of defects concentration at the
AISI 316 L/50-50/IN718 interfaces due to the properties approximation

of the adjacent regions and the reduction of the strain inconsistency
compared to the MM structure. However, within the 50 %-50 % region,
a concentration of defects around the oxide (Fig. 12g) is observed due to
the strain inconsistency. The set of listed consequences caused by the
presence of oxide can affect the cracking susceptibility of the studied
structures.

Fig. 13 reveals another important fact of the FGM-25 % structure
(susceptible to cracking) different from the EBSD analysis results of
other structures. The IPF maps in Fig. 13a, b are from the interfaces of
75-25/50-50/25-75/IN718 and 75-25/AISI 316 L/substrate, respec-
tively, which are practically impossible to discriminate except by
matching the elemental distribution maps (as in Fig. 13c, d), indicate the
development of a preferred texture parallel to the build direction,
especially in the initial regions of FGM-25 % (Fig. 13b). Also, from the
KAM maps in Fig. 13g, i can be found that although the problem of
strain/stress concentration and as a result the high accumulation of
defects at the interfaces has been effectively resolved (excluding the
substrate vicinity caused by the extreme temperature gradient) due to
the proximity of the nature and properties of the adjacent gradient re-
gions, the presence of a microcrack with an accumulation of defects at its
two ends (Fig. 13i) and in line with the growth direction of the columnar
grains can be seen.

This different evolution of the grain structure, which can facilitate
the cracking of the FGM-25 % structure by supporting the continuity of
the grain boundary liquid film (how to form was discussed earlier), can
be well understood from the pole figures (PFs) of the studied samples
(Fig. 14). As can be seen from the comparison of Fig. 14a, c, e related to
the window (b) respectively in Figs. 11, 12, and 13 (about the lower half
of the structures), for FGM-25 % a much stronger texture (Max. 13.76)
has been formed in the {100} plane and a slight deviation from the (100)
build direction, which can be due to the reasons of maintaining the
temperature gradient caused by pausing and resuming the process when
changing the composition of the feeding powder as well as improving
the epitaxial growth with closer proximity of the chemical composition
and the nature of the adjacent regions. In the following, although the
intensity of orientation decreases due to the heat accumulation (reduc-
tion of temperature gradient) and the increase in total entropy with the
greater participation of IN718 [21,47] in the upper half of the structures
(Fig. 14b, d, f), still a preferred orientation (Max. 8.68) is observed for
the FGM-25 % structure (Fig. 14f), especially in the {111} plane. Fig. 15
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Fig. 9. SEM micrographs: a) morphology of the crack and its surrounding area, b-d) higher magnification of the indicated areas of the crack. The numbered markers
in (c) show selected locations for the EDS chemical analysis.
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Fig. 10. The results of EDS chemical analysis from the numbered locations adjacent to the crack in Fig. 9c.
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Fig. 11. EBSD analysis results of the MM structure: a, b) IPF X maps from the interfaces of AISI 316 L/IN718 and structure/substrate, respectively, c, d) elemental
distribution maps of Ni and Fe, respectively, corresponding to window (a), e) variations of grain boundary misorientation angle in windows (a) and (b), f, g) dis-
tribution maps of grain boundary and KAM corresponding to window (a), and h, i) distribution maps of grain boundary and KAM corresponding to window (b). The

areas surrounded by red dashed lines in (g, i) show the concentration of crystal defects at the interfaces. (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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Fig. 12. EBSD analysis results of the FGM-50 % structure: a, b) IPF X maps from the interfaces of AISI 316 L/50-50/IN718 and structure/substrate, respectively, c, d)
elemental distribution maps of Ni and Fe corresponding to (a), €) variations of grain boundary misorientation angle in windows (a) and (b), f, g) distribution maps of
grain boundary and KAM corresponding to (a), and h, i) distribution maps grain boundary and KAM corresponding to (b).
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Fig. 13. EBSD analysis results of the FGM-25 % structure: a, b) IPF X maps from the interfaces of 75-25/50-50/25-75/IN718 and 75-25/AISI 316 L/substrate,
respectively, ¢, d) elemental distribution maps of Ni and Fe corresponding to (a), e) variations of grain boundary misorientation angle in windows (a) and (b), f, g)
distribution maps of grain boundary and KAM corresponding to (a), and h, i) distribution maps grain boundary and KAM corresponding to (b).
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Fig. 14. Polar figures (PFs) of {100}, {110}, and {111} planes related to the structures: a, b) MM, ¢, d) FGM-50 %, and e, f) FGM-25 %. The left column (a, c, e) and
the right column (b, d, f) were obtained from the windows (b) and (a) in Figs. 11, 12, and 13, respectively, in the build direction.
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Fig. 15. Schematic of the liquation crack formation mechanism in the susceptible compositional region of 75 % AISI 316 L-25 % IN718 in the FGM-25 % structure.
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Fig. 16. Engineering stress-strain diagram of uniaxial tensile test of MM and FGM structures.

schematically depicts the role of the directional evolution of FGM-25 %
grain structure (eps. in its initial regions) in the liquation cracking
mechanism of the 75 % AISI 316 L-25 % IN718 susceptible region by
providing the conditions for the continuity of the grain boundary liquid
film.

Fig. 16 shows the tensile test results in the form of engineering stress-
strain curves. As expected, the FGM-25 % structure, which suffers from
cracking in the compositional region of 75 % AISI 316 L-25 % IN718, has
endured the lowest stress and strain under axial loading, consistent with
the results reported in the studies [27,48]. However, the strength drop is
less remarkable than the ductility decrease, which can be attributed to
the alignment of the loading direction and most cracks length leading to
no significant reduction in the load-bearing area. Comparing the stress-
strain curves of MM and FGM-50 % structures shows that the tensile

14

properties of both are close to pure AISI 316 L (mean tensile strength ~
600 MPa, mean elongation ~ 55 %) but more ductile than pure IN718
(mean tensile strength ~ 950 MPa, mean elongation ~ 35 %) reported
elsewhere [34], while the latter design is somewhat superior. However,
to make a better judgment, the quantities obtained from the tensile test
for each structure were summarized in the charts of Fig. 17. Even though
the FGM-50 % structure determines the best mechanical properties by
recording the maximum tensile strength, elongation, and toughness up
to 540 + 10 MPa, 52 + 2 %, and 24 + 1.4 kJ/mmS, respectively,
considering the standard deviation values indicates that there is not
much difference between FGM-50 % and MM structures in the static
loading. Nevertheless, that difference can be caused by the mitigation of
properties difference and high residual stresses at the sharp interface of
the MM structure by redesigning it as the FGM-50 %, which was
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Fig. 17. Comparison of a) yield and tensile strength and b) elongation and toughness of MM and FGM structures.

Fig. 18. Macro-scale fractography of the fracture surfaces of structures: a) MM, b) FGM-50 %, and ¢) FGM-25 %.

numerically and experimentally demonstrated in our previous research
[42]. In addition, in terms of performance, Hofmann et al. [5] proved
that a car valve stem with a gradient design meets better performance in
high-temperature service conditions compared to its dissimilar joint. On
the contrary, the FGM-25 % structure with the minimum tensile strength
of 420 + 23 MPa, elongation of 23.5 + 3 %, and toughness of only 9.5 +
2 kJ/mm? shows significantly the weakest tensile mechanical properties
due to high susceptibility to liquation cracking in the compositional
region of 75 % AISI 316 L-25 % IN718. Although other sources (e.g.,
porosity) could be incorporated in such failure, cracks act as localized
stress raiser sites with a much smaller radius of curvature (i.e. higher
stress concentration factor, k;) which can much more rapidly propagate
than others and disintegrate the FGM structure, thus they are the main
cause of failure in the FGM-25 % sample. Therefore, considering the
mechanical properties and performance of the studied structures, it is
inferred that for the AISI 316 L-IN718 structure, designing a
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compositional gradient in the form of a 50 wt% mixing region between
the base alloys (FGM-50 %) can purposefully lead to its improvement
(without both problems of internal stress concentration at the interface
of MM and cracking susceptibility in FGM-25 %).

Besides, the structures were subjected to fracture analysis following
the tensile test to better understand their mechanical behavior. The
fracture position of MM and FGM-50 % structures was similarly deter-
mined in the region of 100 % AISI 316 L (weaker base alloy). That is why
no significant difference was observed in their mechanical properties.
However, the fracture of the FGM-25 % structure occurred from the 75
% AISI 316 L-25 % IN718 region. Fig. 18 shows the macrographs of the
fracture surfaces of each structure. The appearance of cup and cone
fracture indicates the occurrence of ductile fracture in all three, with the
difference that for the FGM-25 % (Fig. 18c) multiple cracks can be
observed on the fracture surface.

For more details, SEM micrographs from the areas specified in Fig. 18
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Fig. 19. SEM micrographs of the fracture surfaces from the areas specified in Fig. 18.

for each are presented with higher magnification in Fig. 19. The dimple
morphology confirms the ductile fracture of all three structures, with the
explanation that the coarser dimples in the center (Fig. 19al, bl) and the
finer dimples at the edge (Fig. 19a2, b2) of the fracture surfaces can be
due to the change of plane strain state to plane stress. Meanwhile, the
evaluation of the FGM-25 % fracture surface in Fig. 19¢c1, c2 shows the
presence of porosity, oxide inclusion, and especially (intergranular)
crack defects related to the 75 % AISI 316 L-25 % IN718 region, which
can be interpreted as another evidence of the cause on the loss of tensile
properties of this structure. In other words, those defects act as localized
stress risers (esp., the crack with the smallest radius of curvature) within
the part, confining plastic deformation and decreasing both strength and
ductility of the FGM-25 % sample resulted in the premature failure.
While, in two other samples (MM and FGM-50 %), the hardening and
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softening mechanisms compete to the final fracture without any
disruption by no significant internal defects.

4, Conclusion

In the present research, the compatible design for the laser additive
manufacturing of AISI 316 L-IN718 FGMs by the L-DED method was
studied from various metallurgical and mechanical aspects. The main
findings are summarized as follows:

1) Even though from a mechanical point of view, the problem of high
residual stress concentration at the sharp interface of the multi-
material (MM) can be effectively resolved by designing FGM-50 %
and FGM-25 % structures, multiple cracks in the compositional
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region of 75 % AISI 316 L-25 % IN718 (in cases with a length of more
than 100 pm) indicate a serious metallurgical weakness of the FGM-
25 % structure and its failure.

In determining the mechanism of cracking, the identification of the
formation of a grain boundary liquid film through the melting of low-
temperature eutectic compounds (y + Laves+MC) and its continuity
caused by the epitaxial growth and preferential orientation of the
grain structure in the above-mentioned region, indicates the occur-
rence of liquation cracks. Also, the proven presence of oxide micro-
inclusions and porosities has aggravated the imperfection of the
structure and cracking.

The evaluation of mechanical properties and behavior in the condi-
tion of uniaxial tension showed that the FGM-50 % structure is the
best with the maximum tensile strength, elongation, and toughness
with values of 540 + 10 MPa, 52 + 2 %, and 24 + 1.4 kJ/mm?,
respectively, though these values are statistically comparable to
those of MM in such static loading condition. In contrast, the FGM-
25 % gives the weakest results with a fracture from the cracked
region.

Although the ductile fracture of MM and FGM-50 % structures
occurred in the 100 % AISI 316 L region (weaker base alloy) and
caused their tensile properties to be close, it is obvious that the
effective reduction of the problem of concentration of interfacial
residual stresses in the FGM-50 % can lead to improved performance
in critical service conditions by the properties proximity of adjacent
regions.
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