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Abstract

The microstructures and the mechanical properties of a laser powder bed

fusion manufactured compositionally graded alloy of the austenitic stainless steel 316L
and Inconel 718, in the as-built and heat-treated conditions, were investigated. In all the
cross sections of the as-built compositionally graded alloy, along the compositional
gradient direction, which is perpendicular to the build direction, the microstructure
primarily consists of sub-micron sized cells embedded within <001> textured columnar
grains of the y phase along with Laves phases at their grain boundaries. Heat treatment,
which involves solutionizing at 1040 °C for 1 h followed by annealing at 720 °C and

620 °C for 10 h each, leads to coarsening of Laves phases, slight modification in texture
and the annihilation of the sub-grain structure of the compositionally graded alloy, but
does not alter the columnar grain size. It also leads to precipitation of the y" and y'
phases in the portions of the compositionally graded alloy with >70 wt% of IN718. The




hardness, yield strength and tensile strength of the compositionally graded alloy
increase but ductility decreases from the SS316L-rich end to the IN718-rich end along
the gradient direction. Heat treatment smoothens the variations in YS and UTS along
the gradient direction in cross sections with <82 wt% IN718 but reduces their relative
magnitude compared to that of the as-built condition. The heat-treated compositionally
graded alloy exhibits significantly higher YS and UTS but lower ductility than that in the
as-built condition, in portions with >82 wt% IN718. These mechanical property
variations are analyzed in detail by considering variations in the composition,
microstructural features, and contents of different phases in the as-built and heat-
treated compositionally graded alloy. Finally, an appraisal on the appropriate
compositional gradient and utility of the heat treatment of the compositionally graded
alloy is discussed in the context of specific requirements in structural applications.
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1. Introduction

The austenitic stainless steel 316L (SS316L) and Inconel 718 (IN718) are traditionally
joined together by arc or electron beam welding for fabricating compressor rotors in gas
and steam turbine engines [[1], [2], [3]]. However, reports suggest that during welding,
the heat affected zone in these joints undergoes liquation or solidification cracking [4].
Moreover, to improve the mechanical properties of the IN718 component, a double
ageing heat treatment is performed on the component, where it is solutionized above
1100 °C for 1 h and subsequently aged at 720 and 620 °C for 10 h each [5]. While this
heat treatment leads to the nucleation and coarsening of the coherent y" and y'
precipitates in IN718, which improve its strength significantly, it also promotes the
formation of several brittle intermetallic phases at the weld joint of IN718 and SS316L.
These intermetallic phases act as crack initiators during high temperature service as the
weld joints develop strain incompatibilities due to the difference in the coefficients of
thermal expansion of the two alloys [6].

To alleviate these problems, a strategy of introducing a composition gradient, i.e.,
varying the relative proportions of SS316L and IN718 continuously along a specific
dimension, is considered. In the produced compositionally graded alloy (CGA) of
SS316L and IN718, the discontinuity in composition is smoothened out. Simultaneously,
this also introduces a gradient in the microstructure and thermal expansion coefficient
of the CGA, which prevents the build-up of stresses at any location and prevents
cracking during elevated temperature service [77,8]. CGAs are traditionally fabricated by
chemical or physical vapor deposition (CVD/PVD), thermal spraying, powder sintering,
centrifugal casting, and self-propagating high temperature synthesis (SHS). However, in
most of these methods, there is limited control over the geometry, density and
composition of the fabricated component. In this context, additive manufacturing (AM)
is an attractive alternative to fabricate CGAs as it enables customizability in terms of the
geometric design, dimensional accuracy and compositional variations

[[9], [10], [11], [12]]. Moreover, components built by AM have a low ‘buy-to-fly’ ratio as
AM only utilizes the requisite amount of raw material for building the component. This
reduces the cost of manufacturing significantly in addition to minimizing material
wastage. Of the various AM techniques that are being pursued actively, laser powder bed
fusion (LPBF) and laser directed energy deposition (LDED) have hitherto been
employed to fabricate CGAs of SS316L and IN718

[[13], [14], [15], [16], [17], [18], [19], [20]]. In most of these studies, the CGA is built
vertically, whereby the composition gradient is aligned along the build direction. It was
observed that CGAs produced in this fashion were either of poor quality, in terms of the
smoothness in compositional gradient [17], or had cracks in them [14,19].

As an alternative, we recently devised a novel powder dispensing strategy, which
introduces composition gradient in the plane of the powder bed (i.e., perpendicular to
the build direction). Using this method, a crack-free and highly dense CoCrMo/IN718
CGA, which has a smooth compositional gradient, was produced [21]. In this paper, we
present a study on the fabrication of a similar high quality SS316L/IN718 CGA using the
above-mentioned method. First, the process parameters for printing the CGA were
optimized in terms of minimizing the porosity of the build. This was followed by a
thorough composition, microstructural, and mechanical characterization of different



cross sections in the CGA. A double ageing heat treatment was also performed on the as-
built CGA and the resulting microstructure and mechanical properties were examined
and compared with those of the as-built condition. Complementary CALPHAD
(Calculation of Phase Diagrams) simulations were performed to understand the
evolution of the Laves phases during the heat treatment. The experimental results of
this study show that the LPBF method used in our study is capable of fabricating high
density, crack-free SS316L/IN718 CGAs that have a smooth composition gradient along
the length. Finally, structure-mechanical property correlations and deformation
mechanisms in each cross section of the as-built and heat-treated CGA were discussed
with the aim of providing insights on its expected structural performance. On the basis
of these analyses, application specific pointers on the appropriate compositional
gradients and heat treatment are provided.



2. Experimental methods

2.1. Powder dispensing system and CGA printing by LPBF

A custom designed continuous gradient powder feeding device integrated with a
commercial LPBF system was used in this study. This device mixes two powders
homogeneously in the desired proportions and creates a composition gradient along the
powder bed plane (perpendicular to the build direction). The schematic of the system is
shown in Fig. 1 (a) and other details regarding its functioning are provided in our
previous work [21]. The LPBF system is equipped with a 500 W fiber laser which has a
wavelength of 1070 nm and spot size (diameter) of 35 um. Printing is performed in an
argon atmosphere.
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Fig. 1. (a) Schematic illustration of the CGA LPBF system; (b) and (c¢) SEM images of the
powders of two alloys, SS316L. and IN718; (d) Photographing image of the SS316L-
IN718 CGA samples; (e) Geometry of the tensile test coupons.

Powders of SS316L and IN718 were selected for preparing the CGA. The two powders
were first loaded in the dual chamber powder hopper that has a diagonal separator.
From this hopper, the powders move to a powder mixer that maintains the desired
gradient in composition when the powders are spread over the printing substrate.
Finally, the recoater spreads the mixed powders on the platform and scanned by the
laser to fabricate a build. In Fig. 1(d), images of two CGA builds, with sizes,



50 x 110 x 6 mms and 10 x 110 x 6 mms (X x Y x Z), are displayed. Labels indicating the
alloy composition and gradient direction (GD) are marked on the sample. Post building,
one CGA build was subjected first to a homogenizing treatment, wherein it is heated to
1040 °C for 1 h followed by air cooling to room temperature (RT). Then it is subjected to
a two-stage ageing treatment, where it is heated to 720 °C and 620 °C for 10 h each and
then air cooled to RT. Other details of this double ageing (DA) heat treatment can be
found in the reference [5]. The other build is only subjected to a stress relief treatment
and is therefore considered as the as-built condition.

2.2, Feedstock powder materials

Gas atomized spherical SS316L and IN718 powders with particle size distribution that
ranges between 15 and 53 um were used in this study. Table 1 lists the chemical
compositions of the SS316L and IN718 powders, while their particle morphologies are
displayed in Fig. 1 (b) and (c), respectively.

Table 1. Chemical compositions of the SS316L. and IN718 powders (in wt. %).

SS 316L Fe Cr Ni Mn Mo o Si C
Bal. 16.8 12.1 1.87 225 012 0.03 0.02

IN 718 Ni Fe Cr Nb Mo Ti Al 0)
Bal. 1975 1992 497 292 0.77 039 0.0186

2.3. Characterization methods

For metallographic investigations, different cross-section slices of the CGA builds along
the GD were cut, polished and prepared according to the ASTM E3-11 standard [22].
The Archimedes method for measuring the relative density cannot be used as the
theoretical density in each section is not known a priori. Therefore, porosity volume
fraction was measured on each cross-section using optical microscopy (OM, ZEISS
AXIO) and estimated with the ImageJ software.

Chemical compositions of the builds were measured by energy dispersive spectroscopy
(EDS, Bruker) and X-ray fluorescence spectrometry (XRF, Bruker M4 Tornado). EDS
analysis was conducted on 65 locations along GD at an interval of 1.5 mm; 3
measurements were made at each location. The cross-section slices cut along GD in both
CGA builds were etched with 0.5 g CuCl. + 10 ml C.H;OH + 10 ml HCI for 20—40 s
before observing them with a scanning electron microscope (SEM, Hitachi FE-SEM
SU8100). The samples were polished on Vibratory Polisher with silica suspension for 6h
for Electron backscatter diffraction (EBSD, HKL Nordlysnano). EBSD was conducted to
obtain the crystallographic information of grains with a step size of 0.5 um and the area
of each figure is 500*500 um. The phase analysis was investigated using X-ray
Diffraction (XRD, Rigaku Ultima-IV) with Cu Ka radiation. Transmission electron
microscopy (TEM, FEI TECNAI G2 F20) was used to determine the crystal structures
and compositions of phases and precipitates.




Vickers microhardness along GD was measured with a load of 200 g and a dwell time of
10 s. Tensile test coupons of different compositions were cut at equal intervals from each
end from the 50 x 110 x 6 mms: CGA builds. The loading axis of each tensile specimen
was oriented parallel to GD. Quasistatic tensile tests were performed at room
temperature on a CMT4105 universal testing machine with a cross-head displacement
rate of 1 mm/min. The loading axis was normal to the gradient direction and build
direction. Three tests were performed for each composition to ensure repeatability of
results.

2.4. Phase evolution analysis

The Thermo-Calc software was used for the predicting the evolution of phases along GD
in the as-built SS316L/IN718 CGA [23]. The thermodynamic databases TCFE8, TCNIg
were used to study the SS316L and IN718 components of CGA [24]. The Scheil
solidification module in Thermo-Calc was used to predict the phase composition of the
CGA under the non-equilibrium solidification conditions. To accelerate the computation
speed of the Scheil simulations, the recently developed high-throughput computation
platform, Malac-Distmas [25], was utilized.



3. Results

3.1. Laser parameter optimization for LPBF fabrication of
SS316L/IN718 CGA

The alloys SS316L and IN718 have different melting points and solidification
characteristics, which means that the optimal laser processing parameters, i.e., laser
power and scan speed, for their individual fabrication will also be different. Therefore,
fabricating a mixture of these two alloys requires a different strategy for process
parameter optimization. One possible strategy for determining the ideal process
parameter for the alloy mixture is to find an overlap in the individual process parameter
sets of both alloys after fixing other processing parameters, such as layer thickness and
the hatch distance. For this study, these were chosen as ~40 and ~90 um,

respectively. Fig. 2 (a) and (b) displays the process parameter map of laser power and
scan velocity for SS316L and IN718, respectively. In these maps, the color of each data
point represents the relative density of the build obtained by employing different
combinations of laser power and scan velocity. The color scale is provided alongside the
process parameter maps in Fig. 2. A benchmark of relative density >99% is set to
determine the optimal process parameters for individual builds. From these maps, the
only optimal laser power and scan velocity parameter set that is common to both alloys
is 300 W and laser scanning velocity of 960 mm/s. Therefore, these laser parameters
were used for fabricating the SS316L. and IN718 CGA.
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Fig. 2. Process parameter maps for LPBF fabrication of (a) SS316L and (b) IN718. Color
map provides a scale of relative densities. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Chemical composition of the SS316L/IN718 CGA

The composition variations of the seven main elements, Fe, Ni, Mo, Cr, and Nb in the
SS316L/IN718 build along GD were investigated. Fig. 3 (a) shows the wt.% distribution
of these constituents, measured by EDS. For comparison, the expected distributions of
these constituents were also displayed in the same plot. Note that the experimentally
obtained and expected values of compositions can be distinguished by the presence of
standard deviation markers on the former. A close match between the experimental and
expected distributions suggests that the methodology to fabricate the CGA and the
process parameters employed were appropriate. Fig. 3 (b) shows the XRF composition
maps of the 5 major constituents on the entire cross section parallel to GD and BD. The
gradual change in color contrast of each element along GD further confirms that the
composition gradient in the CGA is relatively smooth. The consistency of color at
various positions along BD demonstrating the stability of powder laying. This is a
significant improvement over prior work on the fabrication of SS304L/IN625 CGAs via
DED, where large compositional fluctuations are observed along the GD [26]. From the
elemental distribution, it was determined that for every 1 mm distance away from each
end, along the GD, there is a 0.8 wt% change in the relative alloy concentrations of
SS316L and IN718.
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Fig. 3. Chemical composition distribution along the gradient direction measured via (a)
EDS and (b) the chemical composition map on the plane parallel to GD and BD of the
CGA measured via XRF.

3.3. Microstructure and phase evolution of as-built and heat-treated
SS316L/IN718

Cross-section slices with 10, 50 and 90 wt% of IN718 were extracted perpendicular to
GD from the as-built SS316L/IN718 CGA and their representative microstructures are
shown in Fig. 4 (a), (b) and (c), respectively. In all the slices, meso-structural features in
the form of arc shaped boundaries, with a radius of 50—100 um, are observed and
marked with white dotted lines. These arc shaped features are characteristic of the melt-
pools that form during LPBF. From the peripheries of these boundaries, columnar
grains grow epitaxially along the build direction, which is indicated by the white arrow
in Fig. 4 (b). The average grain sizes (measured as width of the columnar grains) in
different cross sections are measured and listed in Table 2 (The grain size was measured
via EBSD, which will be discussed subsequently in this section. All boundaries, whose
misorientation >10° is considered a grain boundary while those with misorientation
angle >2° but <10° is mapped as a sub-grain boundary.). Average grain sizes in slices are
similar and fall in the narrow range of ~24—31 um. The magnified images of these grains
are shown in Fig. S1. Within these columnar grains, 0.6—0.8 pm sized sub-grains are
also observed, which form due to interaction of convection currents (also referred to as
the Marangoni effect) with the solidification front in the melt pool [27]. Note that the
average size of the sub-grains is similar in all cross-section slices. Higher magnification
imaging did not reveal the presence of secondary phases or precipitates in any of the
slices, indicating that the overall microstructure of the CGA is quite homogeneous. The
microstructural features in different slices along the GD contrasts with results obtained
in prior studies. Kim et al. [14] developed a similar SS316L/IN718 CGA via DED and
observed variations in grain morphology at different locations along the GD and
observed the formation of Nb and Mo rich precipitates in the inter-dendritic regions. In
another investigation of DED manufactured SS316L/IN718 CGA, Wu et al. [18] observed
that the microstructure undergoes a columnar to equiaxed transition along the GD.




10% IN718 50% INT18 90% IN718

% Columnar crystal

R :

'Jl Melt pool boundary Melt pool boundary

wn

*{ Melt pool boundary =
-
:E

F |

: Algnment direction ! g
=
= =]

1. Download Download high-res image (666KB)

2. Download: Download full-size image
Fig. 4. Representative microstructures of the CGA along GD in as-built condition for
cross sections with (a) 10 wt%, (b) 50 wt% and (c) 90 wt% IN718; (d)—(f) Corresponding
microstructures of these cross sections of the CGA in the heat-treated condition,
respectively.

Table 2. The average grain size and Taylor factors of cross sections in SS316/IN718 CGA.

Empty Cell Empty Cell 10%IN718  50%IN718  90%IN718

Grain size (um)  As-Built 31.89+17.02 24.48+14.69 26.57+16.61
Heat treatment 2536+ 1592 23.07+12.71 21.05+10.73

Taylor factor As-Built 2.89 3.04 2.99
Heat treatment  2.83 3.02 2.94

After performing the prescribed DA heat treatment, the microstructure of the cross-
section slices, with 10, 50 and 90 wt % IN718, in SS316L/IN718 CGA are investigated.
Their microstructures are shown in Fig. 4 (d), (e) and (f), respectively. Traces of the melt
pool boundaries disappear in all the slices and the microstructure contains a mixture of
columnar and equiaxed grains. The average grain sizes at cross sections with 10, 50 and
90 wt % IN718 are calculated and shown in Table 2.

Several ~1—2 uym and ~100—200 nm sized precipitates were observed at the grain
boundaries and within grains, respectively. It must be mentioned that such precipitates
were not detected in individually fabricated and heat-treated SS316L and IN718 [28,29].
In the slices with 10 wt% IN718, the precipitates within the columnar grains are
preferentially aligned along BD (see Fig. 4 (d)). Alternately, the same are randomly
distributed within the grains in the slice that has 9o wt% IN718 (see Fig. 4f).



To further understand the microstructure evolution of the as-built and heat-treated
SS316L/IN718 CGA, EBSD measurements were performed on cross-section slices that
contain 10, 50, 90% wt. % IN718. The Yo inverse pole figure maps and corresponding
{100} pole figures of these three cross sections from the as-built CGA are shown in Fig.
5 (a), (b) and (c), respectively. A strong <001> texture along the BD is observed in all
the cross sections. Next, the multiple-of-uniform-density (MUD) value, which
characterizes the relative strength of a particular orientation compared to other
orientations, for <001> texture is calculated for each cross section. The values of MUD
for the cross sections with 10, 50, and 70 wt% IN718 are 12.78, 10.98, and 9.62,
respectively, which suggests that the <001> texture is dominant in the CGA. A marginal
reduction in the MUD for the sections with 50 and 70 wt% IN718 compared to that with
10 wt% IN718 indicates that the former experiences slightly weaker epitaxial growth.
Weaker epitaxial growth is expected to reduce the width of grains, which is consistent
with the observed trend in grains sizes in these cross-section slices (see Table 2). This is
because Fig. 5 (d), (e) and (f) show the Yo inverse pole figure maps and pole figures of
these three slices after heat treatment. The IPF maps indicate the presence of relatively
randomly oriented and coarser grains in each slice, compared to that in the as-built
condition. To further understand the changes in the microstructure after heat
treatment, the kernel misorientation (KAM) maps of the three cross-sections in the as
built and heat-treated conditions are shown in Fig. S2. The presence of green shaded
regions in KAM maps of all slices of the as built CGA reveals the presence of dislocation
structures within grains. Similar regions, albeit with lesser intensity, in the heat treated
CGA suggests that these dislocation structures are somewhat retained even after heat
treatment. MUD of cross sections with 10, 50, and 70 wt% IN718 are 6.21, 5.47 and 3.66
(see Fig. 5), which also indicates that the <001> texture has weakened but the <111>
texture in the CGA has become stronger.
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Fig. 5. Inverse pole figures Yo map and corresponding pole figures of as-built CGA with
(a) 10 wt%, (b) 50 wt% and (c) 90 wt% IN718. (d)—(f) Corresponding maps of these
cross sections in the heat-treated CGA, respectively.

From the EBSD data, the Taylor factor, M, for cross-section slices that contain 10, 50,
90% wt. % IN718 in the as-built and heat-treated CGA is extracted and listed in Table 2.
In the cross sections with 10, 50, 90 wt% IN718, M is 2.89, 3.04 and 2.99, in the as-built
condition, which reduces only slightly to 2.83, 3.02 and 2.94 in the heat-treated
condition respectively. Note that the Taylor’s factor has been calculated along X, which
is the loading direction. A <100> fiber texture along Y direction (build direction) would
result in random orientation in the X direction, that would explain the similar Taylor
factor for different regions from the CGA sample.

Next, XRD was performed on as-built and heat-treated CGA to understand the different
phases in them. The XRD scans on 10 cross-section slices taken at intervals of 10 wt %
IN718 along the GD, are shown in Fig. 6 (a). In the as-built condition, peaks
corresponding to the y-FCC phase were detected in all cross sections of the CGA. The
peak corresponding to (200) has the highest intensity compared to other peaks, which is
attributed to the strong <001> texture of the CGA along the BD. XRD scans of the same
cross-sections in the heat-treated CGA are shown in Fig. 6 (b). While peaks
corresponding to the y-FCC phase are still observed in all cross sections, the intensity of
(111) peak is higher than that of (200). In addition, a few other peaks corresponding to



the Laves phase, which have a C14 crystal structure, were also identified in all the cross
sections of the heat-treated CGA.
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Fig. 6. XRD scans of different cross sections along the GD of the (a) as-built and (b)
heat-treated CGA.

To further characterize various microstructural phases, TEM was performed on the
SS316L/IN718 CGA in the as-built and heat-treated condition. Fig. S3 (a), (b), (¢) and
(d) show the bright field TEM images of cross sections with 10, 25, 50, and 90 wt%
IN718, respectively, in the as-built CGA. In all cross sections, the matrix consists of the y
phase along with some ~200 nm sized precipitates that have a dark contrast. These
precipitates are periodically arranged in rows, and the average spacing between them is
~500 nm. The selected area electron diffraction (SAED) pattern of the dark precipitates
in the cross section with 25 wt% IN718, shown in Fig. S3(b1), indicates that they are
Laves phases. The volume fraction of the Laves phases, Viaves, in the cross sections with
10, 25, 50, and 90 wt% IN718 are ~0.43%, ~2.03%, ~1.01% and ~1.45%, respectively.
Considering that Viaves < 2% in any cross section of the as-built CGA, it is not surprising
that they were not detectable via XRD (see Fig. 6).

Fig. 7 (a), (b) and (c) display the bright field TEM images of cross sections with 10, 50,
and 90 wt% IN718, respectively, in the heat-treated CGA along with their corresponding
SAED images. In all images, grain boundaries are outlined by white dotted lines. The
matrix of the cross section with 10 wt % IN718 (region enclosed within the yellow
dashed box in Fig. 7 (a), consists of the y phase, as indicated by the SAED patterns
shown in Fig. 7 (a1). Several microns sized and nano scale Laves are observed at the
grain interiors and grain boundaries, respectively. These precipitates are enclosed by
green and brown dashed boxes and their corresponding SAED patterns are shown

in Fig. 7 (a2) and (a3), respectively. Similar to what was seen in the images of the as
built CGA, the Laves phases present within the grains are periodically arranged in rows,
with an average spacing of ~500 nm. It is noteworthy that the spacing between the rows
of the Laves phases matches well with the diameters of the dendritic columnar
subgrains of the CGA in the as-built condition (see Fig. 4).
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Fig. 7. Bright field TEM images of cross-sections with (a) 10 wt% (b) 50 wt% and (c)
90 wt% IN718 in the heat-treated CGA. Also shown are (a1)-(c1) SAED patterns of the
matrix, (a2)-(c2) precipitates at the grain boundary, and (a3)-(c3) precipitates inside the
grain, for these cross sections, respectively.

Using image analysis, it was determined that the volume fraction of Laves phases, Viaves,
is ~7.4%. The microstructural features in the cross section with 50 wt% IN718 (see Fig.
7 (b), (b1) and (b2)) are similar to those of the slice with 10 wt% IN718, with the sole
difference that Viaves) within the grains and at the grain boundaries, in it are ~5.2%.
Alternately, the microstructure of the cross section with 9o wt % IN718 (see Fig. 7 (¢),
(c1) and (c2)) is distinctly different than that of the other two cross sections.

Strong superlattice spots corresponding to the y" and the y' precipitates, in addition to
those of y, were observed in its SAED pattern of the matrix. Inset of Fig. 7 (c) contains
the higher magnification image of matrix regions where a fine, homogeneous
distribution of y" and y' is observed. Additionally, Viaves in this cross section is ~3.3%,
which is much lower than that in the cross section with 50 wt% IN718.

To further understand the precipitation of y' and y" in the heat-treated CGA, cross
sections with 60, 70, 80, 90 and 100 wt% IN718 are examined using high resolution
SEM (HRSEM) imaging. Fig. 8 (a)-(d) show the HRSEM images of cross sections with
70, 80, 90, 100 wt % IN718, respectively. The cross section with 60 wt% IN718 does not
have y' and y" precipitates and is hence not shown here. The diameter of precipitates (or
size) (r) is measured from these images and its distribution is shown in Fig. S4. A wide
but unimodal distribution of r is observed in each cross section and the corresponding
average diameters, r., are measured and listed in Table 3. The table also lists the mean
precipitate spacing, which is the distance between the centers of adjacent precipitates,
(L). In the 4 cross sections considered, r. is broadly the same and ranges from 20 to

30 nm, although it marginally decreases with increasing wt.% of IN718.

However, L decreases significantly with increasing wt.% of IN718 as it is 147.4 nm in the
cross section with 70 wt% IN718 is but only 44.9 nm in that with 100 wt% IN718.
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Fig. 8. Representative HRSEM images of cross sections with (a) 70, (b) 80 (¢) 90 and (d)
100 wt% IN718 in the heat-treated SS316L/IN718 CGA.

Table 3. The average size and the mean particle distance of the y' and the y"

Empty Cell 70%IN718  80%IN7I8  90%IN718  100%IN718
ravg (pm) 32.67 29.46 21.50 20.63
L (um) 147.39 96.45 56.4 44.95

Next, the compositions of the Laves phases in the heat-treated CGA, measured by EDS,
in cross sections with 10, 50 and 90 wt% IN718, are shown in Fig. 9. The Laves phases,
irrespective of the cross section they are present in, contain Fe, Ni, Cr, Nb and Mo. This
suggests that they are (Fe, Ni, Cr).(Nb, Mo) Laves phases (Fe.Nb type Laves phases).
While the at. % of Cr, Nb and Mo in the Laves phases are the same in all cross sections,
those of Fe and Ni vary with changes in the relative contents of SS316L and IN718 in
CGA. As expected, cross sections with higher wt.% of SS316 have Fe-rich and Ni-poor
Laves phases and the converse is true for cross sections with higher IN718.
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Fig. 9. Chemical composition distribution of the Laves phases along the GD in the heat-
treated CGA.

Overall, the microstructure of as-built SS316L/IN718 CGA is hierarchical as it contains
100—200 um wide mesoscale solidified melt-pools, within which columnar grains with
average width of 24 - 31 um and 1 um sized sub-grains are present at all locations along
GD. The columnar grains are composed of the y phase, which has an FCC structure and
<001> dominant texture. Some 50—100 nm sized Laves phases at the grain interior and
grain boundaries were observed in all cross sections. Regardless, along the GD, the
microstructure, texture and sizes of different features are largely similar. After heat
treatment, the microstructure in the CGA transforms to a mix of columnar and equiaxed
grains, which have a weaker <100> texture. Moreover, there is limited grain growth as
the average grain sizes are similar to that in the as-built condition. In sections of the
heat-treated CGA containing >70 wt% of IN718, y" and y' precipitates with average sizes
of 20—30 nm form, whereas they are absent in sections with lower IN718 content. In
addition, the Laves phases within the grains and at the grain boundaries in the as-built
CGA, which are of the type (Fe, Ni, Cr).(Nb, Mo), respectively, grow to larger sizes in all
slices after heat treatment. Also, their total volume fraction first increases and then
decreases with increasing in the IN718 content.

3.4. Simulated phase evolution in the SS316L/IN718 CGA

During LPBF, the melt pools in the build first solidify at a high cooling rate of ~10s-

107 K/s and thereafter experience multiple heating and cooling cycles as subsequent
layers are deposited over them. However, in our simulations we have considered only
the initial non-equilibrium solidification of the melt pool. It is also assumed that the
constituents diffuse rapidly, assisted by the Marangoni convection, and get uniformly
distributed in the melt pool. Using the Scheil formulation in Thermo-Calc along with the



Malac-Distmas platform, the proportions of y and Laves phases in the CGA are
calculated for different proportions of IN718 and SS316L. Fig. 10 shows the simulated
fractions of these phases as a function of wt.% of IN718. In all cross sections, the
fractions of FCC (y phase) is ~ 100%. Laves phases, with phase fraction of 0.001%, first
appear in the CGA cross section with 7 wt% IN718. Their phase fraction first increases to
0.1% and then to 1% when the IN718 content is increased to 10 and 25 wt%, respectively.
For portions of the CGA that have 37-50 wt% of IN718, the fraction of Laves phases is
~0.9%, but with further increase in IN718 content, the fraction of Laves phases
decreases, i.e. it is 0.01% when the IN718 content in the CGA is 90—100 wt%. Overall,
simulations support the experimental observations that the as-built CGA predominantly
consists of the y phase and some Laves phases. Simulations also accurately predict that
the phase fraction of the Laves phases becomes maximum when the IN718 content is

25 wt%.
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Fig. 10. Calculated phase fractions of the matrix and Laves phases in the as-built
SS316L/IN718 CGA along the GD based on Scheil-solidification.

3.5. Mechanical properties of as-built and heat-treated SS316L/IN718
CGA

The variations in the Vickers hardness, H, of the as-built and heat-treated CGA,
measured from the SS316L rich side, along GD, is shown in Fig. 11. In general, H of the
as-built and heat-treated CGA is low at the SS316L rich side but higher at the IN718 rich
side. However, the increase in H in the heat-treated CGA is steeper than that in the as-
built condition. In the as-built condition, at the location where the IN718 content is 0—
45 wt%, H is ~250 + 10 HV. With further increase in the wt.% of

IN718, H monotonically increases and attains a maximum value of ~350 + 20 HV at the
location with 95 wt% IN718. Alternately, in the heat-treated condition, H is ~200 + 25




HV in the portion with 0 wt% IN718. When the content of IN718 is ~45 and

100 wt%, H is ~250 + 12 HV and 430 + 10 HV, respectively. It is noteworthy that the
variations in H are smoother for the as-built CGA than that in the heat-treated
condition. Overall, the H of the CGA in both as-built and heat-treated conditions,
increases along the GD with increasing content of IN718. The H of the CGA in the as-
built condition is lower than that of the heat-treated condition in locations where the
IN718 content is < 45 wt% and vice versa. This suggests that heat treatment strengthens
and weakens the IN718 rich and SS316L rich portions, respectively, in the CGA.
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Fig. 11. Hardness variations of the as-built and heat-treated SS316L/IN718 CGA along
GD.

To further assess the mechanical properties of the CGA in the as-built and heat-treated
conditions, uniaxial tensile tests were performed on its different cross section slices.
Representative engineering stress (ox) versus engineering strain (e:) responses of the as
built and heat-treated CGA on cross sections with 0, 8, 25, 48, 65, 82, 100 wt % IN718
are shown in Fig. 12 (a) and (b), respectively. The yield strength, oy, ultimate tensile
strength (UTS) and elongation (&) for each cross section is extracted and listed in Table
4. Cross sections with 0, 8 and 25 wt% IN718, have oy of ~ 547.7 + 4.8, 522.7 + 12.5 and
479.9 + 6.5 MPa, respectively. This indicates that oy initially decreases (but only
slightly) with increasing wt.% of IN718. With an increase in the content of IN718 to

48 wt%, oy significantly increases to 647 + 28 MPa. Further increase in IN718 results in
a gradual increase in oy, such that oy is ~ 809.5 + 1.5 MPa in the cross section with

100 wt% IN718. A similar trend is observed in the variations of UTS with increasing
IN718 content. For instance, UTS of slices with 0 and 25 wt% IN718 are 677 + 5 and
537 + 10 MPa, respectively. As the IN718 content is increased to 48 wt%, UTS increases
to 777 £ 6 MPa. Finally, UTS attains a peak value of ~1047 + 3 MPa in the cross section
with 100 wt% IN718. While the trend in variations of &: with increasing IN718 content is
also broadly similar to that of oy and UTS, there are some notable exceptions. For the
cross section with 0 wt% IN718, & ~ 32 + 3.2%. However, & drops precipitously to ~

5 + 1.1% in the slice with 25 wt% IN718. Although there is a gradual monotonic increase
in & with increasing wt.% of IN718, it only reaches a maximum value of ~ 15 + 1.5% in
the cross section with 82 wt% IN718. It is also worth noting from the oz~ €: plots that
beyond UTS, which corresponds to the point where necking initiates, there is negligible
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these specimens. Note that Consideére's criterion for necking suggest that e, should be
equal to the strain hardening exponent, n. n quantitatively characterizes the magnitude
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specimen, n is obtained by fitting the portion of the flow curves between oy and UTS
with the following power-law: or = K(er)», where K is a constant, or is the true stress, and
eris the true strain. The values of n and the coefficient of determination for the fit, R>,
are listed in Table 4, Table 5 for the as-built and heat-treated CGA, respectively. For the
cross section with 0 wt% IN718, n has a relatively high value of 0.216. However, there is
a dramatic drop in n to 0.102 and 0.071 in cross sections with 8 and 25 wt% IN718,
respectively. Further increase in IN718 content in the CGA gradually increases n from
0.124 to 0.173 in slices with 48 to 100 wt% IN718. It is also noteworthy that barring a
few exceptions and within reasonable error, the magnitude and trend in variations

of n matches well with that of €. For instance, ¢:is half of that of n in the cross section

with 25 wt% IN718.
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Fig. 12. Representative engineering stress (o:) versus engineering strain (¢E) curves of

(a) as-built and (b) heat-treated CGA.

Table 4. Tensile properties, oy (yield strength), UTS (ultra-tensile strength), e: (elongation
to failure), and n (strain hardening exponent), of different cross sections in the as-built

CGA.

wt. % IN718 oy UTS

&

0 548 +5 677+6

32+£3



wt. % IN718 oy UTS & n R?

8 523+12 600 £ 19 12+2 0.102 0.987
25 4807 537+1 5+1 0.071 0.999
48 647 £ 28 777 +£6 10+£1 0.124 0.997
65 742 £ 13 9012 11+£2 0.134 0.998
82 769 £38 1002 + 19 14+2 0.163 0.998
100 8102 1048 + 4 11+2 0.173 0.998

Table 5. Tensile properties of different cross sections in the heat-treated CGA.

wt. % IN718 oy UTS & n R?
0 406 + 4 647+ 19 28+ 6 0.288 0.999
8 403 +£3 619+9 20+1 0.255 0.998
25 399+ 11 621 £29 10+2 0.235 0.998
48 472+ 12 795+ 17 13+£3 0.238 0.999
65 528 £17 861 £22 11+1 0.232 0.999
82 965 £+ 50 1115 £52 3+0.2 0.193 0.997
100 1184+9 1335+ 36 3+1 0.192 0.998

The values of oy, UTS, & and n of different slices in the heat-treated CGA are listed

in Table 5. Cross sections with 0, 8 and 25 wt% IN718 have the same o, of 400 MPa,
within a reasonable margin of error. With further increase in IN718 content, i.e. in cross
sections with 48 and 65 wt% IN718, o, increases marginally to 471 + 12 and

527 + 17 MPa, respectively. However, oy considerably increases to ~965 + 50 and

~1184 + 8 MPa, when the IN718 content is 82 and 100 wt%, respectively. Note that for
cross sections of the CGA which have IN718 < 65 wt%, the oy is lower in the heat-treated
condition than that in the as-built condition. The converse is true when IN718 > 65 wt%,
which suggests that heat treatment has a significant strengthening effect only above this
composition of the CGA. The trend of variations in UTS, with increasing IN718 content,
is identical to that of oy. The UTS is in the range of ~620-650 MPa for the cross sections
with 0, 8 and 25 wt% IN718, but in those with 48 and 65 wt% IN718, UTS is 795 + 17
and 861 + 22 MPa, respectively. Finally, a dramatic increase of UTS to 1115 + 52 and
1335 + 36 MPa is observed in cross sections with 82 and 100 wt% IN718. Interestingly,
the UTS of all the equivalent cross sections in as-built and heat-treated CGA are similar,
except that which has 100 wt% IN718. The trend of variations of &: in the heat-treated
CGA with increasing IN718 content is initially similar to that of the as-built CGA, i.e. it
precipitously decreases from 28 + 6% in the cross section with 0 wt% IN718 to ~10 + 2%
in the cross section with 25 wt% IN718. However, while & marginally recovers to

~13 * 3% with increase in the IN718 content to ~48 wt%, it again reduces to ~3% in
cross sections with 82 and 100 wt% IN718.



Compared to the as-built CGA, n of the heat-treated specimens is significantly higher in
all cross sections. In the cross sections with 0—65 wt% IN718, n ranges from 0.29 to
0.23. However, it drops slightly to 0.19 in cross sections with 82 and 100 wt% IN718.
Additionally, while n is ~ & in cross sections with 0 wt% IN718 and only 20% higher
than & in cross-sections with 8 wt% IN718, it is at least twice as high as & in slices where
IN718 content is > 25 wt%. This suggests that cross sections in the heat-treated CGA
that have IN718 content higher than 25 wt% undergo premature failure.

The fracture surfaces of the tensile-tested specimens, extracted from different cross
sections of the as-built CGA with 8, 48 and 82 wt% IN718 are displayed in Fig. S5. All of
them show rough and dimple features, which are characteristic of ductile failure.
However, in the fracture surfaces of tensile tested specimens, extracted from the cross
section with 25 wt% IN718, shown in Fig. 13 (a) and (b), several faceted features were
observed. They suggest that the tensile sample underwent brittle intergranular fracture.
A higher magnification images in Fig. 13 (c¢) reveal the presence of ~100 nm sized nano
scale precipitates embedded over the faceted features. EDS analysis of these precipitates
reveal that they are rich in Nb and Mo, suggesting that they are Laves phases.
Incidentally, oy, UTS and & of the cross section with 25 wt% IN718 are the lowest
compared to that of others in the as-built CGA.
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Fig. 13. Fracture surfaces of the tensile-tested cross section with 25 wt % IN718 in the
as-built CGA.

The fracture morphology of tensile tested specimens, extracted from cross sections of
the heat-treated CGA with 8, 48 and 82 wt% IN718, are shown in Fig. S6. Fracture
surfaces of all cross sections exhibit a rough and dimpled morphology, which suggests
that all of them underwent ductile fracture.

Overall, the variations of oy and UTS in the as-built and heat-treated CGA is similar to
that of H, i.e., they also increase with increasing IN718 content. However, after the heat
treatment, oy, and UTS of the build is much lower than that of the as-built condition for
cross sections with <65 wt%IN718. Alternately, the UTS and o, of the heat-treated CGA
increases significantly, compared to that in the as-built condition, in portions where the
IN718 content is > 82 wt%. The cross section with 25 wt% IN718 in the as-built CGA,
has a significantly lower oy and UTS compared to all other cross sections. Fractographic
investigations reveal that this cross section undergoes intergranular fracture, whereas



others, in the as-built and heat-treated build, exhibit ductile fracture features. Finally,

&r of the as-built and heat-treated CGA is highest for the cross section with 100 wt%
SS316L but drops sharply when the IN718 content is increased. While further increase
in IN718 content marginally improves &, it remains lower than half of that in the cross
section with 100 wt% SS316L. A cross section-wise comparison of &; of the CGA in the
as-built and heat-treated condition reveals that & is mostly unaffected by heat
treatment. The main exception are cross sections with >8 wt% IN718 in the heat-treated
CGA, where the &:is one-third of that in the as-built CGA. Finally, the trend in variations
of n with increasing IN718 content in the as-built and heat-treated CGA match well with
that of €. While n ~ & or 20% higher or lower than & in most cross sections of the as-
built CGA (barring 0 wt% IN718), the same is not observed for the heat-treated CGA.



4. Discussions

4.1. Microstructure and phase evolution in the as-built and heat-
treated CGAs

The optimization of processing parameters for LPBF of SS316L/IN718 CGA needs to
ensure synchronous melting of the two constituent powders besides maximizing its
density. The absence of unmelted particles of IN718 or SS316L in the microstructure
indicates that the two alloys mix intimately in the molten state. Note that this molten
mixture forms within mesoscale sized ‘melt pools’ from which heat is extracted by the
surrounding unmelted alloy powder mixture and substrate. As a result, the molten
mixture undergoes directional solidification, which initiates at the melt pool boundaries.
Directional solidification is accompanied by formation of columnar grains whose axes
are parallel to BD, as seen in different cross sections of the CGA build (see Fig. 4, Fig.

5 (a)—(c)). The absence of a thermal gradient along GD ensures that the grain size in the
build, at different cross sections, do not vary significantly. Within these grains are cells,
which as previously noted, are the outcome of the non-equilibrium cooling of the melt.
Similar cellular structures were observed in several other LPBF fabricated steels and
superalloys and a careful examination of them revealed that the cell boundaries are
finely distributed dislocations [30]. One of the possible mechanisms for the formation of
dislocation cells during LPBF of these alloys is as follows [31]. During solidification,
dislocations are formed to accommodate thermal strains in the melt-pools during
solidification. Since these melt-pools are subjected to additional heating and cooling
cycles during processing, these dislocations attain a cellular configuration to facilitate
energy minimization [31].

Throughout the build, the FCC y phase forms as it’s the most stable phase for both
alloys. These y grains have the <001> texture (see Fig. 5) as this is the preferred growth
orientation of the directionally solidified FCC phase. In addition, the mixing of IN718
and SS316L produces Laves phases (see Fig. 10), which was also reported in prior
studies on IN718 containing CGA alloys [32]. During solidification of the melt, a solute
lean y solidifies first, which leads to the segregation of Nb and Mo to the melt. At the
final stage of solidification, these segregated constituents react and form Laves phases at
the grain boundaries. Since IN718 contains significant amount of Nb and Mo, the
formation of Laves phases is increasingly favored when its proportion increases in the
alloy mixture [16,33]. This aspect is confirmed in both experiments and simulations as
the ViLaves in cross section with 25 wt% IN718 is higher than that in the cross section with
8 wt% IN718 (see Fig. 10 and S4(c)). However, it was also observed that Vilaves is the
highest in the cross section with 25 wt% as it again decreases when the wt.% of IN718 is
increased further (see Fig. S3). The decrease in Viaves with increasing IN718 in the CGA
is also confirmed by thermodynamic simulations (see Fig. 10), which indicates that Fe-
rich Laves phases, which form in the SS316L rich portion, have a lower enthalpy of
formation than Ni-rich Laves phases that form in the IN718-rich end.

After heat treatment, the SS316L./IN718 CGA undergoes the following microstructural
changes. During the subsequent two-step ageing, y" and y' precipitate from the
supersaturated y phase. Owing to the higher Nb content than Al in IN718, y” (Ni;Nb) is



the more abundant primary precipitate, compared to y' (Ni;Al), that forms during ageing
[[34], [35], [36]]. However, TEM results suggest that significant volume fractions of
both y" and y' form only when the IN718 content >70 wt% (see Fig. 8). Alternately, in
the portions of the CGA with <70 wt% IN718, the Laves phases at the grain boundaries
coarsen and several new Laves precipitates form inside the grains. Laves phases also
form within grains of the heat-treated CGA, and have a characteristic spacing between
them. The formation of Laves phases with a characteristic spacing is attributed to the
following two overlapping length scales in the as-built microstructure, the inter-
dendritic spacing and cell size. Since the melt pools undergo dendritic solidification,
solutes that are released from the dendrites, segregate at the inter dendritic spaces.
During annealing, these segregated solutes combine and form the Laves phases. The
boundaries of cells, which consist of several dislocations, also promote the precipitation
of Laves phases by facilitating rapid diffusion of Nb and Mo along them (see Fig. 7) [37].
This is because dislocation networks lead to lattice distortion, which elevates the
diffusion rate of solutes. Furthermore, the precipitation of these phases at the cell
boundaries will also relieve the strain energy associated with the dislocation networks.

Note that the cross section with 10 wt % IN718 has a more dominant <100> texture than
those with higher IN718 content, which implies that it retains a higher proportion of the
as-built cell structure with dislocation networks after heat treatment. The cell size in the
as built CGA is ~0.8 um, which is also approximately equal to the spacing between the
Laves phases in the heat treated cross section with 10 wt% IN718. Given that these
dislocation networks facilitate fast diffusion, the Laves phases in the former are more
closely spaced than those in the latter.

4.2. Deformation behavior in as-built and heat-treated SS316L/IN718
CGAs

In both as-built and heat-treated SS316L/IN718 CGA, the microstructural variations at
different cross sections along the GD holds the key to understanding differences in their
mechanical properties. In the following sections, the parameters contributing to
strengthening and deformation characteristics of different portions of the CGA are
discussed in detail.

4.2.1. Strengthening mechanisms in the as-build SS316L/IN718 CGA

For any alloy, oy can be expressed a summation of the intrinsic lattice friction stress oo,
grain boundary strengthening, Aowup, dislocation strengthening, Aops, solid
solution strengthening, Aoss, and precipitation hardening, Aops, which is,

oy =0y + Aopp + Aops + Aogs + Aopg (1)

Given that both y" and y' precipitates are not present and that Viaves < 2% in the as-built
CGA, the contribution of Acps to strengthening will be negligible. Other contributions

to oy are calculated from the following method. The intrinsic lattice friction stress o, is a
material constant and is expressed as [38],



gyg = M e Ty (2)
Where 1. is the critical resolved shear stress. As mentioned earlier, M is in the range

of ~2.89—3.04 in different cross sections of the as-built CGA (see Table 2). For pure Ni
and y-Fe, tass = 17.5 and 16 MPa, respectively [[38], [39], [40]]. For simplicity, the
weighted average of the t.ss was calculated by considering the proportions of Fe and Ni
at each location in the CGA along the GD and then used for calculating oo in eq. (2).

Aoy is calculated from the Hall-Petch relationship [41],
1
Acgp =kgped 2 (3)

where kyp is the Hall-Petch coefficient and d is the grain size. For IN718, and

SS316L, kup is 710 and 253.6 MPa umv>, respectively [42,43]. For each cross section, the
weighted average of kyp is calculated, as was previously done for terss in eq. (2).
Thereafter, using d obtained from Table 2, Aour was calculated for each cross section
using eq. (3). Note that several studies have considered d as the cell size to calculate the
contribution of strength from grain boundaries [[44], [45], [46]]. However, this study
considers the grain size as d for calculations of Aoup as this helps in matching the
analytical and experimentally obtained values of total strength. Next, Aops is calculated
from the Bailey-Hirsch relation, which is [47],

ﬂxﬂ'DS = M&Gbp% (4)

where a = 0.2 is a constant for FCC crystals, G ~80 GPa, is the shear

modulus, b ~0.25 nm is the Burgers vector of the crystal and p is the dislocation density
(G and b of both alloys is similar). For calculations, the geometrically necessary
dislocation (GND) density, obtained from EBSD results in different cross sections and
listed in Table 6, are considered as p. Note that this is not strictly correct as p in

eq. (4) corresponds to dislocation density of statistically stored dislocations (SSD),
which are primarily responsible for slip and accommodate plastic deformation.
Generally, SSDs constitute ~70% of the total dislocation density of the crystal. However,
since we were unable to get an estimate of SSD density, we have assumed that their
density is approximately equal to that of GND density.

Table 6. The GND of different cross sections in the CGA.

Empty Cell 10%IN718 50%IN718 90%IN718
As-built (10" m?) 4.6416 4.1868 3.8928
Heat-treated (10" m?) 0.10975 0.08254 0.08771

For estimating the contribution from Aoss at each cross section, the weighted
proportions of Ni (Inconel 718) and Fe (SS316L) were considered as the solvent matrix
[39,[48], [49], [50], [51], [52], [53]]. AcSS, is estimated using the method of Gypen and

Deruyttere [54,55]:



Aogs = (Z ﬁ?xzci)m (5)

where Bi represents the solution strengthening coefficients of solute element i in the
binary nickel alloys and are listed in Table 7 [56], ci is the solute concentration of
elements i in the Ni matrix. Owing to the rapid solidification during LPBF, precipitation
is inhibited and most of the solute atoms are dissolved in the solvent matrix.

Table 7. Parameters for strengthening mechanism calculation.

Parameter Value Parameter Value

M ~3 BAl 225 MPa at %2

kHP (253.6/710) MPa-pum'"? BTi 775 MPa at %2

a 0.2 BCr 337 MPa at %'?

G 80 GPa BMn 448 MPa at %'*
0.25 nm BFe 153 MPa at %"?

¥ are 296 mJ/m? Nb 1183 MPa at %'?

v 0.29 BMo 1015 MPa at %'»

Using egs. (1), (2), (4), (5), the calculated oy is plotted in Fig. 14. Contributions from
each strengthening mechanism is represented by shaded polygonal areas and the
experimentally measured oy is also included for comparison. The calculated oy for all
cross sections matches well with the experimentally measured values, except that of the
cross section with 25 wt% IN718. The disparity between the experimentally measured
and calculated oy in the cross section with 25 wt% IN718 is due to the highest VfLaves in
it (see Fig. 10 and Fig. S3). Note that the formation of Laves phases, which do not
contribute to precipitation strengthening, except at higher temperatures, consumes
some of the dissolved constituents in the matrix. Therefore, Aoss determined from

eq. (5), which assumes that all the constituents are in solid solution, overestimates the
contribution of solid solution strengthening in this cross section.
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Fig. 14 Contributions of different strengthening mechanisms to oy in the as-built CGA
along GD. The experimentally obtained values of oy are included for reference.

4.2.2. Strengthening mechanisms in the heat-treated SS316L/IN718
CGA

On performing the DA heat treatment on the CGA and the sub-grains disappear (see Fig.
4, Fig. 5). Therefore, while the GND is relatively lower in the heat-treated CGA
compared to that in its as-built condition, their overall grain sizes are similar (see Table
2, Table 6). Moreover, although the <100> texture weakens in the heat-treated CGA,
compared to that in the as-built condition, a significant change in M is not observed
(see Table 2). Also, y" and y' precipitates are not present in cross sections of the CGA
that have <70 wt% IN718, which implies that the contribution of Aces to oy can be
neglected. Therefore, the strengthening contributions to oy in the cross sections of the
heat-treated CGA with IN718 < 70 wt% will be slightly lower than that of the as build
condition (see section 4.2.1), owing to the relatively lower contribution of AcDS. This is
consistent with the observation that the heat-treated CGA, in all cross sections with
<70 wt% IN718, has lower experimentally measured o, compared to their counterparts
in the as-built condition (see Table 4, Table 5). In addition, the reduction in oy is also
attributed to the coarsening and additional precipitation of Laves phases within these
cross sections of the heat-treated CGA (see Fig. 7), which further depletes the matrix of
solutes. As observed earlier in the as-built CGA cross section with 25 wt% IN718, this
depletes solutes in the matrix and reduces the actual contribution of solid solution
strengthening to the measured oy.

Similarly, in cross sections of the heat-treated CGA with >70 wt% IN718, there will be a
reduced contribution of Aops to oy, compared to that in its as-built condition. Moreover,
these cross sections also contain y' and y" phases (See Fig. 8), in addition to Laves



phases, which will further reduce the solute concentration in the matrix compared to
that in the rest of the CGA. Therefore, the contribution of Aoss to oy will be least in the
portions of the CGA with >70 wt% IN718. However, there in an increased contribution
of Aops to oy in these cross sections of the CGA. In fact, the 80% increase in the
experimentally measured oy of cross sections with >70 wt% IN718 in the heat-treated
CGA compared to that in the as build condition suggests that the contribution

of Aoprs more than compensates for reduced contribution of Aoss and Aops (see Table

4, Table 5). Strengthening from precipitates can originate from their shearing by
dislocations, Ao, or when dislocations bypass them via the Orowan bypass
mechanism, Aoor [53]. The operating mechanism is governed by the energy
minimization principle and also depends on the size and coherence of the precipitates.
Galindo-Nava revised the weak and strong pair-coupling precipitate shearing
mechanism, and suggested that Ao, is expressed in terms of r, the effective length of the
dislocations driving particle cutting (A), precipitate volume fraction (f), the anti-phase
boundary energy of the precipitate (yars), the segment length of cutting a precipitate (1)
and mean particle spacing (L) [53], which is as follows,

M~ 4pgl (6)
2b(A+2r)

Where 1, A, L are determined from,

AJSh =

( . 2
2rifr < fb (7)
TarB
[ = < 1/2
2\ 2 2
2?‘2—(?“— Gb) ifr> -G
X 2VapB f 2YarB
1/2
A= maX{L(GbE/QT’YAPB) / y L — l} (8)
The Orowan bypass mechanism for precipitation strengthening is as follows [57],
In(2r/b
AG oy, = M—0ACH n I'r':x‘ ) (9)
T/ (1—v)

where v is the Poisson’s ratio of the alloy. On comparing eq. (6), (9), it is evident

that Aoor, is independent of the precipitate characteristics, whereas yars, has a significant
influence on Aog. Precipitates with higher yrs provide greater resistance to shear by
dislocations, which leads to increased Aog. In IN718, yaes of " is ~296 mJ/m> whereas
that of y' is only 12 mJ/mz= [58]. This suggests that Ao, is determined predominantly by
the shearing of y" precipitates. Variations of the measured oy are plotted in Fig. 15 for
the 4 cross sections with >70 wt% IN718. In the same plot, variations of the

calculated oy, by considering the individual contributions of Aoy, and Ao, as the primary
precipitate strengthening mechanism, are superimposed for

comparison. Aos, and Aoero are calculated by substituting values of values of r, L which
are listed in Table 3, in eq. (6) and egs. (7), (8), (9). Note that, in each case,



only 0o, Aoup, and Aops are considered for calculating o, whereas the strengthening
contribution from Aoss is ignored. For the cross sections with ~70 and 80 wt% IN718, oy,
calculated by considering the Orowan bypass mechanism as the operating precipitate
strengthening mechanism, matches closely with the measured oy.

Alternately, oy calculated by considering the precipitate shearing mechanism is a closer
match with the experimental data for cross sections with ~90 and 100 wt% IN718.
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Fig. 15. Measured and calculated oy, of heat-treated CGA for cross sections with >70 wt%
IN718 along GD.

Preference for the Orowan bypass mechanism in cross sections with ~70 and 80 wt%
IN718 is attributed to their higher A of the precipitates in them. A higher A, which
signifies greater spacing between the dislocation pinning precipitates, allows
dislocations to escape at a lower applied stress. In contrast, for precipitates with lower A,
as in the case of cross sections with ~90 and 100 wt% IN718, the pinned dislocations
need higher stress to bow outward compared to the stress required to shear precipitates.
However, it is imperative to treat this analysis as semi-quantitative as the contributions
from AoSS were considered, owing to our inability to measure the exact composition of
the matrix after heat treatment.

4.2.3. Post yield deformation in as-built and heat-treated
SS316L/IN718 CGA

Post yielding, all cross sections of the as-built and heat-treated CGA exhibit varying
degrees of strain hardening. The degree of strain hardening, characterized by n, is
primarily the outcome of resistance to dislocation slip due to interactions with other
dislocations and to a lesser extent by obstacles such as precipitates or grain boundaries.



Typically, plastic deformation itself creates new dislocations and promotes cross slip of
existing dislocations onto different intersecting slip planes, which act as obstacles and
hinder the motion of existing dislocations, which in turn, promotes strain hardening.
However, if the dislocation content in the material is already considerably high, the
ability of the material to strain harden saturates and dynamic recovery, involving
annihilation of dislocations, gets initiated. The lower n of all the cross sections in the as-
built CGA compared to their heat-treated counterparts is an outcome of this hardening
saturation (see Table 4, Table 5). Note that the contraction strain developed in the CGA
during LPBF is accommodated by a large density of dislocations networks, which
manifest as sub-grains or cellular structures within grains (see Fig. 4 and S1). In
contrast, the heat-treated CGA has a lower density of dislocations, indicated by the
disappearance of the cellular structures within grains and lower GND estimated from
EBSD images (see Fig. 4, Table 6 and S1). On account of higher initial dislocation
densities in the cross sections of the as-built CGA, dynamic recovery will initiate at
relatively lower strains, compared to that in its heat-treated counterpart. This leads to
lower extent of strain hardening in the former than that in the latter.

Note that strain hardening homogenizes plastic flow in the material as it promotes
transmission of slip to different planes and mitigates strain localization. The good match
between n and €. in most cross sections of the as-built CGA (see Fig. 4, Fig. 5) confirms
that they initially undergo homogeneous plastic deformation. However, in these cross
sections, straining beyond &. leads to the onset of strain localization, which in turn
causes instant failure. For the cross section with 25 wt%, e. < n, suggesting that it failed
prematurely.

Similarly, all cross sections of the heat-treated CGA also fail before . ~ n. Premature
failure of these cross sections during homogeneous plastic flow is attributed to elevated
contents of Laves phases in them (see Fig. 13 and S4), which are inherently brittle. In
fact, in cross sections with 0 and 8 wt% IN718 of the heat-treated CGA, which have
lower volume fraction of Laves phases, fail after e. ~ n. Embrittlement of Ni based
superalloys and steels due to the presence of Laves phases has also been reported in
previous studies and identified as one of the key problems affecting their performance in
service [32].

4.2.4. Other considerations

From the preceding discussions, it is evident that only certain combinations of SS316L
and IN718 possess favorable mechanical properties. While the overall strength of the
CGA with the addition of IN718 is broadly higher than that of pure SS316L, some
combinations such as one with ~ 25 wt% IN718 possess low strength and ductility.
Therefore, a SS316L/IN718 CGA with >25 wt% IN718 is preferred. Moreover, in the as-
built condition of such a CGA, the increase in strength from the SS316L rich end to the
IN718 rich end is only incremental. In contrast, the DA heat treatment increases the
strength significantly in the end with >70 wt% IN718, due to the precipitation of y" and
Y' phases. However, this strengthening of the portion with >70 wt% IN718 comes at the
cost of deterioration of overall deformability and toughness owing to the increased
precipitation and coarsening of Laves phases during heat treatment. Therefore, the



design and heat treatment of SS316L,/IN718 CGA for structural applications requires
careful scrutiny of these mechanical property trade-offs.



5. Summary and conclusions

A customized LPBF process, which creates compositional gradient along the powder bed
plane, is employed for fabricating a highly dense CGA of SS316L and IN718. This CGA is
subjected to a standard double ageing heat treatment used for strengthening IN718. The
microstructural and mechanical properties of the CGA in the as-built and heat-treated
condition were characterized. Following are the key findings of this study:

1)

2)

3)

4)

5)

6)

7)

Process optimization, with the aim of obtaining a part with relative density >99%,
also ensures intimate mixing of SS316L and IN718, which is he likely cause for
smooth composition variations from the SS316L-rich end to the IN718-rich end.
The microstructure in every cross section of the as-built CGA along the GD,
irrespective of the composition, consists of micron sized <001> textured
columnar grains of the FCC y phase, within which sub-micron sized cells are
observed. While varying contents of Laves phases are present in broadly all cross
sections of the CGA, their volume fraction does not exceed ~ 2%.

The double ageing heat treatment annihilates the cell structure, modifies the
texture significantly, and increases the size and volume fraction of the Laves
phases but does not lead to grain coarsening. Also, precipitation of y" and y'
phases is observed, but only in the portion of the CGA with >70 wt% IN718.

The H, YS and UTS of the as-built CGA increases but ductility decreases from the
SS316L-rich end to the IN718-rich end. A significant departure from these trends
in these properties is observed at the cross section with 25 wt% IN718, which
exhibits brittleness due to the higher volume fraction of Laves phases in it.
However, a good match between ductility and strain hardening exponent
confirms that the CGA undergoes uniform deformation before undergoing
failure.

In the heat-treated CGA, the YS and UTS of the portions of the built with

<82 wt% IN718 is lower than that in the as-built condition. Alternately, the
reduced dislocation density in all cross sections of the CGA after heat treatment
enhances strain hardening rate. However, this does not improve the ductility as
the coarsened Laves phases in these cross sections lead to premature failure.

YS and UTS of the heat-treated CGA in portions with >82 wt% IN718 is
significantly higher than that in the as-built condition owing to the precipitate
strengthening by the y" and y' precipitates. However, the presence of Laves
phases significantly deteriorates its ductility.

Results indicate that the portions of the CGA where the content of IN718 exceeds
25 wt% is suitable for structural applications. The double ageing heat treatment
appears to be unsuitable for enhancing mechanical properties as it does not
improve the strength of the SS316L-rich portions of the CGA and also leads to
the embrittlement of IN718-rich end.
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