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Abstract

Inconel 718 (IN718) is a superalloy commonly used in aerospace, turbomachinery, and applications with extreme
conditions due to its creep and corrosion resistance and high strength and hardness at a wide range of temperatures.
The recent development of metal additive manufacturing offers a new approach to fabricate complex IN718 parts with
minimal machining. However, additively manufactured IN718 parts suffer from anisotropic mechanical properties and
are usually inferior to conventionally produced parts. This is especially noticeable under dynamic loading conditions,
where they suffer from lower fatigue strength and life in addition to lower reliability. This study focuses on post-
processing heat treatments that aim to homogenize the microstructure of the additively manufactured IN718 and
reduce the defects produced during fabrication. In this work, we developed modified solution annealing treatments for
IN718 samples, followed by tensile testing. X-ray diffraction and scanning electron microscopy imaging were used to
evaluate the microstructure. The results show that by increasing the initial heat treatment temperature, better isotropy,
Young’s modulus, and ductility were produced at the cost of a slight reduction in the tensile strength. The further rise in
the heat treatment temperature increased the grain size significantly and produced unfavourable precipitate
morphology, which caused a brittle behaviour.

Introduction

Inconel 718 (IN718) is a nickel-based superalloy typically used in aerospace and energy applications with extreme
operating conditions due to its creep and corrosion resistance [1]. It retains high mechanical properties at low
temperatures [2, 3], as well as high temperatures up to 600 C [4]. This unique combination makes it extremely useful in
rocket applications where fuels are kept at cryogenic temperatures before combustion and in high-temperature
turbomachinery applications. These high mechanical properties, such as the high strength and hardness as well as
high creep, wear, and corrosion resistance are attributed to its strengthening precipitates gamma prime and gamma
double prime [5]. However, IN718 is not easy to manufacture using conventional methods due to these high
mechanical properties. Machining IN718 to produce complex parts or parts with high buy-to-fly ratios is a costly and
challenging process due to the high hardness and low heat conductivity of IN718, which could lead to damaging the
cutting tool and the workpiece [6-8]. Therefore, machining highly complex IN718 parts is either cost-prohibitive or
impossible to produce conventionally. Metal additive manufacturing such as selective laser melting (SLM) and direct
metal laser sintering (DMLS) offer an alternative approach to fabricate fully dense parts and near net shape with
minimal machining and material waste [9].

However, AM parts have been shown to be inferior to parts manufactured using conventional methods such as forging
and casting [10]. They have inferior mechanical properties and suffer from anisotropy [11] due to defects such as
porosity, unmolten regions [12, 13], and poorly fused layers [14]. These defects, in addition to the residual stresses
caused by the high-temperature gradient and non-uniform cooling during fabrication [15], reduce the mechanical loads
that additively manufactured parts can handle before failure compared to conventionally manufactured parts [16].
Moreover, fatigue strength and fatigue life are severely reduced [17, 18]. Previous work in the literature has shown that
as-built parts have highly scattered fatigue life even under similar load conditions [19]. In [20], it was shown that
optimum tensile strength required a different set of processing parameters than the set required for optimum density.
Therefore, it is a challenging task to optimize the processing parameters to reduce all of these defects [21]. The bulk of
the literature focuses on optimizing these processing parameters to produce fully or near fully dense parts [22-25].
This shows a need for post-processing treatments to reduce the severity of the defects, residual stresses, unfavourable
microstructure, and anisotropy in mechanical properties [26].
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Heat treatments are standard post-processing routines for IN718 that are designed carefully to maximize the
development of the strengthening precipitates y" and y' while reducing detrimental phases such as the § and Laves
phases [27, 28]. The heat treatments should dissolve any phases into the y phase and homogenize the alloying
elements. This prevents detrimental phases from stealing the alloying elements from the desirable precipitates.
Improper heat treatment can result in transforming y" into the 6 phase, which is more thermodynamically stable than y"
and does not contribute to the strength of the alloy. Most common heat treatments of IN718 start by annealing it at
980-1150 °C, which is above the solvus temperature of the Laves and 6 phases, followed by rapid cooling. Then aging
heat treatment takes place at 620-780 °C to promote the precipitation of y" and y'. The Aerospace Material
Specification (AMS) recommended heat treatment is to perform solution annealing at 980 °C for 1 hour, followed by
water quenching. Then age at 720 °C for 8 hours, furnace cool to 620 °C and age for another 8 hours followed by air
cooling. This heat treatment has been widely investigated for different additive manufacturing methods with IN718
material, such as selective laser melting, selective electron beam melting, direct metal deposition [29, 30]. It was shown,
however, that this heat treatment is not successful in producing IN718 AM parts equivalent to conventional parts with
similar microstructure [31]. The anisotropy remained with horizontally fabricated specimens being stronger than
vertically fabricated specimens, and horizontal specimens remained superior to vertical ones in terms of fatigue life
and strength [32] and both being inferior to conventional parts [33, 34]. The different microstructures explained the
inferior performance developed even after the heat treatment. The small grain sizes and phases developed during
fabrication slows the diffusion process required for homogenization.

Research has been done on the effect of modifying the heat treatment by adding a step before the solution annealing
or by increasing the solution annealing temperature to improve the homogenization of the additively manufactured
parts. In [10, 29, 30, 35-40] different solution annealing temperatures were investigated including 1000, 1065, 1080,
1100, 1150,1200 and 1250°C. While different durations were investigated in these works, the minimum duration
investigated in most of them was one hour. It was found that the standard heat treatment at 980°C produced the
maximum strength but with a high dependency on the orientation. The high strength gained, however, was at the cost
of the ductility as the standard heat treatment showed the lowest ductility among the different solution annealing heat
treatments. Furthermore, it is difficult to eliminate the Laves phase, which is usually detrimental to the mechanical
properties, completely using the standard heat treatment [41]. Direct aging from as-built condition resulted in a reduced
amount of the strengthening phases precipitating [42)]. Solution annealing or homogenising at higher temperatures,
especially close to 1200°C recovered some of the ductility shown by the as-built condition. Furthermore, the influence
of anisotropy was reduced. However, the gain in ductility came at the price of reduced strength. The microstructure
coarsening to double or two and a half times and the reduced amounts of y' and y" [35, 38] were used to explain this
reduction of strength. Also, it was shown that recrystallization occurs at 1180°C [43]. Annealing or homogenization at
1227°C was found to reduce the residual stresses the most [44]. Hot isostatic pressure (HIP) heat treatments were
investigated in [36, 45—47]. Pressures of 100—150 MPa and temperatures of 1150-1200°C were the most common in
literature as recommended by the ASTM F3055 standard [48]. HIP was found to reduce the porosity; however, some
pores remained even after HIP. Slight improvement in the ductility with some reduction in strength was shown after
applying HIP heat treatments. It was reported that HIP heat treatments followed directly by aging reduce the amount of
y" precipitating, in addition to significant grain size growth, which explains the reduction in strength and hardness. In a
preliminary study it was shown that different microstructure characterises developed in different metal additive
manufacturing technologies persist to be different even after similar heat treatments [49]. Different aging heat
treatments were investigated in [35, 37, 43], which showed that increasing the time or temperature of the aging heat
treatment generally results in increasing the size of the y" precipitates. Direct aging by controlling the cooling rate from
the solution annealing temperatures to pass through the y' and y" regions in the continuous cooling transformation
(CCT) diagram, while avoiding the 6 region, was investigated in [50]. While the presence of the y" precipitates was
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confirmed using transmission electron microscopy, the performance of the in-situ aged tensile specimens was very
poor compared to the control specimens.

In this work, additively manufactured IN718 specimens are heat-treated using different solution annealing heat
treatments at higher temperatures than the standard heat treatment. This heat treatment step is held for a short time
up to 20 minutes, followed by furnace cooling to the standard annealing temperature. Then the specimens are held
there for another 20—40 minutes since it was shown that the standard heat treatment temperature improves the
precipitation of y" during aging. After that, the specimens are water quenched and then aged using the standard aging
heat treatment. The goal is to homogenize the microstructure to reduce the influence of building orientation, dissolve
the unfavourable 6, and laves phases while preventing extensive grain size growth. The purpose of the homogenization
is to reduce the influence of the building orientation. This can reduce design and manufacturing considerations [51]
required due to the limited orientations the part can be fabricated without requiring supports or increasing the residual
stresses. Thus, a part can be fabricated in the most feasible orientation without worrying about the resulting
mechanical properties, which can be improved by suitable heat treatment. Quantitative X-ray diffraction using Rietveld
refinement was used to estimate the volume fraction of the precipitates to aid in explaining the resulting mechanical
properties. The refinement was aided using scanning electron microscopy images, to confirm the validity of the
refinement. The additively manufactured IN718 specimens used in this work were fabricated using DMLS, which is a
laser-based powder bed fusion additive manufacturing method. The laser fuses the powder on the bed according to the
sliced 3D CAD model. After each finished layer, the powder bed falls to allow the deposition of a new powder layer on
top of the previous one. The new layer is then scanned and melted according to the next slice of the model. Figure 1
shows a schematic of the DMLS process.

Materials And Methods
Testing plan

Two heat treatments are proposed and compared to the as-built condition and the standard heat treatment as
described by AMS 5663. The as-built condition is labelled HTO in this work. The standard heat treatment holds the
alloy at 980°C + 14°C for one hour followed by water quenching and is labelled as HT1 in this work. The first proposed
heat treatment includes a homogenization step prior to the solution annealing. It is done by holding the specimens at
1200°C for 20 minutes, then furnace cooling to 980°C and holding there for 20 minutes before water quenching. This
heat treatment is labelled HT2. The second proposed heat treatment included homogenizing the specimens at 1270°C
for 5 minutes, then furnace cooling to 980°C and holding at 980°C for 40 minutes before water quenching. This heat
treatment is labelled HT3. All performed heat treatments were then followed by standard aging heat treatment, as
described by the AMS 5663 standard, at 720°C for 8 hours, then furnaced cooled to 620°C in 2 hours and held at that
temperature for another 8 hours, followed by air cooling. For each of the four heat treatment conditions, samples were
prepared in three different orientations, the XYZ orientation, the YZX orientation, and the ZXY, as described in the
ASTM-F2971-13 standard [52], and abbreviated in this work as X, Y, and Z, respectively. Figure 2 illustrates the
orientations of the samples. Table 1 lists the batch number, the assigned building direction, the heat treatments, and
the number of tested specimens for each batch. The experiment plan follows a full factorial design of experiments to
determine the number of samples by investigating all combinations of heat treatments and build orientations. The goal
of the testing plan is to capture the influence of the different solution annealing treatments on the samples'
mechanical properties, anisotropy, and microstructure.

Specimens Preparation
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All the IN718 specimens were fabricated on the EOSINT M 290 system using the commercialized powder IN718. Table
2 lists the weight percentage, supplied by the vendor, of the chemical composition of the raw powder we used for
fabricating the DMLS IN718 specimens. Table 3 lists the processing parameters used during the additive
manufacturing of the specimens, such as the laser power, scanning speed, hatch distance, layer thickness, etc. The
specimens were fabricated according to the ASTM-E8/E8M [53] subsize specimen with dimensions, as shown in Fig. 3.

Table 1
Sample specifications
Batch Heat Treatment Build Heat treatment name and Replicas
No. Direction direction
1 As-built X) HTO X 3
2 As-built (Y) HTOY 3
3 As-built 2) HTO0 Z 3
4 980°C for 1 hrthen WQ X) HT1 X 3
5 980°C for 1 hr then WQ Y) HT1Y 3
6 980°C for 1 hrthen WQ V4] HT1Z 3
7 1200°C for 20 min FC to 980°C and hold for20  (X) HT2 X 3
min then WQ
8 1200°C for 20 min FC to 980°C and hold for20  (Y) HT2Y 3
min then WQ
9 1200°C for 20 min FC to 980°C and hold for20  (2) HT2Z 3
min then WQ
10 1270°C for 5 min WQ then 980°C for 40 min X) HT3 X 3
then WQ
11 1270°C for 5 min WQ then 980°C for 40 min Y) HT3Y 3
then WQ
12 1270°C for 5 min WQ then 980°C for 40 min V4] HT3Z 3
then WQ
Table 2
Raw powder chemical composition in weight percentage of the IN718 DMLS Samples
IN718 Ni Cr Nb Mo Ti Al Co Cu C Si, PS B Fe
Mn
50- 17.0- 475- 28- 065- 020- 1.0 0.3 0.08 0.35 0.015 0.006 Bal
55 21.0 5.5 3.3 1.15 0.80 max max max max max max
Table 3
DMLS processing parameters used to fabricate the samples
Metal System Laser Laser Hatch Scan Style Layer Inert
Power Diameter Thickness Gas
Distance
IN718 M 290 400 W 100 150 Alternating Stripes with 67° 40 microns Ar
microns microns

rotation

Mechanical Properties Test
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To evaluate the mechanical properties of the DMLS fabricated samples of IN718, the authors performed tensile tests
on the heat-treated and as-built specimens using an Instron universal testing machine 3369, with a load cell of 50 kN.
We carried the test according to the ASTM E8/E8M standard for axial tension tests of metallic specimens. The testing
speed was controlled by an extension rate of 0.48 mm/min, which should maintain a strain rate of 0.015/min in the
region before yield in the stress-strain diagram per the ASTM E8/E8M standard. The data collected were time,
extension, load, and the strain recorded by an extensometer with a 25 mm gauge length. In addition, a Digital Image
Correlation (DIC) system was used during the testing to evaluate Poisson's ratio and observe the breaking patterns and
the strain fields associated with them. The DIC system used in this study utilizes two digital cameras that observe the
same spot from two different angles, therefore forming a 3D surface of the tested specimens, as can be seen in Fig. 4.
The specimens were painted with white and black patterns to aid the system in measuring the strains as the tensile
test progresses. Strains in the vertical (Y) and horizontal (X) directions are measured by tracking the changes in the
distances between points aligned in those directions. Three distances are assigned for the X directions to improve the
quality of the measurements in this direction due to the smaller dimensions associated with these directions as can be
seen in Fig. 4.

Imaging Analysis

Fractography images of the broken specimens' surfaces were taken using scanning electron microscopy (SEM) to
observe the fracture patterns and the presence of porosity and unmolten powder at the surface of the fracture. The
microstructure of the as-built and heat-treated specimens were investigated to observe the grain patterns, grain sizes,
and the presence of precipitates. The SEM images were taken using a field emission gun SEM-Gemini 500, with
Everhart-Thornley secondary electron detector. An acceleration voltage of 3.0 kV for all the images with a working
distance of 3.0-5.5 mm for the microstructure images and 9.4-16.1 mm for the fractography images.

The microstructure analysis was done on regions on the specimen's grip section to avoid strain hardening effects on
the microstructure. The specimens were cut and mounted in epoxy sample holders at room temperature to avoid
further exposure to elevated temperature. Then specimens were polished with silicon carbide paper with grit 120 and
increased gradually to 1200. Much care was taken not to overheat the samples. Then they were polished using
diamond suspensions with particle sizes 1 micron followed by a suspension with particle sizes of 0.25 microns.

Waterless Kalling's reagent (2 g CuCl, + 40 ml HCI + 40 ml methanol) was used to reveal the microstructure. The
etchant was applied by swapping for a few seconds up to a minute and then rinsed with deionized water and
isopropanol. The imaging was done on a plane normal to the tensile stress.

X-ray diffraction analysis

Quantitative phase analysis was carried out to aid in explaining the differences in the tensile strength corresponding to
different heat treatments. The XRD analysis was done on mirror polished sections of the flat side of the grips of the
tensile specimens. The data was collected using PANalytical X'Pert PRO Theta Diffraction system, using a step size
0.002°, and a dwelling time of 0.12 s per step, starting from 26 =20-130° with Cobalt target anode of wavelength
1.789 A’. To improve the quality of the spectra, 1/4° anti-scatter slits were used. The irradiated specimens were rotated
to reduce the effect of preferred orientation. Crystal information files from the inorganic crystal structure database
(ICSD) and crystallography open database (COD) were adapted as initial data for the quantitative Rietveld refinement.
The analysis included the matrix phase y, the main strengthening precipitates y' and y", in addition to the & phase
precipitates and Laves phase. Table 4 lists the initial crystal information of the phases included in the analysis, such
as the space group, lattice parameters, and atom positions. Using a predetermined background noise signal, the
refinement protocol starts by refining the scale factor, the sample displacement, then the Caglioti coefficients W, V, and
U, and finally, the preferred orientation. The refinement of the lattice parameters was avoided because of the significant
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number of phases and parameters required for the refinement. Performing the refinement with that many parameters
will reduce the probability of convergence or produce non-physical values. Moreover, the lattice parameters used
closely match refined data in the literature for IN718 phase quantification, and while the lattice might change due to the
different solution heat treatments, the resulting change is marginal [54, 55].

Results And Discussion
Mechanical Properties Test Results

The results of the tensile tests are summarized in Table 5, which lists Young's modulus, yield strength, tensile strength,
ductility, and Poisson's ratio. These properties were calculated according to each specimens' individual dimensions to
avoid variations caused by dimensional errors of the additively manufactured specimens. The influence of the
proposed different solution annealing heat treatments on the mechanical properties of DMLS IN718 is better illustrated
in Fig. 5. It shows the relationship between the samples' building orientation and the mechanical properties of as-built
specimens (HT0), HT1, HT2, and HT3 heat-treated specimens. Each point showed in the figures is located using the
average of the three repeated samples for each testing specimen listed in Table 1.

Crystal information of the phases -irr?cbI:Jedid in the quantitative XRD analysis
Phase Spacegroup Lattice[A’] Atom Location Partial occupancy Reference code
y Fm-3m a=3.598  Ni (0,0, 0) 0.50 10219-ICSD
Cr (0,0, 0) 0.30
Fe (0,0, 0) 0.20
Y Pm-3m a=3.57 Ni (0,0.5,0.5) 1.0 58039-ICSD
Al (0,0, 0) 0.63
Ti (0,0, 0) 0.37
Y 14/mmm a=3.62 Nb (0,0,0) 1.0 105175-1CSD
c=7.41 Ni1 (0,0,0.5) 1.0
Ni2  (0,0.5,0.5) 1.0
) Pmmn a=4.25 Nb (0.25,1.75,0.167) 1.0 COD-1522733
b=5.11 Ni1 (0.25,0.25,0.167) 1.0
c=4.54 Ni2  (0.25,0,0.667) 1.0
Laves P6smmc a=4.796 Nb (0.333,0.666,0.563) 1.0 198050-ICSD
c=15.666 Fel (0.17,0.34,0.25) 1.0
Fe2 (0,0,0) 1.0
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Table 5

Mechanical properties test results for DMLS samples of IN718 materials

Condition / orientation
HTO X-1
HTO X-2
HTO X-3
HTO Y-1
HTO Y-2
HTO Y-3
HTO Z-1
HTO Z-2
HTO Z-3
HT1 X-1
HT1 X-2
HT1 X-3
HT1Y-1
HT1Y-2
HT1Y-3
HT1 Z-1
HT1Z-2
HT1 Z-3
HT2 X-1
HT2 X-2
HT2 X-3
HT2 Y-1
HT2Y-2
HT2Y-3
HT2 Z-1
HT2 Z-2
HT2 Z-3
HT3 X-1
HT3 X-2
HT3 X-3

Modulus [GPa]
161.3
138.5
1411
164.8
128.7
1141
102.5
83.1
84.9
184.8
186.4
186.8
179.0
185.5
182.5
174.3
169.1
168.9
189.8
196.1
191.4
187.6
193.6
187.2
174.6
174.4
180.3
189.2
186.0
186.5

Yield [MPa] Tensile Strength [MPa]

713.2
696.0
727.2
665.7
654.5
647.1
580.0
615.6
629.3
1208.3
1214.8
1216.4
1150.5
1162.5
1154.1
1114.5
1102.1
1102.0
949.2
945.2
1014.8
940.6
960.0
979.3
908.7
908.5
980.4
1060.3
1055.8
1050.2

1039.2
1022.1
1040.1
991.5

976.0

1005.5
882.9

930.4

948.3

1433.1
1444.8
1445.1
1361.9
1372.3
1369.0
1346.7
1319.2
1329.0
1203.0
1207.6
1248.5
1182.2
1188.6
1193.8
1146.8
1125.5
1192.1
1261.0
1252.7
1255.6
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Ductility [mm/mm]
39.01
27.84
28.96
27.32
27.79
27.05
30.97
33.63
34.41
13.74
14.14
13.48
9.07
8.48
8.86
14.61
14.53
14.33
18.08
19.17
20.00
19.24
16.45
16.10
19.49
14.56
16.07
12.09
11.84
11.95

Vxy

0.31
0.32
0.30
0.41
0.43
0.39
0.37
0.36
0.39
0.25
0.25
0.30
0.27
0.37
0.34
0.34
0.37
0.36
0.31
0.32
0.25
0.29
0.34
0.31
0.31
0.34
0.32
0.32
0.31
0.31




Condition / orientation  Modulus [GPa] Yield [MPa] Tensile Strength [MPa]  Ductility [nm/mm]  Vxy
HT3 Y-1 179.0 965.7 1183.2 9.98 0.37
HT3Y-2 173.1 956.4 1188.0 10.18 0.36
HT3Y-3 175.5 959.9 1180.1 10.11 0.39
HT3 Z-1 170.9 1044.8 1213.7 11.40 0.40
HT3 Z-2 169.3 1035.2 1201.3 11.51 0.38
HT3 Z-3 171.2 1039.1 1211.4 11.55 0.36

Figure 5 shows that Young's modulus, the yield strength, the tensile strength, the ductility, and Poisson's ratio of the
DMLS IN718 specimens are highly affected by the heat treatment scheme. Generally, all the mechanical properties
increased after the solution annealing heat treatments and the aging except for the ductility. In Fig. 5(a) it can be seen
that all the solution heat treatments resulted in a significant increase in Young's modulus for all orientations, especially
the Z-built specimens, which were significantly lower in the as-built condition (HT0). HT1 resulted in the second-highest
modulus for all orientations with HT2 being the highest. HT3 had the third-highest modulus. HT0 had the lowest
modulus of elasticity with more than 40 GPa difference compared to the solution annealed specimens. In terms of
solution annealed specimens, they all had lower variations in their Young's modulus among the different orientations
compared to the as-built condition. It is noticed that the Z-built specimens had significantly lower modulus than the X
and Y-built specimens with a difference of around 50 GPa, as well. In comparison, the difference in Young's modulus
for the solution annealed specimens among different orientations was up to 15 GPa.

Results show that the yield strength increased significantly after the solution annealing heat treatments. HT1 showed
the highest increase in yield strength with 500 MPa on average, followed by HT3, then HT2 with over 300 MPa increase
compared to HTO, as can be seen in Fig. 5(b). Similarly, the tensile strength increased after the heat treatments, which
can be illustrated in Fig. 5(c). The increase in the tensile strength value, however, is less than the one in the yield
strength with around 400 MPa for HT1 and 160 MPa for HT2 and HT3. The difference among different orientations for
HTO, HT1, HT3 was about 100 MPa for the tensile and yield strengths and about 50 MPa for HT2. It should be noted
that while the difference between the X and Y-built specimens is much smaller compared to the difference between
them and the Z-built specimens, the X-built specimens had higher stiffness and strength than Y-built specimens in
every condition.

The ductility of the heat-treated specimens was significantly lower than the as-built specimens, as can be seen in

Fig. 5(d). HT1 and HT3 had the lowest ductility with strains ranging between 10-15% at fracture, while HTO had the
maximum ductility with strains ranging between 27-32%. HT2 had the highest ductility among the solution annealed
specimens with strains ranging between 16.5-19.0 % at fracture. Moreover, we can see that the Z-built specimens have
the highest ductility in the ah-built condition and HT 1 with the X-built specimens a close second and Y-built specimens
showing the lowest ductility. In HT2 and HT3, the variation in the ductility of specimens fabricated in different
orientations is reduced, and the X-built specimens having slightly higher ductility in both HT2 and HT3.

The influence of the heat treatments on Poisson's ratio vxy= - dex/dey is presented in Fig. 5(¢). It can be seen that
Poisson's ratio for the heat-treated specimens was generally higher than the as-built specimens. In addition, we can see
that Poisson's ratio is generally lower for the X-built specimens and that the difference among the different orientations
is minimum for HT2, which suggests improved isotropy.

Figure 6-Fig. 9 shows the strain fields of tensile specimens just before the fracture. From Fig. 6 we can see that as-built
specimens suffered from high strains before failing. The effect of necking is clear with high strains in the necking area
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going up to 40% in addition to a large portion of the specimen enduring 20-25% strain, as can be seen from the
histograms. HT1 specimens were able to hold significantly less strain before failing, and significantly less necking
occurred before fracture, as can be seen from Fig. 7. The strain around the necking area dropped to less than 20% for
both X and Z-built specimens and about 10% for the Y-built specimens, these results reflect the ductility results in

Fig. 5(d). Also, the strain seems to be more uniformly distributed along the length of the specimens.

HT2 specimens seem to have recovered some of their ductility around 23-29%, and slight necking can be observed in
Fig. 8, with more strain concentrated around the failure area. From Fig. 9 we can see that HT3 strain around the
necking area had slightly higher values than HT1, but with less uniform strain distributed along the length of the
specimens.

To evaluate the influence of the different solution annealing heat treatments on the anisotropy and repeatability of
additively manufactured IN718, an anisotropy index (0,) is proposed. The anisotropy index (o,) is calculated by taking
the standard deviation of the averaged property values for each orientation for a specific heat treatment which means
it only calculates the variations of the averaged value for the X orientation, Y orientation, and Z orientation, which are
the bar values shown in Fig. 5, without the error bars. The values for o, are summarized in Table 6. The o, values
indicate that HT2 has the lowest variations in the mechanical properties of specimen fabricated in different
orientations for all the mechanical properties except for Young’s modulus, where it was a close second after HT1, and
for the ductility, where HT2 was a close second after HT3. A similar observation can be made by calculating the
standard deviation for all specimens belonging to a specific heat treatment, without averaging them for each
orientation before taking their standard deviation. This indicates that HT2 has the lowest anisotropy resulting from
manufacturing the specimens in different orientations. In addition to that, HT2 has the highest reliability as the
standard deviations for all of the specimens belonging to HT2 showed the lowest variations in their mechanical
properties overall.

Standard deviation of the resulting meclzgliieﬁ properties for different heat treatments
Heat Treatment  Young's Modulus  Yield Strength  Tensile Strength  Ductility Vxy
o, [GPa] op [MP3] op [MP3] op [Mmm/mm] o, [dex/dey]
HTO +29.87 +54.26 +58.88 +0.026 +0.052
HT1 +7.93 +53.54 +55.74 +0.031 +0.046
HT2 +8.53 +19.26 +32.48 +0.012 +0.015
HT3 +8.89 +51.59 +36.50 +0.010 +0.037

SEM Fractography

The fractured surfaces of the IN718 specimens are presented in Fig. 10-Fig. 13. From Fig. 10 we can see that the
topography of as-built specimens is very prominent and rise high from the surface. Additionally, from the high
magnification images in Fig. 10 (b,d), we can see clear topography. This indicates a ductile fracture mode. No clear
distinction in the high magnification fractography can be discerned of the as-built condition of different orientations.

For the HT1 and HT2 heat-treated specimens, the fractured surfaces were mostly flat in the center but had high
changes in topography at the edges, as can be seen in Fig. 11(a,c) and Fig. 12(a,c). However, the lips of the HT2
specimens are thicker, describing more ductile fracture than HT1 specimens. The topography observed in the high
magnification images of HT1 is more similar to the ones observed in the as-built specimens than in HT2. The HT2
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topography in the high magnification images shows wider pools and less deep than in the as-built condition
specimens.

HT3 specimens' fractured surfaces are almost completely flat, even at the edges. In addition, the holes are more sparse,
as can be seen in the high magnification images in Fig. 13(b,d), which could be caused by the much lower ductility
shown by the HT3 specimens.

Microstructure Analysis

The microstructure of as-built specimens and heat-treated specimens is presented in Fig. 14-Fig. 18. We can see the
effect of the specimens' building direction layer by layer in addition to the fusing of each layer along the laser's scan
lines on the microstructure of the as-built specimens. In Fig. 14(a) the image shows a stack of layers from the bottom
to the top, which indicates the building direction. We can also see the cross-section of the overlapping melt pools,
which were scanned in a direction out of the plane. The needle-like microstructure can be observed in the X-built
specimens. The needle-like dendritic microstructure seems to be aligned in some preferred orientations. This can be
seen easier in Fig. 14(b) at 5kX magnification, where small spherical particles are aligned to create the needle-like
patterns in the low magnification micrographs. The microstructure on the tensile force plane for the Y-built specimens
was very similar to the microstructure shown in Fig. 14(a,b). However, the microstructure on the same plane for the Z
building direction is completely different, as can be seen in Fig. 14(c, d). The top of scan lines can be seen since they
are aligned in the plane for the Z-built specimens as opposed to the X and Y-built specimens, where we can only see
the cross-sections of the scan lines and melting pools. No needle-like microstructure can be observed on the Z-built
specimens, as shown in Fig. 14(c). Also, the high magnification micrograph of the Z-built specimens Fig. 14(d), shows
that the particles are evenly distributed or growing in a direction normal to the imaging plane, thus eliminating the
needle-like patterns. Figure 15 highlights the dendritic microstructure and the area it occupies. The X-orientation shows
that more dendritic y can be observed than in the Z-orientation, which clarifies differences in texture between the X and
Z orientations.

The similarity in the mechanical properties between the X and Y-built specimens can be explained by the similarity in
the microstructure on the planes normal to the tensile force, as observed in Fig. 14(a). On the other hand, the different
microstructure patterns and texture developed in the Z-built specimens as shown in Fig. 14(c) explains the difference in
Young's modulus and yield strength displayed by the Z-built specimens compared to the X and Y-built specimens.
Texture is one of the most important factors influencing the lattice strain during loading [56].

HT1 specimens have shown similar microstructure in the low magnification images to the as-built (HT0) specimens.
The faint melt pools in the X and Y-built specimens can be observed as shown in Fig. 16(a), and the top of the scan
lines can be seen in Fig. 16(c). However, needle-like patterns are not present in any of the orientations. The high
magnification micrographs show a completely different microstructure than the as-built condition. Plate-like particles,
that were not observed in the as-built condition, can be seen from Fig. 16(b, d). The shape and size of these
precipitates perfectly match the 6 precipitates of IN718. These precipitates appear to be uniformly distributed with
orientations of ~ * 45° with respect to the building direction. which resulted in the high yield and tensile strengths of the
HT1 specimens. The difference in the patterns in the low magnification images explains the different mechanical
properties of X and Y-built specimens compared to the Z-built specimens.

Figure 17 shows the micrographs of HT2 specimens, as can be seen from the low magnification images. In Fig. 17(a,
c), the melting pools and laser scan lines are completely replaced by a more homogenous microstructure with more
defined grain and grain boundaries. This explains the more isotropic behavior of HT2 specimens. The high
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magnification micrographs Fig. 17(b, d) reveal the absence of precipitates even at the grain boundaries, which explains
the lower tensile and yield strength of the HT2 specimens compared to the HT1 specimens.

HT3 micrographs show similar grains to HT2 specimens; however, with more defined grain boundaries due to the large
plate-like precipitates present along the grain boundaries, as can be seen in Fig. 18. The high magnification images in
panels b and d show a high abundance of these plate-like precipitates along the grain boundaries. The accumulation
of & precipitates at the grain boundaries of HT3 specimens explains the brittle behavior and the intergranular failure.

XRD Quantitative Analysis

The Rietveld refinement of the y, y', y" and & phases was completed successfully. However, the refinement failed to
detect the presence of the Laves phase. Figure 19 shows the experimentally observed X-ray spectra, the Rietveld
refinement calculated X-ray spectra, and the intensity difference between the observed and calculated spectra for the
different heat treatment conditions of the DMLS IN718. The difference plots show that most of the fitting error is
caused by the low diffraction angle peaks especially at 26 = 51° which corresponds to the {111} of the matrix phase,
which could be due to small changes in the lattice of the phases. The results of the quantitative analysis, in addition to
the Rietveld profile fitting indices, are summarized in Table 7. The Rietveld refinement has shown that the as-built
condition, HTO, has a minimal amount of precipitates, which included 6% for y" and 3.6 for the 6 phase. This explains
the low tensile strength of HTO. The standard heat treatment has shown a significant amount of y" in addition to 3.6%
of y' and the maximum amount of & precipitates, which explains the increase in the tensile strength. HT2, on the other
hand, showed the maximum volume fraction of y' and small amounts of y" and & precipitates. This increase in y'
explains the improvement in the tensile strength over the as-built condition and due to small amounts of y" and & HT2
showed less degradation in its ductility compared to HT1. HT3 showed comparable amounts of precipitates fory', y",
and & phases. This makes HT3 the heat treatment with the highest amount of precipitates overall. This confirms the
abundance of the plate-like 6 found in the grain boundary of HT3. Therefore, HT3 showed an increase in yield strength
over HT2. However, it suffered from low ductility comparable to HT 1. This means that the grain boundary & precipitates
acted as stress concentration regions and led to an intergranular fracture. An additional heat treatment, labelled HT4,
was explored where the dwelling time of the first step of the solution annealing heat treatment at 1270°C was
increased to 10 minutes instead of 5 minutes with the rest of the heat treatment kept exactly as HT3. The result was a
further increase in the & phase to 18.6% and a decrease in the y" precipitates to 8.6%. The y' remained similar to HT3
with 11.2% instead of 10.3%. The specimens post-processed with this heat treatment performed very poorly and
fractured before reaching the yield. The amount of § precipitates was confirmed by thresholding the SEM micrographs
and calculating the highlighted areas. Figure 20, shows the thresholded micrographs and the calculated areas
occupied by the 6 phase. This indicates that the morphology of the 6 precipitates has a significant impact on the
mechanical properties. The faction volume of the & phase in HT1 is between HT3 and HT4 but the tensile strength and
fracture behaviour were significantly different than both, which proves that the different morphology of the & phase in
HT1 is the reason and not just the fraction volume. Increasing the homogenization temperature and increased the
growth rate of the 6 phase at the grain boundaries. This indicates that depending on the heat treatment, different
modes of strengthening will be involved. Furthermore, if the mode of failure is anticipated during the design process,
then proper heat treatment can be chosen.
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Table 7
Rietveld refinement results summary

Heat treatment  Volume fraction [%] Rietveld Refinement agreement
Y Y Y ) Rexpected Rweighted  GOOdNess of fit
HTO 90.4 0.0 6.0 3.6 3.106 6.606 4.523
HT1 717 44 9.1 148 3.118 4777 2.348
HT2 759 16.7 46 2.8 3.086 5.885 3.636
HT3 659 103 129 11.0 2972 6.989 5.529
Conclusion

In this study, two solution annealing heat treatments were proposed and investigated to understand their influence on
the phase composition of precipitates, microstructure, and tensile mechanical properties of the additively
manufactured IN718. The as-built condition and standard heat treatment were also investigated for comparison. To
study the effect of the heat treatments on the anisotropy, samples were fabricated in three different orientations,
namely X, Y, Z, for each heat treatment. To account for repeatability, three identical specimens were tested for each
heat treatment and building direction. This work demonstrated that:

¢ The mechanical properties such as tensile strength, yield strength, and Young’s modulus of as-built DMLS IN718
and standard heat treatment condition depend on the orientation of the specimens, which demonstrates high
anisotropy. The microstructure exposed on the surfaces normal to the tensile stress showed different patterns
depending on the orientation of the specimen. The similarity in the microstructure in the as-built condition and the
standard heat treatment demonstrates the failure of the standard heat treatment to homogenize the
microstructure and reduce the anisotropy in the mechanical properties.

¢ The proposed modifications to the solution annealing heat treatments by including an initial step at 1200 or
1270°C for less than 20 minutes and shorting the duration of the 980°C step to 20—40 minutes instead of one hour
resulted in homogenizing the microstructure and making it similar to heat-treated wrought or cast IN718. This
reduced the anisotropy and improved the repeatability of the mechanical properties regardless of the specimen’s
orientation.

e The XRD analysis and Rietveld refinement have proved that changing the solution annealing heat treatment by
including an additional step prior to the 980°C has a significant impact on the phases that can precipitate during
aging. In the standard heat treatment y" is usually 3—4 times the volume fraction of y' but for additively
manufactured IN718 the volume fraction of y" was larger than y' by a factor of 2, in addition to ~ 15% 6. By adding
the 1200°C step the volume fraction y' is four times the volume fraction of y" precipitates. This change in the
volume fraction of the strengthening phases has shown a good combination of high strength and ductility in
comparison to the standard heat treatment which has higher strength but lower ductility. This can be correlated to
the volume fraction of the strengthening precipitates, in which y" provides superior strength in comparison to y' but
reduces the ductility. Replacing the 1200°C step with 1270°C resulted in a significant increase in the  phase
precipitates in the grain boundaries which resulted in reducing the ductility without significant improvement to the
strength.

e This work demonstrates that adding prior heating steps at 1200°C or 1270°C and limiting the dwelling time to 5-
20 minutes has proved effective in limiting the grain growth of the microstructure, while effectively homogenizing
the microstructure. In comparison, work in the literature has shown significant grain growth when homogenization
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is done by increasing the dwelling time to 3 hours or by including a hot isostatic pressing treatment. Furthermore,
reducing the duration of the initial step and the 980°C step to 20—40 minutes reduces the energy cost and the total
post-processing time.

* Homogenizing the microstructure at 1200°C prior to solution annealing (HT2) is a suitable heat treatment program
for parts in low-cycle fatigue application, which requires good ductility and HT2 provides a good combination of
strength and ductility. HT1 provides the maximum tensile strength which makes it a suitable candidate for high-
cycle fatigue applications.
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Schematic of PBF process
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Figure 2

The three orientations used in fabricating the specimens
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Figure 3

The geometry of the tensile specimens. Dimensions are in millimetre.
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Figure 4

The generated 3D surface using DIC for the tensile specimens. The left image showing the surface imposed on the
image of the specimen, while the right image showing the surface by itself
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Tensile test mechanical properties of DMLS IN718 fabricated in different orientations X,Y, and Z and post processed
with different solution annealing heat treatments HT 1, HT2, HT3 in addition to the as-built condition HTO0. a) Young’s
modulus, b) Yield strength, ¢) Tensile strength, d) Ductility, ) Poisson’s ratio
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Figure 6

Strain fields of as-built (HT0) DMLS IN718 specimens generated by the DIC system. a) X-built specimen just before
fracture. b) Y-built specimen just before fracture. c) Z-built specimen just before fracture
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Figure 7

Strain fields of HT1 DMLS IN718 specimens generated by the DIC system. a) X-built specimen just before fracture. b)
Y-built specimen just before fracture. ¢) Z-built specimen just before fracture
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Strain fields of HT2 DMLS IN718 specimens generated by the DIC system. a) X-built specimen just before fracture. b)
Y-built specimen just before fracture. c) Z-built specimen just before fracture
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Strain fields of HT3 DMLS IN718 specimens generated by the DIC system. a) X-built specimen just before fracture. b)
Y-built specimen just before fracture. c) Z-built specimen just before fracture
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Figure 10

SEM fractography of as-built IN718 (HTO0). a) X-building direction at 36X magnification. b) X-building direction at 20KX
magnification. c) Z-building direction at 36X magnification. d) Z-building direction at 20KX magnification
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Figure 11

SEM fractography of HT1 IN718. a) X-building direction at 30X magnification. b) X-building direction at 20KX
magnification. c) Z-building direction at 30X magnification. d) Z-building direction at 20KX magnification
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Figure 12

SEM fractography of HT2 IN718. a) X-building direction at 30X magnification. b) X-building direction at 20KX
magnification. ¢) Z-building direction at 30X magnification. d) Z-building direction at 20KX magnification
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Figure 13

SEM fractography of HT3 IN718. a) X-building direction at 30X magnification. b) X-building direction at 20KX
magnification. c) Z-building direction at 30X magnification. d) Z-building direction at 20KX magnification
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Figure 14

Microstructure of as-built DMLS IN718 (HT0) imaged on the plane normal to the tensile force. a) X-building direction at
200X magnification, b) X-building direction at 5kX magnification, c) Z-building direction at 200X magnification, d) Z-
building direction at 5kX magnification
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Figure 15

Thresholded as-built condition microstructure images highlighting the dendritic y phase, left X-orientation and right Z-
orientation
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Figure 16

Microstructure of HT1 of DMLS IN718 imaged on the plane normal to the tensile force. a) X-building direction at 150X
magnification, b) X-building direction at 10kX magnification, c) Z-building direction at 125X magnification, d) Z-
building direction at 10kX magnification
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Figure 17
Microstructure of HT2 of DMLS IN718 imaged on the plane normal to the tensile force. a) X-building direction at 125X

magnification, b) X-building direction at 5kX magnification, c) Z-building direction at 127X magnification, d) Z-building
direction at 5kX magnification
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Figure 18

Microstructure of HT3 of DMLS IN718 imaged on the plane normal to the tensile force. a) X-building direction at 125
magnification, b) X-building direction at 5kX magnification, ¢) Z-building direction at 122X magnification, d) Z-building
direction at 5kX magnification
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Figure 19

Observed and calculated X-ray data using Rietveld refinement for different heat treatments of IN718 using a Co target
with a wavelength of 1.789 A°
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Figure 20

like precipitates area fraction in the heat

Thresholded SEM microstructure images highlighting the 6 phase plate-

treated specimens
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