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STUDY THE MICROHARDNESS AND SURFACE
ROUGHNESS OF AS-BUILT AND HEAT-TREATED
ADDITIVE MANUFACTURED IN718 ALLOY

Ajay Kumar MAURYA!, Amit KUMAR?

Additive manufactured Inconel alloy produced by laser sintering technique can
replace cast Inconel alloy in defense, automotive, and aerospace industries by
offering more desirable mechanical and physical properties. This paper covers the
building orientation and heat treatment effects on microhardness and surface
roughness of additively fabricated IN718 alloy. Samples were built in three
orientations (0°, 45°, 90°) and subsequently heat-treated at 1080°C/I h
(homogenization), 960°C/1 h (solution treatment), and 720°C/8 h (ageing). The
Vickers hardness test and surface roughness test were performed before and after
heat treatment. The results obtained from the tests were analyzed. A nearly 14.02%
higher micro-hardness value (391.50 HV) was observed for 90° built samples heat-
treated at 720°C compared to 90° as-built samples, and nearly 13.62% lower surface
roughness value (2.60 um) was observed for 45° built samples heat-treated at 960°C
compared to 45° as-built samples.

Keywords: Additive manufacturing, Ni-Based Superalloy, DMLS, Heat-treatment,
Micro-hardness, and Surface Roughness.

1. Introduction

Additive manufacturing (AM) is a layered process in which digital 3D
design data is used to fabricate 3D parts by adding layer upon layer. In this process,
a fine powder or wire-form raw material is used. The new creation technique
permits specialists to plan complex parts that are hard to deliver using traditional
strategies [1]. It is more practical since there is no material wastage as in regular
assembling techniques [2]. It can deliver models of planned parts rapidly [3].
However, this new creation strategy needs to conquer a few difficulties like
dimensional exactness, poor ductility, high surface roughness, and the formation of
residual stress in the parts. The mechanical and physical properties like micro-
hardness, density, strength, and creep of AM parts depend upon build orientation,
heat-treatment, and process parameters [4].
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Inconel 718 (IN718 alloy) is a highly demanded material in the industry for
making, steam turbines for power plants, jet engines, and aircraft turbines due to its
fine creep property, good fatigue strength, high yield resistance, and good
weldability at higher temperatures. It is quite suitable for high-temperature
applications up to 700 °C [5].

Various studies have focused on the effects of building orientation on the
surface integrity and mechanical properties of AM parts. The mechanical
characteristics of the structural bearing have varied because of anisotropy in the
material. Several other research projects were focused on post-processing
operations such as electropolishing [6], shot-peening [ 7], laser polishing [8], turning
[9], heat-treatment [10], to improve the physical and mechanical properties of AM
components. Tucho et al. [11] tested the hardness of SLM-printed IN718 before and
after heat-treatment. The heat-treatment was performed at 1100 °C for 1 hour hold
time. It was observed that the top and bottom regions of the sample exhibit a 13%
difference in hardness due to heat treatment. Fayed et al. [12] investigated the
effects of standard heat-treatment on the microstructure and mechanical properties
of Inconel 718 components manufactured using additive manufacturing. After the
heat-treatment process, the mechanical properties of AM components were
considerably improved to the point where they were equivalent to those of wrought
parts. Yusuf et al. [13] investigated the microstructural morphology of Inconel
produced using a CO: laser beam and metal powders and demonstrated that the
microstructure and laser beam scanning patterns were correlated. Furthermore,
changes in the hardness were related to the ageing temperature difference.
Donghyun et al. [14] fabricated Inconel 718 parts using wire arc additive
manufacturing (WAAM) methods. Successive deposition resulted in an ageing
effect that was observed in the deposition with cold metal transfer strengthening
phases such as y’ and y” were formed, which improved microhardness from 250 to
306 HV. The highest hardness value of each deposit was observed in the middle
sections because of the high precipitation of these strengthening phases. The XRD
analysis showed a reduced value of the lattice parameter, which indicated the
formation of strengthening phases such as the y”, ¥, and 6 phases. Fayed et al. [15]
investigated the effects of heat-treatment on AM fabricated Inconel 718 parts. They
discovered a significant increase in hardness of nearly 51-72 percent when
compared to the as-printed condition. This depends on the treatment period that
developed y' and y” in the y-matrix when using the heat-treatment time frame. After
1 hour of homogenization, the hardest material was produced, but longer time
treatments decreased the hardness. Lua et al. [16] have studied the deposited
material characteristics in four different zones, i.e., the deposited layer, the
transition zone, the heat-affected zone, and the base metal. The measured values for
micro-hardness were 525 HV, 522 HV, 418 HV, and 302 HV respectively,
indicating a progressive micro-hardness value depending on the measurement area.
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The roughness on the top surface of the samples has been assessed in several studies
in the literature [17-22]. These investigations give adequate process parameter
information, and the majority of them show a similar pattern in which the roughness
scales with the energy density applied to the surface. Spierings et al. [23], Yang et
al. [24], Casalino et al. [25], and Bochuan et al. [26] all authors observed surface
roughness decreases with energy density. However, as seen in literature, the
influence of different building orientations and different heat-treatments on the
micro-hardness and surface roughness of IN718 built by Direct Metal Laser
Sintering (DMLS) has not been studied well yet.

In this study, the Inconel 718 samples produced by the DMLS method were
subjected to different heat treatments. Micro-hardness and surface roughness were
investigated and compared as a result of heat treatment.

2. Materials and methods

For the experiments, gas-atomized IN718 powder provided by EOS
Germany was utilized. Approximately 15-40 um powder particles were used. The
microstructure and chemical composition of Inconel powder are shown in Fig. 1,
and Table 1, respectively. As shown in Fig. 1, most of the powder particles have
spherical shapes, but some of them have irregular shapes and sizes that contain
pores and other small satellite particles attached to them.
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Fig. 1. SEM of as-received IN718 powder
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Table 1
Elemental composition of Inconel 718
Element | Ni Cr |[Nb | Mo |Ti Al Co |Cu |C B Fe
Weight 50- | 17- | 475 | 2.8- | 0.65- | 0.2- | <1 <0. | <0.08 | <0.006 | Balan
(%) 55 21 -5.5 133 | 1.15 0.8 3 ce

Studies were carried out to determine the influence of building orientation
and heat-treatment on surface roughness and microhardness. Samples were
fabricated on an EOSINT M280 L-PBF machine as shown in Fig. 2 (a) and the
fabrication process is shown in Fig. 2 (b). In this process, metal powder is sintered
using a laser as a power source to form an object layer by layer.

The build changer has a material dispensing platform and a building
platform, as well as a coater blade used to move new powder across the build
platform. In this process, a focused laser beam locally melts the metal powder and
traces the cross-section of the object layer by layer to fuse the metal powder to the
solid part. This means that you can develop very complex shapes. Before starting
the fabrication process, the building substrate was preheated to 80 °C to minimize
the thermal distortion in the sample.

In this paper, a set of cuboid specimens with a dimension of 10 mm x 35
mm X 5 mm is printed to investigate the hardness and surface roughness. All
samples, as shown in Fig. 3, were fabricated in three building orientations (0, 45°,
90°) using the process parameters as given in Table 2. To create these parts,
contouring was used, in which the laser travels around the part before the laser path
creates a hatch shape within the part. (Bi-directional scan strategy was used). The
manufacturing process is carried out in an argon atmosphere to protect the samples
from oxidation.

Table 2
Process parameters are taken for building the samples
Parameter Laser power Layer thickness | Scan speed Hatch spacing
Value 285 W 40 pm 960 mm/s 0.11 mm
(b) Scanner system [aser
:T;:," s Object being . |Roller

fabricated

P‘"’“"“"i \ / ’;’ﬁ:";""\""’ N
Ll

Fig. 2. (a) DMLS setup Fig. 2. (b) Showing fabrication process
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The EOSINT-M280-DMLS AM system is used for sample fabrication. This
equipment is available at the Central Tool Room and Training Center (CTTC),
Bhubaneswar, India. The machine specification is: laser powder (400W), scan
speed (7 m/s), wavelength (1060-1100 nm), laser type Yb-fiber laser, focused
diameter of 100 um, building volume 325 mm x 250 mm x 250 mm.

After the completion of the fabrication process, all samples were detached
from the building substrate with the help of wire electro-discharge machining. A
horizontal tube furnace is used to perform heat treatment as a post-process activity.
The as-built (AB) samples are subjected to industry-standard heat treatment
procedures that comply with the Aerospace Material Specification (AMS): HT1
(1080°C/1h/FC (homogenization)), HT2 (960°C/1h/FC (solution treatment)) &
HT3 (720°C/8h/AC (ageing)) Inconel 718 alloy [12]. HT1 as per the standard heat-
treatment for cast IN718 (AMS 5383) and HT2 as per the standard heat-treatment
for wrought IN718 (AMS 5662).

Fig. 3. Test samples used for testing and pictorial representation of 0°, 45°, and 90° deg. builds

All the fabricated and heat-treated samples were mechanically polished
using silicon carbide paper, with a coarsening size ranging from 200 to 2500
followed by cloth cleaning. The microhardness measurement was carried out using
a radial digital Vicker micro-hardness tester. For the hardness test, an indentation
of a 1-kgf load was applied for a dwell period of 10 s. To acquire accurate results,
at least ten uniformly distributed measurements were taken for each condition. All
the measurements were made on the cuboid samples' xy-plane.

The surface roughness measurement was carried out on as-built and heat-
treated samples using an optical profilometer. The surface roughness test was
performed after as-built and heat-treatment without performing any surface
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treatment process. To acquire accurate results, at least 10 observations were taken
for each condition on the cuboid samples' xy-plane.

The phase was examined using X-ray diffraction (XRD) equipment. The
test was performed at room temperature. Before starting the test, as-built and heat-
treated samples were polished. Then, the polished samples are used for X-ray
diffractometer measurements. Cu Ko radiation with a wavelength of 1.5406 A was
applied and measured in the range of 30-100° at intervals of 0.090 with an
acquisition time of 2 s per increment.

The polished specimen was etched using an acid-based solution (HNOs (10
ml), acetic acid (10 ml), and HCI (15 ml)) to disclose the microstructure. The
microstructural study was done using ZEISS scanning electron microscopy.

3. Results
3.1 Microhardness measurement

The microhardness variation of as-built and heat-treated samples was
studied. The average microhardness values of as-built and heat-treated samples are
shown in Fig. 4. Considering the 0°, 45° and 90° as-built samples, the average
microhardness values of 327.95, 337.61, and 343.34 HV were observed,
respectively, and a higher micro-hardness value of 343.34 HV was observed for 90°
as-built conditions. In cases of HT1, HT2, and HT3 conditions, the higher
microhardness value of 391.50 HV was observed for the HT1 condition for 90° built
samples, with an increase of 14.02% compared to 90° as-built samples. The
improvement in micro-hardness under the HT1 condition is due to d-phased
precipitation hardening, which prevents dislocation motion. Increased
microhardness at this heat treatment temperature is consistent with prior research
[12, 27]. In the HT2 condition, the microhardness value was observed to be similar
to the HT1 condition. These similarities in microhardness may be due to the nearly
same heat-treatment condition for HT1 and HT2 samples, whereas in the case of
the HT3 condition, the microhardness value decreases (23.30 %) to 300.25 HV for
90° built as compared to the 90° built HT1 condition and approximately 12.55%
less compared to the 90° as-built conditions. The hardening observed in the HT1
and HT2 conditions appears as a softening in the HT3 condition. Residual stresses
are one of the most prevalent issues that arise while using additive manufacturing.
In the specimen's structure, residual stresses improve the specimen's microhardness.
Performing a high-temperature heat treatment (say, > 900 °C) lowers residual
stresses in the specimen, resulting in a microhardness decrease [33]. Performing the
HT3 reduces microhardness because residual stresses have been eliminated from
the specimen. According to another theory, high heat treatment temperatures (>900
9C) may dissolve the y' and y" strengthening phases, (which might happen through
the manufacturing process), resulting in a drop in microhardness [27].
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Fig. 4. Average micro-hardness value (HV) for as-built and heat-treated samples
3.2 Surface Roughness measurement

The average surface roughness is plotted against the building orientation.
As shown in Fig. 5, the higher roughness value (Ra) of 4.24 um was observed for
0° as-built samples, whereas the lower Ra value of 2.6 um was observed for the 45°
built HT1 condition. Compared among build orientations for as-built conditions,
45° built samples observed a 3.01 um roughness value, which is nearly 29% lower
than 0° as-built samples. As it was observed from Fig. 5, performing the HT1, HT2,
and HT3 on samples reduces some amount of surface roughness compared to as-
built samples for all orientations, respectively, but the surface roughness does not
vary much among the HT1, HT2, and HT3 conditions, and they are nearly the same
for all orientations, respectively.
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Fig. 5. Average surface roughness in um was plotted for all conditions.
The reason behind the varying roughness is due to the remelting of pre-deposited
layers that occurs in changing the specific area of heat flow in the case of as-built
samples, and roughness decreases with energy density. Higher energy densities are
attributed to material vaporization as well as increased porosity. Pores and un-
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melted powder present on the surface play an important role in roughness. While
performing the heat treatment, some of the pores are minimized and un-melted
powder particles present on surfaces are refined to improve the surface roughness
[34].

4. Discussion

4.1 Effect of the building orientation

The variation in the micro-hardness value is due to the thermal history
changes between the layers during fabrication, and due to the building orientation,
the interlayer time intervals lead to the changes in solidification time. Because of
the remelting of pre-solidified layers, variation in specific regions of heat flow
occurs, which was maximum in the case of 90° as-built samples. The solidification
time changes during the remelting of the pre-deposited layer. An increase in
solidification time means finer grains develop toward the building orientation that
increases the microhardness. So, 90° as-built samples observed a higher micro-
hardness value. As reported in the literature [28], orientation, anisotropy, and heat-
treatment affect properties like micro-hardness.

As observed in Fig. 5, the surface roughness of samples produced by DMLS
varies with build orientation. Horizontal (0°) as-built surfaces presented a higher
value of roughness, with an average Ra 4.24 pm, while perpendicular (90°) as-built
surfaces had an average Ra of 3.37 um. The high-power laser beam melts the
powder layer and partially melts the pre-solidified layers. A thermal gradient exists
between the layers in the powder bed fusion process. This creates a high level of
heat dissipation in the direction of the building. During the remelting of a pre-
deposited layer, the influence of processing angle on the particular region of heat
flow varies, causing surface roughness changes due to different solidification times
between the layers [29]. The solidification time increased between the layers due to
this fine grain being developed along the heat dissipation direction and along the
building direction. The minimum surface roughness was observed. The higher
roughness was observed for 0° as-built samples due to the large scan duration that
results in a high volume of heat flow in pre-solidified layers, as also mentioned in
literature [30].

4.2 Effect of heat treatment

Fig. 6 (a-i) shows the micrographs of heat-treated samples. The fine
structure was seen when the sample was heat-treated (HT1, HT2, and HT3). During
different heat treatments, some amounts of y” precipitates are formed, and because
of the different heat-treatment cycles, the distribution of Nb near the grain
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boundaries changes. During the heat-treatment cycles, cooling rates have little
effect on grain size.
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Fig. 6. SEM micrograph of heat-treated IN718 samples considering different building orientations.

The average micro-hardness value is shown in Fig. 4. The graph shows that
the furnace-cooled HT1 and HT2 samples have relatively higher micro-hardness
values than HT3 samples. An increase in micro-hardness value in HT1, and HT2
samples is due to precipitation of the strengthening phase such as the y' and y”
phases. It is a fine precipitate with the chemical composition of Nis(Al, Ti) that also
serves as a strengthening phase. Also, d-phase precipitates consume more Nb,
which is a key alloying component for the y” strengthening phase precipitation. As
aresult, d-phase precipitation affects the mechanical properties of Inconel 718. The
micro-hardness increases with the orientation that may be attributed to precipitates
such as y” and y' formed during heat-treatment because IN718 is a typical
precipitation hardening alloy and strengthening is usually achieved through the
post-heat treatment process [12]. In the XRD pattern, vy, 6, and NbC phases were
indexed. According to Fig. 7, the rise in hardness values is due to the emergence of
distinct strengthening phases, as demonstrated by the X-ray profiles of as-built,
HTI1, HT2, and HT3 samples.
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4.3 XRD analysis

The XRD analysis was conducted for the test samples that had maximum
hardness values, as illustrated in Fig. 7. It was observed from the phase analysis
that the peak positions and peak intensities changed after applying various heat
treatments. This means the evolution of microstructure in terms of texture and
secondary phase dissolution and/or precipitation. The XRD pattern is drawn for the
samples that have a case of maximum microhardness value. The peak was mainly
attributed to the y-matrix of the deposits. It is difficult to confirm the precipitation
of the strengthening phase y” & 7' using XRD without prolonged annealing or
coarsening of the precipitates. The strengthening phase, such as the y” and v'
dissolved in the y-matrix that was partially formed and precipitated during
deposition. It was observed that the peak intensity of (111) was lower than (200) in
the case of HT3 samples compared to the powder, as-built, and HT1, and HT2
samples. It has been generally observed that the peak position changes with heat
treatment and peak intensities that confirm textural and subsequent phase
precipitation microstructural alterations. The lower peak intensity of y (111) than
of v (200) suggests that performing HT3 for 2 h was not sufficient to modify the
texture of the as-built sample along y (200) as shown in Fig. 7.

After performing HT1, and HT2, a dissimilar XRD peak intensity was
formed compared to the as-built sample. It was observed that the XRD patterns
before and after heat treatment are similar in terms of texture, and there are no
visible changes in the texture of the material that was also reported in the literature
(Tucho et al.) [31]. During the heat treatments, the variations in peak locations
demonstrate the precipitation and dissolution of Mo, Nb, and Ti [32]. y (111) of the
y-matrix moved to higher diffraction angles after heat treatment due to the
precipitation of the strengthening phases, y” (NizNb), and y' (Ni3(Ti, Al)) that
consumed Nb and Ti from the matrix. The distribution of precipitates such as y', y”
and o revealed that the strengthening phase y” was larger in the sample HT1. The
precipitation of the 6 phase is also dependent on the residual strain and the amount
of y" precipitates formed. The strengthening phase in the microstructure and XRD
patterns confirmed the hardness findings.

Performing the heat treatment reduces the pore size and refines the surface
texture, which improves some amount of surface quality. However, comparing the
HTI1, HT2, and HT3 conditions, it does not observe any significant changes among
them in the surface roughness. Several changes were observed as a result of the
change in the specific area of heat flow for remelting the solidified layers and the
pores accessible at the surface.
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Fig. 7. An X-Ray diffraction pattern is drawn for the case of maximum microhardness value
(Received powder, as-built, and heat-treated samples).

5. Conclusions

In this study, building orientation and heat treatment were examined for
their effects on microhardness and surface roughness. The result obtained is given
as follows.

e It was observed that the crystallographic orientation, precipitates,
microstructure, and mechanical properties were all affected by homogenization
treatment. The homogenization treatment performed at 1080 °C/1 h is
insufficient to change the grain and texture structure of as-printed samples.
Also, after this treatment, the laves phase and inter-dendritic segregates are only
partially destroyed.

e [t was observed that building orientation has a remarkable impact on hardness
and roughness. Compared to horizontally and inclined built samples, vertically
built samples have a greater stress concentration due to larger heat flow in the
low specific area for laser melted regions that lead to deviations in hardness and
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surface properties and also due to uneven localized melting and varying rates of
heating-and-cooling and localized melting during sample fabrication.

e It was observed that a nearly 14.02% higher micro-hardness value (391.50 HV)
for 90° built samples heat-treated at 720 °C compared to 90° as-built samples,
and nearly 13.62% lower surface roughness value (2.60 um) for 45° built 960
OC heat-treated samples compared to 45° as-built samples.

e The XRD analysis showed a reduced value of the lattice parameter, which
indicated the formation of strengthening phases such as the y', y”, and & phases
that were also seen during SEM analysis.

e Higher temperature heat treatment (HT3) lowers residual stresses in the samples
considerably, resulting in a decrease in microhardness due to the higher
temperature. Some of the y' and y" strengthening phases dissolve, resulting in a
drop in microhardness.
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