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Abstract

Inconel 718 (IN718) superalloy, known for its high strength and corrosion resistant behavior, is
widely used in the aerospace and automotive industries. Laser power bed fusion (LPBF), one of
the commonly used techniques of additive manufacturing, enables the fabrication of structures
with a variety of local properties. Using the same material, components with spatially varying
properties can be fabricated through applying different processing parameters. In this study, IN718
composite structures were fabricated using four types of rod reinforcements with different
geometry. A different set of process parameters was used to fabricated reinforcing rods compared
to that of the main part. The bonding quality at the interface between the main part and
reinforcements was determined by defect analysis on the microstructure results. Also, Vickers
hardness test was performed at the interface in order to examine the mechanical properties of the
samples. It was found out that a similar level of densification and hardness value, slightly less than
the plain sample, can be achieved using helical and arc reinforcing rods. By contrast, significantly
lower density and hardness were observed for the sample reinforced by square rods compared to
the plain sample.
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1. Introduction

IN718, a nickel-chromium based superalloy is widely used in the field of automobile,
aeronautical and aerospace industries [1-3]. IN718 is known for its corrosion resistance behavior
and thus is used in nuclear power plants, turbine blades [4, 5]. IN718 is also known for its high
creep, fatigue, and strength at elevated temperatures of over 700 ‘C and thus is widely used in
various industries even at difficult conditions [1, 6, 7]. Casting, forging, wrought and powder
metallurgy are a few common techniques used to produce near net shaped IN718 components [8,
9]. Over the years, newer and advanced manufacturing techniques have been developed for the
fabrication of IN718 and other materials. These advanced manufacturing techniques can fabricate
specimens with complex geometries with higher dimensional accuracy and enhanced mechanical
and microstructural properties. Additive Manufacturing (AM) is layer by layer process capable of
fabricating solid parts from digital models. The advantages of AM techniques include high
customizability and cost-effectiveness. Compared to conventional manufacturing processes, AM
technique does not require heavy machinery such as dies, casts, molds, and forges [1, 10, 11].
During the early stages, the use of AM was limited to just prototyping till the development of
various processes. Rapid prototyping, Direct digital manufacturing and Rapid tooling are some of
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them. Over the last decade, the manufacturability of IN718 using AM techniques has been widely
studied and developed [12-17]. Selective laser melting (SLM), Selective laser sintering (SLS)
techniques which fall under the umbrella of LPBF are AM techniques [4], have the ability to
produce parts with intricate geometries and high precision of metal samples. The LPBF process
has the ability to highly dense parts (~99.7% [4]) by melting a layer of metal powder over and over
as designed using various CAD tools. Most of the LPBF techniques use a laser source to selectively
melt the powder particles based on the imported design data [18-21]. The LPBF fabricated parts
seem to have acceptable microstructural and mechanical properties; however, there is still room
for improvement and thus LPBF produced IN718 parts are still widely being studied [8].

The properties of LPBF IN718 has been widely studied and improved by varying the process
parameters such as laser power (LP), scan speed (SS), hatch spacing (HS), layer thickness (LT),
scan strategy, laser beam diameter [20, 22-24]. Jia et al. conducted a study by varying the LP and
SS to increase the density of the parts. It was found that as the ratio between LP and SS increased,
the density of the samples increased. In a similar study conducted by Ravichander et al. [25], it
was observed that the scan speed was the significant factor in determining the grain growth of the
samples and in turn the final dimension of the as-built IN718 samples. Chlebus et al. [26]
conducted a study to increase the density of the IN718 specimens and achieved 99.8% dense parts
by using double scanning strategies. The microstructural analysis of LPBF IN718 is an important
one as a clear understanding of the microstructure helps us in tailoring characteristics of the
specimens. Thus, Wang et al. conducted a study to understand the melting and the solidification
process in SLM process [27]. Farhang et al. [28] concluded that by performing a thorough
microstructural analysis, the LPBF parts could then be tailored to the desired requirements. The
changes in the process parameters can lead to the formation of non-columnar grains [29]. Probstle
et al. [30] studied the relation between heat transfer rate and wall thickness. It was determined that
as the wall thickness varies, the heat transfer rate varies due to the changes in the rate of heat
conduction. Amato et al. [31] investigated the correlation between process parameters and
mechanical properties of IN718 samples and established that with the use of irregular process
parameters, the mechanical properties of the samples deteriorated. Munaganuru et al. [32]
performed a similar study and revealed that changes in the attributes of the samples are due to the
changes in the process parameter set used. It must also be noted that the hardness values of the
samples decrease as the laser power of the samples decrease [31]. The hardness of the samples
increases as the density of the samples increased as mentioned by Gong et al. [33].

As discussed earlier, the process parameters play a significant role in establishing the
different characteristics of the as-built LPBF parts. Thus, in this study a novel approach has been
used to have two different process parameters and therefore leading to two different properties in
a single part making it a composite structure. Cubic samples with reinforced rods of different
geometries and different process parameter sets are fabricated in order to study the effect of multi-
process parameters on the microstructure and hardness of the as-built samples.
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2. Materials and Methods

2.1 Computer Aided Design

A total of 4 cubic parts, each having a dimension of 10 mm x 10 mm x 5 mm, were modeled
with the help of Solidworks (version 2018-2019, Dassault Systems, USA). To investigate the effect
of different rod geometry, four different rod geometries (plain rods, helical rods, arc rods and
square rods) were designed. The helical, arc and square rods are the additional geometries added
to the plain rod as shown in figure 1.

Reinforcement
a) Rod
Characterized

Section

Sample

Figure 1. Computer-aided designs of the four different rod geometries: a) main part reinforced
with rods, b) plain rod, c¢) helical rod, d) arc rod and e) square rod. Reinforced rods shown in
figures b-e have been fabricated using a set of process parameter different from that used for the
main sample.

2.2 Powder Preparation and Fabrication

The IN718 powder was obtained from EOS (EOS GmbH, Electro Optical Systems,
Germany). The composition of the as-obtained powder was determined using Energy-dispersive
X-ray spectroscopy (EDS) analysis is as shown in table 1 and the scanning electron microscope
(SEM) micrograph of the fresh powder is as shown in figure 2a. The analysis of the SEM
micrograph of the fresh powder revealed the average powder particle size to be 12 microns. ImageJ
[34], a license-free software was used to analyze the particle size and with the help of those results,
and a histogram of the particle-size distribution was generated, as shown in Figure 2b.
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Figure 2. (a) SEM micrograph of powder; (b) particle size distribution for commercial EOS IN
718 powder

Table 1. The chemical composition of IN718 powder obtained from EOS

Element Ni Cr Nb Mo Ti Al Fe
Wit% 50-55 17-21 4.75-5.5 2.8-3.3 0.65-1.15 0.2-0.8 Balance

An EOS M290 laser powder-bed fusion process printer equipped with a 400 W Ytterbium
fiber laser was used in the fabrication of the IN718 samples. The process chamber was purged with
Argon gas to reduce oxidation due to atmospheric oxygen and the build plate was heated to 80 °C.
Except for the laser power, same process parameters used for the fabrication of the main sample
and reinforced rods. 110 pum hatching distance, 40 um layer thickness, 100 pm laser beam
diameter, and 960 mm/s scanning speed with stripes scan strategy (having a hatch angle of 67°)
were applied during the fabrication process. Table 2 shows the laser power and energy density of
the components of the samples. The energy density was calculated with the help of the following
equation [35-37]:

LP

E,=—
47 S« HS x LT

Where Eq (J/mm?) is energy input, LP (W) is laser power, SS (mm/s) is scanning speed, HS
(um) is hatch distance, and LT (um) is layer thickness.

Table 2. The laser power and energy density of the samples’ components

Component of the sample Laser Power (W)  Energy Density (J/mm?)

Main part 285 67.7
Reinforced rods 256.5 60.7

2.3 Experimental Procedure

The microstructural analysis of the as-built IN718 parts was carried out using a Hitachi S-
3000N Variable Pressure SEM. To perform microstructure characterization, the samples were
cold-mounted using epoxy resins. Once the resin hardened, the samples were ground and polished
using an Allied E- prep 4™ (Allied High-Tech Products, Inc., Compton, CA). Silicon Carbide (SiC)
abrasive discs were used to carry out grinding and this was done till a uniform scratch pattern was
obtained. After grinding, two polishing steps were conducted in order to remove the deformation
caused due to grinding. This was done using a 1 um diamond suspension on DiaMat polishing
cloth and the final step was performed with 0.05 um colloidal silica suspension on a Red Final C
polishing cloth. The Vickers hardness of the samples was determined with the help of a Leco LM
300 AT microhardness tester under an applied load of 500 g for 10 seconds, where 4 indentations
were performed on each specimen to declare the average hardness value.
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3. Results and Discussion

3.1 Microstructural Analysis

Defect formation analysis of the as-built samples was conducted in order to study the
cohesive behavior between the main sample and the reinforced rod. Figure 3 shows the cracks
observed at the interface of the main sample and its reinforced rod. From figure 3, it is evident that
there are cracks and surface porosities at the interface. ImageJ software was used to determine the
percentage of porosity for four sections at the interface and their values have been plotted in figure
4. From figures 3a and figure 4, it is clear that the plain rod sample had the least amount of surface
porosity of 2.6% among all the samples. This observation can be expected as the plain sample was
fabricated homogenously without having an interface with any strengthening segment. In terms of
samples fabricated with reinforcements, the samples fabricated with helical and arc rods had a
surface porosity of 2.8% and 3.2%, respectively, as can be seen in figure 4. The similar level of
surface porosity observed for these samples can be attributed to the similar cross-section of their
interface with the main section. Although the interface geometry for the sample reinforced by the
helical rods varies along with the height, it makes a circular interface geometry in each cross-
section. Therefore, focusing on a cross-section at a specific height, similar results are expected for
samples fabricated with arc and helical reinforcements. Moreover, it is clear from figure 4 that the
sample fabricated with square rods had the highest porosity percentage of 8.5%. This can be
attributed to the higher stress concentration arising from the sharp angles exist in the geometry of
square rods. As the local stress concentration increases, the probability of initiation and formation
of cracks increases [38]. This is consistent with the highest level of porosities was found for the
sample reinforced by square rods with the highest stress concentration in the interface.

In terms of size of the defects (figure 4), the average value was similar for the samples
reinforced by plain and helical rod (8.42 and 8.32 micron respectively), but it increased for the
sample with arc rod (9.27 micron). As expected, the average defect size was highest for the sample
reinforced by the square rod (10.45 micron) that can be again attributed to the high level of stress
concentration. It has been revealed that besides the porosity level, size of defects plays a significant
role in the fatigue life of the LPBF processed parts [39]. Generally, formation of defects with
irregular shape and large size results in high stress concentration and thereby lower fatigue strength
[40, 41]. Although analyzing the morphology of the defects showed formation of irregular shaped
pores for all the samples, the size of the defects varied among the reinforced parts. According to
the results, a lower tensile strength and fatigue life is expected for the sample with square rods due
to the formation of larger defects in this sample.
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Figure 3. SEM micrographs showcasing the porositis at the interface between the main part and

the reinforcement. a) plain rod, b) helical rod, c) arc rod and d) square rod.

10
o | i
6
&
8 -
S
A~
°
— -
2
=8—2% Porosity
=—4—=Defect Size (um)
0 T T T

Plain Rod Helical Rod

Figure 4. Percentage of surface porosities at the interface between the reinforced rods and the
main sample for the four samples. Higher surface porosities were seen for the samples fabricated

with square rod and arc rods.
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3.2 Hardness Analysis

The Vickers hardness values measured at the interface between the main samples and the
reinforced rods are shown in figure 5. The sample fabricated with plain rods as reinforcement
resulted in higher Vickers hardness of 295.11 HV at the interface. The samples fabricated with
helical rods and arc rods as interface had average Vickers hardness values of 260.84 HV and
257.27 HV, respectively. However, the sample fabricated with the square rod as reinforcement
yielded a low hardness value of 212.79 HV. It has been revealed that there is an inverse relation
between the level and the size of defects and the microhardness value [42]. As discussed in section
3.1, the highest and lowest levels of surface porosity was found for the sample reinforced by square
rods and the plain sample, respectively. Therefore, it is reasonable to see lowest and highest
hardness value for the former and latter, respectively. Also, it is expected to observe similar
hardness value for the samples reinforced by helical and arc rods, as they showed a similar level
of surface porosity at the interface of the main sample and the reinforced rods.
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Figure S. The average Vickers hardness values for the four samples were obtained at the interface
between the reinforced rods and the main sample. Higher average Vickers hardness was seen in
the samples fabricated with the plain rods, while the lowest value was observed at the interface in
the sample fabricated with the square rods as reinforcements.

4. Conclusion

In this study, cubic samples with reinforced rods of different geometries and process
parameters are fabricated. The effect of these reinforced rods on the microstructure and Vickers
hardness values are studied. It was found that the plain rod reinforcements had lower levels of
surface porosity compared to the other samples. The Helical and the Arc rods are similar in terms
of cross section and had similar levels of surface porosities. The square rods, however, had a high
percentage of surface porosity due to the sharp edges. The Vickers hardness analysis of the samples
at the interface between the rods and the main sample revealed that the plain rod sample had the
highest hardness value and the samples fabricated with the square rod resulted in the lowest
Vickers hardness value.
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