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Abstract

Selective laser melting (SLM) is an emerging metal additive manufacturing (AM) technology. It has
been employed in many applications including propulsion components which are made of nickel-
based superalloys, such as Inconel 718. In this study, the effect of the build height on the mechanical
properties and microstructure of SLM-processed Inconel 718 parts was investigated. The samples
were cut from the Inconel 718 build part after stress relief. They were prepared for microstructure
observations and nanoindentation testing. The results are summarized as following. Young’s modulus
and hardness obtained from the nanoindentation tests are comparable with or superior to that from
traditional manufacturing methods. In addition, there do not appear significant differences in
mechanical properties along the build height of the parts, though the columnar grains of the side-
surface specimens are narrower at the bottom layers of the part. Moreover, the texture analysis results
imply no significant anisotropic characteristics for the mechanical properties between the scanning
surface and the side surface of the build parts.
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1 Introduction

Additive manufacturing (AM) developing from 1980s (Hull, 1986) has attracted industry. It can
manufacture complex components directly from a computer aided design (CAD) file without other
moulds and tools for cast or substantial machining. This will save a lot of time, cost and material that
otherwise will be wasted using traditional methods (Strondl, et al., 2008; Murr, et al., 2011; Brandl, et
al., 2012; Gebhardt, et al., 2010; Gong, et al., 2015; Gao, et al., 2008; Song, et al., 2011; Feng and
Burkett, 2015; Qian, et al., 2014). This has made it as one of the rapidly developing advanced
manufacturing techniques in the world (Chlebus, et al., 2015; Wang, et al., 2012; Jia and Gu, 2014; Lu,
et al., 2015; Gong, et al., 2014), and various studies have been conducted (Qian, et al., 2014; Kruth, et
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al., 1998; Dong and Wang, 2008). AM techniques have critical applications for the aerospace and
biomedical industries materials, such as titanium alloys, aluminide, and nickel-based alloys. Because
they are expensive materials and most appropriate for small production due to their relatively low
production rates.

Selective Laser Melting (SLM), as a promising powder-bed AM technology, could selectively melt
powder layer by the action of a high energy laser beam that performs a complete fusion of one layer to
another producing complex components with high dimensional precision and good surface integrity
precisely (Dadbakhsh and Hao, 2012; Song, et al., 2013; Vrancken, et al., 2012; Zhang, et al., 2013). It
has critical applications for aerospace materials, such as titanium alloys, aluminide, and nickel-based
alloys (Liu, et al., 2015; Hu, et al., 2016; Hu, 2013; Liu, et al., 2014). IN718 alloy, having experienced
extensive development over the past four decades (Ahmad, et al., 2008; Gonzalez-Fernandez, et al.,
2012; Cozar and Pineau, 1973; Knorovsky, et al., 1989; Slama, et al., 1997), is a precipitation
hardenable solid solution nickel-chromium alloy. It contains significant amounts of iron, niobium, and
molybdenum along with lesser amounts of aluminum and titanium. However, it is difficult to
manufacture the IN718 material by conventional machining methods at room temperature due to
excessive tool wear and low material removal rates (Attia, et al., 2010; Costes, et al., 2007). Moreover,
Inconel 718 parts with complex structures, high dimension precision and further elevated mechanical
properties are in higher demand (Wang, et al., 2012). Therefore, the application of the novel non-
traditional processing technology is necessary for the net shape production of Inconel 718 parts with
complex configurations and high performance.

Experimental studies regarding microstructures of SLM processed Inconel 718 components have
been carried out. Wang et al. (Wang, et al., 2012) found that a regular microstructure with good
metallurgical bonding, minimal defects and fine dendritic grains is formed by SLM. Amato et al.
(Amato, et al., 2012) observed that the fabricated components exhibited a more pronounced (FP7-
SME-2008-2) columnar y"” phase precipitate architecture parallel to the build direction (spaced at
~0.8 um). Since most the SLM Inconel 718 components are applied for the structural components,
different mechanical properties have been investigated. Wang et al. (Wang, et al., 2012) studied the
tensile properties of SLM built Inconel 718 specimens, and found that the yield strength and tensile
strength are 903 MPa and 1143 MPa, respectively. Amato et al. (Amato, et al., 2012) found the tensile
strength and microhardness are about 1120 MPa, and 3.9 GPa, respectively. It demonstrates that the
mechanical properties of SLM fabricated specimens are comparable to those of cast or wrought
specimens. The mechanical properties of SLM Inconel 718 are excellent enough to meet the
expectations in the applications (Kruth, et al., 2005), and the detail of the tests can be seen in former
studies (Gong, et al., 2015).

The characterizations of the SLM Inconel 718 also vary with the process conditions, such as the
manufacturing process parameters and the shape features. Therefore, it is important to understand the
effects of the process conditions during the building process. The height of the build part, also called
build height, which may affect the microstructure and mechanical properties of the final part has not
been studied yet, through various aspects in SLM Inconel 718 have been investigated. In this study,
the objective is to study the effect of the build height on the mechanical properties and microstructure
of an Inconel 718 part fabricated by SLM using nanoindentation test, optical scope (OM) and scanning
electron microscope (SEM). The relationship among SLM build height and the characterization will
be established.

2 Experimental details
In this study, a Concept Laser M2 Laser Cusing System at NASA’s Marshall Space Flight Center

(Huntsville, AL), as shown in Figure 1, was used to fabricate the solid block modeled from CAD
software with a dimension of 40 mm by 40 mm by 6 mm. The M2 system has a maximum build plate
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size of 250 mm 250 mm and a buildable height of 300 mm. It utilizes a computer-controlled
continuous wave fiber laser with a fixed laser spot focus diameter of 150 um and a maximum output
of 200 W. It is directed to the powder bed using servo controlled reflectors which allow the laser spot
to scan the surface of the bed at a maximum of 7000 mm/s. Besides, it can be manipulated by scanner
system to form multiple laser beams with scanning velocity up to 7 ms™' and to give a small spot size
of 70 ~ 200 um.

In this study, fine pre-alloyed Inconel 718 powder was used as rough material to fabricate the
block. During building each layer of the block, the laser beam moves across the powder-layer surface
tracing the model cross-section boundary and then raster-scans thoroughly the inside of the contour
using island scan strategy/pattern. The area inside of the contour was divided into Smm squares named
as islands. These islands were selectively melted in a random order with vectors in the adjacent islands
perpendicular to each other. The whole pattern is rotated 45 degrees with respect to the substrate plate
to reduce any possible interference between the recoated blade and the straight boundary of each
individual island (Carter, et al., 2014). For each island, simple alternating scan vectors with speed of
600 mm/s have been used with scan spacing is 105 pm. The island pattern is shifted by 1 mm in both
the X and Y direction for each subsequent layer. The detail of the parameters used in this study are
listed in Table 1.

U.

' o)&-“*’

and scanniﬁg pattern (b) and as-deposited part (c)

Table 1. Manufacturing parameters used in this study

System Laser Spot Power Layer Hatch Scanning Scanning
Y Type size, um , W thickness, um | spacing, pm | speed, mm/s Pattern
Concept Ccw Island,
Laser M2 Fiber 150 180 30 105 600 Smm

The standard metallographic procedures with vibratory finishing have been used to prepare the 8
Inconel 718 samples cut from the parts along the build height, in which S1 (Sample 1) to S4 are used
to investigate the Y-plane and S5 to S8 are used to study the Z-plane. Then, the EBSD and
nanoindentation tests were conducted on the surfaces of the well-prepared samples first. After that,
they were etched to reveal the microstructures with an acid-based solution made of 20 ml hydrochloric
acid (37 wt. %), 20 ml (68 wt. %) nitric acid and 1 g copper chloride. The etched metallographic
samples were observed using a Leitz optical microscope (OM) and JEOL 7000 FE Scanning Electron
Microscope (SEM). Nanoindentation tests were performed using a Triboindenter from Hysitron Inc.
and a radius of 100 nm Berkovich tip. The details setting are same as in former study (Wang, et al.,
2015). The indent pattern used in all the experiments is a matrix of 3 x 4 with spacing of 5 um
between any two horizontal or vertical adjacent points.

In Figure 2(a), the schematic of nanoindentation is shown where P is the applied load and h is
indentation depth. A trapezoidal shaped loading and unloading method is applied with maximum force
of 5000 puN which is shown in figure 2(b). In this method, the loading force goes up to 5000 puN in 5
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seconds with a constant loading rate, holds it there for 2 seconds and then the unloading force goes
back to zero in 5 seconds with a constant rate.

1 P 6000
4000
— 2
; , hl §" 2000
=0
! 0 5 7 12
el Time,

Figure 2 : (a) Schematic of nanoindentation (den Toonder, et al., 2005) and (b) Applied Load Function

3 Results and discussion

3.1 Microstructure observations

The optical examination of the samples reveals that columnar structures present on the Y-plane
along the build direction and perpendicular to the melted powder layers. This is caused by the vertical
heat flux related to heat transfer into the substrate. The Z-plane shows equiaxed grains, which results
from the horizontal heat flux related to the movement of the heat source, as shown in Figure 3. During
the manufacturing process, the growing grains align themselves with the steepest temperature
gradients. This results in columnar shaped morphology with its width(146.77 = 11.04 pm) around the
diameter of the spot size (150 pm), which is very common in high-energy materials processing based
on rapid cooling from the melt (Wang and Chou, 2015; Xu, et al., 2015). The equiaxed grains are a
result of epitaxial, dendritic grain growth in the direction determined by heat flux direction and
crystallographically favored orientation (Ardakani, et al., 2000). Therefore, same as observed by
Amato et al. (Amato, et al., 2012) and Gong et al (Gong, et al., 2015), the grains would be in a rod-
shape if the observation in both Y-plane and Z-plane is considered.

The effect of the build height on the width of the columnar structure is shown in Table 3.
Generally, the average width of the columnar structures increase with the increase of the building
height of the part until a stable stage reached. The bottom sample shows narrow and uniformly
distributed columnar dendrites, which is caused by the larger cooling rate due to the higher thermal
conductivity between the bottom layers and their direct connecting build substrate plate, which has a
lower temperature (about 300 °C) compared to the melt pool of Inconel 718, as shown in Figure 3 (b).
Increasing of the cooling rate will form smaller columnar grains (Gockel and Beuth, 2013), because
more nuclei could be generated at a higher cooling rate. This will further form finer grains in long and
narrow columnar morphology. Besides, the cooling rate changes with the build height of the part
during the manufacturing process. This leads to the transition of the microstructure and further results
in the larger standard deviation for the width of the columnar structures in the top and middle-bottom
samples, as listed in Table 3. Same for the top sample, as shown in Figure 4 (a), it presents clear
transition of the columnar microstructure at the very top area where the width value decrease from
~147 pm to ~75 pm. This is because the top layers are close to the end of the manufacturing process,
which means they are direct touching the environment temperature in the chamber. This leads to a
higher cooling rate compared to that in the middle of the part.
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Figure 3. Optical micrograph showing etched microstructure in the Y-plane (a) S2 and (b) S4, and Z-plane (c) S6
and (d) S8

Table 2. Measured characteristic sizes SLM samples with build height.

Columnar structure width (um)
Sample Average Standard deviation
Top (S1) 112.45 38.02
Middle-Top (S2) 146.77 11.04
Middle-Bottom (S3) 111.40 38.33
Bottom (S4) 74.92 9.39

In addition, there are some shallow color area on the surface and the bottom sample has a higher
proportion than others. Under the scanning electron microscope (SEM), it can be seen from Figure 4
(d) that a fine dendritic structure is formed within the wide columnar structure with their growth
direction downwards or towards to the bottom of the cut ends of melted tracks, which can be seen in
the form of a series of arcs induced by the Gauss energy distribution of laser beam, showing the heat
flux direction during the solidification process within the molten pool. Same for the inter-dendritic
regions of the wide columnar structure, the majority growth direction of the dendrites are upwards.
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With higher magnification, it can be seen that shallow color area under optical scope are filled with
the y basic phase and Laves phase particles. The width of the fine dendrites are around 1 pm.

It is known that Inconel 718 is a basic y phase alloy, also called y matrix, with two major
precipitated strengthening disk-shaped y” phase and spheroidal y’' phase (Wang, et al., 2016). There are
also some needle/plate-like & phase, discrete metal-carbide (MC) particles and round, island-like
Laves phase (Huang, et al., 1996). Besides, there are some other phases and some minor segregation
also appeared at the boundaries of the grains, which are mainly carbides (MC) (Gong, et al., 2015), as
shown in the Figure 4 (c). In addition to that, there are some pores on the images, which can also be
seen from Figure 3.

UofAL 20.0kY X100 95mm  100um

(a) S1 (b) 4

¥

UofAL ' SEI ‘ 20.01 200 WD 16.1mm 10;4;11 1um
(c) Interdendrites regions on S4 (d) Fine dendrites on S4
Figure 4. Scanning electron microscope (SEM) images showing microstructure evolution in the Y-plane

3.2 Nanoindentation test

Take one test as an example, the 12 depth vs. displacement curves from 12 points in the matrix are
illustrated in Figure 5. The average maximum indentation depth was about 139.04 nm, and the
Young’s modulus of the Inconel 718 sample, E, could be calculated by,
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EE et M

where v; is the Poisson’s ratio of indenter, 0.07, E; is the Young’s modulus of the indenter, 1140
GPa, v; is the Poisson’s ratio of Inconel 718 samples, 0.294 and E, is the Young’s modulus of the
Inconel 718 samples directly obtained from the tests.

The hardness is calculated by following equation:

Pmax
H=="= 2)

where P, is the maximum load applied and A, is the residual area left by the indenter, which is
evaluated from the shape function of the indenter and the maximum indent displacement

For the two typical test curves obtained from the nanoindentation test are shown in Figure 5 with
the Young’s modulus of 177.3 GPa and 219.0 GPa, respectively. The results from the nanoindentation
tests are concluded in Figures 6 and 7.

5000
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Figure 5. Load vs. displacement curve from the nanoindentation test
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Figure 6. Young’s Modulus for the SLM-processed Inconel 718 alloy

1012



Build height effect on the Inconel 718 parts fabricated by Selective Laser Melting Wang et al.

OK
< <
~ o
©) > &) >
o] o)
S1
Y plane Z plane

Figure 7. Nano-hardness of SLM-processed Inconel 718 alloy

Generally, it can be inferred from Figure 6 and 7 that there is no significant changing trend for the
elastic modulus along the build height. Even though the samples from the middle portion of the part
have a higher elastic modulus than that of the top and bottom on the Y-plane, there is no significant
difference on the Z-plane. Both the values are comparable with or superior than the literature values
and wrought material (Wang, et al., 2016). For the average hardness values on the Y-plane, the bottom
sample shows the highest value, then decreases a little with the increase in the build height for the
middle-bottom sample, and increases against the end of the manufacturing process for the top sample.
This is caused by the cooling rate during the solidification from the melting pool, same as that of
electron beam additive manufacturing (EBAM) (Wang, et al., 2015; Gong and Chou, 2015). The
different microstructure distribution results in the variation of changing trend of the values. The
repeated heating may result in the softening of the already deposited layers, and such influence to the
middle layers is mostly evident.

The highest hardness values are achieved from the bottom and top layers of the parts, which results
from the manufacturing process since the mechanical properties of materials are strongly dependent on
the microstructures. From the comparison between the width of the columnar microstructure of
different layers, as shown in Table 2, it can be observed that the bottom and top layers achieve the
smallest columnar structure width and the details can be found in another study (Wang and Chou,
2016). According to Hall-Petch relation(Callister and Rethwisch, 2013; Schuh and Nieh, 2002), the
finer grain size results in the strength of the materials. From this point of view, that is why the middle-
top sample 2 and sample 6 both have a relative lower hardness as they have the widest columnar
structures. Most of the hardness values fall in the range of 6.08 — 7.20 GPa, which is 50% higher than
the microhardness values obtained from Vickers’ indentation (Wang and Chou, 2015), which are
around 3.9 — 4.3 GPa. Overall, the hardness values are superior than those found in the literatures due
the higher cooling rate in solidification during the manufacturing process (Wang, et al., 2016). In
addition, there are some difference between the Y-plane and the Z-plane for the mechanical properties,
which may be caused by the different orientation of the grains. The two typical orientation maps with
related pole figures are shown in Figures 8. Based on the EBSD results (Wang and Chou, 2016), the
grains present a weaker crystallographic texture in the samples, and this will cause the less anisotropic
characteristics of the mechanical properties.
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Figure 8. Typical orientation maps and their related pole figures of Top (S1) and Bottom (S4) samples from Y-
plane of Inconel 718

4 Conclusions

In this study, the effect the build height on the mechanical properties and microstructure of Inconel
718 manufactured by selective laser melting (SLM) technology has been investigated. The samples
were cut from the as-deposited Inconel 718 parts with wire-electrode and then prepared for
microstructure observation and nanoindentation test. Based on the results from the nanoindentation
test, the Young’s modulus and hardness are comparable with or superior to that in traditional methods
or literature values. Besides, there is no obvious changing trend along the build height of the parts,
even though the side-surface of the specimen from the bottom of the part presents narrower columnar
grains. In addition, the parts do not show prominently anisotropic characteristics of the mechanical
properties between the side surface (Y-plane) and scanning surface (Z-plane) based on the texture
analysis results.
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