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ABSTRACT Additive manufacturing technology is becoming popular in the industry because it allows
the manufacturer to fabricate cost-effective, strong, lightweight, and complex-shaped parts directly
from 3D design data as compared with the conventional manufacturing method. Inconel 718 alloy is
the most demanding material in aviation as well as in the automobile industry, in terms of manufacturing high-performance parts. In this study, Inconel 718 samples were built using the direct metal laser
sintering process, and standard heat treatment was performed on the samples to improve their microstructure and mechanical properties. The as-built samples exhibited good grain structure with fine
laves phases, but the matrix was free from γ’ and γ” phases. During the heat treatment, the strengthening phases γ’ and γ” precipitated. The mechanical properties of as-built and heat-treated samples
were analysed and compared. Tensile tests revealed that the direct-aged sample had the higher tensile strength compared with the other conditions, whereas the as-built samples had higher ductility.
Finally, fractography and microstructure analysis were performed to measure the failure modes of tensile specimens.
© The Author(s) 2021. This article is distributed under a Creative Commons Attribution-ShareAlike 4.0 International license.

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 contrast, subtractive manufacturing involves removing of materials layer by layer to create a finished product. In the AM process, a fine powder
or wire-form raw material is used to build the part. This
new creation technique permits specialists to plan complex parts that are hard to deliver using traditional strategies (Kranz et al. 2015). This is more practical since there
is no material wastage as in regular assembling techniques
(Zhang et al. 2013). These unique advantages of AM attract
many sectors, medical, automotive, aerospace, and military
among them.
Direct metal laser sintering (DMLS) is a 3D manufacturing process used for metal printing that was developed
by EOS (Germany). This advanced manufacturing process
uses a laser as a power source to fuse and melt the metallic
powder to produce a 3D part directly from 3D design data.
The layer-based DMLS process has many advantages over
traditional manufacturing processes. It produces near-netshape and complex-shaped parts easily, reduces production steps, has zero material wastage, increases flexibility,
no tooling is required, and provides high efficiency (Duda
and Raghavan 2016). However, parts produced using additive manufacturing techniques have been observed to
have high thermal gradients, porosity, and thermal residual stresses. The high thermal gradient and internal thermal stresses are developed in the DMLS-ed part due to the
high-power laser used. Rapid cooling of melted layers de-

velops directional grain growth in the material structure.
Thus, the parts produced by the layered-based technique
require post-processing treatment operations to improve
their properties (William 2018).
The nickel-based super alloy has been a highdemanding material in industrial applications for over
forty years. This super alloy contains Fe, Cr, and Nb
as its major alloying elements. This alloy has excellent
mechanical properties: good compressive stress, high
creep resistance, fatigue resistance, high strength, and
high corrosion resistance at high temperatures up to
700°C (Chlebus et al. 2015; Kranz et al. 2015). Due to these
excellent mechanical properties, many components, like
jet engine parts, nuclear reactor parts, and gas turbine
parts, are made from this alloy. The strengthening of
the Inconel 718 alloy is due to the precipitation of γ’ and
γ” phases available within the FCC γ matrix. γ’ has a
face-centered cubic crystal structure and γ” has a bodycentered tetragonal with the composition Ni3 (Al, Ti) and
Ni3 Nb, respectively. Furthermore, many other phases such
as (Ni3 Ti), MC carbides (Nb, T) C, and laves (Cr, Ni, Fe)3 (Ti,
Nb, Mo) may exist. The δ phase precipitation present in the
metal matrix lowers the strength of the Inconel 718 alloy
and the poor diffusibility of Nb, interdendritic segregation
of Nb is very common in conventionally cast or welded
IN718 (Huang et al. 1996), and (Rao et al. 2003), which would
result in the formation of brittle Laves (Ni,Fe,Cr)2 (Nb,Mo,Ti)
phase and deterioration of mechanical properties but the
δ phase is beneficial for controlling grain size at grain
boundaries (Farber et al. 2019).
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The mechanical properties of additive printed Inconel
718 parts have been reported in some research papers. Amato et al. (2012) fabricated IN718 samples by the SLM process and observed that grains and columnar micro structures developed in the build direction. The fine columnardendritic micro structure was developed due to the rapid
cooling process, but the part produced has a high surface
roughness value and high porosity that reduces properties like fatigue. Strano et al. (2013) suggested that as-built
samples should be given post-processing treatment to improve their physical and mechanical properties. Strößner
et al. (2015) fabricated Inconel samples by a selective laser
melting process and studied the micro-structural properties. It was observed that there were differences in the
grain sizes for pre- and post-heat-treated samples. They
also observed the precipitation behaviour in the samples.
Meanwhile, Bean et al. (2018) studied the effects of process
parameters on porosity, surface quality, and mechanical
properties of Inconel 718 samples. A high yield and ultimate strength was observed, even at higher porosity levels. However, porosity in samples did not meet elongation
and area reduction requirements. Smith et al. (2016a) fabricated Inconel 718 samples by 3D printing in the building
direction and performed heat treatment. They observed
that yield strength varied with testing direction and the
hot isostatic pressing (HIP) process lowered yield strength
but had higher ductility than annealed and aged samples.
Zhao et al. (2008) fabricated Inconel 718 samples by the
laser rapid manufacturing (LRM) process and performed
mechanical testing. The results obtained were compared
between as-built and heat-treated samples. The author
revealed that porosity existed in the sample, which was
caused by hollow particles available in the gas atomization (GA) powders. Danninger and Weiss (2003) investigated whether porosity and defects are the main causes
that affect the mechanical properties of the material and
suggested that porosity can be minimised within AM materials by selecting suitable process parameters. Kozior
(2020) suggested that to imaging porosity in additive manufacturing, the microCT should be used before and after processing steps. Farber et al. (2019) and Popovich et al. (2017)
studied the mechanical properties of Inconel 718 parts after
performing the ageing treatment. They subsequently observed that the aforementioned process resulted in better
tensile strength in comparison with the as-built samples,
but at the same time, the percentage elongation decreases.
Wang et al. (2012) observed that the micro structure of the

FIGURE 1. Micrograph of as-received IN718 powder.

Inconel 718 alloy was vital for mechanical properties. The
author revealed that it was possible to obtain a fine dendritic structure, good metallurgical bonding, and minimal
defects using the SLM process. Heat treatment of samples
reduced dendritic structure and produced a needle-like δ
phase precipitate at grain boundaries. Cao et al. (2018) fabricated the sample by SLM and performed heat treatment,
the γ’, γ”, and δ precipitated phases were observed in the
heat-treated sample. Zhang et al. (2015) and Lu et al. (2015)
studied the mechanical properties of SLM-ed IN718 parts
after performing heat treatment and found that the mechanical properties such as hardness and strength of the
heat-treated sample increased significantly and were comparable with those of wrought IN718 alloy.
However, there is still a gap observed to study the standard heat treatment effect on the micro structure and mechanical properties of Inconel 718 alloy fabricated by the
direct metal laser sintering process. This work mainly focuses on the micro structure and mechanical properties of
the Inconel 718 alloy. The experiments were performed and
the results obtained were compared and correlated with
their micro structures.

2. MATERIALS AND METHODS
To conduct the experiments, gas atomized (GA) powder
with a nominal particle size of nearly 45 µm was used. The
raw material (powder) was received from EOS Germany.
The weight percent of the chemical elements in the powder is shown in Table 1, and the micrograph of the powder
is shown in Figure 1. It was observed that particles of the
powder have different shapes and sizes (regular, irregular,
small, and large in size). It is thus clear from the micrograph
of the powder’s particles that the irregular shapes contain
pore surfaces.
The samples were fabricated on a DMLS EOS M290 machine (EOS, Germany) and the sample fabrication process
are shown in Figure 2. The building chamber was set at
an oxygen level of 1.6% before starting the fabrication process. The Inconel build substrate was preheated to 80°C
to avoid any distortion in the sample. During fabrication,
the building chamber was supplied with Ar gas to avoid any
oxidation and contamination inclusion into the part. The
bidirectional scanning strategy was applied for this process.

FIGURE 2. DMLS (Sample fabrication process)

TABLE 1. Composition of IN718 powder in % by weight (min to max).
Ni

Cr

Nb

Mo

Ti

Al

Co

Cu

C

Fe

50–55

17–21

4.75–5.5

2.8–3.3

0.65–1.15

0.20–0.80

≤1

≤0.3

≤0.08

Balance
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TABLE 2. Process parameters used.
Laser power

Layer thickness

Hatch spacing

Scan speed

285 W

40 µm

0.11 mm

960 mm/s

The process was as follows: (i) a fine layer of powder, and (ii)
a laser beam used to melt the deposited powder layer and
to bind the current layer to the previous melted layer. After completing the process, the part was removed from the
build chamber. The necessary post-processing techniques
were performed to improve the desired mechanical properties. The process parameters used for this study were
taken from EOS-listed parameters that are shown in Table
2. The micro-structure, mechanical properties, and residual stress mostly depend on the process parameters and
post-processing techniques used by (Lu et al. 2015).
The flat-shaped, miniature-sized tensile sample was
designed as per ASTM standard 16a. The samples were fabricated in 00 orientation (horizontal direction) only. For this
study, all samples were fabricated using the same process
parameters. After fabrication, samples were removed from
the build chamber and separated from the building substrate with the help of a wire-electro discharge machine.
The modelled and fabricated samples are shown in Figure
3a and 3b, respectively. Per the ASTM standard, the netshape specimen dimensions were 25 mm in gauge length,
6 mm in width, and 2.5 mm in thickness. Of these samples,
some were heat-treated at different temperatures.
The as-built part does not exhibit good mechanical and
micro-structural properties as it contains non-equilibrium
phases and thermal residual stress due to uneven heating and cooling of the layers during the fabrication process. Chlebus et al. (2015) revealed in their study that postprocessed heat treatment generally results in enhanced
mechanical properties of SLM-ed parts. Improvements in
mechanical properties are essentially required for components that operate under high-stress conditions, such as
automotive and aerospace parts. For this purpose, the
heat treatment was performed in a closed furnace chamber.
These heat treatment processes are homogenised (HSA),
solution aged (SA), and direct aged (DA). The heat treatment details are given in Table 3. As-built (AB) means no
heat treatment was performed. It may be noted that hot
isostatic pressing (HIP) and stress relief methods were not
performed in this study.
Tensile testing was performed on the universal testing machine (ZwickRoell Z250, ZwickRoell, Germany) on
treated and untreated samples. A uniform strain rate of 1
mm/min was maintained for all of the test samples. After
performing the test, the fractured surface of the samples
was analysed using SEM.
For microstructural testing, sample were mechanically
polished from 400 grit to 2500 grit. To reveal different

(a)

(b)

FIGURE 3. (a) Modelled sample and (b) built sample.

phases, the polished samples were etched for a few seconds using an acid-based solution of HNO3 10 ml, acetic
acid 10 ml, and HCl 15 ml. XRD analysis analysis was also
performed.

3. RESULTS AND DISCUSSION
3.1 Mechanical properties of as-built and heat-treated
samples
The tensile test for as-built and heat-treated samples
was conducted in an open environment at room temperature. It was observed in Figure 5a, many cracks and
holes are present in the samples that reduces the mechanical strength. The small holes may be inherited from the
powder material that contains pores (Figure 1). The purpose of applying heat treatments is to homogenize the asmanufactured microstructure and optimize the mechanical properties. Some amount of pores eliminated from the
sample after the heat treatment. From Figure 4a, 4b, and 4c,
it was observed that heat treatment significantly improved
the mechanical properties like ultimate tensile strength,
and yield strength as compared to the as-built samples;
whereas elongation decreased with heat treatment (Figure
4d). The lower tensile strength was observed due to the absence of strengthening phases γ’ and γ” and in the as-built
samples. That was further improved by performing the heat
treatment that developed strengthening phases like γ’ and
γ”. Performing the heat treatment minimises the pore size
and refines the grain of the material. The DA treated samples exhibit higher tensile strength than as-built, SA, and
HSA treated samples due to strengthening phases γ’ and γ”.
Heat-treated samples had higher tensile strength than the
as-built sample because some strengthening phases was
developed in the the samples, also confirmed in XRD analysis. It was observed that the elongation to failure is inversely proportional to the strength for all samples. The
lowest strength samples were the as-built samples by performing heat treatment the strength significantly increases
by 31.2% in (DA), and almost same 22.6% in both the (SA)
and (HSA) cases.

TABLE 3. Heat treatment details for IN718 alloy. FC = furnace cooling, AC = air cooling, HSA = homogenization solution aging, SA = solution aging, AB =
as-built, and HT = heat treatment.
Designation
As-built

Short-form

Homogenization (H)

Solution (S)

Ageing (A)

(AB)

None

None

None

(HT-1)

1080°C/1h

960°C/1h

720°C/8h/FC at 50°C/h to 620°C/8h/AC

SA

(HT-2)

None

960°C/1h

720°C/8h/FC at 50°C/h to 620°C/8h/AC

Direct ageing (DA)

(HT-3)

None

None

720°C/8h/FC at 50°C/h to 620°C/8h/AC

HSA
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(a)

(b)

(c)

(d)

FIGURE 4. (a) Tensile curve, (b) ultimate tensile strength, (c) yield strength, and (d) strain.

3.2 Fracture behaviour of as-built and heat-treated
samples
The effect of heat treatment on fracture behaviour and tensile properties were examined. The cracks propagate in
the mixed intergranular and intragranular mode for both
as-built (Figure 5a) and heat-treated samples (Figure 5b, 5c,
5d), which confirms inter-granular and intragranular grain
facets. The fractured surface of as-built was consisting of
uniformly distributed dimples and tear ridges. Most of the
dimples were bigger than 1 µm. Similarly, dimples and tear
ridges on the fractured of the HTed were homogeneous.
However, the dimples on the HTed fracture surface were
smaller and shallower. It was observed on the fractured
surface that small dimples present on the fractured surface
confirmed that the fracture occurred in a ductile manner.
The fracture occurred in the as-built sample due to the inclusion of particles (inherited from the raw powder). Thus,
the as-built sample reports higher elongation than heattreated samples, and after applying the heat treatment to
samples, the alignment of dimples seems to vanish in the
case of DA, SA, and HSA. The fractured surfaces look relatively similar in pattern, as indicated in Figure 5b, 5c, and 5d.
According to Lu et al. (2015), the size and depth of dimples
are indications of ductility and elongation.

3.3 Effect of heat treatment on micro-structure and
mechanical properties
The heat treatment was performed to homogenize the
structure and to improve the desired mechanical properties of the as-built samples. The precipitation of laves and
the segregation of Nb are minimised because of the cooling
effect, which is typically higher in the DMLS process during
solidification as compared to the casting process. Therefore, Nb forms present in the γ matrix may be observed in
the as-built sample Antonsson and Fredriksson (2005). Inconel 718 is a precipitation hardening alloy with the BCT,
γ” (Ni3 Nb) being the main strengthening phase that forms a
coherent precipitate with the parent γ (FCC) matrix phase.
The standard heat treatment specified by AMS5664, which

(a)

(b)

is solutionizing at 960°C, furnace cooling followed by twostage ageing treatment at 720°C/8 h and 620°C/8 h, is
given in Table 3. The resulting microstructure has a fine
nano-sized ” that has higher tensile strength than the original. Applying direct ageing treatment, the strengthening
phase γ” precipitate appears from the Nb in γ matrix. However, the Nb form available in the γ matrix is dependent on
the heat treatment process like SA/HSA, which may either
precipitate the Nb-consuming δ phase or dissolve the Nbconsuming laves phase. But at a low temperature, no Nb
form was released from Laves in direct ageing treatment
(Figure 6d). At higher temperatures, say 960°C (SA), Nb was
partially extracted from and dissolved in some laves phases,
and the δ phase was then precipitated by consuming Nb
(Figure 6e). The dissolution of Laves is beneficial to release
more Nb and Ti elements to form the strengthening phases
during the subsequent aging treatment. The δ phases have
not been observed in the HSA specimen owing to a homogenization temperature above the δ-solvus line temperature
of 1100°C (Azadian et al. 2004).
As a result, the Nb available for precipitating γ” is expected to be lower than in DA conditions. At a higher
temperature, say 1080°C (homogenization case), homogeneously reduces the Nb in γ matrix by completely dissolving all the Laves phase. As shown in Figure 6c, less Nb is
available for ”precipitating” in HSA than in DA and SA treatments. Some of the Nb is expended in HSA treatment to
precipitate the δ phase at grain boundaries. However, no
significant change in the tensile strength occurs in SA and
HSA due to precipitation of γ”, which was measured experimentally and compared in Figure 4.
The changes observed in mechanical properties at different conditions were calculated and compared in Table

TABLE 4. Yield strength ratio compared between as-built and heattreated conditions.
Treatment conditions

AB

DA (HT-3)

SA (HT-2)

HSA (HT-1)

œ(AB or HT)
œ(AB)

1

1.473

1.227

1.236

(c)

(d)

FIGURE 5. Fractured surfaces of (a) as-built (AB), (b) direct ageing (DA), (c) solution ageing (SA), (d) homogenization solution ageing (HSA).
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 6. Microstructure of (a) DA, (c) SA, and (e) HSA samples, and magnified regions of a, c, and e are b, d, and f, respective1y.

mate tensile strength but decreased the ductility. The DA
sample exhibits higher yield strength than the SA and HSA
samples. The SA and HSA treatments partially changed the
microstructures, reduced the amount of porosity, and removed the residual stress that was developed in an as-built
sample during fabrication.

3.4 XRD analysis
The XRD analysis was conducted for treated and untreated
samples as shown in Figure 7. The peak was mainly attributed to the γ-matrix of the deposits. It is difficult to
confirm the precipitation of the strengthening phase γ” &
γ’ using XRD without prolonged annealing or coarsening of
the precipitates. The strengthening phases such as γ’ and
γ” dissolved in the γ-matrix that was partially formed and
precipitated during deposition. It was observed lower peak
intensity of γ(111) than γ(200) in DA samples compared to
the as-built, SA, and HSA samples.
It is generally observed that heat treatment changes
the peak positions and peak intensities that confirm microstructural changes in texture and secondary phase precipitation. The lower peak intensity of γ(111) observed
than of γ(200) suggests performing homogenization (HT1) treatment for 1 h was not enough to modify the texture
along γ(200) of the as-built sample as shown in Figure 7.
The changes in peak positions confirmed the precipitation
or/and dissolution of Mo, Ti, and Nb during the heat treatments (Smith et al. 2016b). After ageing treatment, γ(111) of
the γ-matrix shifted to higher diffraction angles due to the
precipitation of the strengthening phases, γ”(Ni3 Nb), and
γ’(Ni3 (Ti, Al)) that consumed Nb and Ti from the matrix. The
distribution of precipitates such as γ’, γ” and δ revealed the
strengthening phase.
FIGURE 7. XRD of as-built and heat-treated samples

4. CONCLUSIONS
4. It was clear from Table 4 that the heat treatment significantly improved the properties like yield strength and ultiASEAN J SCI TECHNOL DEV 38(3): 109–115

The present study focused on the microstructure and mechanical properties of treated and untreated samples of
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the IN718 alloy. The results obtained are given as follows.
After applying heat treatment, the tensile properties significantly improved as compared to the as-built samples.
Higher strength was observed for direct ageing (DA) conditions.
The as-built samples exhibit good grain structure with
fine laves phases, but the matrix is free from γ’ and γ”
phases. Performing the heat treatment, the strengthening
phases γ’ and γ” precipitated. Some of these precipitates
are consumed in the laves phase before precipitating in the
δ phase. The higher ductility was observed for as-built samples as compared to heat-treated samples. Higher yield
and tensile strengths were observed in direct-aged treated
samples.
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