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Abstract: Direct metal deposition (DMD) is a layer-by-layer
material addition process. Partial functionally graded mate-
rial (FGM) blocks of size 26mmwide × 34mm thick × 32mm
height were 3D printed based on Taguchi’s L9 approach
using a commercial DMD machine equipped with a diode
laser. The parameters selected for FGM deposition were
laser power, scan velocity, and powder feed rate. The metal
powders used for deposition were Stainless Steel 316L
(SS316L) and Inconel 625 (IN625). The novelty is the introduc-
tion of three gradient layers for joining dissimilar materials
of SS316L and IN625. ASTM E8 tensile specimens were cut
from each FGM block for testing and characterization.
Tensile test results revealed that the thick-layered partial
FGM specimen-6 had a high ultimate tensile strength (UTS)
of 532.6MPa at the sixth set of optimumparameters. This is due
to themixed presence of coarser and fine columnar grains and
equiaxed grain microstructures. Based on the analysis of var-
iance, scan velocity had a more significant effect on UTS and
powder feed rate on micro-hardness. However, a maximum
micro-hardness of 202.5 HVwas observed in the gradient layers
of the ninth sample at the ninth set of parameters. The fracto-
graphy analysis revealed the ductile failure of specimens.

Keywords: direct metal deposition, Taguchi method, func-
tionally graded materials, SS316L, IN625

1 Introduction

The production of functionally graded materials (FGM) and
joining dissimilar metals using conventional processes is

very difficult. A direct energy deposition (DED) process is
an alternative method for overcoming this difficulty. This
is because different metal powders can be deposited at a
time to build a part. One of the powders fed DED process
is direct metal deposition (DMD). It is a tool-less metal
powder additive manufacturing process. The DMD pro-
duces low-complex parts with strong metallurgical bonding
owing to less dilution in small heat-affected zones, which leads
to better mechanical properties. It is used for producing fully
dense high strength-FGM, cladding, and repairing sophisticated
parts [1–4]. A literature survey revealed that cooling rates from
103 to 104 K/s at solid–liquid interfaces in DED processes
resulted in intricate microstructures, very little porosity, and
introduced residual stresses [5,6]. The concept of FGM is gen-
erated from composite materials combined with dissimilar
materials [7–10]. FGM may be a structural gradient or compo-
sitional gradient material. The former can be produced using
the powder bed fusion process. The latter can be fabricated
using the DED process based on either the gradient path
method or the multilayer material (MLM) method [11,12]. In
1987, a Japanese scientist group developed a thermal barrier
plate of 10mm thickness using ceramics and metals for high-
temperature gradient aerospace applications [13,14].

The available Scopus literature data from 1980 to 2016
revealed that there are 200 journal papers on the produc-
tion of FGM and 400 journal papers regarding the analysis
of FGM. Among the total quantities of metallic FGM com-
ponents produced by DMD, laser cladding, powder bed
fusion, and laser-engineered net shaping (LENS) were 47%,
25%, 16%, and 12%, respectively [15,16]. For the processing of
various steels in additive manufacturing, the powder bed
fusion processes 68% of steels, direct energy deposition 28%,
binder jetting 3% and electron beam melting 1%. Several
studies have been conducted on the processing of Stainless
Steel 316 L (SS316L), H13 tool steel, and low-alloy steel using
various DED processes [17].

The FGM exhibits changes in the properties in one or
multiple directions across the geometry to withstand extreme
service conditions [18,19]. These materials have low weights,
high strength, and resistance to corrosion and are novel and
heterogeneous. Their applications include the automotive,
aerospace (gas turbine compressor and combustion
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chamber), defense, nuclear plant, and marine sectors [20–23].
In 1997, the first MLM deposition for fabricating FGM parts
using SS316, IN690, and MM10 powders by LENS was devel-
oped. The thermal history of the melt pool and deposited
parts was evaluated using a thermocouple technique; how-
ever, mechanical testing was not performed [24,25]. The for-
mations of transition joints were formed by DED using
SUS316L and Inconel 625 (IN625) powders. Maximum tensile
strength of 550MPa and micro-hardness varying from 200 to
430 HV were found. If the gradient layers were to be intro-
duced in between SUS316L and IN625, perfect joining could
take place instead of direct joining. Here, seven specimens
were randomly deposited, but the Taguchi method was not
used [26]. The influence of processing parameters on the
height deposition of the samples was experimented by using
a DMD machine. The samples were printed based on Tagu-
chi’s L9 approach. It was concluded that scan velocity was a
significant influencing parameter on the height deposition
followed by powder flow rate and laser power. However,
metal powders used for deposition were not reported [27].
Other transition joints of multilayer materials were also pro-
duced by DED using ferritic and austenitic steel powders. The
magnetic response, porosity, and variation in the residual
stresses were evaluated in that study. However, mechanical
properties were not investigated [28–32]. Dissimilar materials
of SS316L and IN625 were joined by the introduction of a
single compositional zone in the middle using the pre-mixed
powders of 50% SS316L and 50% IN625 by DED. It was
revealed that the deposit had a UTS of 605.7MPa, yield
strength of 405.6MPa, and micro-hardness changing from
170 to 210 HV. The author utilized only one powder composi-
tion of 50% SS316L and 50% IN625 and did not use other
powder compositions for deposition [33]. A thin five-layered
FGM was deposited using a DED system with continuous
variation from SS316L to IN625 powders. The micro-hard-
ness varied from 225 to 277 HV. Other properties were also
studied [34]. The synonym of FGM is functionally integrated
materials. Multilayer material samples having smooth edges
were deposited using a DED machine using powder compo-
sitions of 10% SS316L + 90% Hynes282 and 50% SS316L + 50%
Hynes282. It is suggested that for producing very smooth
edges, a gradient path method is preferable to themultilayer
material method [35]. The tensile properties of DED depos-
ited SS316L specimens can be increased by the addition of Ti
powder to the desired quantity. It is also required to know
the hardness at Ti content [36]. A DED machine may be
equipped with a lateral, discrete coaxial, or continuous
coaxial nozzle. The continuous coaxial nozzle is most com-
monly used in various DED systems due to its high powder
capture efficiency during the deposition for producing
desired parts [37]. The UTS of 1029.9 MPa, yield strength of

822.7MPa, and micro-hardness variation of 216.7 to 355.7 HV
for gradient path FGM with changing powder composition
of 100% SS316L to 100% IN625 from bottom to top was pro-
duced by using laser DMD. Here, Taguchi’s method is not
used for determining the optimum process parameters
[38,39]. The same concept was repeated for the powder com-
binations of SS304L and IN625, SS316L and Satellite-6, and
SS316L and IN718 to produce the respective gradient path
FGM. Fine grain micro-structure and improved micro-hard-
ness were observed. It is indicated that brittle phases may
form when the IN625 content is between 10 and 30% and
more than 80% [40–44]. Transition gradient FGM were also
produced using Dual Wire Arc Additive Manufacturing (D-
WAAM). An FGM made of SS316L and IN625 wire feedstocks
with IN625 content less than 20wt% and more than 80wt%
promoted cracks. This can lower the mechanical properties.
However, the mechanical properties were optimized at
50wt% IN625 content. A similar scenario also occurred in
the case of powder-fed DED parts [45]. In the WAAM of IN82
alloy, coarse columnar grains microstructure were formed.
These can be converted into equiaxed grains by suitably
controlling the cooling rate during solidification for better
mechanical properties [46]. The process defects such as por-
osity and residual stresses in direct metal laser sintering
parts can also reduced by suitably cooling for obtaining
the required properties [47].

An SS316L specimen was fabricated at 90° by a laser-
engineered net shaping machine. The sample had high
strength and density in that deposited orientation. The
deposition was not done based on either full factorial ana-
lysis or Taguchi method [48]. In general, the UTS of pure
SS316L and pure IN625 samples produced by DED varied
from 480–880 and 882–1,000 MPa respectively [49]. The
changes in the tensile strength of FGM and the structures
of the wafers were produced by DMD using SS316, Alu-
minum-Bronze, colmonoy 6, Stellite 6, Stainless Steel 402
(SS402), and tool steel powders [50]. The main advantage
of DED is the easy change of the metal powder feeding
during deposition to the required quantity. To date, no
additive manufacturing standards are available for pro-
ducing DED parts [51,52].

Currently, industries prefer hybrid manufacturing pro-
cesses. This is a combination of traditional and additive
manufacturing processes. In hybrid DED, components are
overbuilt by using any DED machines, and milling opera-
tions are generally performed on them [53–56]. There is a
new trend in technology that introduces time as the fourth
dimension for the 3D printing of parts. Therefore, these
parts are known as 4D printed parts, and their behavior
changes with time. Functionally graded shape memory
alloys are 4D printed components by DED [57–60]. The
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additive manufacturing industries nowadays are integrated
into Industry 4.0. Thus, it can share information regarding pro-
cessing methods, data exchange, and availability of machine
tools, supply chain management, and cyber security [61–64].
Six Sigma methods were also used to develop road maps for
the integration of Industry 4.0 [65].

The first objective of the present research is to evaluate
the mechanical properties (i.e., ultimate tensile strength and
micro-hardness) of FGM specimens made of SS316L and
IN625 powders. The second objective is to analyze the micro-
structure and fractography. However the third objective is
the optimization of DMD process parameters. In the present
work, gradient path partial FGM blocks were deposited
using a commercial DMDmachine. Here, partial FGMmeans
having three gradient layers (i.e., three intermediate layers)
in its middle region. These layers were defined by the
authors. A thick layer (i.e., thickness > 1 mm) of powder
deposition was used to deposit partial FGM blocks based
on Taguchi’s L9 approach because conducting experiments
using Taguchi’s method is inexpensive and gives optimum
solution. The metallic powders used for the deposition were
SS316L powder, IN625 powder, and their three different
combinations of 65% SS316L + 35% IN625, 50% SS316L +

50% IN625, and 30% SS316L + 70% IN625. Here, a new
novelty is introduced by depositing three gradient layers
(Layer 1: 65% SS316L + 35% IN625, Layer 2: 50% SS316L +

50% IN625, and Layer 3: 30% SS316L + 70% IN625) in the
middle of FGM blocks. These layers perfectly joined the
two dissimilarmaterials of SS316L and IN625. In these layers,
no formation of brittle phases exists as the presence of IN625
content is between 30 and 80%. However, brittle phases may
form when the IN625 content is in the range of 10–30% and
more than 80% [40]. It is more appropriate instead of direct
joining [26] or an introduction of a single compositional
layer between SS316L and IN625 [33]. The values of UTS
and micro-hardness of the ASTM E8 sample produced in
this research matched and reached the already existing
findings [26,33]. From the analysis of variance (ANOVA),
it was concluded that scan velocity significantly affected
the UTS and powder feed rate on micro-hardness. Finally,
failure surface morphology and chemical compositional
analyses were performed using GeminiSEM500 and Octane
Elite EDAX.

The organization of the present article is as follows.
The concepts of FGM and properties of FGM deposited with
various combinations of metal powders such as Stainless
Steel 316 (SS316), Stainless Steel 316L (SS316L), Stainless
Steel 304 L (SS304L), Stainless Steel 402 (SS402), Stainless
Steel SUS316L, Inconel 690 (IN690), Inconel 625 (IN625),
Inconel 718 (IN718), Inconel 82 (IN82), and micro-melt
(MM10) tool steel by various authors are majorly discussed
in the introduction of Section 1. This section also explains
the use of hybrid additive manufacturing and 4D printing.
Section 2 describes the present experimental research
work for the combination of SS316L and IN625 metal
powder deposition of partial FGM blocks using a commercial
DMD machine and the conditions for the characterization of
ASTM E8 specimens. The macro-structure, micro-structure,
micro-tensile test, micro-hardness, failure surface mor-
phology, and chemical composition analysis of the sam-
ples are illustrated in Section 3. The conclusions, mainly
covering high UTS and micro-hardness at their respective
optimum set of process parameters, are given in Section 4.
In this study, the word specimen is synonymously used as
a sample. However, compositional layers can be used as
gradient layers and gradient zones.

2 Experimental work

2.1 Materials and methods

SS316L and IN625 powders were used for the deposition,
and their chemical compositions are listed in Table 1. The
morphologies of the powders are shown in Figure 1. These
powders were gas-atomized particles with a near-spherical
shape, and sizes varied from 50 to 150 µm. The alloy com-
positions prepared for three gradient layers were 65%
SS316L + 35% IN625, 50% SS316L + 50% IN625, and 30%
SS316L + 70% IN625. These alloy compositions were depos-
ited in the middle of the FGM blocks to avoid the formation
of brittle phases. The metal powders were pre-heated to
60°C for 10 min before the deposition occurred. A stainless-
steel 316 (SS316) substrate of size 152.5 mm length × 50 mm

Table 1: Chemical compositions of selected substrates and metal powders

Materials Ni Cr Mo Mn Si P S C Nb + Ta Ti Co Al Fe

SS316 9.1 15.8 2.3 1.1 0.8 0.039 0.026 0.02 — — — 0.01 Bal
SS316L 10.4 16.8 2.0 1.4 0.2 0.024 0.007 0.01 — — — — Bal
IN625 Bal 20.8 9.0 0.1 0.1 0.001 0.003 0.01 3.69 0.2 0.06 0.12 1.69
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wide × 16.5 mm thick was utilized for depositing pure
SS316L powder on it and on top of the block pure IN625.
The substrate chemical composition is given in Table 1. A
DMD machine, shown in Figure 2, was used for the deposi-
tion of the metal powders. It was equipped with a double
heterostructure laser diode. This laser is produced by a
laser-producing unit of Laserline LDF4.000-30. Nine partial
FGM blocks of size 26 mm width × 34 mm thickness ×

32 mm height were 3D printed vertically with bi-directional
scanning using a co-axial nozzle of a commercial DMD
machine by Taguchi’s L9 approach. It has a laser power
capacity of 100–4,000W, scan velocity of 10–30 mm/s, and
powder feeding rate of 15–50 g/min. A co-axial nozzle
having a standup distance of 23 mm with a diode laser of
5 mm beam spot was used for depositing the metal pow-
ders of 1.3 mm thick layers with 2 mm hatch spacing. The
beam spot size varied from 3 to 5 mm. Its wavelength range
was 902–1,030 nm. It has one powder hopper with a
powder filling capacity varying from a minimum of 100 g
to a maximum of 1.5 kg. The powder carrying gas (with
10–12 L/min) and shielding gas (with 12–15 L/min) used
here is argon (Ar).

2.2 Taguchi’s method

The design of the experiments performed was based on full
factorial analysis or Taguchi’s method. Therefore, in this
research, Taguchi’s method was selected. It consists of
eight steps to determine the optimum parameter set. A
series of experiments were performed using a commercial
DMD machine with the SS316L powder, IN625 powder, and

three different powder compositions prepared from the
powders of SS316L and IN625. The factors that affected
the metal powder deposition on the DMD machine are
listed in Table 2. Based on these factors, as shown in
Table 2, the most required and influencing factors, such
as laser power, scan velocity, and powder feed rate, were
selected for powder deposition/experiments and are listed
in Table 3. The rationale is the perfect joining of two

Figure 1: Morphology of (a) SS316L powder and (b) IN625 powder.

Figure 2: A robot-based direct metal deposition setup.
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dissimilar materials of SS316L and IN625 using a DMD
rather than a conventional welding process. These factors
were also used in many DED processes [66]. Three factors
and three levels were selected. Thus, using the Taguchi L9
orthogonal array, only nine experiments were sufficient.
The levels of DMD parameters selected for deposition
were based on lower laser power with a low scan velocity
and low powder feed rate; moderate laser power with a
moderate scan velocity and moderate powder feed rate; a
high laser power with a higher scan velocity; and a higher
powder feed rate for obtaining high strength. However,
high strength was obtained at a moderate laser power
with a high scan velocity and low powder feed rate (i.e.,
at six sets of parameters, see Table 4). Table 4 provides the
matrix of experiments for the selected values of the
factor-based Taguchi L9 orthogonal array. Nine experi-
ments were conducted for the deposition of partial FGM
blocks of size 26 mm width × 34 mm thickness × 32 mm
height, and one of them is shown in Figure 3. The input
variables for FGM depositions are used for obtaining
output responses of high strength and hardness, as shown
in Table 5.

2.3 Characterization

Micro-tensile tests were performed on the ASTM E8 sam-
ples in the direction perpendicular to the materials deposi-
tion using a SHIMADZU micro-tensile testing machine with
a capacity of 250 kN. According to ASTM E8 standards, the
load applied on the specimens was at a rate of 5 mm/min
for a gauge length of 12.5 mm. Figure 4 shows the ASTM E8
tensile specimens cut from each FGM block using an Elec-
tronica CNC wire-cut EDM. The ASTM E8 specimen was
9 mm wide, 3 mm thick, and 30mm height.

The micro-hardness of nine partial FGM samples was
evaluated using an ECONOMET hardness tester. It has a
diamond pyramid indenter with an applied load capacity
ranging from 5 g to 1 kg. A load of 500 g was applied to the
indenter for 15 s at each location perpendicular to the

Table 2: Factors affecting metal powder deposition

S. no. Control factors Noise factors

1 Laser power (i.e., heat energy) Smoke formation during deposition
2 Scan velocity Formation of swirling due to un-melted powder particles
3 Powder feed rate Vibration of commercial DMD machine
4 Beam spot size Temperature of atmosphere
5 Part orientation Maintenance of the vacuum was not possible because the

machine has an open chamber for parts building
6 Uniform powder deposition for constant thickness of

layers using a uniform slicing method
Non-uniform powder deposition for varying thickness of layers
using an adaptive slicing method

7 Coolant flow rate and its temperature Solidification rate of the melt-pool
8 Preparation of different powder compositions

manually (Ex situ powder mixing) for printing
heterogeneous parts

In situ mixing powders in co-axial nozzle

9 Carrier and shielding gas flow rate Controlling of oxygen and nitrogen particles
10 Every time powder carrying pipe was cleaned with

compressed air
Automatic manufacturing of heterogeneous parts was not
possible. At present, no CAD packages are available for modeling
heterogeneous 3D CAD models

Table 3: Selection of factors and levels

Factors (F) Levels (L)

1 2 3

Laser power (P) W 1,500 2,500 3,500
Scan velocity (V), mm/s 10 20 30
Powder feed rate (M), g/min 20 25 30

Table 4: Matrix of experiments

Experiment no. Control factors

Laser
power
(P), W

Scan velocity
(V), mm/s

Powder feed
rate (M), g/min

1 1,500 10 20
2 1,500 20 25
3 1,500 30 30
4 2,500 10 25
5 2,500 20 30
6 2,500 30 20
7 3,500 10 30
8 3,500 20 20
9 3,500 30 25
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deposition direction. These locations have 0.5 mm interval
distances along the center-line of the samples. Themicro-hard-
ness indentations on compositional layers of the sample-9 are
shown in Figure 5. To understand the gradient zones in a
better way, the macro-structure of sample-6 was taken using
an Olympus optical microscope, as shown in Figure 6. Micro-
structural examination was performed to understand the dis-
tribution of phases in various layers of the gradient zones. The
morphologies of the fractured surfaces of the broken speci-
mens were captured using a GeminiSEM500 at various mag-
nifications. Chemical compositional analysis was performed
using Octane Elite EDAX with the help of GeminiSEM500.

3 Results and discussion

3.1 Macro-structure

Here, gradient path partial FGM indicates three different
compositional layers in the middle of the ASTM E8 specimen,

shown in Figure 6, captured by an Olympus optical micro-
scope. It is the macrostructure of sample-6. These layers are
known as gradient zones. The chemical compositions of the
first, second, and third layers are 65% SS316L + 35% IN625, 50%
SS316L + 50% IN625, and 30% SS316L + 70% IN625, respectively.
These samples were polished with emery papers of 200, 600,
and 1,000 using a METCO BAINAPOL polishing machine for
macrostructure analysis. However, emery papers of 1, 500,
and 2,000 were used along with the above polishing papers
for observing the microstructures of the samples. The etchant
used for these samples is a modified Frys reagent. The mea-
sured thickness of each gradient layer is 1.3mm, and the step-
over is 1.9mm. There is a small variation in the thickness of
individual gradient layers due to the metal powders swirling
by the atmospheric air in an open part building chamber. The
swirling powders cannot flow toward the melt pool but mix
with atmospheric air. This indicates the loss of metal powders,
and may occur by improper focusing of the laser beam at the
focusing point in the melt pool during melting of metal pow-
ders. However, the gradient layer thickness and step-over
meet the desired values.

3.2 Microstructure

The microstructures of the three compositional layers of
specimen-2 taken by an Olympus optical microscope are
shown in Figure 7. Crack propagation perpendicular to the
deposition direction is observed in the first compositional

Figure 3: Partial FGM block.

Table 5: Input variables and output responses

S. no. Input variables Output responses

1 Laser power High strength and hardness
2 Scan velocity High strength and hardness
3 Powder feed rate High strength and hardness
4 Beam spot

size (5 mm)
Uniform focusing of laser beam for
melting powder particles

5 Hatch
spacing (2 mm)

Proper overlapping of layers

6 Vertical deposition High strength and hardness

Figure 4: ASTM E8 tensile specimens.
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layer, as shown in Figure 7a. Fine, small columnar grains
are shown in Figure 7b. However, large coarse columnar
grains observed in the third compositional layer are shown
in Figure 7c. The white regions in all compositional layers
of the specimen indicate an austenitic phase, and dark
spots are unmelted powder particles. The reasons for the
formation of the unmelted powder particle regions were
due to insufficient laser power and improper focusing of
the laser beam at the melt pool. Sometimes, impurities
were also present in the unmelted powder particle regions.
However, crack propagation was generated, which may be
due to the existence of tensile residual stresses in the sample.

The microstructures of specimen-6 were similar to
those of sample-2 and are shown in Figure 8. No micro-
cracks or micropores were observed in the three different
compositional layers of the specimen during microscopic

Figure 5: Micro-hardness indentations on compositional layers of
sample-9.

Figure 6: Macrostructure of ASTM E8 sample-6.

Figure 7: Microstructures of (a) layer 1, (b) layer 2, and (c) layer 3 of sample-2.

Functionally graded materials of SS316L and IN625  7



examination. This is because of the lower powder feed
rate, high scan velocity, and sufficient laser power for
the melting of the SS316L and IN625 powder particles.
However, coarse parallel columnar grains in the first com-
positional layer, fine columnar grains in the second com-
positional layer, and equiaxed and coarse columnar grains
in the third compositional layer were observed in the spe-
cimen and are shown in Figure 8a–c, respectively. The
microstructures of these three compositional layers also
had white regions, indicating the austenite phase, dark
spots of unmelted powder particles, and light–dark regions
of compounds of SS316L and IN625. In general, conventional
microstructural analysis indicates that the presence of coarse
parallel columnar grain microstructures can decrease the
mechanical properties and fine grain microstructures can

increase the mechanical properties. However, sample-6 had
high UTS because of the mixed presence of coarser and finer
columnar grains and equiaxed grains microstructures. The
remaining specimens exhibited coarse columnar grain micro-
structures with microcracks and micropores.

3.3 Tensile tests

Three tensile tests were performed for each experiment.
The averages of the three UTS values of the partial FGM
specimens are listed in Table 6. The fractured specimens
after the microtensile tests are shown in Figure 9. From the
micro-tensile test results (see Table 6), it was found that
sample-6 had a high UTS of 532.6 MPa compared with other
specimens. This indicated that the use of medium laser
power (i.e., 2,500W) with high scan velocity and with a
lower powder feed rate can produce specimens with high
tensile strength because this medium laser power can melt
powder particles completely and cause strong metallur-
gical bonds. The three trial stress–strain curves of the
micro-tensile tested sample-6 are depicted in Figure 10.
The UTS obtained from the thick layered (i.e., thickness
more than 1 mm) gradient path partial FGM sample-6 in
this research work was almost close to the thin layered (i.e.,
thickness less than 1 mm) multilayer material specimens of
previous studies [26,33]. Therefore, in the present research,
the UTS results indicate that for joining two dissimilar
materials to obtain the desired properties, either the

Figure 8: Microstructures of (a) layer 1, (b) layer 2, and (c) layer 3 of sample-6.

Table 6: Measured values of ultimate tensile strength

Experiment no. Ultimate tensile strength (MPa) Avg.
(MPa)

Trial 1 Trial 2 Trial 3

1 467.4 536.3 526.8 510.1
2 490.7 408.6 498.5 465.9
3 516.5 517.8 517.4 517.2
4 441.6 504.0 506.9 484.2
5 497.3 501.7 501.5 500.2
6 538.4 521.1 538.3 532.6
7 491.8 383.3 479.0 451.4
8 519.6 482.4 514.3 505.4
9 511.7 522.4 522.3 518.8
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thin-layer multilayer materials method or the thick-layer
gradient path method (for partial FGM) should be selected.
However, it is better to choose the latter because it requires
less time for part deposition and is more economical. If the
UTS of the conventional welded joints (399–522 MPa) of

SS316L and IN625 are considered, it was less than that of
the partial FGM sample-6.

Specimen-2, specimen-4, specimen-5, and specimen-6
were fractured at 17.6, 17.9, 16.6, and 17.1 mm, respectively,
from the lower side of the pure SS316L region. This indi-
cated that they failed in the third compositional layer. In
contrast, samples-1 and samples-3 broke into two pieces in
the second compositional layers at a distance of 15.3 and
14.5mm, respectively. The specimens that failed in the second
and third compositional layers have high strength because of
the absence of molybdenum (Mo) and niobium (Nb) brittle
phases. Specimen-7 failed in the first compositional layer (i.e.,
at 13mm), and sample-8 and sample-9 broke in the regions of
pure IN625. The failure specimens are depicted in Figure 9. It
is concluded that specimen-3 showed the maximum per-
centage of reduction in area (i.e., 76.8%) and also the
percentage of strain (i.e., 64.6%). Therefore, it had the
highest ductility compared to other specimens.

3.4 Hardness

Hardness is the surface property of a material to resist
plastic deformation. Two locations/indentation spots were

Figure 9: ASTM E8 tensile specimens after failure.

Figure 10: Stress versus strain curves of sample-6 for trial 1, trial 2, and
trial 3.

Table 7: Measured values of micro-hardness

Experiment no. Micro-hardness (HV) Avg.
(HV)

Indentation
spot 1

Indentation
spot 2

Indentation
spot 3

Indentation
spot 4

Indentation
spot 5

Indentation
spot 6

1 177.2 178.3 191.1 189.7 179.7 210.3 187.7
2 172.5 176.1 177.2 180.0 186.9 201.6 182.3
3 177.1 175.7 180.8 191.0 188.4 200.7 185.6
4 197.1 183.6 180.8 203.0 192.1 197.0 192.2
5 180.9 143.2 180.1 186.4 195.7 183.4 178.2
6 165.4 165.3 185.7 183.6 193.0 189.4 180.4
7 164.2 160.0 187.0 197.2 195.1 196.7 183.3
8 175.8 216.3 191.5 182.9 184.1 202.9 192.2
9 193.5 197.0 194.6 198.7 208.5 222.9 202.5
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selected for the evaluation of micro-hardness from each com-
positional layer of the samples. There were three compositional
layers in each sample. Therefore, a total number of six locations/
indentation spots were considered for the measurement of

micro-hardness from every sample. For more details regarding
micro-hardness indentation spots, see Figure 5. The micro-hard-
ness values measured using an ECONOMET hardness tester for
all nine samples are shown in Table 7.

Figure 11: Micro-hardness of partial FGM (a) sample-5 and (b) sample-9.

Figure 12: (a–c) Tensile failure surface morphology of third compositional layer of sample-2.
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The micro-hardness of each gradient zone increases
with increasing content of IN625. However, the micro-hard-
ness of the gradient zones is not lower than the hardness of
the pure SS316L region and not higher than the hardness of
the pure IN625 region in all samples. The micro-hardness
graph of sample-5 is shown in Figure 11a. Its gradient zone
micro-hardness (i.e., 178.2 HV) is very low compared to
the those of the remaining samples. However, the highest
gradient zone micro-hardness (202.5 HV) is observed in
sample-9, as shown in Figure 11b. Hence, it is concluded
that sample-9 printed at a high laser power has the highest
gradient zone micro-hardness, and this specimen also has
coarse columnar and equiaxed grain microstructure for
exhibiting high hardness. Considering the micro-hardness
variations in the entire sample-9, the micro-hardness of the
pure SS316L region increased from its bottom layer (175.2
HV) to a maximum value of 192.4 HV in it, then decreased
to that of the first compositional layer (167.4 HV). Similarly,
for its pure IN625 region, the micro-hardness increased
from the third compositional layer (240.2 HV) to its top

surface (258.5 HV). In sample-5, as depicted in Figure
11(a), the hardness of the pure SS316L portion increases
from its bottom layer (170.4 HV) to the first gradient layer
(187.3 HV). However, the hardness of its pure IN625 region
also increases from the third compositional layer (228.3
HV) to its top surface (254.2 HV). Therefore, for comparing
the micro-hardness of the top surfaces of these samples,
the ninth sample has the highest value due to the forma-
tion of fine grain microstructure by the absence of repeti-
tive heating and cooling.

3.5 Failure surface morphology and
chemical composition analysis

Failure surface morphology is known as fractography. The
morphologies of the fractured layer of sample-2, sample-6,
and sample-7 were captured using a GeminiSEM500. These
three specimens were printed at a lower energy parameter

Figure 13: (a–c) Morphology of tensile failure surface of third compositional layer of sample-6.
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set (1,500W, 20mm/s, and 25 g/min), medium energy para-
meter set (2,500W, 30mm/s, and 20 g/min), and high energy
parameter set (3,500W, 10mm/s, 30 g/min). Specimen-2 and
specimen-6 failed at the third compositional layer. However,
sample-7 broke in the first gradient zone. The surface
morphologies of sample-2 and sample-6 at different magni-
fications are shown in Figures 12 and 13. Both microholes
and microcracks of the samples are shown in Figures 12a
and 13a. However, microcracks and microholes are shown
individually in Figures 12b and 13b, respectively. In contrast,
many simple shallows with uniform sizes are shown in
Figure 12c, and smeared or angled shallows with uniform
morphology are shown in Figure 13c. Therefore, the surface
morphologies with shallows were mainly ductile, with very
little deformation in specimen-2 and specimen-6. The sur-
face morphology of fractured sample-7 at various magnifi-
cations exhibits the same surface morphology as compared
to the morphologies of sample-2 and sample-6. The required
three gradient zones of the partial FGM samples were
printed with the desired amount of IN625 in the metal
powder mixture of SS316L and IN625. Therefore, it can
avoid the formation of microcracks and micropores.
Hence, the mechanical properties of the FGM samples
can be improved [38,39].

In general, columnar grains with uniform morphology
were generated in the DMD-processed depositions. Microholes
were formed owing to the escape of powder-entrapped gases
and other gases during the deposition process or melt-pool
solidification. This is known as process-induced porosity. In
DMD deposition, the presence of residual stress is common.
Tensile residual stresses create microcracks. However, the com-
pressive residual stresses close them. Debris means the genera-
tion of unwanted material during powder deposition (see
Figure 12a). This may be due to various factors, such as the

Figure 14: (a) SEM image of specimen-6 at the fracture and (b) its chemical composition distribution by EDAX.

Table 8: Minitab-validated S/N ratios for UTS

Experiment no. S/N ratio

1 54.1
2 53.2
3 54.2
4 53.6
5 53.9
6 54.5
7 52.9
8 54.0
9 54.3
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quality of the powder feedstock used, improper selection of
deposition parameters, and the size of the part to be built.
Smeared or angular shallowswere formed because of the rapid
solidification of the molten pool during the deposition process.

Fractured specimen-2, specimen-6, and specimen-7 were
used for microstructure and chemical compositional analyses
using GeminiSEM500 and Octane Elite EDAX. Two locations
were selected on the fractured surfaces of the samples for

analysis. From the EDAX report, molybdenum was present in
sample-2, sample-6, and sample-7 at 3.1, 2.8, and 2.1%, respec-
tively, in their respective fractured layers. However, niobium
was present in specimen-2 and specimen-7 at 1 and 1.4%,
respectively, in their fractured layers. The detected molyb-
denum (Mo) and niobium (Nb) content by EDAX was within
the range of 2–9% and 3.1–4.1% in the fractured layers in
those specimens, as compared to SEM powder morphology
and powder supplier reports. This indicates Mo and Nb brittle
phases were not formed and did not allow for microcracks
and micropores. The scanning electron beam microstructure
and elemental distribution shown by EDAX for sample-6 is
shown in Figure 14. There was no presence of Nb (at the
selected spots; see Figure 14a) observed in the EDAX report
(Figure 14b) in the fractured surface of sample-6. However, it
may be present in other layers of the sample in lower or
higher quantities. It was revealed from the EDAX reports
of these samples that iron (Fe) was observed in the max-
imum quantity, followed by chromium (Cr) and nickel (Ni).

Table 9: S/N ratios for the individual control factors for UTS: larger the
better

Level Laser power
(P), W

Scan velocity (V),
mm/s

Powder feed rate
(M), g/min

1 53.8 53.5 54.2
2 54.0 53.7 53.7
3 53.7 54.3 53.7
Delta 0.2 0.8 0.5
Rank 3 1 2

Figure 15: Deposition parameter levels versus S/N ratios for UTS.

Table 10: Analysis of variance for UTS

Source DOF Adj. SS Adj. MS F-Value P-Value % SS = Adj. SS/Total

Laser power (P), W 2 0.12 0.06 0.25 0.80 5.8
Scan velocity (V), mm/s 2 1.05 0.52 2.06 0.32 48.1
Powder feed rate (M), g/min 2 0.49 0.24 0.97 0.50 22.7
Error, e 2 0.51 0.25 23.3
Total 8 2.19 1.09 100
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The elements observed by EDAX in sample-6 are shown in
Figure 14b.

3.6 Optimization of process parameters

3.6.1 Ultimate tensile strength

To calculate signal-to-noise (S/N) ratios, an objective func-
tion (i.e., ultimate tensile strength) larger-the-better was
utilized. Therefore, the S/N ratio for this function is given
by −10 × log (Σ(1/yi2)/n), where yi indicates the responses
(i.e., ultimate tensile strengths) for the given factor level com-
bination and n is number of trials in the factor level combina-
tion. Table 8 shows the S/N ratios of the nine experiments,

which were solved analytically, and the same values were
obtained when validated with Minitab statistical 21.2.0.0 soft-
ware. The S/N ratios for the individual control factors vali-
dated by the Minitab software are listed in Table 9. Among
the selected parameters for UTS, the scan velocity played a
prominent role (i.e., 1st rank), followed by the powder feed
rate and laser power. Figure 15 shows the deposition para-
meter levels versus S/N ratios for determining the optimum
parameter values.

To calculate UTS, a larger-the-better type of objective
function is utilized. The highest S/N ratio for the corre-
sponding factor levels was selected to optimize the condi-
tions. From the linear graph (see Figure 15), the optimum
values of the factors were the following: laser power of
2,500W, scan velocity of 30 mm/s, and powder feed rate
of 20 g/min at the levels of (2, 3, 1). This indicated that the
sixth set of parameters had optimum values for obtaining

Table 11: Minitab-validated S/N ratios for micro-hardness

Experiment no. S/N ratio

1 45.4
2 45.1
3 45.3
4 45.6
5 44.8
6 45.0
7 45.1
8 45.6
9 46.0

Table 12: S/N ratios of the individual control factors for micro-hardness:
larger the better

Level Laser power
(P), W

Scan velocity (V),
mm/s

Powder feed rate
(M), g/min

1 45.3 45.4 45.3
2 45.2 45.2 45.6
3 45.6 45.5 45.1
Delta 0.4 0.2 0.5
Rank 2 3 1

Figure 16: Deposition parameters levels versus S/N ratios for micro-hardness.
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high UTS in this DMD printing experiment. For more
details, refer to Table 4. In this research, the time required
for deposition of each FGM block using the selected com-
mercial DMD machine was 1 hour 30min. In the case of a
non-commercial DMD machine, the deposition time may
be 8 h or more for depositing one FGM block.

The degrees of freedom (DOF) were evaluated for the
selected L9 orthogonal array of experiments. There were
two degrees of freedom for each factor. There are four
factors, e.g., the powder feed rate, scan velocity, laser
power, and error. Thus, it has a total of eight degrees of
freedom. The response magnitude in the percentage of
each parameter was determined and validated using the
ANOVA module of the Minitab software. It was used to
identify and quantify the sources of various microtensile
test trial results obtained from various parameter sets of
powder depositions. The total sum of the squares (SST) can
be calculated as the sum of squares (SS) of all the factors
and errors based on Eqs. (1) and (2), and the values are
listed in Table 10.

( )∑= y ySS –avg. of ,T i
2 (1)

= + + + SSSS SS SS SS .T P V M e (2)

Table 10 shows that for UTS, the contribution of scan
velocity (48.1%) was a more significant factor than the
powder feed rate (22.7%). These two factors were more sig-
nificant than the laser power (5.8%). However, the effect of
noise factors on UTS was 23.3%. The reasons for obtaining
more errors are due to vibrations of the commercial DMD
machine, use of manually mixed powder compositions, spe-
cimens not printed with different layer thicknesses, hatch
spacing, and the use of an open part building chamber of the
machine.

3.6.2 Micro-hardness

A larger-the-better objective function (i.e., micro-hardness)
was utilized to evaluate signal-to-noise (S/N) ratios. Table 11
shows S/N ratios of nine micro-hardness samples, and their
S/N ratios for the individual control factors are listed in

Table 12. The powder feed rate is an important influencing
parameter (i.e., standing at first rank) on micro-hardness,
followed by laser power and scan velocity. The deposition
parameter levels versus S/N ratios for determining the
optimum parameter values are shown in Figure 16. The
highest S/N ratio for the corresponding factor levels was
considered to optimize the conditions. From the linear
graph (Figure 16), the optimum values of the factors were
as follows: laser power of 3,500W, scan velocity of 30mm/s,
and powder feed rate of 25 g/min at the levels of (3, 3, 2).
Table 4 shows the details about it. The ninth set of para-
meters had optimum values for obtaining high micro-
hardness.

ANOVAwas utilized to identify and quantify the sources of
various micro-hardness test trial results obtained from the dif-
ferent parameter sets of 3D-printed deposits. Using Eqs. (1) and
(2), the total sum of the squares (SST) determined as the sum of
squares (SS) of all factors and errors are given in Table 13.

The contribution of powder feed rate (37.5%) was a
significant parameter on micro-hardness than laser power
(26.9%). However, the lowest significant factor was scan velo-
city (10.5%) as compared to the above factors. However, the
effect of noise factors on micro-hardness was 25%. From
Table 13, it can be concluded that metal powder melts com-
pletely as the powder feed rate increases with increasing
laser power simultaneously. However, this condition is satis-
fied at a lower scan velocity.

4 Conclusions

From the tensile test results, the measured values of micro-
hardness, and characterization performed on the speci-
mens, the following conclusions were drawn.
• The micro-tensile test results revealed that sample-6 has a
high UTS of 532.6 MPa as compared to all other specimens.
This value was obtained at the sixth set of optimum para-
meters. However, a maximummicro-hardness of 202.5 HV
was found in its compositional layers of sample-9 at the
ninth set of optimum parameters.

Table 13: Analysis of variance for micro-hardness

Source DOF Adj. SS Adj. MS F-value P-value % SS = Adj. SS/total

Laser power (P), W 2 0.28 0.14 1.06 0.48 26.9
Scan velocity (V), mm/s 2 0.11 0.05 0.44 0.69 10.5
Powder feed rate (M), g/min 2 0.39 0.19 1.48 0.40 37.5
Error, e 2 0.26 0.13 25.0
Total 8 1.04 0.51 100
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• From the ANOVA results, for obtaining high UTS, the
contribution of scan velocity (48.1%) was a significant
factor. However, for obtaining maximum micro-hard-
ness, the powder feed rate (37.5%) contributed more
significantly.

• The UTS obtained from the thick-layered gradient path
partial FGM sample-6 in this research was almost closer
to that of the thin-layered multilayer material specimens
[26,33]. Therefore, for joining two dissimilar materials to
obtain the desired properties, the thick layer gradient
path method should be selected.

• Specimen-2, specimen-6, and specimen-7 were used for
SEM and EDAX analyses. Specimen-2 and specimen-6
were broken in the third compositional layer, whereas
sample-7 failed in the first gradient zone. The presence of
Mo and Nb was within the acceptable range at the frac-
tured layers in these samples. Therefore, brittle phases of
Mo and Nb were not present in these samples.
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