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Summary

Traditional graded materials are composed of multiple phases that are
noted by sharp changes in microstructure, thermophysical and mate-
rial properties which can generate high stresses along the material in-
terface boundary that may initiate delamination, cracks, and other de-
fects. To solve this problem, the composite material can be designed
to have a gradual variation in their composition, microstructure, or
properties. These functionally graded materials (FGM) are controlled
smooth variations that endows the material with specific properties that
vary throughout its dimensions. FGMs have prominent applications in
aerospace, defense, automotive and biomedical industries, where there
is an increased demand to manufacture optimized, high-performance
parts. The advent of additive manufacturing allows for increased flex-
ibility for prototyping low-volume customized parts with shorter pro-
cessing times. Directed energy deposition (DED) is one of the most
common metal additive manufacturing technologies that utilizes a high-
power laser to melt deposited powder on a substrate. The DED pro-
cess is highly customizable, as the quantity of deposited powder can
be modified to allow for multi-material parts, which would enable the
on-demand fabrication of FGMs. Here, we propose to design a FGM
consisting of Inconel 718 and Niobium. Niobium, a rare earth metal,
is often used to improve the mechanical properties of Nickel based al-
loys such as the Inconel alloy family. Adding the Niobium element to
Inconel would precipitate the γ”-phase to enhance the tensile strength
and creep at high temperatures. However, Niobium also can be segre-
gated at the grain boundary to form the Laves phase at elevated temper-
ature, then depletes the alloy strength. Therefore, an investigation on
the microstructure evolution of Inconel-Niobium alloy is essential to the
evaluation of its mechanical properties.
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Figure 1: Proposed application of functionally graded materials for high-
temperature turbine blades.

System Design Chart

Figure 2: System design for fabricating functionally graded materials via
the directed energy deposition process with a focus on process design.
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The system design chart as Figure 2 shows the relationship between pro-
cessing, structure, properties, and performance. As the critical require-
ment for jet engine components, the as-printed part must work at ex-
treme temperatures and respond to stress. Therefore, mechanical prop-
erties such as high strength, creep resistance, and fatigue resistance at
high frequency are vital. The high-temperature working condition also
accelerates the oxidation process. Hence, the chemical property, e.g., ox-
idation rate, should be considered. In addition, the physical and thermal
property also included in the design process with the favoring of light-
weight material with high thermal conductivity.

Processing and microstructure are critical factors in achieving the above
mention properties and performance. Additive manufacturing is a pop-
ular process to build complex geometries for jet engine components.
Here, the directed energy deposition (DED) is chosen to fabricate the
element with the control of laser beam size, scan speed, tool path, layer
height, and powder feed rate. By adjusting these factors, many struc-
tural aspects can be attained, such as geometry, architecture, morphol-
ogy, and gradient microstructure. Amongst them, the gradient mi-
crostructure, including the gradient increment of element composition
ratios, is the main focus of this study. The gradient increment of the Nio-
bium element in Inconel 718 with the gradient change in microstructure
is expected to respond to the different mechanical stress of the compo-
nent in working conditions.
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Materials Selection

AM Processing on Microstructure

Figure 3: Effects of graded Niobium on phase precipitation in Ni-based
superalloy [1]. Grain refinement of functionally graded IN718 as a result
of selected laser melting process [2].

The addition of Niobium content into the Inconel 718 by Additive Manu-
facturing can create gradient structure based on the chemical and struc-
ture gradient. Increment Niobium content using a layer-by-layer ap-
proach generate the gradient of Niobium concentration in solid solution
of the FCC γ phase. Adding excess amount of Niobium amount will
promote the precipitation of the strengthening γ” or the brittle Laves
phases, then fabricate the gradient in volume of these phases. In addi-
tion, the change in concentration of element also leads to the changes
in grain sizes by differ the kinetic reactions. Moreover, the adjustment
in Additive Manufacturing process also can help to tailoring the texture
and grain size. Popovich et al. proposed the functionally graded Inconel
718 processed by additive manufacturing with different regions of fine
and coarse grained microstructure [2]. This work suggests the feasibility
of processing strategy for functional performance relating to the change
in microstructure.

Service Temperature

The maximum service temperature indicates the most extreme func-
tional temperature that designed turbine blades are capable of with-
standing. This study focuses on first-stage turbine blades, which are
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placed directly after the combustion chamber. As such, the turbine
blades are exposed to the highest temperature by the ignited fuel-air
mixture pushed from the combustion chamber. During the startup of
gas turbine operations, the turbine inlet commonly reaches a maximum
temperature of 1350°C [3]. Figure 4 provides an illustration of the maxi-
mum service temperature for fan blades, compressor blades, and turbine
blades for specific tensile strengths. This study focuses on materials that
are suitable for turbine blades under these high-temperature environ-
ments. This selection of materials includes Stainless Steel 316L, Hastel-
loy X, and Inconel 718, among others [4].

Figure 4: Maximum service temperatures of specific tensile strengths for
materials suited for fan, compressor, and turbine blades [4].

Specific Tensile Strength

Turbine blades experience sustained stresses as a result of their opera-
tion; therefore, it is important to consider the limits of a material’s abil-
ity to withstand tensile stress before fracture occurs. This property is a
key mechanical strength metric as a material with a high tensile strength
is better able perform under high cyclical loading and high centrifugal
forces. This translates to a longer operational lifetime for the turbine
blades and reduces the need for frequent maintenance or replacement.
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Figure 5: Tensile strength and density for materials with a greater tensile
strength of 850 MPa, maximum service temperature of 1350 C, and excel-
lent oxidation resistance at 500 C.

Specific Fracture Toughness

Turbine blades are subjected to high centrifugal forces and high cycli-
cal loading that may make the material susceptible to crack propagation
and cause failure. In order to assess the stability of a material in these
conditions, the fracture toughness of prospective materials will be con-
sidered. The fracture toughness characterizes a material’s resistance to
the propagation of crack, or other deformations, under applied stress.
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Figure 6: Fracture toughness and density for materials with a greater ten-
sile strength of 850 MPa, maximum service temperature of 1350 C, and
excellent oxidation resistance at 500 C.

Oxidation Resistance

The turbine blade works at high-temperature typically above 1000 C.
At this operation temperature, the surface oxidation is accelerated and
becomes the critical factor in reducing the time service of the blade. Ox-
idation resistance can be improved by some alloying elements such as
Cr and Al to form the protective oxide layer. The Cr2O3 can improve
the oxidation resistance at moderate temperatures (up to 900 C). Adding
Al with approximately 6wt% into the alloy at higher operating temper-
atures can form the protective oxidation Al2O3 [reference]. Therefore,
the Inconel 718, with a high fraction of Cr and Al components, will be a
good material for the turbine blade [5]. Experimental work showed that
Inconel 718 oxidation rates at 900 C and below atmospheric pressure are
minimal, with no measurable weight gain from oxidation after 24 hours.
At a higher temperature regime from 950 C to 1300 C, Inconel 718 dis-
played parabolic oxidation rate dependence for up to several weeks [6].
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Price

The cost is always remaining the crucial factor for considering the mate-
rials in design for production. The Ashby chart shows the ratio of cost
versus the yield strength from various of super alloys and Ni-based al-
loys. It shows that IN718 have the good combination of low price (about
$120 per kg) and the high yield strength of 1000 MPa.

Figure 7: Ashby diagram comparing cost and yield strength of common
superalloys [7].

Property Requirement
Tensile Strength ≥850 MPa

Maximum Service Temperature 1350 ℃
Corrosion Resistance Excellent
Oxidation Resistance Excellent
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Design Approach

Experimental Workflow

The workflow of the experimental process is outlined in Figure 8. The
experimental process consists of four steps of material preparation,
printing, sample preparation, and characterization.

Figure 8: Experimental workflow for the preparation, fabrication, and
characterization of a 3D-printed build.

Material Preparation

A blend of IN718-Nb powder was premixed and loaded into a single
hopper. The composition was a ratio of 100:4.4g IN718 to Nb (resulting
in a final content of 9wt.% Nb). Premixing was done separately and
prior to the mixing that occurs within the powder delivery system since
the built-in mixer can only adjust material output in steps of 0.1 RPM
(~10g/min), which would yield compositions with excessive Niobium
(>10 wt.% Nb) . By premixing the Niobium powder with IN718, lower
percentages of Niobium can be achieved in the final material gradient.
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Experimental Printing Setup

Figure 9: Experimental setup of the Additive Rapid Protoyping Instrument
(ARPI) for the fabrication of printed structures.

A custom additive manufacturing setup (Additive Rapid Prototyping
Insturment, ARPI) was used to facilitate experimental printing. The
setup was used to perform directed energy deposition (DED), a 3D print-
ing technique where powder is deposited onto a substrate and is imme-
diately melted and fused together via a high-powered laser to form 3-
dimensional structures. The laser employs a continous wave at a wave-
length of λ = 450 nm with a laser processing unit (Precitec). This laser
processing unit is composed of a coaxial nozzle, where a laser beam is di-
rected through the center of the nozzle and powder is deposited through
the coaxial ring. The motion of the laser processing head is controlled by
a cartesian motorized stage (Aerotech). Powder was stored in two sep-
arate hoppers and fed into a powder delivery system (Fraunhofer) that
can mix powders together at varying mass flow rates.
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Figure 10: Experimental phases of the project. Phase 0 consists of prelimi-
nary test prints, phase I includes printing thin-walls composed of a single
element composition ratio, and Phase II involves printing a full gradient
thin-wall [8].

The laser parameters were set based on the laser settings to form a stable
melt pool for a pure IN718 build. This was done because the majority
of the resulting powder mixture will be primarily composed of IN718
relative to the Nb content in the mixture. The laser was set to 500 W
with a scanning speed of 7 mm/s and a layer height of 0.33 mm to build
a 30 mm thin-wall of 30 total layers. The laser parameters are outlined
in Table 1.

Table 1: Baseline laser parameters for IN718 thin-wall builds.

Power Spot dia. Standoff Scan Spd. Wall Len. Layer Ht. Layers
500 W 1.4 mm 10 mm 7 mm 30 mm 0.33 mm 30 layers

For the following experiments, the loaded powder in the custom setup
consisted of pure IN718 in Hopper A and an IN718-Nb mixture in Hop-
per B (See Material Preparation Section). The elemental composition ra-
tios and accompanying mass flow mixing settings are shown in Table
2.
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Table 2: Powder mass flow rate settings for thin-wall build experiments.

Exp No. wt.% Nb IN718-Nb Flow Rate [g/min] IN718 Flow Rate [g/min]
1 5% 0 10
2 10% 1 10
3 20% 2 1
4 6% 2 8
5 7% 4 6
6 8% 6 4
7 9% 8 2
8 5-9% 0 to 1 1 to 0

Sample Preparation

The samples will be prepared for two main purposes: characterization
and mechanical testing. In order to analyze the microstructure of the al-
loys, the samples will be mounted with a conductive material in a hot
mounter and subsequently polished for a mirror finish. The sample
preparation for samples that will undergo mechanical testing will in-
volve sectioning with a wet saw to create samples of equal dimensions.

Microstructural Characterization

A scanning electron microscope (SEM) will be used to characterize the
spatial distribution of phases within the alloy samples. An image may
be captured using the backscatter electron (BSE) detector to highlight the
areas with Niobium content. The energy dispersive x-ray spectroscopy
(EDS) feature of the SEM will be used to understand the concentration
of elements throughout the sample. This method will be a more rigor-
ous approach to understanding the elemental distribution and may help
with phase identification.

Mechanical Characterization

In order to evaluate the performance of the fabricated alloys, the charac-
terization of their mechanical strength is necessary to understand how
the addition of Niobium impacts the performance of the material within
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the context of turbine blade application. Tensile strength was selected
as a metric of interest since turbine blades undergo this type of loading
during their operation. As turbine blades spin, they experience cycles of
tension and compression during each rotation. Obtaining a value for the
maximum tensile load tolerated by the samples may give insight into the
operational lifetime of the alloy if it were in use. The second metric used
to characterize the samples is microhardness. Hardness measurements
are useful when evaluating the mechanical stability of a material as it
measures the material’s resistance to plastic deformation. Microhard-
ness is especially insightful for evaluating the design of alloys because
it can provide information regarding the material’s microstructure by
mapping hardness values across different regions of the sample which
may contain different phases. This testing may give information about
the mechanical behavior of the different phases that result from the ad-
dition of Niobium to Inconel 718.

Results and Discussion

Microstructural Analysis

Inconel 718 (IN718) is the Face-Centered Cubic (FCC) niobium-modified
precipitation-hardened nickel-iron alloy with the nominal composition
of Ni (50-55%), Cr (17-21%), Mo (2.8-3%), Ti (0.65-1.15%), Co ( 1%),
Nb (4.8-5.5%) and Fe (balance). The microstructure of IN718 contains
the FCC matrix (γ phases), strengthening carbides (MX (Nb,Ti)(C, N)),
and intermetallics such as FCC γ’ Ni3(Al,Ti,Nb) and ordered tetrago-
nal γ" Ni3Nb phases. The microstructure of IN718 also concludes some
undesired phases such as hexagonal laves (Ni, Fe, Cr)2(Nb,Mo,Ti), or-
thorhombic δ Ni3(Nb,Ti), and tetragonal σ CrFe phases. Of these un-
desirable phases, the laves phase is particularly concerning because this
brittle intermetallic compound can strongly degenerate the mechanical
properties of IN718 (ref)??. However, some specific thermal treatments
are often used to dissolve the unfavorable laves phase and increase the
phase ratio of strengthen phases γ’ and γ". Inconel 718 (IN718) is the
Face-Centered Cubic (FCC) niobium-modified precipitation-hardened
nickel-iron alloy with the nominal composition of Ni (50-55%), Cr (17-
21%), Mo (2.8-3%), Ti (0.65-1.15%), Co ( 1%), Nb (4.8-5.5%) and Fe (bal-
ance). The microstructure of IN718 contains the FCC matrix (γ phases),
strengthening carbides (MX (Nb,Ti)(C, N)), and intermetallics such as
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FCC γ’ Ni3(Al,Ti,Nb) and ordered tetragonal γ" Ni3Nb phases. The
microstructure of IN718 also concludes some undesired phases such
as hexagonal laves (Ni, Fe, Cr)2(Nb,Mo,Ti), orthorhombic δ Ni3(Nb,Ti),
and tetragonal σ CrFe phases. Of these undesirable phases, the laves
phase is particularly concerning because this brittle intermetallic com-
pound can strongly degenerate the mechanical properties of IN718 [9].
However, some specific thermal treatments are often used to dissolve
the unfavorable laves phase and increase the phase ratio of strengthen
phases γ’ and γ".

Figure 11: The BSE image of microstructure in IN718. (a) The microstruc-
ture of IN718 with γ matrix (grey) and laves phase (white), (b) Yellow cir-
cles mark some representative pores. The laves phases are homogeneously
distributed in the matrix. The size of laves phase is estimated from 1 to 10
µm.

The BSE microstructural images of IN718 by DED are presented in Fig-
ure 11. It shows the γ matrix (grey) and laves phase (white). The alloy
has many pores (in yellow circles), as shown in Figure 11b. The laves
phase is homogeneously distributed in the matrix with irregular shapes
and sizes in the range of 1-10 µm (Figure 11c). The volume fraction of
laves phase is estimated at 5%. Laves phase volume fraction is reported
as 3.5-15% in IN718 by laser DED with a high cooling rate [10, 11]. The
volume fraction of laves phase in IN718 by DED manufacturing is no-
tably higher than in the casting method, with laves phase volume is ap-
proximately 1.2-2% [12]. It leads to an apparent relation between laves
phase volume and solidification rate. Therefore, adjusting processing
parameters, particularly the solidification rate, in AM production is a
factor in the produce gradient microstructure with the function of laves
phase volume fraction.
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Figure 12: The BSE and EDS elemental mapping image of microstructure
in IN718-10Nb. (a) The Dendrite morphology of laves phase is in the
network-like structure. (b) The Yellow circles mark some representative
pores. The EDS elemental mapping confirms the network-like structure of
laves phases, with laves phase enriched in Nb and Mo elements.

Figure 13: The BSE microstructural image of IN178-20Nb. (a) The Dendrite
morphology of laves phase (b) The dendrite structure with the chain-like
structure (in red circle) at some position.

The BSE microstructural and EDS elemental mapping images of Nb-
addition to IN718 are displayed in Figures 12 and 13. Both samples show
dendrite morphology with a characteristic of columnar grain. However,
there was a marked difference in the microstructure of IN718 with 10%
Nb (IN718-10Nb) and IN718 with 20% Nb (IN718-20Nb). In the IN718-
10Nb sample (Figure 12), the dendrite morphology of laves phase is in
the network-like structure (Figure 12b) with the confirmation of EDS
elemental mapping in Figure 12c, as in consensus to the research of
IN718 with 11% Nb addition by laser DED [13]. In contrast, the IN718-
20Nb microstructure (Figure 13) displayed the dendrite structure with
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the chain-like structure at some positions, as shown in Figure 13b [13].
The size of laves phase in IN718-20Nb is also notably larger than those
in IN718-10Nb, resulting from an increment in Nb content. In addition,
the volume fraction of the laves phase is also highest in the IN718-20Nb
sample. Heat treatment in IN718-10 Nb and IN718-20 Nb can dissolve
the laves phases. The Nb concentration from the partial dissolution of
the Laves phases is again back to γ matrix to form the strengthening
γ" phase in the interdendritic region [9]. Moreover, the Nb element
also had a lower diffusion rate to not create Nb micro-segregation at
the high cooling condition of DED. As a result, the increased concentra-
tion of Nb element in γ matrix forms the solid solution to strengthen
the alloy. Another point is the lattice distortion caused by the mismatch
between atomic size difference and the short-range internal stress be-
tween γ matrix and Nb solute atoms. Therefore, adding Nb in IN718 can
promote the hardness and tensile properties through various strength-
ening mechanisms [9, 13] However, the fracture toughness of Nb aug-
mented IN718 is decreased by the interface instability between the laves
phase and the austenite γ matrix and from the brittle laves phases. The
research on the corrosion behavior of Nb augmented IN718 by laser
melting deposit was carried out with electrochemical tests, including
electrochemical impedance spectroscopy and potentiodynamic polariza-
tion [14]. Adding Nb in IN718 also supports corrosion resistance, par-
ticularly improvement in pitting corrosion. This positive finding is at-
tributed to the carbide precipitates due to the strong affinity between
niobium and carbon.

Temperature-Displacement Model

A coupled temperature-displacement model was simulated to deter-
mine the potential thermomechanical effects a printed part may expe-
rience under extreme operating conditions. ABAQUS was used to gen-
erate the graded model. The part was partitioned into 5 distinct sections,
where it was graded for 5, 6, 7, 8, 9 wt.% Nb (from bottom-up). The ma-
terial property values used are shown in Figure 14, which displays a
diagram of the simulated model.
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Figure 14: Diagram of the simulated graded part with material properties
for 5 and 9wt.% Nb.

The boundary conditions for the model included a fixed bottom edge
and temperature at 1000 C at the same location. The loading condi-
tions considered the most extreme case for the functional turbine en-
vironment. A maximum operating stress of 1000 MPa and a calculated
heat flux of 14000 W/m (based on a service temperature of 1350 C) was
applied to the top edge. These values were previously defined in the
materials selection portion of this study.

Figure 15 shows the simulated temperature gradient of a potential
printed part. It is noted that there are sharp changes in gradient for each
of these partitions as this models an as-built printed sample. The gradi-
ent is constant throughout each partition and large incremental changes
in temperature are made as heat dissipates downward. Under steady-
state conditions, the temperature linearly decreases from 1350 to 1000
C. This behavior is displayed in Figure 16. Further studies can compare
discretized parts with finer gradients.

The von Mises stress distribution of the simulated wall is shown in Fig-
ure 17. The stress gradually descends as the load travels further down
the part. Drops in stress were observed for height positions 18 and
24mm, as this is the interface between two different partitions. The
stress distribution is curvilinear because the center of the part under-
goes slightly larger amounts of deformation, which results in a greater
surface area and is inversely proportional to mechanical stress. The sim-
ulated part was able to endure at least 850 MPa of load, which is the
required tensile strength of this part.
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Figure 15: Temperature gradient of a wall consisting of five distinct grades.

Figure 16: Modeled temperature distribution of a wall operating under
turbine service conditions (up to 1350 C).

Figure 17: Stress distribution of wall enduring maximum expected turbine
loads (1000 MPa).
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Validation

As a validation of this work, it is recommended that both experimental
and computational work should be done to verify the thermomechani-
cal responses of the printed parts. Since it is difficult to print a true gra-
dient from layer-by-layer 3D printing approaches, a fine gradient can
be simulated to determine if the behavior of the printed graded parts
are similar to that of real gradients. Additionally, further validation of
this study can be done by printing materials with greater dissimilarity
(such as printing composite materials). This would demonstrate the full
capabilities of DED printing processes for manufacturing functionally
graded parts.

Future Steps

Evaluating the microstructure of the preliminary samples is important to
pinpoint defects or other undesirable features and develop hypotheses
about how the processing may have resulted in these aspects. The next
step would be to make adjustments to the parameters used to fabricate
the samples. The goal of designing this functionally graded material
is to create small enough step sizes between sections of different com-
positions such that these interfaces do not act as stress concentrators.
This research also aims to assess the viability of using additive manu-
facturing as a primary technique to fabricate functionally graded mate-
rials since this method offers advantages to current methods. The main
advantage of additive manufacturing is the high degree of control that
users have over the design of their sample’s microstructure. Characteri-
zation of the microstructure would also serve to build an understanding
of how phases precipitate as the Niobium content changes with spatial
orientation. It would be of interest to characterize these interfacial ar-
eas with SEM using backscattered electron (BSE) imaging and EBSD for
phase identification. The BSE imaging would give information about
the distribution of different phases and EBSD would provide informa-
tion about volume fraction and crystallographic orientation that would
aid in identifying these phases.

In order to assess the performance of the functionally graded alloy in
comparison to pure Inconel 718, the samples may be subjected to tensile
testing to find the maximum allowable loads and to identify the failure
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sites. Imaging of the failure sites would allow for analysis of the failure
mechanisms which may depend on how phases precipitate throughout
the sample.
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