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Abstract

This study investigates the development of functionally graded materials (FGMs) designed to possess a
combination of high temperature resistance and high strength, with potential applications in defense,
aerospace, energy, and medical sectors. Specifically, the research focuses on fabricating functionally
graded beams composed of SUS316 and Al;05 using the plasma spraying technique with ceramic content

varying from 0 to 40% at the outermost surface. The research involves parametric optimization to
determine the ideal process parameters for FGM beam fabrication. Potential defects such as porosity and
voids identified during sample preparation were addressed through targeted corrective measures,
including controlling the relative speed of the spray gun and adjusting the coating thickness with each
pass. A detailed microstructural analysis, conducted using scanning electron microscopy, reveals a layered
gradation of materials within the plasma-sprayed beams, with distinct distribution patterns of the
constituent elements.
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Introduction

The evaluation of thermal strain and stress is a crucial aspect of the design process for systems such as gas
turbine, nuclear reactor assembly, aerospace components, chemical reactors, and electronic circuit boards.
When structural elements such as frames, outer coverings, or enclosures are exposed to surface heating,
temperature gradients develop in different directions within the material. These thermal gradients can
lead to thermal distortion, thermal sag, and mechanical interference, which may result in malfunction or
operational failure. During last two decades, researchers have started focusing on functionally graded
materials (FGMs) characterized by gradual spatial variation in their composition, leading to corresponding
changes in their properties [1,2]. FGMs composed of ceramic on the outer surface and metal on the inner
surface, and a gradual transition between ceramic and metal in the intermediate layers, are highly
effective at reducing mechanical and thermal stress concentration. For example, during re-entry into
Earth's atmosphere, the space shuttle uses ceramic tiles for thermal protection to withstand intense heat
generated [3]. The silica tiles are bonded on to the aluminum stiffened super structure of the shuttle. The
silica tile expands at a different rate than the underlying aluminum structure it is protecting. This
difference in thermal expansion between silica and aluminum creates stress concentrations at the
interface between the tile and substructure, potentially leading to cracking or delamination of the tile.
The ceramic tiles can be replaced by FGM tiles with inner material similar to superstructure and outer
material as ceramic.

Lambros et al. [4] introduced an innovative method for fabricating and conducting fracture tests on large-
scale polymer-based FGMs. Similarly, Mahamood et al. [5] provided a comprehensive review of fabrication
techniques, application areas, and recent research developments related to FGMs. They classified FGMs
into two main categories: thin and bulk FGMs. Thin-section or surface coating FGMs are created through
methods such as chemical vapor deposition, physical vapor deposition, and plasma spraying, while bulk
FGMs are produced using techniques like solid freeform fabrication, centrifugal casting, and powder
metallurgy. Sobczak and Drenchev [6] carried out an extensive review of the core manufacturing methods
for metal-based FGMs, presenting several previously unpublished findings. They showed that it is possible
to create FGMs with customized gradient variations to suit the specific needs of various engineering
applications. Mondal et al. [7] offered a brief review on the current status of thermal barrier coatings,
highlighting recent advancements in their fabrication and performance, addressing their limitations, and
providing recommendations for their future use in extreme high-temperature environments. Ju et al. [8]
analyzed recent developments in research on steel-based FGMs, categorizing them by material and
gradient types, and discussed the challenges and issues related to these materials. Saleh et al. [9] provided
an overview of design and manufacturing techniques for smooth graded FGMs, outlining the key
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challenges and advantages of these methods based on over 30 years of available literature.

Among the various processes used to fabricate graded materials, thermal spray stands out as one of the
most suitable techniques for producing gradient materials due to its versatility and excellent
microstructural control. Numerous studies have explored the fabrication of metal-ceramic gradient
materials, specifically using alumina as the ceramic component, through different plasma spraying
methods. Ctibor et al. [10] employed the water-stabilized plasma (WSP) spray and gas-stabilized

plasma (GSP) spray processes to create composite coatings from a blend of stainless-steel powders and
alumina-based ceramic. Gu et al. [11] utilized the plasma spray technique to fabricate functionally graded
ZrOy-NiCrAlY coatings, using pre-mixed spheroidized powders as feedstock. The chemical homogeneity

and consistent density across the layers is achieved by use of pre-mixed powders. Amsellem et al. [12]
studied the microstructure of a range of composites fabricated using air plasma spraying (APS) alumina.
Zhang and Kobayashi [13] investigated the corrosion resistance of AlyOz + ZrOy composite coatings

applied to stainless steel substrates using a gas tunnel-type plasma spraying process. Li and Sun [14]
examined the properties and microstructure of AlyO3 coatings deposited with a novel hollow cathode

microplasma torch. Using the combustion powder thermal spray process, Kapuria et al. [15] fabricated the
five-layered Ni-Al;03 FGM beam samples. The static bending and free vibration behavior studies using

experimental and theoretical investigations of SUS316/Al,03 FGM beams, fabricated using plasma
spraying techniques, have been performed by Malik et al. [16]. Bhattacharyya et al. [17] fabricated
multilayered FGM Ni/AlyOz and Al/SiC beams using the thermal spraying technique and powder

metallurgy process, respectively. Wattanasakulpong et al. [18] developed a theoretical model based on
third-order shear deformation theory to analyze the free vibrations of AlyOz/epoxy FGM beams, which

were produced using a multi-step sequential infiltration technique. Discrepancies between the theoretical
and experimental results were observed, primarily due to porosities introduced by imperfect infiltration
and the approximations made in the material model. Parihar and Maitra [19] conducted studies on the
design optimization of a rotating truncated conical shell made from FGM, subjected to both variable and
constant internal pressures, using the Finite Element Method. Williams et al. [20] reviewed several recent
patents on the spark plasma sintering process, particularly those related to electromagnetic functional
materials, nanomaterials/composites for mechanical applications, thermoelectric materials, and fuel cell
components.

Grammes et al. [21] presented a combined analysis of hardness profiles through indentation and
microstructure of functionally graded tungsten/steel coatings, which were plasma sprayed onto steel
substrates. Experimental studies conducted by Ortega-Bautista et al. [22] investigated the effect of powder
characteristics, such as chemical composition, on the deposition of ceramic coatings on PEEK substrates.
Their findings demonstrated that the surface of PEEK can be successfully functionalized, transforming it
from an inert material to one displaying bioactivity through the application of a HA-based bilayer or
multilayered coating. Audouard et al. [23] investigated the Spark Plasma Sintering (SPS) of fully stabilized
hafnia with yttrium oxide (yttria) to understand the impact of manufacturing parameters on the
crystallography, chemistry, and microstructure of the material. Kim et al. [24] additively manufactured a
FGM composed of a Ni-based Inconel superalloy (Inconel 718) and Fe-based stainless steel (SS 316L) via
directed energy deposition (DED). They evaluated the microstructural transformation, defect behavior,
and Vickers hardness of the material, observing these properties as a function of the discrete chemical
composition, which varied in steps of 10 wt% of the two materials along its length. Guo et al. [25]
fabricated tungsten-armored first wall composite coatings of W-316 L steel (WSS) on 316 L steel
substrates using detonation spraying (DS) to investigate their main characteristics and performance under
transient heat shocks. Goudarzi et al. [26] designed and optimized the structure of a thick thermal barrier
coating by incorporating graded layers to achieve a balance between high thermal insulation capacity and
durability, which was fabricated using APS. Singh et al. [27] formulated a functionally graded coating
(FGC) in three successive layers over TigAl4V alloy using an APS process. Muniraj and Sreehari [28]

investigated the structural response, energy absorption, and damage mechanisms of Al/SiC functionally
graded plasma-sprayed face plates and aluminium honeycomb cores subjected to single and repeated
impacts. Matéjicek et al. [29] fabricated tungsten-steel composites and FGMs using a high-power hybrid
water-argon plasma spraying system.

In recent years, researchers have focused on the understanding and developing the manufacturing
processes and deposition materials necessary to produce FGMs with a smooth gradation of properties.
This study investigates in detail the use of plasma spraying technique for fabrication of functionally
graded SUS316-Al;07 beams. To study the material gradation, the microstructure studies are performed

on FGM powders and FGM beam samples using scanning electron microscopy (SEM). These samples are
further used for characterization of thermal and structural properties of FGM beam samples.

Materials And Methods

Material gradation across the thickness of the FGM beam

The FGM structure is regarded as a laminate composed of multiple layers of isotropic materials perfectly
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bonded, where each layer has a distinct composition of metal and ceramic, different compared to adjacent
layers. As shown in Figure /, consider a beam of length L having rectangular cross section. The mid-plane
of the beam defines x-coordinate, the y-coordinate is along the width of the beam, b, while the z-
coordinate is across the thickness (or height, h) of the beam. The metal and ceramic volume fraction
follows a power law distribution, combined with the simple rule of mixtures. The material properties are
considered to vary along the thickness direction of beam, with the top surface being pure ceramic and the
bottom surface of pure metal.

- A Variation of volume
! fraction of ceramic A
'
: Ceramic rich T
h
2
O [------ e e Xy h --'L

" /SUS}I(S* 100%
- Metal rich
2 / ; /) l— >
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FIGURE 1: Geometry of a typical three-layer FGM fabricated of SUS316
and Al203

FGM, functionally graded material

The power law index, n, is always greater than or equal to zero. For different values of n, varying volume
fractions of metal can be obtained. The variation of ceramic volume fraction, V., with power law index, n,
and thickness coordinate, z/h, is shown in Figure 2. From Figure 2, it is worth noting that n = 1 follows the
linear curve. Effective material properties are calculated based on the volume fraction of ceramic or metal
in a particular layer. The effective material property variation across thickness is given by the relation:

N
Pus(z) = (P, — Py) <%+5) +P, M

where subscript ¢ and m in Equation (1) denote the material property of pure ceramic and metal. The
material properties for each layer vary as per the rule of mixture along the z direction.
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FIGURE 2: Variation of ceramic volume fraction with power law index
and thickness coordinate

For each layer having a mixture of metal and ceramic with volume fractions V,, and V, the simple rule of
mixture (ROM) is given by

The power law equation is the most popular model used to describe the volume fraction variation of either
metal or ceramic in designing of FGMs. In the present study, the power law equation is modified so that
the volume fraction of outermost layer of ceramic will be based on the actual percentage of volume
fraction of ceramic (i.e. 40%) in FGM powder rather than considering 100% ceramic. The effective material
property, P for each layer of the stepwise graded FG beam is given as

Pegs(2) = PoVin(2) + PVe(2) 3)

The volume fraction of ceramic or metal is governed by power law index according to Equation (1)
wherein the volume fraction is defined by

z  1\"
Vc:(ﬁ-‘r§> )

Equation (1) works well when an extreme surface of the beam has the 100% volume fraction of ceramic.
When the ceramic rich surface is less than 100%, the appropriate volume fraction distribution based on
power law distribution is modified as

z  1\"
Ver = (E + 5) Veax 5)

where Vi pqy is the maximum volume fraction of ceramic present in the material.

Fabrication of functionally graded material beams

Thermal spray and powder metallurgy have been the most widely used processes for fabricating FGMs.
These processes are recognized for their versatility and excellent microstructure control. Thermal spray
coatings are very reliable and can produce material coatings having minimum porosity less than 1% and
coating thickness can be tailored to as thin as 0.075 mm when compared with the conventional
technologies such as powder metallurgy. FGM beam samples of SUS316-Al,03, consisting of multiple

layers with varying volume fractions of metal-ceramic combinations, were fabricated for experimental
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Sample no.

No. of layers

investigation using the thermal spray process. The raw materials included 100% pure SUS316 powder with
a 63-um particle size and 99.9% pure Al,Oz powder with 15/45-um size. A 0.6-mm thick SUS316 plate was

used as the substrate onto which SUS316-Al;03 mixture in powder form was sprayed. During the

preparation of sample by thermal spray system, the thickness of individual layer was approximately
maintained as 0.1 to 0.2 mm. The material properties variation is considered along the thickness
direction. The ceramic content in each layer of the FGM beam samples was varied linearly from 0% to 40%,
based on a power law index of n = 1 with the pure SUS316 metal base, middle layer with 20% ceramic
content and the top layer having 40% ceramic content. The material was meticulously sprayed across the
substrate surface to achieve uniform thickness. The details of the samples prepared using thermal spray
process used in the present study are given in Table /. The sample used in present study was 150 mm long,
30 mm wide and had an average thickness of 0.925 mm.

Volume fraction of metal and ceramic (%)

Length “L”, mm  Thickness “h”, mm  Width “b”, mm

1 2 3

100:0 80:20 60:40 150 0.925 30
100:0 80:20 60:40 180 0.75 17.5
100:0 80:20 60:40 180 0.78 30
100:0 0:100 = 150 0.72 30

TABLE 1: Details of the fabricated SUS316-Al203 FGM beam samples

FGM, functionally graded material

Powder mixing

Two SUS316/A1,03 stock mixtures, with 20% and 40% ceramic volume fractions, were prepared, and
mechanical alloying was performed in a high-energy planetary ball mill (RETSCH PM-100,

Figure 3). Stainless steel milling container and tungsten carbide balls were used for mixing. The number of
tungsten carbide balls used in this study matched the weight of the powder to be milled. The milling of
powder was performed at a rotation speed of 200 rpm for a duration of 2 hours. Post mixing, the size of the
FGM powder mixture was expected to be in range from 25 to 50 pm.

Container

Control

FIGURE 3: PM-100, Planetary Ball Mill used for blending FGM powders

FGM, functionally graded material

Plasma thermal spray process
The SUS316/A1,07 system FGM samples were fabricated using the plasma spray process, also called as the

flame/thermal spray process. This method is suitable for materials having melting temperatures higher
than those achievable by the flame. The spray material is injected as a powder outside of the gun nozzle
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into the plasma plume, where it is melted, and hurled by the gas onto the substrate surface. The thermal
spraying was performed using a Sulzer-Metco Atmospheric Plasma Spray system with a 3MB spraying gun,
capable of up to 40 kW power. The cylindrical nozzle, made of copper, functions as the anode, while the
cathode is composed of thoriated tungsten (containing 2 wt.% Thoria). The schematic of a typical plasma
thermal spray gun is shown in Figure 4. A 0.6 mm thick 100% pure SUS316 plate served as the substrate.
The layers of molten powder material were carefully sprayed on this substrate. To prevent distortion
during spraying, a steel backing plate was used to support the substrate. SUS316 substrate was brazed to
the backing plate for support. Before thermal spraying, the SUS316 substrate surface was grit blasted with
SiC grits to remove any rust, followed by cleaning with acetone. The FGM in powder form was melted in an

oxy-acetylene flame to form a fine spray. The dry acetylene pressure was maintained at 1 kgf/cm? and

oxygen pressure was set to 1.75 kgf/cmZ. To prevent metallurgical changes, damage, or distortion to the
substrate, it was kept at a low temperature during the spraying process, allowing the molten droplets to
solidify rapidly and form a coating. The FGM powder was carefully sprayed all over the substrate surface to
ensure uniform thickness, with each layer maintained at approximately 0.1 to 0.2 mm. The thickness of
each layer depended on the number of passes of the plasma spray gun, with each pass contributing
roughly 0.075 to 0.1 mm to the layer thickness. The basic setup parameters used for fabrication of FGM
beam samples are summarized in Table 2. Three FGM beam samples, each with three layers, as detailed in
Table 1, were fabricated using similar process to assess the repeatability of the experimental results. In the
fourth beam sample, 100% Al,O3 powder was sprayed onto the SUS316 substrate to compare the FG

material coating with a pure ceramic coating on a metal substrate.

Insulator
\
Coati SUS316
oating Substrate
Sic Grit Blasted +
Plasma Flame Clean with Acetone

Tungsten
[
K q
g '\\"fx;' Relative
\'\ ( Motion
[
R Gas ®~Spraying Material
; SUS316+Al:0
Cooling = pb—{ & Cooling =

FIGURE 4: Schematic diagram of a typical plasma spray process

Parameters GSP

Gas flow rate Ar/Ho 45/15 NL/min
Spray rate 3 kg/h
Particle velocity <450 m/s
Gas temperature 12000°C
Stand-off distance 100 mm
Substrate preheating temperature 200°C

TABLE 2: Plasma spraying setup parameters for FGM sample fabrication

FGM, functionally graded material; GSP, gas-stabilized plasma

Results

The microstructure analysis of SUS316 and Al,O3 powders, along with their mixtures of different

compositions and metallographically polished FGM beam samples, was examined using a JEOL JSM
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6380LA SEM. A SEM is a type of electron microscope that provides high-resolution, detailed images of the
surface of a sample. SEM uses focused beams of electrons to scan the surface of a specimen which allows
SEM to achieve much higher magnifications and resolutions, typically in the nanometer to micrometer
range. An SEM images are highly useful for the study and characterization of FGMs. SEM provides detailed
images at high magnifications, allowing the examination of the microstructure of FGMs. This is important
because the properties of FGMs depend significantly on their microstructure, which changes across the
material. SEM images are used to study the microstructure, phase distribution, surface morphology,
porosity, and defects in FGMs. They help identify the gradation of materials, evaluate surface coatings, and
measure the thickness of different layers. The samples for the current study were prepared using standard
procedures for SEM analysis.

SEM analysis of powder and mixtures

SEM images of SUS316 powder as in Figure 5a indicated that SUS316 powder composes of spherical
particles with varying sizes of powder molecules from 3.22 pm to 36.6 pm. SEM micrograph of pure
aluminium oxide is shown in Figure 5b. Alumina particles have irregular flake-like structure with sharp
and pointed edges, with particle sizes ranging from 13.9 um to 72 pm. Figure 6 shows the SEM
micrographs of SUS316-Al,03 powder mixtures with compositions of SUS316 and Al;Oz in ratios of 60:40

and 80:20. It is observed that as the volume fraction of AlyO3 increases, a more pronounced flake-like

structure emerges, with particle sizes ranging from 22.1 pm to 44.3 um and SUS316 spherical particles
with varying sizes of powder molecules from 4.12 ym to 21.2 pm.

FIGURE 5: SEM micrographs of (a) SUS316 powder and (b) aluminium
oxide (Al203) powder

SEM, scanning electron microscopy
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(a) 60%SUS316-40%Alumina (b) 80%SUS316-20%Alumina

FIGURE 6: SEM micrographs of mixture of SUS316-Al203 powders

SEM, scanning electron microscopy

SEM analysis of FGM beam samples

Figure 7a presents the SEM micrographs of the SUS316-Al,05 FGM beam sample no. 2 across its thickness.
The micrograph indicates that the material composition of stainless steel (SUS316) and aluminum oxide
(Aly04) varies across the thickness of the beam. A magnified view of the encircled area in the SEM
micrograph is shown in Figure 7). In this image, it is observed that there is strong interface bonding
between the FGM mixture and the SUS316 substrate, with only minor porosity or voids. The dark spots in
the SEM micrograph correspond to aluminum-oxide particles, while the lighter, plain areas represent the
SUS316 material.
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60%SUS316+40%AL0s

80%SUS316+20%AL0:

—

100%SUS316

(a) variation of composition across thickness

48a S8xnm BB8B88 19 57 BEC

(b) interface of SUS316 substrate and SUS316-Al>O5 sprayed layer

FIGURE 7: SEM micrographs of thermal sprayed SUS316-Al203 FGM
beam sample no. 2

SEM, scanning electron microscopy; FGM, functionally graded material

Discussion

The plasma thermal spray technique was successfully employed to fabricate FGM beams of SUS316 and
AlyO3. Achieving a consistent compositional gradient required careful attention to beam design and

material selection, including controlling the relative speed of the spray gun and adjusting the coating
thickness to below 0.075 mm with each pass. A total of four FGM beams were successfully produced with
three- and two-layer counts having outermost ceramic volume fractions as 40% and 100%, respectively.
The microstructural study of the pure SUS316, alumina powders, and SUS316-Al,0z powder mixtures

using SEM, revealed clear morphological differences between SUS316 and alumina particles, which helped
in distinguishing SUS316 and Al,O3 particles in the mixture. The SEM observations reveal that as the

volume fraction of aluminum oxide increases, a more pronounced flake-like structure emerges,
confirming the higher aluminum oxide content in the powder mixture, as seen in Figure 6. Additionally,
the SEM images demonstrate a uniform distribution of aluminum oxide within the SUS316 powders with
varying particle size.

SUS316-Al,03 FGM beams were successfully fabricated, with material gradation observed in all
specimens. The microstructural analysis confirmed the uniform distribution of ceramic (darker grey spots)
and metallic (lighter creamy areas) phases, indicating consistent gradation across the beams, as seen in
Figure 8. Defects such as porosity/voids (dark black areas) encountered during sample preparation were
addressed by optimizing the processing parameters, leading to the production of high-quality FGM
beams. It is observed that the Al,Oz is evenly distributed within the SUS316 matrix, illustrating a strong

interfacial bonding. The interface between the 20% and 40% AlyOz layers is difficult to distinguish in

Figure 7a due to the homogeneous compositions of SUS316-Al,03 in adjacent layers. However, the bottom
layer (100% SUS316 substrate) and the FGM top layer (60% SUS316 and 40% Al,O3) can be easily
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differentiated. The microstructure showed a smooth transition from metal-rich zones, consistent with the
intended material gradation.

FIGURE 8: Distribution of SUS316 and Al203 in beam sample with
defects

The study confirms that continuous material gradation is attainable, and optimization of process
parameters effectively minimizes defects. These findings provide crucial insights into the successful
fabrication of FGMs with controlled ceramic content and layered structures, offering a basis for further
development in the manufacturing of advanced composite materials. This approach enabled a more
continuous and customized distribution of alumina, significantly reducing thermal mismatch and
improving structural integrity. The samples were further used for transient thermal analysis and thermo-
elastic response of SUS316-Al;03 FGM beam. The response of the two FGM beams were studied when

subjected to localized varying heat loads. The experimental results indicate that SUS316-Al,035 FGM

beams experience elastic deflection under higher thermal loads. The detailed discussion on thermo-elastic
response studies is not part of this article.

Conclusions

The plasma thermal spray technique has proven to be an effective method for producing SUS316-Al,03
FGM beams. This study demonstrates that a continuous gradation of materials can be achieved, and that
optimizing process parameters significantly reduces defects. These results offer valuable insights into the
controlled fabrication of FGMs with tailored ceramic content and layered structures, laying the
foundation for further advancements in the production of high-performance composite materials.

A microstructural analysis of pure SUS316, alumina powders, and their mixtures using SEM revealed
distinct morphological differences between the SUS316 and alumina particles, enabling clear
identification of each component within the mixed powders. The microstructural distribution of material
along the beam thickness showed the gradation of AlyOs. It is observed that there is a good interface

bonding of the SUS316-Al,0z FGM mixture with the SUS316 substrate with minor porosity or voids. The

material gradation studies of the beam will help the designer to opt for suitable power law index that will
provide a compromise for appropriate functional requirements on the structural element as well as design
variables like deflection and natural frequency.

The potential applications of FGMs are vast and unique, and they are expected to experience significant
advancements in the near future due to their exceptional properties, which are difficult to replicate in
conventional coatings. Despite rapid progress, particularly over the past decade, and numerous studies
aimed at enhancing the use of FGMs with gradient structures in various engineering applications, many
challenges remain. These include overcoming obstacles in scaling these coatings from laboratory-level
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research to industrial-scale production for several of the manufacturing methods discussed in this article.
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