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Functionally graded materials (FGM) are structures that can provide different material properties together.
To produce these structures, the additive manufacturing method has been used and preferred. In this study,
an FGM structure was fabricated by wire arc additive manufacturing (WAAM) process using low-alloy
ER70S-6 and austenitic stainless steel 308LSi metal wires. The FGM structure was characterized by tensile,
fatigue, hardness tests, and microstructure examinations. As a result of the applied tests, it was found that
the FGM structure has strong interfacial strength. In addition, no formations or defects that could reduce
the strength of the FGM part were observed at the interface and in the regions close to the interface. The
sides of the FGM part containing the base material could reflect their characteristic material properties.
FGM part, whose properties can be changed partially, has been successfully fabricated.

Keywords dissimilar, fatigue, FGM, functionally graded
materials, stee, WAAM, wire arc additive
manufacturing

1. Introduction

Depending on the advancement of technology in today’s
industry, there is a need for components that provide different
material properties locally as a single structure. Functionally
graded materials (FGM) have emerged as an advanced type of
material to manufacture these components. These are generally
preferred for critical and crucial service conditions, thanks to
providing different material properties within the same con-
struction (Ref 1). In addition, performing FGM fabrication with
two metals can provide cost reduction instead of using a single
high-cost material for the entire part (Ref 2). The manufacturing
of FGM structures by traditional methods is often complicated.
These structures, which can contain two metals, can be fabri-
cated using the additive manufacturing (AM) technique (Ref 3).
AM technologies offer an exclusive, cost-effective capability to
manufacture hybrid or multi-material parts for superior perfor-
mance (Ref 4). AM technique has the advantage, especially in
manufacturing complex-shaped FGM structures. The applica-
tion of the AM method with layer control has made it possible
to use different materials in the desired layer.

Today, different methods have been developed for the AM
process of metals. The most common metal additive manufac-
turing techniques are selective laser melting (SLM), electron
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beam melting (EBM), and wire arc additive manufacturing
(WAAM) (Ref 5). In the WAAM method, a welding arc is used
as a heat source, and wire is used as raw material (Ref 6). This
method allows the economical production of large-scale and
high-density parts (Ref 7). WAAM enables the fabrication of
custom geometries through direct fabrication from 3D data and
hybrid fabrication, functionally graded materials, and manu-
facturing of integrated functionality parts (Ref 8). Since the
welding arc is used to melt the metal wire in the WAAM
process, many metal types can be processed with high arc
temperatures from low to high melting points. Thanks to these
advantages, WAAM has a valuable spot in fabrication of FGM
structure. In the previous study, for the definition of qualified
part fabrication by the WAAM, the terms, functionally graded
materials (FGM) (Ref 9), bimetal (Ref 2), dissimilar alloys (Ref
10), and multi-materials (Ref 11), are used.

Previous studies on the fabrication of FGM parts with
WAAM mostly adopted two different procedures. The first of
these is to fabricate layers by using two different wire materials
simultaneously. In this method, the chemical content of the
built layer can be adjusted as desired by changing the feeding
speed of the wires. In this way, alloying can be made, or
structures containing intermetallics can be created intentionally.
In the second procedure, a material was generally used up to a
specific layer region, and the FGM structure was manufactured
by changing the material in other layers. Thus, this structure
consists of areas containing two different material sides with
different properties. As an example of these studies, Singh et al.
(Ref 12) fabricated an FGM structure with NiTi and 316L
wires. They stated that both materials were generally dendritic
in microstructure, and intermetallics of TiCr,, FeNi, NiTi,
TiNi;, and TiNi, were formed at the interface. Shen et al. (Ref
13) manufactured Fe-Fe;Ni FGM structure by simultaneously
applying two different Fe- and Ni-based wire feeding in the
TIG-WAAM process. The authors stated that the Fe-Ni binary
system has unique physical properties, and the FGM structure
has full density and smooth composition transitions. Wang et al.

Volume 32(24) December 2023—11285


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-023-07914-5&amp;domain=pdf

(Ref 14) emphasized that TiAl alloys have strong mechanical
properties and fabricated titanium aluminide FGM by TIG
welding with pure titanium and pure aluminum wires. Tian
et al. (Ref 10) applied the fabrication of FGM structure,
consisting of Ti on one side and Al-based material on the other,
using the CMT-WAAM method. The constructions were
involved in two ways: Ti then Al and Al then Ti. They
obtained better tensile strength in the first fabrication, and the
intermetallic types that occurred at the interface varied
according to the material used as a priority in the fabrication.
They observed brazing joint formation in the structure where Ti
was produced before and fusion joint formation in the other.
Chandrasekaran et al. (Ref 15) performed an FGM fabrication
by WAAM method using ER70S-6 carbon—manganese and
ER2209 duplex stainless steel wires. They obtained a strong
interface in the FGM structure and maintained that it could be
used instead of the so-called marine riser used to extract crude
oil in the marine industry. Kannan et al. (Ref 16) used SS904L
and Hastelloy C-276 metal wires to fabricate FGM structure by
the gas metal arc welding (GMAW) method. They obtained a
strong bimetallic interface in the FGM structure, and no defects
were found.

As mentioned in the previous paragraph, there have been
many studies on FGM production with WAAM. These have
generally been carried out lately due to the recent adoption of
AM technology. In this study, FGM fabrication was carried out

Table 1 Main chemical contents of feeding wires and
substrate (weight %)

C Si Mn Cr Ni Fe
ER70S-6 0.07 0.9 1.45 .. .. Rest
308LSi 0.01 0.7 1.9 20 9.5 Rest
St-37 0.17 0.3 14 Rest

with low-alloy steel ER70S-6 and austenitic stainless steel
308LSi wires, which are widely used in the industry, by the
WAAM method. One of the different aspects of the study was
the determination of the fatigue strength of the steel FGM
structure, which was rarely applied in the previous studies.
Considering that most of the damage in metals is caused by
fatigue (Ref 17), it is essential to know the fatigue strength of
FGM structures manufactured through WAAM. In addition, the
presented study investigated the properties of the steel FGM
structure by applying other mechanical and metallurgical tests.

2. Materials and Methods

Two steel wire materials, ER70S-6 and 308LSi, with
1.2 mm diameters, were used to fabricate the FGM part. The
wires were deposited on the St-37 plate with a dimension of
20 x 150 x 400 mm. The chemical compositions of the wire
and substrate materials are given in Table 1. In the manufac-
turing processes, a customized machine was used in which the
worktable can rotate 360° on its own axis, the angle of the torch
can be changed relative to the workpiece and the torch can
move in three axes. A GMAW welding unit was added to this
machine, and the manufacturing process was carried out with
this method. The FGM fabrication principle is shown in Fig. 1.
Fabrication parameters are given in Table 2. The first 24 of the
total layers of the produced FGM part consist of ER70S-6, and
the other 18 are 308LSi. After each layer was built, it was
waited to cool down to 90-100 °C, and the next layer was
fabricated following the cooling. The manufactured FGM part
is shown in Fig. 2(a). The part was fabricated as a single track
with approximate dimensions of 315 mm length, 80 mm width
and 132 mm height. The average layer thickness was measured
as 8 mm, as result of the measurements taken from different
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Fig. 1 WAAM material deposition principle
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Table 2 WAAM process parameters

ER70S-6 308LSi
Curren, A 105-120 100-125
Voltage, V 17-19 18-20
Wire feed rate, m/min 2 3
Travel speed, mm/min 150 150
Shielding gas 86% Ar + 12% CO, + 2% O, 98% Ar + 2% CO,
Shielding gas flow rate, L/min 15 15
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Fig. 2 (a) Fabricated FGM part, (b) test sample locations, (c) microhardness- microstructure sample, (d) tensile, and (e) fatigue test specimen
dimensions

points of the FGM part. Tensile, fatigue, and hardness tests scope. The part first was milled to 2.5 mm thickness for the
were applied to the FGM part. In addition, XRD analyses and tensile and fatigue tests.
microstructure studies were carried out with an optical micro- In Fig. 2(b), the location of the test samples extracted from

the FGM part is illustrated. The dimensions of the test
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Fig. 3 Fatigue test machine, its components, and the test principle

specimens are shown in Fig. 2(d) and (e). Tensile tests were
carried out with a 50 kN capacity Shimadzu test machine. The
tests were carried out at room temperature and at a cross-head
speed of 2 mm/min. Six samples were taken from the build
direction (vertical) and 18 samples from the deposition
direction (horizontal) of the FGM part. Horizontal samples
were taken from the ER70S-6, 308LSi sides, and the interface
region of these two materials. After the tensile test, fracture
surface examinations were carried out by SEM (scanning
electron microscope).

Fatigue tests were performed with a customized test
machine applying bending stress. In total, 36 samples taken
from the vertical and horizontal direction of the FGM part were
subjected to the test. The tests were applied at six different
stress amplitudes, using three samples for each amplitude. In
addition, the test was applied up to 107 cycles at the lowest
stress value. The test speed was chosen as 10 Hz. The machine
used in the tests and the test method is shown in Fig. 3. The
fractured surface of one of the test specimens damaged after the
fatigue was examined by SEM.

Vickers method was used for microhardness tests. In the
tests, 500 g load was applied, and the dwell time was set to
10 s. Hardness measurements were made on the sample
obtained as a cross section of the FGM part, as shown in
Fig. 2(c). Measurements were taken at equal intervals up to the
interface for both material sides along the build direction. The
same sample tested in microhardness was used for microstruc-
ture examinations. 4% nital solution was used for etching the
ER70S-6 side of the microstructure sample with a dwell time
10 s. On the 308LSi side, electrolytic etching method was used,
and the sample was etched in 10% oxalic acid solution for 60 s
with 15 s periods. The interface of the FGM part and the
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1: moveable jaw 2: test specimen
3: fixed jaw 4: load cell
5: stopper

fixed jaw

microstructure of the base material sides close to the interface
were examined with a Nikon Epiphot 200 optical microscope.
In XRD studies, the phase characteristics of the interface and
the main material sides close to the interface were investigated.

3. Results and Discussions

3.1 Tensile Test

Figure 4(a, vertical and b, horizontal) shows the condition
of the FGM specimens after the tensile test. Stress—strain plots
obtained from the tensile test machine are shown in Fig. 4(c),
(d), (e), and (). Due to a large number of samples, only tensile
graphs of certain samples are given for horizontal orientation.
The evaluation of the tensile test results was started by
examining the fracture conditions at the macroscale. When the
macrofracture images of vertical specimens are examined as in
Fig. 4(a), it is seen that all specimens were fractured from the
ER70S-6 side. In this case, it can be said that the strength of the
interface, which consists basically of low alloy steel and
stainless steel, is higher than ER70S-6 side. In addition, it can
be stated that there is no defect in the interface of the FGM part
that will reduce the strength, and a strong interface is formed in
terms of joining. In addition, the fractures that occur far from
the interface is another positive result. In other words, there was
no tensile rupture due to tensile stress both at the interface and
in the regions close to the interface. Thus, it is understood that
there are no faults caused by joining on the sides close to the
interface and that the strength of these sides is close to or higher
than the ER70S-6 base material. All these conditions make the
FGM part successful in terms of tensile strength.

Journal of Materials Engineering and Performance
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Fig. 4 Tensile test specimens after the test (a) vertical, (b) horizontal, stress—strain plots: (c) vertical, (d) horizontal (308LSi side), (e) horizontal

(middle), and (f) horizontal (ER70S-6 side)

The mean tensile strength of the vertical samples was
calculated as 482 MPa, and the maximum elongation value was
25%. Considering that these samples fractured on the ER70S-6
side, it should be expected that their tensile strength is close to
the tensile strength of the WAAM structure produced with only
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ER70S-6 wire. Previous studies show that the tensile strength
of WAAM structures manufactured with ER70S-6 generally
varies between 470 and 500 MPa (Ref 18-21). Since these
values are very close to the vertical samples of the FGM part
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(a)

Vertical

(b)

Horizontal

sMean value:
Sigma:
Ingna mean:

8.60 0.77 0.14 0.05 25.35 5.50 47.63
4.90 0.35 0.19 0.09 4.87 0.94 7.44
2.83 0.20 0.11 0.05 2.81 0.54 4.30

Fig. 5 Fracture surfaces of the tensile test specimens (a) vertical, (b) horizontal, and (c) square in b and EDS results

fabricated in the study, the ER70S-6 side of the FGM structure
reflected its own characteristics in terms of tensile strength.
Horizontal tensile test specimens have a uniform material
content up to the interface region of the FGM part. Apart from
these, horizontal samples of TH-9 and TH-10, which are nearly
equidistant from the interface of both materials, contain an
extended joint interface along the tensile axis. The mean tensile
strength of the samples, all containing 308LSi material, was
found to be 532 MPa, and the maximum elongation value was
42%. Gordon et al. (Ref 22) evaluated tensile strength of
524 £+ 13 MPa in the horizontal direction in the WAAM part
produced with 308L wire. This value is very close to the
308LSi side of the FGM structure. In this case, it can be said
that the 308LSi side of the FGM structure reflects the main
material properties in terms of tensile strength. The average
tensile strength of the samples located in the horizontal middle
region of the FGM part and containing a long interface along
the tensile axis was calculated as 544 MPa, and the maximum
elongation was 41.7%. These are very close to the 308LSi side
of the FGM part. On the ER70S-6 side of the horizontal
samples, 484 MPa tensile strength and 23.6% maximum
elongation were calculated. This is quite close to what is found
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in the literature, as described in the previous paragraph. When
the tensile strength of the FGM structure is evaluated in
general, it is understood that the parts containing the base
material reflect their own characteristics, and the interface
strength of the FGM part is high. Besides, it can be emphasized
that no detrimental formations that can reduce the tensile
strength occur at the interface and near the interface of the FGM
structure.

The fracture surface images of the tensile test specimens
examined by SEM shown in Fig. 5. Different sized dimples are
observed in the surface texture. It is seen that the dimples are
smaller and more numerous in the horizontal sample. This also
indicates that the ductility of the horizontal sample is higher.
However, both samples showed ductile fracture behavior
according to their dimples states. Inclusions of varying sizes
were observed in vertical and horizontal fracture’s surface
images. It was observed that the inclusion distribution varied
locally but concentrated in the main regions where the fracture
occurred. When the previous studies were examined, similar
inclusion structures were identified as MnO (Manganaseoxide)
(Ref 23-25). Oxidizing ability of the shielding gas and the high
heat input and rapid cooling in WAAM process could be the

Journal of Materials Engineering and Performance
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Fig. 6 (a) Samples after fatigue test, (b) fatigue test S—N plot, and (c) fracture surface of the test specimen

reasons of formation of MnO (Ref 26). Considering the EDS
results in Fig. 5(c), it is understood that inclusions or secondary
phases may be found on the fractured surface.

3.2 Fatigue Test

The first evaluation of the fatigue specimens was performed
by examining the fracture regions on the macroscale since they
contain an interface. Figure 6(a) shows the fracture condition of
the fatigue test specimens after the test. All of the fatigue test
samples were fractured from the ER70S-6 side. Thus, based on
the WAAM fabrication parameters applied to the FGM part, it
could be stated that there is no defect at the interface that
reduces the fatigue strength.

The fatigue graph obtained from the fatigue tests is given in
Fig. 6(b). The fatigue life of 8.3 x 10 was reached in the low-
cycle fatigue region with the highest stress of 385 MPa applied in
the fatigue tests. The high-cycle fatigue zone was passed at
average stress of 245 MPa, where the fatigue life was approx-
imately 3.1 x 10°. The fatigue life of 10° was reached at a stress
amplitude of about 220 MPa. Experiments were stopped at 107
cycles without fatigue damage, and the fatigue limit was
calculated as 170 MPa on average. Bartsch et al. (Ref 27)
applied the fatigue test to the structure consisting of ER70S-6
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manufactured by the WAAM and obtained approximately
3.6 x 10° cycles at a stress value of 190 MPa and stopped the
test. Considering that the fatigue strength of the FGM part is
about 170 MPa at 107 cycles, very close values were acquired
with the previous study. In another study, Ron et al. (Ref 28)
employed a fatigue test at 50 Hz to the samples obtained from
ER70S-6 and St-37 material. They found the fatigue limit of the
ER70S-6 structure to be 220 MPa and St-37 to be 230 MPaat 10®
cycles. Compared to these results, there is a difference of about
50 MPain the fatigue strength of the FGM part. This difference is
thought to be because the fatigue test speed applied in the
experiments is five times greater. Guennec et al. (Ref 29) studied
the effects of fatigue test speed (frequency) of low carbon steel
and observed that fatigue strength tended to increase with
increasing test speed. Zainulabdeen (Ref 30) found the fatigue
strength of St-37 material as 160 MPa at 10° cycles. According to
these, it can be said that the fatigue strength of the FGM structure
is not behind the St-37 material which is similar to the chemical
content of ER70S-6. Figure 6(c) shows the fracture surfaces of
the fatigue specimen examined by SEM. Fatigue crack is seen on
this surface. It was determined that the inclusions were less than
the tensile test specimens. As a result of fatigue, the fracture
behavior was brittle.
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Fig. 8 XRD results of FGM part

3.3 Microhardness

The graph obtained from the hardness values measured
along the cross section of the FGM part is shown in Fig. 7.
Since the FGM part was produced with two different material
combinations, the hardness was evaluated for three different
regions. Values in the chart that color it in black identify the
ER70S-6 side, and the reds identify the 308LSi side. The
average hardness of the ER70S-6 side was calculated as 166
HV. This is very close to the calculated mean hardness values
(160 HV) of the WAAM structure produced only with ER70S-6
in previous study (Ref 19). In this respect, the ER70S-6 side of
the FGM part provided the main material properties in terms of
hardness properties. The mean hardness of the 308LSi layers of

11292—Volume 32(24) December 2023

20 (degree)

the FGM part was calculated as 191 HV. It is very close to the
hardness (about 190-200 HV (Ref 31)) measured in a previous
study on a WAAM structure manufactured with only 308L
wire. In this case, it can be said that the hardness of the stainless
steel side of the FGM part also reflects the main material
properties.

When the graph in Fig. 7 is analyzed, the most dramatic
situation is the high hardness of the interface. The interface
hardness was measured as 225 HV, higher than both main
materials. One of the reasons for the interface’s high hardness
could be the formation of the secondary phase. According to
the manufacturer’s catalogue data, the high C value on the
ER70S-6 side and the high Cr content of 308LSi stainless steel
increase the possibility of forming C-containing compounds on

Journal of Materials Engineering and Performance
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the interface. Phases with high chromium content increase the
hardness (Ref 32). The transition of the C element to the
medium containing a high amount of Cr, which is suitable for
carbide formation, causes the progress of martensite at the
melting boundary and increases the hardness in the near parts of
the grain boundaries (Ref 33). In another study where the
interface hardness was high, this increase was attributed to the
occurrence of martensitic transformation (Ref 15).

3.4 XRD and Microstructure Examinations

Figure 8 shows the XRD analysis results of the ER70S-6
side near the interface the interface region and the 308LSi side
near the interface of the FGM part. It is seen that the resulting
peaks of the base materials (ER70S-6 and 308LSi) occur in the
main microstructure phases. In this case, in the initial
evaluation of the XRD results, it was concluded that the base
material regions of the FGM part exhibited their own
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microstructure characteristics. In XRD analysis, the interface
measurement region covers an area of approximately 2 mm?,
which includes the interface and the base material sides close to
the interface. It is seen that XRD results of the interface shown
in blue in the graph in the Fig. 8 is different from the base
materials. According to the results, & ferrite density was higher
than v at the interface and near the interface. While the peaks
show the y phase more intensely in the 308LSi material, this
situation changed at the interface, and the peaks were found
higher in the o ferrite phase. Then, it can be mentioned that the
interface region of the FGM part has a structure that contains an
austenite phase but contains a high percentage of ferrite.

In Fig. 9, the microstructure images taken from the interface
of the joint, which has the FGM and the base material regions
close to the interface are given. Figure 9(a), (b), and (c) shows
the region including the interface, d, the side containing the
ER70S-6 near the interface, and e, the 308LSi side near the
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interface. The region containing the interface is shown at
different magnifications, with the 308LSi material before
etching and after etching. In these images, the interface is seen
as a line. A large-grained structure was formed in the ER70S-6
part close to the interface. The 308LSi stainless steel part
consists of a dendritic structure oriented toward temperature
gradients along the build direction. Skeletal and lathy ferrite
phases are also observed in this structure. When the microstruc-
ture of the ER70S-6 side, which is close to the interface, is
examined in Fig. 9(d), a structure containing high polygonal
ferrite with pearlite at the grain boundaries is seen. There is also
a relatively low amount of acicular ferrite in the structure.
Figure 9(e) shows the microstructure of the 308LSi side, which
does not include the interface. The structure generally consists
of a phase containing high skeletal ferrite in the y matrix. The
dendrites are oriented toward the build direction where the
temperature gradients occurred.

4. Conclusions

The following conclusions were drawn in this study, in
which the FGM part was produced using the WAAM method
with two different steels.

¢ In the tensile tests, the vertical specimens fractured inside
the ER70S-6 side. The main material sides exhibited their
own strength properties in the horizontal samples. The
tensile strength of the horizontal samples with an extended
interface along the tensile axis was close to that of stain-
less steel.

¢ Fatigue damage occurred on the ER70S-6 side, and the fa-
tigue strength was calculated as 170 MPa at 107 fatigue
life.

¢ As a result of the hardness measurements, the hardness of
the interface was found to be the highest. The parts con-
taining the base material exhibited their own hardness
characteristics.

e The interface was found to be ferritic in XRD analysis.
The ER70S-6 side consists of a polygonal ferritic struc-
ture, and the 308LSi side consists of a structure containing
d ferrite in the austenite matrix.

¢ According to all the tests applied, the FGM part’s inter-
face strength was high, and no structure formation that
would decrease the tensile and fatigue strength was found
in and near the interface region.

e Within the procedure used in the study and the selected
WAAM fabrication parameters, a successful FGM struc-
ture whose properties can vary regionally could be pro-
duced.
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