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Abstract

Bimetallic structures produced via additive manufacturing (AM) have demonstrated
outstanding potential for improving the properties of high-temperature structures. To this end, it
was hypothesized in this study that using a tungsten alloy would increase the thermal
conductivity of the bimetallic structure compared to pure Inconel 718. Bimetallic structures of
Inconel 718 and W7Ni3Fe were manufactured using directed energy deposition (DED)-based
AM. Hardness, thermal analysis by diffusivity measurement, and compression testing were done
to evaluate the effect of tungsten alloy deposition on Inconel 718's thermal and mechanical
properties. Bimetallic structures of Inconel 718-W alloy containing a 50-50 volume % of each
displayed a 100% improvement in thermal diffusivity compared to pure Inconel 718, with
extensive mixing and remelting due to laser processing. Furthermore, the bimetallic compression
samples showed a 100% increase in yield strength combined with a 50% reduction in modulus of

elasticity compared to Inconel 718.
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1.0 Introduction

Advances in directed energy deposition (DED) based additive manufacturing has allowed
for the manufacturing of novel composites with unique micro- and macrostructures, improving
the properties and performance of lesser capable materials in specific applications. Tailored
design of composite structures enables something different mechanically or thermally from its
constituents, resulting in a part where the properties are better than the constituents alone.
Furthermore, these composite materials have exhibited reduced flammability, improved wear and
corrosion resistance, and increased cost-efficiency when comparing the ratio of price to
performance [1]. Some examples include premixed composites of CaP reinforced CoCrMo for
the articulating surfaces of load-bearing implants to improve the wear resistance and reduce toxic
metal ion release such as Co®" [2]. Similarly, increasing the fine Al113Fe4 to coarse All3Fe4
laths in aluminum matrix composites increases the hardness and strength [3]. Another class of
composites is functionally graded materials (FGMs), where the composition gradually changes
within a material to provide site-specific enhancement of one or more properties in a particular
direction. This allows for materials with particular properties to be created without the need for
complex joining between difficult to weld materials [4]. Some examples of AM processed FGMs
include Ti6Al4V and Invar composites [5] and Inconel 625 and 304L stainless steel [6]. A
material system that could benefit from this type of structure is nickel-based superalloys, such as
Inconel 718, which exhibit outstanding high-temperature stability and properties but suffer from
low thermal conductivity. However, this property can significantly limit designs and applications
because of the inability to effectively distribute heat away from critical components at high
temperatures, motivating manufacturing approaches towards influencing thermal conductivity

while maintaining the high-temperature properties of the base material.

One approach that has seen success addressing thermal conductivity is bimetallic
structures, where one metal is deposited directly onto another, creating a region of site-specific
properties. One of the main processing advantages of bimetallic materials is that composition is
not limited. Furthermore, there will likely be an interfacial reaction in these bimetallic structures,
forming a robust interface and strengthening the entire material. However, this can cause a weak
or brittle interface in some material systems. Bimetallic interfaces can also exhibit other unique

properties such as thermal stability [7]. Some of the AM processed bimetallic structures include



Inconel 625 to copper [8], 316L stainless steel to CuSn10 [9], Inconel 718 to Ti6Al4V [10], and
maraging steel to H13 steel [11]. NASA reported using Inconel/GRCop84 alloy bimetallic
structures in heat exchangers and channel-cooled nozzles [12]. These studies have reported
enhanced mechanical properties, thermal conductivity, or oxidation resistance. If the two
materials do not bond well to one another, an interlayer can be used to improve the adhesion of
both materials [13,14]. Due to the better practicality and likelihood of a strong interface, nickel-

based superalloys would best benefit from forming this type of composite.

Tungsten alloys are known for their high thermal conductivity, hardness, strength, and
performance at high temperatures [15], making them a viable candidate for improving the
properties of lesser-performing materials. Tungsten-based alloys and composites are the solid
materials of choice for plasma-facing components (PFCs) of future fusion reactors, such as the
International Thermonuclear Experimental Reactor (ITER), and have been the subject of
research in this area [16]. Tungsten alloys are also commonly used in aerospace and ballistic
applications [17,18]. These alloys consist of about 90% tungsten combined with ductile, lower
melting metals such as nickel and iron [15]. The ductile metal content allows the alloy to be
liquid-phase sintered or cast at lower temperatures while the tungsten stays solid throughout
manufacturing. Only a few methods, such as plasma arc welding, can melt tungsten, as it has a
very high melting point, >3400 °C. The density of tungsten is also high (~16g/cc), making it
unusable in cases where performance to weight efficiency is critical to the success of the part.
The weldability of Inconel 718 is explicitly high, making it one of the most used alloys in metal
additive manufacturing [19]. The density of Inconel 718 is nearly half that of tungsten alloys, ~8
g/cc. Therefore, it makes sense that a bimetallic of the two alloys would improve the thermal and
mechanical properties compared to pure Inconel 718. Other works had seen success in a similar
approach, where a 250% increase in thermal diffusivity is reported when GRCop-84 was added
to Inconel 718 [20]. In this work, bimetallic structures of Inconel 718 and W7Ni3Fe have been
processed using the directed energy deposition (DED)-based AM. An overview of the bimetallic
application and DED additive manufacturing is shown in Figure 1. These bimetallic structures
have been characterized using the SEM and EDS for microstructural analysis, thermal

diffusivity, uniaxial compression for mechanical properties, and hardness.
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Figure 1: (Left) Possible application (turbines blade) of bimetallic materials. Reproduced from

[21] under creative commons license. (Right) Schematic of the DED-based AM.

2.0 Materials and methods

2.1. Directed energy deposition (DED) of bimetallic structures: Bimetallic structures

were manufactured using a FormAlloy powder-based DED AM system. The DED system takes a
computer-aided design (CAD) file from the user, which outlines the part's size and shape. The
DED system creates the necessary tool path to print the part. These changeable parameters
include speed, layer thickness, laser power, powder flow rate, and shield gas flow rate.
Furthermore, different printing substrates can be used, with common substrates being stainless
steel and commercially pure titanium (CpTi). For this research, a 316L stainless steel substrate
was used. Inconel 718 powder (Powder Alloy Corporation, Ohio) with a mesh size of -100/+325
was used. The tungsten alloy powder (90wt% W, 7wt% Ni, and 3wt% Ni) used was
manufactured through gas atomization and spray dry processing of the alloying elements,
producing a spray-dried powder having a particle size of 45 to 150 microns and spherical. Before
making a batch of each bimetallic structure, various build parameters were experimented with

until the final dimensions were close to the theoretical dimensions. The final parameters are



shown in Table 1. Additionally, the energy per unit volume (E) applied by the laser for each of
the samples can be calculated using the following equation [22]:

Where P = laser power, v = scan speed, h = layer thickness, and t = hatch distance. For example,
in the thermal bimetallic sample, the energy per unit volume applied for the Inconel 718 part was

350 J/mm? and 562.5 J/mm?® for the W7Ni3Fe part equation.

Table 1: Optimal and final parameters for each of the bimetallic structures. The layer thickness

and hatch distance for each sample were 0.1 mm and 0.6, respectively.

Inconel W7Ni3Fe Inconel W7Ni3Fe | Inconel | Tungsten
718 . 718
Type of Sample | Scanning Scanning Laser Laser 718 Flow Flow
yp Speed Power Rate Rate
Speed . Power
(mm/min) (mm/min) (W) W) (mm/sec) | (mm/sec)
Thermal 1000 800 350 0.5
Bimetallic
W7Ni3Fe 450 1
Compression N/A 700 N/A N/A
Sample
Inconel 718
Compression 1600 N/A 350 N/A 0.5 N/A
Sample
Longitudinal
Bimetallic
Compression
Sample 1200 1200 350 450 0.5 0.9
Transverse
Bimetallic
Compression
Sample

2.2. Characterization of bimetallic structures: First, one of the bimetallic samples was cut

in half using a low-speed diamond saw. Then, the sample was ground to 1000 grit with SiC
grinding paper then polished to 0.05 pm using an alumina-DI water suspension. The sample was

then imaged using a field emission scanning electron microscope (FESEM, FEI-SIRION,



Portland, OR). Element maps at the Inconel 718 — Tungsten alloy interface were also obtained
using the electron dispersal spectroscopy (EDS, EDAX) SEM attachment. SEM photos of each
of the sections are shown in Figure 2. Next, a hardness test was conducted along the interface
using a Phase II Micro Vickers Hardness Tester (with 0.98N load and 15 sec dwell time).
Finally, compression tests were done using an Instron compression tester (1.3 mm/min speed) for

each base material and the transverse and longitudinal bimetallic samples.

A Netzsch LFA 447 Nanoflash (Germany) thermal diffusivity system was used for the
thermal analysis. Four samples were tested; 2 were the base materials, with the others being two
bimetallic samples. Each sample was ground to an approximate dimension of 10x10 mm with a
thickness of about 2 mm. Due to the large interface size and the small thickness required for the
thermal testing, most of the bimetallic sample was the interfacial region for that test. The volume

percent of each material present in the bimetallic was determined through Archimedes testing.
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Figure 2: SEM Images of each of the bimetallic sections. These are taken at the magnification,
which best shows the characteristics of each section. Note that the bottom part of the bimetallic
that is not marked is the 316L stainless steel substrate.



3.0 Results

As described above, several tests were conducted, including SEM/EDS mapping and
imaging, Vickers hardness testing, compression testing, and thermal testing. The SEM/EDS
mapping and imaging allowed the interface to be analyzed from a qualitative perspective, while
the interfacial hardness test allowed for analysis from a quantitative perspective. The bimetallic
samples used in the compression and thermal tests showed significant improvement to pure

Inconel 718.

3.1. Microscopy and compositional analysis: Figure 3 shows the SEM/EDS results for

the bimetallic structure. Inconel 718 adhered very well to the 316L stainless steel substrate and
formed a very discrete interface. Furthermore, no cracking or irregularities were observed at the
316L interface for each material. The Inconel 718 region shows a uniform structure with very
few small pores. The interface is observed to be very broad, which specifically stretches about
1.5 mm in length. Surprisingly, no porosity is observed in this section. The interface's tungsten
particles' size is much smaller than the 45-150 um particle. This is most likely due to residual
stress breaking down the particles further during the printing process, combined with the partial
melting, which left smaller remnants of larger particles. Also, some porosity is seen throughout

the sample.
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Figure 3: Stereoscope image of the cross-section of the printed bimetallic. 3a. SEM micrograph
and EDS mapping of the bottom-middle part of the interface. 3b. Bottom-top part of the
interface. A reference tungsten particle is circled in 3a and 3b (Green in 3a. and pink in 3b.). All
nickel EDS maps are from Ka characteristic x-rays, while all tungsten maps are La characteristic

X-rays.

3.2. Interfacial hardness: The hardness test results are shown in Figure 4. The Inconel

718 and W7Ni3Fe base samples had a hardness of 269HV and 555HV, respectively. Note that

the base material region values are based on the average value of 10 hardness tests taken in just
those base materials. It is observed that the interface region follows a positive linear trend, which

suggests uniformity and a lack of intermetallic formation. It is common to see a spike in hardness



due to intermetallic formation [23]. This statement is backed up qualitatively from Figure 2,

which visually shows a very uniform gradient in tungsten particles at the interface.
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Figure 4: Hardness profile of the interface. Three different trials were done along with the

interface, with a measurement being taken every 0.1 mm.

3.3 Compression tests: The compression test results of the different bimetallic and base

materials are shown in Figure 5. These samples were tested as printed; no heat treatment was
used for any sample. The primary purpose of these tests was to determine the integrity of the
interface and make sure that it was not weaker than both base materials. The yield strength of the
longitudinal sample was determined to be 774 MPa, with the yield strength of the transverse
sample being 785 MPa, which significantly exceeds the yield strength of Inconel 718, which was
312 MPa. However, the modulus of elasticity of the bimetallic samples was about 45% lower

than Inconel 718.
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Figure 5: Compression Test results for the different bimetallic structures compared to each base
material. Each material was tested until the force limit of the machine was reached, except for

the Inconel sample, which showed no signs of breaking.

Figure 6 shows the compressed surfaces of the transverse and longitudinal samples. The Inconel
region shows the most plastic deformation in both samples as shear bands are present. Apart
from a few tiny cracks, the interface region in both samples showed no signs of failure, which is

the case for the tungsten alloy region as well.
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Figure 6: Compressed surfaces of the longitudinal sample (left) and transverse sample (right).

Shear band type failure in the Inconel region is observed in both sample

3.4 Thermal diffusivity: The thermal diffusivity results are shown in Figure 7. Each of the

samples showed increased thermal diffusivity with an increase in temperature. As expected, the
tungsten alloy performed better than Inconel 718, with a thermal diffusivity value of 15.2-16.5
mm?/s compared to 3.00-3.8 mm?/s. The first bimetallic, composed of about 50% Inconel by
volume, performed around 100% better than Inconel 718 with a value of 5.9-7.2 mm?/s. The
second bimetallic, which contained 30% Inconel by volume, performed 140% better than Inconel

718 with a value of 7.8-9.1 mm?/s.



18
. . ... W7Ni3Fe

— 16 . . .
1
E
En
oy
S 10
‘» e ————" a Bimetallic 2
S 3 w -— — e — - =
;QE IN718 aemmmmene Aemmemm e 4 Bimetallic 1
— 6 W k======T A---mmn
£ IN718
E 4 o« e K K -X Inconel 718
= IN718 |unn *

2

0

0 50 100 150 200 250 300 350
Temperature (°C)

Figure 7: Thermal diffusivity of Inconel 718, Tungsten Alloy, and two bimetallic samples. The
first sample contains about 50% Inconel 718 by volume, and the second sample contains about

30% Inconel 718 by volume.

4.0 Discussion

Based on our results, it is shown that DED-based AM can successfully print W7Ni3Fe
onto Inconel 718 with little to no defects. The ability to print a bimetallic with a high-
temperature alloy like W7Ni3Fe allows DED to stand out compared to other welding methods
such as complex plasma arc welding and other conventional methods. Although the bimetallic
exhibited better properties than pure Inconel 718, unique characteristics are observed in each of
these bimetallic structures. One such characteristic included an interface much more prominent
than typical bimetallic interfaces observed in the literature [8,20], and another was the inability
to print Inconel 718 onto W7Ni3Fe. Furthermore, the large gradient in the interface made it
difficult to know the exact amount of each material in the test samples and made post-processing

more difficult overall.



The unusual observations in these experiments were the large interface formed and the
smaller size of the Inconel region, contrary to many other bimetallic studies [8, 24]. For the
compression tests, this large interface appeared to enhance the strength of the bimetallic further.
After parameter optimization, both Inconel and Tungsten parts alone showed no signs of
underbuilding or overbuilding, meaning that the theoretical height of the parts (based on the
prescribed layer thickness and the number of layers printed) is close to the same as the actual
height. It is also clear that tungsten particles diffused into the Inconel 718 region, as shown in
Figure 2. The most plausible explanation is that the combination of the large melt pool and the
high density of the tungsten particles (~19 g/cc) caused them to sink into that region. The higher
power of the Tungsten alloy part of the print likely caused an even larger melt pool to form.
Also, more residual stress is created due to the material being deposited in powder form, which
promotes diffusion and results in a broader interface [25]. Furthermore, micro-pools of nickel
and iron in the W7Ni3Fe help with diffusion. In Figure 7, this process is shown in more detail.
As a result, the finished structures resemble a smooth functionally graded rather than a bimetallic
structure, albeit the exact compositional gradient is unknown. However, the smooth gradient in

the EDS maps and the hardness test back this claim up.



Figure 8: (a) Inconel 718 part of the bimetallic print. (b) The first layers of the Tungsten alloy
part are printed, which causes a melt pool in both materials. (c) As a result of the high density of
the tungsten particles and the melt pool, the tungsten particles sink into the Inconel part and form
the interface. (Bottom) SEM micrograph of the entire printed interface. Remember that due to
the high cooling rate of DED, small melt columns are created then quickly solidified, which are

combined to show a melt layer in the figure for visual purposes.

Deposition of the Tungsten alloy onto Inconel 718 proved to be relatively straightforward
as no cracks or irregularities were formed during the printing process, even during early
optimization tests. Many other studies show cracking during part optimization [10]. However,
deposition of Inconel 718 onto the W7Ni3Fe part did not work in any case and resulted in the
crack formation in the middle of the tungsten alloy. This is likely due to the laser power of the
Inconel 718 part being 100 W lower than the W7Ni3Fe part, which in turn was not able to
initiate a sufficient melt pool for the Inconel material diffuse into the high-melting temperature

of Tungsten. The melt pool was also reduced due to the high thermal conductivity of W7Ni3Fe,



which dissipated the heat quickly (the opposite would occur for Inconel 718 due to low thermal
conductivity). Printing an interlayer of the two alloys mixed ended up with the same result.
Therefore, the one-time parameter setup was used for each of the bimetallic. One of the cracked

bimetallic is shown in Figure 9.
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Figure 9: Stereoscope image of the cracked Inconel 718-on-W7Ni3Fe bimetallic.

Post-processing of the bimetallic structures proved to be quite a challenge. Due to the
poor machinability of Inconel 718 [26] and the high strength and hardness of the Tungsten alloy,
cutting via a low-speed diamond saw was inefficient. For this method, all sides would need to be
ground down due to the inferior surface finish of DED printed samples. The poor surface finish
made it impossible to print 2mm thick samples. Then, for a 10 mm by 10 mm sample, two cuts
would need to be made to produce one bimetallic sample for thermal testing. Each cut would
take upwards of an entire day to complete. Therefore, it was more efficient to manually print
6mm tall bimetallic samples and grind them down to around 2mm thickness. However, the most
significant issue was to predict how much tungsten was in these samples as it consisted mainly of

the interface around 1.5mm in length for each of them. As a result, there was no other way to



ensure the sample mainly consisted of the interface but to conduct an Archimedes test to

determine the exact composition.

As seen in Table 1, the printing speed and powder feed rate varied with the different base
materials and bimetallic despite the material staying the same. For the 17 mm tall Inconel
sample, a large amount of overbuilding was observed during optimization despite the sample
parameters as the bimetallic used for thermal testing. This is due to the poor thermal conductivity
of Inconel, which caused the sample to stay hot and retain a higher percentage of the powder
from the deposition head. Therefore, the optimized properties retained at the end caused the part
to underbuild at first but ended at a slight overbuild to balance out, which was achieved by
slightly increasing the speed. The tungsten alloy's speed needed to be reduced due to the high
thermal conductivity and tall height.

As stated previously, proper literature review and building upon previous work aids in the
improvement of new materials or structures. Our past work by Onuike et al. also improved upon
Inconel 718's thermal diffusivity [20]. GrCop-84 (copper alloy) was used in the study instead of
W7Ni3Fe as the depositional coating. GrCop-84 exhibits a higher thermal diffusivity than
W7Ni3Fe, with a value of 45.67 mm?/s compared to 15.2 mm?/s at 50°C. The Inconel 718 —
GrCop 84 bimettallic was found to have a thermal diffusivity of 10.3 mm?/s compared to 7.8
mm?/s for the Inconel 718 — W7Ni3Fe bimetallic. The hardness of the Inconel 718 — GrCop 84
interface displayed a non-linear trend in the interface as intermetallics were formed. As a result,
the hardness peaked at ~300HV in the center of the interface in contrast to the Inconel 718 —
W7Ni3Fe interface exhibiting a linear increase in hardness between 270 — 555 HV. Overall, the
GrCop 84 bimetallic displayed a higher thermal conductivity/diffusivity, but the W7Ni3Fe
bimetallic is mechanically stronger. Furthermore, a study on copper and Inconel 625 bimetallic
showed a 100% increase in thermal diffusivity to Inconel 625, which makes it similar to the
increase in thermal diffusivity found in our study [8]. In all cases, the studies displayed the

benefits of the bimetallic approach when improved material performance is desired.

Compared to other studies using the same materials, significant differences and
similarities in mechanical performance and microstructure were observed. First, the W7Ni3Fe

microstructure was similar to other studies, even when the alloy was manufactured using other



methods such as liquid phase or spark plasma sintering, as it should be since the tungsten
particles are either partially melting or not melting at all [16, 27, 28]. For the Inconel part, it was
determined unnecessary to look into the microstructure in this study since many studies looked
in-depth at the microstructures of Inconel 718 manufactured by DED [29, 30, 31]. In terms of
mechanical properties, the hardness of W7Ni3Fe varies significantly, with some studies
reporting about 250HV and some studies reporting about SO0HV [32, 33] compared to the
550HV hardness of W7Ni3Fe found in this study. This is likely due to the high cooling rate of
the DED-based AM process, especially for W7Ni3Fe, since this alloy can dissipate heat quickly.
No other studies have looked into the hardness of W7Ni3Fe manufactured via DED. For Inconel
718, other studies have reported hardness values between 200 and 300 HV, which is similar to
the 269 HV of Inconel 718 found in this study [34]. No compression data was found for both of
these materials. It is important to note that no further heat treatment was done on these samples
after DED processing. Heat treatments such as hot isostatic pressing can further improve these

structures' mechanical properties if necessary [35].

5.0 Conclusion

Various types of bimetallic structures consisting of Inconel 718 and a tungsten alloy were
successfully manufactured using DED-based additive manufacturing. These samples contained
no cracks or abnormalities even from the beginning of optimization when W-7Ni-3Fe was
printed on Inconel 718 and contained an interface proven to be much stronger than Inconel 718
alone. It was found that the bimetallic sample consisting of around 50% Inconel 718 and 50%
Tungsten alloy showed an increase in thermal diffusivity of about 100%, while the 30% Inconel
718 and the 70% Tungsten alloy showed an increase of about 140%. For the other bimetallic
sample consisting of 30% Inconel 718, a 150% increase in thermal diffusivity was observed. A
150% increase in yield strength was observed for the compression samples in the bimetallic
samples despite a 45% reduction in elastic modulus. Hardness data showed a linear increase in
hardness throughout the interface. The SEM/EDS data showed an even increase in tungsten
particle density and, combined with the hardness data, demonstrated the bimetallic structure to

be similar to a typical functionally graded structure.
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