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The manufacturing of bi-metal structure has received much interest because it provides compensated properties
for a single metal alloy, meeting the harsh requirements for components used in key industries like aerospace,
defense, energy, etc. Additive manufacturing (AM) has been extensively applied in building multi-material
structures because of its ability to vary material type and composition in a layer-by-layer mode. However,
fusion-based AM technologies usually induce interfacial cracks and delamination resulted from the large
mismatch of coefficient of thermal expansion (CTE) between dissimilar materials, while the solid-state AM
methods generate a large number of pores at the interface, requiring post-fabrication heat treatment. In this
study, we aim to build high-quality 17-4 PH stainless steel and nickel alloy bi-metal structure with material
extrusion AM method, followed by debinding and sintering processes. The microstructure and mechanical
properties of the bi-metal structure were thoroughly investigated. It was revealed that small pores were
distributed in the whole part, and no brittle intermetallic phase but slightly larger pores were formed at the
interface. The material transition zone was relatively small in thickness, exhibiting low bonding strength and low
hardness but a ductile deformation behavior. The completion of this study provides a pioneering analysis of bi-
metal structures built by extrusion-based sintering-assisted AM, and shows a great promise for further adoption
of this technology in a variety of industrial applications.

1. Introduction

Combining dissimilar metal materials for hybrid structure has gained
increasing interest to fill the demand for a variety of industrial appli-
cations. The advantages of bi-metal structure include better structural
performance, higher mechanical strength, and higher economic effi-
ciency compared with single metal alloy parts [1]. For example, stainless
steel (SS) and nickel-based super alloys have been joined for the fabri-
cation of high-temperature components for gas turbine engines, nuclear
plants, and water reactors [2]. Such a combination takes advantage of
the high mechanical strength and corrosion resistance from stainless
steel while integrates the great high-temperature performance of the
nickel-based superalloys [3]. Bi-metal components can also incorporate
other material properties such as electronic conductivity, thermal con-
ductivity, wear resistance, and magnetism [4,5]. The successful fabri-
cation of such bi-metal structures significantly expands the material
selection for specific industrial applications.

Additive manufacturing (AM) has become a widespread technology
to build metallic components due to its freeform design and rapid
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prototyping capability. It is also suitable for multi-material fabrication
by layering one type of material over another. For joining dissimilar
metal material using AM, two different approaches are usually utilized,
including fusion-based AM and solid-state AM processes. During fusion-
based AM processes, a high-energy power source, e.g., laser, wire arc, or
electron beam, is applied to melt the feedstock material, which quickly
solidifies on another type of substrate material to create the bi-metal
structure. On the other hand, solid-state AM joins dissimilar metals at
a relatively low temperature. For example, ultrasonic additive
manufacturing (UAM) can consolidate thin metal sheets using the
principle of solid-state ultrasonic metal welding [6]. Material extrusion
(ME) or fused filament fabrication (FFF) is another type of AM method
that enables the creation of bi-metal structures. Specifically, filaments
comprising of metallic powders and polymer binders are printed using
the ME technology, followed by solvent debinding, thermal debinding,
and sintering process to achieve the dense, polymer-free parts [7]. The
bi-metal structure in a green state is achieved during the printing step by
alternating the filament loaded with different types of metal powders,
and a co-sintering process is applied on the debound part to form the
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Fig. 1. (a) Illustration of fused filament fabrication of bi-metal material; (b) specimen geometry design for microstructure observation; (c) actual sample photos
including the printed green part and final sintered part. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

final sintered bi-metal component.

One of the critical issues when building a bi-metal structure is the
poor bonding at the interface. As dissimilar materials are joined
together, their crystal structure, thermal expansion coefficients, and
phase formation behaviors are usually distinct, causing severe cracking
or delamination during the building process [1]. The aforementioned
two AM approaches have their advantages and drawbacks when
addressing this issue. During fusion-based AM, rapid melting and so-
lidification are induced at the interface for both materials, resulting in
highly densified interface but manifesting the effects of CTE mismatch
that causes the build failure. In the particular DED process, the thermal
stress of a Ti-6Al-4 V component deposited on the 410 SS substrate can
be four times larger than the single metal alloy, which would lead to
brittle failure and cracks [8]. Cracks induced by large thermal gradient
at the IN625 — 316L interface have also been reported [3]. An effective
strategy could be to introduce another transitional material to reduce
thermal stress, thus facilitating the interfacial bonding. For example,
Ni—Cr alloys are usually integrated as transition material in the SS and
Ti-6A1-4V bi-metal components [8]. In addition, brittle intermetallic
phase at the interface could be generated due to the rapid solidification.
As reported by Bobbio et al. [9], Fe—Ti and Ni—Ti based intermetallic
phases formed at the interface of Invar and Ti-6Al-4V bi-metal compo-
nents built by DED would cause cracks and build failure. Therefore,
ensuring a great solid solution of elements at the interface for single-
phase generation is critical to the strong interfacial bonding. Unlike
fusion-based AM methods, the solid-state AM processes are operated at a
lower processing temperature. As a result, no significant thermal stress
or intermetallic phases would be formed during such processes [10].
This allows for a much smoother bi-metal surface free of large thermal
cracks and delamination. However, the lack of atomic diffusion because
of low temperature induces unsatisfactory bonding as a large number of
pores are formed at the interface, causing easy fracture under shear
loading along the interface [11]. Post-fabrication heat-treatments
including solution treatment and solid-state sintering have been proved
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to largely enhance the interfacial mechanical strength because they
gradually facilitate the interfacial growth due to elongated atomic
diffusion [12].

Sintering process is an essential step to build the bi-metal compo-
nents integrated by the ME process. A long-term holding near melting
temperature will be applied to favor the atomic diffusion and densify the
metal powders. Theoretically, it has the potential to resolve the inter-
facial bonding issue encountered by other solid-state AM methodologies,
making it a promising approach in building bi-metal components.
However, very little study has been conducted on this extrusion-based
sintering-assisted category to build bi-metal parts. The only available
research was performed by Mousapour et al. [13]. They manufactured
low carbon and high carbon steel bi-metal parts via FFF but reached a
poor final part quality because the process parameters are not well
optimized. Co-sintering process on bi-metal parts built by injection
molding or UAM has been reported [4,14], and the interfacial pores can
be significantly reduced by adjusting the sintering temperature profile
[14]. Therefore, this work aims to provide one of the pioneering in-
vestigations to build bi-metal structure following the material extrusion
— debinding - sintering path with highly optimized sintering profile. The
microstructure and mechanical performance of the 17-4 PH IN625 bi-
metal parts will be characterized. The completion of this study envi-
sions the future potential of material extrusion process in building high-
quality bi-metal components with high mechanical performance.

2. Experimental setup
2.1. Material fabrication

The 17-4 PH SS and IN625 nickel alloy are both commercially
available filaments manufactured by Markforged Corporation. Inside
both filaments, metallic powders are mixed with the same binder system
including wax and polyethylene. The multi-material green parts were
printed using a desktop high temperature FFF printer (Funmat HT
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Table 1

Printing parameters for bi-metal green part build up.
Printing parameters 17-4 PH SS IN625
Nozzle temperature 290 °C 260 °C
Nozzle size 0.4 mm 0.4 mm
Printing speed 30 mm/s 30 mm/s
Layer height 0.1 mm 0.1 mm
Bed temperature 90 °C 90 °C
Chamber temperature 70 °C 70 °C

(a)

= Build direction

)

17-4 PH

10

60

Fig. 2. Illustration of specimen design for (a) tensile and (b) bending tests.

Enhanced, INTAMSYS, China). A graphical illustration of the bi-metal
manufacturing process is provided in Fig. 1. A single-nozzle printing
scheme with interchangeable filaments was adopted to print the bi-
metal "green" part. Single cuboid geometry was printed in 15 x 15 X
5 mm with the material transition placed at the central interface, as
shown in Fig. 1. 17-4 PH SS filament was first printed as the raft and
base material with 2.5 mm thickness in a layer height of 0.1 mm, then
IN625 filament was deposited onto it for another 2.5 mm thickness. The
detailed printing parameters for both materials are listed in Table 1. For
optimal printing quality, the printing temperature was set at different
levels, as shown in Table 1.

The debinding and sintering processes were conducted in the
Markforged manufacturing system. Specifically, the printed green parts
were immersed in Opteon SF-79 solvent inside a Wash-1 ventilated
chamber (Markforged, USA) to dissolve the wax in the binder system.
Then, thermal debinding and sintering processes were conducted inside
the Sinter-2 furnace (Markforged, USA) under the protective gas mixture
of hydrogen and argon. A specific sintering profile for IN625 was
selected in this study to sinter the bi-metal component since the melting
point of IN625 is slightly lower than that of 17-4 PH. A complete
thermal debinding and sintering procedure sustains a total of 29 h.

2.2. Microstruture characterization

The microstructure of the final bi-metal parts along the building
direction was observed by optical microscopy (OM) and scanning elec-
tron microscopy (SEM). The distribution of pores and grain morphology
were both characterized. Specimens were first cut in the cross-section
along the building direction and mounted by epoxy. Following the
grinding and polishing processes, the sample surface was finally pol-
ished by 0.25 pm alumina suspension. Polished specimens were
observed under SEM equipped with energy dispersive spectroscopy
(EDS) to identify the elemental distribution around the interface. For
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Fig. 3. Microstructure of the 17-4 PH SS and IN625 bi-metal interface showing
(a) pore distribution; (b) grain morphology.

OM observation, the sample was further etched by Marble's and Kalling's
2 reagent (ES Laboratory, USA) to reveal the grain morphology. The
phase composition of the bi-metal specimen was identified by X-ray
diffraction (XRD) method.

2.3. Mechanical testing

Another two types of bi-metal samples were fabricated for testing
their mechanical properties. Out-of-plane tensile and bending tests were
performed to reveal the interfacial bonding and overall strength of the
bi-metal part. The detailed dimensions of the tensile and bending
specimens [15] are depicted in Fig. 2. For the tensile test, a universal
testing system (ADMET eXpert 4000, USA) was utilized with a loading
capacity of 5000 N. The loading speed was set at 1 mm/min according to
the ASTM E8 standard [16]. The bending tests were conducted to
determine whether delamination would occur during a flexural defor-
mation process [17]. The bi-metal specimen was subjected to a three-
point flexural testing using a universal testing equipment (AGS-
50kNXD, Shimadzu, Japan) with a loading rate of 1 mm/min following
the ASTM E290 standard [18]. A high-speed camera (i-speed 513, iX
Cameras, UK) was employed at the front of the bending specimen to
record the fracture process at 120 fps. The microhardness of the spec-
imen was tested by a Vickers' hardness tester (LM-310AT, LECO, USA)
according to the ASTM E384 standard [19].

3. Results and discussion
3.1. Interfacial microstructure

The metallurgical bonding between the two materials is revealed
from the microstructure of the interface, as shown in Fig. 3. Specifically,
the polished surface showing the pore distribution is depicted in Fig. 3
(a), where the small pores are distributed uniformly at both the interface
and the individual material. Larger dots can be observed near the
interface of 17-4 PH portion, which could be due to its relatively low
sintering temperature, resulting in insufficient densification. There are
no obvious intermetallic phases formed at the interface, aligning well
with the results from the literature [20]. The absence of intermetallic
phases would contribute to ductile mechanical behavior for the bi-metal
part. From Fig. 3(b), we are able to obtain the grain morphology of the
17-4 PH after the surface etching by Marble's and Kalling's reagent.
Typical martensitic phases are observed at the interface that results from
the precipitation hardening. It is assumed that the phase composition of
as-built IN625 is mostly austenitic considering the adoption of appro-
priate sintering profile [21] but has not been revealed by the chemical
etching process. The interfacial band can be observed that shows a
lighter color than both materials, indicating that grains are unlikely to
form at the interface. The thickness of this band is around 10 pm.

To further understand the element diffusion behavior at the interface
during the sintering process, Fig. 4 exhibits the SEM morphology of the
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Fig. 4. SEM and XRD results of the 17-4 PH SS and IN625 bi-metal interface. (a) Polished surface showing pores and interface; (b) Fe mapping by EDS; (c) Ni
mapping by EDS; (d) XRD pattern; EDS point scanning results of (e) points A and (f) point B in (a).

bi-metal interface and the related EDS element mapping results. In Fig. 4
(a), the winding line of interface is observed with one large pore in the
17-4 PH region. Both materials are determined by measuring the
elemental composition of region A and B using EDS. Fig. 4(b) and (c)
depicts elemental mapping for the entire surface area for Fe and Ni el-
ements, which are the main elements in the 17-4 PH and IN625,
respectively. The XRD spectrum in Fig. 4(d) indicates that no additional
phases are generated other than the Ferrite (a phase) from 17-4 PH and
the nickel matrix (y phase) from IN625. Our tests have shown that there
is around 3.46 wt% nickel inside the 17-4 PH matrix, whereas around
2.44 wt% iron found inside the IN625 matrix. Nevertheless, it can be
seen that the diffusion of Fe element crossing the interface into the
IN625 matrix is more remarkable than that of Ni element. An iron
composition gradient can be obtained at the interface, spanning around
10 pm thickness, but the nickel element exhibits a much sharper

219

transition at the interface. The reasons for the different diffusion be-
haviors of elements in the interface might be revealed in a detailed
molecular dynamics simulation, which would be beyond the scope of
this study. However, the results indicate that the transition zone be-
tween sintered 17-4 PH and IN625 bi-metal interface would be mainly
comprised of iron and other trace elements.

3.2. Mechanical properties

To quantify the interfacial bonding strength and the overall me-
chanical performance of the bi-metal component, tensile, hardness, and
flexural tests were performed. Fig. 5 shows the stress-strain curves of the
three bi-metal specimens under tensile tests. They exhibit similar trends
of tensile behavior, showing a gradual increase in stress at the begin-
ning, followed by an abrupt fractural failure. The ultimate interfacial
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Fig. 5. Stress-strain curves of 17-4 PH and IN625 bi-metal specimens and the
macro-scale fracture behavior at three stages.

bonding strength averages around 300 MPa and the elongation is be-
tween 2.2 % to 2.6 %. The macro-scale fracture behavior of the tensile
specimen is also shown in Fig. 5, including three stages during the tests.
At the initial stage (I), the specimen is tightened with the fixture and its
surface is ground to improve the surface quality. At the second stage (II)
where the specimen is elastically deformed, pores are enlarged, forming
a dotting line at the interface that can be identified in the image. The
final fracture occurs at the interface after the third stage (III). Brittle
failure is indicated as the fracture mostly follows the line of the
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interface. The tensile test of the bi-metal specimens reveals that the
interfacial strength is around 68.6 % of the yield strength of Inconel and
stainless steel dissimilar materials manufactured by laser welding, and
62.2 % compared with those built by spark plasma sintering [22,23].
The lower strength could be caused by the large pores existing at the
interface as a result of insufficient sintering temperature, especially for
the steel portion. Another related reason might be the small transition
zone that fails to bond the two alloys strongly. A possible solution is to
perform a solid-solution heat treatment to thicken the transition zone
and reduce the pore size for creating a stronger interfacial bonding [24].

The results of bending test and failure morphology of the flexural
specimen are exhibited in Fig. 6. Fig. 6(a) shows the flexural stress-
displacement curves of three specimens. Variations of flexural
behavior can be observed from these specimens. Specifically, specimen 1
has the lowest slope of the curve among the three specimens, indicating
the smallest modulus, whereas specimen 2 shows the lowest elongation,
as the sharp decrease of stress occurs at a displacement near 2.5 mm. The
average flexural strengths of the bi-metal structures approach 84.4 %
and 82.5 % of the pure 17-4 PH and pure IN625 built by extrusion-based
AM, respectively [25,26].

To further evaluate such a difference in the flexural behavior, the
macro-scale fractural progress of specimen 2 is studied, as shown in
Fig. 6(b) to (d). From a flat multi-material structure, the specimen is
gradually bent under the compressive force, and an initial crack has
been detected at the bottom surface in Fig. 6(d). This type of crack is
usually induced by the tension force at the bottom surface. The crack
immediately enlarges and propagates against the loading direction,
causing the quick sample failure reflected in the stress-strain curve in
Fig. 6(a). Therefore, the quick failure of specimen 2 is due to the crack
initiated at the bottom surface of the sample. On the other hand, samples
1 and 2 have more ductile bending behavior, but sample 1 exhibits a
significant stress drop before the final failure. This small stress drop
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Fig. 6. (a) Stress-displacement curves of three flexural specimens and macroscale fracture morphology for sample 2 at different stages including (b) initial, (c)

elastically deformed, (d) large deformation, and (e) final failure.
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Fig. 7. Vickers hardness of the 17-4 PH and IN625 bi-metal structure.

could be due to the formation of defects (cracks or pores) at microscale,
which cannot be observed from macroscopic imaging. This type of
failure may lead to a lower modulus of the specimen but would not have
a significant impact on its ultimate flexural strength and elongation. In
addition, the failure mode for all specimens is matchable with single
material as no delamination or interfacial crack is detected. Since no
brittle intermetallic phases are formed at the interface, it is indicated
that a ductile bond between these two metal materials can be achieved
via this manufacturing process.

The mechanical performance of the bi-metal structure is also
revealed in microhardness tests. As shown in Fig. 7, the hardness values
in IN625 portion, the 17-4 PH portion, and the transition zone were
tested with an average step size lower than 10 pm. At the IN625 portion,
the hardness value is around 230 HV, whereas the 17-4 PH shows the
value above 350 HV. It can be seen that the microhardness for both
sintered material is comparable to other reported values [27,28], which
suggests that the sintering process is suitable for both individual mate-
rials. On the other hand, a transition zone is identified where the
hardness value decreases drastically to 150 HV. The thickness of the
transition zone determined by the hardness test is about 20 pm. The
hardness of the transition zone cannot reach the values of IN625 or 17-4
PH due to the existence of pores and lack of second phases. Therefore,
the thin transition zone with low hardness in the 17-4 PH and IN625 bi-
metal specimen indicates a weak mechanical strength at the interface,
which aligns with the results from the tensile tests.

4. Conclusions

This work provides a pioneering investigation of 17-4 PH SS and
IN625 nickel alloy bi-metal fabrication through extrusion-based sinter-
ing-assisted additive manufacturing. The microstructure and mechani-
cal properties of the built samples were characterized and tested. The
detailed conclusions are listed below:

1. The 17-4 PH and IN625 bi-metal structure was well-bonded after
sintering without delamination. Pores were observed at the interface,
and the interfacial band thickness was around 10 pm.

2. A composition gradient of iron was measured at the bi-metal inter-
face and the nickel element exhibited a much sharper transition at
the interface. The interfacial band would be mainly comprised of
iron and other trace elements.

. The bi-metal interface built by material extrusion AM exhibited a
bonding strength below 300 MPa and shows small elongation under
the tensile force. However, no delamination is detected for the
flexural bi-metal specimen, suggesting a ductile bending behavior.

Future studies can be targeted at deciphering the interfacial bonding
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mechanism during the printing-debinding-sintering process using the
modeling and simulation methodology. Further heat treatments (e.g.,
solution treatment) can be adopted to reduce the number of pores and
enlarge the thickness of the interface, eventually elevating the bonding
strength of the bi-metal specimen.
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