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In this study, the development of a bimetallic crosshead produced by additive manufacturing
(AM) is discussed, evaluating the joint region between the two metals. The focus was on investigating
the metallurgical aspect of this hybrid part, particularly the effect of warm forging at the interface,
which combines attributes of two different metal alloys. Fabrication of the crossheads involved
metal deposition, resulting in a wear-resistant outer layer using AWS A5.36 E110C-G M welding
wire and an inner layer filled with ASTM B221 6060 rolled aluminum. The analyses showed that the
intermetallic region had good adhesion properties after warm forging, although excessive formation
of'iron oxides could compromise the ductility of the joint. The results indicate that, with the formation
of intermetallic phases minimized, additive manufacturing makes it possible to create complex high-
performance components with customized properties, serving as a guide for evaluating the viability
of this approach in further studies.

Keywords: Warm forging, Additive Manufacturing, Crosshead, 3D printing, Bimetallic forging,

Bimetallic joining.

1. Introduction

3D printing, or additive manufacturing, has transformed
the production of mechanical parts, bringing new design
and customization options. The terminology Additive
Manufacturing (AM), often referred to as Rapid Prototyping,
refers to production methods that allow the rapid creation of
an initial model or prototype, which will serve as the basis
for the development of other models and the final product in
its definitive version'. This method is considered innovative
and substantially reduces the manufacturing time of models
and prototype parts and also reduces the error rate during
the production process®>. Among the AM techniques, the
wire arc directed energy deposition (WA-DED) technique,
also known as wire arc additive manufacturing (WAAM)
is attracting interest due to its high deposition rate** and
used to produce parts from various structural alloys such
as Ni-based superalloys and stainless steels®°.

Altering the design of components already present in
vehicles and aircraft has provided superior performance.
This is done by replacing materials in non-critical areas with
lighter alternatives, reserving high-performance materials only
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for the areas that really demand this quality'’. To make this
transformation effective, various research and development
activities are conducted to create appropriate technologies,
such as improving automotive efficiency and reducing weight,
which can be achieved by changing the material used'.
Weight reduction is an essential strategy for reducing
fuel, energy, and machining costs in the aerospace and
automotive sectors. According to Bandivadekar et al.'*,
combustion engine vehicles with a 10% weight reduction
can achieve fuel savings of 6.9%, with acceleration from
0 to 60 mph improved by 7%. Similarly, electric vehicles
with the same weight reduction can achieve a 5.1% increase
in fuel efficiency and a 13.7% increase in range. Lighter
alternative materials such as aluminum alloys, carbon fiber,
composites and fiberglass composites are viable options for
the production of automotive parts, and can reduce weight by
30-60%, 50-70% and 25-35%, respectively, compared to steel'.
However, the strength, durability, and rigidity of lightweight
alloys face challenges such as higher manufacturing costs
and the need for more complex manufacturing processes'.
For components facing high stress, it is common to opt for
materials with superior mechanical properties, and for these
parts subject to high stresses, materials with high mechanical
properties are commonly accepted as the only alternatives'.
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Therefore, this study will analyze the joining region
of a hot-forged bimetallic crosshead produced by additive
manufacturing, highlighting the impact of this technique
on the metallurgical characteristics involved in the process.

Steel is known for its strength and durability, making
it essential for transmission parts subject to heavy loads
and adverse conditions. Aluminum, on the other hand,
due to its lightness and thermal dissipation capacity, can
improve performance in systems where weight reduction
is important'®. Additive manufacturing makes it possible
to create parts with complex structures, integrating both
materials in a precise and personalized way'”. This technology
offers the opportunity to optimize properties in a single part,
adjusting the characteristics of the crosshead to meet specific
performance requirements.

Seeking to understand the phenomena that occur at the
interface of such different materials, the research combines
visual and metallographic analysis to evaluate the bonding
conditions between the two materials. Aspects such as the
analysis of the structure and profile of the joint of the metals
involved were investigated to understand how the combination
and arrangement of materials can influence the overall behavior
of the component. The ability to manufacture complex
parts with optimized characteristics can result in significant
advances in various industrial sectors, from automation to
aerospace. A detailed understanding of the benefits and
challenges associated with the additive manufacturing of
bimetallic crossheads contributes to the advancement of
engineering practices and promotes continuous innovation in
the development of high-performance mechanical components..

In the manufacture of bimetallic components — such as
crossheads combining steel and aluminum, the complementary
properties of these materials can be exploited, improving
the performance of mechanical elements in applications
requiring strength and lightness.

In this work, the authors developed and analyzed a
bimetallic crosshead manufactured by additive manufacturing,
using a combination of aluminum and steel, with the aim of
evaluating the feasibility and performance of joining these

3D Printing

software

Figure 1. Welding machine used in the experiment.
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materials. Visual and metallographic analyses of the interface
region were carried out, investigating the structural integrity
and phase distribution resulting from the warm forging
process. The results indicated good cohesion between the
metals, with controlled formation of transition zones and
no significant evidence of discontinuities, demonstrating
the technique’s potential for applications requiring both
mechanical strength and weight reduction.

2. Materials and Methods

To manufacture the test pieces, samples were produced
using a welding machine adapted by UniSATC, consisting of an
axis coupled to a table with X, Y, and Z degrees of freedom. A
numerical control system was adapted to operate automatically,
so that the torch height could be controlled linearly, ensuring
uniform material deposition. A semi-automatic SMASHWELD
250E welding machine from the manufacturer ESAB was used.
The machine performs the MIG/MAG welding technique; for
this study, the MAG welding process was applied, using a
gas mixture of 85% Argon and 15% CO2. The details of the
equipment are presented in Figure 1.

The design follows the approximate dimensions shown
in Figure 2a, and the matrix used is shown in Figure 2b. The
toolpath program was developed in G-code (Figure 2c), using
Mach3 software for computer numerical control. The toolpath was
designed based on the dimensions of the arms of the crosshead,
running in a clockwise direction, and then supplemented with
a circle with a diameter of 30 mm, to reinforce the connection
between the arms and fill the body of the part. Six layers were
applied alternately according to the diagram shown in Figure 2d.
A © 10 mm hole was drilled in the center of the part to create
a uniform surface and allow the 3/8”” aluminum bars to fit in.

The deposition parameters used in the WAAM process
are shown in Table 1.

The temperature at the time of material deposition was
measured using an OPTRIS thermal camera, model PI 08M,
with a temperature range between 575 and 1,900 °C, enabled
the monitoring and recording of temperature variations during
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FIGURE 2. CROSSHEAD DESIGN (A), FORGING DIE (B), MANUFACTURING PROGRAM (C) AND DEPOSITION STEPS (D).

the printing of the steel element. Figure 3 shows a recorded
temperature of 1,401.5 °C during the crosshead printing process.

Table 2 presents the chemical composition of the alloys
used in the manufacture of the bimetallic crosshead.

The steel samples were placed in a furnace preheated to
900 °C and maintained at a plateau temperature to minimize
the effects of surface oxidation. The temperature of 900 °C was
adopted based on the work of Meng et al.?* and considering
that higher temperatures could cause the aluminum core to melt
during forging. The aluminum core, in contrast, was placed at
room temperature when the crosshead was positioned in the die.

Forging was carried out in a single step using a hydraulic
press with a capacity of 100 tons, belonging to Unisatc’s
mechanical forming laboratory. A temperature drop was
observed due to the movement of the steel piece from the
furnace to the press, as well as the exchange of temperature
with the press tooling. Figure 4 shows the temperature of
the crosshead recorded at the time of forging.

In Figure 5a and 5b, one can see the outside of the
printed crosshead, while Figure 5c displays the aluminum

Table 1. Setting parameters for the printing machine.

Parameters Amount
Average electricity current (A) 144.0
Electrical voltage (V) 19.0
Electrical power (kW) 2.7
Gas flow (L/mm) 13.9
Wire feeding (kg/h) 1.0
Welding speed (mm/min) 200.0

bars that will fill the crosshead’s core, and Figure 5d depicts
the forged sample with the aluminum in its core.

3. Results and Discussion

Initially, samples were selected based on a visual analysis
of the bimetallic joint to identify those most suitable for
further analysis.

To analyze the joint, the sample was cut along the axis,
as shown in Figure 6a. In its cross-section (Figure 6b), the
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curling of the aluminum core inward can be observed caused
by the stresses that deform the steel and the ductility of the
aluminum. This behavior is similar to that observed in the
experiments by Politis et al.?!. The deformation resulted in a
mechanical interlock between the two materials, enhancing
the bimetallic bond. A similar phenomenon was also reported
in Xusheng et al.’s?? studies.

The boundary between the two metals can be seen in
Figure 7a, and in Figure 7b, it can be observed that surface
fusion of the aluminum occurred due to contact with the steel
heated during forging, a condition similar to that reported
by Chang et al.%.

According to the analysis, it was visually evident that
there was no perfect adhesion between the metals at the
bimetallic boundary, due to the differing characteristics of
the two metals. Among the factors that may have influenced
Figure 3. Print thermography. this separation is the press’s load limit of 100 tons, the
sawing process, and the differing expansion and contraction
behavior between steel and aluminum. This behavior was
also observed by Wang et al.?*.

Optical microscope analysis also revealed the presence
of' material fragments in the bonding region. These particles
may have resulted from slippage between the surfaces during
forging or to the thermal contraction process, which affects
steel and aluminum differently.

Forging also led to the rupture and separation of oxide
films, which, due to the flow of material, migrated to the
aluminum matrix. This situation was reported in the study
by Politis® and demonstrates the relevance of using the
temperature processing window diagram for aluminum and
Figure 4. Crosshead temperature during forging. steel to avoid metal separation, as shown in the work by

-

Figure 5. a) External part of the crosshead on the welding machine; b) printed samples; ¢) 3/8” rolled aluminum bar d) forged bimetallic crosshead.
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Table 2. Chemical composition of materials'®!°.

Material Al Mg Si Mn Ti Zn Cu Fe
ASTM B221 Alloy 6060 97.42 0.58 0.59 0.01 0.013 0.02 0.10 0.20

Material C Mn Si P S Cr Ni Mo
AWS A5.36 E110C-G M 0.07 1.57 0.42 0.01 0.01 0.41 1.49 0.34

ALUMINUM

200 im
=

Figure 7. The boundary between the two metals. Etchant: Nital 2%.

Politis et al.?, Details of the gap and fragments of material
can be seen in Figure 8.

The relatively low temperature of the steel did not lead
to significant changes in its structural constituents, which
were more pronounced in the region of the bimetallic joint,
where there was heat exchange between the metals during
cooling. According to Wang et al.?*, heat transfer and the
incompatibility of mechanical properties between the two
materials are the main reasons for this behavior. This process
resulted in a coarser grain morphology near the joint, as
shown in Figure 9 and detailed in Figure 9b.

For the hardness measurement, the piece was cut in the
axial direction and nine measurements were taken using a 1 kgf
load (HV1) and a dwell time of 10 seconds. The indentations
were made at linear intervals with an increment of 0.5 mm,
starting from the zero point located at the junction between
the two materials. The diagram showing the measurement
pattern is presented in Figure 10.

The results obtained showed that there were no significant
changes in the properties of the materials. The measurements
taken on the aluminum exhibited very consistent values, with
amaximum of 62 HV and a minimum of 60.31 HV. These two

ALUMINUM

100 pm
—

ALUMINUM

Gap between
materials

Fragments
of material

Figure 8. Fragments of material in the gap between steel and
aluminum. Without attack.

measurements were taken at the points closest to and furthest
from the joint, respectively. This result indicates that there was
no evidence of a change in the hardness of the aluminum at
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Table 3. Microhardness values in the bond region between the materials.

Material Point increase (mm) Distance from Zero-point (mm) hardness (HV)
4 0.5 2.0 62.83
. 3 0.5 1.5 60.46
Aluminum 2 0.5 1.0 6031
1 0.5 0.5 62.09
Border 0 0 0 307.66
5 0.5 0.5 266.00
6 0.5 1.0 282.86
Steel 7 05 15 279.92
8 0.5 2.0 292.31

Grain size
variation zone

g

the interface due to exposure to high temperatures in contact
with the heated steel, corroborating the study by Politis®.
Thus, the aluminum does not appear to undergo changes due
to its proximity to the steel during forging, or the affected
zone may be smaller than the resolution of the test equipment.

The microhardness measurement in the steel region showed
similar behavior, with a minimum hardness of 266 HV and a
maximum hardness 0£292.31 HV, indicating that no compositional
transition zone was formed as a result of the forging process.

The microhardness test values are presented in Table 3,
and the corresponding graph is shown in Figure 11.

Regarding surface oxidation, traces of these elements
were identified, albeit in reduced form, corroborating the
findings of Wang et al.**. One of these constituents can be
seen in Figure 12.

Using EDS analysis, the elements present in the joint
between the two materials were identified. The chemical
composition consists mainly of Fe and O, indicating the
presence of steel oxides throughout the region, as shown in
Figure 13. These oxides were formed during the heating of the
steel portion of the crosshead. According to Chen et al.?’ the
presence of oxides can be detrimental to the formation of a
reliable interface between materials.

EDS analysis, used to determine the relative concentration
of each material, not only revealed a greater quantity of
oxides at the metallurgical junction but also detected presence
of chromium, manganese, molybdenum, and silicon. The
percentage of each element and the quantification table are
presented in Figure 14.

Figure 9. Variation in grain size within the HAZ of steel. Etchant: Nital 2%.

'b)

Figure 10. Hardness measuring points.

HV Microhardness variation

Point
Figure 11. Microhardness graph.
For better visualization, the elements of the bimetallic

joint were isolated, and EDS mapping was performed, as
shown in Figure 15.
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0,01 mm

Figure 12. Evidence of surface oxide from heating. Without etching.
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Figure 13. Energy dispersion analysis of the bonding region.
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Map
Mass Mass Norm. Atom abs. error [%] rel. error [%,
Element At.No. Netto 1% %] %] @ sigma[) ! @ sigma[) ]
Aluminium 13 15694034 44.77 41.23 37.46 2.03 4.53
Iron 26 657491 35.72 32,90 14.44 1.58 441
Carbon 6 1141133 18.88 17.39 35.48 1.99 10.54
Oxygen 8 1269021 8.59 7.91| 12.12 0.92 10.69
Silicon 14 142942 0.62 0.57 0.50 0.05 8.16
Manganese 25 0 0.00 0.00 0.00 0.00 1.96
Chromium 24 0 0.00 0.00 0.00 0.00 .71
Molybdenum 42 0 0.00 0.00 0.00 0.00 1.54
Phosphorus 15 0 0.00 0.00 0.00 0.00 1.77
Sulfur 16 0 0.00 0.00 0.00 0.00 1.56

Sum 108.57 100.00 100.00

Figure 14. Qualitative microanalysis of chemical elements present in the sample.
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Figure 15. EDS images with isolated elements.

4. Conclusions

The purpose of this study was to preliminarily investigate
the interface of forged bimetallic joint in a crosshead developed
from an AWS A5.36 E110C-G M low-alloy steel body and
a 6060 aluminum core produced by WAAM. Experimental
analysis of the interface of bimetallic steel and aluminum
parts led to the following conclusions:

Forging the crosshead with the steel region heated
to 900 °C and with the core at room temperature
maintained the main metallographic characteristics.
The joint between the two materials visually
revealed a region of cracking, which may have
resulted from due to the sample being cut by a saw
or due to the unequal contraction of the materials
during cooling. This reveals the incompatibility of
mechanical properties between the two materials.

T Hoowm 1
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Surface oxidation was seen along the boundary
between the two materials, even when the pieces
were placed in the furnace after reaching the pre-
established temperature.

Fragments of material were found in the gaps,
possibly from dragging between the surfaces during
forging. The oxide layers of the steel were also
broken and transported to the aluminum matrix.
The low alloy steel underwent microstructural changes
in the regions close to the bimetallic boundary, as a
result of heating and temperature exchange between
the metals during cooling.

The work represents a preliminary investigation and
future work is recommended using different materials
and temperature combinations to evaluate the formation
of oxides and the occurrence of atomic diffusion in
the boundary zone between the materials. A powder
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flux, such as borax, could also be applied to reduce
the oxide layers
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