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Abstract:

This study explores the use of Robotic Wire Arc Additive Manufacturing (WAAM) to
fabricate large-scale 316L stainless steel structures for potential forging preforms. A full
wall sample was successfully printed using a robotic WAAM setup equipped with a pulsed
Gas Metal Arc Welding (GMAW) process. To investigate the thermomechanical properties
of the printed material, compression tests were conducted at a preheat temperature of
1600 °F (871 °C) and a strain rate of 0.01 (in/in)s™". A custom-designed nickel-based alloy
platen was fabricated to perform the high-temperature tests. The data were recorded
during testing and flow stress were calculated for the samples. The results demonstrate
that WAAM can produce 316L stainless steel components with favorable
thermomechanical properties such as hardness and flow stress values between WAAM
stainless 316L and extruded stainless 316L samples. These results under forging-like
conditions suggest their potential as a cost-effective alternative for manufacturing
preforms in forging industries.

Introduction:

Metal 3D printing has potential as a promising alternative to traditional metal
forming processes such as casting and forging. Preform forging is a process where a
roughly shaped initial workpiece, called a preform, is first made to closely resemble the
final part before the final forging operation. This Preform forging reduces the number of
forging steps, material waste, and tooling costs. Selective Laser Melting (SLM) has been
investigated for creating these preforms with complex geometries that would be difficult
or costly to achieve with traditional methods. The study by Sizova et al. [1], shows that
titanium alloy parts produced by SLM not only allow for near-net shape production but
also demonstrate better hot workability using heat treatment and hot compression
testing. Their result reveals SLM parts with lower activation energy and allows faster
microstructural refinement which in turn enables easier hot deformation and faster
dynamic recrystallization. This also improves forgeability compared to conventionally
cast or forged materials. Such combination of additive manufacturing and forging can
streamline production, reduce costs, and improve material properties. In this study by
Schmidt and Spieth [2], the solid base body of the componentis initially forged near-net
shape and mechanically machined to prepare precise joining surfaces. Subsequently,

selective laser melting (SLM) is employed to build the complex geometries directly onto
the forged base, taking advantage of the design flexibility
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inherent in additive manufacturing. In the study by Fousova [3], various metal 3D printing
techniques—including Selective Laser Sintering (SLS), Direct Metal Laser Sintering (DMLS),
Electron Beam Melting (EBM), and Selective Laser Melting (SLM)—are reviewed as potential
substitutes for conventional manufacturing methods. These additive manufacturing (AM)
approaches enable the fabrication of highly complex geometries, minimize material waste,
and allow for customization, especially in fields such as medical implants and aerospace
components. In this study WAAM was chosen due to its higher deposition rate, lower cost,
and ability to fabricate large preforms, which are more relevant for forging industries than the
complex geometries enabled by SLM.

Wire arc additive manufacturing (WAAM) is gaining increasing importance due to its
unique combination of economic, technical, and practical advantages, especially for large-
scale metal part production. WAAM has potential to fabricate medium to large scale preform
for forging application at a higher deposition rate compare to SLM. The goal of this research
is to investigate the Robotic WAAM to fabricate stainless steel preform in forgings. In Wire
Arc Additive Manufacturing (WAAM), the type of power source used depends on the arc
welding process selected Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding
(GTAW), or Plasma Arc Welding (PAW). Researchers have put significant amounts of effort
into fabricating stainless-steel parts using WAAM, especially 316 L stainless steel. Cold
metal transfer (CMT), a subset of GMAW process known for its adaptive arc control,
precision and low heat input, has been utilized the most [4], [5], [6], [7], [8]. The cold metal
transfer ensures stable arc behavior and minimal spatter, which is critical in achieving high-
quality builds with low surface roughness and minimal defects. While many works are
performed using CMT, very few works are published using other GMAW processes.
Vishnukumar et al. [9], explored the fabrication of SS316L stainless steel components using
Gas Metal Arc Welding (GMAW) in a WAAM setup, emphasizing the influence of post-heat
treatment on mechanical and corrosion behavior of 316L stainless steel. In the study
conducted by Duan and Yang [10], an innovative approach to (WAAM) was adopted, known
as Pulsed Arc Plasma Wire Arc Additive Manufacturing (PAP-WAAM). This technique was
developed to overcome the limitations associated with conventional WAAM, particularly the
excessive heat input that typically results in coarse microstructures and diminished
mechanical properties. The key innovation in PAP-WAAM lies in the pulsed mode application
of the arc plasma. Unlike traditional constant-current systems used in Gas Tungsten
Wire Arc Additive Manufacturing (GT-WAAM), PAP-WAAM utilizes a pulsed discharge arc,
which alternates between ignition and extinguishment cycles.

The objective of this research is to conduct the compression test and analyze the
thermomechanical properties, mainly flow stress-strain of the WAAM printed 316L stainless
steel at a temperature of 1600 °F (871 °C) and strain rate of 0.01 (in/in)s™'. We are using
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Pulsed GMAW, which was selected for its lower heat input and more stable arc compared to
conventional GMAW, as supported by Duan & Yang [10]. A compression platen that can
withstand a temperature of 300 °C was also designed and fabricated to conduct the test.

Experimental Methods:

A Robotic WAAM setup that consists of Kuka KR-6 controller and Lincoln Electric R450
welder was used to fabricate approximate 0.75x 11.00 x 6.00 inch wall as shown in Fig 1. A
GMAW pulse mode Ultimarc waveform was used. The shielding gas mixture of Ar+CO,+0,
was used with a flow rate of 16.5 L/min. The experiment was conducted with a voltage of
28.65V and current 375 A. The wire feed speed was maintained at 158.75 mm/s and the
robot travel speed of 12.7 mm/s.

Tregaskiss
ToughGun KR 6
Torch R900-sixx
Ceramic
Coated
Nozzle
Wire
A36 Build Plate Feeder
WCS

Figure 1. Robotic WAAM setup

Once the wall sample has been successfully printed, the compression test specimens -
cylindrical samples of 12.7 mm diameter x 19 mm height were wire-cut from the WAAM wall
(ASTM E9 dimensions) as illustrated in Fig 2. Compression tests were conducted on selected
randomly selected samples-specifically, 1E, 1K, 2D, 2E, and 2L so that we get the various
wall regions to capture representative material variability.
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Figure 2. Selection of compression testing specimen from the WAAM printed wall

To evaluate the compressive mechanical behavior of the WAAM printed samples under
elevated temperature conditions, and to replicate the industry forging process, a high-
temperature compression testing protocol was employed. Priorto heating, each sample was
positioned between the compression platens of the testing machine to establish a reference
alignment as shown in Fig 3. A home position was defined near the surface of the sample to
ensure consistent initial contact during the testing phase. Once the reference setup was
complete, the top platen was removed.

Recessed for Alignment

Figure 3. A flat compression platen with recession in the middle
The samples were transferred into a high-temperature oven preheated to 1600 °F

(871 °C). Heating continued until the samples began to illustrate a visible red-orange glow,
indicating that the desired thermal condition had been reached. To ensure thermal
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equilibrium throughout the sample volume, the specimens were soaked in the oven at this
temperature for an additional 15 minutes. Fig 4. shows the 250 kN Hydraulic stand and the
high temperature oven used for compression testing.

High Temperature
Oven

250 kN Hydraulic
Test Stand

Figure 4. Compression Test Equipment and Oven

After heating, the samples were immediately placed in the platen and once proper
alignment and positioning were confirmed, compression testing commenced under
controlled loading conditions as shown in Fig 5. All tests were performed under
displacement control at a constant strain rate of 0.01 (in/in)s™'. The test setup was
constrained by a maximum allowable load of 150 kN, with the exception of the initial test
(Sample 1K), which was limited to 100 kN to prevent premature failure. The system also
imposed a maximum allowable deflection of 10.16 mm to ensure mechanical integrity and
equipment safety during high-temperature operation.
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Upper Platen

Test Sample

Lower Platen

Figure 5. Compression Testing at 1600 °F (871 °C).

Results and Discussion:

The specimens before and after the compression tests are as shown in Fig 6. The
specimens experienced barreling due to friction between the platen and the specimens.

Pre-test

Post-test
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Figure 6. Pre-test and Post-test samples.

Throughout the test, real-time data for temperature, axial load, and deformation were
continuously recorded. Using the recorded values of displacement and load, the
engineering stress, engineering strain, true stress, and true strain were calculated using the
below formulas. Barrelling and bulging of the specimen were observed during the test (Fig
6), primarily due to friction between the platen and the workpiece. However, this
deformation was not considered in the subsequent stress—strain analysis. The current
equation used provides the flow stress for the uniform deformation.

Engineering Stress (o,):
o.=F/A
where:
e [ =appliedload
e A, =original cross-sectional area
Engineering Strain (g.):
€e.=AL/Lo
where:
e AL =change in length
o L, =original length
True stress = engineering stress x (1 + engineering strain)
True strain = n (1 + engineering strain)

This enabled detailed analysis of the stress-strain response and the evaluation of
temperature-dependent deformation behavior of the WAAM-processed 316L stainless steel.
The engineering stress-strain curves for the cold compression platen verification tests are
shown in Fig 7. Among the cold-tested samples, Sample 2D exhibited the highest peak
stress, reaching around 1177 MPa. Samples 2L, 2E, and 1E followed with peak stresses of
approximately 1069 MPa, 1043 MPa, and 1058 MPa, respectively. These results are due to
work hardening of the samples.
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Cold Specimens - Engineering Stress-Strain
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Figure 7. Engineering stress versus Engineering Strain Plot for cold platens

The true stress-strain behavior for the cold compression platen tests is shown in Fig
8. In the cold tests, Sample 2D reached the highest true stress of around 700 MPa, followed
by Samples 2L, 2E, and 1E, which all achieved peak stresses between approximately 600
and 650 MPa. Among the tested cold specimens, all curves except for 2D shows strain
hardening (based on flow curve) throughout deformation, whereas specimen 2D shows
dynamic recovery, as indicated by the reduced hardening rate at higher strains. This may be
due to several reason such as temperature drop due to cold platen in contact with the hot

samples and the slower strain rate.
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Cold Specimens - True Stress-Strain
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Figure 8. True stress versus True Strain Plot for cold platens

Compression tests were carried out for WAAM printed walls and extruded stainless
steel 316 L rod at room temperature and 1600 °F (871 °C) pre-heat for verification purposes.
It should be noted that there might have been some temperature drop during specimen heat-
transfer to the platens, which was not accounted for in the analysis. The plots for engineering
stress vs engineering strain are shown in Fig 9 and 10. On comparison it shows that WAAM
samples require less force to deform when compared to a regular extruded 316 L sample,
which is favorable for making WAAM produced parts for forging.
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Figure 9. Compression test plot of Engineering stress vs Engineering strain at room

temperature.
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Figure 10. Compression test plot of Engineering stress vs Engineering strain at

1600°F.
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To overcome the shortcoming of the current platen and to reduce the temperature
difference between the platen surface and heated test specimen, a new platen was
designed and fabricated using a nickel-based alloy (Inconel 718). The platen was designed
to withstand the repeated compression testing at loads up to 150 kN, for which 2” sample
diameter was considered. It also had to withstand preheat temperatures of 300 °C so factors
such as oxidation, thermal cracking creep and loss of strength at temperature were taken
into account. In addition to this, the platen was designed to include temperature control and
heating system for which the following factors were considered. It must be capable of
heating platens using a typical single-phase 20A wall outlet. It must independently control
the temperatures as heat migration will result in different heating requirements for top and
bottom platens. The system must also be ensured safe electrically and thermally for testing
purpose.

Figure 11. Platen before machining (left) and designed Platen and compression
sample (right)

A nickel-based superalloy was selected as a platen material. As per the literature, the
yield stress (Oyie) is 1096 MPa and Modulus of Elasticity (E ) is 184 GPa at the temperature
600 °F (300 °C). Using these values the allowable force by Shank diameter and Sample
diameter were calculated as follows:

e Allowable Force By Shank Diameter (0.770”)
A;=0.465 in?=0.0003 m?
Fatow = Oyieta * Ac = (1096 MPa) * (0.0003 m?)
Fauow=328.8 kN >> 150 kN Test Load

e Allowable Force By Sample Diameter (0.5”)

A:=0.196 in*=0.00013 m?
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Fa[[ow = Gyie[d * Ac = (1 096 MPa) * (0-0001 3 m2)
Fauow= 142.5 kN ~~< 150 kN Test Load

Some plastic deformation may be seen at the point where sample loading occurs depending
upon surface hardness and the number of cycles performed while testing.

Further, the platens were subjected to heat treatment as per AMS 5662 specification
for Inconel 718 in an inert atmosphere to age for 8 hours at temperature 1325 - 1400° F (718
- 760° C). Then the furnace was cooled at 100° F (38° C) per hour to achieve 1150 - 1200° F
(621 - 649° C). The platen was kept it for 8 hours and then air cooled. The top of the platens
surface was grounded to ensure flatness following possible distortion during heat treatment.
A band heater (Fig 12) was used to wrap around the circumference of the platen and a PID
controller was used to heat the band heater and maintain a constant temperature of 300 °C.

W
Y

!’WL

Figure 12. Band heaters used to heat the platens.

After the successful fabrication of preheated platen, the compression test was
performed at the strain rate of 0.01 (in/in)s~" and the specimen pre-heat temperature of 1600
°F (871 °C). The results were plotted for Engineering stress vs Engineering strain and true
stress vs true strain as shown in Fig 13.
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Figure 13. Stress - Strain Plot for samples 11 and 3l with heated platen

The samples tested with the cold platen and hot platen all showed flow stress values
between 500 to 600 MPa, with some sample showing higher than 600 MPa when using the
cold platen. This change in flow stress at elevated temperatures is mainly due to thermal
softening of the material and due to higher temperature difference between the platen
surface and tested specimen, which reduces its ability to resist deformation.

Conclusion

1. Robotic Wire Arc Additive Manufacturing (WAAM) was successfully employed to
fabricate a structure of 0.75x 11.00 x 6.00-inch wall using 316 L stainless steel. This
demonstrates the capability of WAAM to produce large-scale metal components with
potential applications in preform forging.

2. Compression test at room temperature of the WAAM printed sample show lower
stress than the extruded 316 L sample. At room temperature, WAAM’s lower strength
may be due to the anisotropic microstructure compared to the recrystallized grain
structure typically observed on the extruded samples.

3. A specialized preheated compression platen as well as the control system was

designed and fabricated, capable of operating at elevated temperatures and high
loads.
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4. Compression tests were conducted at a preheat temperature of 1600 °F (871 °C) and
a constant strain rate of 0.01 (in/in)s”using both the cold and hot platen. The test
results showed that using hot platen is more effective in lowering the temperature
difference between the platen and sample allowing to achieve the lower flow stress
values.
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