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Abstract Metal matrix composites enhance the wear
and corrosion properties of components in heavy-duty
industries. This work reports the preliminary effects of
process parameters such as current, linear speed, pow-
der flow rate, nozzle angle, and powder, shield and cen-
ter gases at the macro-scale and micro-scale of single-
track multiple-layers depositions. The use of plasma
transferred arc as an additive manufacturing system
acquiesce to generate enough energy for a fast solidi-
fication rate of the matrix without compromising the
carbide in the composite. The results show that the
bead height is mainly affected by the powder flow rate,
the powder gas, and the travel speed at the macro-scale,
. The bead width has a close relationship with powder
flow rate, powder gas, and current, the latter contribut-
ing to the formation of a slumping phenomenon due
to heat accumulation. The volumetric deposition is af-
fected by similar parameters to the bead height. At the
micro-scale, the process parameters did not show sig-
nificant carbide changes but validate its homogeneous
distribution. The electron microscope observation ex-
hibited the composite’s high quality due to the fast
solidification of the process. Results demonstrate that
the porosity is mainly affected by the powder flow rate.
By understanding the preliminary contribution of pro-
cess parameters, this manufacturing process can print
near net-shaped parts minimizing the post-processing
of metal additive manufacturing components. There-
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fore, this work contributes to implementing a prelimi-
nary experimental methodology to understand the de-
position process of WC-reinforced composites in plasma
transferred arc additive manufacturing.
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1 Introduction

The development of new technology in Additive Manu-
facturing (AM) has promoted the formation of new ap-
plications in various industrial sectors. In the metal AM
scope, heavy-duty industries demand for 3D printed
components capable of withstanding the severe condi-
tions associated with the working conditions such as
abrasion, impact, and erosion. Plasma Transferred Arc
(PTA) is commonly used to deposit thick overlays of
high wear and corrosion-resistant alloys with high de-
position speeds [1]. Mercado Rojas et al. [2] confirmed
that this technology can be adapted as a metal addi-
tive manufacturing process named PTA-AM for print-
ing Metal Matrix Composites (MMC) with character-
istics comparable to typical composite coatings for the
heavy industry [3]. Moreover, this technology can be
classified as a Direct Energy Deposition (DED) AM sys-
tem where a concentrated energy source and a stream
of raw material intersect at a focal point giving rise to
melt pool formation [4] (Fig. 1).

DED-AM are non-equilibrium processes with fast
cooling rates, a diverse set of processing parameters
coupled with complex transportation phenomena bears
to a difficulty in understanding the particular effects of
process parameters [5]. Generally, the determination of
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Fig. 1: Plasma Transferred Arc deposition.

process parameters in new AM systems consists of trial-
and-error round-robin tests. Artaza et al. [6] designed
and integrated a Wire and Arc Additive Manufactur-
ing (WAAM) system to print Ti-6Al-4V components.
The validation of the technique required a combination
of 83 single depositions varying feed rate, current, and
wire feed speed for a single material. Although these
tests can determine the working conditions for the sys-
tem, further knowledge is required to achieve near net-
shaped components [7]. Understanding the role of these
variables in metal AM deposition improves the print-
ing quality of components. In PTA-AM, the combina-
tion of process parameters such as current, linear speed,
powder flow rate, nozzle angle, and powder, shield and
center gas flows leads to particular characteristics. The
metal deposition rates and quality, different penetration
levels into the substrate, losses of powder material, and
specific bead height and width are characteristics de-
pendant on process parameters achievable rapidly in a
single pass [8].

The effects of process parameters can be determined
through the Design of Experiments (DOE). This sys-
tematic layout of experimentation improves the time ef-
ficiency of one-factor-at-a-time experiments, avoids mis-
leading conditions in the presence of interaction, and
estimates the effect of parameters at different levels [9].
These type of experiments have been used to investigate
the deposition rate in twin-wire submerged arc weld-
ing [10] and tungsten inert gas welding [11]. Similarly,
DOEs have been used to link process parameters to
bead characteristics in laser cladding [12, 13, 14] and
plasma cladding [15]. Wilden et al. [16], and Parekh
et al. [17] used the experiments for multiphysics simu-
lation in PTA welding and laser cladding, respectively.
Other researchers analyzed the effects of process pa-
rameters in the bead geometry through transient stud-

ies [18, 19].

In terms of metal AM for DED systems, process
parameters research through DOEs focus on laser and
WAAM systems. Table 1 provides insight into the input
and output criterion for laser beam experiments. It is
important to note that laser beam observations mainly
centers on stainless steel. Standard process parameters
are laser power, laser velocity, and powder feed rate.
In the outcome measures, the bead geometry, such as
width and height, are typically investigated.

Beuth and Klingbeil [20] described the use of a pro-
cess map approach for the relationship between process
parameters and critical deposition parameters such as
melt pool size, residual stress, and grain size. In Fathi
et al. [21], a theoretical model was linked to the nu-
merical results from the evaluated experiments. A case
study for building airfoils with three-, and four-way noz-
zles was conducted by Qi et al. [22] showed a central
composite design to drive the experiments. Addition-
ally, Angelastro et al. [23] described the comparisons
between a mathematical model and the results of multi-
layer claddings built with MMC composites. A finite el-
ement model in single-track single-layer beads was ap-
plied by Amine et al. [24] to compare the experimental
results and to obtain temperature readings, microstruc-
ture analysis, and microhardness and grain size mea-
surement. Saqib et al. [25] used experimental results
to build a prediction model through ANOVA, lumped
parameters, and artificial neural networks. Single- and
multiple-layers depositions were employed to build con-
tour plots correlating process parameters to thin wall
structure height [26].

Table 2 presents similar information as Table 1, but
for WAAM systems. Wire feed speed is a standard pa-
rameter along with the studies. In these cases, alloys’
availability is limited to commercially wire forms. Prado-
Cerqueira et al. [27] implemented a hybrid process to
metal 3D printing and milling for surface finishing com-
ponents. The results from more than 100 experiments
related the process parameters to bead height and width.
In Liberini et al. [28], the research focused on compar-
ing microstructure and mechanical properties by vary-
ing the input parameters. Porosity in single-track multi-
ple layers beads is measured and evaluated considering
different manufacturing process parameters and mate-
rial batches [29]. Furthermore, by building thin walls,
Zhang et al. [30] created AM transverse and longitudi-
nal tensile tests linking process parameters with ulti-
mate tensile strength and grain maps.
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Table 1: Literature review for process parameters in Laser beam systems.

Study Process Outcome Material
parameter measures
-Laser power K
-Laser velocity -Melt I.)OOI. S1ze 304 stainless
[20] Preheating t " -Grain size teol
-Preheating temperatures “Residual stress stee
-Part geometry
-Laser power -Bead height 303L Stainless
[21] . -Bead width
-Laser velocity L steel
-Dilution
-Laser power
-Defocus distance
22] -Powder feed rate -Wall thickness Inconel
-Travel speed -Layer height 718
-Height increment
-Shield gas flow
-Laser speed -Bead width 30% Colmonoy
[23] -Hatching space X -Bead height 297-F
-Hatching space Z -Deposition efficiency 70% WC/Co/Cr
-Hardness
L -Temperature and
-Laser power . . . .
solidification ratio 316L Stainless
(24] ~Traverse speed -Grain size steel
-Powder feed rate _Temperature
-Bead height
-Laser power -Bead width
-Powder feed rate -Bead height .
[25] -Laser speed -Penetration P42()S%22inless
-Focal lenght -Positive area
-Contact tip distance -Negative area
-Pulse energy -Bead width
9% -Pulse duration -Bead height 301L Stainless
[26] -Transverse speed -Penetration Steel

-Height increment

-Deposited area

Although less popular, other types of energy sources
were analyzed (Table 3). Travel speed, power-related
parameters, and material deposition rate were stan-
dardized process parameters, while bead height and
bead width were outcome measurements. In Wang et al.
[8], voltage information controlled the arc length in

-plasma, and their system built functionally graded
components. Likewise, Jhavar et al. [31] correlated pro-
cess parameters of multiple layer depositions to qual-
ity deposition and characteristics such as surface wavi-
ness, deposition efficiency, and microhardness. More-
over, Sawant and Jain [32] investigated the coefficient of
friction, wear volume variation, lamellae width, and mi-
crohardness. In plasma wire deposition, Martina et al.
[33] studied a cubic behaviour with three-factor third-
order polynomial function to fit experiments and obtain
a working envelope.

While previous work in Mercado Rojas et al. [2]
has proven PTA-AM technology to be suitable, the re-
search presented here aims to preliminary understand
the influence of process parameters in the bead geom-
etry and the microstructure of WC-reinforced compos-

ites through the use of PTA-AM. The next section de-
scribes the materials and methods for the experiments.
This section details the analyzed process parameters,
the Taguchi-based DOE model, and the acquisition of
outcome measures.

2 Materials and methods

Figure 2 shows the PTA-AM system. It consists of a
Kennametal Stellite™STARWELD 400A PTA system.
It is designed for general-purpose, multi-faceted, hard
face production though the spread of fully fused metal
deposits. Typically, metal powder is carried from a pow-
der feeder to the torch in an argon stream. The powder
torrent transports the material into the plasma, here it
is melted and fusion bonded to the workpiece. A direct
current power source provides the energy for the trans-
ferred arc across a tungsten electrode. For the hard-
facing PTA system be modified into an AM system, a
3-axis coordinated positioning device is positioned un-
der the torch while the torch travel remains fixed. The
PTA positioning device yields the flexibility to move on
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Table 2: Literature review for process parameters in WAAM systems.

Study Process Outcome Material
parameter measures
-Welding speed
[27] -Current -Bead height AWS ERT70S-6
-Arc correction -Bead width cooper coating
-Dynamic correction
-Voltage -Grain size
28] -Speed rate -Microhardness AWS ER70S-6
-Wire batches
29 -Power modes -Porosity size Aluminum
[29] -Wire feed speed distribution alloy 2319
-Travel speed
-A d
-Hg;tr?rfplft -Maximum width
I -Effective width
-Interlayer -Porosity
wait-time Grai AL-6Mg
(30] -Scanning speed -arain maps 11
g Sp . alloy
_Current -Ultimate
Voltage tensile
- t th
-Wire speed streng

Table 3: Literature review for process parameters in other DED systems.

Type of Study Process Outcome Material
energy source parameter measures
8] '?S‘géiﬁt -Layer height H13 tool
-Powder feeding rate -Layer width steel powder
-Power -Bead width
[31] -Travel speed -Bead height sl:ezgl toi?"}s
-Wire feed rate -Deposition quality W
p-plasma
-Power
-Flow Rate of Powder
-Bead width .
[32] Travel Sl?eed -Bead height Ti6AldV
-Stand off distance . e powder
~Plasma gas flow rate -Quality of deposition
-Shield gas flow rate
Plasma wire - 'WT“e feled Spffd - '\g/au Wlﬁth e Ti6ALV
deposition [33] -Travel spee -Effective wall wi wire
Current -Layer height
-Power . . .
Electron beam [34] -Travel velocity -Beta grain widths TIGAMV
. -Melt pool area wire
-Wire feed rate

a build space envelop of 365 mm x 170 mm x 300 mm
through its X, Y, and Z axes, respectively. Standard g-
code instructions developed using standard open source
methods are used to generate the path trajectory of the
positioning device.

The material, in powder form, is poured in the hop-
per. The powder flow rate is calibrated prior to depo-
sition to ensure the rate in grams per minute is within
the nominal range for the particular type of powder.
The calibration is conducted at the start of every de-
position run, and confirmed in triplicate. Whether the
values diverge, the hopper can be screw in or out to
adjust the flow of more or less powder, and repeat the
calibration protocol. The powder density and morphol-

ogy are correlated to the powder flowability, as such,
the powder flow rate calibration is critical.

The temperature of the plasma can reach more than
24,000 K [35]. Therefore, a cooling mechanism is nec-
essary to prevent damages to the nozzle. A Koolant
Kooler model JHI-1500-M is connected to the torch al-
lowing ~18% propylene glycol in water to flow with a
pressure of 551.58 kPa (80 psi).The thoriated tungsten
electrode is sharpened to the angle of 20° and is set
back 4 mm inside the torch nozzle. Two different torches
were used in the experiments: the Excalibur PTA torch
and the model 600 torch. The Excalibur torch was in-
stalled with a 3.18 mm (1/8”) nozzle suitable for small
to medium applications. The plasma plume is slightly






