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ABSTRACT

Intensive research is currently being conducted on wire arc additive manufacturing (WAAM) processes. Previous
studies have demonstrated the impact of current parameters on altering the structure and properties of 316L stain-
less steel. However, there is a lack of comprehensive information in the literature regarding the influence of elec-
trode extension length (contact to tube distance) on changes in the structure and geometry of parts made of 316L
steel using the cold metal transfer (CMT) method. This parameter was often assumed to be constant in research
experiments. The study aimed to determine how the length of the electrode extension affects the geometric prop-
erties of steel walls produced in the WAAM CMT additive manufacturing process. The experiment used 316LSi
stainless steel to build 3D structures in the shape of straight walls. The chosen shape of the parts yielded the most
benefits for preparing samples from the resulting structures for destructive testing. The research demonstrated that
the length of the electrode extension is a crucial parameter in the additive manufacturing process of structures
using the WAAM method. Modifying the electrode extension length in the WAAM process with a CMT machine
impacts the bead geometry and, consequently, the overall model geometry. A 6 mm increase in the electrode exten-

sion length resulted in a model that was over 8§ mm taller, despite using the same number of layers.

Keywords: wire arc additive manufacturing, cold metal transfer, electrode extension, 316L steel.

INTRODUCTION

Robotization and incremental technologies
are at the core of Industry 4.0. The rapid develop-
ment of specialized 3D solid modeling software is
crucial for their advancement. Additive manufac-
turing, unlike conventional production methods
such as machining, plastic forming, and casting,
reduces energy and material consumption while
maintaining production flexibility [1-2]. In con-
trast to subtractive methods, where the product is
shaped by removing material, additive technolo-
gies apply new material to previously produced
layers in a successive manner.

Currently, laser-based additive technologies
are widely used, including selective laser melt-
ing (SLM), selective laser sintering (SLS), laser

engineering net shaping (LENS), electron beam
melting (EBM), direct energy deposition (DED)
as well as plasma welding and thermal spraying
[3-4]. New solutions and methods for incremen-
tally producing machine parts include arc weld-
ing supported by laser radiation, such as one drop
per laser pulse (ODPP) and high-performance
cladding with double-wire technology with non-
transferred arc and laser-assisted penetration con-
trol (HoDopp) technology.

Incremental techniques based on arc surfac-
ing derived directly from the gas metal arc weld-
ing (GMAW) methods are not widely known or
used. It is important to note that these techniques
should be used in conjunction with other welding
methods for optimal results. However, they of-
fer several benefits such as the ability to produce
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new products or reconstruct damaged and worn
parts of a structure. These techniques can also help
to reduce production costs and shorten production
time. Additive manufacturing by the arc surfacing
method (WAAM) offers technological and eco-
nomic advantages over traditional manufacturing
techniques like casting or forging [5]. Among other
benefits, additive manufacturing offers the ability
to easily adapt the production process to specific
requirements, produce complex geometries that
are difficult or impossible to achieve with con-
ventional methods, and limit excessive material
processing and equipment requirements. This is
particularly useful for manufacturing and repair-
ing complex metal elements or large parts [6]. The
WAAM technology offers several advantages over
other methods of 3D structure additive manufac-
turing. It significantly reduces the time and cost
of manufacturing parts and allows for on-site pro-
duction using mobile stations. Additionally, the
WAAM method enables the production of large
and long parts [7].

In recent years, new varieties of arc welding
processes, such as CMT, have been introduced.
These low-energy welding processes allow for
more precise and controlled dosing of material in
the electric arc, making them ideal for welding
thin sheets [8-9]. As a result, low-energy weld-
ing processes have become a promising group
of methods for use in additive manufacturing of
machine parts and regeneration processes [10].
WAAM technology is an attractive option for re-
generation processes as it reduces the time and
cost associated with replacing the entire element.
This method is particularly useful for regenerat-
ing large-size tools used in the mining industry
or large-size machine parts with closed geome-
try that cannot be produced using other additive
manufacturing methods [11]. This technology
can be used to produce centrifugal impellers for
high-performance industrial pumps. The WAAM
additive technology can also be used to regener-
ate railway turnouts. This method is more durable
than other 3D printing methods that are subject to
wear and tear.

Research on WAAM additive welding has
been conducted for various metals and alloys
[12]. The most commonly studied group is aus-
tenitic stainless steels, which are widely used in
modern industries such as aerospace, energy, tur-
bine industries, and chemical production due to
their excellent corrosion resistance, high-temper-
ature mechanical properties, and good fabrication

344

and welding processing abilities [13—15]. The
electrode extension is the length of the electrode
wire counted from the end of the contact tube.
Increasing the electrode extension increases the
electrical resistance of the circuit, which in turn
increases the amount of heat released and the tem-
perature, resulting in a higher melting rate [16].
The wire electrode is preheated in this area. The
size of the weld bead is affected by the length of
the electrode extension, which in turn affects the
melting rate and depth of penetration. Increasing
the electrode extension increases the preheating
of the wire and reduces the current intensity, re-
sulting in less penetration in the welded material.
For a short arc, the electrode extension is typi-
cally between 5—15 mm. When welding stainless
steel, lower extension values are more commonly
used due to its higher resistance. Conversely, a
longer extension is used when using a spray arc
and larger electrode diameters [17—19]. Using an
excessively long arc in active gases can reduce
the mechanical properties of the weld. This is
because during the transfer of metal droplets in
the arc, various alloying elements burn out. To
achieve proper weld quality, it is crucial to deter-
mine the correct relationship between electrode
extension and current, as well as between pen-
etration depth and electrode extension.

Similar relationships occur in arc processes
such as wire electrode surfacing and WAAM pro-
cesses, where it is essential to control the amount
of heat input into the manufactured part to main-
tain the best possible geometric parameters of the
elements. Previous research on producing ma-
chine parts using the WAAM method has focused
on assessing various factors that can significantly
impact the quality and properties of the resulting
elements. The key factors include the welding
technology parameters (current intensity, voltage,
welding speed) [5], the type of welding heat source
used (GMAW, plasma, gas tungsten arc welding —
GTAW, and their modifications) [7], the trajectory
of incremental welding [20], the type and method
of cooling the elements after each layer, possible
post-surfacing heat treatments [13], or other op-
erations aimed at reducing the level of residual
stresses after the surfacing process [14].

The study conducted in [21] examined the
impact of different shielding gases on the stability
of the arc and the uniformity of the bead produced
using stainless steel and creep-resistant steel. Two
gases were tested: M12 (98%Ar-2%CO,) and
M14 (96%Ar-3%CO,-1%0,). The authors found
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that using M14 gas increases penetration at the
wall edges, improves mixing, and eliminates the
risk of lack of penetration. Additionally, M14 gas
improves the flatness of the produced wall. The
presence of oxygen enhances the fluidity of the lig-
uid metal and restricts alterations in wall flatness.
The effect of the arc voltage and the shielding gas
(Ar+2.5CO,, Ar+20He+2CO,) on the structure
of the 2209 duplex steel during WAAM process-
ing was investigated in a study [22]. It was found
that when changing the parameters, it’s important
to note that an increase in the voltage leads to a
higher specific heat input, which results in a lon-
ger cooling time (At12/8) and a higher austenite
content. Increasing the proportion of helium in the
shielding gas also increases the austenite content.

A study [23] investigated the impact of
GTAW welding parameters on the joint strength,
hardness, and surface roughness of 316L steel.
The research showed that the surface roughness
was most affected by the current intensity, the
voltage and the flow rate of the shielding gas.
The effect of GMAW welding parameters on
surface roughness using the additive technique
was investigated in [24]. Various parameters
were tested, including inter-layer temperature,
wire feed speed, travel speed, and the constant
ratio of wire feed speed to travel speed. The
study found that reducing the interpass temper-
ature can decrease surface wall roughness. It
has been demonstrated that increasing the sur-
facing speed improves surface roughness, but
only up to a certain point. Beyond this point,
roughness increases due to the arc becoming
more unstable at higher speeds.

Work [25] compared the incremental weld-
ing of a sleeve made of 308L steel using the
CMT and GMAW methods. The study tested
the strength, hardness, and microstructure of
the produced structures. The results showed
that surfacing using the CMT method result-
ed in higher strength, hardness, and elonga-
tion (by approximately 4 to 7%) regardless
of the direction in which the test samples
were cut. The CMT method reduces heat in-
put and increases cooling rate, resulting in a
more fragmented structure, particularly in the
lower zones of welded elements. Anisotropy
of welded material properties was evident
in tests conducted on samples cut in various
directions. In [26], a detailed analysis of the
anisotropy of 316L steel structures produced
through the WAAM method is presented. The

study shows that samples cut in the direction
of welding exhibit the highest strength, while
those cut diagonally (45°) have the highest
elongation to failure ratio.

Work [27] investigated the influence of lay-
er stacking direction on the surfacing of WAAM
cantilever beams made from 304L steel. Due to
the anisotropy of the welded material’s proper-
ties, optimizing the welding trajectory can lead
to significant improvements. The study found
that welding directions inclined to the beam
axis produced more favorable results than hori-
zontal or vertical directions. The strength of
structures produced through the WAAM addi-
tive welding process can be further increased
by applying heat treatment afterwards. This
applies to both the directly aged condition and
the solution treated + aged conditions, as dem-
onstrated in the case of 17-4 PH stainless steel
[28]. Numerous studies have focused on opti-
mizing the parameters of the incremental weld-
ing process [29]. These studies primarily assess
the impact of current parameters, heat input,
and welding trajectory.

The research summary highlights key factors
that affect the welding of incremental WAAM.
These include current parameters, heat input [30],
gas type, cooling method, welding speed, and
wire feed speed (deposition rate) [31]. In addi-
tion, high residual stresses can have a significant
impact on the durability of the product [32]. The
aim of this paper is to investigate the impact of
electrode extension on the quality of structures
produced by wire arc additive manufacturing
(WAAM) using the CMT method.

MATERIALS

WAAM surfacing tests were conducted on a
150x60x8 mm flat bar substrate made of rolled
304 austenitic steel. The 316LSi steel was
used as an additional material in the form of a
0.8 mm diameter wire for the production
of sample walls. Table 1 shows the chemi-
cal composition of 316LSi steel, taken from
manufacturer’s datasheets. The 316LSi wire
is a commercial welding wire used for weld-
ing stainless steels that contain molybdenum.
The addition of silicon improves weldability
by increasing the fluidity of the liquid met-
al. The chemical composition of the deposit
and the 304 steel substrate was measured in
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Table 1. Chemical composition of 304, 316LSi steels used in the experiment of WAAM deposition and measured

composition of produced deposits

C Mn Si P S Cr Ni Mo N Cu Fe

304 0.03 2.01 0.37 0.03 0.01 18.32 8.13 0.29 0.04 0.25 bal.
316LSi | Max. 0.025 1.8 0.9 - - 18.5 12.5 2.6 - Max.0.2| bal.
Deposit 0.043 1.65 0.880 | 0.024 0.015 17.98 12.27 2.59 0.04 0.112 bal.

layers 16 and 17 using a Belec IN-SPECT sta-
tionary spectrometer. Vertical thin walls were
produced using a robotic station consisting of
a 5-axis IRP-6 robot manufactured by ZAP-
Robotyka and a CMT welding machine TPS
2700 Fronius (Figure 1).

The wall samples produced using the
WAAM CMT method were 120 mm long and
comprised of 24 layers. The welding process
involved reciprocating movement of the CMT
gun holder. After completing one layer, the gun
returned along the same path (Figure 2). This
movement strategy limited large deformation
or collapse of the walls in the areas where the
arc was struck, specifically at the end and be-
ginning of each layer of the wall being built.
Moreover, each subsequent layer deposition
began only when the temperature of previous
layer dropped to 100°C (monitored using UNI-
T UTI260B pyrometer). This technique mini-
mizes heat accumulation in the deposited lay-
ers. If a subsequent layer is deposited on a sur-
face with a low enough temperature, a steady
state deposition can be maintained, resulting in
a fixed weld pool size [30]. A similar effect can

be achieved by using a pause time between the
beads. During the deposition process, heat is
transferred to the substrate and is rapidly dis-
sipated. Heat accumulation increases as the de-
posited thickness increases, reducing the rate at
which heat dissipates [33].

To prevent deformations caused by welding
stresses during wire deposition, the base mate-
rial was secured to a rigid plate using fasten-
ing devices. This prevents any deformation of
the welded plate and wall, which could cause
the length of the electrode extension to change
as subsequent layers become deposited. Dur-
ing automated layer deposition by WAAM, it
is crucial to constantly monitor the position
of the welding gun relative to the object being
manufactured. In welding tests, the length of
the electrode extension was controlled using
a plate standard of appropriate thickness. The
measurement and correction, if necessary, were
made every two layers, always at the same end
of the built deposit, to ensure the shape of the
reference surface from which the measurement
was taken remained constant. The height of the
sample varies along its length, therefore the

CMT

AlL:1)
/ 5-axis
g robot
CMT holder
Weld pool
Deposit layers A
! Z

Subsfrate =

"\ Wall length 120mm

Width of base plate 60mm

\ Length of base plate 150mm

Height of base plate 8mm

Figure 1. Schematic of a workbench for additive manufacturing of samples
in the shape of thin vertical walls with CMT welding machine
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Figure 2. The movement strategy used in WAAM manufacturing of thin wall samples

gas nozzle to work distance (GNWD) value de-
pends on the location of measurement. Twelve
additive deposition tests were conducted using
three different lengths of contact tip to work
distance (CTWD): 10 mm (sample 1), 16 mm
(sample 2), and 24 mm (sample 3). To ensure
process repeatability, four deposition tests were
performed for each set of parameters. The re-
maining process parameters, as shown in Table
2, were kept constant for each trial.

Samples taken from each model are shown
in Figure 4. Although the same process param-
eters were used to calculate the heat input and
the same number of layers were used, the height
of the produced structures varies.

Gas nozzle
Contact tip
Filler wire
] o
o o
s £ 2
ol & o
———— First model layer

A .

CTWD - Contact Tip to Work Distance
GNWD - Gas Nozzle to Work Distance

Substrate

Figure 3. The GNWD distance
correction measurement scheme carried
out prior to every second layer

GEOMETRY AND MACROSTRUCTURE
CHARACTERIZATION

The initial stage of the research involved non-
destructive testing of sample surfaces immediate-
ly after the WAAM process. The ATOS Compact
Scan 5M device was used to obtain digital mod-
els of the samples through 3D laser scanning. The
obtained models were processed and analyzed in

Figure 4. Cut out wall fragments made with different
CTWD values: (a) CTWD= 10 mm,
(b) CTWD=16 mm, and (¢) CTWD=24 mm

Table 2. The WAAM CMT incremental deposition parameters used in the tests

Welding current | Arc voltage | Travel speed | Shielding gas Type of shielding | Maximal interpass Filler wire
[A] [V] [mm/s] flow rate [I/min] gas temperature [°C] feed rate [m/min]
70 13.3 6.75 15 Ar+2%0, 100 6.2
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the GOM Inspect program. To perform a surface
analysis, a reference model must be defined. For
this study, one of the scans from a given series
of samples was selected as the reference model.
Geometric tests were performed on the entire sur-
face of the deposited layers. We analyzed both
models manufactured with the same parameters
and conditions, as well as models manufactured
with different electrode extensions.

Figure 5 shows the results of the comparative
analysis of WAAM models (fitting maps). The se-
ries of photos in Figure 5 allows for the assessment
of the repeatability of the WAAM process under
specific conditions. Sample 2 with CTWD=16
mm was chosen as the reference geometry as this

I / Height - 50.87 [mm I I Z Height - 51.54 [mm_ I

| 7 Height - 42,75 [mm I I 7 Height - 42.97 [mm .

b)

length is commonly used in literature. The maps
were created by overlaying the remaining sample
models onto the reference model and calculating
the fitting deviation. This deviation represents the
difference in coordinates between a given point in
the model and its corresponding closest point in
the reference model.

Figure 5 presents a comparison of three sam-
ples made with different CTWD values, 10 mm,
16 mm, and 24 mm. Samples 1 and 3 were com-
pared to sample 2. The images in Figure 5 are cre-
ated by applying a deviation map to the reference
geometry of sample 2. To enhance graphic read-
ability, we assign colours to difference values that
are consistent with the attached legend. The range

[mm]

0.60

I Z Height - 50.96 [mm I

[ Height - 42.59 [mm] ]| bt

0.30

0.00

-0.30
-0.45

-0.60

-0.70

[mm]

0.95
0.90

Figure 5. Comparison of sample geometries: (a) sample 1 (CTWD = 10 mm) with sample 2
(CTWD = 16 mm); (b) sample 2 (CTWD = 16 mm) with sample 3 (CTWD = 24 mm)
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we have adopted allows for the visualisation of
over 95% of the data (deviation values included).
However, this means that a small portion of the
results is excluded from the analysis, which would
otherwise widen the ranges of data values in the
legend and reduce the resolution of the results.

Upon examining the deviation maps, it is
evident that the colour green is predominant, par-
ticularly in Figure 5a. This indicates that, for the
majority of the observed surface, the deviation
from the reference sample surface is within the
range of £0.15 mm. In a few instances, the colour
red appears, indicating areas where the surface
mismatch is less than 0.45 mm. Figure 5b shows
greater deviation values when comparing samples
2 and 3. The discrepancy between the samples
increases and negative values appear, indicating
that in certain areas the thickness of sample 3 is
less than the thickness of sample 2.

Special attention should be given to the nega-
tive deviation value as elements produced using
the WAAM method often require additional ma-
chining. The ability to produce a sample with a
lower thickness may require the production of
samples with greater wall thicknesses, reducing
the economics of production.

Samples produced using the WAAM method
have a layered structure with distinct individual
beads. Altering the dimensions, such as the height

of one bead, would cause a direct shift in the posi-
tion of the remaining beads, potentially resulting
in an almost linear indication. The surface pro-
file would be wavy and periodic. The comparison
result can be caused by the largest width dimen-
sion of one sample overlapping with the smallest
width dimension of the reference sample.

Upon comparing the geometries of samples 2
and 3 (Figure 5b), it is evident that there are sev-
eral areas distributed throughout the sample sur-
face with a mismatch greater than 0.3 mm. Only
a few areas of the samples exhibit a deviation
greater than 0.6 mm. These deviations are par-
ticularly likely to occur at the beginning and end
of each bead, which are the places of arc ignition
and extinction. The remaining areas with devia-
tions above 0.6 mm are randomly distributed on
the sample surface.

Sample 1 has smaller deviations from the
reference model (sample 2), as shown in Figure
Sa. Increasing the CTWD value from 10 to 16
mm causes less change in the surface’s geomet-
ric structure than increasing it from 16 to 24 mm.
CTWD values greater than 15—-16 mm are rarely
used in welding processes. The effectiveness of
the arc gas shield changes as the CTWD changes.
Insufficient shielding can have an effect on the
stability of the arc burn and the transfer of the
metal, leading to a reduction in the quality of the
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Figure 6. The influence of the length of the electrode extension (CTWD) on the change in the geometry
of the sample cross-section: (a) CTWD = 10 mm, (b) CTWD = 16 mm, (c) CTWD =24 mm
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surface. It is important to note that when using a
0.8 mm diameter welding filler wire for WAAM
deposition, it may not be stiff enough at higher
CTWD values, causing the tip to deflect and af-
fecting the ability to follow the planned move-
ment trajectory.

The geometry of samples made with differ-
ent values of the electrode extension was anal-
ysed in the next stage. Data for comparison were
obtained through scanning. Cross-sections were
made from 3D models located halfway along the
model’s length. Height and thickness measure-
ments were taken on these cross-sections. Thick-
ness measurements were taken at the height of
layers No. 4, 8, 12, 16, and 20. Measurements
were taken at the widest and narrowest points
of each layer due to the wavy shape of the side
surface of the weld deposit. Figure 6 shows the
outline of the shape of multi-layer deposits made
with different values of electrode extension. To
better visualize the differences in the geometry of
the samples, the outline of the analyzed layer and
the reference sample (CTWD=16 mm) are shown
in red in Figures 6a and 6c.

Figure 6 shows that altering the length of the
electrode extension affects the weld geometry.
The model created with CTWD = 10 mm is 42.77
mm tall. As CTWD increases, so does the model
height, with the CTWD = 16 mm variant reach-
ing 51.15 mm and the CTWD = 24 mm variant
reaching 54.6 mm. Changing the CTWD param-
eter from 10 to 16 mm did not significantly affect
the wall thickness. The average value remained
approximately 3.7 mm (Table 3). However, in-
creasing the CTWD value to 24 mm resulted in
a thicker layer of 4.16 mm (Table 3). The aver-
age sample thickness and height, along with their
standard deviation, were calculated using data
from ten and five measurements of the samples,
respectively, as shown in Table 3.

The oval shape of the bead cross-section
makes it impossible to achieve uniform wall
thickness at all cross-section heights. Figure 7
shows that the wall thickness for samples 1 and

2 follow a similar pattern. Increasing the elec-
trode extension from 10 mm to 16 mm increased
the bead height while maintaining its width. For
sample 2 (CTWD = 16 mm), the standard devia-
tion for thickness remains at a similar level to that
of sample 1 (CTWD = 10 mm). This suggests
that the welding conditions are stable. Increasing
CTWD to 24 mm resulted in a taller model with
wider beads on average, but also increased the
standard deviation, making this variant the least
repeatable. Furthermore, although the maximum
interpass temperature was maintained at around
100°C, the average wall thickness of the model
increased, which was not observed in samples
made with a lower CTWD value.

The increase in bead volume is caused by the
longer electrode extension, which increases the
electrical resistance of the circuit. This in turn
increases the temperature of the filler wire and
speeds up the melting process. To maintain a con-
stant arc length and voltage, the welding machine
controller increases the filler metal feeding speed,
resulting in a larger deposit layer. An increase in
the standard deviation of the layer thickness may
be caused by a decrease in the stability of the wire
tip guidance, which occurs as CTWD increases.
In addition, increasing the CTWD causes the re-
sistance of the electrode wire end to change, re-
sulting in slight penetration and a steeply crowned
weld bead geometry in the deposited layer [34].

The use of a short arc in the WAAM process
may reduce the energy input into the material, which
has an impact on the geometric properties of the re-
sulting products, such as height and wall thickness.
Studies on low alloy steels have shown that adjusting
the CTWD value can reduce the unit energy in the
welding process by up to 40%, which also affects the
microstructural properties of the material [35].

Roughness and waviness

The next stage of the research was to charac-
terise the condition of the side surface of the man-
ufactured walls. To measure the surface roughness

Table 3. Geometry wall measurements for different values of contact tip to work distance

CTWD (mm) 10 16 24
Average sample thickness (mm) 3.71 3.70 4.16
Standard deviation of sample thickness (mm) 0.24 0.21 0.43
Average sample height (mm) 42.77 51.15 54.60
Standard deviation of sample height (mm) 0.14 0.23 0.74
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Figure 7. The change in average bead thickness based on the measurement location

and waviness parameters, an optical profilometer
VEECO NT2000 was used. The tests were local
in nature due to the small measuring field of the
profilometer. Figure 8 shows the 3D profilogram
created by assembling several smaller parts.

The movement strategy of the CMT gun and
the wall shape of the model caused defects in
the form of thickenings at the ends of the mod-
el, which were not measured. Profilograms were
taken in areas where WAAM deposition condi-
tions were stable, resulting in a more uniform
geometry. Figure 8 shows an example of rough-
ness measurement results for sample 3 (CTWD =
24 mm). The surface exhibits high waviness and

heterogeneity. The location of the 2D profilogram
plot (along the line) affects parameters such as
waviness or roughness. The short wave deviation
(plotted on the profile of a wavy surface) is an
appropriate roughness parameter for the charac-
terisation of the entire surface of the model. Upon
observing samples produced using the WAAM
method, it is evident that they possess a surface
profile that repeats periodically. This surface de-
fect is typical of WAAM additive manufacturing
and cannot be avoided, but process optimization
can help to limit shape deviations.

The measurements were taken in two di-
rections: the increase in model height and the

Figure 8. 3D profilograms of surface condition measurement results for sample 3 (CTWD = 24 mm)
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direction of surfacing (deposition). Figures 9-11
show profilograms along the measurement lines,
and Table 4 presents the results of roughness
measurements for the analyzed samples.

The profilograms in Figures 9 to 11 show
abrupt changes in roughness parameters for in-
dividual samples and measurement directions.
These changes can affect the calculated values
of surface parameters. However, the limited sen-
sitivity of roughness parameters, i.e. Ra and Rq,
means that these parameters only show certain
trends well due to their random occurrence. The
roughness value obtained is generally lower when
measurements are taken in the X direction (along
the beads), indicating that the direction of mea-
surement has an impact on the results.

Lower surface sample roughness was
achieved with a smaller electrode extension, re-
gardless of the measurement direction. Sample 1,
made with the smallest electrode extension, was
most affected by the measurement direction. As
the CTWD increased, the roughness differences
between measurement directions decreased. The
obtained Ra value of 20 um for sample 1 falls
within the typical range for cast products.

mm

The changes in the geometric structure of the
surface should be analysed separately for surface
waviness and roughness. Changes in surface wavi-
ness resulting from the WAAM process are caused
by changes in the volume of the bead. The higher
the linear energy (and wire feed speed), the larger
the bead dimensions and the greater the surface
waviness. Roughness is a parameter that measures
irregularities with relatively small peak distances.
In Figure 11, the profilogram shows many rough-
ness values in the area marked with a frame. This
parameter is less dependent on the thermal param-
eters of the deposition process that affect waviness.
The changes observed in roughness at the surface
layer may have been influenced by the deteriora-
tion of gas shielding conditions with the increase
in CTWD. Insufficient shielding can lead to ex-
cessive oxidation of the metal while it is still hot,
which can affect the condition of the surface layer.

Microstructure characterization

Samples were obtained from the cut wall mod-
els for microstructural tests to demonstrate the
cross-section of the layers. The testing samples

mm
0 1 2 3 4 5 6
mm
0.10—
: ,,'l‘
0.05— s 73 bt 1
-1 ) !
o 4 l % ,.l
-0.00— .
a '\{.‘\, o
-0.05— P‘
] I | 4
-0.10— 3
=1 mm
— T T T T T T T T T T T T T T T T T
0 1 2 4 5 6

Figure 9. Roughness profiles measured in X (top) and Y (bottom) direction for CTWD = 10 mm
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Table 4. Roughness parameters for two measurement directions of analyzed samples

CTWD =10 mm CTWD =16 mm CTWD =24 mm
Roughness (um) Measurement direction
X Y X Y X Y
Ra 20 60 60 80 90 100
Rt 120 230 590 630 700 650
Rq 20 60 70 100 110 130
Rp 150 100 220 250 290 270

were taken 25 mm away from the model’s edge.
Metallographic specimens were prepared by
grinding the cut pieces on a metallographic
grinder-polisher. The grinding process began
with P100 grit sandpaper and ended with P2500.
Alumina (Al,0,) was used as an abrasive to pol-
ish the samples. The polished surfaces were then
etched with a solution of copper chloride (CuCl,)
and hydrochloric acid (HCl) in water. Figure 12
shows the macrostructure of the samples.

The samples were examined at both the mac-
roscopic and microscopic levels. Macroscopic
examination was carried out using an Olympus
SZ61 stereoscopic microscope with 6.67x magni-
fication. Due to the magnification used, it was not
possible to cover the entire sample in one image,
so a series of photographs were taken and assem-
bled in a graphic editor. Microscopic examina-
tions were conducted using an Olympus BX51M
reflected light microscope at magnifications of
50, 100, and 200 times. The research focused on
specific areas of the observed structure, including
the upper part of the last layer, the side edges of
the beads, and the areas between the beads (fusion
zones). Photographic documentation was created
using Olympus Stream Essential software.

Figure 13a and b display the upper surface of
the final layer. The matrix, which is the dominant
phase, consists of austenite (bright phase visible
in the photos), while ferrite phase is distributed
along the boundaries of the austenite grains.
The unique characteristic of this layer is its dis-
tinct structural morphology. In the lower part of
Figure 13, large, highly oriented, and parallel
columnar crystals are visible. Just below the sur-
face, the structure loses its orientation and takes
on a dendritic shape, with dendrites containing a
greater proportion of the dark phase. This change
may be due to alterations in the heat dissipation
mechanisms within the layer. The top layer dis-
sipates heat by conduction to the centre and by
radiation and convection to the surroundings.
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Crystallisation is faster in this layer, leading to the
formation of dendrites with different orientations.
Figure 14 shows a similar structure, possibly due
to different heat dissipation conditions at the sur-
face compared to the volume of the material, near
the side edges of each layer. Furthermore, the up-
per section of the final layer does not experience
the heat treatment effects caused by the thermal
cycle induced by another bead. Figures 13-16 dis-
play pairs of photos that depict similar parts of the
sample’s cross-sectional structure.

Figure 12. Cross-section of a sample produced
by WAAM CMT method: (a) CTWD = 10 mm,
(b) CTWD =16 mm, (¢) CTWD =24 mm
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Figure 13. Microstructure of the upper part of the last layer: (a) in the sample
3 (CTWD =24 mm), (b) in the sample 1 (CTWD = 10 mm)

Figure 14. Microstructure: (a) in the sample 2 (CTWD = 16 mm), at the interface between 15 and
16th layer, (b) in the sample 3 (CTWD = 24 mm), at the interface between 4 and 5th layer

Figure 15. Microstructure: (a) in the sample 1 (CTWD = 10 mm) at the fusion line between 6 and
7th layer, (b) in the sample 2 (CTWD = 16 mm), at the interface between 15 and 16th layer

Figures 14-16 display the area where two
adjacent beads meet, marked with a fusion line.
The columnar structure in the lower layer is con-
tinuous and remains almost unchanged in the next
layer, as shown in Figure 12.

Figure 15a illustrates the columnar structure
of the grains, which is preserved during the tran-
sition from the lower to the upper layer (epitaxial
grain growth). The morphology of the ferrite in

the austenite matrix has changed within the col-
umn. The changes in the structure are noticeable
from the fusion line upwards. Behind the fusion
line, the previously dendritic, two-dimensional
vermicular ferrite precipitates change to quasi
one-dimensional, columnar ferrite that is verti-
cally oriented (see Figure 16). Following this, an
area with fewer dark precipitates is observed (up-
per part of Figure 15b), before returning to the
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Figure 16. Microstructure: (a) in the sample 2 (CTWD = 16 mm) at the fusion line between 6 and
7th layer, (b) in the sample 1 (CTWD = 10 mm) at the fusion line between 15 and 16th layer

same structure as below the fusion line. These
changes occur in each layer independently of the
process parameters and only affect the dimen-
sions of individual areas of the structures.

Microhardness examination

Microstructural tests were expanded to in-
clude microhardness measurements on cross-sec-
tions of samples. The microhardness distributions
were analysed to assess the impact of electrode
extension length on the deposited layer’s hard-
ness. Microhardness measurements were taken
using a Leitz-Wetzlar tester uHV  , with a 20-sec-
ond loading time. The distributions in Figure 17
were created to determine the microhardness in
the central part of each layer. Four measurements
were taken in each layer, and the mean and stan-
dard deviation were calculated. Figure 17 shows

that the microhardness distributions have similar
patterns. The first two layers exhibit increased
hardness, while the courses from the third to the
twelfth layer have almost identical microhard-
ness, averaging at approximately 170 HV, ,. Sam-
ples 2 and 3 show a microhardness of approxi-
mately 170 HV, , from layers 13 to 24, while the
microhardness of layers in sample 1 drops to ap-
proximately 150 HV .. Layers 13-24 of the first
sample exhibited a slightly lower microhardness,
despite controlling the interpass temperature dur-
ing deposition and using the same process param-
eters. The microhardness of the structure remains
approximately the same in each layer, despite
changes in electrode extension, as shown by the
quasi-linear microhardness distributions for sam-
ples with CTWD=16 mm and CTWD = 24 mm,
and partially for sample with CTWD=10 mm.

Microhardness [uH

130

120

= CTWD=10mm
—@— CTWD=16mm

—l— CTWD=24mm

01 2 3 4 5 6

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Layer number

Figure 17. Microhardness distribution on cross-sections of manufactured wall samples
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However, there is an increase in microhardness to
approximately 200 HV , in layers 1 and 2 of all
samples. The microhardness of these layers may
have increased due to the mixing of the substrate
material with filler metal and subsequent rapid
cooling. The increase in heat dissipation may
be due to the relatively large volume of the cold
substrate. It is possible that the rapid cooling has
strengthened the material by preventing the diffu-
sion decay of ferrite into austenite, leaving finely
dispersed ferrite in the structure and mixing the
substrate material with the filler metal. The appli-
cation of subsequent layers minimizes the impact
of the substrate on the layer structure and stabi-
lizes the deposition conditions. According to re-
search [36], the hardness value of the 316L stain-
less steel sample produced by WAAM decreased
gradually from the bottom (~180HV) to the top
(~170 HV) due to heat accumulation. However,
process parameters such as the transient and grad-
ual reduction of bottom current, scanning speed,
and cooling time have little influence on the hard-
ness of the deposited samples.

During the deposition process, heat affects the
structure of the underlying layers, but the short
exposure time at high temperature means that
the effect of multiple thermal cycles on signifi-
cant changes in microhardness is not observed.
Furthermore, when reheated using an electric arc
welding heat source, austenitic stainless steels
316L/304 do not undergo a phase transformation
that would allow for grain refinement. A small
amount of ferrite may form in the area heated to
near solidus, but this should not significantly af-
fect the microhardness of the material.

CONCLUSIONS

The study analysed how the length of the elec-
trode extension affects the microstructure, micro-
hardness, and geometry of deposits when using the
WAAM method to create straight walls with 316LSi
filler wire. Three samples with varying electrode
extension values were tested, highlighting the im-
portance of controlling and correcting this param-
eter during automated production to ensure process
repeatability. Based on the research conducted, the
following conclusions can be drawn:

e When selecting the parameters for WAAM
deposition, it is crucial to include the CTWD
parameter. Omitting this parameter can cause
uncontrolled changes in the length of the

electrode extension, which can affect the ther-
mal conditions of material deposition. This can
lead to undesirable and unexpected changes in
the layer width and height, making it difficult to
ensure repeatable results of WAAM deposition.
Increasing the CTWD value from 10 mm to 16
mm increased the layer height while maintain-
ing its width. Further increasing the CTWD
to 24 mm resulted in an increase in both the
thickness and height of the layers.

The study demonstrated that altering the
CTWD value through the use of a synergistic
CMT welding machine during WAAM depo-
sition affected the geometry of the produced
layers. Increasing the CTWD has a similar ef-
fect to increasing the linear welding energy,
resulting in an increase in the volume of the
deposited layer.

Using a low CTWD of 10 mm can reduce
roughness by enabling stable arc burning with
sufficient gas shielding. The roughness values
measured on sample 1 (CTWD =10 mm), with
Ra=60 pm and Rt=230 pum in the y-direction
(perpendicular to the surfacing direction), sug-
gest that a model produced with these param-
eters could be a semi-finished product compa-
rable to a cast steel semi-finished product with
CT tolerance class 8 of the casting. It should
be noted that the Rt value has been determined
for a measuring section of approximately 6
mm. The total height of the profile over a mea-
suring section equal to the height of the wall
may be greater. Depending on its purpose,
the surface created for the best variant of the
CTWD parameter may require additional me-
chanical processing, such as when working in
a kinematic pair with another surface, or it may
be left unprocessed if the surface will not play
a significant role, such as being an external
part of the bodies or housings. The increase in
the roughness expressed by the Ra parameter
with the increase in the CTWD value may be
caused by the deterioration of the quality of
the gas shielding in CMT gun. However, this
requires additional verification.
Microstructural tests indicate that altering the
CTWD parameter, while maintaining a con-
trolled interpass temperature, has no significant
effect on the microstructure. All examined lay-
ers of each sample displayed an almost identi-
cal structure. The distribution of the remain-
ing ferrite in the structure is almost identical
in each layer. The microstructure of the upper
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part of the last layer differed slightly. During
the WAAM deposition process with unforced
cooling, no mechanism is observed that would
significantly increase the microhardness of
the samples. No significant increase in micro-
hardness of the samples was observed during
the WAAM deposition process with unforced
cooling. Reheating the deposited bead us-
ing the heat from the next bead can cause a
change in grain orientation towards the direc-
tion of heat removal. This change may affect
the anisotropy of other mechanical properties.

Optimizing the parameters of the WAAM
process can lead to models with improved surface
quality. However, reducing surface waviness in
the direction of model building can be challeng-
ing. Lowering the CTWD value and, consequent-
ly, reducing the amount of process heat can help
reduce surface waviness, but eliminating it com-
pletely may prove difficult. In order to achieve
this, it is necessary to shape the material while it
is still in a liquid state, which can be a technologi-
cal challenge. The research conducted highlights
the significant role of electrode extension in the
incremental CMT deposition process.
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