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Influence of p-MIG Welding Parameters to Wall Geometry of Aluminium Alloy 2319
Fabricated Using WAAM

Zivko JURISIC*, Niksa KRNIC

Abstract: Arc welding processes are used in additive manufacturing today, adding thin layers of metal according to a programmed heat source path. This paper presents a
study of the influence of robotic p-MIG process parameters on wall geometry made of aluminium alloy 2319. Experimental methodology was based on variation of arc travel
speed (6, 7, 8 mm/s), with constant heat input per layer length and suitable arc power. The selected heat input per layer length for the first layer was 265 J/mm * 5%, and
for the other layers it was 217 J/mm + 5%. The analysis of wall geometry, layer height and width, considering deposition efficiency and surface waviness index, was applied
in the research. The results showed that same heat input with different WAAM process parameters yielded different wall geometries and wall geometry quality. 3D model of
the wall geometry proved to be a useful tool for volume and deposition efficiency calculations. Moreover, the graphical display and interpretation of the standard deviation
shows the level of stability of the geometric features of the wall layers. Based on the implemented methodology, an appropriate selection of process parameters is given to

achieve the most efficient wall geometry of aluminium alloy 2319.
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1 INTRODUCTION

According to the definition of the American Society
for Testing and Materials, additive manufacturing is the
process of joining materials to create objects from 3D
models, usually layer by layer, unlike subtractive and
formative manufacturing methodologies [1].

Technological processes that are most often applied in
additive manufacturing use a laser, an electric arc, plasma
arc or an electron beam as a heat source [2]. The Wire arc
additive manufacturing (WAAM) technology of metal
parts uses electric arc processes such as GMAW (Gas
Metal Arc Welding, also called in literature as MIG/MAG
(Metal Inert Gas/Metal Active Gas) welding), TIG
(Tungsten Inert Gas), CMT (Cold Metal Transfer) as a
version of GMAW process and PAW (Plasma Arc
Welding) [3]. One of the most common processes used in
additive manufacturing of aluminium alloys is CMT
process, due to relatively low heat input, controlled metal
deposition, more efficient wire melting and high wire feed
speed, comparable to the conventional GMAW process [4].
Many scientists study the influence of process parameters
on the geometric features of multilayer walls, as well as on
the microstructure, mechanical properties and irregularities
that occur during additive manufacturing. The key process
parameters that affect the properties of the fabricated part
are welding current, arc voltage and arc travel speed.
Terms such as heat input per layer length, arc power and
the ratio of the wire feed speed and the travel speed
(WFS/TS ratio) are derived from the mentioned
parameters. Dimensional accuracy, deposition efficiency
and surface waviness index are used as criteria for
evaluation of the quality of the wall geometry. An
overview of the issues of wire arc additive manufacturing
using the GMAW process, with review of the influence of
process parameters on the uniformity of the geometry and
surface, and dimensional accuracy is given in the paper [5].
The basic mathematical terms for calculating the wall
geometry are presented in the paper [6]. The proposed
nonlinear model for the deposited layer geometry of thin
walls is based on process parameters, physical variables
and Rosenthal solution of temperature distribution.

Thermal simulation using the finite element method,
applied to aluminium alloy 5356 [7]. The influence of heat
input as a key factor on the geometric features, mechanical
properties and microstructure of the wall, during the
successive deposition of layers is described in [8]. Multiple
cycles of joining and solidification accumulate heat input,
which affects the shape and volume of the layer. Since the
WAAM process involves partial melting of the previous
layer, improper control of the heat input can cause it to flow
in the joining zone. The concept of heat management from
the point of view of occurrence of irregularities, process
planning, the influence of process parameters on the
geometric features of the walls is given in the paper [9].
The majority of research is concerned with additive
technology of steel and aluminium alloys. Among them,
influence of different heat inputs, WFS/TS ratio and the
other process parameters on wall geometry of steel alloys,
calculating deposition efficiency, surface waviness index,
standard error, and standard deviation of wall geometry,
were investigated in [9-11]. Studying the application of
WAAM process with aluminium alloys is still a challenge
for many scientists. To achieve uniform geometry using the
CMT process and 2319 aluminium alloy, different metal
deposition strategies were applied such as deposition with
(circling path) or without torch oscillation (bidirectional
path) [12, 13]. The uniformity of the wall geometry using
the parameter sets with different heat inputs (67,94 J/mm
to 106,8 J/mm), was studied in [15]. The aim of the
research with the double-pulse MIG process and ER5356
aluminium alloy was reducing heat input to obtain uniform
geometry application of two techniques welding current
reducing and travel speed increasing. The travel speed
increasing technique led to instability of bead formation
and bead humping. The application of cold metal transfer
(CMT) process with different process variations (CMT,
CMT-ADV (CMT advanced), CMT-P (CMT pulse) and
CMT-PADV (CMT pulse advanced)) through the
investigation of the influence of heat input (from 144 J/mm
to 193 J/mm) on geometrical features of the wall of
aluminium alloy wire 5556 (AIMg5Mn), diameter 1 mm,
was discussed in the paper [16]. The multi-layered walls
were produced by alternating direction strategy. Calculated
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surface irregularity (SI) of the wall was from 0,89 mm to
1,4 mm and the material utilization (MU) was from 73% to
80%. The influence of heat input, welding current and arc
voltage ratio on weld geometry was investigated in paper
[17]. Experiments to produce 15-layer walls were
performed with aluminium wire ER5356, using the CMT
process with nine different parameter sets and constant arc
travel speed. The range of heat input was from 270 J/mm
to 460 J/mm. The achieved maximum deposition
efficiency was 76%. The deposition efficiency of 91,12%,
as the ratio of the effective volume and total volume, was
calculated in application of hybrid laser-MIG process, with
different laser powers for fabricating aluminium alloy 5356
walls [18]. The purpose of the investigation was analysing
the laser power influence the wall geometry consisted of
20 layers produced in bidirectional direction. The MIG
process parameters were constant. The width of each wall
became stable after deposition of 5 - 6 layers due to faster
heat dissipation through the substrate. One of the common
appearances of geometric irregularity in welding process is
humping, a phenomenon described by some authors [19,
20]. The desired wall geometry, without humping, can be
achieved with a minimum surface waviness index, and
travel speeds within the minimum and maximum limits
[21]. The applied process for unidirectional depositing of
15-layer walls were CMT with the selected wire ER5356,
diameter 1,2 mm, with lower travel speed of 42 cm/min
and the upper travel speed of 175 cm/min. Calculated heat
inputs were from 127,6 J/mm to 203,6 J/mm. In that
research, as a measure of surface quality, calculated SWI
(Surface Waviness Indexes) were 0,3 - 0,5 mm. Some
authors applied techniques for optimizing process
parameters, with the aim of achieving uniform wall
geometry along the whole length of the layer. The model
of artificial neural networks for predicting the weld
geometry, which could be used in the study of the geometry
of the first layer of the wall was applied in [22]. Some
techniques were based on gradient adjustment of current,
arc voltage, travel speed and applied to steel alloys. The
adjustments of welding parameters in the arc striking and
the arc extinguishing area of multi-layered wall were
applied and showed significant improvement of uniform
wall height [23]. In that study, the material of wire was
copper-coated steel and MAG process was used for
deposition. Three different optimization methods were
applied with the aim of investigating dimensional
irregularities at the beginning and end parts of single beads
[24]. The material of the wire was ER100. The
improvement strategy was a combination, varying TS
configuration for the beginning part and extra return path
for the end part of the layer. In paper [25], a strategy is
given, which combines the control of parameters in the arc-
striking and arc-extinguishing area with the control of the
current in successive layers, while maintaining a constant
heat input profile (660 J/mm). Different sets of parameters
were used in the first six layers. After equilibrium was
achieved, the subsequent layers were deposited using the
last set of parameters. A total of 48 layers were deposited
using MAG process with low alloy steel wire, ER70S-6.
The achieved effective area is 96,8% of the total lateral
area, and the deposition efficiency is 92,1%. The influence
of main parameters of CMT process on geometric features
of aluminium alloy 4043 wall obtained from WAAM

technology was investigated, with the aim of achieving
good geometric accuracy [26]. Multilayer deposition of
100 layers was evaluated by the calculation of standard
deviation of layers width. Optimization of process
parameters (pulse current and duration) improved
geometric accuracy. The strategy of wall deposition height
monitoring was successfully applied using visual
inspection sensors of the previous and current layer [27].
To improve the geometric accuracy using the CMT
process, a feedback control system was developed, which
optimized the width and height of the layer [28]. A laser
sensor was used to measure the geometry of the deposited
layer and based on this data the system determined travel
speeds for the next layer.

Based on the aforementioned published literature, it is
concluded that research into the geometric characteristics
of walls in the field of WAAM technology has included
aluminium alloys such as 5356 (AlMg5), 5556
(AIMg5Mn), 4043 (Al-Si) and to a lesser extent 2319
(Al-Cu). Regarding aluminium alloy 2319, there is not
enough detailed data with results relating to MIG process
parameters and the wall geometry. A review of the
published works reveals that processes such as MIG, CMT,
double pulse MIG and the hybrid laser-MIG are most often
used in WAAM technology of aluminium alloys. In the
experiments, the used heat inputs were in the range
67,94 J/mm to 460 J/mm. In order to achieve a uniform
geometry, different deposition strategies were applied
unidirectional, bidirectional, circling deposition and
optimization of process parameters. The quality criteria of
the geometry of produced walls were deposition efficiency,
SWI, standard error and standard deviation of geometric
features. The achieved deposition efficiencies ranged from
76% to 91,12%, and the achieved SWI ranged from 0,3 mm
to 1,4 mm. The uniformity of the wall geometry was
considered adjusting the parameters in both parts of the
layer, applying bidirectional deposition strategy, the return
path in the end part of the layer and selecting different
parameters in the first six layers.

In this study, considering previous researches in the
field of WAAM technology of aluminium alloys, the
experimental strategy was performed to produce
aluminium alloy 2319 walls using pulse MIG (p-MIG)
process. The strategy of this research was the bidirectional
deposition of layers at three arc travel speeds and constant
heat input. Due to the influence of heat removal through
the substrate, different process parameters were selected
for the first layer and the other layers.

Based on these experiments, the aim was to investigate
the geometry of the first layer and the wall through the
analysis of geometric features, width and height, and to
examine the uniformity of geometry by the standard
deviation of layers and the distribution of the wall
geometry with respect to the possible occurrence of
humping. By calculating the deposition efficiency, SWI
and mass, the quality of the manufactured walls was
determined. Also, the width and height in the beginning
and the end parts of the walls were analysed, considering
the deviation from quasi-stationary part.
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2 MATERIALS AND METHODS

In this chapter, the materials and methodology of
research are described, with the aim of analysing the
geometric features of the walls produced by the WAAM
process.

2.1 Experimental Setup

The experimental part of the research was performed
in the Welding laboratory of the Department of Mechanical
Engineering Technology, FESB, Split, by robotic welding
cell for MIG/MAG welding (Fig. 1).

The following equipment was used:

- Robotic cell ABB, type IRB 1600 M2004.

- Control unit, ABB, type IRC5 M2004.

- Flexpendant controller for programming the movement
of the robotic cell.

- Welding power source for MIG/MAG welding, Fronius,
type TPS 4000R.

- Remote control unit of welding power source, RCU
5000i.

- Personal computer for data processing.

Table 1 The chemical composition of wire Al 2319, [29]

Figure 1 Robotic system for WAAM technology
a) welding power source; b) control unit; c) robot arm

ElL Mg Ti Mn Zr Cu Si \% Zn Fe
wt. / % 0,02 0,1-0,2 0,2-0,4 0,1 5,8-6,8 0,2 0,05 - 0,15 0,1 0,3
Aluminium alloy wire 2319 of 1,2 mm diameter was W

used for experiments. The chemical composition of the
wire is given in Tab. 1. Substrate was aluminium Al 99.5
(series 1050), dimensions 200 mm x 100 mm % 4 mm. The
selected process is pulsed MIG, protective gas 70 % argon
+ 30 % helium, gas flow rate of 18 I/min. The robotic torch
angle in relation to the horizontal plane is 90°, and CTTWD
(Contact Tip To Work Distance) is 15 mm.

The measurement of mean welding current and voltage
were performed by instrumentation and software in
Fronius, TPS 4000R and were read in remote control unit,
RCU 5000i. The measurement of geometric features was
carried out by a digital calliper, with a reading scale of
0,01 mm.

2.2 Methods

In this paper, the influence of combination of different
travel speed and electric arc power on geometric features
of the wall, with an approximately constant heat input
along the length of the layer was investigated. Typical wall
geometry in cross-section is schematically represented in
Fig. 2.

The aims of research are to compare geometric
characteristics of produced walls for selected process
conditions and to evaluate the uniformity of geometry
along the layer length.

Three walls with 15 layers each were made by
successively depositing the layers. The layers were
deposited in the alternate direction, with the idea of
reduction of the difference in geometry from the beginning
and the end part of the wall. A time delay is maintained
between the layers until the deposited layer cools down to
room temperature.

- -

S st .
% 1#t layer _-

-

ffnzugtfution L
“substrate
(@) (b)

Figure 2 Typical wall geometry

(a) first layer, (b) wall of n layers
(W - layer width, H - layer height, Wi - wall width, Hw - wall height)

The layer paths were created by programming the
torch path in four points, as shown in Fig. 3.

Layer 1
preflow_time=1s

k5]
pHome * -
o | fill_time=0.1s
Move] Move] !
layer 3
posl posd layer 2
layer 1
pos2(ArcLstart) pos3(ArcLend) opposite deposttion of layers
Figure 3 lllustration of the torch path and direction of wall deposition

bback_time=0.15

postflow_time=1s

The interlayer temperature was controlled in a way that
the next layer was deposited after the previous one had
cooled down to room temperature. After deposition of each
layer, the geometry was measured with a digital calliper.
For the deposition of the next layer the torch height
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position was adjusted for measured mean height of the
previous layer in the direction of the +z axis.

To achieve uniform geometry of the layer, due to heat
properties of aluminium alloy, it is necessary to select
different welding current along the layer. At the beginning
part of layer when aluminium is cold, the higher heat input
related to the middle part must be selected. From the other
hand, at the end part of layer, when the aluminium is
overheated the lower heat input compared to middle part of
layer is recommended. The beginning and the end part are
non-stationary regarding the heat flow, but the middle part
could be considered as quasi-stationary.

Hence the layer path was divided in three parts, the
beginning part, the end part and the middle part with three
different heat inputs. The higher heat input in the beginning
part of layer was obtained by higher starting current (/;) of
10 % higher than main current (/) in the middle part of
layer. The lower heat input in the end part of layer was
selected by lower end current (/) of 30 % lower than main
current. Transition from starting current to main current
and from main current to end current was performed in
certain times (%, z.) and slopes (Sl;, SI.), Tab. 3.

Based on measurements and observations of layer
uniformity it was decided that the beginning part of 15 mm,
the end part of 15 mm are non-stationary and the middle
part in length of 150 mm could be considered as
quasi-stationary part of the layer.

Wall 1 was experimentally produced at arc travel
speed 6 mm/s, wall 2 at 7 mm/s and wall 3 at 8 mm/s, with
heat input Q = 265 J/mm + 5% for the first layer and
Q =217 J/mm + 5% for layers from 2 to 15, Tab. 2 and
Tab. 3.

To ensure sufficient penetration of the deposited wire
into the cold substrate, it is necessary to select a higher
welding current, i.e. heat input for the first layer compared
to the other layers. The heat input per weld length in
welding process is defined by the ASME IX QW-409.1
standard, according to the following expression, [30]:

U

QTS

(M

where Q is heat input per unit length of weld, J/mm, U is
arc voltage, V, I is welding current, A, 7S is travel speed,
mm/min. Nominal electric arc power (P,, W) is defined as
product of selected arc voltage and selected main current.

Table 2 Selected parameters for quasi-stationary part of walls 1 to 3

Wall | Layer TS/ I/ U/ WFS/ | P,=U1 o/
No. No. mm/s | A \% m/min /W J/mm
1. 73 | 21,7 4 1584,1 264,02
! 2.-15. 6 59 | 21,3 3,3 1256,7 | 209,45
) 1. 7 87 22 4,6 1914 273,43
2.-15. 73 | 21,7 4 1584,1 226,3
3 1. 3 93 | 22,1 4,9 2055,3 | 256,91
2.-15. 79 | 21,8 4,2 17222 | 215,28
TS - travel speed, I - main current, U - arc voltage,
WFS - wire feed speed, P, - nominal electric arc power,
Q - selected heat input per layer length

Ideally equal heat input values could not be selected
due to the synergic selection of arc voltage and welding
current over the wire feed speed, which is conditioned by
programmed welding power source.

Table 3 Selected parameters at the beginning and the end part of walls 1 to 3

Wall | Layer | L=1,1-1/| ¢/ | S,/ |1.=0,7-1/| ¢t/ | SL/
No. No. A s S A S S

1 1. 80,3 1,5 ] 0,5 51,1 0,1 0,2
2.-15. 64,9 1,5 | 0,5 41,3 0,1 0,2
5 1. 95,7 1,5 ] 05 60,9 0,1 0,2
2.-15. 80,3 1,5 | 0,5 51,1 0,1 0,2
3 1. 102,3 1,5 | 0,5 65,1 0,1 0,2
2.-15. 86,9 1,5 1 0,5 55,3 0,1 0,2

I, - start current, ¢, - duration of I, S/ - slope of start current,

1, - end current, ¢, - duration of Ie , S/, - slope of end current

The measurement of the middle, quasi-stationary part
of the layers was performed in 16 measuring points defined
at a distance of 10 mm for all 15 layers, Fig. 4. In the
beginning and the end part of each layer the measurements
were performed in one position, in the middle of starting
point and in the middle of the crater. From measured values
of the layer widths and heights, the mean values were
calculated. For the purpose of findings of local minimum
and maximum, the measurements were performed on
positions different from position explained in Fig. 4. Those
positions were selected in order to investigate the
occurrence of bead humping.

oy 180 mm -
E
£ T
o -  CEIEERRIIANIERIIIAADEEEERRDIADEE] BE CR
=
LI
1/2 3465.. - 141516
L1
1510 15
= 200 mm
< >

Figure 4 Measurement points for layer heights and widths in the middle part of
layer

In this study, a 3D model was created in the
SolidWorks 2023 software based on the results of wall
geometry measurements, Fig. 5. The 3D model was
designed with the assumption of width symmetry, although
some small deviations from the actual wall geometries
could be expected.

Figure 5 3D model of multi-layered wall 1

This software was used to calculate wall volume
according to the generated models.

The deposition efficiency (7r, %) is calculated as the
ratio of the effective wall volume to the molten wire
deposition volume, as follows:

4
y =—L.100% )

wire

where Vi is effective volume of the wall, mm?, V. is

volume of deposited metal wire, mm?.
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Effective wall volume is the volume which could be
machined with uniform geometry. Effective wall volume
and volume of deposited metal wire were calculated as:

Vier = Hyefp *Wier L 3)

Vwire = Awire 'lwire (4)
z-D*

A, = 5

wire 4 ( )

where H,y is minimum usable wall height, mm, W,y is
minimum usable wall width, mm, L is length of
quasi-stationary part of the wall (150 mm). A, is
cross-sectional area of the wire, mm?, /. is length of
deposited metal wire (calculated as the product of wire feed
speed and arc duration), mm, D is wire diameter, mm.

The surface wall waviness (SWI, mm) was calculated
based on the following expression:

A —A
SWI = —wm__ “well. (6)
2 ' Hwefj’
A‘wm =H, Wi ™)
Aweﬂ' = Hweﬁ" ’ Wweﬁ" (8)

where 4,,, is mean cross-sectional area of the wall, mm?,
Ao 1s minimum usable cross-sectional area of the wall,
mm?, H,,, is mean usable wall height, mm, W,,, is mean
usable wall width, mm.

One of the goals of the production of parts using
additive technology is the production with the highest
possible deposition efficiency and the lowest surface
waviness index. The analysis of geometric characteristics
and observed phenomena in the process for this selected
approach are described in the next chapter.

3 RESULTS AND DISCUSSION

This chapter describes the results of experiments, the
measurements and the analysis of geometric features of
walls deposited by the application of three arc travel speeds
and arc power at approximately constant heat input.

3.1 The Influence of Different Travel Speeds and Arc Power
on Wall Geometry at Constant Heat Input

Real welding parameters that were measured during
WAAM process are shown in Tab. 4 and Tab. 5. Mean
electric arc power (P,) is calculated as product of mean
welding current (/,,) and mean voltage (U,,), without taking
process efficiency into account.

Calculated heat inputs per layer length (Q,) for the
first layer deviated for maximum up to —3,18%. The value
of O,, for layers 2 to 15 in quasi-stationary part deviated for
maximum up to —4,48%. The synergic way of selecting
parameters in programmed welding power source is the
reason for that difference between the measured and
selected parameters.

Table 4 Measured parameters of WAAM process for the first layer
Wall | 7S/ | Layer | L,/ | U,/ | WFS/ | P, = UylI, On!

No. | mm/s | part A V | m/min /W J/mm
S1 81 | 20,9 43 1692,9 282,15

1 6 52 72 | 21,3 4 1533,6 255,6
53 45 1209 2,8 940,5 156,75

S1 100 | 21,2 5,1 2120 302,86

2 7 52 88 | 21,2 4,6 1865,6 266,51
S3 56 | 21,2 32 1187,2 169,6

S1 106 | 21,3 53 22578 282,26
3 8 52 95 | 21,3 4,9 2023,5 252,94
S3 60 | 214 34 1284 160,5
S1 - the beginning part of layer, S2 - middle part of layer,

S3 - the end part of layer, /,, - mean welding current,
U,, - mean welding voltage, P,, - mean electric arc power,
0,, - mean heat input per layer length

Table 5 Measured parameters of WAAM process for 2nd to 15th layer

Wall | TS/ | Layer | I,/ U,/ | WFS/ | Py=Uyly | Oun/
No. | mm/s part A \ m/min /W J/mm
S1 67,71 | 1991 3,6 1348,1 224,63
1 6 S2 57,29 | 20,96 33 1200,8 200,07
83 35,14 | 20,5 23 720,4 119,98
S1 83,5 | 20,15 43 1682,5 2427
2 7 82 71,5 | 21,54 4 1540,1 220,04
S3 36,71 | 21,24 2,8 779,7 111,39
S1 90,64 | 20,21 4,6 1831,8 229,01
3 8 82 78,07 | 21,23 42 16574 2104
S3 47,93 | 21,24 2,9 1018 128,09

3.1.1 The Geometry of the First Layer

The geometry of the first layer is different in relation
to the other layers due to stronger influence of heat
dissipation of the substrate. With each subsequent layer,
the influence of the substrate is reduced, and therefore the
wall geometry changes.

Figure 6 The first layers of walls
(a) wall 1, (b) wall 2, (c) wall 3

834

Technical Gazette 32, 3(2025), 830-840



Zivko JURISIC, Nik§a KRNIC: Influence of p-MIG Welding Parameters to Wall Geometry of Aluminium Alloy 2319 Fabricated by WAAM

Fig. 6 shows the geometry of the first layer for three
walls. For wall 1, the geometry of the first layer is
relatively uniform, while for wall 2 and wall 3,
irregularities are observed in the form of undulations of the
geometry along the deposited layer.

Fig. 7 shows the first layer geometry for all three walls
and selected parameters according to Tab. 2. H,, presents
mean layer height and W, is mean layer width. If the travel
speed and arc power are increased, layer height is
decreased. Also, the layer width increases with increasing
travel speed and arc power. According to selected
conditions, the width of the first layer for wall 2 is
increased by 27,5% relative to wall 1. The width of the first
layer of wall 3 is additionally increased by 2,27%
compared to a wall 2, or totally 30,4% compared to wall 1.

Also, the height of the wall 2 first layer is reduced by
18,4% compared to the wall 1, and the height of the wall 3
first layer was further reduced by 3,97%.

3.1.2 The Geometry of Walls

The measured geometric features of the wall 1 to 3 are
shown in Tab. 6, which refer to mean values of layer width
and height deposited with selected travel speeds, arc power
and a relatively constant heat input per layer length.

From the measured values, the minimum widths and
heights for each layer were determined of which the
smallest values were selected as effective values (W,
H.p). For example, for the wall 1, the effective wall width
is 4.45 mm (for 15 layers, the minimum layer widths in mm
are: 4,45;4,93;5,51; 6,01; 6,47; 6,4; 6,82; 6,62; 6,69; 6,81;

g _— 6,84; 6,79; 6,98; 6,85; 6,66). The effective wall 1 height is
- L i (21,95 mm), which is measured in 15th layer. Similarly, for
AE3 o pu™ = the wall 2 the effective wall width is 5,3 mm, and the
i 37 3 effective wall height is (21,17 mm). For the wall 3, the
E 4 4 0 effective wall width is 5,63 mm and the effective wall
o3 N A 252 height is (18,69 mm), Tab. 7.
S = Fig. 8 shows the dependence of mean wall geometry
B (from 2nd to 15th layer) to selected travel speeds. For
17 higher arc travel speeds wall height decreased from 21,18
0 to 19,12. Similar observation could be stated for the first
1 2 3 layer, Fig. 7. Also, the layer width increases with
:222 {2:; ;:;dgt}}'llt wall No. increasing travel speed from value 6,8 mm to 7,73 mm and
i then it decreases slightly for a travel speed of 8 mm/s.
Figure 7 Mean geometry of first layer of quasi-stationary part
Table 6 Mean layer geometry for selected travel speeds and arc power (data for 1stto 15t layer)
Mean layer Layer number
Wall | ity
No. layer height 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. Avg.
1 W,, / mm 483 | 544 | 587 | 643 | 6,72 | 7,07 | 7,12 | 7,08 | 6,95 | 7,04 | 7,09 | 7,08 | 7,24 | 7,15 | 6,97 | 6,67
H,,/ mm 3,09 | 1,88 | 1,82 | 1,44 | 1,64 | 1,37 [ 1,62 [ 1,33 | 1,71 | 121 | 1,6 | 1,38 | 1,67 | 1,29 [ 1,51 | 1,64
5 W,, / mm 6,16 | 5,74 | 6,51 | 7,26 | 7,56 | 8,04 | 8,14 | 8,06 | 808 | 822 | 828 | 828 | 8,04 | 795 | 8,01 | 7,62
H, / mm 2,52 | 1,95 | 1,38 1,3 1,5 1,28 | 1,47 | 1,29 1,2 1,32 | 1,56 1,3 1,38 | 1,51 1,3 1,48
3 W, / mm 6,30 | 5,88 6,4 6,95 | 7,26 | 7,52 | 7,72 | 797 | 7,85 | 8,07 | 811 | 823 | 8,06 | 7,82 | 7,84 | 7,47
H, /mm 242 | 191 | 149 | 1,45 | 1,29 | 1,23 | 1,35 1,5 1,29 | 0,85 | 1,48 | 1,04 | 1,64 | 1,19 | 143 1,44
W,, - mean layer width, H,, - mean layer height
25 - speed of 7 mm/s and especially at TS of 8 mm/s. This
2118 19.72 phenomenon with irregular geometry can be observed from
2041 T~ . the 5th layer, and it progressively increases up to the 15th
E layer of the wall 3 (Fig. 9g, Fig. 9h, Fig. 91)).
< B Correlation of the mean layer height (H,,) (2nd to 15th)
T to the number of deposited layer (n;) of the wall is
& 10 6.80 - _’f’n presented in Fig. 10. Excluding the first layer due to the
5 o previously explained reason, the highest mean layer height
was achieved for wall 1 (1,88 mm), and the lowest mean
0 layer height for wall 3 (0,85 mm). Then, the average layer
1 2 3 heights of walls are: for wall 1, 1,53 mm, for wall 2, 1,41
= mean wall width wall No. mm and for wall 3, 1,37 mm.

® mean wall height

Figure 8 Mean geometry for quasi-stationary part of walls 1 to 3
(2nd to 15th layer)

As can be seen in Fig. 9, three selected arc travel
speeds and combinations of process parameters resulted in
different waviness. The main reason for this phenomenon
can be explained by the relationship between travel speed
and welding current. The appearance of "hills" and
"valleys" is clearly visible and more pronounced at a travel

It could be stated that higher arc travel speed and
higher arc power with constant heat input per layer length
result in lower mean layer height. It is evident from the
graph in Fig. 10 that the mean layer heights are stabilized
after 3rd and 4th layer for walls 1 and 2, but for wall 3 mean
layer heights are more irregular. Cycling of mean layer
heights (lower-higher-lower) could be attributed to the
repeatedly changing of direction of layer deposition.
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Figure 9 Geometry of walls:
wall 1 - (a) 5th layer; (b) 10th layer; (c) 15th layer
wall 2 - (d) 5th layer; () 10th layer; (f) 15th layer
wall 3 - (g) 5th layer; (h) 10th layer; (i) 15th layer

It is interesting to analyse the standard deviation of
layer heights (o) to get clear information to the wall
quality, Fig. 11. It is obvious that a geometric profile with
a lower height deviation per layer length was achieved with
lower arc travel speed (6 mm/s, wall 1).

34
32
3
2.8
2,6
2.4
2.2
2,,,
1.8
1,6
14
1.2 +-

1
0.8
06 1 e
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

H, | mm

i
Figure 10 Correlation of mean layer height to the number of wall layers
(The data in rectangles are mean layer heights from 2nd to 15th layer)

For the wall 3, the standard deviation of the layer
height (o5) takes on the highest values and increases with
the deposition of the next layers.

Arc travel speed of 8 mm/s (wall 3) resulted in
excessive wall waviness even after five deposited layers,
Fig. 9h. Such geometry can be described as humping.
Humping can be encountered in WAAM. In that case it
causes the problem regarding the bead geometry and
regular part realisation [20]. Maximum difference of layer
height of "hills" and "valleys" for the wall 1 is 1,05 mm,

for the wall 2 is 2,6 mm and for the wall 3 maximum
difference is 3,98 mm, Fig. 12.
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Figure 12 Distribution of wall height at positions of bead humping
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After the analysis of layer height, the similar principle
is applied for the analysis of layer width. The correlation
between mean layer width (W,,) and number of layers (1)
is presented in Fig. 13.

The layer width is stabilized between 6th and 8th layer
for all three walls, as can be seen in Fig. 13. The layers
width for walls 1 and 2 is stabilized after the 6th layer, and
for wall 3 after the 8th layer.

9.0
8,5
8,0
TS5
7,0

W, /mm

6,5
[
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25

i ! ! : ! ' b +“’2\]1 !
45 ; e b b L el 2
H i ~o—wall 3 |

4,0

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15
I
Figure13 Correlation of mean layer width to the number of wall layer

Although encountered in hybrid laser-MIG additive
technology, it could be stated similar trend of layer width
can be observed, where the layer width of deposited
aluminium alloy 5356 stabilizes after 5 to 6 layers [18].

The standard deviation of layers width (o) for each
individual layer is shown in Fig. 14. The largest layer width
deviation along the individual layers is observed for the
wall 3, and the deviation increases with the increase in the
number of layers. The standard deviation of the layer width
has the smallest changes for the wall 1.
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Figure 15 Distribution of wall width in 15th layer at positions of bead humping

The waviness of the wall width is also important factor
in analysis of stability of the wall geometry. More
significant waviness of layer width (##,,) was observed for
the wall 2 and especially for the wall 3, Fig. 15.

Maximum difference of layer width of "hills" and
"valleys" for the wall 1 is 0,83 mm, for the wall 2 is 2,27
mm and for the wall 3 the maximum difference is 3,53 mm.

In further research, an analysis of the efficiency of
depositing the wall was carried out, from the point of view
of volume efficiency. The results of the analysis are
presented in the next chapter.

3.2 The Deposition Efficiency and Surface Waviness of
Walls

The deposition efficiency (1) is calculated according
to Eq. (2) and using volumes of walls from models created
in SolidWorks 2023 (Fig. 5, Fig. 16) and from Tab. 7. SWI
is calculated according to Eq. (6).

In this study, the highest volume deposition efficiency
(70,11%) and the lowest S index of 1,29 mm (calculated
according to Eq. (6) to Eq. (8)) were achieved for wall 3
(Tab. 7). The volume deposition efficiency of wall 1 is 61,9
%, and for wall 2 it is 68.85%. The values for H,.; and
Wier were obtained in the way previously described in
subsection 3.1.2. Calculated SWI were from 1,29 mm to
1,35 mm.

Some authors calculate the deposition efficiency as the
ratio of effective and total cross-sectional area [17], while
other authors calculate with the ratio of effective and total
deposited volume [18], which is more acceptable.
Deposition efficiency using aluminium alloy wire of
1,2 mm diameter achieved by MIG process was 75,04 %,
achieved with aluminium alloy 5356, which is comparable
to the deposition efficiency achieved in this work. In
addition, a significant surface quality factor in additive
manufacturing is the surface waviness index (SWI), and for
the given conditions with aluminium alloy AIMg5, was
achieved between 0,3 mm and 0,5 mm [20]. If we consider
the paper [16], using CMT, CMT-ADV and CMT-PADV
process with aluminium alloy 5556, SWI from 0,89 mm to
1,4 mm were achieved, defined as half the difference
between the maximum and effective wall width.
Deposition efficiencies were in the range 73 - 80%. To
achieve geometric accuracy, it is necessary to achieve the
highest possible deposition efficiency and the lowest
possible SW index.

The explanation of the achieved geometric features in
this research is given in the following analysis. From
previous results and analysis, it is observed that despite
better visual geometry of wall 1, higher deposition
efficiencies are observed for wall 2 and especially for wall
3. That is because the minimum layer width among all
three walls is associated with the wall 1, 4,45 mm. Also, an
indicator of deposition quality is the mass that needs to be
machined, which is the highest (25,57 g) for the wall 1.
Trend of deposition efficiency is accompanied with the
same trend of surface waviness index which is the best for
wall 3 (SWI = 1,29 mm) followed by the wall 2
(SWI= 1,33 mm) and finally by wall 1 (SWI = 1,35 mm).
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wall 2

wall 3

(@)
Figure16 3D models of multi-layered wall 2 (a) and wall 3 (b)

(b)

Table 7 Calculated volumes and deposition efficiencies of walls (1st to 15th layer)

Wall Hweﬂ/ VVweﬁ/ Aweﬂ/ Vweff/ Vw,-m / Vmod@l / AV/ ﬂV/ Myyire / meﬂ/ Am/ SWI/

no. mm mm mm mm® mm® mm?® % % g g g mm
1 21,95 4,45 97,68 14 651,63 23 656,19 24 211,27 2,35 61,94 67,18 41,61 25,57 1,35
2 21,17 5,3 112,2 16 830,15 24 444,86 25 142,87 2,86 68,85 69,42 47,8 21,62 1,33
3 18,69 5,63 105,22 15 783,7 22 513,44 23 739,84 5,45 70,11 63,94 44,82 19,12 1,29

H, - effective wall height, W,y - effective wall width, 4,..; - effective wall cross-sectional area
Viey - effective volume of the quasi-stationary part, V,,;. - deposited volume
Vinoder - Wall volume calculated from 3D models, 4V - difference of model volume and deposited volume
ny - volume deposition efficiency, m,,;,. - mass of wire
mey - effective mass of the wall, 4m - mass that needs to be machined
SWI - surface waviness index

3.3 The Beginning and the End of the Wall Layers

If the beginning and the end parts of the walls are
considered, a geometric deviation from the quasi-
stationary part of the wall is observed, Fig. 17.
Measurements of the geometry of the initial and final part
of the layer were performed approximately in the middle
of the slope from the edge to the transition into the

quasi-stationary part of the layer (approximately 15 mm).
According to quasi-stationary part of the walls, the
differences are significant both in the height and in the
width of the measured segment, which is numerically
shown in Tab. 8. Due to significant geometric differences
at both ends, it is necessary to further optimize the process
parameters with the aim of achieving a uniform geometry.

Figure 17 The beginning (a) and the end part (b) of the completed wall 1

Table 8 Geometric differences of the beginning and the end part to quasi-stationary part of the 15th layer

Wall H/ H,,/ H,/ W | Wom ! Weom ! AH,/ AH, / AW/ AW, |
no. mm mm mm mm mm mm % % % %

1 18,6 24,59 19,95 5,48 6,67 8,26 24,3 18,8 17,8 28,9

2 17,85 22,61 16,95 5,99 7,62 9,04 21,05 25,03 21,4 18,6

3 18,3 21,52 16,8 6,61 7,47 8,68 14,9 21,9 11,5 16,2

H,, - total wall height at the beginning part, H,,,, - mean wall height at quasi-stationary part
H,, - total wall height at the end part, ¥,,, - mean width of layers at the beginning part
W, - mean wall width at quasi-stationary part, ,,, - mean width of layers at the end part
AH, - difference between total wall height at the beginning part and quasi-stationary part
4H, - difference between total wall height at the end part and quasi-stationary part
AW; - difference between mean layers width at the beginning part and quasi-stationary part
AW, - difference between mean layers width at the end part and quasi-stationary part

Analysis of the geometry of the wall at both ends
shows differences in width and height per layer. In the
beginning part of the layers, a different geometry occurs
compared to quasi-stationary part due to the excessive
accumulation of material in the arc ignition phase, which
results in a larger geometric profile. Geometric errors in the
beginning part became more significant with further
deposition of layers. The difference in geometry in the
crater occurs due to the lack of molten metal in the arc

extinguishing phase. Related to quasi-stationary part, the
differences of height in the beginning part were from
14,9% to 24,3%, and in the end part of the wall height
differences were from 18,8% to 25,03%. The differences
between mean layer width at the beginning part and middle
part were from 11,5% and 21,4%, and the mean layer width
differences at the end part were from 16,2% to 28,9%.
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4 CONCLUSIONS

The main goal of this research was the application of
WAAM technology on single-pass, multi-layer straight
walls on aluminium alloy 2319 using p-MIG process. The
bidirectional deposition strategy of wall forming was used
with constant heat inputs and variable electric arc travel
speeds and power. The walls consisted of 15 layers and
first layer was produced with higher heat input than other
layers. Heat input for first layer was 265 J/mm + 5% and
217 J/mm £ 5% for all subsequent layers. Detailed process
data are referenced in Tab. 2 and Tab. 3. The analysis was
performed for quasi-stationary part and for both ends of
wall.

Based on this research, the following conclusions were
reached:

- Deposition efficiencies were from 61,94% to 70,11%
(wall 1 and wall 3). Efficiency of wall 2 was 68,85%.

- Second wall quality indicator, SWI, was almost identical
for all 3 walls (from 1,29 mm to 1,35 mm).

- Despite the same heat input with different process
parameters, different wall geometries were achieved.

- The geometry of the first layer affects the wall deposition
efficiency and was different for three walls. The lowest
standard deviation is for wall 1 for layer width 0,19 mm
and layer height 0,23 mm compared to other two walls.

- It can be generally concluded that for all three walls the
layer width stabilizes after 6th to 8th layers. The layer
height stabilization is achieved after 4th layers for the walls
1 and 2 but wall 3 exhibited constant variations throughout
all 15 layers.

- Wavy longitudinal geometry (along x axe) was especially
accentuated on the final layer of wall 3, where significant
humping is evident. Maximum difference between "hills"
and "valleys" was 3,98 mm and is significantly higher
when compared to wall 2 (2,6 mm) or wall 1 (1,05 mm).

- There was a significant deviation of the wall geometry at
the beginning and end wall parts compared to the part of
the wall produced under thermal quasi-stationary
condition. Deviation of wall height at both end was from
14,9% to 25,03%. Deviation of wall width at both end was
from 11,5% to 28,8%.

- 3D models created upon frequent real measurement have
proven to be a useful tool in the representation of actual
walls for the calculation of the volumes and deposition
efficiency.

Further research and optimization of the starting and
finishing WAAM process parameters to produce uniform
geometry along the entire wall profile for aluminium alloy
2319 is necessary and recommended.
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