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INTRODUCTION

Additive manufacturing processes based on 
the use of metal wire can be divided into three 
categories, depending on the heat source used: 
Wire electron beam additive manufacturing 
(WEBAM), wire laser additive manufacturing 
(WLAM), and wire arc additive manufacturing 
(WAAM) [1]. The latter is the most common. 
For these three categories, the general principle 
remains the same: a layer is formed by melting 
a metal wire and depositing it on the work area. 
The formation of a layer by melting this wire is 
repeated a sufficient number of times to build a 
part in three dimensions [2, 3]. This technology is 

a major breakthrough in the production of large-
sized metal parts, and it is particularly interesting 
to produce prototypes, spare parts or small series 
of components, thanks to its ability to reduce pro-
duction times and unit costs [4].

In the case of aluminium alloys, WAAM pre-
sents specific challenges related to the high ther-
mal conductivity of the material, sometimes com-
bined with residual stresses [5], the formation of 
porosity [6] and hot cracking susceptibility [5]. 
However, it is the most widely used additive man-
ufacturing process when working with aluminium 
alloys. Three welding processes can be used for 
WAAM of aluminium alloys: GMAW (gas metal 
arc welding) or MIG (metal inert gas), GTAW 

Wire arc additive manufacturing of 5356 aluminium alloy: 
Processes, properties and performance 

Arnold Mauduit1* , Lauriane Guilmois1, Sébastien Pillot1,
Nicolas Bachelard1, Quentin Lorinet1

1	 Centre Technique des Industries Mécaniques, 52 Avenue Félix Louat, 60300 Senlis, France
* Corresponding author’s e-mail: arnold.mauduit@cetim.fr

ABSTRACT 
This study focuses on wire arc additive manufacturing (WAAM) of 5356 aluminium alloy. An approach com-
bining designs of experiments and artificial neural networks was implemented to identify the optimal parame-
ters for three MIG welding synergies: pulsed MIG, mixed CMT and pulsed MIG, and CMT MIG. The selected 
optimisation criteria were material health and the visual quality of the samples. The results obtained showed 
good material integrity for the three configurations studied (in all cases, the porosity rate is below 0.2%). The 
optimised samples were then subjected to mechanical and microstructural characterisation. The hardness meas-
urements revealed a good level of homogeneity across the wall section and between the different configurations, 
both in the as-manufactured state and after annealing treatment (1.5 hours at 350 °C). The as built mechani-
cal properties are consistent with the hardness values, with a tensile strength ranging between 250 MPa and 
270 MPa. Slight anisotropy is observed between the building direction and the longitudinal direction of the test 
specimens (a difference of 2% to 4% in Rm and Rp0.2). The microstructural analysis of the three configurations 
revealed similar structures, characterised by columnar grains in the core structure of the beads and fine-grained 
interfacial zones, contrasting with the structures resulting from conventional welding. This difference is a con-
sequence of an increased concentration of constituents, dispersoids and precipitates in the fine-grained zones, 
promoting abundant nucleation and selective grain growth. The phases were identified by energy dispersive 
spectroscopy (EDS). Lastly, a correlation between the microstructure and the mechanical properties was estab-
lished, highlighting a good match between both aspects.

Keywords: wire arc additive manufacturing, 5356 aluminium alloy, mechanical properties, metallurgical structure. 

Received: 2025.11.19
Accepted: 2026.04.15
Published: 2026.05.01

Advances in Science and Technology Research Journal, 2026, 20(6), 403–421
https://doi.org/10.12913/22998624/215594
ISSN 2299-8624, License CC-BY 4.0

Advances in Science and Technology 
Research Journal

https://orcid.org/0000-0003-4926-7390


404

Advances in Science and Technology Research Journal 2026, 20(6), 403–421

(gas tungsten arc welding) or TIG (tungsten inert 
gas), and PAW (plasma arc welding) [7]. 

Since many years now, a specific MIG trans-
fer mode has been developed by FRONIUS to 
improve to address some of the challenges posed 
by aluminium alloys: the Cold Metal Transfer 
(CMT) [8]. This method provides less heat input 
and a stable droplet transfer process assisted by 
a wire movement during arcing and short-circuit 
phases [9]. Owing to the low melting point of alu-
minium alloys, CMT offers particular advantages, 
such as a low heat input, low distortion, a high 
welding speed, a high deposition rate and reduced 
operating costs. For these reasons, CMT is well 
suited for production with low melting point met-
als, such as aluminium alloys [9].

There is extensive literature available on 
5356 aluminium alloy used with the WAAM 
process. This is due to the availability of this 
alloy in welding wire form, as it is widely used 
in conventional welding for joining 5000 and 
6000 series aluminium alloys, and sometimes 
casting aluminium alloys [10]. Note that the 
literature mainly focuses on the implementa-
tion of 5356 aluminium alloy through differ-
ent welding strategies (in particular CMT) and 
addresses the impact of these welding methods 
in terms of material health (cracking, porosity), 
mechanical properties and metallurgical struc-
ture [11–14]. Porosity is the main internal defect 
in WAAM-produced aluminium alloy compo-
nents. Process parameters and deposition strate-
gies applied to 5356 alloy significantly influence 
this phenomenon, although the observed levels 
generally remain low, ranging from 0.1% to 
0.8% [11, 12]. In addition, the mechanical prop-
erties achieved are comparable to those of rolled 
5000-series aluminium alloys, with ultimate ten-
sile strengths in the range of 230–275 MPa, but 
exhibit a marked anisotropy between the weld-
ing direction and the build height [11–14]. Final-
ly, residual stresses, while moderate, are not 
negligible: they range from −75 to +150 MPa 
along the welding direction and from −75 to +50 
MPa in the perpendicular direction, across the 
build height [13].

This study has the same objectives, allowing 
to compare and supplement the current literature. 
However, a different approach was used, relying 
on our own research and parametric optimisation 
method, and the analysis was extended to estab-
lishing a correlation between the microstructure 
and the mechanical properties.

MATERIALS AND METHODS

Material and test specimens

Owing to their good operative weldability, 
Al-Mg type alloys are widely used as filler met-
als when welding the various aluminium alloys 
[15]. 5356 aluminium alloy (AWS A 5.10 / ASME 
II C SFA5.18M ER5356 / NF EN ISO 18273 S 
Al5356 (AlMg5Cr(A))) is one of those alloys that 
are the most often used as filler metals, as it fea-
tures good mechanical strength, excellent corro-
sion resistance and, of course, good weldability. 
It contains approximately 5% Mg, with the pres-
ence of Cr and Mn. Cr controls grain growth and, 
in combination with Mn, reduces the tendency 
of weld beads to crack during the cooling phase 
[16]. As previously mentioned, this alloy is readi-
ly available in spools and was supplied in 1.2-mm 
diameter wire for all the fabrications of the study.

The test specimens made for the parametric 
research and for physical and mechanical charac-
terisation are “walls” with dimensions of approx-
imately 150 × 100 × 15 mm (see Figure 1). 

The substrate is a 5754 aluminium alloy plate, 
with the same dimensions for all fabrications, i.e. 
450 × 80 × 10 mm.

Manufacturing equipment

The WAAM cell consists of a 6-axis Fanuc 
ArcMate i120 robot with two dual-axis external 
positioners and a Fronius TPS/i 600A welding 
generator (MIG/MAG). In addition, we used 
a Fronius water-cooled welding torch (Robac-
ta Drive CMT model) and a Fronius wire reel 
(WF25i REEL model). The AdaOne CAD/CAM 
and data acquisition / visualisation software (sup-
plied by Adaxis) were also used.

Characterisation methods

The chemical analyses were carried out using 
several techniques, depending on the type of test 
specimen and the elements to be analysed. The 
oxygen (O) content was determined with the IGF-
NDIR technique (inert gas fusion – non-disper-
sive infrared). The carbon (C) content was deter-
mined by IR combustion. The sulphur (S) content 
was determined by GDMS (glow discharge mass 
spectrometry). The other elements were deter-
mined by ICP-OES (inductively-coupled plas-
ma – optical emission spectroscopy) (SPECTRO 
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ARCOS FHX22 instrument) after dissolution of 
the “wire” sample, and by spark OES (spark-op-
tical emission spectroscopy) (Ametek Spectro-
lab instrument) for the solid samples (“wall” test 
specimens). The measurement uncertainties were 
calculated with a coverage factor of 2, which cor-
responds to a confidence interval of 95%.

The porosity measurements were carried out 
using the Archimedes or double weighing method 
[17], particularly during the parametric research 
process. This is the most commonly used meth-
od for quickly determining the porosity of parts 
and test specimens produced by metal additive 
manufacturing. Porosity measurements by image 
analysis were also performed on the “wall” test 
specimens, using an Axio imager M2m optical 
microscope (Zeiss) [18].

The Brinell (HBW 5/250) hardness meas-
urements were carried out at room temperature 
using an Emco-Test Duramin 500 hardness tester 
(in accordance with standard EN ISO 6506‑1). 
At least three measurements were made per test 
specimen (only the average is presented).

To measure the electrical conductivity of 
non-magnetic metals (which is the case of alumin-
ium alloys), we relied on the eddy current testing 
technique. The instrument used was a Fisher-
scope MMS PC equipped with an ES40 probe, 
which is itself equipped with a thermocouple. As 
a result, the Fisherscope instrument can instantly 
correct the electrical conductivity as a function of 
the temperature. A frequency of 60 kHz was set to 
ensure deep penetration into the alloy.

The tensile tests were carried out in accord-
ance with standard ISO 6892-1 (A224) at room 
temperature, using a MAYES ESM250 tensile 

testing machine (250 kN) equipped with a MF 
Mini MFA2 extensometer. The test specimens 
(cylindrical type with threaded head) were 
extracted from the “wall” specimens along the 
vertical direction (height of the walls, referred 
to as Z) and horizontal direction (length of the 
walls, referred to as X). The strain rate was con-
stant and set to 6 × 10-3 s-1.

The samples for micrographic examinations 
were prepared using conventional methods (cut-
ting, resin mounting, polishing, etc.) before 
examination with a Zeiss Axio Imager M2m opti-
cal microscope. Chemical etching for the exam-
inations was performed using Barker’s reagent 
(electrolytic etching).

The samples for scanning electron microscope 
examination were prepared using conventional 
methods and examined with a JEOL JSM-IT800 
FEG-SEM. This microscope is equipped with an 
Oxford Ultim Max 100 EDS (energy dispersive 
x-ray spectroscopy) sensor and an Oxford CMOS 
Symmetry EBSD (electron back scattering dif-
fraction) camera. The EBSD and EDS maps were 
produced with the AztecCrystal 2.1 and Aztec 5.1 
data analysis software programs, respectively.

The equipment used for the annealing heat 
treatment (1.5 hours at 350 °C – air cooling) is a 
Nabertherm forced convection air furnace. This 
furnace is designed for heat treating aluminium 
alloys (at temperatures ≤ 650 °C) and features 
excellent temperature homogeneity (ΔT ≤ 6 °C).

RESULTS AND DISCUSSION

Parametric research and optimisation

The WAAM process relies on several key 
parameters (similarly to conventional welding) 
to ensure that the fabricated parts are made with 
a high level of quality and precision. The main 
welding parameters are listed below:
	• Wire feed speed (WFS) – this is the speed at 

which the wire is fed into the welding torch. 
It is generally between 5 m/min and 8 m/min.

	• Travel speed (TS) – corresponds to the speed 
at which the welding torch moves. Constant 
speed is crucial to avoid fabrication defects.

	• Voltage (U) – this is the voltage applied during 
the welding process. It has an influence on the 
stability of the arc and the quality of melting.

	• Current (I) – this is the current used during 
the welding process. It affects the amount of 

Figure 1. Example of “wall” test specimens
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heat generated and the depth of penetration 
during welding.

In the literature [19, 20], it is common prac-
tice to use the linear welding energy in relation 
to the heat input to describe the thermal cycles 
during WAAM. It is defined as follows:

	 𝐸𝐸𝑙𝑙 =  𝑈𝑈 𝐼𝐼
𝑇𝑇𝑇𝑇  
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However, as the energy has an influence on 
each gram of material deposited [21], it appears 
more relevant to monitor the mass energy Em. It is 
defined as follows:

	

𝐸𝐸𝑙𝑙 =  𝑈𝑈 𝐼𝐼
𝑇𝑇𝑇𝑇  

 

𝐸𝐸𝑚𝑚 =  𝑈𝑈 𝐼𝐼
𝑇𝑇𝑇𝑇  1

𝜋𝜋
4  ∅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

2  𝜌𝜌
 

 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜎𝜎0 +  𝑘𝑘
√𝑑𝑑

 

 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 =  ∑ 𝐾𝐾𝑖𝑖 𝐶𝐶𝑖𝑖

2
3

𝑖𝑖
 

 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑀𝑀χ 𝜇𝜇𝜇𝜇√𝜌𝜌 

 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 + 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 + 

+ √𝜎𝜎𝑒𝑒𝑒𝑒2 +  𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
2  

	 (2)

where:	Øwire is the diameter of the filler wire – ρ is 
the density of the 5356 aluminium alloy.

However, since we use only one wire diame-
ter and one alloy, Øwire and ρ are constant for all 
fabrications, which amounts to using the linear 
welding energy as one item of input data for our 
parametric research, which is carried out using 
the design of experiments method and an arti-
ficial neural network (ANN). In addition to the 
linear welding energy, the power which is relat-
ed to the WFS by the welding synergy, and the 
argon (Ar) content in the Ar-He gas mixture are 
used as input data for the design of experiments. 
Three MIG synergies are evaluated: pulsed MIG, 
mixed CMT and pulsed MIG, and CMT MIG. A 
Box-Behnken type design of experiments [22] 
was used to optimise the positioning of the tests 
in the parametric space. The responses or output 
data studied are material health (with the void 
ratio measured by the double weighing method 
as quantitative data) and the visual quality of the 
wall (with the “aesthetic” perception rating of the 
manufactured wall as quantitative data).

Artificial Neural Networks (ANNs) are used 
to model the relationship between the input 
parameters (linear welding energy, power, argon 
content) and the output parameters (visual quality 
and porosity of the walls). A network with a hid-
den layer between the input layer and the output 
layer can approximate any continuous function of 
ℝp in [0;1]n [23, 24], making it suitable for han-
dling complex relationships between the input 
data and the observed responses. ANNs work by:
	• Supervised learning – the network learns from 

known data.

	• Retropropagation – errors between expected 
responses and produced responses are cor-
rected [25].

	• Inertial terms, which help to avoid local mini-
ma during optimisation.

An overly complex ANN can overfit the train-
ing data and thus lose its ability to generalise. To 
avoid this, a validation dataset and early stopping 
are used to stop the training process before overfit-
ting occurs and thus improve the generalisation per-
formance of ANNs [26]. Modelling is performed 
using an ANN with a single hidden layer, with 
three neurons in that hidden layer. For each weld-
ing method, we carried out 18 wall fabrication tests 
with different parameters. Among these, 15 tests 
were used to make up the training base, while the 
remaining 3 tests were used to validate the model. 
Once the ANNs have been trained, it becomes pos-
sible to determine a parametric optimum for each of 
the abovementioned MIG synergies. 

Lastly, one “wall” test specimen was pro-
duced with the optimised parameters (determined 
as previously indicated) per synergy, for the pur-
pose of analysis. In addition, one of the most 
important parameter in WAAM is the creation of 
paths which control the movement of the welding 
torch to fill the 2D layers representing the trans-
verse geometry of a fabricated part or test speci-
men. For this study, the layers were filled through 
triangular weaving movements with alternating 
start and stop between each layer, resulting in a 
more homogenous distribution of the material 
[27]; in addition, an interlayer temperature was 
defined. The next layer only starts when the tem-
perature of the previous layer is between 150 °C 
and 155 °C; this is achieved using a controlled 
thermal imaging camera.

Table 1 summarises the optimised configura-
tions for each MIG synergy. Note that configura-
tion No. 3 in conventional or standard CMT fea-
tures lower linear welding energy than the other 
two configurations, which have values closer to 
each other.

Characterisation of optimal parameters

In the remaining part of the study, the three 
“wall” test specimens are analysed and identified 
by the name of the configuration (Table 1). The 
examinations and tests carried out in the rest of 
the study allowed us to comment and compare the 
three configurations.
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Morphological analyses of the walls

Figure 2 illustrates the walls produced in the 
three optimised configurations.

The optimised walls are well built. However, 
configuration No. 2 exhibits fairly significant sag-
ging at the start and end of the wall, compared to 
the other two configurations. Also note the pres-
ence of a more pronounced thickness reduction at 
the base of the wall in configuration No. 3. To pro-
vide a more in-depth morphological analysis, we 
measured some of the dimensional characteristics 
of the walls (Table 2): wall width, wall height, 
layer thickness, penetration, etc. For information, 
layer thickness is determined by means of two 
methods:
	• Weld pool line intercept method described in 

[28].
	• Wall height/number of layers ratio method.

Figure 3 represents the connection between 
the data in Table 2 above to the linear welding 
energy. It can be seen that:
	• The width (max. and min.) of the walls and the 

penetration into the substrate increase linearly 
as the linear welding energy increases.

	• The layer thickness decreases as the linear 
welding energy increases.

Additional heat input causes the weld pool to 
spread, resulting in greater deposit width and there-
fore reduced layer thickness. With a higher heat 
input, it also seems logical that penetration into 
the substrate should be better. On the other hand, 
the smaller width at the base of the wall indicates 
that applying identical parameters throughout the 
fabrication process is not an ideal solution. This is 

the consequence of insufficient wetting between 
the first layer and the substrate, due to the exces-
sively small amount of energy input and the low 
temperature of the substrate [29]. To overcome 
this problem, i.e. to achieve better penetration and 
a wider wall base, it is advisable to use different, 
more energetic parameters for the first or even the 
second layer and then return to the defined param-
eters. Thus, configuration No. 1 or No. 2 may be 
used for the first two layers, and configuration No. 
3 for the rest of the wall. Pre-heating the substrate 
that has already been installed is also a possibility 
for improved penetration.

Chemical analyses 

Table 3 presents the results of the chemical 
analyses performed on the wire sample taken 
directly from a spool and on the three “wall” 
samples taken from the configurations identified 
as No. 1, No. 2 and No. 3.

All samples are found to correspond to the 
aluminium alloy grade 5356. We can consider 
that there are no changes in the chemical com-
position for configurations No. 1 and No. 3 com-
pared to the filler wire. This is less true for con-
figuration No. 2: a slight loss of Mg is noted; this 
can potentially be explained by a more energetic 
configuration (Table 1), causing the evaporation 
of the most volatile elements.

Material integrity

Material integrity is characterised by the 
amount of porosity observed on a micrographic 
section. The study samples consist of cubic speci-
mens (approximately 15 × 15 × 15 mm) extracted 

Table 1. Optimised configurations determined through parametric analysis

Configuration MIG synergy Parameters Linear welding energy 
(El) (in J/mm)

Deposition rate
(in kg/h)

1 Pulsed MIG

U = 17.5 V
I = 117 A

WFS = 6.8 m/min
TS = 15 mm/s

Pure argon gas – 3,67 m3/s (22 l/min)

136.5 0.58

2 Mixed CMT and 
pulsed MIG

U = 19.2 V
I = 129 A

WFS = 7.5 m/min
TS = 16.6 mm/s

Pure argon gas – 3,67 m3/s (22 l/min)

149.2 0.58

3 CMT MIG

U = 14.3 V
I = 109 A

WFS = 7.5 m/min
TS = 16.6 mm/s

Pure argon gas – 3,67 m3/s (22 l/min)

93.9 0.60

Note: 99.998% pure argon gas.



408

Advances in Science and Technology Research Journal 2026, 20(6), 403–421

Figure 2. Examinations of the walls fabricated in configurations No. 1, No. 2 and
No. 3. Side view and cross-sectional view (macrography)

Table 2. Summary of dimensional data for the walls produced in the three configurations

Dimensional characteristics Configuration No. 1 Configuration No. 2 Configuration No. 3
Width (in mm)

Max.
Min.
Base

18.5
17.7
16.6

20.4
18.4
17.4

15.9
14.8
13.4

Average height (in mm) 96.1 (53 layers) 101.5 (62 layers) 99.9 (46 layers)

Penetration (in mm) 2.0 2.9 1.1
Layer thickness (in mm)

Intercept method
Number of layers method

1.7
1.8

1.6
1.6

2.1
2.2
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at roughly one-third and two-thirds of the wall 
height. The reported values (Table 4) represent 
the mean of observations performed on five fields 
within a micrographic cross-section obtained 
from both cubes. The image presented in the right-
hand column is chosen arbitrarily among the 2 × 5 
observation fields, but it provides a fairly accurate 
representation of porosity.

In general, the three configurations offer good 
material integrity with low porosity rates.

All the defects observed are round pores simi-
lar to those found during “conventional” welding, 

with hydrogen being the main cause. At the sol-
id-liquid interface, during the solidification of 
the fabricated part, the newly created solid phase 
discharges the dissolved hydrogen into the liquid 
phase [30]. The hydrogen eventually exceeds the 
solubility limit in the liquid as a result of its accu-
mulated quantity. The high thermal conductivity 
of aluminium causes rapid solidification of the 
weld pool from the outside to the inside, trapping 
the pores generated by hydrogen. The main source 
of hydrogen in WAAM of aluminium is the fill-
er wire. Compared to conventional welding, the 

Figure 3. Welding geometric characteristics as a function of the linear welding energy

Table 3. Chemical analyses of the samples studied

Elements Al 5356
NF EN ISO 18273 Wire Conf. No. 1 Conf. No. 2 Conf. No. 3

Iron % ≤ 0.40 0.079 ± 0.011 0.086 ± 0.010 0.089 ± 0.011 0.086 ± 0.010

Silicon % ≤ 0.25 0.13 ± 0.01 0.068 ± 0.008 0.066 ± 0.008 0.067 ± 0.008

Copper % ≤ 0.10 ≤ 0.004 ≤ 0.020 ≤ 0.020 ≤ 0.020

Zinc % ≤ 0.10 0.008 ± 0.002 ≤ 0.015 ≤ 0.015 ≤ 0.015

Magnesium % 4.5 – 5.5 4.83 ± 0.17 4.80 ± 0.16 4.67 ± 0.15 4.76 ± 0.16

Manganese % 0.05 – 0.20 0.15 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01

Nickel % ≤ 0.05 ≤ 0.005 ≤ 0.010 ≤ 0.010 ≤ 0.010

Chromium % 0.05 – 0.20 0.12 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.01

Titanium % 0.06 - 0.20 0.089 ± 0.004 0.089 ± 0.010 0.087 ± 0.010 0.087 ± 0.010

Lead % ≤ 0.05 ≤ 0.005 ≤ 0.010 ≤ 0.010 ≤ 0.010

Tin % ≤ 0.05 ≤ 0.020 ≤ 0.015 ≤ 0.015 ≤ 0.015

Vanadium % ≤ 0.05 0.012 0.014 ± 0.004 0.014 ± 0.004 0.014 ± 0.004

Carbon % - ≤ 0.0010 0.0014 0.0013 0.0013

Sulphur % - 0.000054 0.000051 0.000046 0.000038

Oxygen % - ≤ 0.0001 ≤ 0.0001 ≤ 0.0001 ≤ 0.0001
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formation of hydrogen pores in aluminium com-
ponents fabricated by WAAM can be more diffi-
cult to control, since the filler wire is introduced 
into the weld pool in large volumes [31].

We can see that configuration No. 1 is the 
cleanest, with a very low porosity rate. Converse-
ly, configuration No. 2 appears to have the poorest 

material integrity. It should be noted that the larg-
est defects are observed in configuration No. 2. 
Configurations No. 1 and No. 3 exhibit almost 
equivalent defect sizes. Linear welding energy has 
a direct impact on the porosity rates of the deposit-
ed beads [19]: the energy input needs to be reduced 
to achieve improved material health. However, 

Table 4. Observation of porosity on micrographic sections for the three configurations

Configuration Image porosity Image (representative)

1

Porosity rate:
0.02% ± 0.01%

Equivalent diameter 
of the largest pore:

27.7 µm

2

Porosity rate:
0.16% ± 0.08%

Equivalent diameter 
of the largest pore:

82.1 µm

3

Porosity rate:
0.03% ± 0.01%

Equivalent diameter 
of the largest pore:

33.5 µm
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configuration No. 2 is the most energetic, which 
can explain the observations presented in Table 4.

Hardness and electrical conductivity

Figure 4 presents the method and areas for 
hardness measurement on one section from each 
configuration studied, in the as built condition.

It should be noted that the HBW hardness 
values are in line with the mechanical properties 
presented below. There is little to no difference 
between the configurations. The hardness values 
are fairly homogenous across the section (the 
wall height), for all configurations. 

Table 5 presents the results of hardness and 
electrical conductivity measurements on a cube-
shaped test specimen cut from the walls of con-
figurations No. 1, No. 2 and No. 3.

No change is observed in the hardness value 
after annealing (1.5 hours at 350 °C), regardless 
of the synergy; this is interesting because the heat 
treatment allows residual stresses to be removed 
when necessary, with no impact on the mechan-
ical properties. Electrical conductivity is almost 
identical for the three configurations, which is 
indicative of an undoubtedly very similar struc-
tural state. No change is observed in electrical 
conductivity after heat treatment, which confirms 
that no structural change occurs after heat treat-
ment. In this type of alloy, non-hardening precip-
itation of Al3Mg2 is possible, particularly at grain 
boundaries, and may be an issue with regard to 
the corrosion resistance of the alloy. It would be 
advisable to ascertain this point to complete the 
study. However, since there is no change noted 
in electrical conductivity after heat treatment, this 
may suggest that no “further” precipitation occurs 
(particularly of Al3Mg2). 

In conclusion, it seems that there is no change 
in the structure and no change in precipitation 
after annealing treatment.

In addition to verifying the resistance to 
corrosion (particularly intergranular corrosion) 
of the alloy, the study could be expanded to 
analyse the impact of the heat treatment on the 
residual stresses. As a matter of fact, it can be 
assumed that the level of residual stresses is 
higher in the as-fabricated state than after the 
annealing heat treatment. 

Mechanical properties

Figure 5 presents the conventional mechani-
cal properties of the different configurations stud-
ied, in the as-fabricated state. It emerges that:
	• The mechanical properties of the three con-

figurations are fairly similar. Regardless of the 
configuration and the test direction, the Rm 
value ranges between 250 MPa and 270 MPa, 
the Rp0.2 value ranges between 110 MPa and 
120 MPa, and the elongation value ranges 
between 22% and 32%. Note that configura-
tion No. 3 exhibits systematically higher Rm 
and Rp0.2 values (by a few MPa) than the other 
two configurations.

	• Slight anisotropy is noted between the X 
direction and the Z direction. As a matter of 
fact, the Rm and Rp0.2 values are 2% to 4% 
higher in the X direction. This can be rather 
easily explained by the “layer-by-layer” or, 
more precisely, “bead-over-bead” fabrication 
method, where the Z direction (the building 
or bead stacking direction) features slightly 
lower mechanical properties. This phenom-
enon is observed in many layer-by-layer fabri-
cation processes.

Figure 4. Hardness HBW 5/250 on the three wall sections from the three configurations identified
as No. 1, No. 2 and No. 3. As built
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	• The mechanical properties obtained in our 
study in the as built condition are comparable 
to those reported in the literature on this subject 
[11–14]. In fact, the Rm value is roughly in the 
range of 250 MPa to 260 MPa, the Rp0.2 value 
is in the range of 100 MPa to 120 MPa (with the 
exception of [14], where Rp0.2 is rather around 
160 MPa to 180 MPa), and the elongation value 
varies between 15% and 30%. Therefore, our 
results are rather above average.

The MIG synergy does not seem to signifi-
cantly affect the mechanical properties. 

Figure 6 shows examples of tensile curves 
for configuration No. 3 (CMT MIG) in the as 
built condition: one curve in the X direction 
and one curve in the Z direction. As previously 
indicated, there is slight anisotropy between the 
two directions. Instabilities can also be noted on 
both curves. During the tensile test performed at 
a constant imposed strain rate, these instabilities 
are characterised by the appearance of typical 

stress jumps on the mechanical response curve 
(Figure 6). These are Portevin – Le Chatelier 
(PLC) instabilities [32] which are “classically” 
observed in 5000 series aluminium alloys. 5356 
aluminium alloy is no exception. These instabili-
ties are permanent and propagative.

We compared the PLC instabilities for each 
configuration (No. 1, No. 2 and No. 3) based on 
two quantitative criteria: the frequency (inverse 
of periodicity) of the instabilities and the ampli-
tude of the instabilities. Table 6 summarises our 
observations for two strain values, one at approx-
imately 5% to 7%, and the other one at approx-
imately 15% to 17% in the X direction. In the 
second part of the table 6, an example of PLC 
instability measurement (configuration no. 3) is 
provided: illustrating the period (inverse of the 
frequency) and the amplitude (in MPa).

For all configurations, a change in the insta-
bilities within the tensile curve itself can be noted: 
a difference between PLC instabilities at 5% and 

Table 5. Hardness HBW 5/250 and electrical conductivity measurements on test specimens sampled from the 
walls, before and after heat treatment (annealing)

Configuration Hardness HBW 5/250 Electrical conductivity (MS/m)

1 – As built 74.6 ± 0.5 15.42 ± 0.02

2 – As built 72.3 ± 0.6 15.47 ± 0.02

3 – As built 72.7 ± 1.0 15.46 ± 0.01

1 – Heat treated 73.3 ± 0.8 15.46 ± 0.02

2 – Heat treated 73.8 ± 1.2 15.60 ± 0.02

3 – Heat treated 73.5 ± 1.3 15.47 ± 0.03

Figure 5. Mechanical properties of configurations No. 1, No. 2 and No. 3 in the X direction (wall length)
and the Z direction (wall height). As fabricated
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at 15% elongation. As a matter of fact, it is rath-
er common to see the PLC instabilities change 
during a tensile strength test, and to encounter 
type A, then type B and finally type C bands [33]. 
This is exactly what happened during our tensile 
strength tests. However, what is more unexpected 
is that the instabilities are different depending on 
the configuration. We can note that the PLC insta-
bilities are relatively identical in configurations 
No. 1 and No. 2, but quite different in configura-
tion No. 3, where the frequency is higher. We can 
observe that, in the Z direction, the PLC instabil-
ities do not appear to be modified. For example, 
we obtained a frequency of 1.53 Hz ± 0.16 Hz and 
an amplitude of 2.28 MPa ± 0.41 MPa for the 5% 
elongation, and a frequency of 0.63 Hz ± 0.06 Hz 
and an amplitude of 3.86 MPa ± 0.41 MPa for the 
15% elongation in the case of configuration No. 3, 
which is close to the values presented in Table 6.

Study of the structure – metallurgical 
examinations

Figure 7 shows, at low magnification, after 
electrolytic etching and under polarised light, the 
granular structure of the 3 configurations stud-
ied, in the as-fabricated state. We can see that the 
deposited weld beads consist of columnar grains 
in the central zone (core structure), and that a fine-
grained zone develops at the interface between two 
weld beads. Configuration No. 3 (see Figure 7c) is 
a perfect illustration of this structure. The colum-
nar grains are oriented according to the tempera-
ture gradient during solidification, i.e. the grains 
tend to develop along trajectories orthogonal to 

the isotherms, which is in line with the laws of 
solidification [33]. In conventional welding, crys-
tallisation of the metal during solidification is 
epitaxial, whereby the crystals of the solid metal 
being formed (in this case, 5356 aluminium alloy) 
adopt the same orientation as the crystals of the 
base metal on which they rest [33] and develop in 
a columnar manner. However, as indicated above, 
this is not what we observe here, given the pres-
ence of a fine-grained zone between each depos-
ited weld bead (see Figure 8a for the detail). The 
observations made using optical microscopy (not 
shown) indicate no modification of the structure 
after the heat treatment of 1.5 h at 350 °C. There is 
neither grain growth nor recrystallisation.

As previously mentioned, the fine-grained 
zone phenomenon is more pronounced for con-
figuration No. 3, where this zone can extend to 
a width of 500 µm; we can assume that this is 
related to the welding synergy. To go further, we 
are continuing our study on configuration No. 3. 
Figure 8b shows a higher concentration of con-
stituents (intermetallic compounds, dispersoids, 
precipitates) in the fine-grained zones than in 
the centre of the weld beads (columnar-grained 
zone). An EDS study (see Figure 9) allowed us to 
identify the constituents, namely:
	• Presence of Mg2Si. This phase has extremely 

reduced solubility, which means that it can 
typically be observed outside a solid solution, 
even with a low Si content [34].

	• Presence of Si and O in dark areas of the FEG-
SEM image (Figure 9). In fact, this is SiO2 
(colloidal silica) which was used to polish 

Figure 6. Conventional tensile curves. Configuration No. 3. X and Z directions
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Table 6. Frequencies and amplitudes of the PLC instabilities depending on the fabrication configuration

Configuration 1 2 3

Strain 5% 15% 5% 15% 5% 15%
Frequency

(in Hz) 0.71 ± 0.08 0.44 ± 0.05 0.65 ± 0.08 0.30 ± 0.04 1.48 ± 0.25 0.63 ± 
0.05

Amplitude
(in MPa) 2.51 ± 0.38 3.89 ± 0.57 1.95 ± 0.32 3.93 ± 0.57 2.49 ± 0.28 4.08 ± 

0.42

Example of 
measurement on 
conf. No. 3 at 5% 

strain.

Figure 7. Metallurgical examinations – magnification 12x, as built: 
orange arrows – columnar grained zone, blue arrows – fine-grained zone
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the samples and remained trapped in shrink-
age cavities: micro-shrinkage cavities (item 
1, Figure 9) or gas pores (item 2, Figure 9). 
Round-shaped gas pores (Table 4) result from 
the presence of hydrogen which is dissolved in 
the liquid aluminium and forms bubbles dur-
ing solidification. The micro-shrinkage cavi-
ties have more tortuous shapes and stem from 
volume contraction during cooling [35].

	• Presence of many compounds containing Fe. 
Fe is never associated with Si, but it sometimes 
combines with Cr and Mn (Figure 9), thus 
forming Al6(Fe, Mn, Cr) in particular [34, 36].

	• Compounds containing Cr and/or Mn, but not 
containing Fe, and which may be Al7Cr and 
Al6(Mn, Cr) [34].

In addition, the Mg distribution resulted in 
the formation of dendrites within the grains (Fig-
ure 9 and Figure 10). Mg is present in significant 
amounts in solid solution in the alloy but, as it 
contents increases, it appears in the Al3Mg2 eutec-
tic form. When the Mg content exceeds approxi-
mately 3.5%, Al3Mg2 can precipitate at the grain 
boundaries or inside the grains [34]. Note that 
after heat treatment (1.5 hours at 350 °C), the 
dendrites “fade away” (although not complete-
ly); this is very probably due to Mg being better 
homogenised in the solid solution.

The fine-grained zones originate from pre-
cipitation of the constituents at the edge of the 
weld beads, causing more abundant nucleation. 
This precipitation is probably due to a change in 
the temperature gradients and in the cooling rate, 
which is related to the welding strategy. Configu-
ration No. 3 has a lower linear welding energy 
than the other two configurations; this can explain 
these more pronounced fine-grained zones. In 

Figure 8. Example of configuration No. 3, as built: (a) detail of a fine-grained zone at the interface
between two beads, (b) example of concentration of constituents: area delineated by a red dotted line

addition, this phenomenon can be associated with 
selective growth, where grains whose preferred 
growth direction coincides with the solidification 
trajectory result more developed at the expense 
of the neighbouring grains [33]. This entails the 
disappearance of the least favourably oriented 
grains, leading to a decrease in the number of 
grains and, therefore, an increase in their size and 
columnar growth.

Relationship between microstructure and 
mechanical properties

In view of the characterisations previously 
carried out, we are now in a position to analyse 
the relationships between the microstructure and 
the mechanical properties, i.e. establish a cor-
relation between the mechanical behaviour and 
the microstructure. In the remaining part of this 
study, we will take the example of configuration 
No. 3 in the as built condition.

The idea [37] is based on the possibility of 
calculating the various contributions of the micro-
structure to the hardening mechanisms of 5356 
aluminium alloy in the as built condition, and 
more specifically, to the yield strength. The hard-
ening mechanisms identified are listed below:
	• Grain size refinement: this is the Hall-Petch 

equation.
	• Solid solution, with introduction of foreign 

atoms into the matrix, causing distortions in 
the crystal lattice.

	• Precipitation, resulting in precipitates being 
placed on the pathway of the dislocations, 
thereby preventing dislocation motion.

	• Strain hardening, which is related to the den-
sity of dislocations present in the alloy.
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Figure 9. Configuration No. 3, as built – EDS analysis
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Contribution of grain size to the yield strength

As previously mentioned, the relationship 
which connects the grain size and the yield 
strength (σe is the Hall-Petch equation [38]:

	

𝐸𝐸𝑙𝑙 =  𝑈𝑈 𝐼𝐼
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where:	σeGB is the contribution of grain refine-
ment strengthening to the yield strength; 
σ0 is the friction stress; k is the Hall-Petch 
slope; and d is the average grain diameter.

For aluminium alloys, σ0 = 13 MPa and k = 
2.3 MPa  [38]. The experimental parameter 
that needs to be determined is the average grain 
diameter (i.e. the grain size). The average value 

of d is 56.3 µm, given by Figure 11. This gives:  
σeGB  = 22.7 MPa.

Contribution of structural hardening 		
to the yield strength

The only hardening precipitate present in the 
alloy is Mg2Si (see above). Furthermore, Si only 
participates in the formation of this precipitate 
(refer to paragraph “Study of the structure – met-
allurgical examinations”). Given that there is very 
little Si (% by mass) available in the alloy, the 
%Mg2Si (% by mass) available for hardening can 
be calculated as follows:

	 %Mg2Si (by mass) = 2.729 x %Si
	 (by mass), when Mg is in excess	

(4)

Figure 10. Configuration No. 3, as built – optical microscope observation of the dendrites after Barker etching

Figure 11. EBSD observation on a sample from configuration No. 3 in the as built condition.
Grain map (in random colours) and grain boundaries (threshold angle 10°)
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Considering 0.07% Si (Table 3), this gives 
0.19% Mg2Si (by mass) available for harden-
ing, which corresponds to approximately 35 
MPa using the chart available in [36]. Hence σep 
(Contribution of structural hardening to the yield 
strength) = 35 MPa.

Contribution of solid solution to the yield strength

The effect of solid solution hardening on the 
yield strength was studied by Myhr et al [39] and 
can be defined as follows:
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where:	σess is the contribution of solid solution 
hardening to the yield strength; Ci is the 
concentration of element i in the alloy, 
expressed in % by mass; and Ki s a hard-
ening constant related to element i.

In our case, KMg = 18.6 MPa [34]. The experi-
mental parameter that needs to be determined is the 
concentration of element Mg (% by mass). Since Mg 
is either in solid solution or used in Mg2Si, we just 
need to determine the quantity consumed by Mg2Si, 
i.e. 0.12% (by mass) according to the previous par-
agraph. Therefore, there is 4.64% Mg (by mass) in 
the solid solution. This gives σess = 51.7 MPa. 

Contribution of strain hardening or dislocations 
to the yield strength

In this case, the corresponding strain harden-
ing in the yield strength can be estimated with the 
Bailey-Hirsch relationship [40]:
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where:	σedis is the contribution of strain hardening 
to the yield strength; M is the Taylor fac-
tor; χ is a constant related to the material; 
μ is the shear modulus; b is the Burgers 
vector; and ρ is the dislocation density.

For aluminium alloys, M = 3.06, μ  = 26.9 GPa, 
b = 0.286 nm, χ = 0.27 [41]. The experimental 
parameter that needs to be determined is the dis-
location density, i.e. the ρGND value measured (as 
an example) in Figure 12 at 0.38.1014 /m² (aver-
age density). This gives σedis  = 39.2 MPa.

The EBSD technique only allows the den-
sity of geometrically necessary dislocations 
(GND) to be obtained and does not provide 
information on the total dislocation density, 
which consists of the density of geometrically 
necessary dislocations and the density of statis-
tically stored dislocations. It should be noted 
that we considered σedis to be essentially due to 
ρGND. For the first moments of plastic yielding 
or for the end of elasticity (yield point zone), 
the contribution of ρGND to strain hardening is 
the most significant [42].

Total contribution to the yield strength 		
and analyses 

There are various ways of adding together 
the contributions to the yield strength, especially 
when obstacles of identical strength but different 
densities are present. In this case, we use the Des-
champs model [43]:

Figure 12. Density of geometrically necessary dislocations (ρGND) from EBSD observations.
Configuration No. 3, as built
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This gives σetotal = 127 MPa, a value which can 
be compared to the average Rp0.2 in the as-fabri-
cated state (see Figure 5), which is 118 MPa.

A difference of around 7.5% can be noted 
between the two values. This can be explained 
in many ways, but in particular by the value of 
σep which is between 0 MPa and 35 MPa. In fact, 
a significant portion of the Mg2Si is present in 
the alloy in the form of constituents that are not 
coherent with the matrix, i.e. β-Mg2Si which does 
not contribute to hardening, and not in the form of 
β’’ or β’ hardening precipitates. If all of the avail-
able Mg2Si (0.19% by mass) actually contributed 
to hardening, then σep would be equal to a maxi-
mum of 35 MPa [36]. This is not the case. Taking 
(for example) σep = 17.5 MPa, we obtain σetotal = 
117 MPa, to be compared to 118 MPa.

CONCLUSIONS 

This study highlights the relevance of an 
approach that combines designs of experiments 
and artificial neural networks for optimising the 
parameters of the WAAM process applied to 5356 
aluminium alloy. The morphological analysis of the 
optimised structures revealed several key points:
	• The CMT MIG welding synergy allows stable 

building without sagging of the edges (unlike 
what occurs with mixed CMT and pulsed 
MIG welding).

	• Fine adjustment of the parameters is neces-
sary for the first layers, in particular in CMT 
MIG welding, in order to achieve improved 
penetration.

	• The width of the walls and the penetration 
into the substrate increase linearly as the lin-
ear welding energy increases, while the layer 
thickness decreases.

The three optimized configurations exhibit 
comparable material integrity with very few 
defects: all configurations show a porosity rate 
below 0.2%.

The hardness measurements showed good 
homogeneity of the test specimens and the three 
configurations, both in the as-fabricated state 
and after annealing treatment. The results of the 

electrical conductivity measurements confirmed 
these observations, suggesting microstructural 
stability after heat treatment. 

The tensile tests carried out in the as built 
condition revealed the following:
	• Similar mechanical properties between the 

three configurations.
	• Performance in line with data from the 

literature.
	• High mechanical strength (250 MPa to 270 

MPa), along with good elongation (25% to 
30%).

	• Moderate anisotropy between the building 
direction and the longitudinal direction of the 
test specimens.

	• Presence of Portevin–Le Chatelier instabilities, 
typical of the 5000 series aluminium alloys.

The microstructural analysis, particularly 
for configuration No. 3, revealed the presence 
of columnar grains in the core structure of the 
weld beads, along with fine-grained interfacial 
zones. The latter are a consequence of increased 
nucleation, induced by a high concentration of 
constituents, dispersoids and precipitates, as well 
as selective grain growth. The phases identi-
fied, namely Mg₂Si, Al₆(Fe, Mn, Cr), Al₇Cr, and 
Al₆(Mn, Cr), are typical of the 5356 aluminium 
alloy. The microstructure is also characterised by 
the presence of gas pores caused by hydrogen, 
along with micro-shrinkage cavities. We also 
noted the presence of dendrites highlighted by 
the Al3Mg2 eutectic.

Lastly, we established a correlation between 
the microstructure and the mechanical properties 
by breaking down the four hardening mechanisms, 
highlighting a consistent match between structur-
al characteristics and mechanical performance. 
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