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Abstract

Samples of AA5086 aluminium alloy were welded by gas tungsten arc welding (GTAW) with alternating current using three
different shielding gases. The samples were welded with pure argon (Ar), a mixture of argon and helium (Ar+He) and a
new mixture composed of argon, nitrous oxide and oxygen (Ar+N,O +O,). The effect of the shielding gas on the residual
stresses and on the mechanical and microstructural properties of the welded joints was evaluated and compared with the base
metal. The new gas mixture produced compressive residual stresses in the longitudinal and transverse directions in the weld
metal. Tensile test of welded joints indicated similar values for yield strength and ultimate tensile strength; however, these
values were lower compared to the base metal. The new gas mixture provided a welded joint with hardness values in the weld
metal and heat-affected zone close to the base metal values and with greater magnitude compared to samples welded using
pure argon and mixture of argon and helium. Microstructural characterisation performed by optical and scanning electron

microscopy showed that the new mixture produced welded joints with lower porosity.

Keywords Aluminium alloy AA5086 - GTAW process - Residual stresses - Mechanical properties - Microstructural

characterisation

1 Introduction

Al-Mg alloys (AA 5XXX series) are an important group of
non-heat-treatable aluminium alloys that can only be hard-
ened by solid solution and mechanical working. Magnesium
is the main alloying element, and additions of up to 6% lead
to solute hardening combined with efficient strain harden-
ing. These alloys have a good strength-to-weight ratio, excel-
lent corrosion resistance and good weldability, resulting in
a wide range of applications in the marine, chemical and
automotive industries [1-5].

The gas tungsten arc welding (GTAW) process provides
excellent quality and finishing of welded components and
is particularly suitable for the welding of aluminium alloys
[6-8]. The shielding gas is used not only to protect the
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molten drop and bead, but also to modify metal transfer,
penetration and bead width of the weld, for spatter control
and post-weld cleaning, to control welding fume generation
and to influence the metallurgical and mechanical properties
of the weld [9].

The shielding gases traditionally used in the welding of
aluminium alloys are inert gases, such as pure argon, pure
helium or argon/helium blends. Recent researches evaluate
shielding gas mixtures for GTAW process with the addition
of small amounts of nitrogen, oxygen, and nitrous oxide to
increase travel speed, change penetration and reduce surface
tension, among other benefits. However, it is necessary to
deepen the addition of these gases in traditional shielding
gas, since they are more reactive and promote oxidation of
the weld metal, especially for aluminium alloys [10]. For
these reasons, the choice of shielding gas is a critical fac-
tor in the welding process, and numerous researchers have
conducted extensive studies and experiments to reduce the
overall welding cost and increase the efficiency of the pro-
cess [11].

Welding residual stresses arise due to differential thermal
expansion and contraction of the weld metal and base metal.
Although residual stresses are essential for the performance
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Table 1 Chemical composition Si Fe Cu
of AA5086 alloy (% weight)

Mn Mg Cr Zn Ti Al

0.40 0.50 0.10

0.45 4.00 0.15 0.25 0.15 Balance

and service life of a welded component, there is no specific
comparative analysis between different shielding gases used
in aluminium alloys welded by GTAW process [11, 12].

Therefore, this work presents innovative research on
residual stresses using traditional shielding gas (pure Ar and
Ar+He) and also a newly developed mixture of argon with
a low concentration of O2 and N2O. Despite the positive
results demonstrated for this new mixture, few comprehen-
sive scientific resources are dealing with this issue, which
limits its large-scale use on an industrial scale and thus gives
the present work a prominent role in better understanding the
advantages of new different gas mixtures [11, 12].

The present work aims to study the residual stresses, meas-
ured by X-ray diffraction technique using sin2y method and
mechanical properties (mechanical strength and microhard-
ness) of welded joints by the GTAW process of aluminium
alloy AA5086, using different shielding gases. Except shield-
ing gas composition, all other welding parameters were kept
constant to determine the output responses. Later, one-way
analysis of variance (ANOVA) was done to statically evaluate
the significance of shielding gases on the experimental results.

2 Materials and experimental methods

The base metal (BM) used in this work was AA 5086-H116
aluminium alloy manufactured according to ASTM-B
928-04, tempering H-116, in the form of sheet 6.35 mm thick.
The chemical composition and nominal mechanical proper-
ties of this material are shown in Tables 1 and 2, respectively.

The filler metal was TIG-HARRIS rod, aluminium alloy
5083, with a diameter of 3.2 mm, and its chemical composi-
tion is shown in Table 3.

Plates of size 250 X 150 mm, each with one of the edges
chamfered by machining, were taken together to form a weld
pad of 250 X 300 mm with a single V-groove joint. Figure 1
presents the details of the joint.

The samples were welded by GTAW process (welding
machine KEMPPI model Master TIG, 3500 W, AC/DC) using
different shielding gas, with alternating current in a flat posi-
tion, according to the parameters shown in Table 4. For both
samples, during the 1st pass (root pass), one locking bar and
a back of copper were used to prevent warping of the plates.

Table 2 Mechanical properties of AA5086 alloy

Residual stresses of the welded samples were measured
in the longitudinal (L) and transverse (T) directions to the
bead in the weld metal (WM), heat-affected zone (HAZ) and
base metal (BM) at the points shown in Fig. 2a. The residual
stresses were measured using the Xstress3000 analyser, by
X-ray diffraction technique using the sin2y method (uncertain
of +15 MPa), Crka radiation (ACrko=2.29092 A) and dif-
fracting the (222) plane of aluminium with angle 20=156.98°.

Micrographs of samples of each welding condition were
performed. The samples were ground, polished and etched
with a solution of 2 ml of HF in 100 ml of water. The etching
time was 90 s for WM and HAZ and 60 s for the base metal.
The samples were analysed by optical microscopy (OM) and
scanning electron microscopy (SEM) with qualitative analy-
sis of porosity in the welded joints.

The Vickers microhardness test was performed with a
load of 25 g for 15 s. The measurement of microhardness
was carried out at the top, centre and root in the WM, HAZ
(left and right of weld bead) and BM (left and right of weld
bead). The result for each region is an average of the values
obtained at the top, centre and root positions (Fig. 2b).

The tensile test was performed in accordance with ASTM
B557M (Fig. 2¢) using INSTRON 3382 Testing Machine with
a speed of 2 mm/s at room temperature. Four tensile test sam-
ples were made for each welding condition and base metal.

One-way ANOVA and Tukey’s test were performed
with a significance level of 0.05 to evaluate the differences
between the values of residual stresses, mechanical proper-
ties (Re and Rm) and Vickers microhardness. These analyses
are relevant to verify if the use of different shielding gases
alters the mechanical properties of welded joints.

3 Results and discussion

Residual stresses in longitudinal and transverse directions
were analysed in WM, HAZ and BM in each sample after
welding. The results are shown in Fig. 3.

The longitudinal residual stresses (LRSs) at the joints
of each welding condition had a homogeneous and tensile
behaviour in the HAZ and BM, while the WM showed com-
pressive stresses with the new mixture (Ar+ 02+ N20) and
tensile ones with Ar+ He and pure Ar. The high longitudinal

Table 3 Chemical composition of AA5083 filler metal (% weight)

Yield strength — Re Hardness (HV)

(MPa)

Ultimate tensile strength
— Rm (MPa)

205 335 88

Si Fe Cu Mn Mg Cr Zn Ti Al

040 040 010 0.70 440 0.15 025 0.15 Bal-
ance
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Weld Axis Length L 250 mm

Groove Angle 6 =60°

A

6.35

150

Fig. 1 Welded joint details of single V-groove butt weld

tensile residual stresses in the HAZ may have contributed to
the reduction of the mechanical strength of the welded joint,
because all specimens broke in this region.

The behaviour of transverse residual stresses (TRS) in
welded specimens with the Ar+He and the new gas mixture
(Ar+02+N20) was very similar with high compressive values
in the BM, low tensile values in the HAZ and compressive in
WM. As occurred in the longitudinal direction, the welded joint
with the protection of pure Ar can be considered the most critical
condition with tensile residual stresses around 50% of the yield
strength initially reported by the manufacturer in Table 2.

Therefore, the new mixture showed a beneficial residual
stress state in relation to the other welded joints. However,
the tensile residual stresses in the HAZ made this region of
the joint critical and with a tendency to fail.

The one-way ANOVA was used to determine if there
were any statistically significant differences between the
means of residual stresses considering the three regions

\ya

» 32 |

> Unit: mm

of the joint. The results for a significance level of 0.05 are
shown in Table 5.

As the p-values tended to zero for all conditions, it is pos-
sible to state that the statistical analysis indicated that there is
a significant difference between the means of residual stresses
for the three regions when using different shielding gases [13].

Table 6 presents the results of the Tukey test, which was
used to compare the difference between each pair of means of
residual stresses considering three different shielding gases.

The Tukey test indicated that there is no significant differ-
ence between the values of residual stresses in BM and WM
in the transverse direction when evaluating the pair Ar+ He/
Ar+N20+ O2. This result corroborates what is shown in
Fig. 3, since both mixtures provided similar residual stresses
and more compressive magnitudes compared to the Ar shield-
ing gas. p-value lower than 0.05 indicates that the shielding
gases had an obvious effect on residual stresses, and this result
was verified in most cases of the comparative analysis [13].

Table 4 Welding parameters

Sample Shielding Gases Flow (L/min) Current (A) Welding Speed (mm/min)
1st Pass (Root) 1st Pass (Root)
1 Ar (pure) 10 202 150 80
75% Ar+25% He 10 202 150 100
3 Ar+200 ppm of 10 202 150 80
N,0+200 pm of O,
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Fig.2 (a) Measurement points of residual stresses; (b) measurement points of hardness in the welded joint; (¢) dimensions of tensile test speci-

men (ASTM B557M)

Figure 4 shows the presence of pores in WM, espe-
cially in welded joints with pure Ar and Ar+ He. Porosity
is always present in aluminium samples welded by GTAW
process with pure Ar, as reported by Prakash et al. [14], and
the addition of He to the blend can significantly reduce this
defect due to the higher thermal conductivity of He, which
results in greater energy transferred to the weld pool.

In Fig. 4c, which corresponds to the welded joint using
the new mixture, it can be observed more refined grains
and that the formation of porosity was much lower com-
pared to welded joint with previous shielding gases. Addi-
tionally, it was verified the presence of a crack, which may
have arisen due to the alignment of the pores.

Pores form due to the sharp decrease in hydrogen solubil-
ity during the solidification process, since the solubility of
hydrogen in molten aluminium is about 20 times higher than

Table 5 Results of one-way ANOVA for residual stresses

Region LRS TRS

F-value p-value F-value p-value
BM 40 0.000032 114 0
HAZ 164 0 280 0
WM 1234 0 1117 0

@ Springer

in solid aluminium. The formation of pores can be reduced
by proper joint preparation, use of high purity shielding
gas with low-dew-point and careful storage of the filler
metal. However, the 5XXX series filler alloys, as used in
this research, are particularly susceptible to surface oxide
hydration, which promotes porosity formation [15, 16].

In Fig. 5, the joint welded with pure Ar had a more criti-
cal porosity profile, with deeper pores compared to joints
welded using the other shielding gases, this result being
consistent with Prakash et al. [14]. Additionally, Arana
et al. [17] also observed that argon generated a greater
porosity area percentage compared to a three-phase mix-
ture Ar+ 02+ N2O considering the same shielding gas
flow rate and deposition strategy in the wire-arc additive
manufacturing (WAAM) process with ER5356 filler metal.
Figure 5c shows the presence of dispersoids, particles of
the Al(Fe)MnSi phase, which inhibit grain growth in alu-
minium alloys by anchoring the movement of grain bound-
aries [18, 19].

The joint welded with Ar+He (Fig. 6) presented an inter-
mediate porosity condition, confirming what was noticed in
the micrographs by optical microscopy. The pore alignments
shown in Fig. 6a can make the joint susceptible to crack
formation.
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Table 6 Results of Tukey test

’ At Shielding gases p-value
for residual stresses considering
different shielding gases LRS TRS
BM HAZ WM BM HAZ WM
Ar/Ar+He 0.039711 0.000183 0.000183 0.000183 0.000183 0.000183
Ar/Ar+N,0+0, 0.000197 0.000183 0.000183 0.000183 0.000233 0.000183
Ar+He/Ar+N,0+0, 0.000763 0.015291 0.000183 1.000000 0.000183 0.356749

Vyskoc et al. [20], evaluating the effect of shielding gases
on the properties of AW 5083 aluminium alloy laser-weld
joints with 5087 filler metal, found that, compared to the
welding process with pure argon, there was a 50% reduction
in porosity formation using Ar+ 5% He and about 30% using
Ar+30% He. The extra heat potential of He can reduce gas
entrapment and thus porosity by widening the weld fusion
and penetration in Ar+ He blends.

The joint welded with the new mixture (Fig. 7) showed lower
porosity, also corroborating what was observed previously by
optical microscopy. Although Miller et al. [10] did not perform
a specific porosity analysis when using different shielding gases
for aluminium alloy welding, the mixture with Ar+200 ppm
N20+4200 ppm O2 showed an excellent bead appearance and
generally better characteristics when compared with the use of
only one active gas at the same total concentration.

Figure 8 shows the average values of Re and Rm obtained
in the tensile tests carried out on the base metal and for each
welding condition.

The welded joints presented, in general, yield strength
and ultimate tensile strength equivalent. Vyskoc et al.
[20] have shown that the shielding gas does not cause
any change in the yield strength and ultimate tensile

strength, which can also be seen in Fig. 8. Therefore, it
can be concluded from these results that shielding gas
was not a significant factor in the tensile mechanical
properties.

For all welding conditions, the ultimate tensile strength
was about 12% lower compared to the base metal, and the
yield strength was reduced by 38% (for samples welded Ar
and Ar+ He) and 33% (for the sample welded with the new
mixture). Srivatsava et al. [21] obtained a yield strength of
150 MPa and ultimate tensile strength of about 290 MPa
in samples of AA5083 welded by the non-pulsed GTAW
process, being these values lower than those indicated for
the base metal. This result is in agreement with Vasu et al.
[22] who stated that the tensile properties of welded joints
are significantly affected by the loss of alloying elements
caused by evaporation.

The weld performed with the new mixture showed bet-
ter yield strength when compared with other weld joints,
especially when compared to the sample welded with Ar,
where the difference was 10 MPa. This result was consist-
ent with the microstructural analysis, where the new mix-
ture presented less porous formation and, consequently,
less stress concentration. Additionally, the tensile residual

300 + Longitudinal Transverse ~ 300
Ar Ar + He Ar+N,O + O, Ar Ar + He Ar+N,0+0, |
200 - - 200
©
o
= 100 - - 100
w
4]
w
w
L o- — L0
n
©
=]
© -100 - - -100
[72]
[}
14
-200 - - -200
-300 - Blsv [P HAZ WM| L 300

Fig.3 Residual stresses after welding using different shielding gases
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Fig.4 Optical microscopy of WM using different shielding gases: (a) pure Ar; (b) Ar+He; (¢) Ar+N20+ 02 (crack indicated in the yellow

rectangle)

stresses in this joint had smaller magnitudes, compared to
the other joints, in the longitudinal direction.

In both welding conditions, all specimens fractured in the
HAZ, which is consistent with the microstructural analy-
sis, since the grains are coarser in this region, reducing the
resistance of the material. The influence of tensile residual
stresses in this region may also have occurred.

Table 7 presents the one-way ANOVA test for the
mechanical properties.

The p-value tended to zero for both Re and Rm. There-
fore, it is possible to state that the statistical analysis indi-
cated that there is a difference between the mean of these
properties when using different shielding gases.

Table 8 presents the results of the Tukey test.

The Tukey test indicated a significant difference in
mechanical properties results when comparing the BM and
welded joints with the three shielding gases, as shown in
Fig. 8 with a considerable reduction of Re and Rm. How-
ever, except for the Re of the Ar/Ar+ N20 + O2 pair, it
was verified that there is no significant difference in the
mechanical properties of the welded joints.

‘Hv
30.00 V400 x 13.6 mm| 4.8 ETD 64

HV  mag
30.00 kV_200 x_13.5

spot| det
m| 4.8 ETD 1.28

mag s WD |[spof det H

(b)

Vickers microhardness results are presented in Fig. 9.

The Vickers microhardness of the samples welded with
Ar and Ar+He was similar. The BM presented a higher
value in relation to the HAZ and WM in both conditions.

Vasu et al. [22] also observed higher hardness values in
the BM compared to the WM in AA5059-H136 aluminium
alloy—welded joints by GTAW and GMAW processes.

Vyskoc et al. [20] also found that the lowest Vickers micro-
hardness values in the weld bead were obtained when weld-
ing with Ar and, thus, the use of He in the mixture caused an
increase in this mechanical property. They reported that the
Vickers microhardness in the centre of the weld bead was
59 HV for Ar and 60 HV for Ar+30% He, and these values
are close to those observed in Fig. 9.

The new mixture (Ar+N20+02) provided a joint with aver-
age microhardness values in HAZ and WM close to BM and
with greater magnitude in relation to the other welded joints.
These results of the new mixture are consistent with the micro-
structure analysis, which showed refined grains in the WM.

Table 9 presents the one-way ANOVA test result for the
Vickers microhardness.

dispersoid

50 ym ——
_ CENANO/INT

Fig.5 SEM of the welded joint with pure argon protection: (a) high porous concentration, (b) magnification of the area indicated in (a), (c)

magnification of the area indicated in (b)
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Fig.6 SEM of the welded joint with a mixture of Ar+He: (a) intermediate porous concentration, (b) magnification of the area indicated in (a),
(c¢) magnification of the area indicated in (b)

}
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Fig.7 SEM of the welded joint with the new mixture (Ar+0O2+N20): (a) low porous concentration, (b) amplification of the area indicated in
(a), (c) amplification of the area indicated in (b)

Table 8 Results of Tukey test for mechanical properties

Table 7 Results of one-way ANOVA for mechanical properties

Shielding gases p-value
Re Rm Re Rm
F-value p-value F-value p-value BM/Ar 0.000199 0.000199
527 0 137 0 BM/Ar+He 0.000199 0.000199
BM/Ar+N,0+0, 0.000199 0.000199
Ar/Ar+He 0.352428 0.343118
Ar/Ar+N,0+0, 0.006325 0.302953
Ar+He/Ar+N,0+0, 0.122156 0.999728
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Fig. 8 Mechanical properties of
welded joints

Fig.9 Vickers microhardness in
welded joints

Table 9 Results of one-
way ANOVA for Vickers
microhardness

@ Springer
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Table 10 Results of Tukey test for Vickers microhardness
Region  F-value  p-value Shielding gases  p-value
BML 1.62 0.272916 BM HAZ WM HAZ BM
HAZL 8.17 0.019391 Ar/Ar + He 0.445995 1 0.165591 0.603569 0.428094
WM 263 0.001070 Ar/Ar+N,0+0, 0.269498 0.029823 0.001161 0.003803 0.715799
HAZR 1707 0003292 Ai\ He/Ar+ 0903494 0.029823 0.006325 0.009905 0.857861
BMR 090  0.453503 N,0 + 0,




The International Journal of Advanced Manufacturing Technology (2022) 120:1643-1652 1651

The one-way ANOVA indicated that there is no signifi-
cant difference between the Vickers microhardness means of
BM. However, there is a significant difference between HAZ
and WM, which makes it necessary to perform the Tukey
test, shown in Table 10.

The statistical difference related to the p-value of the one-
way ANOVA test for HAZ and WM in Table 9 is due to the
higher Vickers microhardness value when using Ar+N20+02,
because the p-value was lower than 0.05 in Table 10.

4 Conclusions

The present work, which aimed to study the residual stresses
and mechanical properties of welded joints by the GTAW
process of aluminium alloy AA5086, using different shield-
ing gases, allowed the following conclusions:

1. The gas mixtures of argon with helium and the new
mixture (Ar+200 ppm N,O + 200 ppm O,) provided
welded joints with a better residual stress state in the
WM compared to pure argon shielding gas.

2. Microstructural analysis showed the presence of porosity
in the WM in all joints. However, the new mixture pro-
vided less porosity and more refined grains in the WM
and HAZ, thus enabling better mechanical properties.

3. The welded joints showed similar yield strength and ulti-
mate tensile strength, but these values were lower than
those of the base metal. The joint welded with the new
mixture presented a small improvement in mechanical
properties compared to the other joints.

4. The new mixture provided a welded joint with hardness
values in the WM and HAZ to the BM values and with
greater magnitude compared to samples using traditional
shielding gases (pure Ar and Ar+ He).
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