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Abstract

Objective: To study the influence of tungsten inert gas welding and friction sir welding on the mechanical properties and
corrosion behaviour of AA5083-H321 weldments. Methodology: The received AA5083-H321 5 mm thick plates were
welded by Tungsten inert gas welding (TIG)and friction stir welding(FSW) at optimized process parameters discovered
in previous research work. Corrosion tests ASTM G66 and ASTM G67 as specified by ASTM 928M standards for marine
service was performed for study the corrosion behaviour of the weld joints. Findings: It was found that TIG weldments
are more susceptible to exfoliation and intergranular corrosion than FSW weld samples, and parent substrate. Novelty/
Improvement: The adoption of friction stir welding in ship building industries can further reduce the corrosion occurred

in ship structures in service.
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1. Introduction

The Al-Mg alloys of 5xxx series are widely deployed in
transport industry particularly ship building industry due
to having high strength to weight ratio, excellent form-
ability, and ease in welding, and favourable corrosion
resistance to seawater and marine atmosphere. Among the
5xxx aluminum alloy series, AA5083 alloy is most often
used in shipbuilding with specified tempers H116 (strain
hardened) and H321 (thermally stabilized) under ASTM
B928M standard for “High Magnesium Aluminium alloy
sheet & plate for marine Service” for continuous services
under operating temperatures less than 66 °C.

The AA5083 aluminium alloy as a major shipbuild-
ing material has appealed significant research attention to
study the weld ability of it. The TIG and GMAW joints
of AA5083were compared and was discovered that the
welded joints with gas tungsten arc welding are more
mechanically reliable than gas metal arc welded joints®

*Author for correspondence

Partial penetration laser welding on AA5083-H32 was
performed to investigate the effects of process param-
eters®>. The comparison of mechanical properties of
AA5083-H321 weldments joined by TIG welding and
laser beam welding concluded that laser beam welding
gives superior mechanical properties than TIG welding®.
The weld ability of the aluminum alloy AA5083 with a
high power diode laser welding was investigated>.

Many researchers inspected the influence of pro-
cess parameters of friction stir welding on mechanical
properties, microstructures and fatigue life for AA5083
aluminium alloy. It was discovered that grain size in nug-
get zone is directly proportional to friction heat flow while
studying the effect of process parameters of friction stir
welding on AA5083-0¢. Investigations were done to study
the effect of tool rotational speed and welding speed on
mechanical properties and fatigue life of AA5083-H321
friction stir weldments’. The optimization of process
parameters of friction stir welding of AA5083-H111 by
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Figure 1. Corrosion behaviour of Al-Mg alloys.

utilizing response surface methodology was successtully

carried out®.

Although Al-Mg alloys are continually deployed in
marine services, the disturbing issue is the marine cor-
rosion. The susceptibility to stress corrosion cracking,
pitting corrosion, exfoliation and intergranular corro-
sion increases for the aluminium Mg alloys having Mg
content> 3% weight when exposed to higher tempera-
tures (>50 °C) for longer service conditions®. A general
overview of possible types of corrosion behaviour (pit-
ting, intergranular, exfoliation) of Al-Mg alloys has been

shown in Figure 1.

Marine corrosion causes the deterioration of struc-
tures and vessels immersed in seawater, the corrosion
of machinery and piping systems that use seawater for
cooling and other industrial purposes, and corrosion in
marine atmosphere'®.Corrosion of the built structures
due to marine salts in coast areas has been a major and
continuing problem and adversely affects the robustness
of the structures and reducing their service life. The sea-
water is a severe environment in which the materials can
be attacked by pitting and crack corrosion'2.

ASTM G66 and ASTM G67 corrosion tests were per-
formed on friction stir welded AA5083-H111 and was
shown that the parent metal was more sensitive to inter-
granular corrosion than welded zone®. AIMg6Mn alloy
was reported to be more susceptible to intergranular cor-
rosion than TIG weldments and both were insensitive to
exfoliation corrosion!*. The comparison of FSW and MIG
weldments of AA5083 alloy for pitting and stress corro-
sion cracking (SCC) revealed that FSW technique had
higher corrosion resistance’.

Although mechanical properties of AA5083-H321
joints welded by friction stir welding were investigated by
several researchers'®%, a little research work has been car-
ried out for studying the corrosion behaviour of weldments
of AA5083-H321. This research work has been carried out
to study and compare the corrosion behaviour of fusion
welding and friction stir welding of AA5083-H321. For
comparison, the FSW and TIG joints with maximum
mechanical properties were selected from the previous
research work carried out by the authors. ASTM G66-99
and ASTM G67-13 corrosion test were performed to study
the corrosion behaviour of weldments.

Table 1. Chemical composition and mechanical properties of AA5083-H321

AA5083-H321 Aluminum Alloy Chemical Composition

Mechanical Properties

Cu Mg Si Fe Mn Zn Cr Ti Al UTS Impact Hardness
(MPa) Toughness (J) | (HV)
0.0016 |4.296 |0.14 |0.059 |0.731 0.008 |0.135 |0.014 |Bal 320 21 101

Table 2. Optimized process parameters of FSW and TIG welding

FSW process parameters Value TIG Value
Tool rotational speed (RPM) 830 Current (amp) 200
Welding speed (mm/min.) 48 Welding speed (mm/min.) 40
Plunge depth (mm) 0.07 Gas flow rate (L/min.) 10
Tool pin profile Taper Hexagonal
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2. Experimental Work

2.1 Material Selection

The substrate selected in research work was 5083-H321
aluminum alloy and was procured in plate form (8ft. X
6ft.) with thickness of 5 mm. The plates of size 300 X 100
mm were cut by shearing machine and milling. The ana-
lyzed chemical composition and mechanical properties of
the base metal are tabulated in Table 1.

2.2Welding of AA5083-H321

In previous researches, carried out by the authors them-
selves, friction stir welding and tungsten inert gas welding
of 5mm thick plate of AA5083-H321 was performed as per
design matrix using response surface methodology(RSM)
as a technique for design of experiments. Thirty-one
joints were prepared by friction stir welding and twenty
joints were prepared by tungsten inert gas welding.
After welding, samples were cut for mechanical testing
as per ASTM standards using electric discharge cutting
machine. Ultimate tensile test, impact test and hardness
test at the centre of weld zone were performed. The RSM
was used to optimize the process parameters followed by
confirmation tests, which gave the satisfactory results and
were within the confidence interval of the predicted. The
optimized process parameters of both types of welding,
resulting in maximum mechanical properties, are given
in Table 2.

2.3 Corrosion Testing

The FSW and TIG welded joints having maximum mechan-
ical properties were selected for further corrosion behaviour
analysis. ASTM Standard, B928M, was established in 2004
for marine aluminum alloys with the purpose to prevent
the use of alloys and tempers that are not resistant to inter-
granular corrosion, exfoliation and stress corrosion. ASTM
B928M ©implies that marine aluminum alloy products in
the 5xxx-H321 and5xxx-H116 temper meet the resistance to
exfoliation corrosion, and intergranular corrosion (IGC), as
determined by testing by ASTM G66 (ASSET), and ASTM
G67-13 (NAMLT) respectively.

2.3.1 ASTM G66-99 exfoliation corrosion test

Exfoliation corrosion test as per ASTM standard G66-99
were implemented on parent substrate and each sample
of the optimized FSW and TIG weldments. The standard
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practice is the visual evaluation of exfoliation corrosion
susceptibility of AA5XXX (ASSET Test).The codes and
classifications used for recording the visual appearance
of corroded samples are tabulated in Table 3. Visual rat-
ings of different degrees of pitting or exfoliation may be
indicated PA, PB, PC or EA, EB, EC, ED and are given by
comparing with standard visual reference photographs®.

Table 3. Codes and classifications for corrosion in
ASTM G66-99

Code Classification

N No appreciable attack
p Pitting

E Exfoliation

The samples of 40 mm x 100 mm x 5 mm were cut
from parent substrate, FS and TIG weldments of AA
5083-H32land were undergone pickling. The samples
were immersed in 5% NaOH solution at 80°C for 1min.
then for desmuting, the samples were immersed in HNO,
at room temperature for 30 seconds. After then, the
samples were immersed vertically in test solution having
the composition of 1.0M ammonium chloride (NH,Cl),
0.25M ammonium nitrate (NH,NO,), 0.01M ammonium
tartrate (NH,),C,H,0O,), and 0.09M hydrogen peroxide
(H,0,) for 24 hours at 65 °C regulated by a heated water
bath. After this, the specimens were assessed visually for
exfoliation corrosion susceptibility of specimens. SEM
analysis of corroded area was also carried out.

2.3.2 ASTM G67-13intergranular corrosion test

ASTM G67-13 Zintergranular corrosion testis performed
for determining the susceptibility to intergranular corro-
sion of AA5XXX measuring the mass loss after exposure
to nitric acid (NAMLT Test). In this test method, the test
samples are immersed in concentrated nitric acid at 30°C
for 24hours. The weight of test specimens is recorded
before and after test. The mass loss per unit area defines
the measure of susceptibility to intergranular corrosion.
Second phase PAl-Mg (aluminum-magnesium interme-
tallic compound) dissolves in nitric acid in preference to
the solid solution of magnesium in the aluminum matrix.

Samples of size 6 mm x 50 mm x 5 mm were cut from
parent substrate, FS and TIG weldments of AA 5083-
H321 and were undergone pickling. The samples were
first immersed in 5% NaOH solution at 80° C for 1 min.
Then the samples were desmuted in HNO, for 30 seconds
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at room temperature. The initial weight of the samples
was measured and tabulated in Table 4. After then, the
samples were immersed in concentrated nitric acid at 30°
C for 24 hours regulated by a heated water bath. After
this, the specimens were again weighed for mass loss by
intergranular corrosion of specimens (Table 4). It was
observed that the loss mass in the parent substrate sample
is the least than in both welded samples. SEM and EDS
analysis of corroded area was also carried out.

Table 4. Mass loss value for samples in ASTM G67 test

Sample Weight Weight Mass loss
before (mg) | after (mg) | (mg)

Parent 3957.2 3873.2 84

substrate

FSW weld 4189.8 4031.4 158.4

TIG weld 4417.3 4080.1 337.2

3. Results and Discussion

3.1 Weld appearance

The weld bead appearance of FSW and TIG weldments
are shown in Figure.2(a)-(b). It is clearly shown that the
weld bead appearance of FSW weld joint is far better than
in case of TIG weld joint.

Figure 2. Weld appearance (a) FSW (b) TIG weld.

3.2 Mechanical properties

The mechanical properties; ultimate tensile strength,
impact strength and hardness of parent substrate, FSW
and TIG weldments are compared in Figure 3. Figure 3(a)
shows that the tensile strength of both types of weld joints
is inferior to parent substrate. However, FSW weld joint
has superior tensile strength (277 MPa) than that of TIG
weld joint (231 MPa). There was merely 15% reduction
in tensile strength in case of FSW as compared to 28%
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reduction in case of TIG weld joints. Figure3(b) shows the
comparison of impact strength. Here FSW causes only
14% reduction in impact strength as compared to 23%
reduction in case of TIG weld joint.

Figure 3(c) shows the hardness value at the center of
the weld zone. The lower values of hardness in TIG weld
joint clearly reveal the inferior tensile behavior. The hard-
ness reduction at weld zone at TIG weld joint is 14% as
compared to only 1% in case of FSW weld joint.
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Figure 3. Comparison of mechanical properties of parent
substrate, FSW and TIG weld (a) ultimate tensile strength,
(b) impact strength (c) hardness.
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The Fractography of FSW weld and TIG weld joints
is shown in Figure 4. In Figure 4(a), there are fine and
uniformly distributed dimples in case of FSW weld and
coarser dimples in TIG weld (Figure4b), which are evi-
dent for the tensile behavior of two weld joints being

sion test samples (parent substrate, FS and TIG weldment
zones of AA5083-H321) of the exfoliation corrosion tests
(ASTM G66).The parent substrate(Figure 5a) and FS
(Figure 5b) weldments have undergone pitting corrosion
as compared to exfoliation corrosion in TIG weldment

compared. Tensile properties have indirectly proportional
relation to dimple size; smaller the dimple size, the tensile
strength will be higher and vice versa?. TIG welding pro-
cess is associated with melting of weld zone and excess
heat generation which results in slower cooling rates lead-
ing in more softening of material and grain coarsening,
resulting in lowering mechanical properties, whereas
FSW being solid state welding process, does not melt the
weld zone and hence no excess heat is generated and lead-
ing to faster cooling rates and finer grain microstructure
formation, resulting in better mechanical properties.

(Figure5c).

Figure 4. Fractography of (a) FSW weld (b) TIG weld joint.

3.3 Corrosion behavior Figure 5. Scanning Electron Microscopy (SEM) morphology

of the G66 corrosion test samples (a) parent substrate, (b)
Friction stir weld zone (c) TIG weld zone.

Figure 5 shows surface visual appearance and Scanning
Electron Microscopy (SEM) morphology of the corro-
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The intermetallic particles are supposed to liable for
initiation of pitting corrosion due to the variation in
the corrosion potential with respect to the aluminum
matrix. Based on the corrosion potential of the interme-
tallic particles, the particles either corrode or promote
the surrounding aluminum matrix to dissolve, resulting
in a pitting corrosion®. In the present case of AA5083-
H321Mg intermetallic particles act as anode and promote
the surrounding aluminum matrix to dissolve. Hence
parent substrate experienced the pitting corrosion. In
ES weld sample, the intermetallic particle might have
had breakdown under the action of rotating tool*, due to
which, lesser but uniform pitting corrosion can be seen
there.

The higher heat inputs associated with TIG welding
as compared to low temperatures in friction stir welding
results in coarser grain structures. Also accumulations
of magnesium B-phase grow at grain boundaries at ele-
vated temperatures®. Thus continuous precipitation of
magnesium [-phase, at the elongated grain boundaries
of AA5083-H321 TIG weldments, increases the suscep-
tibility of weldments to exfoliation corrosion. Exfoliation
corrosion of metals and alloys is characterized by attack
developed preferentially along planes parallel to the work-
ing direction. The continuous voids shown in Figure.4 (c)
could be the evidence of exfoliation corrosion in case of
TIG weld sample.

Figure 6 shows surface visual appearance and
Scanning Electron Microscopy (SEM) morphology of
the corrosion test samples (parent substrate, FS and TIG
weldments of AA5083-H321) of the intergranular cor-
rosion tests (ASTM G67). The parent material (Figure
6a) presents a superior resistance to intergranular cor-
rosion followed by FS (Figure 6b) and TIG weldments
(Figure6c). The B-phase at the grain boundaries acts as
a catalyst encouraging crack growth and following inter-
granular corrosion cracking through anodic dissolution®.
It can be seen clearly from the SEM images that the most
severe attack is on TIG weldments, where large pits of 100
um size are visible in weld zone, which may be due to the
presence of continuous network off-phase around the
grains, which were preferentially dissolved by nitric acid,
and causing the grains to fall away from samples, whereas
incase of FS weldments the pits of 20 to 30 um are cre-
ated, may be due to the breaking up of the coarse particles
of the magnesium B-phase into smaller ones by the action
of rotating tool. Due to the same reason, the higher popu-
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lation density of pits but of small sizes can be seen in FS
weldment samples.

Figure 6. Scanning Electron Microscopy (SEM) morphology
of the G-67 corrosion test samples (a) parent substrate, (b)
Friction stir weld zone (c) TIG weld zone.

As the Mg intermetallic particles around grain
boundaries areattacked and dissolved by nitric acid,
therefore minimum Mg weight percentage in EDS analy-
sis of TIG weld sample (Figure7c)as compared to other
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corrosion test samples of parent substrate (Figure 7a) and
FS weld(Figure 7b), gives strong confirmation that maxi-
mum intergranular corrosion has occurred in TIG weld
sample.
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Figure 7. EDS analysis ASTM G67 corrosion test samples
(a) parent substrate, (b) Friction stir weld zone (c) TIG weld
zone.

Figure8shows mass loss value for three samples in the
NAMLT. Dotted lines show the classification of degree of
sensitization to intergranular corrosion.According to the
standards, the alloy is considered resistant to intergranu-
lar corrosion when the mass loss per unit area is less than
or equal to 15 mg/cm?, and if it is greater than or equal
to 25 mg/cm?, then the alloy is considered susceptible to
intergranular corrosion.When the mass loss is between
15-25mg/cm? the sensitivity to intergranular corrosion
is undetermined. It has been observed that the loss of
mass in the TIG weld samples (29.07 mg/cm?)is higher
than in the FS welded samples (13.06 mg/cm?) followed
by parent substrate (7.24 mg/cm?). Thus from it can be
concluded that the friction stir welding did not influence
the corrosion behavior as compared to TIG welding.
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Figure 8. Mass loss value for different Al-Mg alloy samples
in the G67-13 test.

4. Conclusion

The friction stir welding performs better in terms of
mechanical properties for AA5083-H321 as compared to
tungsten inert gas welding.

The susceptibility to intergranular (IGC) and exfolia-
tion corrosion of parent substrate, TIG welded and FSW
welded samples of AA5083-H321 alloy at optimized work-
ing conditions were investigated according to the ASTM
G66 and ASTM G67 standards. From investigations, it was
clear that parent substrate was excellent corrosion resistant
material and follows ASTM 928M standards for marine
services. G66-99 test explored that parent substrate and
FS weldments have superior resistance to exfoliation resis-
tance, but are prone to pitting corrosion of low intensity, as
compared to exfoliation corrosion occurred on TIG weld-
ments. From the ASTMG67 test, it could be concluded that
the TIG weldment of the substrate material failed to follow
the ASTM 928M standards as mass loss was 29.07 mg/cm?
attributed to severe B-phase dissolution in nitric acid and
had undergone intergranular corrosion. Whereas friction
stir weld showed excellent corrosion resistance to inter-
granular corrosion, where the mass loss was 13.66 mg/cm?,
which is considered as a measure to be insensitive to inter-
granular corrosion as per ASTM G-67 standards. Thus it
can be concluded that friction stir welding process can suc-
cessfully produce the excellent corrosion resistant joints of
AA5083-H321 as compared to tungsten inert gas welding.
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