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Abstract

Aluminium alloys are welded using both tungsten inert gas welding (TIG) and friction stir welding (FSW). FSW doesn t
need any filler material and shielding gas which results in reduced degradation of the environment. In the present study,
joints with FSW and TIG processes were compared in terms of microstructure, corrosion resistance, mechanical, and
electrical properties. With a microstructural study, the average grain size of various regions was determined. Coarse
grain increases the rate of exfoliation corrosion. The fine grain structure in the FSW stir zone increases the hardness.
The coarse grains are a prerequisite for enhanced electrical conductivity. The coarse grains in the heat-affected zone
and thermomechanically affected zones of FSW joints result in increased electrical conductivity. In the case of friction
stir welded joints, there is an inverse relationship between hardness and electrical conductivity. As hardness increases,
electrical conductivity decreases, and vice versa. Hence, in the case of FSW hardness test can be substituted by an elec-
trical conductivity test. In the case of TIG, no relation was found between hardness and electrical conductivity. High
Silicon content at the weld region of TIG significantly reduces electrical conductivity.

Keywords: Exfoliation Corrosion, Friction Stir Welding (FSW), Tungsten Inert Gas Welding (TIG), Microstructure, Mechanical

Testing, Electrical Conductivity Measurement.

Introduction

The AA7075 is one of the strongest aluminium alloys that have
superior mechanical properties such as high strength-to-weight
ratio, toughness, tensile strength etc. AA7075 finds application
in the aerospace and automobile industries because of its natural
ageing property. Also, aluminium alloys find wide applications
in shipbuilding, marine structures etc. because of their lower
corrosion rate [1]. When FSW and TIG welding processes are
compared for AA6061-T6, the FSW joint shows higher strength
compared to the TIG joint. The inferior mechanical properties
in the case of TIG or metal inert gas welded (MIG) joint is due
to the higher temperature generated during the process as com-
pared to the FSW [2-8]. The mechanical properties of welded
joints can be increased by using the FSW process rather than
MIG. The heat-affected zone (HAZ) of the FSW joint is confined
than the MIG process. In the FSW joint, electrical conductivity
and hardness have a reciprocal effect [9]. In the case of FSW,
hardness is lowest in HAZ, while in TIG and MIG welds hard-
ness is lower in HAZ and weld centre [10]. When the corrosion
behaviour of AA6061 alloy joined by FSW and TIG was com-
pared, it was observed that in the case of FSW, the fine grain
structure of the weld nugget zone caused corrosion. In the case
of TIG, the corrosion is higher than both the parent material and
FSW. This is because TIG weld contains plenty of silicon and
aluminium eutectic precipitates at the dendrites of metal and in-

homogeneous distribution of iron particles at these precipitates
[11]. Joint made with TIG is sensitive to intergranular and exfo-
liation corrosion as compared to joints made with FSW and base
metal AA5083-H321 [12]. In the case of AA6063-T6 joints,
tensile strength is similar in both TIG and FSW joints before
natural ageing [13]. AA2014 FSW has a lower corrosion rate as
compared to welds made with TIG as the TIG weld zone consists
of coarse grains [14]. Corrosion rate increases in the lower hard-
ness region in the case of both TIG and FSW [14].

TIG welds with AA 4043 filler material showed higher hardness
and corrosion resistance as compared to filler material AA4047
[18]. The appropriate value of current to perform TIG welding
is 130 amperes [20]. The base metal AAS086-H116 showed a
lower corrosion rate than samples with TIG and FSW welds.
FSW joint showed better corrosion resistance to exfoliation, but
FSW joint is susceptible to pitting corrosion in a contrast to TIG
welds [21]. The lower thermal expansion coefficient of the Sil-
icon and aluminium oxide layer causes discontinuity of the Al
matrix which reduces the electron movement [23]. Friction stir
vibration welding results in finer grains than FSW and TIG as a
result of improved recrystallization [25].

Although many researchers compared FSW and TIG processes,
investigation on the comparison of FSW with TIG in terms of
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the corrosion behaviour and electrical conductivity of AA7075
is lacking. Thus, the aim of the current study is to compare the
microstructure, mechanical, corrosion behaviour, and electri-
cal conductivity properties of FSW and TIG welded AA7075
aluminium alloy. The results are compared in terms of micro-
structure, hardness, tensile properties, corrosion and electrical
conductivity.

Material and Methods

Material

For the experimental study, the AA7075 rolled plates of 6 mm
thickness were selected as the parent metal. With the help of a
power hacksaw, the plates were cut to the desired size of 200
mm x 60 mm. Optical emission spectroscopy was used to identi-
fy the chemical composition of the base material. The composi-
tion of chemical elements and mechanical properties of AA7075
are shown in Table 1 and Table 2, respectively.

Table 1: The composition of chemical elements of AA7075 (Wt%)

Si Fe Cu |Mn Mg |Cr Zn Al
0.3 ]0.35 1.5 0.11 24 1022 |55 Balance
Table 2: Mechanical and thermal properties of AA7075
Modulus of Elas- | Ultimate tensile Elongation (%) Coefficient of Density (g/cm?) Rockwell hard-
ticity (GPa) strength (MPa) Thermal Expan- ness (HRB-B
sion [pm/m-0C] scale)
71.7 542 10% 23.6 2.81 87

Methods Adopted for Fabricating Joints

The trial and error experimental runs were performed and then
FSW and TIG process parameters were selected to ensure de-
fect-free joints. The longitudinal directions of the TIG and FSW
welds were taken parallel to the rolling direction of AA7075.
The abutting surfaces were cleaned before welding to ensure
proper welding. In the case of TIG, a gap of 2 mm was left be-
tween the two plates being welded for filler material while in
the case of FSW no gap was left. AA 4043-grade filler rod with
a diameter of 2 mm was used for TIG welding. TIG welding
was performed two-sided with a constant current of 110 and 122
ampere and with argon as shielding gas with a gas flow rate of
approximately 16 L /min. The welding speed in the case of TIG
was 150 mm/min. The voltage was 80 V.

=

As tool rotational speed increases the grain size also increases
which ultimately results in lower tensile strength [24]. FSW was
performed on the milling machine at optimal process parameters
such as tool rotational speed and welding speed of 1000 rpm and
60 mm/min respectively. The tool used for FSW was made up of
H13 with shoulder and a pin diameter of 18 and 6 mm respec-
tively. The tool pin is characterized by left-hand threads with a
1 mm pitch and rotated in the counterclockwise direction. Fig.
1 shows a schematic of the FSW and TIG process. Fig. 2 show
machines utilized for FSW and TIG process respectively.

FSW tool
AAT0T75 \ f AAT075 l 6mm
Backing plate l 6mm

!

Heat loss

(a)
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Figure 1: Schematic of (a) FSW process (b) TIG process
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Figure 2: (a) Milling machine used for FSW (b) Machine used for TIG

Tests Performed on FSW and TIG Samples

Microstructure

For the microstructural study, samples were mounted and then
polished by using Silicon Carbide papers of grades 600 to 1200,
followed by polishing with a diamond paste of particle sizelpum
on a disc polishing machine. To reveal the microstructure, sam-
ples were etched using Keller’s reagent (190 ml distilled water, 2
ml HF, 3 ml HCL and 5 ml HNO3). The time of the etching was
30 seconds. Using a light optical microscope a microstructural
study was performed.

Exfoliation Corrosion

Aluminium forms a thin protecting film of A1203 which breaks
in corrosive conditions. The exfoliation corrosion susceptibility
of samples was conducted by preparing a test solution contain-
ing 4 M NaCl, 0.5M KNO3, and 0.1 M HNO3 in 1 litre of dis-

tilled water. The solution for the Exfoliation-Corrosion (EXCO)
test was prepared as per ASTM G34-01 having an initial pH of
approximately 0.4. Weight loss measurements were used to es-
timate the corrosion resistance of the samples. After 96 hours of
immersion, the corroded samples were cleaned with nitric acid
and dried up. The difference between the weight of the sample
before and after the EXCO test provides the details about the
loss of weight in grams [26]. Two samples were selected for the
corrosion test of each welding process, and their corrosion rates
are tabulated in Table 3.

The corrosion rate of samples was calculated as per ASTM G-1.
Corrosion rate (mm/year) = (KxW)/(AxTxD) (Eq 1)
Where A represents the total surface area of samples in cm?, D
is the material's density, T is the immersion time in hours, and
the value of constant K is 8.76 X 10* mm/year.
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Mechanical testing and Electrical Conductivity Measure-
ment

Rockwell hardness test was used to measure hardness perpen-
dicular to the welding direction using a ball indenter. The sam-
ples for hardness testing were prepared with a size of 20 mm
width. The measurements were done on the top surface of the
weld joint.

The tensile test specimens were tested according to ASTM ES8

L
-

R6 R

—_—

Figure 3: Schematic of tensile test sample

Two samples were selected for corrosion, hardness, tensile test
and electrical conductivity measurement and then average val-
ues were taken.

Results and Discussion

Microstructure

The grain size determines the severity of exfoliation corrosion.
Elongated grains and coarse grain causes exfoliation corrosion.

M-04. The tensile test was performed on a universal testing ma-
chine at a cross-head speed of 3mm/min at room temperature.
The ultimate tensile strength (UTS) and percentage of elonga-
tion (%E) were evaluated. Fig. 3 shows a schematic of the ten-
sile test sample. As per ASTM E1004-09, electrical conductivity
tests were performed at the same locations as those for the hard-
ness test. Fig. 4 shows the setup for the electrical conductivity
measurement.

Figure 4: Setup for electrical conductivity measurement

The severity of exfoliation corrosion increases with the increase
in grain size [22]. There is no corrosive attack in the stir zone
of the FSW joint as the stir zone consists of fine and equiaxed
grains as shown in Fig. 5d. The average grain size of the FSW
stir zone was 25um, while the average grain size of the base
metal was 95um. The average grain size of HAZs of TIG and
FSW were 80um and 48um respectively.

Figure 5: Optical microstructure (a) base metal, (b) TIG heat affected zone, (c) FSW heat affected zone, (d) FSW stir zone
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Exfoliation Corrosion (EXCO) Test

During the EXCO test, the pH value of the solution increases
from an initial value of 0.4 to approximately 3.5 due to the hy-
drolysis of aluminium ions. After immersing samples in EXCO
solution, within 30 minutes bubbles started to form and there is
a of foam on the top surface of the EXCO solution. Bubble a
formation indicates the reaction of the aluminium oxide layer
with Oxygen. Corrosion attack retards after 90 hours of immer-
sion. The rise in the pH value of the EXCO solution reduces
the corrosion attack. After the completion of 96 hours, corroded
samples were taken out of the EXCO solution. The EXCO solu-
tion removes part of the material from the samples which were
found to be loosely attached to samples as well as deposited at
the bottom of the vessel [26].

From Table 3, it is clear that the corrosion rate is highest in the
parent metal AA7075. The corrosion in the parent material is
due to the galvanic corrosion of the copper with the aluminium
[15]. Intergranular corrosion has been observed in the base met-
al. The pitting corrosion attack is more severe in the HAZ of TIG
welded joints as compared to FSW welded joints as the grain
size of HAZ of TIG contains coarse grains (80um) as compared
to the HAZ of FSW joints (48 pm). Corrosion attack is higher in
the HAZ of TIG joints and there is no corrosion in the weld re-
gion. In the case of TIG filler material, AA4043 contains plenty
of silicon which results in an increase in silicon concentration in
the weld fusion zone. High silicon content in the weld region of
TIG joints, results in a lower corrosion rate. Fig. 6 and 7 show
samples before and after corrosion respectively.

Figure 6: Samples before corrosion test
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Figure 7: Samples after corrosion Corrected labeling in the image. Eg: FSW welds, TIG welds, Base metal etc.
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Table 3: Corrosion rate of samples

Process Sample No Corrosion rate (mm/year)
TIG T1 10.738
T2 9.736
Parent metal | PM 18.21
FSW F1 8.76
F2 5.033

Hardness

The hardness of base metal is 87 HRB. In FSW, hardness value
decreases in the weld nugget zone. In FSW, although drop in
hardness has been noticed at the HAZ (about 65HRB), due to
fine grain structure in the weld stir zone, the hardness recovers in
this region and increases to 78 HRB which is 90% of hardness of
the parent material. In joint fabricated with TIG, drop in hardness
has been observed in weld center due to excessive heat and use
of lower hardness AA4043 filler metal which causes softening of

weld material and it is 46.5 HRB. This hardness is 54% of that
of base metal. Also, AA 4043 filler material contains very few
strengthening precipitates than the parent metal [3]. Fig. 8 shows
the hardness distribution over the weld cross section of TIG and
FS welded AA7075.

From Fig. 8, it is clear that FSW results in higher hardness than
TIG at all locations of the sample.

Hardness (HRB)

Hardness profile (FSW Vs TIG)

=—=FSW
=mB=TIG
Base metal

-256 -20 -15 -10 -5 0 5

Distance from weld center (mm)

10 15 20 25

Figure 8: Hardness profile FSW Vs TIG

Comparison of Hardness Vs Electrical Conductivity

FSW Process

In the case of FSW, electrical conductivity and hardness showed
areciprocal effect, i.e. if hardness increases electrical conductiv-
ity decreases and vice versa. Therefore, electrical conductivity
and hardness are non-linear to each other and hence hardness
test can be replaced by non-destructive testing such as electri-
cal conductivity (E) measurement. Hardness (H) Vs electrical
conductivity graphs for weld cross-section of FSW and TIG are
shown in Fig. 9 and 10 respectively.

From Fig. 9, it is clear that electrical conductivity has been in-

creased in the HAZ and TMAZ of the FSW joint, and decreased
in the weld stir zone. As a result of the thermo-mechanic process
in the FSW, TMAZ experiences precipitate dissolution and has
coarse grains. The grain boundaries that resist the mobility of
electrons decrease as grain size increases. As a result, the mobil-
ity of electrons is improved, and electrical conductivity increas-
es in TMAZ and HAZ. Because of the small grain size in the
FSW weld stir zone, grain boundaries that oppose the mobility
of electrons increase [26]. As a result, electrical conductivity is
reduced in the weld nugget region [16,17]. From Fig. 9 it is clear
that when hardness increases, electrical conductivity decreases
and vice versa.
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Figure 10: TIG electrical conductivity Vs hardness

TIG Process
In the case of TIG, no relation was found between hardness and
electrical conductivity as shown in Fig. 10.

The electrical conductivity decreases as Silicon content increas-
es. As TIG filler material AA4043 consist of 5-6% Silicon, elec-
trical conductivity significantly reduces in the weld region. The
lower thermal expansion coefficient of the Silicon and alumin-
ium oxide layer causes discontinuity of the Al matrix which re-
duces the electron movement [23].

Ultimate Tensile Strength & % Elongation

From Table 4 it is clear that FSW results in higher strength
and % elongation as compared to TIG. The TIG sample failed
in the weld centre which is the lowest hardness region, while
the FSW sample failed in the TMAZ of the weld region. In the
case of the FSW joint, there is a significant difference between
the microstructure of the stir zone and TMAZ which consist of
coarse grains, the intersection between the stir zone and TMAZ
becomes the weakest region and therefore tensile test sample
of FSW failed at this intersection. The ultimate tensile strength
(UTS) of FSW weld is 82.65% of that of base metal while the
UTS of TIG is only 22.14% of that of base metal.

Table 4: Ultimate tensile strength and % elongation
Process Ultimate tensile strength (UTS) | % elongation
FSW 448 7
TIG 120 5
Base metal 542 10
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Conclusions
The microstructure strongly affects the mechanical, corrosion as
well as electrical conductivity properties of TIG and FSW joints.

The grain size determines the severity of exfoliation corrosion.
Elongated grains and coarse grain causes exfoliation corrosion.
The severity of exfoliation corrosion increases with the increase
in grain size.

Corrosion attack is predominant in HAZs in both TIG and FSW
joints due to coarse grains. While there is no corrosion attack
at the weld centre of FSW due to fine grains and high silicon
content of filler material in the case of the TIG weld. The rate of
corrosion can be ordered as Base metal > TIG > FSW.

Intergranular corrosion has been observed in the base metal.

Electrical conductivity and hardness are non-linear to each other
in the case of friction stir welded joints, i.e., as hardness increas-
es electrical conductivity decreases. Hence, the hardness test can
be replaced by non-destructive testing such as electrical conduc-
tivity measurement. In the case of TIG, no relation was found
between hardness and electrical conductivity.

Coarse grains are favourable for increasing electrical conduc-
tivity. TMAZ and HAZ of the FSW joint consist of coarse grains
and have high electrical conductivity. Due to fine grains in the
stir zone of the FSW joint as compared to other regions, the stir
zone shows lower electrical conductivity.

High Silicon content at the weld region of TIG significantly re-
duces electrical conductivity.

The FSW joints result in improved corrosion resistance and me-
chanical properties as compared to welds with the TIG.
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