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Abstract: The purpose of this investigation 1s to study the effects of molybdate and chromate inhibitors on the
fatigue crack propagation behavior of friction stirred dissimilar metal welds between AAS083 and AA6061 in
3.5% NaCl solution. The chromate and molybdate mhibitors were added to 3.5% NaCl solution at various
concentrations of 0.1, 0.3 and 0.5%. A corrosion test was conducted using electrochemical polarization
technique to study the effectiveness of the mhibitors. Fatigue crack propagation test was conducted using a
sinusoidal load with constant load amplitude and stress Ratio (R) of 0.1. To allow corrosion and fatigue to occur
a low load frequency typically of 11 Hz was used. Results of this obsevation showed that the addition of
chromate and molybdate inhibitors improved both resistance to corrosion and fatigue crack propagation
performance, especially in the initial stages of propagation.
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INTRODUCTION

Aluminum alloys AAS083 and AAG06] are widely
applied in ship building industries due to their good
corrosion resistance, low weight and high strength
(Ferraris and Volpone, 2005). Both alloys can be welded
using conventional welding processes, i.e., MIG and TIG
welding. However, welding of dissimilar aluminum alloys
using these welding processes are difficult smce they
have different properties such as AAS5083 is non-heat
treatable while AA6061 is heat treatable. Recently,
Friction Str Welding (FSW) which 15 a welding m
solid-state process has become a preferred welding
method for joming alummum alloys, either similar or
dissimilar (Mishra and Ma, 2005). Some research a
dissimilar welding of AA5083 and AA606] have been
conducted with specific attentions are paid to factors
such as welding conditions and combination of materials
that are welded (Gan et al., 2008; Ghaffarpour et al.,
2013, Shigematsu etal, 2003). Tt has been known that
the welds mechanical properties are mfluenced by a
combination of the type of jomnt (similar or dissimilar) and
material.

The dissimilar friction weld joints between Sxxx and
6xxx series by welding FSW process have different
mechanical properties and microstructure from the

parent metal (Ghaffarpour et af., 2013; Aval ef al., 2012;
Sadeesh ef al., 2014; Sligematsu et af., 2003) while recent
studies have investigated fatigue crack growth properties
of 6xxx and 5xxx alloy FSW welded (D'Urso et al,
2014; Hrishikesh et al., 2014; Gungor et al., 2014, Infante
et al., 2016, Moreira et al., 2008; Zhou ef al., 2005). In
Engineering practice, AA5083 and AA606] used for the
ship building structure are exposed to the aggressive
enviromment during service and at the same time, they are
suffered from dynamic loads. This condition can cause
failure known as corrosion fatigue, especially, at weld
joints because the nugget zone of FSW welds has a
lower strength than the parent material due to
recrystallization.

The weld zones of FSW is an area that is sensitive to
corrosion (Mishra and Ma, 2005). Alummum alloy AASxxx
has better corrosion resistance than AAdxxx and AA6xxx
series which are more susceptible to pitting corrosion
(Hariri et al., 2013). Results of corrosion resistance and
corrosion fatigue strength for aluminum alloys welded
using FSW methods in NaCl solution has been reported
previously (Abdulstaar er al., 2014; Chemin et of,
2015; Davoodi et al, 2016, Donatus et al., 2015,
Falumpour ef al., 2012; Maggiolino and Schmid, 2008;
Wang, 2008). The fatigue crack growth rates of aluminum
alloy FSW welded in 3.5% NaCl are higher than in
the air.
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The aggressiveness of the corrosive environment
(seawater) on the alummum alloys can be controlled by
using inhibitors such as chromate and molybdate. Recent
studies have shown that chromate and molybdate in
combination with other compounds provide an inhibition
effect on corrosion, hence increasing the corrosion
protection for aluminum alloy (Dorman and Tee, 2011;
Ilman, 2014; Liu et ai, 2002, Silva et al, 2005,
Srinivasan et al., 2007). However, just little information
exists about the effect of chromate and molybdate on
corrosion and fatigue performance of friction stirred
dissimilar metal weld between AAS5083 and AA6061-T6.
Therefore, the primary purpose of this research is to
evaluate the mechanism of the addition of chromate and
molybdate into a solution of 3.5% NaC1 for controlling the
corrosion fatigue crack propagation of friction stirred
dissimilar metal welds between AAS5083 and AA6061.

MATERIALS AND METHODS

Aluminum alloy AAS083 and AA6061-T6 plates with
3.0 mm thickness were used 1n this study. The chemical
composition of the materials is given in Table 1. Friction
Stir Welding (FSW) was performed with the tool rotating
speed of 2280 rpm, tool traveling speed of 30 mm/min and
tilt angle of 3°. The AA6061-T6 was located on the
advancing side while AA 5083 on the retreating side
(Fig. 1).

Microstructural observations were performed using
an optical microscopy to study various zones mn FSW
joints including parent metal/Base Metal (BM) Heat
Affected Zone (HAZ) thermomechamcally affected zone
(TMAZ) and Nugget Zone (NZ). The specimens were
prepared using etchant of Keller reagent made of 5 mL
HNO,, 2mL HF, 3mL HCl and 190 mL of H,O. Corrosion
rates were measured using resiatance polarization
technicue with a reference electrode of Saturated Calomel
(Hg,Cl,) Electrode (SCE) and the auxiliary electrode of
Platinum (Pt). The corrosion rate measurements were
taken from the weld regions m 3.5% NaCl solution with
and without inhibitors {chromate and molybdate). The
various of mhibiters concentration were 0.1, 0.3 and
0.5%.

The corrosion fatigue test was done using a
servo-hydraulic testing machine with a load ratio (R) = 0.1,
a frequency of 11 Hz and stress level used was 20% of
vield stress. Specimens were prepared according to
ASTM E647 standard. The specimens were immersed in
an acrylic chamber containing various solutions. During
fatigue test, crack lengths were measured using a
traveling microscope. Subsequently, fracture surface in
stable crack regions was observed and analyzed by a
Scanning Electron Microscopy (SEM).

Table 1: Cherical composition of specimens (wt. %)

Aluminum alloy Mg Mn Cu Cr Si Fe Al
AAS083 430 0.50 0.04 0.06 0.11 030 Bal
AA6061-To 110 0.02 0.28 0.22 0.64 033 Bal
200
el :
100
“* »
4 | Advancing side AAG061-TS| Retreating side AASOR3
Tool|rotating

PN

300

Welding directicmT

Fig. 1: The schematic illustration of friction stir welding
process

RESULTS AND DISCUSSION

Microstructure: Figure 2 shows results of microstructural
examination at cross section welds joints which are
divided into Base Metal (BM), Heat Affected Zone
(HAZ), Thermo Mechanically Affected Zone (TMAZ) and
Nugget Zone (NZ). Tt can be seen that each zone has a
different microstructure N7 has some variation in
microstructure due to incomplete mixing during stirring.
These microstructural variations cause differences in the
corrosion resistance of the weld joints.

Base metal microstructures of both (AA6061 and
AAS5083-T6) reveal elongated grain structures with the
grain orientation parallel to the direction of rolling
(Fig. 2a and d). It can be seen that the grans
microstructure of the AA6061-T6 1s larger and more
elongated than the grains in AAS083. Regions HAZ,
TMAZ and NZ have different morphology and grain
size compared to the base metal In HAZ regions
(Fig. 2e and h) 2 larger grains are resulted from grain
growth under the influence heat. The shape and size of
the grains in the region TMAZ, are caused by combined
effect of heat due to friction tool and mechanical stirring
(Fig. 2b and g). Figure 3 shows that the mixing of the NZ
during friction stirred welding process cannot be
accomplished completely resulting in heterogeneity in
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Fig. 2: A-H) Microstructure of BM, HAZ, TMAZ and NZ regions
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Fig. 3: Corrosion rate of base material and FSW welded

weld nugget region. The NZ gram structure appears to be
finer which is much smaller than the base metal as a result
of recrystallization during stirring process (Ilman, 2014).

Corrosion behavior: Figure 3 shows corrosion rates of
base materials (AA6061-T6 and AAS083) and FSW weld.
It can be seen that the corrosion rate of AA6061 base
metal is the highest while the lowest value of corrosion
rate occurs i AAS083 base metal. The corrosion rate of
the weld region falls between the two base materials.
Figure 4 shows the values of corrosion rate of FSW
welded with various inhibitors. Tt can be seen that the
addition of both mhibitors lowers the rate of corrosion in
joint FSW welds but the chromate inhibitor has the better
resistance to comrosion rate than that of molybdate
inhibitor. The effectiveness of the inhibitor can be seen
from the Inhibition Efficiency (IE) which can be
determined using the following Eq. 1:

3.0E-03
B3.5% NaCl+Na,Cr.0,
= 2.0E-03 83.59%NaC1+Na,MoO,
[}
2 J
g 2.0E-03 1.80E-03
£ 1.57E-03
[}
2 1.0E-03
o
£
Z 1.0E-03 -
5 [Rr1=0 6.74E-04
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Concentration of inhiibition (%)

Fig. 4: Corrosion rate of FSW welded with various of
inhibitor
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Fig. 5: Inhibitor efficiency

IE(%) = 227« (100%) (1)
IU
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Fig. 6: Fatigue life of FSW welded in dry air and 3.5% NaCl solution with various levels of chromates and molybdates

where, 1 and 1, are corrosion rate with and without
inhibitor, respectively. Figure 5 shows the efficiency of
mhibitor as a function of concentration of mtubitor. It can
be seen that the addition of 0.1% both chromate and
molybdate inhibitor cause a sharp increase m efficiency.
Further addition of the inhibitor concentration achieves
constant values with no more significant increase with
inhibitor addition. Containing inhibitor of chromate in the
conversion coating form or as coating pigments nhibit
the Al substrate anodic dissolution in an acidic
environment by formmg Chromium (Cr) and Aluminum
(Al) oxides combination. Once the surface was covered by
chromium oxide, then the contact between Al and
corrosive solution is isolated. So that the specimen’s
surface becomes protected from dissolution effectively
(Kloet et al., 2004). Result of this research show that the
use of chromate as inhibitors in 3.5% NaCl solution is an
extremely effective to reduce the rate of corrosion of the
aluminum surface (Grilli et al., 2011; Silva et al., 2005,
Gupta et al., 2014).

Corrosion fatigue crack propagation rates: Corrosion
fatigue tests results of the FSW joints specimen in dry air
and 3.5% NaCl solution with various inhibitors contents
are represented by plotting crack length (a) vs. number of
cycles (N) as presented in Fig. 6. Tt is seen that corrosive
environment causes a decrease mn FSW jomnt fatigue life
than the friction stired welds fatigue crack growth in the
air and the addition of mtibitor in 3.5% NaCl solution can
reduced The most effective of inhibitors in increasing
resistance of fatigue crack growth i1s observed as its
fatigue life. The fatigue life of the weld in the atmosphere
15 around 510,000 cycles whereas 1n media 3.5% NaCl
the fatigue life is reduced to approximately 270,000
cycles.

Table 2: Paris constants

Environment C n

Dry air 5.83E-10 2.44
3.5% NaCl 6.23E-10 2.69
3.5% NaCl+0.1% Chromate 4.56E-10 288
3.5% NaCl+0.3% Chromate 7.22E-10 2.62
3.5% NaCl+0.5% Chromate 245E-10 319
3.5% NaCl+0.1% Molybdate 3.30E-10 299
3.5% NaClH+0.3% Molybdate 1.14E-10 356
3.5% NaCl+0.5% Molybdate 1.39E-10 3.38

Chromate concentration of 0.1% in the solution does
not significantly affect the fatigue resistance of the
material but the significant increase is observed if the
chromate concentrations are increased up to 0.3 and 0.5%,
Another inhibitor named molybdate, at a concentration of
0.1% already provides comrosion nlubition. At 0.5%
molybdate, the ability to inhibit corrosion fatigue crack
propagation rates in 3.5% NaCl increasing,.

The fatigue crack propagation rates of FSW welds in
the air and 3.5% NaCl solution with various chromate and
molybdate can be studied by plotting da/dN versus AK as
shown in Fig. 7 and 8. The fatigue crack growth curves are
divided into three parts (Stage 1-3). The stage 1
represents crack initiation whereas stable fatigue crack
propagation occurs in study 2 which 1s based on the Paris
low as given by the da/dN = C (AK)" where C and n are
Paris constant where its value is da/dN at AK =1 MPa im
and n are the slopes of the line. The results are shown in
Table 2. It can be seen that the value of C and n of the
weld fatigued in the air i1s lower than that tested in
3.5% NaCl. Referring to Fig. 9, 10 and Table 2, it is seen
that the fatigue specimen in air condition produced lower
crack growth rate than in the corrosive environment. In
the 3.5% NaCl solution, crack growth rate of the weld
increases at low AKvalue, typically below 11 MPa 'm. The
additions of inhibitors inhibit the growth rate of fatigue
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Fig. 7: Fatigue crack propagation rate of FSW welded with various levels of chromates
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Fig. 8: Fatigue crack propagation rate of FSW welded with various levels of molybdates

crack propagation rate, especially in the early stages.
Additions of inhibitors in this investigation reduced C but
increased n values of Paris constants hence lowering
da/dN at low AK.

The addition of molybdate mnto a solution of NaCl in
the study has a better ability to resist fatigue crack
propagation rate than the chromate (Fig. 6). Molybdate
completely mhibits the rate of fatigue crack propagation
at high load and low frequency, quantified by the reduced
crack growth rate to that typical of ultra-high vacum,
reduction in surface crack facets typical of hydrogen
embrittlement and crack arrest. Chromate did not produce
such complete inhibition (Warner ef al., 2009).

Fractured surface after fatigue test m air, solution of
3.5, 3.5 NaClH0.5% chromate and 3.5 NaClH-0.5%
molybdate can be seen in Fig. 11. Tt is seen that the
surface fractured of the weld m air (Fig. 11a) 13 uniform
from the beginning to the end of the crack suggesting that
fatigue area is relatively large. At the initiation of crack
propagation for weld specimen in 3.5% NaCl media
(Fig. 11b), there are many of corrosion, pits due to local
acidification which occurs at the crack tip (Warner and
Gangloft, 2012) while in the dry air is not found traces of
corrosion. At this stage of the propagation medium,
cleavage morphology was found and some of the
corrosion deposits appear on the fracture surface. In the
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late stages of propagation because the crack growth rate
is high, there are no corrosion deposits appear on the
surface of the fracture ands there are lots of little cleavage
face.

The addition of chromate (0.3 and 0.5%) or molybdate
to 3.5% NaCl solution is proved to be effective in
mhibiting the corrosion fatigue crack propagation rates of
FSW welds different types but the addition of mhibitor in
the solution does not give effect to the rate of crack
propagation at the end of fracture. Chromate and
molybdate on fatigue crack growth process also serve to
stabilize the passive layer of the crack tip that reduces the
production of Hydrogen (H) (Ilman, 2014; Warner ef al.,
2009; Warner and Gangloff, 2012).

Molybdate in 3.5% NaCl solution 1s also able to
reduce acidification cracked by hydrolysis. The corrosion
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Fig. 9: Trendlines taken from region 2 of FSW welded
with various levels of chromates

Crack direction

fatigue crack propagation rates on FSW weld joint
between the different types of AAS083 and AA6061-T6
by adding molybdate n 3.5% NaCl seclution can give
better the rate of fatigue crack propa gation retardation
than chromate. Corrosion fatigue crack propagation of
fractured in 3.5% NaCl solution, 3.5 NaCl+ 0.5% chromate
solution and 3.5% NaCl solutiont0.5% molybdate
propagated by transgranular m all test conditions. SEM
image showing the specimen fracture surface in a different
environment after the corrosion fatigue crack propagation
test shown in Fig. 12. This condition clearly shows a
mixture of quasi-cleavage and ductile striations on
fracture surfaces for all specimens. Figure 12a shown that
the cracks are marked by the presence of striations typical
of fatigue and Fig. 12b and ¢ and are appear intergranular

crack with secondary crack.

LOE-061—pyry air
------ 3.5% NaCl
- -+3.5% NaC1+0.1% Chromate
—3.5% NaC1+0.3% Chromate
—-3.5% NaC1+0.5% C

1.0E~07

da/dN(mm/eycle)

1.0E-08 T

Fig. 10: Trendlines taken from region 2 of FSW welded
with various levels of molybdates

Fig. 11: Macro photographs of fractured surfaces of welded specimen tested in: a) Air ; b) 3.5% NaCl; ¢) 3.5% NaCl+

0.5% Na,Cr,0, and d) 3. 3.5% NaClH0.5% Na,MoO,

7262



J. Eng. Applied Sci., 12 (23): 7257-7264, 2017

Fig. 12: SEM photographs of ractured surfaces of welded specimen tested m: a) Air; b) 3.5% NaCl,; ¢) 3.5% NaCl+0.5%

Na,Cr,0, and d) 3.5% NaCH-0.5% Na,MoO,
CONCLUSION

The effect of adding chromate and molybdate in this
study can be concluded as follows. The addition of
chromate and molybdate able to reduce the corrosion rate
of the dissimilar FSW jomnts between AAS5S083 and
AA6061-T6 but with an increased concentration of the
inhibitor is not always accompanied by a decrease in
corrosion rate. This happens due to the lack of structure
in the area homogenous NZ formed during welding. The
test results showed that polarization resistant chromate
could withstand corrosion rate of dissimilar FSW joimnts
between AAS083 and AAG061-T6 is more effective than
the molybdate while m corrosion fatigue crack
propagation test showed molybdate better at curbing
fatigue crack propagation.
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