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ABSTRACT

Environmentally assisted fatigue crack propagation behaviour of metal inert gas (MIG) welded AA5083
joints under stress relieving treatment has been investigated. In this study, 'in-process' stress relieving
treatment, namely static thermal tensioning was applied during MIG welding process. Subsequently, fati-
gue crack propagation tests were performed in 3.5% MNaCl solutions with and without a chromate inhibi-
tor. A sinusoidal loading wave form was used in these fatigue tests with stress ratio, R and frequency, f of
0.1 and 8 Hz respectively. For complementary tests, residual stress measurements were conducted using
neutron diffraction method whereas effect of corrosive environments was assessed using potentiody-
namic pelarisation technique. Results showed that electrochemical corrosion characteristics of the weld
metals under stress relieving treatment were improved marked by the presence of anodic passivation
regions in potentiodynamic polarisation curves with reduced corrosion rates. Moreover, sy nergistic effect
of compressive residual stress and repassivation of the weld joints seemed to inhibit environment fatigue

crack propagation.

017 Elsevier Ltd. All rights reserved.

1. Introd uction

Increasing interest in the use of AA5083 and the 5xxx series alu-
minium alloys for lightweight structures sucl ship construction
is driven by their excellent properties. The alloys provide many
benefits such as relatively high strength to weight ratio which
helps to produce light-weight structures for increased performance
(e.g. speed and manoeuvrability), good weldability, good general
corrosion resistance in marine environment and also nonmagnetic
and nontoxic properties [ 1,2]. The AA5083 is an Al-4.5%Mg-1%Mn
wrought alloy in which its strength is increased through two
strengthening mechanisms, i.e. solid solution strengthening by a
magnesium {Mg) addition and strain hardening [3].

In aluminium ship fabrication, welding is one of the most criti-
cal manufacturing processes since around 60-65% of the total pro-
duction for an average ship consists of assembly of plates and
welding. Up to now, metal inert gas (MIG) and tungsten inert gas
(TIG) welding processes are still the most common joining tech-
niques for aluminium alloys [4| despite more advanced joining
processes are now being developed. Unfortunately, welding of alu-
minium alloys using such arc welding processes often produces
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problems such as distortion and residual stress. The presence of
residual stresses in welds can cause fatigue failure, brittle fracture
and stress corrosion cracking [5]. Numerous works have been car-
ried out to minimise distortion and residual stress using mechan-
ical [6-8] or thermal treatments [9,10] where these two
techniques can be applied either prior to/during welding known
as in-process welding [11,12] or after welding (post weld treat-
ments) [13,14].

Considerable researches have been conducted with the aim of
gaining better understanding of corrosion characteristics in welds
under stress relieving treatments. Several reports show that either
post weld heat treatment (PWHT) [15,16] or mechanical treat-
ments such as peening techniques [17,18] can modify corrosion
behaviour in welds due to changes in electrochemical properties,
i.e. stable protective films and the formation of compressive resid-
ual stresses.

In construction applications, metallic welded structures such as
ships are often subjected to dynamic loads and at the same time,
they are exposed to corrosive environment. Under such a condi-
tion, corrosion fatigue often known as environmentally assisted
fatigue may occur. In general, factors affecting environmentally
assisted fatigue in metallic materials include load frequency [19-
21], temperature [22-24|, m@@llurgical factors [25-27] and envi-
ronment conditions [28-32]. In recent years, a number of research
works on corrosion fatigue of AA5S083 and its welding condition
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has been conducted. It has been reported that fatigue of welded
aluminium alloy AA5083 in a seawater environment often initiates
at pores [33]. Another investigation [34] has shown that corrosion
fatigue of heat treated 6061-T651 aluminium alloy welded using
ER5183 filler alloy in 3.5% NaCl solution is initiated by corrosion
pits which nucleate on precipitates. More recently, the work of
Sharma et al. [35] on conventional AA5083-H111 and ultra-fine
grained (UFG) Al-Mg alloys have shown that pitting corrosion
(inclusions precipitates) acts as stress concentrator in both alloys.
According to the authors, the corrosion fatigue in such alloys takes
place via two mechanisms. First, at high stress ranges, slips pro-
mote dissolution and hydrogen embrittlement. Secondly, pitting
becomes the prevailing mechanism as the applied stress value is
low.

As stated previously, several works have been directed at the
understanding the effect of stress relieving treatments on electro-
chemical corrosion characteristics in aluminium welded joints.
However, further effect of these treatments on fatigue crack prop-
agation beha@@ur of aluminium welds in aqueous environments,
in particular 3.5% NaCl solution, is not well documented. In the
present paper, modification of residual stress by stifs relieving
treatment and its effect on environmentally assisted fatigue crack
propaga in 3.5% NaCl solution is studied for metal inert gas
AA5083 welded joints.

2. Experimental procedure
2.1. Materials and welding procedure

In this study, 5083 alutum alloy plates with the size of
3mm x 100 mm = 400 mm were butt welded along 400 mm long
using metal inert gas ( ) welding process with a filler metal
used was ER5356. The Emical compositions of the 5083 alu-
minium all ates and ER5356 filler metal are given in Table 1.

Welding parameters used in this study are shown in Table 2.
n-process stress relieving treatment, namely static thermal ten-
sioning (STT) was applied during weldin@ shown in Fig. 1. The
electric heaters which acted as secondary heat sources were placed
at both sides of the weld line and simultaneously, the bottom of
the weld zone was quenched using water flow inside the copper
backing bars to create thermal gradient. Such a condition was
expected to provide stretching effect (thermal tensioning) to
reduce distortion and residual stress. The centre to centre distance
between the two heaters was 120 mm and the heating tempera-
ture was set at 250 °C. Details of this experiment are given else-
where [10]. The mechanical properties of the weld metals after
welding are listed in Table 3.

2.2, Microscopical examinations

Microstructural examinations were directed at the trar 'se
sections of the weld joints which consisted of various zones,
namely weld metal (WM), heat affected zone (HAZ) and base metal
(BM) using optical microscopy. Each sample for metallographic
studies was first cut perpendicular to the welding direction then
mount@n epoxy resin, mechanically ground and polished, and
finally etched using Keller reagent (2 ml HF, 3 ml HCl, 5 ml HNO;
and 190 ml H20).

Table 2

Materials and welding parameters.
Parameter Values
Filler Material ER5356
Wire diameter 0.8 mm
Wire speed 9 mfmin {150 mm/s)
Shielding gas Argon (Ar)
Gas flow 14 Lfmin
Voltage 20V
Current 100A
Welding speed 10 mmfs
Water flow 1200 Lih

MIG welding torch Electric heaters : 250 °C

Thermocouples

—AA 5083 plates

Simple supports

Cooling system

Fig. 1. A schematic drawing of static thermal tensioning (STT) treatment applied
during welding.

3
ﬁaniﬁal properties of the weld metals.

Material Tensile strength Yield stress Elongation
(MPa) (MPa) (%)
As welded 216 152 10.4
Stress relieved 255 184 10.3
AAS5083 base metal 298 230 20.1
2.3. Residual stress measurements
Residual stress measurements using neutron diffraction

method were undertaken at the Mational Nuclear Energy Agency
of Indonesia (BATAN). In this study, residual stress profiles of the
welded AA5083 plates were measure:ﬁng transverse distance
from the weld centre line with the tion of measurements
was taken at the middle part of the welded plate length. The neu-
trﬁ'ﬂavelength used was 1.83375A and it was diffracted on
(3 reflection at the detector angle (20) of approximately
96.5°. A gauge volume size, typically 8 mm?® having dimension of
2 %2 x2mm> was used in this investigation. Lattice measure-
ments were made the principal stress directions, namely x
(longitudinal), y (transverse) and z (normal) directions. The
residual strains (&) were determined through the equation [36]:

_ t:il!k.l — du
i

where dp;; and d, are stressed and stress-free lattice parameters
respectively. By using tensors of 2nd rank, the strains (&;) measured

(1)

Table 1

Chemical campusitiunﬁ) of AA 5083 plates and ER 5356 filler metal.
Material iz Mn Si Fe Cr Cu ZIn Ti Al
AA 5083 45 0.65 0.26 0.22 0.09 0.09 0.06 0.03 Bal.
ER 5356 4.5-55 0.05-0.20 0.25 0.40 0.05-0.20 0.10 0.10 0.06-0.20 Bal.
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athe principal directions were converted to residual stresses ()
usin‘%ooke's law as given in Eq. (2).
i vE

Oi=——&i+——— & 2)

=Ty T A o —20) - @)
where subscript i represents triaxial principal directions with i =x,
¥, Z In the present investigation, Young's modulus (E) for 5083 alu-
minium alloy was taken as 70 GPa whereas Poisson's ratio () used
was 0.3. Of note is that errors of these residual measurements were
estimated to be +20 MPa.

2.4. Corrosion tests

Corrosion characteristics of the welds under study were
assessed using potentiodynamic polal‘isati@ethod. Circular-
shaped specimens with the dimension of 15 mm in diameter and
2 mm in thickness were taken from the weld metal regions. After
grinding and polishing, nh specimen which acted as working
electrode was immersed in 3.5% NaCl solutions with and without
sodium chromate (NazCrOy) inhibitor whereas reference and coun-
ter electrodes used were saturated calomel electrode (SCE) and
platinum (Pt) respectively. The use of chromate inhibitor was
intended to study corrosion characteristics in particular passive
film stability in the AA5083 welded joints. For this reason, the per-
centages of Na,Cr0, in 3.5% NaCl solutions were varied, typically of
0.1,03 and Each specimen was polarised either anodically or
cathodically in the range of —1.10 to +0.1V at a scan rate of
0.1 mV/s using a pontentiostat/galvanostat (Model EG&G 273).
Based on the results obtained from potentiodynamic polarisation
tests, the inhibition efficiency (1) can be calculated using the fol-
lowing equation [37,38]:

n(%) = I”I,_I % 100 3)
0

where i and i, are corrosion rates with and without inhibitor

respectively.

2.5. Corrosion fatigue tests
Environmentally assisted fatigue crack propagation (EAFCP)
studies were conducted by immersing each fatigue specimen in a

transparent acrylic resin chamber containing corrosive media as
shown in Fig. 2. The corrosive media used were varied, ie. 3.5%

(a) (b)

CCT- specimen

Acrylic
chamber

P
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Na(l solutions with and without 0.3% Na,CrO, addition. Of note
is that the interactions between residual stress and Ma,Cr0, inhi-
bitor are better studied as the amount of Na-CrO,4 is around 0.3%.
If the inhibitor addition is too low, it cannot produce protective
films sufficiently and therefore, the inhibitor does not have a sig-
nificant influence on EAFCP. In contrast, excessive inhibitor makes
the cracked surface to become isolated from the corrosive media
and again, the effect of environment is significantly reduced. In this
investigation, fatigue tests in dry air were also performed as the
reference. Each fatigue specimen was machined in the form of cen-
tre crack tension ( CCT) specimen according to ASTM E-647 with an
initial crack was made at the weld region and oriented parallel to
the weldline.

In order to meet the low frequency regime for EAFCP to operate,
the loading frequency should be below 10 Hz [3,39]. The loading
frequency used in this study was 8 Hz with a stress ratio (R) of
0.1. This low R was expected to allow compressive residual stress
to have most influence on fatigue crack growth, especially at low
AK. A% fatigue tests, fractographic studies were also conducted
using scanning electron microscopy (SEM) equipped with energy
dispersive X-ray (EDX) analysis. Fractographic studies were
focused on the stable crack growth region, i.e. region Il near thresh-
old region.

3. Results and discussion
3.1. Weld microstructure

To gain comprehensive understanding of environmentally
assisted fatigue crack propagation behaviour of MIG 5083 alu-
minium alloy weld joints, it is necessary to study the weld
microstructures. Fig. 3 shows typical microstructures of the MIG
AA5083 welded joint in as welded (untreated) condition. It can
be seen that the weld metal (WM) region as shown in Fig. 3b is
composed of equiaxed dendritic networks of o-phase (light-
etched) which is the solid solution of Mg in Al whereas p-phase
constituents (dark-etched) were precipitated within interdendritic
arm spacings. The formation of B-phase is resulted from localised
solute enrichment within interdendritic arm spacings due to solute
redistribution during solidification. In an aluminium alloy such as
AA 5083, partially melted zone (PMZ) exists along fusion line as
shown in Fig. 3c. This region is located between weld metal
(WM) which is fully melted fusion zone and unmelted heat

|
|

|

| Detail A
I A

|

y .
e (| e
5

Fig. 2. An experimental set-up for corrosion fatigue test with a CCT-specimen.
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(a)
WM

HAZ BM

Fig. 3. (a) Aweld profile with the corresponding microstructures: {b) weld metal (WM}, (c) partially melted zone (PMZ}-heat affected zone (HAZ), and (d) base metal (BM)in

as welded MIG 5083 aluminium alloy weld joint.

affected zone (HAZ). Subsequently, the region close to PMZ region
is HAZ. The HAZ region is marked by the presence of coarse grained
microstructure resulted from grain growth during welding.
Another feature observed in the HAZ region is the presence of
coarse precipitates (dark-etched), probably in the form of Al;Mg;
which formed during welding process. Furthermore, at the region
far from the weld metal as shown in Fig. 3d, the effect of heat is
diminished and the microstructure reveals fine grained structure
with the grains are oriented parallel to rolling direction typical of
wrought aluminium alloys. This region is known as unaffected base
metal (BM]).

It seems that there is close relationship between weld
microstructure and mechanical properties. Referring to Table 3, it
can be seen that the strengths of as welded and stress relieved
weld metals are lower than their base metal. This is because the
weld metals are cast products which usually have lower strength
compared to wrought product such as base metal.

Of note is that the ent investigation is focused on the weld
metal region where a maximum tensile residual stress commonly
forms at the weld metal region and this stress should be balanced
by compressive residual stresses which form at areas away from
the weld. Previous investigation [ 10] has shown that static thermal
tensioning treatment strongly affects weld residual stress and dis-
tortion without producing significant changes in weld microstruc-
ture at the optical microscope scale.

3.2, Weld residual stresses

Results of longitudinal (parallel to the weld) and transverse
(perpendicular to weld) residual stresses of MIG 5083 aluminium

36

alloy welded plates are shown in Fig. 4. It can be seen that the lon-
gitudinal residual stress profile of as welded weld metal (Fig. 4a)is
marked by the presence of relatively high tensile residual stress at
weld centreline, typically of 85 MPa whereas the maximum resid-
ual stress is around 150 MPa formed at the region " the weld.
The stress relieving treatment changes the tensile residual stress
at the weld centre line to become compressive with the lowest
value of —133 MPa at the weld centreline. Similar trends are
observed in the transverse residual stresses (Fig. 4b) in which the
transverse residual stresses in as welded condition are shifted
towards more negative (compressive) stresses due to stress reliev-
ing treatme It is interesting to note that in as welded condition
(Fig. 4), the magnitude of tensile residual stress at the weld region
and its adjacent area along longitudinal direction is higher com-
pared to the residual stress along transverse direction. This may
be attributed to the presence of restraint of dimensional changes,
i.e. expansion and contraction/shrinkage during welding by
unhe?j base metal where the degree of restraint in the longitu-
dinal direction is higher than that in the transverse direction. Of
note is that the maximum weld residual stress in the present study
is lower than the yield stress of the weld metals as shown Table 3.

As reported previously [40,41], thermal gradient resulted from
thermal tensioning treatment produces stretching effect (or ther-
mal tensioning) which opposes the tensile residual stress devel-
oped during welding. As a result, the tensile residual stress is
reduced and at a certain extent, the residual stress becomes
compressive.

Considering the results of residual stress measurements, the
distributions of longitudinal and transverse residual stresses in
both as welded and stress relieving conditions are suggested as
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—+—As welded
——Stress relieved
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Residual stress (MPa)
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Distance from weld centreline (mm)
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150 (b) As welded
—— Stress relieved

Residual stress (MPa)

0 10 20 30 40 50
Distance from weld centreline (mm)

Fig. 4. Distribution of: {a; !n,gil:udinal residual stress and (b) transverse residual

slress.

D)
shown in Fig. 5. In as welded condition as shown in Fig. 5a, tm)n-
gitudinal residual stress profile is marked by the maximum tensile
stress at the weld region which is balanced by compressive resid-
ual stresses at both sides of the weld region.

The ribution of transverse residual stress along the weld
length is wn in Fig. 5b. It can be seen that the tensile transverse
residual stress with relatively lower magnitude forms at middle
part of the weld length and in order to meet static equilibrium,
compressive residual stresses are produced at the ends of the weld.
Moreover, thffect of stress relieving treatment seems to min-
imise tensile residual stress and to a certain extene can reverse
the tensile ss to become compressive as shown in
Fig. 5c and d. It 1s worth noting that the direction and magnitude
of residual stresses are important for analysing the crack propaga-
tion direction as the weld joints are subjected to external applied
stress.

3.3. Corrosion characteristics

Results of potentiodynamic polarisation measurements includ-
ing corrosion current density (i,), corrosion rate (CR) and ¢ ion
potential (E_,,,) for the MIG 5083 aluminium alloy welds in 3.5%
NaCl solutions containing various percentages of sodium chromate

inhibitor (Na,Cr0O,), namely 0.1, 0.3 and 0.5% are given in 'I'ab]e

Based on data in Table 4, the inhibitor efficiency (#) curves for as
welded and stress relieved conditions can be calculated using Eq.

Longitudinal Transverse
(a) (b)
+ pe
- A
g ||f“” . ””\‘ll
w
< Y
Weld Weld
(c) (d)
+ +
-
®
>
Q
o I yail
» SO
2 Iy Ll
£
n

Fig. 5. Schematic representation of longitudinal and transverse residual stress
profiles with and without stress relieving treatment.

{3)% the results are shown in Fig. . In as welded weld metal,
the inhibition efficiency increases steadily as the chromate content
increases. In contrast, a small amount of sodium chromate, typi-
cally 0.1% is sufficient to dramatically increase the inhibition effi-
ciency up to 50% in stress relieved condition. Subsequently, as
the percentage of the chromate is around 0.5%, both the weld met-
als have the same inhibition efficiency values.

In the present study, the percentage of sodium chromate inhibi-
tor in 3.5% NaCl solutions used for corrosion fatigue tests is deter-
mined as 0.3%. The potentiodynamic larisation curves for as
welded and stress relieved weld metals in 3.5% NaCl solutions with
and without 0.3% chromate are shown in Fig. 7. Referring to Fig. 7a
and Table 4, it can be seen that as welded weld metal does not
show active-passive metal since only anodic dissolution occurs
with corrosion current density (i,) is relatively high, typically of
3.78 pAfcm? equivalent to corrosion rate (CR) of 1.6813 mpy. A sig-
nificant change in the polarisation curves is observed when the
weld metal is stress relieved marked by the presence of anodic pas-
sivation region and lower corrosion current density, typically of
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Table 4
Potentiodynamic polarisation parameters.
Ma;Cr0y content (%) ﬁeldeﬂ weld metal @;5 relieved weld metal
carr (V) iy (pAjem?) (R (mpy) n (%) o (MV) i, (pAfem?) CR (mpy) n (%)

0.0 721.0 378 16813 0 863.4 3.48 1.5457 0.0
0.1 713.1 344 1.5269 9.0 689.7 1.78 0.7984 48.9
03 7334 238 10577 37.0 726.2 1.7 0.7588 50.9
0.5 713.1 1.78 0.7897 52.9 746.7 1.59 0.7065 54.3

70 (@) 100

— As welded-3.5% NaCl

&0
. T __-E -100 = Siress relieved-3.5% NaCl
E ool 0T T -
s % 1
g ?
s W / @ -300
= i’ [
:E / @
§ 30 :: E
; i -500
20l / 4
= i —e— As welded

10y -=M=-- Stress re lieved

I a -T00
'I
oW : : : : :
0 0.1 0.2 0.3 0.4 0.5 0.6

Concentration of Na,CrO, (%)

Fig. 6. Inhibition efficiency of chromate for the weld metals with and without stress
relieving treatment.

3.48 pA/cm? (1.5457 mpy). The additions of 0.3% Na,Cr0, into 3.5%
NaCl solutions enhance passivity and further decrease in corrosion
current density and corrosion rate for both as welded and stress
relieved weld metals as shown in Fig. 7b.

The present investigation has confirmed that stress relieving
treatment improved corrosion resistance of the aluminium weld
metals, presumably due to the formation of passive film. Two pos-
sible factors which are responsible for improving passivity after
stress relieving treatment, i.e. first, microstructural change and
secondly, compressive residual stress. Since metallurgical factor
such as precipitation of p phase (Al;Mgz) in AA5083 tends to
degrade corrosion performance [3] then compressive residual
stress is the most probable factor promoting passivity consistent
with previous works [17,18].

3.4. Environmentally assisted fatigue crack propagation behaviour
1
In the present paper, g\u'ironmentall},ur assisted fatigue crack
propagation behaviours of stress relieved MIG weldedAA5S083
joints in 3.5% NaCl solutions have b systematically studied
and the results are given in Figs. 8-12. Effect of residual stress on
fatigue crack propagation in air can be seen by comparing stress
Fved weld metal with as welded condition as shown in Fig. 8.
can be seen that at lower AK, typically belovg MPa,/m, the fati-
gue crack propagation rate of stress relieved weld metal is lower
than that of as welded weld metal then retardation of fatigue crack
propagation in stress relieved weld metal occurs at AK between 9
and 11 MPa,/m which is associated with compressive residual
stress. Based on superposition approach, the interaction between
applied dynamic stress and residual stress determines the total
stress. Accordingly, the presence of compressive residual stress
reduces the total sfZ8ss due to subtraction by compressive residual
stress. As a result, fatigue crack propagation rate is retarde pe-
cially at the early stage of crack propagation. Subsequently, as the
crack propagates, the effect of residual stress is diminished.

-800
-1100
1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05
Current density, / (pAlem?)
(b) 100
= As welded-3.5%NaCi+0.3% Na2CrO4
-100 ——5iress relieved-3.5% NaCi+0.3% Na2CrO4

Potential, E (mV.SCE)

-700

-800
=1100 T T T T
1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07
Current density, / (pA/em?)

Fig. 7. Polarisation curves for both as welded and stress relieved welds in: (a)
MNayCrOy-free 3.55NaCl solutions and (b) 3.5% NaCl solutions with 0.3% NasCrO,.

Fig. 9 shows fatigue crack propagation rates of as welfled weld
metals under various environments, namely dry air and 3.5% NaCl
solutions with and without 0.3% chrom ddition. In dry air, as
welded weld metal shows relatively low fatigue crack propagation
rate. A sharp increase in fatigue propagation rate is observed,
especially at the early stage of fatigue crack propagation as the
weld metal is immersed in 3.5% NaCl solution. Moreover, the addi-
tion of 0.3% chromate inhibitor reduces the fatigue crack propaga-
tion rate. According to some reports [ 3,42 ], chromate can passivate
the exposed crack surface and seal off the surface from aggressive
environment hence improving resistance to fatigue crack propaga-
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Fig. 8. Ei;ecl: of residual stress on fatigue crack propagation rates of AAS083 weld
metals in air.
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Fig. 9. Fatigue crack propagation rates of as welded AAS083 weld metals in various
environments.

1.0E-05 T ——————
E @ Slress relieved-gr
: B Stress releved-3.5% Nall
H ¢ Stress relieved-3.5% Nali+0.3% Na2CrD4 AQ
1.0E-06
)
(%)
-
2
E 1.0E07
=
T
5]
°
1.0E-08 g
N
1.0E-09 i
1 10 100
AK (MPa+m)

Fig. 10. Fatigue crack propagation rates of stress relieved AAS083 weld metals in
various environments.

tion. Similar behaours are also observed in stress relieved weld
metals as shown 1n Fig. 10. It can be seen that the crack propaga-
tion rate of stress relieved weld metal increases with increasing
AK until a plateau level of approximately 3.1077 mjcycle is
achieved at AK in the range of 6-10 MPa,/m. Again, the addition
of chromate inhibitor makes the stable crack propagation curve
(region II) near stress intensity factor threshold to become linear
with no a sharp increase in the crack propagation rate. In compar-
ison with as welded weld metal, the stress relieved weld metal
shows better fatigue crack propagation resistance suggesting that
the effect of residual stress still exist orrosive environment.

Results of SEM fractography forﬁp welded and stress
relieved weld metals which are fatigue tested in dry air and a
3.5% Nadl solution are shown in Fig. 11. It can be seen that frac-
tured surface of as welded weld metal reveals poorly defined stri-
ations mixed with transgranular cleavage-like fracture as shown in
Fig. 11a. This type of fracture is often known as quasi cleavage frac-
ture. Such poorly defined striations in aluminium weld metals are
likkely associated with the limited possibilities for slips at the crack
tip. Again, striation-like fracture is also observed in stress relieved
weld metal with finer striation spa@f§s as shown Fig. 11b. Signif-
icant changes are obsel when as welded and stress relieved
weld metals are fatigue tested in a 3.5% NaCl solution marked by
the disappearance of striations in both weld metals due to striation
dissolution as shown in Fig. 11c and d. In addition, the fractured
surfaces of both weld metals reveal corrosion products (light
etched) and secondary cracks. There are evidences to suggest that
corrosion attacks preferentially on interdendritic spacings result-
ing in interdendritic debonding, especially in stress relieved weld
metal. Results of EDX-microanalysis (Fig. 11e and Fig. 11f) show
that chemical compositions of corrosion products for both weld
metals are mainly Al, Mg, Si, O, Na and Cl whereas other elements
could be considered as contaminants. These elements could be in
the forms of Al,O3; mixed with Al;Mgz and/or MgaSi whilst Na
and Cl may come from a MaCl solution.

Fig. 12 shows fatigue fracture surface of stress relieved weld
metal in 3.5% NaCl solution containing 0.3%Na,CrO,. The fractured
surface appears to be cleavage fracture and some regions are suf-
fered from preferential corrosion attacks on interdendritic spac-
ings. Another feature seen in Fig. 12 is the presence of fine
particles (appears bright) which are uniformly dispersed through-
out the fractured surface. These fine particles are composed of
mainly Al and O which may be in the form of Al;04. Unfortunately,
the present investigation fails to identify chromium (Cr) but it does
not mean that there is not any chromium present at the fractured
surface. It can be argued that due to the low percentage of Na,CrO,
typically of 0.3%, it is not possible to conduct microanalysis using
EDX-ray spectroscopy. Another technique such as Auger electron
spectroscopy (AES) as reported by Grilli et al. [43] or electron
energy loss spectroscopy (EELS) could solve this problem.

Interactions between residual stress and environment at the
crack tip are illustrated in Fig. 13. The effect of residual stress on
fatigue crack propagation using superposition approaches has been
reported in several works [44-47] and these are summarised as

ws. The stress intensity factor range (AK) and stress ratio (R)
ue to the presence of residual stress are calculated as follows:

AKyg = (Knax + Kres) = (Kinin + Kre) (4)

Kinin + Kres )

R‘. — min res 5]
‘Er Knld.)l + KI‘(‘S {

According to Egs. (4) and (5), residual stress does not influence
stress intensity factor range (AK) and only stress ratio R is affected.
However, due to crack ure phenomenon resulted from plasti-
cally deformed material at the crack tip, the effect of residual stress
is better represented by AK.yy. According to Elber [48], crack propa-
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gation occurs when the crack tip is fully open at stress intensity fac-
tor above K, where K, is stress intensity to close the crack. Compres-
sive residual stress results in negative K, and if |K,.| = K.;, then
the value of (K, + K..) is below K, so thal term (K + Kroo)
is equal to zero. As a result, the reduced stress intensity factor
due to crack closure in Eq. (4) can be written as:

M(ﬁ = Kinax + Kies {EJ

% to residual stress, the fatigue crack propagation rate (da/dN) is
modified as:
da/dN = C{AK 4)" (7)
where C and n are Paris constants. This equation suggests that the
presence of compressive residual stress lowers AKyy in favour of
fatigue crack propagation inhibition.
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the fractured surface.

As mentioned previously, compressive residual stress could be
linked to stability of passive film, probably in the form of Al,0,
which contributed to lower corrosion rate. However, this passive
film can be destl‘o;ﬂy aggressive ions such as chloride in 3.5%
NacCl solution. The deleterious effect of aqueous environment on
fatigue crack propagation has been reported by a number of some
researchers [1542,49] and their findings may apply to AA5083
welds. As the passive film of AA5083 welds at the crack tip is
destroyed by slips and chloride ions, then dissolution of the alu-
minium weld metal takes place as follows:

Al— AP + 3e- (8)
The hydrolisis of metal cations may occur resulting in low pH, i.e.:
AP* £ H,0 = Al(OH)*" + H* (9)

Hydrogen ions are then diffused into the weld metal ahea the
crack tip and cause hydrogen embrittlement. As a result, mtigue
crack propagation rate increases especially at the beginning of crack
propagation.

Results of the present investigation have confirmed that the
presence of chromate inhibits corrosion attacks. This inhibition
effect of chromate can be accoun@or based on its capability of
oxidising alumini[Al) due to reduction of Cr (VI) to form Cr
(III) at pH neutral according to the following reactions [ 27]:

2Al £ Cro02 + 8H™ — 2Cr(OH), + Ho0 + 241" (10)

2Al + 2HCrO; + 8H" — Cry0; - 3H,0 +2H20 + 2A1°" (11)

Reactions above are expected to form a thin layer of chromium
oxide (Cr;03) which provides a barrier to further dissolution. At
pH of 5 or above, this chromium oxide is thermodynamically stable.
This passive film at the crack tip may be broken as the crack is open
but it can reform at sufficiently low frequency. In suchm)ndition,
the fatigue crack propagation rate is dependent on competition
between kinetics of depassivation by slip and repassivation resulted
from the formation of thin layer of oxide.

The fractographic aults have shown that fatigue crack propa-
gates transgranularly in 3.5% NaCl solution. The use of stress reliev-
ing treatment and inhibitor addition seems to promote, at a lesser
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extent, intergranular paths in which the crack propagates along

rdendritic spacings as shown in Figs. 11d and 12. It seems that
due to the lack of protective oxide film at the crack tip as shown in
as welded weld metal, fatigue fracture mechanism takes place
through hydrogen embrittlement mechanism resulting in trans-
granular fatigue fracture as previously discussed. However, as the
crack tip is isolated by thin oxide film then the hydrogen diffusion
into the weld metal in front of the crack tip is inhibited and a
result, another lower energy path for crack propagation is probably
operative. It may be argued that interdendritic spacings are pre-
ferred sites for segregation and they are anodic to the surrounding
dendritic grains (m-phase). Such a condition can create localised
galvanic cells and anodic corrosion occurs preferentially on the
interdendritic spacings leading to anodic dissolution of p-phase.
This may provide low fatigue crack propagation resistance and a
result, intergranular fatigue crack propagation occurs in competi-
tion with the transgranular crack.

It can be summarised that the effects of residual stress when
the stress is compressive, observed in the present investigation
are two-fold. First, compressive residual stress changes electro-
chemical corrosion properties in favour of passive film formation
and secondly, compressive residual stress reduces stress intensity
fatp‘ange (AK.y) hence lowering the fatigue crack propagation.

ccording to Eq. (5), the presence of residual stress changes
stress ratio (R) resulting in R,y whereas corrosive environment
seems to reduce intensity factor threshold (AK,,). By considering
these two factors, Wang et al. [50] have proposed a model which
combines Walker model and Trantina-Johnson equation for envi-
ronmentally assisted fatigue crack propagation rate near threshold
region and stable crack propagation rate region as:

dafdN = C(AK.5 — AKy)™ (1 — Ryp)™ (12)

where n; and nz are the material constant.

Another important factor which influences environment fatigue
is loading frequency. It has been reported that environment fatigue
crack propagation rates increase as the frequency decreases since
lower frequency gives more time per loading cycle which enables
electrochemical reactions to occur [51]. In the case of active-
passive metals such as aluminium alloys or in inhibitor-
containing environment, lower frequency provides sufficient time

for metals to repassivate due to oxide passive film formation
|20,52]. This oxide film isolates the metal surface from corrosive
environment hence resulting in mronment crack inhibition. It
seems that this factor should be taken into account as suggested
by Kitsunai et al. [53] and a modified model which incorporates
the loading frequency is proposed as:

da/dN = FC(AK.y — AKa)™ (1 — Rep)™ (13)

where F is the loading frequency dependency factor and its value is
dependent on combined effect of frequency and environment. The
modified model is expected to provide reasonable prediction for
remaining life of structural metals subjected to environmentally
assisted fatigue crack propagation.

4. Conclusions

g\fironmtmtall]..r aasted fatigue crack propagation behaviours
of MIG A5083 welds in 3.5% NaCl solution under stress relieving
treant, namely static thermal tensioning were studied and
the conclusions that can be drawn from this investigation are as
follows:

» Stress relieving treatment using static thermal tensioning can
produce compressive Egldual stress which enhances the forma-
tion of passive film as indicated by the presence of passive
regions in potentiodynamic polarisation curves accompanied
by lower current densities.

« Apart from compressive residual stress, the ability of repassiva-
tion increases with the addition of inhibitor such as chromate.

« [nhibition of environmentally assisted fatigue crack propaga-
tion in the w@@ metals under stress relieving treatment is asso-
ciated with synergistic effect of compressive residual stress
which lowers AK and ability of the weld metals to repassivate.
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