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Strength and fatigue properties are important design considerations for many aluminium welded structures
which are operated under cyclic loadings such as ships, railway vehicles and car bodies. Over the years, various
weld treatments have been developed to improve the quality of weld joints through modification of micro-
structure and residual stress. In the present study, in-process vibrational treatment has been applied to metal
inert gas (MIG) welding of 50 16 aluminium alloy plates at various frequencies of 100, 300 and 500 Hz in
effort to enhance strength and fatigue crack growth resistance of the weld joints. Experimen rks including
microstructure observation, microhardness and tensile tests, residual stress measurements and fatigue crack
growth tests were performed. Results showed that in-process vibrational treatment obviously increased the ul-
timate tensile strength of the weld joints with the best frequency was achieved at 300 Hz. It was found that the
strength of the weld at this condition was increased around 51.3 % higher than the weld in as welded condition
owing to grain refinement and increasing amount of equiax dritic microstructure in the weld metal region.
These fine grained equf@ed dendritic structures combined with eompressive residual stress induced by vibra-
tional treatment could improve fatigue crack growth performance of the welds.

Introduction

The application of mechanical vibration in fusion welding processes
has been the subject of numerous research works since the 20th century
with the main objective of improving mechanical properties of certain
regions of weld joints such as fusion zone (weld metal) and heat affected
zone (HAZ). This vibrational treatment can be conducted either during
welding known as vibration assisted welding (VAW) or after welding
named vibration stress relief (VSR) [1]. The former can be categorised as
in-process treatment and it is intended for improving weld microstruc-
ture through modification of solidification and stress relieving process
whereas the latter is designed for stress relieving only. The advantages of
vibrational technique over thermal treatments are that the vibrational
treatment is convenience in operation, it requires shorter manufacturing
process, it produces less pollution and more im portantly, less investment
is required [2]. However, the application of this technique is restricted
to soft materials and thin sheets due to limited available power of ul-
trasonic transducers or vibration exciters [3].

The mechanisms in which mechanical vibration to influence weld
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solidification and hence the resultant microstructure have been studied
extensively by numerous researchers. Cui et al. [4] have shown that
ultrasonic vibration applied during welding generates acoustically
induced cavitation and streaming resulting in a complete mixing of
melted filler metal and base metal. As a consequence, unmixed zone
which generally exists in conventional weld metal is eliminated. Other
researchers [5,6] have suggest t the introduction of ultrasonic vi-
bration leads to modification of microstructure in the weld metal from
columnar to equiaxed grains whereas the degree of microstructural
changesin the weld metal and HAZ is dependent on a wave phase [7]. To
date, it is well known that the beneficial effect of vibrational treatment
applied during welding on weld mechanical propertiesis associated with
grain refinement produced by mechanical vibration through the frag-
mentation of dendrites and grain detachment which promote hetero-
geneous nucleation during solidification [8-10]. In addition, the grain
refining of welds can increase resistance to hot cracking, reduce weld
porosity and segregation [6,11].

The use of vibration for grain refinement has long been known in
casting process and according to Campbell [12], the effectiveness of
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grain refinement is controlled by excitation frequency and amplitude,
typically in the range of 1 to 10° Hz and 0.1 to 10* um respectively. Since
solidification in casting is not too much different to welding process so
that in-process vibrational treatment can be performed using a wide
range of frequencies as well, either below 20 kHz (subsonic/sonic vi-
brations) or higher than 20 kHz (ultrasonic vibration). While vibration
assisted welding processes are conducted massively using ultrasonic
vibration, the use of low frequency vibration for in-process vibrational
treatment is proved to be effecti well. Tewari [13] has shown that
low frequency vibration with the frequency and amplitude in the range
of 0-400 Hz and 0-40 pm respectively can effectively refine dendrites
during weld solidification. Recently, Tamasgavabari et al. [14] have
reported that vibration assisted MIG welding with a frequency below the
resonance range, typically 50 Hz increases tensile strength of the MIG
5083-H321 aluminium alloy weld joint due to grain refinement.

During the past few years, mechanical properties of vibration assis-
ted weld joints have been extensively studied including tensile stress
[15-17] and impact toughness [13,18]. The general conclusion obtained
from these works is that the grain refinement resulted from vibrational
treatment is responsible for improved strength and toughness of the
welds. However, confusion still exists regarding the hardness of the
welds vibrated during welding. Some researchers [19-21] have shown
that vibrational treatment enhances the hardness of the weld joints due

ork hardening. According to them, this hardening is caused by
numerous split dislocations generated during vibration of the hot weld
metal whilst others [15,22] show contradicting results. These different
results are probably due to the fact that there are too many parameters
involved during welding process.

In aluminium or steel welded structures which are designed to
operate under dynamic loads, fatigue property of weld joints is
extremely important and it is strongly influenced by residual stress in
the weld joints [23,24]. In general, residual stress can be reduced using
post weld heat treatment, i.e. stress relief annealing, commonly per-
formed at temperature in the range of 450—700 °C for mild and low
alloy steels [25]. However, in certain cases such as welding of 5355
steel, the heat treatment has been reported to reduce fatigue lifetime of
the welds due to microstructural changes, from martensite-bainite
microstructure to a mixture of bainite and sorl [26]. Based on the
fatigue crack path analysis, the authors suggest that the performed heat
treatment procedure can modify the residual stress state in the crack
path resulting in high tensile residual stress near the crack paths. Apart
from residual stress, the fatigue behaviour of the weld is also affected by
plate thickness and fillet weld end geometry despite their effects are
relatively low [27].

The use of mechanical vibration for stress relieving (VSR) to improve
weld fatigue performance has long been the subject of extensive studies.
However, from the view point of engineering implementation, VSR is a
time-consuming process since it requires additional work after welding
and therefore, vibration assisted welding (VAW) or in-process vibra-
tional treatment may be desirable. Recent investigations [28,29] have
shown that the introduction of vibration during welding improves fa-
tigue life of weld joints due to fine grained structure present in the weld
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Experimental procedure

The materials used in this investigation were 5083-H116 aluminium
alloy plates (3 mm x 100 m 300 mm) and ER5346 filler metal with
their chemical compositions are given in Table 1. Th@fvelding param-
eters used in this investigation are given in Table 2. A metal inert gas
(MIG) welding machine was designed automatically as shown in Fig. 1
to improve consistency. A vibration exciter (labor: shaker) was
located underneath the weld region with its position in the middle part
of the welded plate length to generate vibration assisted welding (VAW).
The plates were tly clamped at both plate ends hence forming can-
tilevered plates. ee thermocouples, namely Tcl, Tc2 and Tc3 were
placed at the distances of 10, 20 and 30 mm respectively from the weld
centreline to monitor temperatures during welding.

To determine the frequencies used in this work, the plates were first
vibrated in a vertical direction (or perpendicular to the plates) at various
frequencies prior to welding and each response displacement amplitude,
a, at a predetermined frequency, f was measured using a vibration meter
hence resulting in a plot of a, vs. f as shown in Fig. 2. If this transverse
vibration of the plates is simplified and it is assumed to be a system with
one degree of freedom in steady state force condition with no damping,
then the curve in Fig. 2 can be approached by magnification factor, j
which amplifies displacement amplitude as frequency moves towards
the natural frequency, f, as follow [30]:

=

%‘ 1)
1 —{m/m,)
where @ is angular speed which is defined as w = 2xf whereas w,, is
natural angular frequency. From Fig. 2, the value of natural frequency, f,,
was estimated to be 45 Hz. Of note is that the use of frequency near f, of
the system should be avoided since it can cause violent agitation in a
weld pool due to a sharp increase in displacement amplitude according
to Eq. (1). Therefore, the minimum frequency used in this investigation
was set at 100 Hz in order to prevent violent agitation, above which the
displacement amplitude decreases asymptotically towards zero. Based
on these results, the frequencies of 100, 300 and 500 Hz were selected in
this study giving response amplitudes of 81, 5 and 5 pm respectively.
After completion of welding, the locations of test specimens were
determined as shown in Fig. 3a followed by sectioning. The details of
centre-cracked tension (CCT) specimen are shown in Fig. 3b. Samples for
microstructural observain were sliced in the direction perpendicular
to the weld length. The samples were prepared according to a standard
metallographic technique using the etchant of Keller reagent. Fig. 4
shows typical microstructures of AAS083-H116 base metal taken from
longitudinal (L), short transverse (ST) and long transverse (LT) di-
rections observed under optical microscopy. Such microstructures are
typical of a wrought product marked by grain elongation along the

Ehle 2

Iiw.ﬁals and welding parameters.
ire diameter

metal region and reduced residual stress. Despite fatigue studies on vi- 0.8 mm

bration assisted weld joints have been conducted extensively, however Wire speed 8 m/min.

the majority of them are focused on fatigue life enhancement of the weld Shielding gas Argon (Ar)

joints and unfortunately, there have been few studies devoted to their g""l" flow ; tr" min,

; } ; ; ta

fatigue crack growth behaviour. Therefore, this becomes subject of the Cﬁrmii 130 A

present study. Welding speed 10 mm,’s

Table 1

The chemistries of 5083-H116 plates and ER 5356 filler metal (wt.%).
Material m Mn Si Fe Cr Cu Zn Ti Al
AA 5083-H116 .5 065 0.26 022 0.09 0.09 0.06 0.03 Bal.
ER 5356 filler 4.5-55 0.05-0.20 0.25 0.40 0,05-0.20 0.10 0.10 0.06-0.20 Bal.

T8
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Fig. 1. (a) An experimental set-up for welding under in-process vibrational treatment; (b) a schematic diagram of arrangement for in-process vibrational treatment.
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Fig. 2. mm’ response amplitude as a function of frequency.

rolling direction. Subsequently, Vickers microhardness measmFenis
were conducted across the weld joints using a load of 100 grf. Tensile
tests were carried out using transverse weld specimens according to
ASTM E8M [31]. Each welding treatment was tensile tested in triplicate
to ensure reproducibility. No sectioning process was required for re-
sidual s measurements.

The fatigue crack growth (FCG) tests were conducted using a servo-
hydraulic machine. Centre-cracked tension (CCT) specimens were pre-
pared according to ASTM E647 [32] with the position of the weld
perpendicular to the applied stress as shown in Fig. 3b. For each weld
specimen, the initial crack was machined using electrodischarge

729

machine (EDM) in the weld region with the crack direction parallel to
the weldline whereas the initial crack in CCT specimens for 5083-H116
base metal was made in L-T orientation. A sinusoidal load having a
constant load amplitude with a maximum load, P, of 6000 N was
gied during FCG tests. In order to identify effect of residual stress on

tigue crack growth rate behaviour, a low stress ratio, R typically of 0.1
was used at the frequency of 11 Hz. The fatigue crack length measure-
ments as a function of cycles were conducted using a traveling micro-
scope for every crack length increment of 0.1 mm. The fatigue crack
growth rates wiie then determined by incremental polynomial method.
Subsequently, fractographic studies were conducted using scanning
electron microscopy (SEM). Of note is that this FCG study was performed
using one test only for the base metal and each weld joint under different
treatments. Despite the number of specimens was not sufficient statis-
tically but the inherent experimental scatter in the experimental results
were probably minimised due to the use of welding automation which
helped to provide consistency. Nevertheless, more experiments would
be required for future work.

WA residual stresses were assessed using neutron diffraction tech-
nique at the N; al Nuclear Energy Agency of Indonesia (BATAN). The
residual stress measurements were taken along the transverse distance
from the weld centreli the middle part of the welded plate length as
shown in Fig. 3a. The neutron beam with a wave length of 1.8339;\
was selected and the measurements were conducted using the Al (311)
reflection at the detenr angle, 26 of around 96.5°, 'nu btain acceptable
neutron count rates, a gauge volume size of 8 mm? (2x2x2 rnm?) was
used because this gauge volume was sufficiently large in comparison
with the grain size hence allowing a statistically representative number
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Fig. 4. (a) Three principal directions and (b).(c),(d) 5083-H116 base metal microstructures taken from longitudinal (L), short transverse (5T), long transverse (LT)
respectively.

730




M.N. Ilman al

ofg to be sampled. Lattice spacings (d;) were measured along the
three principal stress directions, namely x (longitudinal), y (transverse)
and z (normal) directions and the results were used to calculate residual
strains (¢;) through the following equation:

d; —d,
- )
’ d,

(2)

where d; and d, are lattice ngs in the strained and strain-free con-
ditions respectively whereas subscript i represents tri rincipal di-
rections with i = xy,z. In this work, d, was determined by measuring a
small (3 x 3 x 3 mm*) cube which was cut from one corner of the plate.
However, for best accuracy, it is recommended to perform d, measure-
ment at every location along a measurement line using a small cube
extracted from the same location. More details on d, measurement using
neutron diffraction technique can be found in Refs. [33,34]. Finally,
residual stresses (o) were determined b stituting the strains (&)
measured in the principal directions into Hooke’s law as given by the
following equation [35]:

vE

E
T T = 7 3

oy =
%ere E is Young's modulus and v is Poisson’'s ratio.
Results and discussion

Weld thermal cycles

The analysis of weld temperature field is important in this study since
it determines weld microstructure, mechanical properties and residual
stress. The weld temperature field can be presented in the form of either
temperature distribution or weld thermal cycle. Fig. 5 shows thermal
cycl tained from the regions at different distances of 10, 20 and 30
mm trom the weld centreline. It can be seen that each the; cycle is
characterised by a steep rise of temperature during heating until a peak
temperature is achieved followed by continuous cooling at a lower rate.
In addition, the temperature and the steepness decrease with
increasing distance from the weld cen e.

The peak temperature of the region at the distance of 10 mm away
from the weld centreline is relatively high, i.e. 443 °C and this tem-
perature seems to reach the o-phase field in the Al-Mg system during
welding and as a consequence, this region forms HAZ after welding.
Increasing distance up to 20 mm from the weld centreline leads to a
sharp drop in the peak temperature to 201 “C which is below the solvus
in the Al-Mg system. This temperature is not sufficient to produce HAZ
and this region is referred to unaffected base metal (BM). Based on these
results, the width of HAZ in the welding of 5083-H116 aluminium alloy

latively high with the transition between HAZ and BM region occurs
at a distance between 10-20 mm from the weld centreline and this will

500
—Tc1
400 —Te2
) —Tc3
g 300
g
3
i
E 200
e
100
0 . - .
0 50 100 150 200

Time (s)

Fig. 5. Thermal cycles a; !e distances of 10 mm, 20 mm and 30 mm from the
weld centreline.
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be confirmed by the results of hardness measurements in the next
section.

Microstructure analysis

Weld metal microstructures taken from the central the weld
metals (WM) with and without vibrational treatments are shown in
Fig. 6. It can be seen that weld metal microstructure in vibration-free
condition (Fig. 6a) consists of equiaxed dendritic structure combined
with dendritic grains. According to the classi eory of solidification,
the solidification structures are controlled by and cooling rate, dT/
dt which is equal to GR where G is temperature gradient and R is the
solidification growth rate [36,37]. The former is related to constitu-
tional supercooling ahead of solid-liquid interface which determines the
growth morphology during weld solidification whereas the latter de-
termines the grain size. The temperature gradient, G in the centre of the
weld bead is relatively low so that the value of G/R is low as well and as
a result, solidification structure tends to have equiaxed dendritic
morphology [38].

As the mechanical vibration is applied to the weld metal at the fre-
quency of 100 Hz as shown in Fig. 6b, considerable microstructural
changes are observed. First, the percentage of equiaxed dendritic
structures increases at the expense of dendritic grains and secondly, the
microstructure becomes finer. It seems likely that increasing number of
equiaxed dendritic grains is related to a decrease in G as a result of
stirring action of vibration which allows the hot liquid to mix with the
cool liguid in the weld pool hence reducing the temperature differences.
On the other hand, the microstructure refinement which is associated
with faster cooling rate obviously occurs in the vibrated weld despite all
welding parameters are maintained constant. The plausible explanation
is proposed as follow. The vibrational treatment can cause the move-
ment of dendritic grains hence allowing the grains to come into contact
with the cool liquid in the weld pool resulting in higher local cooling
rate. This increasing local cooling rate leads to grain refinement [10].
Another possible explanation is that vibration can cause cavitation and
under such a condition, the collapse of bubbles can cause negative
pressure. Accordingly, the melting temperature is increased resulting in
increased undercooling and nucleation [39,40].

The microstructural refinement continues to occur as the frequency
is increased up to 300 Hz resulting in much finer microstructure as
shown in Fig. 6c. However, as the frequency is increased up to 500 Hz
(Fig. 6d), a reversal effect is observed with some equiaxed grains are
replaced by fine columnar dendritic structures@Zrobably due to frag-
mentation of the equiaxed grains. In addition, another feature seen in
the microstructure is the presence of dark intercellular phases, probably
in the form of intermetallic compounds at interdendritic spacings. Such
intermetallic compounds are also found in 5083-H321 aluminium alloy
MIG weld metal under low frequency vibration [14].

Apart from the central part of the weld metals, microstru
amination was also carried out on partially melted zone (PMZ) as shown
in Fig. 7. It can be seen that PMZ in as welded condi exhibits
microstructure containing coarse equiaxed grains which are present
along the fusion boundary. This type of microstructure is known as a
non-dendritic equiaxed grain zone (EQZ). This phenomenon usually
occurs in the welding of certain aluminium alloys such as Sxxx seriesand
it has been reported that EQZ is produced through a heterogeneous
nucleation of w-aluminium on intermetallic particles during weld so-
lidification [41]. This report seems to be consistent with the micro-
structure in Fig. 7a in which each non-dendritic equiaxed grain of «
phase is seen to have a fine intermetallic particle within the matrix o.
This finding suggests that epitaxial nucleation mechanism on the HAZ
substrates as commonly observed in welding of aluminium alloys no
longer exists in this particular 5083-H116 alloy. In such a condition, the
growth of EQZ is followed by columnar dendritic structure towards the
centre part of fusion zone (FZ). Referring to Fig. 7b—d, it can be seen that
under vibrational treatment, the widths of EQZ in all vibrated welds are

| ex-
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reduced. It seems likely that under vibrational treatment, the interme-
tallic particl r the fusion line are swept by the liquid metal flow
towards the central region of the weld pool hence promoting the
nucleation of equiaxed dendritic structure. In addition, the width of EQZ
is reduced due to reduced number of intermetallic particles near the
fusion line. In such a condition, the epitaxial growth along fusion
boundary is operative.

a) as welded condition; (b), (), (d) vibration treated conditions at
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00 Hz, 300 Hz, 500 Hz respectively.
Hardness distribution

The hardness distributions of @weld joints under study are shown
in Fig. 8. It can be seen that 5083-H116 aluminium alloy base metal
(BM) has the average value of hardness around 110 VHN. The hardness
values of heat affected (HAZ) in all weld joints decrease as the
distance moves from the base metal towards the weld metal region and
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Fig. 8. Hardness profiles of the welded joints under study across WEL metal
(WM), heat affected zone (HAZ) and base metal (BM).

the lowest values of hardness are observed at the HAZ /weld metal (WNM)
boundary known as partially melted zone (PMZ). Subsequently, the
hardness values increase again in the weld metal region with the peaks
are present in the weld centre hence forming ‘W'-shaped hardness
profiles. Based on the results of microhardness measurements, the
widths of HAZ for all weld joints shown in Fig. 8 are relatively large,
around 8 mm, typical of welded aluminium alloys which have high
th conductivity.

eferring to Fig. 8, it can be seen that the introduction of vibration
tends to increase the hardness of weld metal and HAZ regions. According
to Tian et al. [21], the higher values of hardness in weld metal region
under vibrational treatment are associated with an increasing number of
dislocations which lead to the fo n of dislocation walls. Subse-
quently, these dislocation walls form low or high angle grain boundaries
and as a result, the grains are refined into small grains and subgrains.
Such a mechanism is referred to work hardening.

Tensile strengths

Fig. 9a shows typical engineering stress-strain curves for 5083-H116
base metal and the weld joints with and without vibration from which
their average yield strength (0,) and ultimate tensile strength (s,,) are
obf as shown in Fig. 9b and Table 3. The location of static fracture
for all weld joints under study is observed in the weld metal region
therefore, tensile rties measured in this investigation belong to
weld metal region. Referring to Fig. Ja, it can be seen that the effect of
vibration tends to increase the strengths of the weld metals accompanied
by increased modulus of elasticity, E as indicated by increasing slopes of
the linier segment in elastic region whereas the ductility values for all
welds expressed as percent elongation are relatively constants around

. However, the tensile properties of the welds are relatively lower
compared to the 5083-H116 base metal which has yield strength, ulti-
mate tensile strength and ductility of 230.0 MPa, 345.7 MPa and 15.6 %
respectively. er details of tensile properties of the welds can be

inFig. 9b and Table 3. It can be seen that as welded weld metal has
yield strength and ultimate strength of 124.5 MPa and 160.5 MPa
respectively. The introduction of vibration at the frequency of 100 Hz
significantly increases the strengths of the weld metal and the hiqt
strengths are observed in the weld vibrated at 300 Hz with its yield
strength of 170.7 MPa and ultimate tensile strength of 242.9 MPa which
are 37.1 % and 51.3 % higher than that of as welded weld metal
respectively. However, as the frequency is increasd@to 500 Hz, the
strengths of the weld tend to degrade, probably due to the presence of
intermetallic compounds at interdendritic spacings as discussed
previously.

The present investigation has confirmed that improved strengths of
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Fig. 9. (a) Examples of stress-strain curves for the weld joints and the 5083-
H116 base metal under study; (b) average yield strength, s, and ultimate ten-
sile strength, 5, obtained from the curves in (a).

Table 3
Tensilemngths of the welds.

Weld joint Yield srength, o, (MPa) Ultimate tensile strength, a, (MPa)
As welded 124.5 4+ 247 160.5 + 323

f =100 Hz 170.7 £ 138 229.7 + 31.0

f =300 Hz 1725 +122 2429 + 249

f =500 Hz 148.8 4+ 250 199.5 + 460

Base metal 230.0+£19 345.7 £ 3.1

the weld joints under vibrational treatment is a ted to the formation
of fine dendritic and equiaxed dendritic grains in the weld metal region
according to the Hall-Petch equation [42] as follow:
o, =0, + 72
where a, is the yield strength, ofis ;!le friction stress against dislocation
movement, k is constant which is related to the degree of dislocation
accumulation behind grain boundaries and d is the average grain
diameter. This finding is consistent with the previous works [16,22]
which state that the improved yield and ultimate strengths of the vi-

bration assisted weld joints are attributed to grain refinement due to
mechanical vibration effect.

(4)

Residual stress

In this work, residual stress behaviour of the welds is studied by
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comparing the weld vibrated at the frequency of 300 Hz and as welded
weld joint as the reference. This frequency is selected because it pro-
duces excellent strength as previously discussed and good fatigue per-
formance as will be discussed in section 3.6 and it is close to the
optimum frequency reported by Hsieh et al. [43]. Fiz. 10a shows lon-
gitudinal residual s profiles for as welded weld joint and the weld
vibrated at 300 Hz. In as welded condition, the tensile residual stress
with the magnitude of +24.9 MPa is formed at the centre of weld metal
(WM) region and it increases with increasing distance from the weld
centreline until the peak of residual stress, approximately +193 MPa is
achieved at fusion boundary followed by continuous drop along HAZ
and the base metal hence forming M-shaped profile. Such a M-shaped
residual stress profile is commonly observed in fusion welding processes.
The residual stress profile of the vibrated weld joint at 300 Hz is similar
to that observed in as welded weld joint in which both of them show
M-shaped profiles but they are diffe in term of the magnitude. The
introduction of vibration lowers the residual stress e weld region
resulting in compressive residual stress of —107.8 MPa at the central
region of the weld. Furthermore, the residual stress increases with
increasing distance from the centreline until a peak value of
+132.3 MPa is achieved in HAZ at the distance of 6 mm from the weld
centreline followed by continuous decrease towards zero at the region
near the plate side.

The distributions of transverse residual stress of the welds with and
without vibrational treatment are sho Fig. 10b. The central region
of the weld in as welded condition is marked by the presence of
compressive residual stress of —26.6 MPa. Subsequently, the residual
stress increases sharply across the weld region until a maxim ile
residual stress of 125.5 MPa is achieved at fusion boundary and its
adjacent HAZ region followed by slight decrease in tensile residual stress
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Fig. 1 Longitudinal residual stress; (b) transverse residual stress profiles

for the welded joints in as welded condition and vibrational treatment at 300
Hz. Notes: WM is weld metal, HAZ is heat affected zone and BM is base metal.
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up to +75.0 MPa within HAZ region. Outside , tensile residual stress
tends to be constant and it starts to decrease at the distance of 40 mm
from the well treline. Like the results of longitudinal residual stress
in Fig. 10a, the effect of vibrational treatment seems to move the
transverse resid@@l stress curve of the as welded weld joint towards
negative values resulting in higher compressive residual stress in the
weld centreline, typically —125.2 MPa @sults of these investigation
seem to confirm that the magnitudes of transverse residual stresses are
mlatlvelnower than that of longitudinal residual stresses. This is
because expansion and contraction/shrinkage during welding along the
transverse direction, i.e. perpendicular to weldline are lower than thatin
the longitudinal direction as reported iously [44]. Considering the
hardness profiles in Fig. 8, it seems that compressive residual stresses in
the weld region and HAZ under vibrational treatment (Fig. 10) corre-
sponds to increasing hardness in the regions. This finding seems to
suggest that the minimisation of residual stress under vibrational
treatment may take place by the formation of dislocations as reported
previously [21].

Q.n;gue crack growth rates

Fig. 11 shows fatigue crack gro behaviours of the weld metals
under study presented in the plots of fatigue crack growth rate (da/dN)
vs. stress intensity factor range (AK). In this work, 5083-H116 base
metal was also fatigue tested as the reference. It is seen that each da/dN-
AK curve in Fig. 11 starts to deviate from linearity (region IT) at da/dN of
10® m/cycle and it asymptotically approaches a limit at a certain AK
with decreasing da/dN. This condition gives an indication of the location
of threshold AK designated as AKy,. Therefore, it may be reasonable to
explain fatigue behaviours based on AK gpite AKyp was not measured
in the present investigation. Referring to Fig. 11, it can be seen that as
welded weld metal exhibits the lowest AK» among all welds under study
and it has the highest fatigue crack growth rates over entire AK region.
The introduction of vibration at the frequency of 100 Hz does not
significantly change AKy, but it causes the crack growth retardation at
lower AK, typically below 6.5 MPa \/m resulting in a plateau-like feature
at the growth rate around 1.23 x 10~® m/cycle then the crack growth
rate increases again on further increase in AK above 6.5 MPa+y/m. This
anomalous behaviour is often observed in a material having fine-grained
microstructure which acts as grain boundary barrier for the crack to
grow [45]. Subsequently, increasing the frequency at the level of 300 Hz
seems to increase the AKy,. However, undesirable effect occurs on sub-
sequent increase in the frequency up to 500 Hz with the da/dN-AK curve
is shifted to the left towards as welded weld joint's curve. Another
finding in this investigation is that the 5083-H116 base metal has the

1.0E-05
+ As welded
+f=100 Hz
- 1.0E-06 4f=300 Hz
_§ = f=500 Hz
-§‘_ o Base metal
=
D 1.0E07
S
1.0E-08
1.0E-09
1 10 100
AK (MPavm)

Fig. 11. Plots of da/dN vs. AK for the weld metals and 5083-H116 base metal.
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highest AK;, among all welds under investigation but unlike the vibra-
tion assisted weld at 100 or 300 Hz, 3-H116 base metal does not
show fatigue crack growth retardation in the early stage of crack growth.

The fatigue crack growth rates in region II fol#f3l) weld metal under
study in Fig. 11 shows linear behaviour and they can be approached by
Paris law as follow:

dajdN = C(AKY' (5)
where n and C are Paris constants. These Paris constani be deter-
mined by taking a trendline in the rq.(lm 1I for each curve and the results
are shown in Fig. 12 and Table 4 where n represents the slope of the
trendline and C is obtained as the line intersects the ordinate axis at AK

= ay'm.

g::rrmg to Fig. 12 and Table 4, it can be seen that the da/dN-AK
curve for as welded weld metal has the highest value of C, typically
9.673 x 10" with the nn value of 3.34. The application of mechanical
vibration at the frequency of 100 Hz tends to reduce the C walue
accompanied by a sharp increase in the slope of n around 5.76 and as a
consequence, the da/dN-AK curve of the vibrated weld is lower than that
of the weld in as welded condition at lower AK. However, the difference
between the two curves decreases with increasing AK. A further increase
in the frequency up to 300 Hz slightly increases da/dN with a reduced n
value suggesting that at higher AK, typically above 9 N[Pa\/m, the vi-
bration assisted weld at 300 Hz has better fatigue crack growth resis-
tance compared to the weld vibrated at 100 Hz. However, as the
frequency is increased to 500 Hg, the fatigue crack growth resistance is
reduced significantly with the trendline moves towards that of as welded
weld metal. In comparison with all weld metals under study, the 5083-
H116 base metal has moderate C and n values. The general conclusions
obtained from these fatigue studies are that the improved fatigue crack
growth resistances for the welds under vibrational treatment are mainly
attributed to their low C values (but higher values of n) su ing that
the fatigue crack growth retardation occurs at low AK or at the early
stage of crack growth. In a case as this, fatigue crack growth be-
haviours are controlled by microstructure and residual stress. It seems
that the improved fatigue crack growth resistance of the weld metals
vibrated at 100 and 300 Hz is associated with the refinement of
microstructure
may be argued that the lower fatigue crack growth rates in the two
vibrated welds are caused by their fine grained microstructures which
provide much more grain boundaries. These grain boundaries may act as
barriers making the fatigue crack difficult to propagate. In addition, the
equiaxed dendritic structures with their arms are oriented radially seem
to produce ‘interlocking structure’ which may inhibit the fatigue crack

equiaxed dendritic grains as the dominant phase. It
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Fig. 12. @uﬂines taken from stable crack growth region (region I) of da/dN
vs. AK curvesin Fig. 11.
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Table 4

Paris constants of the weld metals under study.
Weld joint C n
As welded 9.673 % 101 3.34
f =100 Hz 2.336 % 10 2 576
f =300 Hz 5.549 % 1012 4.32
f =500 Hz 5.698 x 10 ! 3.44
Base metal 3.819 « 10 ! 3.46

growth effectively. However, such a mechanism is not operative in the
weld vibrated at the frequency of 500 Hz due to microstructural change
with equiaxed dendritic structure is replaced by columnar dendritic
structure accompanied by the occurrence of intercellular phases at
interdendritic spacings as shown in Fig. 6d.

Unlike weld metal region, the 5083-H116 base metal has micro-
structure containing fine grains which elongate along the rolling direc-
tion, typical of wrought products as shown in Fig. 4. As commonly found
in the welding of non-heat treatable 5083-H116 base metal, MIG weld
joints which can be considered as cast products have lower mechanical
properties compared to their base metal as shown in the results of
microhardnesss and tensile tests in Figs. 8 and 9 respectively. However,
from the view point of fatigue performance, the weld joint under in-
process vibrational treatment at the frequency of 100 or 300 Hz could
have better fatigue crack growth resistance at lower AK compared to its
50813-H116 base metal. This fatigue crack growth retardation could be
linked to compressive residual and its mec is proposed as follow.
Based on the previous reports [23,46-48], the presence of residual stress
modify both stress ratio R and fatigue crack growth rate, da/dN as given
by:

dafdN = C(AK 4)" 6)
Kiin + K
Ry = Ko + Ko )

where Ky and Kyin are maximum and minimum stress intensity factors
respectively whereas R,y and K, are stress ratio and stress intensity
factor respectively wifgfl incorporate residual stress. The term of AK,¢
in Eq. (6) is effective stress intensity factor range due to residual stress
which is defined as:

ARy = (K + Kirea) — (K + Kiew) = K — Ko = 4K (8)

According to Eq. (8), the effect of residual stress on AKf seems to
have disappeared with the resultant similar to that given in Eq. (5).
This is because the residual stress is a mean stress effect, i.e. the residual
stress changes the mean stress (s,,) but it does not affect tress
amplitude (s,). This means that AK is not dependent on the 8idual
stress and only the stress , R is affected as given in Eq. (7). However,
in the condition in which the stress ratios, R is low, the residual stress is
compressive and the contribution of crack closure effect is significant as
is the case for the vibrated weld in Fig. 10, then Eq. (8) is no longer valid
so that corrections are required as suggested by Lados and Apelian [49]
as follow:

AR,y = Ko + Koy — K = AK + K., 9)
where AK, ., is the residual stress-corrected stress intensity factor range.
ThefZfrrection in Eq. (9) is made by adding K, to K,,,,, only because as
the crack is fully open, there is no contact between the fatigue fracture
surfaces and in such a condition, the superposition principle may apply.
However, [(le similar correction can not be applied to Kpin since
nonlinear contact in the crack wake has occurred due to other closure
mechanisms such as a roughness. Therefore, according to Eq. (9),
compressive residual stress which gives negative value of K, will
reduce AKy,; (or AK g in Eq. (6)) hence lowering da/dN. In other words,
the weld fatigue crack growth resistance is improved if the residual
stress is compressive. Of note is that Eq. (9) is valid when the value of
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K,m-ngelow the stress intensity factor which corresponds to the opening
, Kegp. Such a condition is fulfilled when the residual stress is
compressive and stress ratio, R is low.

To gain comprehensive understanding to fatigue crack growth
mechanism of the welds under in-process vibrational treatment, SEM
fractographic studies are also conducted by comparing the vibrated weld
at the frequency of 300 Hz and the weld in as welded condition. This
frequency is selected because iffkovides the best fatigue crack growth
resistance. Referring to Fig. 13, it can be seen that fracture surface of as
welded weld metal shows cleavage fracture wi e secondary crack is
observed, typical of brittle fracture. In contrast, striation like appearance
is obsel in the weld vibrated at the frequency of 300 Hz suggesting
that this weld metal has better fatigue crack growth resistance.

Mechanisms of vibration stress relieving

Factors affecting stress relieving under vibration have been proposed
by Aoki et al. [50]. According to the authors, the system of plate under
transversal vibration is assumed to be a spring having a single degree of
freedomff¥ the spring is deflected by Z° from its equilibrium position
then the ratio of residual stress after vibration (o) to initial stress (oy;) is

given by:
7+ 7
HE i S
[(-2)+(+2)]
whereZ; and Z, is permanent deformation of the spring in one direction

and its opposite direction respectively. From this model, it can be seen
that deformation which in turn amplitude of excitation plays an

Ty =05
T i

(10)
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Fig. 13. SEM fractographs of the weld metals in: (a) as welded condition, (b)
vibration treated condition at the frequency of 300 Hz.
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important role in releasing residual stress with high amplitude tends to
effectively rel residua stress. Of note is that according to this model,
the reduction of residual stress does not strongly depend on excitation
frequency.

In the present study, the modification of residual stress under
vibrational treatment during welding is reviewed by considering ther-
mal stress due to expansion/ contraction during welding and mechanical
stress induced by vibration. The thermal stress formed immediately after

welding due to longitudinal shrinkage (a;) as shown in Fig. 14a is given
by [25]:

argul
a, = i peA 11

where ay is thermal expansion coefficient, q,, if#kat input, p is density, ¢
is specific heat capacity, E is elastic modulus, g is longitudinal stiffness
factor and A is cross sectional area. On the other hand, the longitudinal
stress under vibrational treatment (o,) for simply supported rectangular
plates having the dimension of a in length, b in width and h in thickness
as shown in Fig. 14b is determined by [30,51]:

{E + v

d_i.Z
where w is plate deflection, v is Poisson’s ratio an!z is the distance from
the neutral axis to the point at which the stress is calculated. Subse-

quently, the plate deflection, w is determined using the following
equation:

wley0) = 3 3 Walx )Fulr)

=1 k=

Fw
dr!

Ez
[y

1-R

(12)

(13)

E | jax | kay
Wilx,v) = ( )e;m‘f—‘ sin——
v/;}ub

a b (14)

where Fi(t) is a loading function for the plate loaded harmonically at
one point. Referring to Egs. (12-14), it can be seen that the plate

Fig. 14. (a) Longitudinal shrinkage of a welded plate with a length of L (b)
schematic of displacement-strain for a plate under vibration.
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deflection which determines the longitudinal stress is dependent on the
plate dimension, thermal material characteristics and excitation fre-
quency. Subsequently, the interactions between thermal stress due to
local heating during welding and mechanical stress induced by vibration
could reduce residual stress resulting low tensile residual stress or even
compressive residual stress in the weld region and HAZ.

The present work has shown the possible correlation between re-

sidual stress and hardness in the vibrated weld joints. It seems likely that
dislocations induced by vibration play an important role in the modifi-
cation of residual stress. Therefore, further studies on dislocations needs

to

be conducted.

Conclusions

The present work has experimentally investigated strength and fa-

tigue crack growth properties of metal inert gas (MIG) 5083-H116
alumini oy welded joints under in-process vibrational treatment

and the tollowing conclusions are drawn from this study.

(1) The application of vibration at low frequencies, typically in the
range of 100-500 Hz to MIG welding of AA5083-H116
aluminium alloy causes two microstructural changes, i.e. grain
refinement ac nied by an increase in the amount of equi-
axed structure in the central region of the weld metal at the
expense of dendritic microstructure.

(2) Higher strengths are observed in the vibration assi welded
joints, especially at the frequency of 300 Hz with the increase in
yield strength and ultimate tensile strength up to 37.1 and 51.3 %
respectively in comparison with the weld in as welded condition.
These strength improvements are related to fine grained micro-
structure in the vibrated welds according to Hall-Petch relation-
ship. However, the strengths are degraded as the weld metal
microstructure contains intermetallic compounds which are
precipitated at interdendritic spacings at higher frequency, typi-
cally 500 Hz.

(3) The hardness in the weld region and HAZ of the weld joints under

in-process vibrational treatment tends to increase. This

increasing hardness is associated with compressive residual stress
in both regions.

The grain refinement and reduced residual stress resulted from

in-process vibrational treatment are likely to be the main factors

improving weld fatigue crack growth resistance. However, more
works would be required in the future to clarify this finding.

(4)
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