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Abstract: The microstructure and mechanical properties of the gas tungsten arc welded cast A356 alloy were investigated with fillers
ER1100, ER4043, ER4047 and ER5356 under the pulse frequencies of 1, 3 and 5 Hz. Results showed that the filler metal and pulse
frequency affected the grain structure of fusion zone considerably. The highest fraction of eutectic (44%) was formed with filler
ER4047. Tensile fracture of all specimens indicated that fracture did not occur in the fusion zone. The greatest impact toughness
(about 4 J) was achieved for the welds with filler ER4047 while the largest hardness (HV 90) was obtained with filler ER5356.
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1 Introduction

Cast A356 Al alloys have widespread applications
in general engineering applications, particularly in the
automotive and aerospace industries. This is due to their
outstanding castability, corrosion resistance and high
specific strength. Cast A356 alloy is an Al-Si—Mg
system whose basic alloying elements are Si (6.5%—7%,
mass fraction) and Mg (0.2%—0.4%, mass fraction). The
effects of silicon are the enhancement of casting
characteristics and improvement of the fluidity, hot crack
resistance and feeding characteristics of the cast alloy. In
addition, Mg causes the increase in the specific strength,
which is the basis for mechanical properties of the alloy.

Many industrial purposes imply that Al castings
need to be welded to themselves or to the wrought alloys.
To date, many works have been focused on investigating
the welding characteristics of the wrought Al-Si—Mg
alloys [1-6]. Among the many welding techniques,
friction stir welding is the most common method for
welding of the cast A356 alloy to itself or to other Al
alloys [ 7—11 ]. Nevertheless, only slight attempts
have been made for welding of the cast A356 alloys by
laser welding [12,13] and gas tungsten arc (GTA)
welding [14,15].

HWANG et al [ 14] investigated the effect of
welding parameters on the quality of the GTA welded
A356 alloy. A squeeze-cast A356 alloy was used as their
initial material. They reported that squeeze casting,
which is a combination of casting and forging processes,
is beneficial for poor castability alloys and displays good
mechanical properties. Their results indicated that a great
amount of porosity is formed in the fusion zone of the
squeeze cast A356 alloy before T6 heat treatment. In
addition, filler Al-5Mg significantly decreased the
number of pores compared to the welds with filler
Al-5Si. RATNAKUMAR and SRINIVASA RAO [15]
studied the corrosion behavior of the weld metal,
partially melted zones and heat-affected zones of GTA
welds in A356 alloy with different prior thermal tempers.
They used the continuous and pulsed current GTA
welding techniques and showed that the partially melted
zone of the welds was attacked severely. They found that
pulsing technique could decrease the severity of
corrosion in the partially melted zone. In addition, they
found that the prior thermal condition influenced the
corrosion of heat- affected zones of welds.

Apart from the mentioned previous works, the
welding characteristic of the cast A356 Al alloy has been
rarely reported and still needs further investigation.
Accordingly, in the present work, GTA welding was used
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for joining of the cast A356 alloy. A356 alloy was made
by sand casting method. The effects of filler metal and
welding frequency on the microstructure and mechanical
properties of the weld bead were examined.

2 Experimental

A356 alloy was cast by sand casting method. The
molten alloy was modified by strontium (Sr) to control
the size and morphology of eutectic silicon and improve
the properties of the alloy. The as-cast ingots were
machined into rectangular plates of 100 mm x 50 mm X
5 mm. A pulsed current GTA welding machine was used
in this work. The A356 Al alloy plate was joined through
single-pass welding. Based on the capacity of welding
machine, three pulse frequencies of 1, 3 and 5 Hz were
chosen. Welding was carried out with filler metals
ER1100, ER4043, ER4047 and ER5356. The fillers were
chosen based on the work of CAO and KOU [16] who
investigated the liquation cracking in the welds of cast
A357 alloy. The chemical composition of the as-cast
specimen and the filler metals are presented in Table 1.
For the present investigation, the current pulsing was
used for GTAW of cast A356 alloy. The pulsed current
technique has the advantages of controlling the
microstructure, reducing grain size and improving the
mechanical properties [1,4,5,17 ]. The welding
parameters of GTA welding are presented in Table 2. The
photograph of the plates and groove before welding, the
macrograph of the real cross section of the weld and the
dimension of the groove are shown in Fig. 1.

Table 1 Chemical composition of base metal and fillers used
in this work (mass fraction, %)

Element A356 ER1100 ER4043 ER4047 ERS5356
Si 7.15 - 5.2 12 -
Mg 0.32 - - - 5
Cu 0.1 0.12 - - -
Mn 0.005 - - - 0.12
Ti 0.14 - - - 0.13
Cr 0.006 - - - 0.12
Fe 0.12 - - - -
Zn 0.04 - - - -
Ni 0.007 - - - -
Sr 0.026 - - - -
Al Bal. Bal. Bal. Bal. Bal.

The microstructure in the weld bead was studied by
the optical and scanning electron microscopes (SEM)
equipped with energy dispersive X-ray detector (EDX).
It is noted that the samples were prepared from the center

Table 2 Welding parameters supplied in this work

Process parameter Value
Electrode 98% W+2%Zr
Electrode size/mm 3.15
Filler metal diameter/mm 2.4
Shielding gas Argon
Shielding gas flow rate/(L-min ") 18
Welding speed/(cm'min ") 10
Peak current/A 180
Base current/A 70

J1.6mm

t

Fig. 1 Photograph of plates and groove before welding (a),
macrograph of real cross section of weld (b) and schematic
illustration showing dimension of groove (c)

of the plate thickness, approximately along the dash
point shown in the real cross section. All samples were
etched in 5% HF solution for 20 s. Image analysis of
micrographs of the weld metal was carried out by image
analyzing software (Image Tool).

The Vickers microhardness was used for hardness
testing. The hardness measurements were taken by
applying a load of 100 g for 10 s from the fusion zone to
the base metal. Tensile tests were conducted by a
computer-controlled universal testing machine with a
crosshead speed of 2 mm/min. Impact test was conducted
by a Charpy impact test machine. The location and
configuration of the specimens used for mechanical
testing are shown in Fig. 2.
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Fig. 2 Schematic illustration of welded plate and location of

specimens extracted for mechanical testing (a), and
configuration of tensile (b) and impact test specimens (c),

respectively (unit: mm)

3 Results and discussion

3.1 Microstructure

The phase behavior of AI-Si system provides a
eutectic reaction in which the alloy containing about
12% Si has the eutectic composition. A356 alloy with
7% Si is a hypoeutectic alloy whose Si content is less
than the eutectic composition. Therefore, the liquid
begins to solidify at the liquidus temperature, producing
primary phase a. Solidification is completed after going
through the eutectic reaction, leading to a microstructure
with a primary phase o and a eutectic structure. The
effect of Sr on the size and morphology of eutectic
silicon particles is very significant. Strontium changes
the morphology of the silicon particles in the unmodified
alloy to a fibrous form and also decreases the mean
aspect ratio and size of the eutectic particles [18]. In
general, the weld bead can be divided into four regions:
fusion zone (FZ), partially melted zone (PMZ), heat
affected zone (HAZ) and base metal (BM). BM is a part
of the specimens whose microstructure is not changed
due to the heating effects. The microstructure consists of
the coarse dendrite of primary a(Al) and eutectic mixture
of Al and Si, which forms between the dendrite arms
spacing. Figure 3 shows the micrographs of weld bead
covering from FZ to BM after being welded with
different fillers.

Fig. 3 Micrographs of weld bead under pulse frequency of 3 Hz with filler ER1100 (a), ER4043 (b), ER4047 (c) and ER5356 (d)
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All zones consist of a primary a(Al) (bright region)
which is a solid solution rich in Al and a eutectic mixture
of Al and Si (dark region) that solidifies between the
dendrite arm spacing. FZ appears as a fine dendrite
structure because of the high cooling rate during
solidification. PMZ, HAZ and BM are formed to the
right of FZ, respectively. It is observed that the
microstructure appearance in PMZ, HAZ and BM is
approximately identical for all fillers at the magnification
shown in Fig. 3. Nevertheless, the microstructure of the
FZ is significantly affected by changing the filler metals.
The microstructures of the joint are investigated in detail
as explained below. SEM image of the microstructure
near the boundary line of the PMZ and HAZ is shown in
Fig. 4.

=

_i" _Eutectic in HAZ +

Fig. 4 SEM image of weld (with filler ER4043 under frequency
of 3 Hz) near boundary line of PMZ and HAZ

It is seen that the AIl-Si eutectic in the HAZ is
coarser than that in the PMZ. In addition, Al and Si in the
eutectic mixture of the HAZ appear more distinct.  This
is because, in the HAZ, the alloy is heated to just below
the eutectic temperature, causing it to coarsen and
separate into the Al matrix and Si particles. The PMZ is a
region adjacent to the FZ where the eutectic mixture
melts during welding because of heating above the
eutectic temperature. The PMZ consists of a dendrites
and interdendritic eutectic similar to HAZ. However,
contrary to the HAZ, the eutectic structure is finer in
PMZ. In other words, Si in the eutectic mixture breaks
into somewhat finer particles and disperses more
uniformly due to the liquation of the eutectic and rapid
solidification rate in PMZ. The microstructural details of
the PMZ are presented in Fig. 5. SEM image in Fig. 5
indicates that, in addition to the primary Al and eutectic
mixture, another morphologically distinct phase
(indicated by arrow) can also be observed. According to
the EDX results and the findings published in the
literatures [18—20], this phase may be fS-phase (AlsFeSi)
intermetallic. The intermetallic phase may be the
products of the eutectic reactions whose formation

(b)

Al Element w/% x/%

Al 66.97 723
Si 19.55 20.27

Mg 0.59 0.71

Fe 12.89  6.72

Mg Si
Fe ‘ Fe Fe
0 5 10
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Fig. 5 Typical SEM image in PMZ (a) and EDX analysis
corresponding to phase indicated by arrow (b)

depends on the cooling rate and the amounts of each
constituting element [15].

Figure 6 shows the optical micrographs of the FZ
after being welded with different fillers and frequencies.
The microstructure of FZ reveals primary a(Al) formed
as dendrites and the interdendritic eutectic mixture. The
results show that filler metal and pulse frequency
significantly affect the grain structure of FZ. For a given
filler metal, the primary a(Al) in the FZ becomes finer
and roughly equiaxed when the pulse frequency
increases from 1 to 5 Hz. The increase in pulse frequency
also causes the decrease in area fraction of eutectic to
some extent. In general, the turbulence in the weld pool
increases with increasing the pulse frequency. This can
promote the fragmentation of the growing dendrites
which in turn can lead to the refinement of the grain
structure [5]. Figure 6 also reveals that, for a given
frequency, the amount of a(Al) dendrites and eutectic
mixture is changed for the welds with different filler
metals. The volume fractions of the eutectic mixture,
determined by the image analyzer software, are 18% for
filler ER1100, 35% for filler ER4043 and 44% for filler
ER4047. The microstructure of the weld metal is affected
by filler metal and BM composition as well as the
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(c, £, 1, 1): (a, b, ¢) ER1100; (d, e, f) ER4043; (j, h, i) ER4047; (j, k, I) ER5356

dilution ratio. According to lever rule, the fraction of the
eutectic mixture increases with increasing the Si content
in the FZ.

The highest fraction of eutectic is formed in the
welds with the filler ER4047, which has the largest
amount of Si. Although, filler ER1100 does not contain
any Si element, however, the microstructure of the welds
made with this filler shows a small fraction of eutectic
mixture. This can be attributed to the slight dilution of
the BM into the weld. It is noted that the eutectic
constituents in FZ of the welds made with filler ER5356
may be somewhat different because of the Mg content
(about 5% Mg). Therefore, SEM image and EDX
analysis (Fig. 7) were used to observe the microstructure
of these welds at higher magnifications and to analyze
the chemical composition of the exhibited points in the
microstructure. The results indicate that the composition

at the point 4 contains Al and Mg while the composition
at point B consists of Mg and Si. To identify the type of
phases, further structural information is needed.

The effect of pulse frequency on the microstructure
of the HAZ is presented in Fig. 8. Contrary to the FZ, it
is seen that the pulse frequency does not have any
significant effect on the microstructure of the HAZ. This
may be attributed to the fact that the heat input for these
frequencies is approximately the same, giving no
considerable structural change in the HAZ.

3.2 Mechanical properties

The effect of filler metal, pulse frequency and the
distance from the weld pool on the hardness is presented
in Fig. 9. Generally, for a given filler and frequency, the
hardness of the FZ is higher than that of other zones.
This is because FZ has a fine dendrite and eutectic
structure owing to high cooling rate during solidification.
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Fig. 7 SEM image in FZ of welds with filler ER5356 under
frequency of 3 Hz (a) and EDX analyses corresponding to
exhibited points 4 (b) and B (c)

It is observed that in the welds with filler ER5356,

the hardness in PMZ decreases compared with that of FZ.

This may be due to the depletion of the intermetallic
precipitates in the PMZ. Conversely, in the welds with
fillers ER1100, ER4043 and ER4047, no significant
change is observed between the hardness of the FZ and
PMZ, particularly at higher frequencies. The lowest
hardness is measured in the HAZ (HV 50—60) for all
fillers and frequencies due to the heat effects that impose

PUeL Y . & T

Fig. 8 Optical micrographs in HAZ with filler ER4043 under
frequency of 1 Hz (a), 3 Hz (b) and 5 Hz (c)

into the HAZ.

Generally, the hardness measurements indicate that
filler metal can affect the hardness value, particularly in
FZ. In this region, the hardness of the welds with filler
ER5356 is larger than that of the others, particularly at
high frequencies. This can be attributed to the fact that
filler ER5356 contains large amount of Mg (about 5%)
compared with the other fillers. In general, Mg has a
significant effect on the eutectic structure. In addition,
the Mg content can remarkably increase the size and
volume fraction of the intermetallic. It has been reported
that the size and amount of the intermetallic phases
depend on the Mg content and the cooling rate during
solidification [18,20]. The presence of the intermetallic
phases in FZ of the welds with filler ER5356 has been
confirmed in the previous sections by SEM/EDX results
presented in Fig. 7. These results are consistent with
those of HWANG et al [14] where they compared the
hardness of the squeeze-cast A356 with fillers ER5356
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Fig. 9 Microhardness profiles of weld bead with different fillers
under frequency of 1 Hz (a), 3 Hz (b) and 5 Hz (¢)

and ER4340 under different heat treating conditions.

The hardness results also reveal that among fillers
ER1100, ER4043 and ER4047, the largest hardness in
FZ is measured for the welds with fillers ER4047 (about
HV 70). The difference in the hardness of the welds
when using these fillers results from the difference in the
fraction of eutectic mixture. Generally, the hardness of
the Al/Si eutectic is larger than that of a(Al) because of

the Si particles in eutectic. Therefore, the hardness rises
with increasing the fraction of the eutectic. The largest
fraction of eutectic structure (44%) is formed in the weld
with filler ER4047. Accordingly, its hardness is larger
than those of the welds with fillers ER1100 and ER4043.

Figure 9 also indicates a large variation in the
hardness of the BM while the hardness of the FZ shows
more uniform values. It has been pointed out that the
hardness of the BM depends on the position of the
hardness indenter [7,13], because the a(Al) grain size in
BM (about 100 pm) is much larger than the Vickers
indenter size. If the indenter is located on the primary
o(Al) phase, which is softer than the eutectic mixture, a
lower hardness is measured, while when the indenter
penetrates into the eutectic, the hardness is higher.
Nonetheless, an intermediate value of the hardness is
achieved when the indenter is located on both a(Al)
dendrites and the eutectic. Hardness measurements also
indicate that the pulse frequency does not have a
significant effect in the welds that used fillers ER1100,
ER4043 and ER4047. However, for the welds with filler
ER5356, the effect of pulse frequency is more
considerable, particularly in the FZ. For this filler, the
hardness of the FZ increases from about HV 82 to about
HV 90 when the pulse frequency increases from 1 Hz to
5 Hz.

The effect of filler metal and pulse frequency on the
impact toughness is illustrated in Fig. 10. The results
show that the weld with filler ER4047 has the largest
impact toughness (3—4 J). In general, the impact
toughness of the Al/Si eutectic is larger than that of the
o(Al) dendrites because of its lamellar structure. The
largest volume fraction of eutectic (44%) is formed in
welds with filler ER4047, whose Si content is 12%,
leading to the highest impact energy. The least amount of
impact toughness is observed for the welds with filler
ER5356 whose impact toughness is about 1 J for all
frequencies. This can be attributed to the formation of the
intermetallic phases in the FZ during solidification. It has
been reported that pores with greater volume fraction can
be produced in the welds with filler ER5356 compared to
the welds with filler ER4043. The formation of these
pores can also cause the decrease in the impact toughness
of the welds [14]. No significant effect of the pulse
frequency on the impact toughness is observed in welds
with filler ER5356. However, in welds with the fillers
ER1100, ER4043 and ER4047, the impact toughness
increases slightly with increasing the pulse frequency.
This can be attributed to the fact that the microstructure
of the welds that utilize higher frequency is finer and
more equiaxed, leading to the higher impact energy.

The photograph of the fractured samples after
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Fig. 10 Variation in impact energy with filler metal and pulse
frequency

tensile tests is shown in Fig. 11. It is somewhat difficult
to find the weld line from Fig. 11. However, according to
the dimension of the groove (Fig. 1), the total groove
width is about 4 mm that is 2 mm away from the center
of the sample gage length. Considering the total gage
length after fracture (about 32 mm) and the approximate
position of the centerline (Fig. 11), it can be concluded
that fracture must occur in a region other than FZ (more
probably in the HAZ). The engineering stress—strain
curves of the welds with different fillers and frequencies
are presented in Fig. 12. The tensile test results show that
the strength and elongation for all specimens are
approximately the same, about 120 MPa and 6%,
respectively. These results also confirm that the fracture
cannot take place in the FZ, because its microstructure is
changed with altering the welding conditions (Fig. 6).

Fig. 11 Photograph of tensile test specimens welded under
different conditions

It has been shown that the tensile properties of the
A356 alloys depend on the size and shape of the silicon
particles in the eutectic mixture [ 21 ]. Briefly, the
mechanism responsible for damage process in A356
alloys includes three stages [ 18 ]: particle fracture,
microcrack formation, and linkage of microcracks. It has
been pointed out that due to the inhomogeneous plastic
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Fig. 12 Typical engineering stress—strain curves of welds with
different fillers and frequencies: (a) 1 Hz; (b) 3 Hz; (c) 5 Hz

deformation, the internal stresses can be induced in the
eutectic Si particles [22 ]. When the internal stress
developed in the particle reaches the particle fracture
strength, the fracture of the particle takes place. In the
second stage, the adjacent microcracks join and form
larger microcracks. Final fracture of the alloy occurs
when the amount of deformation reaches a critical value
and the alloy fails by rapid linkage of microcracks. In the
presence of casting defects, the tensile fracture of A356
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alloy can also be affected by shrinkage defects that
originally exist in the BM. These defects act as a location
for crack nucleation and growth. Figure 13 illustrates a
typical shrinkage defect as well as dendritic arms
observed on tensile fracture surface of the weld with
filler ER1100.

Shrinkage-defects

Fig. 13 Typical tensile fracture surface of welded cast A356
alloy with filler ER1100 under frequency of 5 Hz

4 Conclusions

1) The microstructure of the BM consists of coarse
dendrite of a(Al) and eutectic mixture. In the HAZ, the
eutectic structure coarsens and separates into an Al
matrix and Si particles. In the PMZ, Si particles in the
eutectic break into somewhat finer particles.
Intermetallic phases are formed in the eutectic structure
of the PMZ.

2) The FZ appears as a fine dendrite structure. The
highest fraction of eutectic in the FZ is formed with filler
ER4047 (44%) that has the largest amount of Si. The
primary a(Al) in the FZ becomes finer and roughly
equiaxed when the pulse frequency increases from 1 to 5
Hz.

3) The lowest hardness is measured in the HAZ
(HV 50-60) for all fillers and frequencies due to the heat
effects. The hardness of the welds with filler ER5356 is
higher than that of the others, particularly in the FZ. The
greatest hardness (HV 90) is achieved in the welds with
filler ER5356 and pulse frequency of 5 Hz. The welds
that use filler ER4047 gives the largest impact toughness
(3—4 J). Tensile testing of the welds indicates that

fracture does not occur in the FZ.
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O ERkPSE A 1. 3 M5 Hz &4 F, KM ER1100. ER4043. ER4047 # ER5356 BRI A356 #5550 &
SHHT AR R, R T 1R EL A B VR S e RE . PG IR, SRR AT A 4R X
(AR 23 BB . SR ER4047 J5URLAT 7531 B s (AR 0 B 3L i A1 23(44%) o BRE IR BT 1 2 A KT 2R
RAAEIEIRIX . SR ERA047 #RL a £3 B o Kb B4 7), 1R Al ER5356 SEREAT 45 3 oK 8 E(HV 90).
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