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Effect of pre/post T6 heat treatment on the mechanical properties
of laser welded SSM cast A356 aluminium alloy
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bstract

Aluminium alloy A356 was treated by the Rheo semi solid metal (SSM) process, developed recently by CSIR-Pretoria, and cast in plates using
high pressure die casting (HPDC) machine. Plates in as cast condition (F) and heat treated T6 condition (pre HT) were butt welded, using an
d:YAG laser. In another experiment, as cast welded samples were heat treated to T6 condition (post HT). The base metal and weld microstructures

ere presented. The effect of heat treatments on microstructure and mechanical properties of the welds was investigated. It was found that the fine
endrite structure of the weld metal contributed to the mechanical properties of the joint. The mechanical properties of the post HT samples were
ound to be higher than the pre HT and as cast materials.
 2006 Elsevier B.V. All rights reserved.

etals;

b
l
m
w

w
i
w
c
w
[
j

2

eywords: Laser; Welding; Aluminium; Alloys; SSM cast A356; Semi solid m

. Introduction

There are two types of semi solid forming technologies avail-
ble at present, Rheo and Thixo casting. Rheo casting involves
he preparation of SSM slurry directly from liquid alloys by
tirring during solidification and casting the slurry with a HPDC
achine directly into a die for component manufacturing. Thixo

asting is a two step process, which involves the preparation
f a feedstock material with thixotropic characteristic (globular
icrostructure), and reheating of the material to semi solid tem-

erature to produce SSM slurry to be used to form components
1,2].

Laser welding is widely used in industrial production owing
o the advantages such as low heat input, high welding speed,
igh production rate, etc. [3,4]. The automobile industries are
ncreasing the use of aluminium alloys because of the greater

emand for lightweight and high strength materials resulting in
educed fuel consumption. Welding of aluminium alloys poses
any problems like porosities, blowholes and cracks in the weld
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ead [5]. Due to the unique processing advantages offered by
aser welding, the technique is used to weld SSM cast alu-

inium A356 alloy with the aim of producing a weld seams
ith acceptable properties.
The purpose of this work is to evaluate the effect that laser

elding has on the mechanical properties of the SSM A356 alloy
n as cast (F) and heat treated T6 condition. The alloy A356
as chosen because it is commonly used in many automotive

omponents, such as suspension, driveline, and engine parts,
here increased durability and reliability are always desirable

6]. Microstructure, hardness and tensile properties of the weld
oint have been studied and the results are reported.

. Materials and methods

The SSM A356 aluminium plates (4 mm × 80 mm ×
00 mm) were cast in steel moulds with a 50 tonnes HPDC
achine. The CSIR rheo-process and equipment were applied

or the treatment of liquid metal to semi solid temperature [7].
he welding was performed using a 4.4 kW Rofin Sinar DY 044
d:YAG laser that employed a HIGHYAG ASK welding head

ounted on a KUKA KR60L30HA robot. A 600-�m fibre was

sed for beam delivery. The beam was focused onto the work
iece by a lens of 200 mm focal length. The final spot size at
he work piece was 0.6 mm. A twin spot configuration was used
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The microstructure of the as cast (F) base metal and weld
fusion zone is shown in Fig. 4a and b. The microstructure of the
Fig. 1. Configuration of twin spots.

ith the twin spots orientated in line with welding direction. The
entre-to-centre distance between the twin spots was 0.49 mm.
he spot configuration is shown in Fig. 1. The use of dual beam
onditions ensures a larger weld pool, facilitates the porosity’s
jection and stabilizes the keyhole as compared with single beam
onfigurations.

For each weld the specimen was clamped on a fixed table
nd the focused beam was moved over the sheet. A shielding
as mixture of argon and helium in the ratio of 2:1 was used
uring the welding process. This provided an inert shield over
he hot reactive weld. The gas flow rate was 20 l/min. Helium is
onsidered to be a good shielding gas in laser welding because
igh ionisation potential offers resistance to the formation of
lasma. Helium is however lighter than air and substantial flow
ates are required to produce adequate shielding. Argon on the
ther hand is heavier than air and provides better shielding. It is
owever more prone to plasma formation and because it is much
eavier than helium it transfers more momentum to the weld
ool. In the case of aluminium the weld metal has low viscosity
nd is easily disturbed. We believed that a mixture of helium
nd argon would strike an optimum compromise between the
equirements of plasma prevention, shielding and the sensitivity
f the low viscosity melt pool to mechanical disturbance.

The welding speed was varied for each experimental weld.
fter the welding process, the welded specimen were sectioned,
round and polished. The weld microstructure was observed
y optical microscopy after etching with Keller’s solution. X-
ay analyses were also performed through out the length of the
eld to investigate the presence of porosities. A micro-hardness

ester was used to measure the hardness. The tensile tests were
erformed on a Lloyd M100K machine.

. Heat treatment

To obtain the T6 heat treatment condition, the as cast and
elded samples were solution treated at 540 ◦C for 6 h and then
ater quenched before artificially aged at 160 ◦C for 6 h.

. Results and discussions

.1. Laser welding
Laser welding of the SSM A356 aluminium alloy was per-
ormed. A range of welding parameters was used for the bead
n plate welding. Fig. 2 shows the relationship between welding
peed and depth/width of the weld in SSM aluminium. Generally

F
3

ig. 2. Welding speed vs. depth/width for welding SSM aluminium A356, laser
ower 4 kW, sheet thickness 4.2 mm, spot separation 0.49 mm.

he depth and width decreases as the welding speed is increased.
t is customary to define the width of the weld as the widest part
f the weld metal. This normally occurs at the weld face, i.e. top
urface of the substrate. It is generally accepted that the width of
he weld increases as the heat input increases. This is often the
ase when the available laser power is not quite sufficient to give
he required penetration and speed has to be reduced in order to
nsure full penetration. We believe that this is the reason for the
elatively wide welds. Because of the fact that a 600-�m fibre
as used the power density was too low for full penetration at
igh speed. Full penetration could only be obtained at a speed
hat corresponded to a heat input that was too high. Fig. 3 shows
weld profile made by joining two sheets in butt configuration
sing optimal parameters.

The composition of the base and weld metals are given in
able 1. It can be seen that there is not a significant change in

he composition after welding.

.2. Microstructure
ig. 3. Weld profile of aluminium alloy in butt configuration: laser power,
.8 kW; speed, 1.92 m/min; spot separation, 0.49 mm; sheet thickness, 4.0 mm.
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Table 1
Percentage composition of the weld

Sample Element

Al Si Mg Fe Ti Cu Mn Cr Ni Sr

Base metal Balance 7.23 0.38 0.16 0.107 ≤0.005 ≤0.005 ≤0.005 ≤0.005 0.039
Weld metal Balance 7.10 0.36 0.15 0.105 ≤0.01 ≤0.005 ≤0.005 ≤0.005 0.025
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Fig. 4. Microstructure of as cast SSM A356

ase metal consists of primary phase �-Al and a eutectic mixture
f Al and Si. The �-Al phases are globular with average grain
ize of 90 �m. The eutectic of the A356 is also characterised by
hases containing Si, Fe and Mg. The shape of these constituents
s elongated and irregular as in a typical eutectic structure. The
eld fusion zone (Fig. 4b) consists of a finer dendrite structure,
ue to high cooling rate during solidification. The dendrite length
anges from 10 to 15 �m. The �-Al solidifies as fine dendrites
hile the eutectic solidified between the dendrite arm spacing.
Fig. 5 shows the microstructure of A356 aluminium alloy pre

eat treated (HT) to T6 condition. The base metal consists of �-
l globule. The irregular eutectic of the as cast material was

onverted into spherodized Si particles due to the solution treat-
ent [8]. The fusion zone of the pre HT, shown in Fig. 5b, was

imilar in appearance to the fusion zone of the as cast material

Fig. 4b).

Fig. 6 shows the base metal and fusion zone of the post HT
eld. The base metal consists of �-Al globule and the Al–Si

utectic with spherodized Si particle. In the fusion zone, the fine

i
d

h

Fig. 5. Microstructure of pre HT A356 alumin
inium: (a) base metal and (b) fusion zone.

endrite eutectic structure of the as cast weld was also converted
nto fine globular Si particles uniformly distributed in the Al

atrix. Due to the presence of very fine eutectic in the fusion
one, the particle size of the Si (2 �m) was smaller than the base
etal Si (4 �m).

.3. Hardness measurement

The micro-hardness was measured across the weld using a
oad of 100 g. The results for as cast, pre HT and post HT samples
re shown in Fig. 7. The hardness measurements were extended
o 6 mm on each side of the weld to include the base metal,
hich was not affected by the fusion heat. In the case of the

s cast conditions, the base metal showed an average hardness
f 70 Hv, while the hardness of the weld metal was 90 Hv. The

ncrease in hardness in the weld metal is attributed to the fine
endrite structure of the weld fusion zone.

In the case of welds, which were pre HT, the average
ardness of the fusion zone was 95 Hv, which was slightly

ium: (a) base metal and (b) fusion zone.
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luminium: (a) base metal and (b) fusion zone.
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sured mechanical properties are averaged value of five samples
for F and each HT conditions.

Fig. 9 shows the changes in mechanical properties of A356 in
Fig. 6. Microstructure of post HT A356 a

igher than that of as cast fusion zone (90 Hv). It was interesting
o note that the fusion zone hardness 95 Hv drops to 85 Hv in
he overaged HAZ and increases to 125 Hv in the pre HT base

etal. The influence of the welding process on the pre HT
eat affected zone can be explained by an overaging effect of
he fusion heat, which changes the state of coherency of the
recipitation to a more non-coherent state. This could be the
eason for a drop in the hardness and strength of the metal in
he HAZ. The substructure changes are being investigated at
he moment and will be reported elsewhere.

In the case of welds in the post HT conditions the weld metal
lso underwent a heat treatment cycle. The average hardness
f base metal, HAZ and fusion zone was 130 Hv. This is also in
ine with the base metal hardness (125 Hv) of the pre HT outside
he HAZ. It was found that the hardness in the fusion zone of
ost HT was 30% higher than pre HT and as cast conditions.
he reason for this is that while the welding process will
egate the effect of the pre HT by dissolving the precipitates
nd post HT will produce precipitation hardening in the weld
etal.
There has been a large variation in the hardness of the base

etal of as cast material and to some extent also in the fusion
one (Fig. 7). In the base metal, the �-aluminium grain size
as 85–95 �m, which was much larger than the indent of the

ickers machine. When the indent fell on an �-aluminium grain,

he result was a lower hardness, while when the indent fell on
eutectic, the hardness was higher. However, an intermediate

ardness was achieved when it fell on both �-aluminium and

ig. 7. Micro-hardness of SSM A356 across the weld for as cast, pre HT and
ost HT samples, FZ (fusion zone), HAZ (heat affected zone) and BM (base
etal).

t

F
o

Fig. 8. The tensile test specimen.

utectic. In the fusion zone, the hardness was more uniform due
o the very fine dendrite structure.

.4. Mechanical properties

The aluminium welding was carried out with the optimal laser
elding parameters (Fig. 3), resulting in welds, which were free
f cracks and porosities. The welded 4 mm plates were machined
own to 3 mm thickness to remove the roots and weld face under-
uts. The tensile weld specimens were prepared with the weld in
he centre according to the dimension shown in Fig. 8. The mea-
he as cast (F), pre HT and post HT conditions. The mechanical

ig. 9. Yield strength (YS), ultimate tensile strength (UTS) and % elongation
f unwelded and welded as cast, pre HT and post HT samples.
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roperties (yield strength, YS and ultimate tensile strength,
TS) of the as cast welded samples were relatively higher

han the as cast unwelded sample, indicating that the weld is
tronger than the base metal. The fine dendrite microstructure
btained in the weld metal is normally responsible for the
mprovement of the mechanical properties. The fracture in
ensile test occurred in the base metal.

The mechanical properties of the welded pre HT samples
ere lower than the unwelded HT samples. The heat treat-
ent of the base metal resulted in the increase of mechanical

roperties, however, due to the fusion heat during welding the
eat affected zone (HAZ) experience an over aging effect and
ence a relative drop in mechanical properties. This fact could be
xplained with the strengthening mechanism during the T6 HT.
fter aging at 160 ◦C/6 h of the super saturated solid solution
f aluminium coherent particles segregated, giving its maximum
trength to the alloy A356. During welding, the fusion heat facil-
tates the diffusion and the segregation grows, this become less
oherent, with a respective drop in the strength and hardness
f the metal in the heat affected zone. Due to this effect the
racture in tensile test occurred in the HAZ. However, the YS
nd UTS of the pre HT welded samples were still higher (200
nd 270 MPa, respectively) than the as cast welded and non-heat
reated samples (170 MPa/220 MPa) indicating that the pre HT
rocess yield stronger base metal as compared to as cast mate-
ial. The laser welding process is too quick and is not able to
roduce enough heat for non-coherent particles segregation and
he strength parameters of the alloy to be returned to their as cast
ondition values.

This process, typical for laser welding could be called as
esidual strengthening effect of the pre heat treated base metal.

more detailed R&D work is in progress and transmission elec-
ron microscopy should be involved and the modification of the
ging process to be revealed.

In the case of post heat treated welds, the tensile properties
ere higher than for the unwelded samples, as opposed to the pre
T samples, indicating that the post HT weld is much stronger

han pre HT welded and unwelded samples. The higher tensile
trength obtained in the post HT welds is attributed to the change
n microstructure as explained in the previous section. Thus it is
uggested to perform the weld first in as cast condition and pro-
ide the heat treatment after welding to obtain greater strength
n both the weld and base metal. In the post HT welds, fracture
ccurred either at base metal or HAZ. This indicates that weld
usion zone was stronger than the base metal and HAZ.
The elongation in the unwelded samples was higher than
elded samples in both the as cast and heat treated samples.
he elongation of pre HT sample was higher than the post HT
ample, which corresponds to the higher YS & UTS.

[
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. Conclusions

The microstructure of the as cast base metal consisted of
lobular primary phase �-Al and a eutectic mixture of Al and
i. The fusion zone consisted of a fine dendrite structure. The
icrostructure of pre HT base metal consisted of globular pri-
ary phase �-Al, but the eutectic phase in the as cast material
as converted to spherodized Si particles embedded in �-Al
hase. The fusion zone was similar to the as cast weld. The
icrostructure of post heat treated base metal was same as pre
T base metal however, the fusion zone eutectic was also con-
erted to globular Si particles distributed in Al matrix throughout
he weld.

The hardness of the weld metal, in case of the as cast sample
as 10–15% higher than the base metal. The hardness of pre
T sample in the fusion zone was slightly higher than as cast

usion zone samples. However, the hardness of the fusion zone
95 Hv) drops to 85 Hv at the HAZ, but increases to 125 Hv
n the base metal away from the HAZ, which was not affected
y the fusion heat. The average hardness of the post HT sample
as almost same (130 Hv) for base metal, HAZ and fusion zone.
he hardness of the post HT sample in the fusion zone was 30%
igher than as cast and pre HT fusion zone.

The tensile properties (YS & UTS) of pre HT welded sam-
les were lower than the unwelded HT samples. However, the
roperties of post HT sample were higher than both unwelded
nd pre HT sample. The elongation of the welded samples in as
ast, pre HT and post HT were lower than the unwelded samples
ndicating a reduction in ductility after welding.
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