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A B S T R A C T

This experiment studied essential parameters for dissimilar diffusion bonding of SSM- ADC12 Al Alloy to SSM
6063 Al Alloy and the mechanism of diffused elements. This experiment indicated that 776 K for bonding tem-
perature and 150 min for bonding time were suitable for welding this material because the bond line is complete.
No physical deformation and no defects from welding were identified. The concentration of Si elements matrix
composition diffused from 11.88 %wt to 8 %wt on SSM-ADC12 Al Alloy to SSM 6063 Al Alloy with a diffusion
distance of 7.577 mm. The hardness was significantly increased by heat, stress compressive, and Mg2Si inter-
metallic precipitation in the solid solution for 110.72 HV from SSM-ADC12 Al Alloy and 76.10 HV from SSM
6063 Al Alloy.

© 20XX

1. Introduction

Diffusion bonding or diffusion welding is one of the processes for
solid-state welding. The diffusion bonding method is currently widely
used in joining aerospace parts such as fuel tanks, heat exchangers, fuel
injectors, gas turbines, and others [1]. Diffusion bonding was a joining
technique suitable for alloys that are difficult to weld for dissimilar ma-
terials [2,3]. Typically, for the principle of diffusion bonding, the bond-
ing temperature is approximately 50–80% of the melting temperature
of particular materials [4,5] because it is the optimum temperature for
atomic elements to diffuse at the joining interface. Therefore, the atoms
moving between the interface result in the gap of the joint being elimi-
nated and, at the right time, the samples could adhere to each other
completely [6]. The diffusion bonding atmosphere is another factor
that influences the adhesion of the samples.

Studies have shown that vacuum [7,8] and inert gas atmosphere
such as argon gas [9,10] provide a positive effect on diffusion bonding
because these could prevent the formation of oxide layers during the
welding process [11,12]. Dissimilar joining diffusion bonding was used
to solve the problems of bonded materials that cannot be melted to-
gether. However, the proper factor for dissimilar joining diffusion
bonding is crucial because of the differences in the chemical composi-
tion of the welding material.

The SSM-ADC12 and SSM 6063 are Al Alloy developed to modernise
the casting method and are widely used in the automotive and aero-
space industry [13,14]. The casting in the semi-solid state affects the
flows of the liquid metal and defects, defining a better mechanical prop-

erty and microstructure. So, in this study, joint diffusion bonding be-
tween SSM-ADC12 Al Alloy and SSM 6063 Al Alloy was investigated in
a butt-dissimilar rod welding format. This experiment aimed to study
the diffusion mechanism at element levels in order to explain how the
microstructural changes in the bonded line before and after welding.
The investigators also looked for the relationship between welding pa-
rameters – bonding time, bonding temperature, bonding pressure, and
atmospheric gas – and metallurgical properties of the finished samples.
Moreover, the samples were tested for Vicker hardness to analyse the
hardness changes resulting from heat during welding. After that, the ap-
propriate parameters resulting from the study would be evaluated and
proposed for a better and perfect welding protocol.

2. Experimental procedures

2.1. Materials

The materials in this experiment were produced by a Gas Induced
Semi-Solid (GISS) process (As cast) [15]. The SSM-ADC12 Al Alloy was
plated with cylindrical dimensions of Ø10 × 50 mm. Likewise, the
SSM 6063 Al Alloy had the exact dimensions as the shape of the SSM-
ADC12 aluminium alloy. The SSM 6063 and SSM-ADC12 Al Alloy had
the formation of Mg2Si intermetallics, which are plate-like shapes for
Mg2Si intermetallics and globular shapes for alpha (α) phase formation
(Fig. 1). The materials used for the experiment were kindly provided as
a complementary by GISSCO Company Limited, Songkhla, Thailand.
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Fig. 1. Microstructure of base materials follow by (a) SSM-ADC12 and (b) SSM 6063 Al Alloy.

The chemical compositions of the two materials used in this experiment
are shown in Table 1.

2.2. Experimental procedure

The surface preparation was polished with sandpapers with P1200
grit. The diffusion bonding process began with clamping the samples on
a horizontal axis, with SSM-ADC12 Al Alloy on the left side, and on the
contrary, with SSM 6063 Al Alloy on the right side. The guide bush and
guide post supported the samples on a straight horizontal axis. Then,
bonding pressure was constantly applied along the horizontal axis.
When the sample fixing process was complete, the argon gas was re-
leased into the chamber to prevent oxides on the Al Alloy surface dur-
ing diffusion bonding. And the bonding temperature was controlled ac-
cording to the experimental conditions. The bonding temperature was
considered in the range of 60%, 70%, and 80% of the melting point of
SSM 6063 Al Alloy. The melting point for SSM-ADC12 Al Alloy was
582 °C, [16] while SSM 6063 Al Alloy had the melting point at 629 °C,
[17]. The bonding temperature in the experiment was still in the solid
state. The bonding time could be obtained from the preliminary experi-
ment, which was noticed from the deformation of the samples. The dif-
fusion bonding conditions in the study are shown in Table 2. However,
during welding, in order to protect the samples diffused to the clamps;
therefore, a ceramic cup was used to prevent the samples diffused to the
clamps. The diffusion bonding process is shown in Fig. 2.

2.3. Mechanical and metallurgy analysis

The sample was prepared using the Vickers hardness test to evaluate
the hardness properties of the bonded line. The Vicker’s hardness tester
was conducted on the Matsuzawa model MMT-X from Japan at a com-
pression load of 10 gf on the diamond indenter for 10 sec, respectively.
The metallurgy analysis was observed using a scanning electron micro-
scope on FEI-Quanta model 400FEG from Switzerland to analyse ele-

Table 1
The compositions by wt% of SSM-Al Alloy were used in this study [13,14].
SSM-Al
Alloy

Al Mg Si Fe Cu Zn Mn Ti Sn Others

ADC12 Bal. 0.07 11.88 0.93 1.75 0.78 0.12 0.11 0.01 0.05
6063 Bal. 0.90 0.60 0.35 0.10 0.10 0.10 0.10 – 0.15

Table 2
The details of the dissimilar diffusion bonding conditions in this study.
Diffusion bonding parameter Information

Bonding temperature (K) 650, 713 and 776
Bonding time (min) 90 and 150
Bonding Pressure (MPa) 3.82
Argon atmosphere (litre per min) 6

Fig. 2. Schematic diagram of SSM-ADC12 Al Alloy to SSM 6063 Al Alloy by dif-
fusion bonding assembly.

ments' diffusion and distribution. Moreover, the defect and grain trans-
formation were observed using the Optika microscope model: B-
382PHi-ALC from Italy. Before metallurgy analysis, the surface of the
samples was prepared by sandpaper polishing with P320, P600, P800,
P1000, and P1200 grit, then was polished with alumina powder rang-
ing 3–5 µm, and finally, etched with Keller’s solution, respectively.

3. Results and discussion

3.1. Diffusion analysis

For the mechanism of elemental distribution around the bond line,
the thermodynamics that results in the diffusion of high Si concentra-
tion are related to diffusion coefficient, diffusion activation energy, and
bonding temperature. These three factors are the most critical parame-
ters that affect the atomic diffusion explained in equation (1). [18]

(1)

Equation (1) shows the parameters, which consist of: D represents
the diffusion coefficient (m2/s); D0 represents the diffusion coefficient
(m2/s); Q represents the atomic diffusion activation energy (J/mol);
and R represents the Boltzmann constant, with a value of 8.314 J/
(mol·K); finally, T represents the temperature (K) [19]. When the value
of D0 is 1.8x105 mm2/s, and the value of Q is 4.61x105 J/mol corre-
sponding to elements Si, respectively. The Si elements with high con-
centrations in SSM-ADC12 Al Alloy will cause diffusion of Si atoms to
SSM 6063 aluminium alloy, leading to a decrease in atomic volume but
a good effect on the formation of Mg2Si intermetallics.

The Si elements precipitating from Mg2Si intermetallics can be cal-
culated from the Gibbs free energy. The results in Fig. 3 showed that the
increase of bonding temperature is likely to result in the reduction of
the Gibbs free energy of Mg2Si intermetallics. The bonding temperature
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Fig. 3. Gibbs free energy of Mg2Si intermetallics from diffusion bonding.

increase leads to the activation energy of the Si atom in SSM-ADC12 Al
Alloy and brings about structural stability [20]. Besides, the lower
Gibbs free energy results in atoms moving independently, leading to a
greater atomic diffusion distance.

The distance of diffusion (X) is the relationship between diffusion
coefficient (D), bonding time, and concentrations in the form of differ-
ential equations. Equation (2) describes the factors that affect the diffu-
sion distance of atoms [21]. C represents the concentrations of Si ele-
ments (mol/mm3), and the value is 7.74x10-3 mol/mm3. t represents
the bonding time, and D represents the diffusion coefficient (m2/s).

(2)

Equation (2) shows that diffusion coefficient and bonding time in-
fluence the distance of diffusion of atomic motion. According to Fig. 4,
which shows Si atom diffusion distance, the longer the bonding time,
the farther Si atoms move. It can be seen that the bonding time of

Fig. 4. Distance of atom diffusion on Si elements from SSM-ADC12 Al Alloy to
SSM 6063 Al Alloy.

150 min tends to allow the Si atoms to diffuse at higher distances. At
650, 713, and 776 K, the diffuse distances are 5.969, 6.448, and
7.577 mm, respectively. On the contrary, with the bonding time of
90 min, Si atoms cannot move, with the diffuse distance of 4.409,
4.762, and 5.596 mm. The freedom of atomic motion is related to
atomic size and vacancy. The smaller atomic size and larger vacancy
there are, the longer distance the atoms can move [22]. The interstitial
diffusion behavior happens in small atoms while the substitutional dif-
fusion behaviour was observed in larger atomic sizes.

3.2. Metallurgy and defect analysis

The macro morphology of the diffusion welding samples is shown in
Fig. 5. The quality of the physical characteristics of the samples is good,
with no deflection, enlargement, and distortion. The heat diffuses into
the centre of the suitable sample. As a result, the sample does not cause
discontinuities of the joint. This causes the occurrence of fewer defects.
However, the heat often affects the size of the grain. The cumulative
heat can enlarge the interconnected grain boundary, leading to the
grain size growing [23]. This growing grain usually expands further be-
yond the sample's centre (Fig. 5 (a-c)). Moreover, the heat also causes
the elements to precipitate in the solid solution and causes plastic defor-
mation. Therefore, bonding temperature and bonding time are essential
parameters for diffusion welding. This experiment proved that the
bonding temperature at 776 K and bonding time at 150 min were suit-
able because of the best adhesion ability of the samples, with no defect
indicator and no deformation after welding. For the longer bonding
time and temperature above 80 percent of the melting point of the ma-
terial, deformation on the samples after welding was observed [24].
Vice versa, shorter bonding time and the temperature usually cause
non-successful diffusion welding bonding time at 150 min.

Fig. 6 shows SEM images with the top surface of the bond line. The
increase of bonding time and bonding temperature significantly re-
duces the defect. As a general observation of the bonding time above
150 min with the range of bonding temperature from 650 to 776 K,
the bond sound tended to increase when the bonding time was in-
creased. On the contrary, the lower bonding time at 90 min tended to
form a poor sample adhesion ability because of the too little mobility
time of the atoms of the two materials to be exchanged. As a result, the
voids between the two material contact surfaces are not eliminated.
Another factor that affects the good adhesion of diffusion bonding is
the different chemical composition concentrations of the two samples.
The higher the different chemical composition concentrations are, the
more atoms allow to easily diffuse to each other [25]. So, if more
atoms can be completely diffused into the other sample, this diffusion
bonding process is successfully bonded. The only type of defect discov-
ered in this study was voids with characteristics that are parallel to the
direction of the joint. The voids will undergo shrinkage and have a size
and volume smaller until, eventually, those voids are eliminated, lead-
ing to the two materials being homogeneous together. However, diffu-
sion bonding in the air and gas atmosphere often found oxygen infiltra-

Fig. 5. Macro morphology of dissimilar of SSM-ADC12 Al Alloy with SSM 6063 Al Alloy from bonding temperature at 776 K and.
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Fig. 6. Influence of bonding time and bonding temperature on microstructural transformation effect.

tion within the void area, where oxygen is a barrier to the diffusion of
elements [26]. Regarding microstructural changes, Mg2Si inter-
metallics from SSM-ADC12 Al Alloy diffused to SSM 6063 aluminium
alloy. Whilst, Mg2Si intermetallics from SSM 6063 Al Alloy have a low
diffusion ability because of the low concentration of elements. Nor-
mally, the structural changes and the formation of defects often ad-
versely affect the mechanical properties of the sample after welding.

The EDX can be evaluated regarding microstructural changes shown
in Fig. 7, which is found that the bond line of the two materials in the
experiment was well homogeneous (Fig. 7(a))., and the Mg2Si inter-
metallics precipitated in the solid solution (Fig. 7(b)). The atoms of Si
elements can be moved further due to high concentration (Fig. 7(d)).
The Si elements at 11.88 %wt from SSM-ADC12 Al Alloy can easily dif-
fuse to SSM 6063 Al Alloy. On the other hand, Si elements SSM 6063 Al
Alloy have increased significantly. Meanwhile, Al as the primary metal
is still prevalent in the bond line (Fig. 7(c)). Mg elements showed good
dispersibility at high temperatures and distributed evenly throughout
the bond line in a non-clustered manner shown in Fig. 7(e). However, it
is observed that O elements which are residues from the gas atmos-
phere. Diffusion welding influences the combination of other elements
to form SiO2, MgO, and Al2O3 intermetallics (Fig. 7(f and h)). The O ele-
ments condensed to form oxides which are problems for atomic motion
in experimental materials [27] because the oxide has a high melting
temperature and causes a thin film formation, preventing the diffusion
of atoms during diffusion welding. Another problem with oxides at the
joints of the samples is that these oxides could obstruct the voids elimi-
nating mechanism [28], resulting in unsuccessful welding. The diffu-
sion welding is therefore recommended to be welded under vacuum
conditions. Therefore it will provide better performance than other
states. This experiment also found some C elements around the bond
line (Fig. 7(g)) and hypothesized that this came from the stainless steel
used to manufacture the fixture.

3.3. Vickers hardness analysis

The hardness is shown in Fig. 8. In this experiment, the results were
consistent and in the same direction in all trials. Therefore, we would
like to explain that the most optimal parameters are bonding tempera-
ture at 776 K and bonding time of 150 min. It is also found that, in
every area of the samples, the hardness is increased because of the heat
during welding resulting in the precipitation of Mg2Si intermetallics,
similar to the samples' heat treatment [29]. The hardness from SSM-
ADC12 Al Alloy was significantly increased to 110.72 compared to the
base hardness value at 97.12 HV while the hardness of SSM 6063 Al Al-
loy was increased to 76.10 HV compared with the base hardness value

Fig. 7. Microstructural evaluation in bond line from dissimilar materials by dif-
fusion welding: (a) SEM micrographs, (b) Mapping micrographs and (c-h) EDX
micrographs.

at 67.31 HV. The stress concentration in the bond line from compres-
sive is another factor to increase in hardness around the bond line [30].
However, the hardness properties may decrease for an extremely long
bonding time because it affects the growth of grain, leading to ductility.
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Fig. 8. The microhardness profile across the SSM-ADC12 with SSM 6063 Al Al-
loy bond line after diffusion bonding.

4. Conclusion

In this experiment, the evaluation of essential parameters of dissimi-
lar diffusion welding between the SSM-ADC12 and SSM 6063 Al Alloy
could be concluded in the following:

(1) The suitable parameters in experiments were bonding tempera-
ture at 776 K and bonding time at 150 min resulting in no deflection,
enlargement, and distortion after welding.

(2) The higher the bonding temperature influence Gibbs free energy
of Mg2Si intermetallics to decrease, leading to good movement of
atoms. At 776 K for bonding temperature and 150 min from bonding
time, particles of Si elements can be diffused further 7.577 mm away
from the bond line.

(3) The EDX examination found that the high concentration of the Si
elements was changed from 11.88 %wt on SSM-ADC12 Al Alloy to only
8% concentration left by diffusing to SSM 6063 Al Alloy.

(4) After diffusion bonding, it showed a significant hardness in-
crease due to the heat causing the precipitation in the solid solution of
Mg2Si intermetallics during welding.

(5) the optimal conditions to weld these SSM-ADC12 Al Alloy to
SSM 6063 Al Alloy together is bonding temperature at 776 K, bonding
time at 150 min, and bonding Pressure at 3.82 MPa with Argon atmos-
phere for 6 L per min.
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