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The effect of in situ reaction on the microstructure of Nd:YAG laser welded joints of aluminum matrix
composite SiCp/AlSi7Mg was studied. Results showed that the laser welding with Ti filler improved the
tensile strength of welded joints. Moreover, the laser welding with in situ reaction effectively restrained the
pernicious Al4C3 forming reaction in the interface between aluminum matrix and reinforcement particles.
Simultaneously, the reaction-formed TiC phase distributed uniformly in the weld. This permitted SiCp/
AlSi7Mg composite to be successfully welded by Nd:YAG laser.
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1. Introduction

The high specific strength, good wear resistance, and
corrosion resistance of aluminum matrix composites (AMCs)
have led to a number of industrial applications (Ref 1-5). For
example, AMCs are widely used in automobile, aerospace
industries, structural components, and heat- and wear-resistant
parts such as automotive brake discs. Owing to the typical
characteristics of production methods, the distribution of the
reinforcement in stir-cast AMCs is generally inhomogeneous
(Ref 1, 5). Furthermore, the ceramic reinforcement may be in
the form of particles, short fibres, or whiskers (Ref 5, 6). The
discontinuous nature of the reinforcement creates several
problems in imparting strength and quality to weld joints.
Although there are several welding techniques currently
available for joining AMCs (Ref 7-15), there still exist quality
problems due to the factors elaborated later.

1.1 Distribution of Reinforcements in Weld

Normally, properties of welded joints are directly influenced
by the distribution of reinforcement in the weld. When particle
reinforcements are distributed uniformly in the weld, the tensile
strength of welded joints is likely to reach 80% (or even slightly
higher) of that of the parent AMCs (Ref 16, 17). When the
particle reinforcements are either agglomerated or absent in the
weld (Ref 18), the properties of welded joints degrade
markedly, resulting in joint failure.

1.2 Interface Between Particle Reinforcements
and Aluminum Matrix

The high welding temperature in fusion welding (typically,
TIG, laser welding, electron beam, etc.) is likely to yield
pernicious Al4C3 phase in the interface. Moreover, the long
welding time (e.g. several days in certain occasions) needed in
solid state welding methods (such as diffusion welding)
normally leads to low efficiency and formation of harmful
and brittle intermetallic compounds in the interface.

This work studies the technique of welding the stir-cast
AMC SiCp/AlSi7Mg by Nd:YAG laser with pure titanium as
filler. This study has been specifically concerned with the in situ
reinforcement effect of Ti on the microstructures of laser
welded joints, which have been examined using scanning
electron microscope (SEM), transmission electron microscope
(TEM), and x-ray diffraction (XRD). The study aims at
providing some ground work for further studies in this field.

2. Experimental Material and Process

2.1 Experimental Material

Stir-cast SiCp/AlSi7Mg AMC, reinforced with 20% volume
fraction SiC particle of 12 lm mean size, was used as the
welding specimens. The tensile strength of the specimen was
240 MPa. Figure 1 shows the sample microstructure and
Table 1 summarizes the chemical composition of the matrix
alloy. Pure titanium was used as the filler metal.

2.2 Experimental Process

The stir-cast AMC specimens were individually wire-cut to
39 109 35 mm3 size. The quench-hardened layer induced by
wire-cut and the oxide on the surfaces of specimens were
removed by polishing on 400 # (35 lm in average) emery
cloth. The pure titanium filler was then machined to 39 10 mm
size with thicknesses of 0.15, 0.3, 0.45, 0.5, 0.6, and 0.75 mm,
respectively. The composite specimens were ultrasonically
cleaned in acetone at 28-34 Hz frequency for 5 min, then
carefully pure ethyl alcohol rinsed and blow-dried before
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welding. The specimens were mounted into a clamping device
on the platform of a GSI Lumonics Model JK702H Nd:YAG
TEM00 mode laser system.

A repeated cleaning process was used for machined
titanium, and then the titanium filler was carefully sandwiched
between the two composite specimens in the clamp. Thereafter,
specimens were welded immediately by the Nd:YAG laser with
wavelength of 1.06 lm, defocused distance of 10 mm so as to
give a focus spot diameter of approximately 1.26 mm, laser
fluence energy 2 J, frequency 25 Hz, and pulse duration 4 ms.
In welding, the relative speed of the laser and the welding
pieces (i.e. feed rate) was set at 300 mm/min.

Tensile strength of the joint was measured on a MTS
Alliance RT/30 electron-mechanical material testing machine
with a straining velocity of 0.5 mm/min. The cross-section of
welded joints was wire-cut for optical microscopy (OM), SEM,
and TEM. SEM was used to analyze the microstructure at the
weld joints and the fractured tensile test-pieces of the joints.
Optical microscope was used for observing the structure of a
large area. TEM and energy dispersive x-ray analysis (EDX)
were used to analyze the interface between the newly formed
phases and the matrix, the distribution of chemical elements
and spectra at the joints. The Nd:YAG laser with similar setting
conditions and feed rate was also used to weld the AMC
specimens without filler.

3. Results and Discussion

3.1 Microstructures and Properties of Welded Joints

The microstructure (Fig. 2) of the traditional Nd:YAG laser
weld without filler shows that there were lots of acicular Al4C3

particles in the weld, which led to a low joint tensile strength
(Fig. 3) of 91 MPa (about 37.9% of parent AMC). The
corresponding fracture surface is shown in Fig. 4. It shows
some bare reinforcement particles (SiC) distributed on the
fracture surface, suggesting that the reinforcement particles had
not been perfectly wet and decreased the tensile strength of
welded joints.

The microstructure of the in situ reinforced AMC with
0.3 mm thick Ti filler is shown in Fig. 5. This figure shows a
uniform distribution of in situ reinforcements, complete fusion
and absence of Al4C3. These features resulted in higher tensile
strength (Fig. 3) of the joint. The reinforcement particles are
distributed more uniformly than in parent composite (cf. Fig. 1
and 5) and this improved the properties of welded joints as the
newly formed in situ reinforcement particles (Fig. 5) replaced
the initial reinforcement particles (Fig. 1). The dimples in the
fracture surface (Fig. 6) suggest that (i) the newly formed
reinforcement particles had been perfectly wet (Ref 19, 20) and
(ii) the harmful composite structure of the initial welding viz.
reinforcement/Ti/reinforcement had been changed to reinforce-
ment/matrix/reinforcement. XRD pattern of the fracture surface
(Fig. 7) of the weld joint did not reveal any harmful and brittle
phases such as Al4C3. According to the intensity spectra shown
in Fig. 7, the newly formed reinforcement particle in the weld
was identified as TiC.

Figure 8 shows the macro-structure of welded joint with Ti
filler. Basically, the weld consisted of three main areas, namely
the in situ reinforcement area A, the two transitional areas B
and C, and the reinforcement-denuded area D. Their individual
microstructures are shown in Fig. 9. The microstructures
indicated that the initial reinforcement SiC particles were
completely replaced by the newly formed in situ reinforcement
TiC particles that mainly resulted in the formation of the area A
(Fig. 9a). In area B, the newly formed TiC particles and the SiC
particles coexist (Fig. 9b). In area C, very little newly formed
TiC particles were found (Fig. 9c). In area D, only SiC particles
exist (Fig. 1). It was found that Al4C3 had been effectively

Fig. 1 Microstructure of SiCp/AlSi7Mg aluminum matrix composite

Table 1 Composition of AlSi7Mg

Composition, wt.%

Si Mg Ti Al

6.5-7.5 0.3-0.5 0.08-0.2 Bal.

Fig. 2 Microstructure of the weld without Ti filler
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Fig. 3 Tensile strength of laser welded joints with various Ti filler thicknesses

Fig. 4 Fractograph of the laser welded joint without Ti filler

Fig. 5 Microstructure of in situ reinforcement by laser welding
with 0.3 mm thick Ti filler

Fig. 6 Fractograph of the laser welded joint with 0.3 mm thick Ti
filler

Fig. 7 XRD pattern of the fracture surface for laser welding with
0.3 mm thick Ti filler

54—Volume 19(1) February 2010 Journal of Materials Engineering and Performance



eliminated in the welded area. Hence, the properties of the
welded joints improved markedly and their achievable tensile
strength was up to 180 MPa (Fig. 3) that was about 75% of the
strength of SiCp/AlSi7Mg.

3.2 Element Distribution in the Transition Area

Figure 10 illustrates the element distribution of the area B
in the weld as shown in Fig. 8 and 9(b). It shows that the
newly formed in situ reinforcement particles surrounded
the SiC particles which offered a high density area for the
nucleation of in situ TiC. During welding, due to the
temperature gradient and surface tension in the weld pool,
convection can occur. Moreover, under the effect of plasma,
the weld pool would be stirred intensively. Consequently, the
stirring effect in the weld pool by laser irradiation would
promote the TiC formation (cf. Fig. 10b and c) by the
following reaction:

Ti(l)þ SiC(s)! TiC(s)þ Si(s)

The free energy required to form TiC is much lower than
that for Al4C3 when the reaction temperature is above 800 �C
(Ref 21-23). The affinity between Ti and C in the Nd:YAG laser
welding was therefore greater than that of Al and C. The
chemical reaction between Ti and SiC in the weld pool would
take precedence over the reaction between Al and SiC and thus
restrain the formation of the Al4C3. Furthermore, the Si formed
during the reaction is distributed in the substrate under the
stirring effect of weld pool.

3.3 Influence of Ti Filler Thickness

The microstructures of in situ reinforcement with various
thicknesses (d) of Ti filler are shown in Fig. 11 and the
corresponding fractographs are shown in Fig. 12. The amount
of the in situ formed TiC was distinctly increased with the
increase in the thickness of Ti filler. Test indicated that
maximum strength of welded joints (Fig. 5) was achieved at
Ti filler thickness of 0.3 mm (Fig. 3 and 6). This was
because the TiC particles were uniformly distributed in the
weld and the initial irregular (mostly hexagonal shape,
Fig. 1) reinforcement SiC particles in the weld were no
longer observed (Fig. 5 and 6). Moreover, Al4C3 formation
was restrained (Fig. 5 and 9a). At the thickness of Ti filler
below 0.3 mm, due to the lack of titanium, TiC particles did
not form sufficiently (Fig. 12a) and a number of Al4C3

particles formed in the weld. When the thickness of Ti filler
was just beyond 0.3 mm, the properties of the joints tended
to become poorer again (Fig. 12b). This was because the
laser input energy melted the Ti filler; as a result, the
substrate could not be melted efficiently to form the TiC and
temperature of weld pool decreased to some extent. There-
fore, the stirring effect in the weld pool decreased and
resulted in coarse columnar crystals and fine equiaxed
crystals (Fig. 12b). When the thickness of Ti filler was
further increased (Fig. 12c), higher laser input energy was
needed to melt the titanium. The temperature of weld pool
decreased, the substrate did not melt, and the effective
stirring effect between the titanium and substrate was
restrained. Simultaneously, the percentage of liquid Ti in

Fig. 8 Macro-structure of the laser welded joint with 0.3 mm thick Ti filler

Fig. 9 Microstructures of the different areas in the laser weld with 0.3 mm thick Ti filler. (a) area A; (b) area B; (c) area C
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the weld pool also increased. Subsequently, the weld zone
formed coarser columnar crystals, as displayed in the SEM
micrograph of Fig. 12(c), after the resolidification of the
melt.

From the Ti-Al binary phase diagram (Ref 24), it can be
anticipated that increasing the content of Ti would lead to the
formation of intermetallic compounds like TiAl and Ti3Al,
etc., during the Nd:YAG laser welding. As illustrated by the
XRD pattern of the fracture surface of a laser weld joint with
the thicker Ti filler (Fig. 13), some brittle intermetallic
compounds like TiAl and Ti3Al had formed. Available
literature (Ref 25) shows that TiAl and Ti3Al are the harmful
intermetallic compounds in the weld and tend to decrease the
strength of welded joints. Such harmful effect may follow the
chemical reaction of 5Ti[All] + 3Al[l] + SiC[s] fi TiC[s] +
Si[Al [l]] + Al[l] + (TiAl + Ti3Al). Hence, too much thick-
ness of the Ti filler led to (i) the appearance of the large
block of columnar crystals in the microstructure (Fig. 14) and
(ii) the newly formed reinforcement TiC to be replaced by
the melted/re-solidified Ti and subsequently only the melted/
re-solidified Ti existed in the weld. Results (Fig. 3, 9, and
11) indicate that there existed an optimal thickness of Ti filler
in the individually set parameters in the Nd:YAG laser
welding of SiCp/AlSi7Mg. With the optimal thickness of Ti
filler, the initial SiC particles distributed in the AMC would
offer a highly dense nucleus area for the in situ TiC
nucleation. This would effectively suppress the formation of
intermetallic compounds like TiAl and Ti3Al in the weld.
Ultimately this created favorable conditions to provide
relatively superior strength to the welded joint compared to
conventional laser welding.

3.4 TEM of the Interface Between In Situ Formed TiC
and Matrix

The interface between in situ formed TiC and the matrix was
analyzed by the TEM micrograph displayed in Fig. 15. It
shows a clear interface between the newly formed TiC and the
matrix. This suggested the occurrence of prominent in situ
reaction to integrate the reinforcement particle with matrix (cf.
Fig. 6 and 15), and the high probability of successfully
transferring load from the matrix to TiC and vice versa. It
also gives indication that the AMC SiCp/AlSi7Mg would be
welded satisfactorily by Nd:YAG laser.

4. Conclusion

Titanium as a filler metal in Nd:YAG laser welding of
SiCp/AlSi7Mg provided beneficial in situ reinforcement
effect. Simultaneously, the newly formed reinforcement TiC
particles distribute uniformly in the weld that assisted AMC
welding. Moreover, Al4C3 formation was effectively
restrained in the Nd:YAG laser welding of SiCp/AlSi7Mg
with Ti filler.

Fig. 10 Element distribution of B area in the weld. (a) Micrograph
of the area B; (b) Ti element face distribution; (c) Si element surface
distribution
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Fig. 11 Microstructures of welded joints with various thicknesses of Ti filler (in area A). (a) d = 0.15 mm; (b) d = 0.45 mm; (c) d = 0.60 mm

Fig. 12 Fractographs of welded joints with various thicknesses of Ti filler (in area A). (a) d = 0.15 mm; (b) d = 0.45 mm; (c) d = 0.60 mm

Fig. 13 XRD pattern of fracture surface (d = 0.6 mm)
Fig. 14 Columnar crystals in the laser weld with 0.6 mm thick Ti
filler
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