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Abstract; High volume fraction SiCp/Al aluminum matrix composite possesses a variety of outstanding properties,
such as high thermal conductivity and low coefficient of thermal expansion. It is widely applied in many fields, es-
pecially in automotive and aerospace. An orthogonal experiment is conducted to study the effects of relevant pa-
rameters on the mechanical properties by CO, laser. Then the micro-hardness in different regions is measured.
The effects of such parameters as laser power., middle layer thickness and welding speed on the tensile strength of
the welded joints are discussed. The experimental results indicate that the maximum of the tensile strength of the
welded joints is attained at the laser power of 1 200 W, the welding speed of 1. 5 m/min and the middle layer thick-

ness of 0. 3 mm. In addition, the mechanism of the improvement of micro-hardness on the weld bead is also ana-

lyzed.
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0 Introduction

The process of laser welding of aluminum
matrix composite is rather difficult as the SiCp
particulates mixed with it. Because of huge
differences in the physical properties of matrix
and SiCp particulates, defects such as porosity,
slag inclusion and hot cracks are tend to emerge in
the weld subjected to fusion welding.

The aluminum matrix composite welded by
friction stir welding, laser welding, electron
beam welding, and traditional arc welding has
been reported widely" ™. Niu et al. "*! found that
welded joints of high quality for aluminum matrix
composite subjected to laser welding could be suc-
cessfully obtained in appropriate welding parame-

19 conducted ex-

ters and Si activity. Shi et al. ™
periments on aluminum matrix composite by laser
welding and friction stir welding, respectively.
Besides, the hardness distribution and surface mi-

crostructure were investigated. Zhang et al. "V
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successfully joined the aluminum alloy 2024 and
7075 by CO, laser welding. Yan et al. "*?) fabrica-
ted 1420 aluminum-lithium (AIl-Li) alloy joints
by laser-MIG hybrid welding and investigated me-
chanical properties and the microstructure of the
joints. Al99-SiC composites were also successful-

1. %, The reinforcement

ly joined by Durmus et a
rates of SiC were 0, 5%, 10%, and 20% in
weight, respectively. However, there are some
difficulties in welding aluminum matrix composite
through these methods. For example, the ele-
ments of different boiling points lead to some
troubles in laser welding. The metallurgical reac-
tion time can be limited to very short levels as the
high welding speed of laser welding. Hence, the
formation of intermetallic compounds can be sup-
pressed effectively.

Laser welding, which has a high speed of
heating and cooling, high depth-to-width ratio
and high energy density, can add the metal to the
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weld bead, and supplies a new method for the a-
luminum matrix composite welding. On the other
hand, laser welding has the specialty of a higher
efficiency and it can improve the welding stabili-
ty. Besides, the porosity and hot cracks can be
suppressed and the property of weld bead can be
effectively enhanced™. All in all, compared with
other welding techniques, laser welding can im-
prove mechanical properties of the welded joints
and an optimum welding process for aluminum
matrix composite can be acquired. Therefore, la-
ser welding can be developed to replace the fric-
tion stir welding, brazing welding, diffusion
welding, gas tungsten arc welding and pulsed gas
metal arc welding in a certain condition™®%,
However, with regards to high volume fraction
SiCp/Al aluminum matrix composite, which has
a wide application prospect in electronic packa-
ging, there is little report on the laser welding
and it is important to study their laser welding
Therefore,

composite of high SiCp particulate volume frac-

characteristics. aluminum matrix
tion is attempted to joint by laser welding, and
the focus is placed on the micro-hardness and me-
chanical properties of the welded joints.

In this paper, the effects of relevant parame-
ters on the mechanical properties of high volume
fraction SiCp/Al aluminum matrix composite
were studied and experiments were conducted to
measure the micro-hardness in different regions.
Parameters which had great impact on the me-
chanical properties of the material were studied,
such as laser power, middle layer thickness and
welding speed. Besides, the micro-hardness of
the welded joints in different regions was also an-

alyzed.

1 Testing Materials and Method

1.1 Testing materials

The base material is the SiCp/Al aluminum
matrix composite containing high volume fraction
SiC particles fabricated by the method of squeeze
casting. The microstructure is shown in Fig. 1.
The 65% (volume fraction) reinforced phase SiC

particles was squeezed into the aluminum sub-

Fig. 1 Microstructure of SiCp/Al aluminum matrix

composites

strate. The distribution of the SiC particles was
inhomogeneous in the matrix and the average di-
ameter of the particles was 60—80 pum. The max-
imum tensile strength of the base material with a
thickness of 2 mm was 235 MPa. Besides, the ad-
ditional material of the middle layer, TA2, was
used to suppress the interfacial reaction during
the welding process.

1.2 Testing procedure

The system of laser welding consists of la-
ser, five-axe CNC system, working head, shiel-
ding gas system and so on. The main technical

parameters are shown in Table 1.

Table 1 Main technical parameters of laser welding system

Parameter Value
Laser type Continuous CO,
Size of working
1 500 X3 000
head/ (mm X mm) > s
Laser power/ kW 0—4
Spot diameter/ mm 0.2—2

The aluminum matrix composite was ma-
chined into the welding specimen of 20 mm X
15 mm X 2 mm by wire cutting. The specialized
welding fixture is used to fix the quite thin weld-
ments, as shown in Fig. 2. The aluminum and ti-
tanium were easily oxidized in air or during the
electric discharge machining process, which had a
great influence on the evaluation of laser welding.
Hence, it was necessary to remove the surface
oxidation layer by metallographical sand paper.
Then the specimen was cleaned in acetone by ul-
trasonic technique. As the thickness of the titani-
um foil was just 0. 51 mm and the size was

quite small, it was difficult to polish entirely.
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Fig. 2 Specialized welding fixture

Therefore, the mixture solution of HF and HNO,
(the ratio 15 2 15 # 70) was used to clean it.

The specimen was welded by laser in flat po-
sition and required to keep horizontal. The flow-
ing high pure argon was used to protect the top
and back of the weld bead during the welding
process. The main welding parameters were: la-
ser power P, welding speed v and middle layer
thickness d.

The morphology of the weld bead was ob-
served by the scanning electron microscope (S-
3400N).,

metallographic specimens were prepared by sand

Before the tensile strength tests, the

paper grinding and diamond paste polishing. The
tensile strength test of welded joints was conduc-
ted on the CMT7504 electron universal testing
machine which controlled by the microcomputer
with the beam speed at 1. 0 mm/min, the data ac-
quisition point at 5. 0 point/s and the temperature
at 25 C.

The scheme of the micro-hardness test is
shown in Fig. 3. The specimen was polished be-
fore the micro-hardness test, and then detected
on the micro-hardness tester ( HXS-1000AK).
Then Vickers hardness profile across base materi-

al, heat affected zone and weld bead were meas-

ured and the distance between two points was just

Fig. 3 Scheme of micro-hardness test

0.05 mm. Moreover, the loading force was 1 N

holding for 15 s.

2 Results and Discussion

2.1 Analysis of mechanical properties of the wel-
ded joints

It is a complex process of multiple factors to
weld the high volume fraction SiCp/Al aluminum
matrix composite by laser. The substrate melts
again and previous strengthening state has been
changed. Under a high temperature, the Si ele-
ment and Al element have a great loss. The ele-
ments also segregate in the process of crystalliza-
tion. Therefore, the distributions of strengthe-
ning phase, the shape and the amount which have
a great influence on the mechanical properties of
welded joints present a great variation.

An orthogonal test table made up of three
factors and four horizontals is designed, as shown

in Table 2.

Table 2 Results of orthogonal test

Test Laser Welding  Middle layer  Tensile
number power/ speed/ thickness/  strength/
kW (m * min ') mm MPa
1 0.8 0.5 0.3 65.47
2 0.8 1.0 0.4 51. 38
3 0.8 1.5 0.5 47.81
4 0.8 2.0 0.8 23.21
5 1.0 0.5 0.4 83. 30
6 1.0 1.0 0.3 86. 62
7 1.0 1.5 0.8 63.18
8 1.0 2.0 0.5 74.13
9 1.2 0.5 0.5 98. 46
10 1.2 1.0 0.8 71.26
11 1.2 1.5 0.3 118. 40
12 1.2 2.0 0.4 104. 32
13 1.5 0.5 0.8 27.12
14 1.5 1.0 0.5 54, 35
15 1.5 1.5 0.4 61.97
16 1.5 2.0 0.3 65. 21

In order to study the effects of various fac-
tors, a method utilized to calculate and analyze
results by variance is conducted in Table 3. SS,
df, MS and F in the table denote square sum, de-
gree of freedom, mean square and statistical mag-

nitude, respectively.
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Table 3 Analysis of variance of orthogonal test

Factor SS df MS F
Laser power 6 705,314 219 3 2 235,104 74 151,337 773 5
Weldi
clding - 0680187 3 38.356 006 25 2.3597 065 133
speed
i
tddle layer 3 101 904319 3 1041.401 44 70,312 747 08
thickness

Error 88.613 8875 6
Sum 10 033.200 4 15

14,768 981 25

We can obtain that F,; (3, 3) equals 9. 28
when we check out the table of critical value of F-
test. The F value of the laser power and the mid-
dle layer thickness are all over 9. 28. Therefore,
the laser power and middle layer thickness have a
huge influence on the welded joints of tensile
strength. The F value of the welding speed is
lower than 9. 28, which means the influence on it
is not obvious.

According to the analysis of variance, laser
power has a significant influence on the tensile
strength of welded joints of a high volume frac-
tion SiCp/Al composite, and the middle layer
thickness is followed. On the other hand, the
welding speed has little effect on the tensile
strength. The optimal combination of parameters
is laser power at 1 200 W, welding speed at
1.5 m/min and middle layer thickness at
0.3 mm. In this case, the ultimate tensile
strength of the welded joint is 118. 4 MPa, which
is equivalent to 51% of the tensile strength of
base material. A higher tensile strength is ob-
tained when compared with other combinations.

The effect of laser power on the tensile
strength of welded joint is shown in Fig. 4. The
laser power was 0.8, 1.0, 1.2, 1.5 kW, respec-
tively. The middle layer was 0. 3 mm, and the
welding speed was 1.5 m/min. With the increas-
ing laser power, it is obviously observed that the
tensile strength demonstrates a sharp increase in
the beginning. The tensile strength of the welded
joint reaches its maximum value at the laser pow-
er of 1. 2 kW. However, the laser power increa-
ses continuously while the tensile strength suffers

a dramatically decrease. The tensile strength of

the welded joint reduces to 54. 35 MPa sharply at
the laser power of 1.5 kW, which is still higher
than that at the laser power of 0. 8 kW. All in
all, the laser power has a great influence on the

tensile strength of welded joints.

110
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Fig. 4 Effect of laser power on the tensile strength of

welded joint

The molten pool has a large temperature gra-
dient and diffusion occurs in the joined material
during the laser welding process. The mutual dif-
fusion between the base material and the middle
layer material can be affected at a relative low la-
ser power, which precludes the flow of molten
pool. Then a chemical reaction happens between
the base materials in the interface and it causes a
lower tensile strength of welded joints. Mean-
while, the strengthening phase precipitates from
the substrate. Hence, the tensile strength shows
a decreasing trend.

The tensile strength of the welded joints with
different middle layer thickness is shown in
Fig. 5. The laser power is 1 200 W and the weld-
ing speed is 1. 5 m/min. It can be seen that the
tensile strength of the welded joints decreases

with the increasing middle layer thickness. Thus
90
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Fig. 5 Effect of middle layer thickness on tensile
strength of the welded joint
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the increasing middle layer thickness has a nega-
tive influence on the tensile strength. The maxi-
mum tensile strength is 86. 62 MPa when the
middle layer thickness is 0. 3 mm.

The SiC particles can be melted when the
middle layer thickness is small, and then the Si
and C elements flow into the molten pool in large
quantities instead of accumulating at the inter-
face. Therefore, the interfacial reaction layers
gradually disappear and it means that the brittle
compounds cannot be generated. As a result, the
SiC particles cannot be melted and react with Ti
elements located in the molten pool largely. The
reaction is mainly concentrated in the interface,
which can decrease the tensile strength of the

welded joints.
2.2 Analysis of the micro-hardness

The distribution of micro-hardness of the
welded joints in different zones is shown in
Fig. 6. It can be approximately divided into three
areas: base material zone, heat-affected zone and

weld bead zone.
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Fig. 6 Distribution of micro-hardness in the welded

joints

As the distribution of the aluminum matrix
and SiC particles is inhomogeneous in the base
material zone, there is a huge difference between
the aluminum matrix and SiC particles. There-
fore, the micro-hardness in the base material zone
fluctuates greatly. The micro-hardness is quite
small when the pressure is completely exerted on
the aluminum matrix. It changes greatly when
the pressure absolutely imposes on the SiC parti-
more than

cles and the micro-hardness is

2 500 HV. The indentation presents a slight de-
formation when partial pressure is exerted on the
aluminum matrix and the other imposes on the
SiC particles, and the micro-hardness is between
the previous two values. The welding parameters
have no influence on the micro-hardness of matrix
when the three curves are combined, as shown in
Fig. 6. The matrix cannot be influenced by heat
that derives from laser as it is far away from the
welding center.

The micro-hardness in the heat-affected zone
decreases obviously and it is not stable, which al-
ways fluctuates between 500—1 000 HV. The
SiC particles decompose and the molten aluminum
substrate reacts with the metal solution in the
molten pool that can form a new reactant in this
area. It can be seen that the micro-hardness in the
heat-affected zone is below 1 200 HV when the la-
ser power is 1 500 W, In the meantime, the num-
ber of SiC particles that cannot dissolve suffi-
ciently is quite small at the interface with a higher
laser power, which can decrease the micro-hard-
ness in this area.

It is obvious that the micro-hardness in the
weld bead is improved to around 1 000 HV in
Fig. 6, which is higher than the micro-hardness of
TA2. The reason is that a new material of high
micro-hardness generates in the molten pool. The
distribution of the new material is homogeneous
in the weld bead, which results in the substance
made up of the mixture of various compounds.
Additionally, the micro-hardness in the weld bead
at the laser power of 1 500 W is lower than that at
the laser power of 1 200 W when other parame-
ters are guaranteed to be the same, but it is not
obvious. The micro-hardness in the weld bead
when the thickness of the additional material is
0.5 mm is lower than that with a thickness of
0.3 mm, as there is a poorer liquidity in the mol-
ten pool when the thickness is 0. 5 mm. The in-
sufficient reaction leads to a low ratio resultant

generated by the “in-situ” reaction.

3 Conclusions

In this paper, the high volume fraction SiCp/
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Al aluminum matrix composite has been success-
fully welded by laser. The welded joints are sub-
jected to a number of orthogonal tensile examina-
tions in order to study the factors which influence
the tensile strength of the welded joints more.
The optimum combination of parameters is at-
tained. Then the micro-hardness in different are-
as is tested and analyzed. The main conclusions
are summarized as follows:

(1) The results of the orthogonal experi-
ments showed that the laser power and the middle
layer thickness have a significant influence on the
tensile strength of the welded joints. The optimal
combination of parameters is the laser output
power at 1 200 W, the middle layer thickness at
0.3 mm and the welding speed at 1. 5 m/min,
The
118. 4 MPa.

(2) The micro-hardness in the weld bead is

maximum tensile strength is up to

improved, because a substance of high hardness is
obtained by the reaction in the molten pool. The
distribution of the new material is homogeneous
in the weld bead, which ensures that the micro-

hardness in this region is around 1 000 HV.
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