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Abstract: Silicon carbide particle reinforced aluminum matrix composites（SiCp/Al composites）are widely used in
aviation，aerospace and electronic package. However，low machining efficiency，severe tool wear and poor surface
quality are severe during the machining of SiCp/Al composites. Laser-induced oxidation is capable to improve the
machinability of SiCp/Al composites. The material response of 55%（volume fraction）SiCp/Al composites induced
by a nanosecond pulsed laser is studied. A metamorphic layer which is composed of an oxide layer and sub-layer is
produced. The effects of reaction surrounding and laser average power on the microstructure and thickness of the oxide
layer and sub-layer are investigated. Experimental results show that：A thicker oxide layer and a sub-layer are formed
in an oxygen-rich atmosphere. The oxides are mainly composed of 2Al2O3·SiO2（mullite）. A positive correlation
between the laser average power and thicknesses of oxide layers and sub-layers is found. A loose oxide layer of 138
μm and a sub-layer of 21 μm are formed at the laser average power of 6 W，laser scanning pitch of 10 μm，and laser
scanning speed of 1 mm/s under an oxygen-rich atmosphere. The high efficient machining of SiCp/Al composites can
be realized by laser-induced oxidation.
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0 Introduction

Silicon carbide particle reinforced aluminum
matrix （SiCp/Al） is a metal matrix composites
which has numerous advantages，such as high wear-
resistance，high specific strength，high specific stiff⁃
ness，good size stability，low coefficient of thermal
expansion（CTE），and high damping capacity［1］.
These properties make it suitable candidate for pre⁃
cision and microstructural applications，such as mi⁃
cro slots and micro mold of high quality and preci⁃
sion regarding respect ratio and wall angle［2］. Thus，
the precise machining of SiCp/Al composites has
great potential.

Owing to the hardness and anisotropy of SiCp/
Al composites，micromachining of SiCp/Al compos⁃
ites still has great challenges［3］. Wang et al.［4］ report⁃
ed several kinds of surface defects in micro-wire
electrical discharge machining（MWEDM）of SiCp/
Al composites. Abrasive waterjet（AWJ）microma⁃
chining is an efficient and clean machining process
without tool wear and thermally affected zones［5］.
However，it acquires high surface quality and high
equipment costs. Laser micro machining（LMM）is
efficient and versatile to almost all kinds of materials
which has numerous advantages such as non-con⁃
tact，easiness to control，and high dimensional accu⁃
racy［6-7］. Despite these advantages， heat-affected
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zones and heat damage are often inevitable during
LMM，which are harmful to the service perfor⁃
mance of materials.

In recent years，micro milling has become a
useful machining technique suitable for three-dimen⁃
sional micro parts. In comparison with other micro⁃
machining processes，micro milling involves control⁃
lable machining accuracy and high efficiency［8-9］. Liu
et al.［10］ studied the removal mechanism of micro
milling of SiCp/Al composites，pointing out that the
machined surface quality was prone to be better
when SiC ceramic particles were removed in the
ductile regime. Liu et al.［11］ reported the typical sur⁃
face defects in micro milling of SiCp/Al composites
and recommended feed per tooth should be close to
half of the particle size. In spite of great expectations
of micro milling，tool wear and low efficiency make
restrictions on further usage. On account of limita⁃
tions in the fabrication of micro cutting tools，im⁃
provement of sharpness and hardness of micro cut⁃
ting tools was limited. Laser assisted micro milling
（LAMM） is a hybrid machining process that com⁃
bines laser beam machining and micro milling［12］.
Dong et al.［13］ performed laser assisted micro milling
and found a maximum reduction of 76% tool wear
and a maximum improvement of 3.8-fold tool life in
comparison with conventional micro milling. How⁃
ever，heat-affected zones are prone to be caused dur⁃
ing LAMM. Besides，when the temperature de⁃
creases to a normal temperature，the machinability
of materials tends to reduce.

The oxidation reaction of materials is a natural
phenomenon where loose oxide layers can be gener⁃
ated on the surface of materials. He et al.［14］ investi⁃
gated the oxidation behavior of ZrB2-SiC ceramics at
1 700 ℃ where a certain thickness of loose oxide lay⁃
ers could be gained. However，it took 45 min to en⁃
sure the complete oxidation of superficial materials.
Another research study［15］mentioned that when ma⁃
terials are irradiated by a laser beam，an oxidation
reaction happens quickly with the scanning of the la⁃
ser beam. After an oxidation reaction，the mechani⁃
cal properties of the produced oxides are irrevers⁃
ible. The produced oxide layers are removed by mi⁃
cro milling and less tool wear is found. Because of

the extremely weak stiffness of oxide layers，the mi⁃
cro cutting tool can move in a large feed rate which
results in the improvement of machining efficiency.

In this paper，a novel process called laser-in⁃
duced oxidation coupled with micro milling
（LOMM）is proposed for high efficient micro-milling
of SiCp/Al composites. In this study，relevant phe⁃
nomena of laser-induced oxidation are investigated.
Besides，the effects of reaction surrounding and laser
average power on the material response of SiCp/Al
composites are studied during laser-induced oxida⁃
tion.

1 Material and Methods

1. 1 Workpiece materials

SiCp/Al composites with 55%（We use 55%
to denote 55% volume fraction in this paper）SiC
particles as reinforcement were used as workpiece
material. The microstructure of 55% SiCp/Al com⁃
posites is shown in Fig.1. The mean size of the sili⁃
con carbide particles is about 30 μm. The SiCp/Al
composites were divided by wire electrical discharge
machining into samples with a size of 20 mm×
4 mm×4 mm. Then， the samples went through
grinding，polishing and ultrasonic cleaning.

1. 2 LOMM and laser⁃induced oxidation

The laser-induced oxidation experiments were
carried out with a nanosecond pulsed ytterbium-

doped fiber laser （YLP-1/100/20， IPG Photon⁃
ics）. The 3D model of the instrument is shown in
Fig. 2（a）. Fig. 2（b）presents the principle diagram
and main parameters of the laser-induced oxidation
apparatus. Fig.3 shows the arrangement of the work⁃

Fig.1 Microstructure of 55% SiCp/Al composites
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piece. The laser beam was focused on the surface of
workpieces 1 and 2. The workpieces 1 and 2 were
arranged side by side for obtaining the cross-section
of the oxidation layer and sub-layer. To ensure suffi⁃
cient oxidation，industrial oxygen was applied to as⁃
sist the oxidation of SiCp/Al composites. The
formed oxide layer was removed by a micro end mill
which was fixed at the high-speed spindle.

Laser process parameters are classified into la⁃
ser fluence and laser overlap rate. The laser fluence
equation is shown as follows

F= P
fs
= 4P
fπD 2 (1)

where F is the laser fluence，P the laser average
power，f the pulse frequency，and D the diameter
on the focal surface.

Fig.4（a） illustrates the pulse overlap rate.
Fig.4（b）demonstrates the scan overlap rate. Pulse
overlap rate and scan overlap rate are described as
follows，respectively

δx=
x
D
× 100%= ( )1- X

D
× 100%=

( )1- v
fD

× 100% （2）

δy=
y
D
× 100%= ( )1- Y

D
× 100% （3）

where δx is the pulse overlap rate，x the transverse
overlap length，X the spot distance in the laser scan⁃
ning direction，v the laser scanning speed，δy the
scan overlap rate，y the longitudinal overlap length，
and Y the spot distance between scanning tracks，
namely scanning pitch.

In the experiments，D is 57 μm. According to
Eq.（1），laser fluence is influenced by laser average
power. In the same manner，pulse overlap rate and
scan overlap rate are related to laser scanning speed
and scanning pitch，respectively.

In this paper，f was selected as 20 kHz，v was
chosen as 1 mm/s，and Y was 10 μm. The effects
of reaction surrounding and laser average power on
the material response of SiCp/Al composites were

Fig.4 Schematic diagram of pulse overlap rate and scan
overlap rate

Fig.2 3D model and principle diagram of experimental
equipment

Fig.3 Arrangement of workpiece
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investigated. The values of laser average power
were chosen to be 4，6，8，and 10 W.

1. 3 Characterization

A scanning electron microscopy （SEM，

S4800，Hitachi）equipped with an energy dispersive
spectrometer（EDS） was adopted to observe the
morphology of oxide layers and sub-layers and de⁃
tect the elemental change. The measurement of the
thicknesses of the oxide layers and the sub-layers
was also performed by SEM. X-ray diffraction
（XRD，D8 Advance，Bruker）was used to detect
the phase composition. Cu-target ray tube was ap⁃
plied to scan from 10° to 80°（2θ） in a step size of
0.02° by X-ray diffraction.

2 Results and Discussion

2. 1 Material response of SiC

p

/Al composites

under laser⁃induced oxidation

The contrast of the morphology of SiCp/Al
composites before and after laser scanning is pre⁃
sented in Fig.5. Before laser scanning，the work⁃
piece materials are distributed with micro pores and
SiC particles are embedded in the matrix. After la⁃
ser scanning，the surface of the workpiece becomes
loose. EDS maps of element variation are shown in
Fig.6. Before laser scanning，the elements detected
are shown in Fig. 6（a），among which oxygen ele⁃
ment cannot be found. In Fig.6（b），when the work⁃
piece undergoes laser irradiation，the oxidation reac⁃
tion takes place and large amounts of oxides are gen⁃
erated，which can be proven by oxygen element.

Oxidation reactions occur when SiCp/Al com⁃
posites are exposed to the high temperature induced
by a pulsed laser. The equations of oxidation reac⁃

tions are shown as follows
2SiC+ 3O2 = 2SiO2 + 2CO (4)
SiC+ 2O2 = SiO2 + CO2 (5)
SiC+ O2 = SiO2 + C (6)
4Al+ 3O2 = 2Al2O3 (7)

In addition，SiO2 reacts with Al under high
temperature. The equation is shown as follows

3SiO2 + 4Al= 3Si+ 2Al2O3 (8)

2. 2 Effect of reaction surrounding on the mate⁃

rial response

To investigate the effect of reaction surround⁃
ing on the material response，two sets of experi⁃
ments were carried out. One was in the air，the oth⁃
er was in an oxygen-rich atmosphere. The laser av⁃
erage power is 6 W，when the scanning pitch is
10 μm，the scanning speed is 1 mm/s and the pulse
frequency is 20 kHz.

The morphology of oxide layers in different re⁃
action surroundings is shown in Fig.7. Fig.7（a） is
the morphology of the oxide layer produced in the
air. The flocculent oxides cover the surface of the
workpiece，where deep micro gaps and pores can be
seen. While in Fig.7（b），the oxide layer is relative⁃
ly flat and distributed with shallow micro gaps. The
phenomenon manifests the promotion of oxygen in
the generation of oxides.

After ultrasonic cleaning， the sub-layers ap⁃
pear. The morphology of sub-layers in different reac⁃
tion surroundings is presented in Fig.8. As shown in
Fig.8（a），the sub-layer is rugged and full of defects.

Fig.5 Morphology of SiCp/Al composites before and after
laser scanning

Fig.6 EDS maps before and after laser scanning
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In addition，a little oxide residual sticks to the sur⁃
face of the sub-layer. With the loading and unload⁃
ing of the pulsed laser beam，a large temperature
gradient is generated，contributing to the release of
the residual stress of the workpiece materials. On ac⁃
count of the release of residual stress，micro cracks
are formed in the inner of the sub-layer and extend
to the superficiality of the sub-layer. Instant high
temperature caused by pulsed laser leads to the
evaporation of materials and the formation of micro
pores of the sub-layer. Besides，owing to the densi⁃
ty difference between SiC and Al，SiC particles
with a bigger density are prone to sink when the Al
matrix gradually softens，which can be verified by
pores with the size approximate to the mean size of
SiC particles. In Fig.8（b），much oxide residual cov⁃
ers the sub-layer and fills in micro pores. Under the
same parameters，sufficient oxygen supply can pro⁃
mote the production of oxides.

Fig.9 shows the XRD patterns of laser-induced
oxidation in different reaction surroundings. Fig. 9
（a） depicts the weak diffraction peaks of oxides，
which manifests that the materials are not oxidized
completely. Fig.9（b） highlights several diffraction
peaks of oxides，showing that the oxidation reaction
takes place thoroughly. Numerous diffraction peaks
of mullite（2Al2O3·SiO2）indicate that there are nu⁃

merous oxides formed in the oxidation reaction. Due
to the barrier of the oxide layer，the substrate mate⁃
rials fail to be detected by XRD. The results show
that the reaction surrounding is of great significance
to the material response.

The thicknesses of oxide layers and sub-layers
are the key factor that affect the material removal
rate of micro milling. The cross-sections of oxide
layers and sub-layers are presented in Fig.10. As
displayed in Fig.10（a），oxidation reactions occur in
the air. Due to insufficient oxygen，the thicknesses
of the oxide layer and sub-layer are 103 μm and
17 μm. However，under an oxygen-rich environ⁃
ment，the laser-induced oxidation reaction is intense
and large quantities of oxides pile up. Due to the

Fig.7 Morphology of oxide layers under various reaction
surroundings

Fig.8 Morphology of sub-layers under various reaction sur⁃
roundings

Fig.9 XRD patterns of oxide layers under different reaction
surroundings
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emitted heat of the oxidation reaction and the re⁃
maining heat from the laser beam，the sub-layer un⁃
der an oxygen-rich atmosphere tends to be thicker
than that in the air. In Fig.10（b），the thicknesses of
the oxide layer and sub-layer in an oxygen-rich atmo⁃
sphere are 138 μm and 21 μm which increase by
34% and 23% compared with those in the air.

Based on the above experiments and analysis，
sufficient oxygen supply is beneficial to the genera⁃
tion of oxides. The typical features of oxide layers

are loose which can be removed by micro milling
without efforts. The sub-layer is rough and full of
defects， which should be eliminated as finish.
Therefore， laser-induced oxidation experiments
should be carried out under an oxygen-rich atmo⁃
sphere.

2. 3 Effect of laser average power on the materi⁃

al response

When other laser process parameters keep sta⁃
ble，laser fluence increases along with the increase
of laser average power. The larger the laser fluence
is，the more energy absorbed by the workpiece is.
Energy leads to the rise of temperature，which con⁃
tributes to a more intense oxidation reaction. Never⁃
theless，excessive temperature induced by high la⁃
ser average power causes severe heat damage.

The morphology of SiCp/Al composites under
various laser average powers is shown in Fig.11. In
Fig. 11（a），with the laser average power fixed at
4 W，the thin oxide layer forms on the workpiece.
Owing to that the laser average power is low，ox⁃
ides do not have enough energy to grow so that the
oxide layer fails to cover the surface of the work⁃
piece and is full of micro gaps. As shown in Fig.11
（b），when the laser average power is 6 W，the reac⁃
tion temperature increases further. Higher tempera⁃
ture acts as a catalyst to intensify oxidation reaction.
Oxides continuously extend and cover the gaps，

Fig.10 Cross-sections of oxide layers and sub-layers under
different reaction surroundings

Fig.11 Morphology of oxide layer at different laser average powers
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forming a loose oxide layer. As the average power
reaches 8 W in Fig.11（c），the reaction temperature
enables Al and SiC to react with oxygen more com⁃
pletely. Evident micro gaps are covered by oxides.
Oxides are blown off from the surface of the oxide
layer to form floccules. At this time，the oxide layer
gets dense and hard，which leads to severe tool
wear during micro milling. In Fig.11（d），when the
average power is up to 10 W，the sub-layer starts
up evaporation and melting. Parts of the molten sub-

layer are expelled out on account of pressure origi⁃
nating from vapor and recast on the surface of the
oxide layer.

The phase composition of oxide layers formed
at different laser average powers is demonstrated in
Fig.12. As presented in Fig.12（a），with the laser
average power fixed at 4 W，there is only a weak
peak of SiO2，indicating that small amounts of ox⁃
ides are formed. Owing to that the laser average
power is low，the materials do not absorb enough
energy to react with oxygen sufficiently. As dis⁃
played in Fig.12（b），when the laser average power
is 6 W，large amounts of oxides are produced，such
as SiO2 and Al2O3. Based on Eq.（8），Si is also a
signal product of oxidation reaction which comes
from SiO2 and Al. The oxide layer works as a layer
of shielding film to make the intensity of diffraction
peaks of SiC and Al diminish dramatically. In Fig.12
（c），as the laser average power is up to 8 W，the
oxidation reaction becomes much more intense. The
diffraction peaks of SiC and Al disappear，meaning
SiC and Al on the surface of materials are oxidized
completely. Under high temperature，SiO2 mobiles

into other oxide phases and blends with Al2O3 to
form considerable 2Al2O3·SiO2（mullite）. In Fig. 12
（d），when the laser power is 10 W，the content of
2Al2O3·SiO2 oxides keeps expanding，finally cover⁃
ing the surface of the workpiece.

To raise the material removal rate， cutting
depth is the same important. As shown in Fig.13，
when the laser average power rises，the thicknesses
of oxide layers and sub-layers continue to increase.
As shown in Fig.13（a），when the laser average
power is 4 W，the thickness of the oxide layer is
thin. When the laser power reaches 6 W which is
the breakdown threshold of SiCp/Al composites，
the oxide layer expands quickly. As the laser aver⁃
age power comes to 8 W，the oxide layer goes on
expanding with a slower growth rate，which is due
to the shielding effect of plasma. The maximum
thicknesses of the oxide layer and sub-layer are 291 μm
and 29 μm under an oxygen-rich atmosphere with
the laser average power selected as 10 W. In Fig.13
（b），the thickness of the sub-layer increases gradu⁃
ally with the increase of laser average power. When
the laser average power increases all the way，oxide
layers keep thickening and exhaust much energy.
The remaining energy makes small amounts of the
materials experience phase change，producing sub-

layers whose thickness has no obvious change in
general. Under an oxygen-rich atmosphere，an in⁃
tense oxidation reaction releases heat to promote the
production of a sub-layer. The minimum thickness
of the sub-layer is 14 μm under an oxygen-rich atmo⁃
sphere and 8 μm in the air，while the maximum
thicknesses of that are 29 μm and 25 μm，respective⁃
ly. The variety of thicknesses of oxide layers in vari⁃
ous reaction surroundings further prove the necessi⁃
ty and significance of sufficient oxygen supply.

In order to raise the material removal rate of
micro milling and diminish tool wear，a thicker and
loose oxide layer and a thinner sub-layer are the opti⁃
mum choice. When the laser average power is 6 W，

the thickness of the oxide layer is 138 μm which is
loose and easy to be removed. Besides，the value of
the thickness of the sub-layer is just 21 μm. When
the laser average power exceeds 6 W，the thickness
of the sub-layer enlarges gradually. Besides， the

Fig.12 XRD patterns of oxide layer at different laser aver⁃
age powers
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structure of the oxide layer is not loose enough.
Thus，under an oxygen-rich atmosphere，the opti⁃
mum value of laser average power is 6 W.

3 Conclusions

（1）Laser-induced oxidation experiments were
conducted on the 55% SiCp/Al composites utilizing
a nanosecond pulsed laser（YLP-1/100/20）. Under
the irradiation of a nanosecond pulsed laser beam，

loose oxide layers and sub-layers are produced on
the surface of the workpiece.

（2）Oxidation reaction surroundings have a vi⁃
tal impact on the morphology and thickness of the
oxide layer. Exposed to an oxygen-rich atmosphere，
the expanding percentage of the oxide layer approxi⁃
mately ranges from 20% to 60%. The micro gap of
the thickness of sub-layers in different reaction sur⁃
roundings manifests that oxygen has a minor effect
on the thickness of the sub-layer.

（3）There is an obvious positive correlation be⁃
tween the thickness of the oxide layer and the laser
average power. When the laser average power in⁃
creases from 4 W to 6 W，the thickness of the oxide

layer increases significantly. As the laser average
power increases， the sub-layers also get thicker
slightly.

（4）To acquire a thicker oxide layer and a thin⁃
ner sub-layer，within the experimental parameters，
the laser average power of 6 W is the optimum pa⁃
rameter. In addition，sufficient oxygen supply is a
necessity. Under this condition，the thicknesses of
the oxide layer and sub-layer are 138 μm and
21 μm，respectively.
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55% SiC

p

/Al复合材料的脉冲激光诱导行为研究

胡茂顺 1，赵国龙 1，李 亮 1，张孝辉 2，张开虎 2，赵 威 1

（1.南京航空航天大学机电学院，南京 210016，中国；2.北京卫星制造厂有限公司，北京 100094，中国）

摘要：碳化硅颗粒增强铝基复合材料（SiCp/Al复合材料）被广泛应用于众多工业领域，如航空、航天以及电子封

装。但是，加工效率低、刀具磨损严重以及表面质量差在 SiCp/Al复合材料加工中较为严重。激光诱导氧化能够

改善 SiCp/Al复合材料的加工性。本文研究了 55%（体积分数）SiCp/Al复合材料的脉冲激光诱导行为，生成由氧

化层和亚表层组成的变质层；研究了反应环境和激光平均功率对氧化层和亚表层的微结构和厚度的影响。试验

结果表明，在富氧氛围中能够形成更厚的氧化层和亚表层；氧化物主要由 2Al2O3·SiO2（莫来石）组成；激光平均功

率和氧化层及亚表层的厚度之间存在正相关的关系；当激光平均功率为 6 W、激光扫描间距为 10 μm、激光扫描

速度为 1 mm/s且反应处于富氧氛围中时，形成了 138 μm厚的疏松氧化层和 21 μm厚的亚表层；激光诱导氧化能

够实现 SiCp/Al复合材料的高效加工。。

关键词：微结构；氧化行为；SiCp/Al复合材料；脉冲掺镱光纤激光器
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