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Microelectronic circuits require contact with a high thermal conductivity, and controlled low
coefficients of thermal expansion packaging materials for the high performance and
reliability of the semiconductor chips. The present study was carried out to investigate the
microstructural and chemical properties of AlN-Cu nanocomposite powders created by
planetary ball milling. X-ray diffraction and scanning electron microscopy analysis of the
obtained powders were performed. The residual oxygen and carbon in ball milled AlN-Cu
powders were analyzed. AlN-Cu composite powders of 15 µm size and copper crystallites
of 25 nm were obtained after milling for 8 h. The amount of residual oxygen was
considerably reduced after exposure to hydrogen reduction treatment at 600◦C for 2 h.
More significantly, 97% of the residual carbon was removed regardless of milling time and
alloy composition. Furthermore, residual carbon was removed as a gaseous mixture of
carbon monoxide and carbon dioxide. C© 2004 Kluwer Academic Publishers

1. Introduction
The miniaturization of semiconductor devices has re-
sulted in enhanced speed and computational perfor-
mance. However, with such progress, there arise prob-
lems with heat generation on the computer chip. The
heat must be effectively removed from the microelec-
tronic circuits because the generated heat is directly
related to the high performance and reliability of the
chip [1, 2]. Accordingly, the new heat dissipation ma-
terials must be thermally compatible with the semicon-
ductor and substrate materials [3, 4]. One approach to
meet these demands is to create new composite mate-
rials with properties tailored specifically for electronic
packaging. Metal matrix composites are particularly
attractive. W-Cu is a popular thermal management ma-
terial, largely because of its availability resulting from
previous work on electrical contacts. Most of the other
potential thermal management composites are not as
well developed as W-Cu.

Planetary ball milling has the ability to make alloys,
via solid state processing from normally incompatible
components, with excellent composition and grain size
control. The ball milling process also provides an at-
tractive method of preparing Cu based ceramic compos-
ites, due to a low wettability between solid and liquid
phases and the significantly different melting points of
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the constituent elements. The thermal conductivity of
AlN-Cu heat sink materials is greatly affected by alloy
purity. Therefore, it is very important to minimize the
content of oxygen and carbon in ball milled powders
to the lower limit as much as possible. Heat transfer by
free electrons is greatly disrupted by impurities such as
oxygen and carbon, which are easily incorporated into
the ball-milled powder through a process control agent
(PCA), such as stearic acid or through the processing
atmosphere.

The present study investigates the microstructural
and chemical properties of AlN-Cu nanocomposite
powders created by planetary ball milling for the ap-
plication of heat sink materials.

2. Experimental
2.1. Planetary ball milling processing
Planetary ball milling was carried out with four differ-
ent compositions: AlN-40 vol%Cu (AlN-64.5 wt%Cu),
AlN-60 vol%Cu (AlN-80.3 wt%Cu), AlN-70 vol%Cu
(AlN-86.4 wt%Cu), and AlN-80 vol%Cu (AlN-91.6
wt%Cu). Copper powder used for the experiment has
an average particle size of 25 µm with dendrite mor-
phology. Aluminum nitride powder has an average size
of 60 µm or less with a purity of 99%. Planetary ball
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milling (Fritsch Pulverisette) was accomplished using
a chamber with 250 cm3 capacity with an argon atmo-
sphere maintained at room temperature and a milling
velocity of 200 rpm. The ratio of the stainless steel ball
to powder was kept at 10 to 1.5 wt% of stearic acid
was used as a process control agent and added to the
powder mixture to prevent the powder from sticking to
the milling tools throughout the process.

2.2. Microstructural and chemical
properties of AlN-Cu composite
powders

The ball milled AlN-Cu composite powders were re-
duced at 600◦C for 2 h in a hydrogen atmosphere
containing less than 5 ppm water content. The resid-
ual oxygen and carbon levels in ball milled AlN-Cu
powders were analyzed using a LECO N/O analyzer
(TC-436) and LECO C/S analyzer (CS-300). A JSM-
5200 microscope was used to conduct scanning electron
microscopy (SEM) allowing us to observe the morphol-
ogy of the ball-milled powder and the hydrogen reduced
powder particles. X-ray diffraction (XRD) analysis
was performed using a Siemens X-ray diffractometer
(D-5000) with Cu Kα radiation and a scan speed of
10 degree/min in a 20◦ to 130◦ range. Crystallite sizes
were calculated from peak broadening using the Sherrer
equation [5]:

D = 0.9λ

β cos(θ )
, (1)

where D is the crystallite size, β is the full width at
half-maximum (FWHM) of the Bragg peaks, λ is the
wave length of the Cu Kα radiation and θ is the Bragg
angle.

3. Results and discussion
3.1. Microstructural characteristics of ball

milled AlN-Cu composite powders
Fig. 1 shows SEM morphology of AlN-60 vol%Cu
powders ball milled at 200 rpm for 32 h. As shown

Figure 1 SEM morphology for AlN-60 vol%Cu powders ball milled for
32 h at 200 rpm.

Figure 2 X-ray powder diffraction patterns for AlN-60 vol%Cu powders
as a function of milling time.

in this figure, rounded composite powders with the size
of about 15 µm were obtained. This resulted from the
repeated action between cold welding and fracture dur-
ing the ball milling processing.

Fig. 2 shows XRD patterns of AlN-60 vol%Cu pow-
ders as a function of milling time. As the milling time in-
creased, the diffraction peaks of copper and aluminum
nitride were broadened and decreased due to the refine-
ment of the crystallite size and an increase in atomic-
level strains. XRD patterns were quite similar to those
with a lower amount of metallic copper components
such as AlN-40 vol%Cu powders. Due to a very ther-
modynamically stable aluminum nitride, new phases
or amorphization were not detected even after 32 h of
milling time.

Fig. 3 shows the copper crystallite sizes of AlN-
40 vol%Cu and AlN-60 vol%Cu as a result of milling
time. Measurements indicate that the copper crystal-
lite size decreased with increase of milling time. In the
early stage of milling, the crystallite size rapidly de-
creased and it approached a steady-state value of about
25 nm after MA for 8 h. The nanometer-sized cop-
per was identified by transmission electron microscopy
observation. As shown in Fig. 3, the copper crystallite
size of AlN-60 vol%Cu was slightly larger than that of
AlN-40 vol%Cu.

Figure 3 Copper crystallite size for AlN-40 vol%Cu and AlN-
60 vol%Cu powders as a function of milling time.
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Figure 4 Content of oxygen and carbon in AlN-40 vol%Cu powders as
a function of milling time.

Figure 5 Content of oxygen and carbon in AlN-60 vol%Cu powders as
a function of milling time.

3.2. Effect of hydrogen reduction on ball
milled AlN-Cu composite powders

Figs 4 and 5 show the residual oxygen and carbon in
AlN-40 vol%Cu and AlN-60 vol%Cu as a function of
milling time, respectively. The residual oxygen content
in powders in the early stage of milling was approxi-
mately 1.8 wt%. It increases with milling time to the
value of about 3.5 wt% (at 32 h of milling). However,
the residual carbon content in the powders was kept
within a 2.9 to 3.5 wt% range regardless of the milling
time. The residual oxygen and carbon contents accord-
ing to the alloy compositions were not greatly changed
(compare Figs 4 and 5).

Table I shows the residual oxygen and carbon content
in AlN-40 vol%Cu, AlN-60 vol%Cu, AlN-70 vol%Cu

T ABL E I Effect of hydrogen reduction on residual content of oxygen and carbon in ball milled AlN-Cu powders

Oxygen (wt%) Carbon (wt%)

Composition (vol%) Milling time (h) Before After Decrement (%) Before After Decrement (%)

AlN-40Cu 8 2.197 1.587 27.8 2.944 0.085 97.1
AlN-60Cu 8 2.138 1.332 37.7 3.570 0.078 97.9
AlN-70Cu 16 2.636 1.012 61.6 3.428 0.063 98.2
AlN-80Cu 16 2.138 0.642 70.0 3.413 0.051 98.5

Figure 6 SEM morphology for AlN-60 vol%Cu powder after hydrogen
reduction at 600◦C for 2 h.

and AlN-80 vol%Cu after hydrogen reduction treat-
ment at 600◦C for 2 h. The hydrogen reduction treat-
ment greatly reduced the impurity of oxygen and car-
bon. As the copper content increased, a larger amount
of oxygen was removed due to the easy reduction of
copper oxide in this state. For example, up to 70% of
the existing 0.64 wt% oxygen in AlN-80 vol%Cu pow-
ders was removed, and 97% of the residual carbon was
removed regardless of the milling time or alloy com-
positions. It is worth noting the significant reduction of
residual carbon even though the water content in the hy-
drogen atmosphere was constantly kept within 5 ppm.
A chemical reaction for decarburization is as follows:

MO + H2
600◦C−→ M + H2O (2)

(Cx Hy) + H2O
600◦C−→ CO + CO2 + H2 (3)

Metal oxides (MO) are reduced to metal (M) primar-
ily by the hydrogen component of the atmosphere. Al-
though the reducing atmosphere contains small amount
of water (5 ppm), much more H2O vapor can be gener-
ated through the reduction of copper oxide (Equation 2).
If a suitable oxidant is present, a chemical reaction
(oxidation) rather than thermal decomposition occurs.
The residual carbon, resulting from the process control
agent, combines with the oxidant and is removed as a
gaseous mixture comprised of carbon monoxide and
carbon dioxide.

Fig. 6 shows SEM morphology of ball milled AlN-
Cu powders (32 h) after hydrogen reduction at 600◦C
for 2 h. The size and shape of the powders did not
change after hydrogen treatment, but aluminum nitride
and copper were much more agglomerated, with very
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small clusters. Additionally, the agglomerated powders
were very porous because of reduction in oxides and
decarburization.

4. Conclusions
AlN-Cu composite powders of 15 µm size and cop-
per crystallites of 25 nm were obtained after milling
for 8 h. The amount of residual oxygen was consid-
erably reduced after exposure to hydrogen reduction
treatment at 600◦C for 2 h. More significantly, 97% of
the residual carbon was removed regardless of milling
time and alloy composition. Furthermore, residual car-
bon combined with the oxidant, and was removed as

a gaseous mixture of carbon monoxide and carbon
dioxide.
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