JOURNAL OF MATERIALS SCIENCE35(2000)6231—- 6236

Fabrication process and thermal properties of
SiC,/Al metal matrix composites for
electronic packaging applications

HYO S. LEE, KYUNG Y. JEON, HEE Y. KIM, SOON H. HONG

Department of Materials Science and Engineering, Korea Advanced Institute of Science and
Technology, 373-1 Kusung-dong, Yusung-gu, Taejon 305-701, South Korea

E-mail: shhong@sorak.kaist.ac.kr

The fabrication process and thermal properties of 50-71 vol% SiC,/Al metal matrix
composites (MMCs) for electronic packaging applications have been investigated. The
preforms consisted with 50-71 vol% SiC particles were fabricated by the ball milling and
pressing method. The SiC particles were mixed with SiO, as an inorganic binder, and
cationic starch as a organic binder in distilled water. The mixtures were consolidated in a
mold by pressing and dried in two step process, followed by calcination at 1100°C. The
SiC,/Al composites were fabricated by the infiltration of Al melt into SiC preforms using
squeeze casting process. The thermal conductivity ranged 120-177 W/mK and coefficient of
thermal expansion ranged 6-10 x 10-/K were obtained in 50-71 vol% SiC,/Al MMCs. The
thermal conductivity of SiC,/Al composite decreased with increasing volume fraction of
SiC, and with increasing the amount of inorganic binder. The coefficient of thermal
expansion of SiC,/Al composite decreased with increasing volume fraction of SiC,, while
thermal conductivity was insensitive to the amount of inorganic binder. The experimental
values of the coefficient of thermal expansion and thermal conductivity were in good
agreement with the calculated coefficient of thermal expansion based on Turner’'s model
and the calculated thermal conductivity based on Maxwell’'s model. © 2000 Kluwer
Academic Publishers

1. Introduction the multichip module using SKZAI metal matrix com-
Metal matrix composites have been recently developegosites [9].
for electronic packaging application due to their attrac- In order to use the metal matrix composite for elec-
tive combination of physical properties, manufacturingtronic packaging application, it is very important to in-
flexibility and relatively inexpensive cost. One advan-crease the volume fraction of ceramic reinforcement
tage of metal matrix composites is the ability to tai-to over 50 vol% to reduce the coefficient of ther-
lor the thermal properties, such as thermal conductivimal expansion comparable to that of alumina sub-
ity and coefficient of thermal expansion, through thestrate or semiconductor such as silicon and gallium
proper control of reinforcement and matrix. In addi- arsenide, which coefficient of thermal expansion is
tion, the manufacturing flexibility of the metal matrix ranged 6—7 ppm/K. The fabrication of metal matrix
composite by various processes allows the fabricatiomomposites with high volume fraction of ceramic re-
of complicated shaped parts [1-5]. inforcement above 50 vol% is not easy due to the ag-
The metal matrix composites for electronic pack-glomeration of reinforcements and the pore formation
aging application have been actively investigatedn agglomerated reinforcements.
since late 1980's and several electronic packaging In this study, the fabrication process of 50-71 vol%
components have been commercialized using met#biCy/Al metal matrix composites for electronic packag-
matrix composites. The SiC/Al, diamond/Cu, anding applications was investigated. The thermal proper-
silver/nickel-iron are the important candidate materi-ties, coefficient of thermal expansion and thermal con-
als for electronic packaging applications [6]. Lanxide ductivity, and microstructures of high volume fraction
Electronic Component Inc. developed the microwaveSiCy/Al composites were characterized.
housing with SiG/Al metal matrix composite, which
is only one third in weight and has 6 times higher ther-
mal conductivity compared to conventional microwave2. Experimental procedures
housing [7]. Textron Special Material Inc. developedSiGC, preforms consisting of a high volume fraction of
the heat sink in printed circuit board using the B/AIl SiC particles above 50% were fabricated by the ball
metal matrix composites [8], and PCast Co. developednilling and pressing process. Two different sizes of
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SiC particles, 4&:m and 8um, were wet mixed with
0.5-3% of SiQ as inorganic binder, 1% of cationic SiC Particles + Inorganic Binder
starch as organic binder and distilled water in a ball + Organic Binder + Distilled Water
mill. The mixtures were ball milled using ADs ball of

5 mm in diameter at 50 rpm for 12 h. The ball milled
mixtures were consolidated into preforms using a cylin- Ball Milling
drical mold of 30 mm in diameter by pressing with
1.2 MPa at room temperature. The consolidated,SiC
preforms were dried in a two step process and followed
by calcination at 1100C for 2—6 h. The strengths of
calcined SiG preforms were evaluated by compression
tests at room temperature. The distribution of SiC par- ]
ticles and residual inorganic binders in preform were Drying
observed by scanning electron microscope.

The Al melt was infiltrated into Sigpreforms to
fabricate SiG/Al metal matrix composites by squeeze Calcination
casting process. The squeeze casting was performed
by infiltration of Al melt at 800°C into SiG, pre-
forms preheated to 75 with pressure of 50 MPa SiC, Preform
for 30 seconds. Densities of squeeze caspBiEom-
posites were measured by the Archimedes water im-
mersion method. Thermal conductivities of squeeze
cast SiG/Al composites were measured by laser flash
method and coefficients of thermal expansion (CTE)
were measured by thermomechanical analysis (TMA).

Cold Pressing

Squeeze Casting

The distribution of SiC particles and residual binders in SiCy/Al Metal Matrix Composite

squeeze cast Sl composite were observed by the

scanning electron microscope. Figure 1 Flowchart on the fabrication process of $I6l metal matrix
composite.

3. Results and discussion

3.1. Fabrication process and was nearly constant after 12 h during forced drying
The fabrication process of SiAl metal matrix com-  shown in Fig. 2b.
posites consisted with the fabrication of Gigreform The dried SiG preforms were calcined at 1100 to

and the squeeze casting of Al melt into si@eform.  give the strength of preforms. The compressive strength
Fig. 1 shows the flow chart on the fabrication process obf SiC, need to be high enough to avoid the microcrack-
SiGy/Al metal matrix composites. The Sireforms  ing of SiG, preform during the pressure infiltration of
consisted with high volume fraction of SiC particles Al melt into SiG, preform. The microcracks in SiC
above 50% were fabricated by the ball milling and preform influence on the thermal properties of A
pressing process. The 50 vol% and 58 vol%Sie-  composite [10]. Fig. 3 shows the increase in compres-
forms were fabricated with of 48m SiC particles. The sive strength of Sigpreform with increasing the calci-
71 vol% SiG, preform was fabricated with two differ- nation time at 1100C. In order to investigate the rea-
ent sizes of &«m and 48um SiC particles mixed with  son forincrease of compressive strength of preform, the
weight ratio of 1:2 in order to improve the volume surface of SiG preforms was analyzed by XRD after
fraction of SiC in preform. calcination fo 4 h at1100°C. Fig. 4 shows the XRD
The consolidated SiCpreforms were dried in two analysis of SiG preform after calcination for 4 h at
step process of natural drying and forced drying. Twol1100°C and the arrow mark indicates the (101) peak of
step drying process consisted with natural drying acristobalite SiQ located at the interface of SiC parti-
25°C followed by forced drying at 10€ was per- cles. It is known that the formation of cristobalite SiO
formed in order to prevent the micro-cracking in §iC allows bonding between SiC particles, thus increases
preform due to the thermal shock during the drying pro-the compressive strength of Si@reforms [11-13].
cess. In addition, when the residual water is present ifrig. 5 show the increase of compressive strength of
preform, the Si@ preform is oxidized due to vaporiza- preform increased from 50 MPa to 121 MPa with in-
tion of water and results in an incomplete infiltration of creasing the addition of inorganic binder from 0.5% to
Al melt into preform during the squeeze casting pro-3%. Therefore, it is concluded that the gigreforms
cess. The weight of Sipreform was measured with were strengthened due to the formation of cristobalite
increasing drying time as shown in Fig. 2 in order to es-SiO, agglomerated at the contact interfaces of SiC/SiC
tablish proper drying condition. Fig. 2 shows the weightparticles during high temperature calcination at
loss of SiG, preform with increasing drying time dur- 1100C.
ing the natural drying at 2& and the forced drying The squeeze casting was performed by infiltration
at 100°C. The weight of preform was nearly constant of Al melt at 800°C into SiG, preforms preheated to
after 24 h during natural drying as shown in Fig. 2a,750°C, and at 50 MPa for 30 seconds.
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Tim E{hl‘} Figure 4 XRD analyses of 71 vol% SiCpreform after calcination at
ib) 1100°C for 4 hours. The arrow indicates the (101) peak from SiO
cristobalite having tetragonal structure.

Figure 2 The variation of weight of 71 vol% SiCpreform with in-
creasing the drying time. (a) Natural drying at'25 (b) forced drying . . .
at 100°C. 48 um. In 71 vol% SiG/Al composite, the smaller SiC

particles of 8«m were agglomerated between the larger

SiC particles of 4g¢:m as shown in Fig. 6¢. The relative
3.2. Thermal properties and densities were measured as 98.9%, 99.3% and 97.8%

microstructures for 50 vol%, 58 vol% and 71 vol% SKIAI composite,

The microstructures of SYZAI composite with vary-  respectively. The relative density, coefficient of thermal
ing the volume fraction of SiC particles are shownexpansion and thermal conductivity with varying vol-
in Fig. 6. Fig. 6 shows the homogeneous distributionume fraction of SiC and fabrication condition is listed
of SiC particles in Al matrix. The 50 vol% SKZAI  in Table I.
(Fig. 6a) and 58 vol% SigAl (Fig. 6b) composites The coefficient of thermal expansion and thermal
are consisted with SiC particles with unimodal size ofconductivity can be estimated with varying the volume
48 um. The 71 vol% SiG/Al (Fig. 6¢) composite con-  fraction of reinforcement by Turner's model [14] and
sists of bimodal sizes of SiC particles withy@n and  Maxwell's model [15], respectively. Considering the

TABLE | The coefficient of thermal expansion, thermal conductivity and relative density gf/SiComposites calcined at 1100 for 4 hours
with varying the volume fraction of SiQpreform and fabrication condition

Fabrication Condition

Volume Fraction SiC Particle Content of Inorganic Coefficient of Thermal Thermal Conductivity Relative Density
of SiG, (%) Size (um) Binder (%) Expansion (ppm/K) (W/mK) (%)
50 48 3 9.50 177 98.9
58 48 3 7.89 172 99.3
1 7.74 138 97.5
71 8+ 48 2 6.33 125 97.8
3 6.54 123 97.1
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20— whereac, o, andoy, are coefficients of thermal expan-
sion of composite, reinforcement and matrix, respec-
tively, V; is volume fraction of reinforcement ari€i;

150 | . and K, are bulk moduli of reinforcement and matrix,
respectively. Maxwell's model predicts the overall ther-
mal conductivity of the mixture by considering the ran-
100 - 8 dom distribution of spherical reinforcement in matrix
as shown in Equation 2;

50 - 1 ke 2-2Vi+(1+2V)E
km 242V +(1- V)&

(2)

Compressive Strength(MPa)

0 n ] n 1 n 1 n 1 i
0 1 2 3 4 5
inorganic Binder Concentration(%)

wherek,, k. andky, are thermal conductivities of com-
posite, reinforcement and matrix, respectivelys vol-
Figure 5 The variation of compressive strength of 71 vol% $ige- ~ UME fraction of reinforcement.

form with increasing the concentration of Si@organic binder after Fig. 7 shows the variation of thermal properties of
calcination at 1100C for 4 hours. SiC, composites with increasing the volume fraction of
SiG, reinforcement. The sold line and the dotted line
in Fig. 7a are the theoretically calculated values of the
coefficient of thermal expansion with varying the vol-
ume fraction of SiG based on the rule-of-mixture and
Turner’s model, respectively. The experimental values
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Figure 6 Microstructures of Sig/Al metal matrix composite with vary-
ing the volume fraction of Sig: (a) 50 vol% SiG/Al (b) 58 vol% SiG,/Al
and (c) 71 vol% Sig/Al composites.
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constraint due to dimensional change of each compo- Volume Fraction of SiC

nent, the coefficient of thermal expansion is represented .

by Turner's model as following Equation 1; (k)

ViK o + (1 _ Vr)KmOlm Figure 7_The yar?ation o_f thermal properties. of %I metal matrix
oc = (1) composites with increasing the volume fraction of Si€inforcement.
ViKr + (1 - Vr)Km (a) Coefficient of thermal expansion, (b) thermal conductivity.
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of the coefficient of thermal expansion agreed well 30 ——

with the theoretical values based on Turner's model - Rule-of-mixture
in Fig. 7a. The experimental values of the thermal con- 25F 0 e Tumer's Model
ductivity agreed with the theoretical values based on

N
o
T v
1

the rule-of-mixture and Maxwell's model at 50 vol% 2

and 58 vol% SiG/Al composites is shown in Fig. 7b. o

The thermal conductivity decreased from 177 W/mK 2 st .
to 172 W/mK with increasing the Sigolume fraction Sf .

from 50 vol% to 58 vol%. However, the measured ther- 5 10

mal conductivity of 71 vol% Sig/Al composite was
much lower than the theoretical value.

It is suggested that the reasons for low thermal con- .
ductivity in 71 vol% SiG/Al composite is due to the 0 P S S
agglomeration of smaller SiC particles and remaining 0 1 2 3 4
SiO; inorganic binders. Fig. 6¢ shows the agglomer- Inorganic Binder Concentration(%)
ation of smaller SiC particles between the larger SiC (@
particles. The agglomeration of SiC particles prevents
the infiltration of Al melt into SiC preform. The incom-
plete infiltration results in a decrease in density due to
the presence of pores. The relative density of 71 vol%
SiCy/Al composite was measured as 97.8%, which is
lower than that of 50 vol% and 58 vol% Sj@\l com-
posite measured as 98.9% and 99.3%, respectively, as
shown in Table I.

The scanning electron microscopy in Fig. 8 shows
the existence of Si@inorganic binder between the in-
terfaces of SiC particles. The SiGnorganic binder ] |
also results in a decrease of thermal conductivity of 1251 .\'\. 1
SiCy/Al composite because of lower conductivity of | ]
SiO,, which is about 2.5 W/mK. Therefore, it is con- 100 L
sidered that the lower thermal conductivity of 71 vol% 0 1 2 3 4
SiCy/Al composite is due to the existence of significant Inorganic Binder Concentration(%)
amount of residual Si@and micro-pores at the SiC/SiC ()
interfaces due to the incomplete infiltration of Al melts
into SiC preform. Figure 9 The variation of thermal properties of Si@l metal matrix

Fig. 9 shows the variation of thermal properties Ofcomposit_e_s with increasing the c_oncentration onSiiQJrgar_]i(_: binder.
71 vol/% SiQ)/Al composites with increasing concen- (a) Coefficient of thermal expansion, (b) thermal conductivity.
tration of inorganic binder. The coefficient of ther-

mal expansion was a relatively constant value of about . . L .
P y increasing content of inorganic binder is manly due to

7 ppm/K independent to the content of inorganic blnderhe increased amount of residual inorganic binder be-

as shown in Fig. 9a. On the other hand, the therm . . . : i
conductivity decreased from 140 W/mK to 120 W/mK F‘)’;iﬁgsthe interfaces of SIC particles in I8l com

with increasing content of inorganic binder from 1%
to 3%. The decrease of the thermal conductivity with

!
Rule-of-mixture
2251 e Maxwell's Model

N
3

§ T
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150

Thermal Conductivity(W/mK)

4. Conclusions

The fabrication process and thermal properties of
SiGy/Al metal matrix composites for electronic pack-
aging applications have been investigated and the major
conclusions are summarized as follows.

1. The SiG preforms with high volume fraction of
SiC particles up to 71% were successfully fabricated
by the ball milling and pressing method. The compres-
sive strength of calcined Si(reform increased from
50 MPa to 121 MPa with increasing SiGnorganic
binder from 0.5% to 3% due to the formation of SiO
cristobalite phase at the contact point of SiC particles
during calcination at 110C.

2. The coefficient of thermal expansion and thermal
Figure 8 Microstructure showing the existence of Si@sidual binders COﬂdL{CtIVIty of SIQ/AI _CompOSI_te decr_eased with in-
between the interfaces of SiC particles in preform mixed with 3%sio Creasing volume fraction of SiC particles. The mea-
after calcination at 110@ for 4 hours. sured coefficient of thermal expansion and thermal
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conductivity of 50 vol% and 58 vol% SKIAI com-

posites agreed well with the theoretical values with in-
creasing Si¢ volume fraction. However, the thermal
conductivity of 71 vol% SiG/Al composite was mea-
sured much lower than the theoretical value due to thes,
residual SiQ inorganic binders, and the lower density .
resulted from incomplete infiltration of Al melt into

preform.
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