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   Abstract 

 The unidirectional carbon fi ber (CF) reinforced aluminum (Al) 
composites have been fabricated by the low pressure infi ltra-
tion (LPI) of molten Al into porous CF preform. Prior to the 
fabrication of the unidirectional CF/Al composites, the unidi-
rectional CF preform was prepared by sintering of CFs and cop-
per (Cu) particles under the spark plasma sintering (SPS). The 
compression strength of CF preform was examined to deter-
mine the infi ltration pressure of molten Al into CF preform. 
The effects of the different infi ltration pressures and sizes of 
Cu particles on the densifi cation of unidirectional CF/Al com-
posites have also been investigated. The compression strength 
of CF preform increased with increasing of the contact area 
between CFs and Cu particles. The density of CF/Al compo
sites improved with the increase of the infi ltration pressure. 
The CF/Al composites, into which the bimodal Cu particles 
are added, have average particle sizes of 2.55  µ m and 11.79 
 µ m, with a high relative density of about 95 %  with the nearly 
homogeneous fi ber distribution.  

   Keywords:   CF/A1 composites; carbon fi ber preform; low 
pressure infi ltration; fi ber distribution        .

  1. Introduction 

 Recently, the high performance thermal management mate-
rials have been developed in accordance with development 
of high heat generation electronic components. Especially, 
the thermal dissipation ability of heatsink materials on elec-
tronic components, including semiconductors, light emitting 
diodes (LED) and converter modules is key issue in accor-
dance with the development of the hybrid electric vehicles 
(HEV) and electric vehicles (EV)  [1 – 5] . In the meantime, the 
composite materials have been one of the candidate materials 
with excellent advantages, such as, high thermal conductivity 
(TC), coeffi cient of thermal expansion (CTE) matching, light 
weight and net shape fabrication  [6, 7] . 

 In the thermal management industry, SiC/Al and diamond/
Cu composites with high TC, have been investigated in terms of 
CTE matching and high thermal conductivity  [8, 9] . However, 
these materials have diffi culty in machining with high hard-
ness of their reinforcements. On the other hand, CF/Al com-
posites are expected to represent, not only easy to machine, but 
also high TC in accordance with the development of the high 
TC carbon fi bers. 

 The casting processes for metal matrix composite materials 
are widely divided into squeeze casting and a low-pressure 
infi ltration (LPI) process. Those casting processes are differ-
entiated by applied infi ltration pressure of molten metal into 
porous preform. The squeeze casting process for fabrication 
of fi ber reinforced composite materials has caused fi ber frac-
ture and/or inhomogeneous fi ber distribution by high applied 
pressure  [10, 11] , whereas the LPI process has applied 
approximately atmospheric pressure. Therefore, LPI process 
for the composite materials enabled relatively simple facili-
ties and cost-effective and complex shape fabrication using 
low applied pressure  [12, 13] . In addition, optimization of the 
fabrication process for the fi ber preform, as well as composite 
materials, came to be needed in order to obtain high perfor-
mance composite materials. 

 In this study, the CF preform and CF/Al composites were 
fabricated by the spark plasma sintering (SPS) process and 
LPI process, respectively. Compression tests on the CF pre-
form were carried out to characterize the strength of CF 
preforms fabricated with different temperature conditions. 
Furthermore, the infl uences of applied infi ltration pressure 
and homogeneity of fi ber distribution on the densifi cation of 
CF/Al composites have been discussed.  

  2. Experimental procedure 

 The unidirectional CF preform was fabricated by sintering 
of the unidirectional CF mixtures. The CF mixtures were 
prepared by blending with 30 vol %  of coal tar pitch based 
K13D2U carbon fi bers (Mitsubishi Plastics, Inc., Tokyo, 
Japan), 10 vol %  of atomized Cu powder (Fukuda Metal, Foil 
& Powder Co, LTD, Kyoto, Japan) and polyethylene glycol 
(PEG) as a dispersant. The Cu powders were dispersed into 
the CF bundles by passing CF mixtures through a graphite 
roller and play a role such as spacing and bridging between 
CFs. The Cu powders added with different particle size condi-
tions, are shown in Table  1 . The CF mixtures were put into the 
cylindrical graphite mold and sintered under the SPS process 
by the electrical direct current discharge into the CF mixtures 
under a vacuum of 2.7 × 10 -2  Pa. The sintering conditions for 
CF preform by the SPS process were sintering temperatures 
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of 800, 850 and 900°C in accordance with the applied electri-
cal current and voltage of 380 A/4 V, 390 A/4 V and 410 A/4 
V, respectively. The temperature was directly measured at the 
center of the graphite mold. On the other hand, another CF 
preform as a reference material was also fabricated by the 
high temperature sintering process in the electrical furnace at 
850°C under vacuum. 

 Subsequently, CF/Al composites were fabricated under the 
LPI process by means of the infi ltration of molten Al (A1070) 
into porous CF preform. The infi ltration pressure and tempera-
ture conditions of LPI process were 0.2 – 0.8 MPa and 800°C 
under Ar atmosphere. The dimension of CF preform and CF/Al 
composites was diameter10 × L 10 mm 3  in and length. The com-
pression test on the CF preform was carried out to character-
ize the strength property by universal test machine (Shimadzu 
Corp., Kyoto, Japan). The crosshead speed for the compression 
test was 0.5 mm/min at room temperature. The microstructure 
of both materials was observed by scanning electron micro-
scopy. The density of CF/Al composites was measured by 
Archimedes ’  technique.  

  3. Results and discussion 

 In order to examine the sintering phenomenon on Cu particles 
in CF preform, Figure  1    represents the microstructures of CF 
preforms with different fabrication processes such as the high 
temperature sintering process [Figure 1(A)] and SPS process 
[Figure 1(B)] at the fabrication temperature of 1123 K. The 
average Cu particle size of 2.55  µ m was utilized for the fab-
rication of CF preforms in this experiment. The Cu particles 
were distributed to maintain some space between CFs. The 
adequate spaces between CFs are expected to facilitate the 

infi ltration of molten Al into CF preform. However, Figure 
1(A) shows only weak bonding between Cu-Cu and CF-Cu 
contacts by sintering temperature lower than the Cu melting 
point of 1356 K. Meanwhile, Figure 1(B) shows not only Cu 
particle bonding and bridging CFs, but also deposition of Cu 
particles on the CF surfaces. It was reported that the melt and 
vaporization of metal powders occurred under the SPS pro-
cess by means of the locally high heat generation attained by 
concentration of the electrical current density at the points 
of powder contacts  [14, 15] . The coalescence of Cu particles 
between CFs and deposition of Cu particles on CFs in this 
study might take place by the melting and vaporization of Cu 
particles, even if the measured sintering temperature at the 
graphite mold was lower than the melting point of Cu. The 
formation of the Cu bridging between CFs by SPS process can 
be expected to improve the strength property of CF preform. 
Especially, the effect of the CF-Cu contact size by Cu bridg-
ing on compression strength of CF preform was examined. 

 The relationship between compression strength and CF-Cu 
contact area of the CF preforms is shown in Figure  2    by 
normalized plots, depending on the fabrication temperatures 
ranging from 1073 K to 1173K. The compression strength and 
CF-Cu contact area of CF preform increased with increasing 
fabrication temperature. The compression strength and con-
tact area at the sintering temperature of 1173 K showed 2.15 
MPa and 10.81  µ m  2 , which corresponds to about 2.1 and 3.6 
times higher value than that of 1073 K. In other words, the 
compression strength of the CF preform was signifi cantly 
affected by the size of contact area between Cu bridging and 
CFs. In order to fabricate the CF/Al composites by the LPI 
process, the infi ltration pressure of molten Al into CF preform 
must be determined according to the compression strength of 
CF preform. 

Table 1 Various kinds of Cu powders for fabrication of carbon fi ber preform.

Products Cu HWQ 
-5 µm �

Cu HWQ -20 µm 
with 20 µm sieving �

�+� 
(�:�=50%:50%)

Hukuda Metal 
25∼45 µm

Fabrication process Atomization Eletrolysis
Average particle size (µm) 2.55 11.79 Bimodal 28.86
Volume fraction (%) 10

Carbon fiber Carbon fiber

Cu particle

A

Cu particle
BondingDeposition

10 µm 10 µm

B

 Figure 1    Microstructure of CF preform with different fabrication methods; (A) high temperature sintering process and (B) the SPS sintering 
at their fabrication temperatures of 850°C.    
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 The CF/Al composites were fabricated with the infi ltra-
tion of the molten Al into the longitudinal fi ber direction of 
the CF preform by direct loading of the infi ltration pressures. 
The density of CF/Al composites was signifi cantly affected 
by the applied infi ltration pressure, as shown in Figure  3   (A). 
The average Cu particle size of 12.44  µ m was used for the 
CF preform in this experiment. The density of CF/Al compo
sites were 1.4, 2.4, 2.6 and 2.66 Mg/m 3  in accordance with 
the applied pressure of 0.2, 0.4, 0.6 and 0.8 MPa, respectively. 
Especially, the density of CF/Al composites signifi cantly 
increased between the infi ltration pressures of 0.2 and 0.4 
MPa. From the viewpoint of decision on infi ltration pressure, 
the infi ltration of melt into unidirectional fi ber arrays is mainly 
infl uenced by the capillary resistance, internal viscous friction, 
gravity and back pressure  [16, 17] . The molten metal infi ltra-
tion into the fi ber arrays starts when the applied pressure over-
comes the threshold pressure of melt infi ltration. In the case of 
the CF volume fraction of 0.3, the threshold pressure to start 
infi ltration of molten Al was calculated to be about 0.2 MPa. In 
other words, the applied infi ltration pressure which exceeded 
the threshold pressure, facilitated the permeation of molten Al 
into CF arrays and raised the density of CF/Al composites. 
However, the CF/Al composites with an applied pressure of 
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 Figure 3    Infl uence of applied infi ltration pressures on CF/Al composites; (A) density variation and (B) microstructure CF/Al composites at 
0.8MPa.    
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 Figure 2    Effect of fabrication temperature on compression strength 
of CF preform and CF-Cu contact area.    

0.8 MPa showed only 84 %  relative density with the forma-
tion of some pores, as shown in Figure 3(B). Most of pores 
were formed between the clustered CFs in the microstructure. 
Consequently, the irregular fi ber distribution, such as fi ber 
clustering, led to forming of narrow spaces, making it diffi cult 
to infi ltrate the molten Al between CFs. Therefore, the homo-
geneous fi ber distribution is one of the important parameters 
to improve the densifi cation of CF/Al composites. In order to 
form homogeneous fi ber distribution, the suitable size of Cu 
particles as a spacer has to be determined. 

 Long et al.  [16]  reported the geometrical description and 
equations [Eq. (1) and (3)] for the theoretical fi ber array. It 
was known that the space between theoretical fi ber arrays was 
infl uenced by the volume fraction and radius of fi bers. The 
geometrical schematics based on reference  [16]  were consid-
ered in Figure  4 , in order to calculate the theoretical size of a 
spacer between fi bers for the homogeneous fi ber distribution. 
The theoretical size of spacer for the homogeneous square 
and hexagonal fi ber array can be calculated by following 
equations. 

 For square fi ber array: 
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 where a, b and c are the distance between each center of adja-
cent CFs, Cu and CF and distant CFs, D and R are theoretical 
diameter and radius of Cu, Rf and Vf are radius and volume 
fraction of CF.
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In the present study, the D were calculated to be about 14.17 
and 11.08  µ m for the homogeneous square and hexagonal fi ber 
array when the V f  and R f  were 0.3 and 5.5  µ m, respectively. 

 The infl uence of added Cu particle sizes on the microstruc-
ture of CF/Al composites is shown in Figure  5 . The applied 
infi ltration pressure for the fabrication of CF/Al composites 
was 0.8 MPa. In the case of Figure 5(A), the microstructure 
of CF/Al composites shows both the CF clustering and the 
large spaces in the matrix. It was supposed that the addition 
of the 2.55  µ m Cu particle, smaller than the theoretical size 
for homogeneous fi ber array, might generate large extra spaces 
between CFs. As a result, the molten Al infi ltrated preferen-
tially into those large spaces with a low volume fraction of 
fi bers during the LPI process. Besides, the molten Al was hard 
to infi ltrate into the narrow spaces with high volume fraction 
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Figure 4 Schemes of theoretical fi ber array [16] with Cu spacer for; 
(A) square fi ber distribution and (B) hexagonal fi ber distribution.
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Figure 5 Microstructure of CF/Al composites depending on the added average Cu particles size of; (A) 2.55 µm, (B) 28.86 µm, (C) 11.79 µm 
and (D) bimodal Cu particles, respectively.

between clustered fi bers, even if there existed Cu particles. 
The narrow spaces became pores because they were too nar-
row to infi ltrate the molten Al with applied infi ltration pres-
sure of 0.8 MPa. Figure 5(B) also shows the non-uniform fi ber 
distribution such as fi ber clustering and large space of matrix 
region. It was assumed that 28.86  µ m Cu particles, relatively 
larger than theoretical size, were dispersed locally into the 
CF fi bers and enlarged the space between the fi bers. Most of 
the molten Al infi ltrated into the large space between fi bers, 
whereas the narrow space between clustered fi bers remained 
pores, as shown in Figure 5(A). It was reported in  [18]  that a 
smaller or larger particle size than the theoretical size has an 
adverse effect on homogeneity of the fi ber distribution. On the 
other hand, Figure 5(C) shows well dispersed fi ber array in 
comparison with Figures 5(A) and (B). Since the added Cu 
particles, which had 11.79  µ m diameters, were close to the 
theoretical size, the homogeneity of fi ber arrays improved 
with the decrease of fi ber clusters. However, some imperfect 
infi ltration regions were observed in the closed fi ber arrays 
without Cu spacers. In case of Figure 5(D), CF/Al composite 
shows a nearly homogeneous fi ber array without fi ber cluster-
ing and infi ltration defects, mostly by the addition of bimodal 
Cu particles with average particle sizes of 2.55  µ m and 11.79 
 µ m. The added small particles of 2.55  µ m might have acted 
as spacers to prevent the formation of fi ber clustering. The 
CF/Al composites of Figure 5(D) were expected to exhibit 
excellent mechanical properties without referred defects in the 
microstructure. 

 Figure  6  represents the infl uence of the addition of various 
Cu particles sizes for the fabrication of CF preform on the den-
sity of CF/Al composites. The densities of CF/Al composites 
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were 1.88, 2.86, 2.09 and 3.00 Mg/m 3  in accordance with the 
addition of the average Cu particle sizes of 2.55, 11.79, 28.86 
 µ m and bimodal Cu particles, respectively. Especially, CF/Al 
composites into which were added the bimodal Cu particles, 
have a high density level corresponding to about 95 %  of rela-
tive density with the nearly homogeneous fi ber distribution 
in the microstructure. In other words, the degradation of the 
density property of CF/Al composites was signifi cantly infl u-
enced on the formation of fi ber clustering.  

  4. Conclusions  

  The added Cu particles to a CF preform were transformed 1. 
to the deposited particles on CFs and bridging particles 
between CFs by the SPS process.  
  The compression strength of CF preform increased with 2. 
the increase of the CF-Cu contact, in accordance with the 
elevation of the sintering temperature.  
  The density of CF/Al composites improved with increase 3. 
of the applied infi ltration pressure.  
  The addition of smaller or larger particles than the theo-4. 
retical size for the CF preform, has an adverse effect on 
homogeneity of the fi ber distribution and densifi cation of 
CF/Al composites.  
  The CF/Al composites into which are added the bimodal 5. 
Cu particles with average particle sizes of 2.55  µ m and 
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Figure 6 Effect of the added Cu particle sizes on the density of CF/Al 
composites.

11.79  µ m, represented nearly homogeneous fi ber array 
with an excellent relative density of about 95 % .     
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