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Chapter 1: Introduction 

 

In recent years, with the continuing development in the fields of electronic 

packaging and thermal management applications, various electronic devices with high 

calculating speed, miniaturization, and light weight have become new trends [1]. 

However, the concurrent increase in power density of electronic components leads to 

generation of large amount of heat, which seriously reduces the efficiency and service 

life of the electronic devices [2]. Moreover, in order to reduce the fuel consumption and 

environment pollution caused by CO2 emissions, thermal management materials were 

also widely used in electric vehicle systems. Especially, in modern automotive engines, 

the electronic control unit plays the crucial role of controlling and integrating different 

complex actions such as mixture formation, combustion and exhaust gas treatment [3]. 

Therefore, it is important to develop efficient heat-dissipation materials to meet the 

requirements of rapid heat removal.  

In general, the heat-dissipation materials were required to possess high thermal 

conductivity (TC) and low coefficient of thermal expansion (CTE). Since the 

conventional heat sink materials were difficult to satisfy both of them, more and more 

researchers have focused on developing composite materials. The densities and thermal 

properties of the representative electronic packaging materials were listed in table 1.1. 

The first and second generation materials used as substrate in electronic packaging were 

CuMo, CuW, BeO, and Al/SiC, showed TC values of ~200 W/mK. However, with the 

rapid development in the modern electronic devices, they were no longer able to meet 

the requirements of thermal management [4]. In order to design a new generation 
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material, metal matrix composites (MMCs) have attracted particular interest by many 

research groups to fabricate heat-dissipation materials among various composite 

material systems. For the metal matrix with high TC, aluminum (Al) has been 

extensively used due to its lightweight and low cost in comparison with copper and 

silver. Besides, carbon materials, such as diamond, carbon fibers (CFs) including carbon 

nanotubes (CNTs) and nanofibers (CNFs), and graphite have become popular research 

topics because of their outstanding thermal properties, which make them ideal second 

phases for Al matrix composites. However, the utilization of diamond is seriously 

limited by its high price and hardness. In addition, the addition of CNTs and CNFs will 

lead to more Al/C interfaces, which result in larger interfacial thermal resistance. Thus, 

in this research, graphite and CFs were chosen as the second phases. It is believed that 

through controlling the composition and orientation of the second phases in Al matrix, 

good thermal and mechanical properties of the Al matrix composites (AMCs) can be 

obtained [5-7]. 

On the other hand, the fabrication method is also an important factor, which 

determines the properties, productivity, and cost of the AMCs. As shown in Fig. 1.1, the 

fabrication processes of AMCs can be classified in two routes: liquid-state process and 

solid-state process [8]. The liquid-state process mainly includes stir casting, squeeze 

casting, and pressure infiltration. These methods can fabricate the AMCs with high 

composition and ideal orientation of second phase. However, the high processing 

temperature may lead to the formation of some compounds at the interfaces, which 

degrade the thermal and mechanical properties. The solid-state process is generally 

divided into hot pressing, spark plasma sintering (SPS), hot extrusion, and so on. The 

hot pressing and SPS methods have been widely investigated to fabricate the AMCs 
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with high thermal and mechanical properties, however, they are difficult to be used in 

mass production due to their high costs and limitation in degree of freedom on the 

composites shape. In comparison, extrusion is a cost-effective processing technique in 

fabricating elongated products with various cross-sectional shapes. It can also be 

applied to form powders or poor-processing materials, since heavy deformation can be 

achieved under a high hydrostatic pressure. Furthermore, it is possible to control the 

preferred orientation of grains during extrusion, especially for those materials with 

layered structure such as graphite. However, few works have been reported to fabricate 

AMCs by extrusion process. Therefore, in this research, a hot-extrusion technique was 

proposed to prepare Al/carbon composites. 

 

Table 1.1 Densities and thermal properties of representative electronic packaging materials [7] 

 

Material Density (g/cm3) CTE ( 10-6/C)(25-150 C) TC (W/mK)
Al 2.7 26 237
Cu 8.9 17 398
Ag 10.5 19 431
Si 2.3 4.2 151
GaAs 5.23 6.5 54
CuW 15.7-17.0 6.5-8.3 180-200
CuMo 10 7-8 160-170
BeO 3 6 260
SiC 3.2 2.7 200-270
Al/SiC 2.9-3.3 6.2-16.2 120-220
Al/diamond 3-3.2 7-7.5 400-600
Al/CF 2.4-2.5 7-9.4 170-320
Al/graphite 2.4-2.5 7.5-16.9 200-780
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Fig. 1.1 Fabrication processes of AMCs 

 

1.1 Development status of AMCs for thermal management applications 

1.1.1 Al/SiC composites 

As the second generation of heat dissipation materials, Al/SiC composites showed 

better thermal properties, lower density and cost in comparison with the first generation 

heat dissipation materials like CuMo and CuW. These advantages attracted much 

attention of semiconductor manufacturers. Since the late 1980s, Al/SiC composites have 

been used for thermal management packaging solutions for high-power output 

microwave application. In the early 1990s, Al/SiC composites were introduced as power 

substrates instead of Cu substrates in the field of commercial communication 

applications for cellular base stations. From the 21st century, with the rapid increase in 

application of personal computer, Al/SiC composites were widely investigated by more 

and more researchers to meet the demand of CPU thermal management [9-11]. 

Xu et al. [12] fabricated the Al/SiC composites by powder metallurgy and 

Fabrication processes of AMCs

Liquid-state process Solid-state process

Stir casting

Squeeze casting

Pressure infiltration

Hot pressing

Hot extrusion

Spark plasma 
sintering (SPS)



5 
 

extrusion with TCs of 150-180 W/mK. Lee et al. [13] consolidated the Al/SiC 

composites by squeeze casting process with 120-177 W/mK and CTEs of 6-10 ppm/K. 

Further, Molina et al. [14] prepared the Al/SiC composites by liquid infiltration method 

with TCs of 150-220 W/mK and CTEs of 7.8-10.8 ppm/K. Based on the above reports, 

it is found that the CTE of Al can be easily reduced due to the low CTE of SiC (2.7 

ppm/K). However, due to the unsatisfied TC of SiC (200-270 W/mK), the TC of Al is 

hard to be enhanced. From the 2010s, with the increasing power density in electronic 

packing field, the unsatisfied TC of Al/SiC composites became no longer able to meet 

the thermal management requirements. Therefore, more and more researchers started to 

used diamond, graphite, and CFs instead of SiC.  

 

1.1.2 Al/diamond composites 

Owing to the exceptionally high TC of 2500 W/mK and low CTE of 1.3 ppm/K of 

diamond at room temperature, diamond appears to be a promising thermal management 

carbon material. In addition, the price of good-quality synthetic diamonds also 

continuously decreases in recent years. Thus, Al/diamond composites have been widely 

developed to replace the traditional heat sinks. 

Chen et al. [15] and Johnson et al. [16] prepared Al/diamond composites by a 

pressureless infiltration technique with TCs of 259-288 W/mK at diamond contents of 

50-75 vol%. The experimental TCs were much lower than the theoretical TCs due to the 

formation of Al4C3 at the interfaces between Al and diamond, which leads to larger 

interfacial thermal resistance. In order to improve the interfacial bonding and suppress 

the formation of Al4C3, surface coating of diamond was considered as an effective way. 

Liang et al. [17] fabricated Al/Ti-coated diamond composites by SPS process, and Tan 
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et al. [18] fabricated Al/W-coated diamond composites by hot pressing process. At a 

diamond content of 50 vol%, the Al/Ti-coated diamond composites showed TC of 491 

W/mK and the Al/W-coated diamond composites exhibited TC of 599 W/mK. On the 

other hand, from the viewpoint of enhancing the relative density and interfacial bonding, 

the effect alloy addition on microstructure and TC was investigated by Mizuuchi et al. 

[19-20]. As reported, the Al/diamond composites with Al-Mg alloy fabricated by SPS at 

a temperature range between the solidus and liquidus temperatures of Al-Mg alloy. The 

relative packing density of 97.5% and the TC of 403 W/mK were obtained for Al-45.5 

vol% diamond composite. Further, their research group also reported that the SPSed 

Al-50 vol% diamond composites with Al-Si alloy showed higher relative packing 

density of 99% and the TC of 552 W/mK.  

Although the Al/diamond composites exhibited excellent thermal properties in 

comparison with Al/SiC composites, the isotropic thermal properties, high hardness, 

and high price of diamond still seriously limit its application in thermal management 

field. In order to overcome these constraints, Al/CF composites and Al/graphite 

composites with anisotropic thermal properties, good workability, and relatively low 

price were widely investigated for heat sinking application. 

 

1.1.3 Al/CFs composites 

In recent decades, fibrous composites were prepared with various metallic matrices. 

Among these, Al/CFs composites have been the preferred choice of researchers, due to 

its low density, good workability and thermal properties. In particular, the 

reinforcement of AMCs with CNTs can significantly enhance the mechanical properties. 

For example, Bakshi et al. [21] fabricated the Al-Si alloy-10 vol% CNTs composites by 
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powder mixing and plasma sprayed onto the mild steel substrate. The mechanical 

properties, such as elastic modulus and yield strength, were reported to be enhanced. 

However, the TC was declined to almost half (73 W/mK) as compared to cast Al-Si 

alloy (170 W/mK), due to the severe aggregation of CNTs and large amount of 

Al/CNTs interfaces. In order to reduce the aggregation and improve the interfacial 

bonding, larger sized CFs were chosen with surface coating. The research groups of Liu 

et al. [22] fabricated Al/chromium carbide-coated CFs composites by SPS process. The 

CFs were randomly oriented in-plane perpendicular to the pressing direction, leading to 

the in-plane TC values of 221 W/mK. Although the TC values were not high, the Al/CFs 

samples showed low CTE of 9.4 ppm/K at only 45.4 vol% CFs content. Further, Kurita 

et al. [23] fabricated dense Al/CF composites with Al-Si alloy by hot pressing process, 

with TC and CTE of 258 W/mK and 7.0 ppm/K. In order to align the CFs in one 

direction and further enhance the TC, Lee et al. [24] prepared the unidirectional Al/CF 

composites by low pressure infiltration process. However, due to the formation of large 

amount of Al4C3, a slightly higher TC of 273 W/mK was obtained. To reduce the 

generation of Al4C3, Tokunaga et al. [25] fabricated the unidirectional Al/CF composites 

with Al-Si alloy by hot extrusion process. The composite with 40 vol% of CFs exhibited 

323 W/mK, which leads to 40% improvement in TC in comparison with pure Al. The 

above reports indicate that the orientation control of CFs in the matrix is seriously 

related to the thermal properties of Al/CF composites. 

 

1.1.4 Al/graphite composites 

Recently, Al/graphite composites have attracted much attention due to their high 

TC, low coefficients of thermal expansion, and low costs, which are considered to be 
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promising materials for heat sink applications. As is well known, graphite is highly 

anisotropic in both thermal and electrical conductivity, and the TC along its basal planes 

is much higher than that in c-axis. Besides, graphite is easy to react with liquid Al and 

form Al4C3 phase, which can deteriorate the TC of Al/graphite composites [26]. Thus, in 

order to prepare Al/graphite composites with a preferred orientation and avoid the 

reactions between Al and graphite, powder metallurgy route is considered to be one of 

the effective methods to fabricate Al/graphite composites. As a typical technique, hot 

pressing has been widely studied to fabricate Al/graphite composites in recent years. For 

example, Chen et al. [27] reported an extremely high TC value of 783 W/mK in 

hot-pressed Al/80 vol% graphite sample. Kurita et al. [28], Xue et al. [29], and 

Chamroune et al. [30] also obtained TC values of 460 W/mK, 735 W/mK, and 450 

W/mK in Al/50 vol% graphite, Al/70 vol% graphite, and Al/50 vol% graphite samples, 

respectively. These high TC values are mainly attributed to high contents and good 

orientation of graphite. For example, the basal planes of the graphite are preferentially 

perpendicular to the hot-pressing direction. Although the hot-pressed Al/graphite 

composites showed such high TC values, hot pressing is still difficult to be used in mass 

production due to high costs. 

 

1.2 Purpose of present work 

In the present work, graphite and CFs were chosen as the second phases, which 

were incorporated into Al matrix, and a hot-extrusion technique was proposed to 

prepare Al/carbon composites. The purpose is to understand the relationships among 

processing conditions, densification behavior, microstructure, thermal and mechanical 

properties, thus to promote their industrial applications and contribute to enhance the 
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reliability and service life of electronic components. 

 

1.3 Outline of this work 

This work has focused on the fabrication and performance improvement of 

Al/carbon composites. Chapter 2 focused on the fabrication of Al/graphite composites 

by hot-extrusion technique. The effects of processing conditions such as graphite 

particle size, graphite content, and extrusion temperature on extrusion behavior, 

microstructure, texture, and TC were systematically investigated. 

Chapter 3 clarified the effect of Al-Si alloy addition on microstructure, thermal 

conductivity (TC), coefficient of thermal expansion (CTE) and compressive strength of 

the extruded Al/graphite composites. 

Chapter 4 focused on the fabrication of Al/carbon fibers (CFs) composites by 

hot-extrusion technique. The effects of processing conditions such as CFs size, CFs 

content, and extrusion temperature on microstructure, texture, and TC of the extruded 

Al/CFs composites were investigated.  

Chapter 5 studied the effect of Ni-coating on microstructure, thermal and 

mechanical properties of SPSed Al/CFs composites. The optimum coating time, 

sintering pressure, sintering temperature, and sintering time were clarified. 

Chapter 6 focused on the fabrication of Al/Ni-coated CFs composites by 

hot-extrusion technique. Microstructure, thermal and mechanical properties were 

investigated.  

    Finally, in Chapter 7, general conclusions and summary of this work, as well as 

some achievements pegged on this work are presented. 
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Chapter 2 Fabrication of Al/graphite composites by hot-extrusion process 

 

2.1 Introduction 

As reported, hot pressing has been widely studied to fabricate Al/graphite 

composites as a typical technique in recent years. For example, Kurita et al. [1] reported 

that with addition of a small amount of Al-Si alloy in the Al matrix powder, an 

extremely high TC value of 460 W/mK can be obtained in a fully dense hot-pressed 

Al/50 vol% graphite sample. Chamroune et al. [2] investigated the effect of Al powders 

morphology on microstructure and TC of vacuum hot-pressed Al/graphite composites, 

and also obtained high TC values of 400-450 W/mK at a graphite content of 50 vol%. 

These high TC values are mainly attributed to high contents and good orientation of 

graphite. For example, the basal planes of the graphite are preferentially perpendicular 

to the hot-pressing direction. Although the hot-pressed Al/graphite composites showed 

such high TC values, their applications are still limited because hot pressing is difficult 

to be used in mass production. 

As is well known, extrusion is a cost-effective processing technique in fabricating 

elongated products with various cross-sectional shapes. It can also be applied to form 

powders or hard-to-work materials, since heavy deformation can be achieved under a 

high hydrostatic pressure. Furthermore, it is possible to control the preferred orientation 

of grains during extrusion, especially for those materials with layered structure such as 

graphite. However, to the best of our knowledge, no research work has been reported to 

fabricate Al/graphite composites by extrusion process. In the present work, from the 

viewpoints of orientation control and mass production, a hot-extrusion technique was 

proposed to prepare Al/graphite composites. The objective was to examine the effects of 



15 
 

graphite size and content as well as extrusion temperature on extrusion behavior, 

microstructure, texture, and TC of the Al/graphite composites.  

 

2.2 Experimental procedure 

2.2.1 Starting materials 

Pure Al powder (>99.9% purity, mean particle size of 30 μm) and natural graphite 

powders with mean particle sizes of 10, 60, and 250 μm were used as the starting 

materials, as shown in Fig. 2.1, the Al powder had an irregular shape, while the graphite 

powders exhibited either granular or flaky morphologies. In addition to these 

single-sized (monomodal) graphite powders, a bimodal powder, prepared from coarse 

(250 μm) and fine (10 μm) powders with a mixing ratio of 3:1, was also used for the 

purpose of identifying the effect of particle size distributions of graphite on extrusion 

behavior, microstructure, and TC of Al/graphite composites. 

 

2.2.2 Consolidation method 

The Al and graphite powders with nominal compositions of 20, 40, and 60 vol% 

graphite were ball-milled for 12 h in ethanol. After drying, the Al/graphite powder 

mixture was pressed into a cylindrical green compact under a uniaxial pressure of 400 

MPa, followed by vacuum-encapsulation in an Al can (Φ30mm×45mm) to obtain an 

extrusion billet. The conditions of uniaxial pressing are listed in Table 2.1. The 

extrusion was performed in a temperature range of 400-500 ˚C with an extrusion ratio 

of 14:1 (determined by the ratio of  and , 

 are the diameters of billet and extruded sample, 

respectively) with a punch speed of 1 mm/min. The extrusion conditions are listed in 
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Table 2.2, and the schematic of hot-extrusion setup is showed in Fig. 2.2. Moreover, to 

improve the distribution and orientation of graphite in the composites and their TC 

values, some Al/40 vol% graphite (250 μm) green compacts were rotated 90° (Fig. 2.3) 

and then subjected to hot extrusion at 450 ˚C.  

 

Fig. 2.1 SEM images of the starting materials used in the experiments. (a) Al powder (30 μm) and 

graphite powders with mean particle sizes of (b) 10 μm, (c) 60 μm, and (d) 250 μm. 

 

 Table 2.1 Conditions of uniaxial pressing 

 

 

 

 

 

 

Atmosphere Air 
Lubricant Stearic acid 
Temperature Room temperature 
Pressure 400 MPa 
Sizes of green compact Φ20mm×25mm 

50μm

(a)

200μm

(d)

50μm

(b)

100μm

(c)
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Table 2.2 Conditions of hot extrusion 

 

 

 

 

 

 Fig. 2.2 Schematic of hot extrusion. 

 

2.2.3 Characterization 

The density of the extruded samples was determined by the Archimedes method. 

The density and relative density were calculated by the following equations, 

respectively.  

                                               (2.1) 

                                                 (2.2) 

Extrusion billet Cold-pressed compact 
Atmosphere Air 
Extrusion temperature 400-500  
Extrusion ratio 14 
Extrusion speed 1mm/min 
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where ρ and ρw are the density of the sample and water, respectively; ma and mw are the 

weight of sample in the air and water, respectively; ρR and ρT are the relative density and 

theoretical density of the sample, respectively. 

Phase identification was performed by X-ray diffraction (XRD) with Cu Kα 

radiation. The orientation degree of the graphite in the Al/graphite extruded samples was 

estimated using the Lotgering method [3] which provides an orientation index deduced 

from XRD pattern for the oriented materials. The Lotgering factor f reflecting the 

degree of orientation by the following equation: 

                                       (2.3)  

where P denotes the ratio of the sum of the peak intensities corresponding to the 

preferred orientation axis I(00l) to that of all diffraction peaks I(hkl) in the extruded 

sample, 

                                       (2.4) 

P0 is a reference value of P for a randomly oriented sample                                         

                                           (2.5) 

The value of f varies between 0 and 1, where f = 0 corresponds to random orientation, 

while f = 1 corresponds to perfect orientation.  

The microstructure was observed by scanning electron microscopy (SEM). 

Orientation imaging microscopy (OIM) analysis was performed using SEM equipped 

with an electron backscattered diffraction (EBSD) system. The TC was determined by 

measuring thermal diffusivity and specific heat at room temperature by using a laser 

flash apparatus (LFA457 Micro Flash, Netzsch, Germany). 
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Fig. 2.3 Schematic views of (a) pressing and (b) extrusion of Al/graphite composites. The pressed 

green compact was rotated 90° and then extruded at 450 ˚C. 

 

2.3 Results and discussion  

2.3.1 Microstructure and thermal conductivity 

2.3.1.1 Effects of graphite size and content 

Fig. 2.4 Extrusion pressure-stroke curves of 450 ˚C extruded-Al/40 vol% graphite samples extruded 

with different graphite sizes. 
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Fig. 2.4 shows the extrusion pressure vs. stroke curves of 450˚C extruded-Al/40 

vol% graphite samples with different graphite sizes. In the initial stage up to point B 

shown in Fig. 2.4, the pressure gradually increased with extrusion stroke. This 

corresponds to the compaction of Al/graphite powder inside the Al can and plastic 

deformation of the Al can. At point B where the slope of the pressure vs. stroke curve 

became small, the Al in the front end of the billet started to be extruded out of the die. 

When the pressure reached point C, Al/graphite composite started to be formed with Al 

sheath on its surface layer. As the extrusion proceeded, the change of the pressure was 

not evident and the extrusion of the composite steadily continued up to point D. After 

the Al/graphite compact was completely extruded out of the die, only the residual Al 

sheath was subjected to the extrusion and thus the pressure level was sharply decreased 

(point E as shown in Fig. 2.4). In addition, with the incorporation of larger graphite 

particles, the extrusion pressure level became lower, which is considered as the result of 

the decrease in deformation resistance of the billet. Moreover, similar extrusion 

behavior was also found in the extrusion of the samples with different graphite contents. 

The effect of graphite content on extrusion pressure level was not remarkable.  

Fig. 2.5 shows the appearances of the extruded Al/graphite (250 μm) samples with 

different graphite contents. The samples with lower graphite contents (20 vol% and 40 

vol%) exhibited sound appearances, and no evident cracks, voids and other defects were 

observed, as shown in Fig. 2.5 (a) and (b). However, many defects were clearly 

observed on the surface of the sample with 60 vol% graphite (Fig. 2.5 (c)). This may 

result from severe aggregation of graphite due to a large amount of graphite and thus 

lead to poor formability. In addition, it has been confirmed that graphite size and 

extrusion temperature have a small effect on appearances of the extruded samples under 
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the experimental conditions used in the current work. These results suggest that graphite 

content is a major factor influencing the formability of Al/graphite composites in the 

extrusion temperature range of 400-500 ˚C. 

 
Fig. 2.5 Appearances of Al/graphite samples with (a) 20 vol%, (b) 40 vol%, and (c) 60 vol% graphite 

(250 μm). Extrusion temperature: 450 ˚C. 

 

Fig. 2.6 shows the variations of relative density of the Al/graphite samples with 

different graphite particle sizes and contents extruded at 450 ˚C. The relative density of 

all the samples decreased with increasing the graphite content. This indicates that the 

presence of graphite inhibits the deformation of Al matrix and densification of the 

composites. For the monomodal graphite powders, as the particle size of graphite 

increased, the relative density became higher. It is believed that with the incorporation 

of larger graphite particles, the interfacial area between graphite and Al particles 

decreases. This results in a smaller inhibition effect of graphite on densification of the 

Al matrix during hot extrusion. Therefore, the extruded samples with larger graphite 

sizes showed higher density values, as shown in Fig. 2.6. 

1cm

(a)

(b)

(c)
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Fig. 2.6 Variations of the relative density on graphite content for Al/graphite samples. Extrusion 

temperature: 450 ˚C. 

 

On the other hand, the 90°-rotated sample showed higher density value compared 

to the non-rotated sample. As illustrated in Fig. 2.3, the graphite flakes tend to be 

arranged in the direction perpendicular to the loading direction during pressing of 

Al/graphite powder mixture. After 90° rotation, further deformation of graphite along 

the extrusion direction occurs easily during subsequent hot-extrusion process. This is 

because the graphite distributions in the 90°-rotated billet are approximately parallel to 

the extrusion direction, which is also beneficial to reduction in breakage of graphite 

during the extrusion. These lead to enhancement in densification of the extruded 

sample. 

With regard to the bimodal samples containing both 250 μm and 10 μm graphite 

powders, the relative density of the extruded samples did not decrease as remarkably as 
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those of the monomodal samples and exhibited higher values at graphite contents of 40 

and 60 vol% (Fig. 2.6). It has been demonstrated that when the size ratio and volume 

fraction ratio of large to small particles reach certain values, respectively, the voids in 

mixed-sized sample can be obviously reduced compared to the single-sized samples [4], 

thus leading to increase in relative density. Similar improvements in density have also 

been found in Al/SiC composites with mixed-sized SiC particles [5-6]. 

Fig. 2.7 shows the SEM images (backscattered electron mode) on longitudinal 

sections of the monomodal samples with different graphite sizes and contents, where the 

white and dark regions correspond to Al and graphite, respectively. It was clearly 

observed that the graphite tended to be distributed along the extrusion direction in the 

extruded samples. This tendency seems to be weakened and the thickness of the 

deformed graphite became larger with increasing graphite content, which is attributed to 

aggregation of graphite. The preferred orientation of graphite along the extrusion 

direction in hot-extruded samples is believed to be associated with the shear 

deformation occurred during the extrusion, because graphite can be easily deformed 

along the basal plane due to its layered structure. In addition, as the graphite size 

decreased, both the length and thickness of the deformed graphite were reduced, and the 

graphite showed more homogeneous distributions within the Al matrix. In the case of 

the graphite particles with an average size of 10 μm, when the graphite content attained 

60 vol% (Fig. 2.7(i)), it appears that the Al with a bright contrast is homogeneously 

distributed in the graphite matrix. 
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Fig. 2.7 SEM images on longitudinal sections of the hot-extruded monomodal samples with different 

graphite sizes and contents. Extrusion temperature: 450 ˚C. 

 

Fig. 2.8 shows the SEM images on longitudinal sections of the bimodal samples 

with different graphite contents. Similar to the monomodal samples, the graphite was 

also distributed along the extrusion direction, and smaller graphite particles were 

uniformly dispersed in the Al matrix. With increasing the graphite content, more 

aggregation of graphite can also be observed in the hot-extruded samples. Since the 

average particle size (10 μm) of the small graphite powder is much smaller than those of 

both Al (30 μm) and large graphite powder (250 μm), it is assumed that the small 

graphite particles can effectively fill up the voids between Al/Al, Al/large graphite, and 

large graphite/graphite particles in the bimodal samples, thus resulting in higher relative 

density (Fig. 2.6).  
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Fig. 2.8 SEM images on longitudinal sections of the hot-extruded bimodal samples with graphite 

content of (a) 20 vol%, (b) 40 vol%, and (c) 60 vol%. Extrusion temperature: 450 ˚C. 

 

Fig. 2.9 shows the SEM image on the longitudinal section of the 90°-rotated Al/40 

vol% graphite (250 μm) sample. In comparison with the non-rotated sample shown in 

Fig. 2.7 (e), it is obvious that the distribution of graphite along the extrusion direction 

became stronger in the 90°-rotated sample. Furthermore, the breakage of graphite was 

reduced evidently, which led to fewer Al/graphite interfaces.  

Fig. 2.9 SEM images on longitudinal sections of Al/40 vol% graphite (250 μm) samples extruded at 

450 ˚C (90°-rotated sample). 

 

Fig. 2.10 (a) shows the dependence of the Lotgering factor on graphite content and 

size. The extruded samples with a larger content of graphite exhibited smaller values of 

the Lotgering factor. It is considered that the severe aggregation of graphite at a larger 

content (Fig. 2.7) decreases the deformation degree of graphite along the basal plane. 

On the other hand, when the graphite particle size was increased from 10 to 60 μm, the 

300μm300μm300μm

500μm
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Lotgering factor increased slightly. This indicates that small-sized graphite particles are 

somewhat difficult to be deformed along the basal planes during extrusion compared to 

large-sized graphite. However, as the graphite particle size was further increased from 

60 to 250 μm, the Lotgering factor remained almost unchanged. These results suggest 

that the particle size of graphite has a small influence on the orientation degree of the 

graphite in the extruded Al/graphite composites.  

The dependence of the Lotgering factor on graphite content in the bimodal and 

90°-rotated samples is illustrated in Fig. 2.10 (b). Similar to the monomodal samples 

shown in Fig. 2.10 (a), the bimodal samples showed a gradually reduced trend in the 

Lotgering factor with increasing the graphite content due to the aggregation of graphite. 

For the 90°-rotated sample, its Lotgering factor exhibited a higher value than the sample 

without rotation. This result indicates that the 90°-rotation of the pressed green compact 

can promote the shear deformation and preferred orientation of the graphite during 

hot-extrusion process (Fig. 2.3). 

Fig. 2.10 Dependences of the Lotgering factor on (a) graphite content and particle size and (b) 

graphite content in the bimodal and 90°-rotated samples. 

 

Fig. 2.11 shows the graphite content dependence of TC of the monomodal, bimodal, 

and 90°-rotated samples extruded at 450 ˚C. For the samples with the monomodal 
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graphite powders, as the graphite content increased, the TC increased gradually in 

Al/graphite (250 μm) samples, whereas the TC had small change in Al/graphite (60 μm) 

samples and decreased in Al/graphite (10 μm) samples. Generally, a larger graphite 

content leads to a higher TC value as indicated in Al/graphite (250 μm) samples in this 

work. However, the reductions in TC with increasing graphite content in 10μm- and 

60μm-graphite incorporated samples are likely to be associated with lower relative 

density of the composites and more Al/graphite interfaces, as shown in Figs. 2.6 and 2.7, 

respectively. It should be noted that it was difficult to prepare Al/60 vol% graphite 

extruded samples for TC measurements due to their poor formability.  

With regard to the bimodal samples, the TC increased with increasing graphite 

content and exhibited a higher value at 40 vol% compared to those of the monomodal 

samples. Although the small graphite particles with an average size of 10 μm result in 

more Al/graphite interfaces in the bimodal samples, the improvement in TC is believed 

to mainly arise from the significant increase in relative density (Fig. 2.6).  

As for the 90°-rotated Al/40 vol% graphite (250 μm) sample, a higher TC value 

was obtained in comparison with the sample with exactly the same composition but 

without rotation. Such an enhancement in TC is considered to be associated with its 

higher relative density, fewer Al/graphite interfaces, and higher orientation degree f(00l) 

of the graphite as mentioned above. 

On the other hand, the TC in the direction perpendicular to the extrusion direction 

was also measured. The results indicated that the TC values in the direction parallel to 

extrusion direction (//ED) were much larger than those perpendicular to the extrusion 

direction (┴ED). For example, for Al/40 vol% graphite (60 μm) sample, the TC parallel 

to the extrusion direction was 2.6 times larger than that perpendicular to the extrusion 
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direction.  

Fig. 2.11 Thermal conductivity of Al/graphite composites extruded at 450 ˚C (ED: extrusion 

direction). 

 
2.3.1.2 Effect of extrusion temperature 
 

 
Fig. 2.12 Extrusion pressure-stroke curves of Al/40vol% graphite (250 μm) samples extruded at 

different temperatures. 
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Fig. 2.12 shows the extrusion pressure vs. stroke curves of Al/40 vol% graphite 

(250 μm) samples extruded at different temperatures. As the extrusion temperature 

increased, the extrusion pressure level decreased due to lower deformation resistance at 

a higher extrusion temperature. Moreover, it should be noticed that as the extrusion 

temperature varied, the appearance and relative density had small change. 

Fig. 2.13 shows the SEM images of the Al/40 vol% graphite (250 μm) samples 

extruded at different temperatures. It seems that the majority of graphite are distributed 

along the extrusion direction at 400 ˚C. With increasing the extrusion temperature, the 

aspect ratio of the graphite became smaller and its distribution along the extrusion 

direction became weaker. It has been reported that the mechanical properties of graphite 

are almost unchanged under 1000 ˚C [7], while the deformation resistance of Al rapidly 

decreases with increasing temperature, which can be easily found from the pressure 

levels at different temperatures shown in Fig. 2.12. Therefore, the changes in 

morphology and distribution of the graphite in Al/graphite composites with extrusion 

temperature are likely to be due to the difference in deformation resistance between Al 

and graphite. As the extrusion temperature increases, the deformation of the Al matrix 

occurs easily compared to graphite. As a result, the deformed graphite flakes exhibited 

smaller aspect ratios at a higher temperature. 

  

Fig. 2.13 SEM images on longitudinal sections of Al/40 vol% graphite (250 μm) samples extruded at 

(a) 400 ˚C, (b) 450 ˚C, and (c) 500 ˚C. 

5500μm5500μm5500μm
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Fig. 2.14 illustrates the quantitative results of the aspect ratios of graphite in Al/40 

vol% graphite (250 μm) samples, which were measured from the SEM images. With 

increasing the extrusion temperature, the average aspect ratio of graphite decreased 

from about 13 to 4.  

The effect of extrusion temperature on the microstructure of hot-extruded Al/40 vol% 

graphite samples was also examined by EBSD. Fig. 2.15 shows the inverse pole figure 

(IPF) maps of Al matrix on longitudinal sections of the composites extruded at different 

temperatures. It should be noted that the dark regions in Fig. 2.15 correspond to graphite 

and its IPF maps are not included in the figure because the confidence index (CI) values 

of graphite are very small. The extremely small CI value of the graphite may be 

associated with its uneven surfaces in polished Al/graphite samples because Al and 

graphite have different hardness values and graphite easily drops out during polishing. 

All the maps in Fig. 2.15 have CI values of >0.1, indicating that the IPF maps shown in 

Fig. 2.15 represent the orientations of the Al matrix [8, 9]. 

 
Fig. 2.14 Measured aspect ratios of graphite in Al/40 vol% graphite (250 μm) samples extruded at (a) 

400 ˚C, (b) 450 ˚C, and (c) 500 ˚C. 
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As shown in Fig. 2.15, most of the Al grains were elongated along the extrusion 

direction in the extruded samples. As the extrusion temperature increased, grain growth 

occurred. The average grain sizes of the Al matrix were measured as 9.79 μm, 10.96 μm, 

and 11.36 μm at 400 ˚C, 450 ˚C, and 500 ˚C, respectively. In addition, from the IPF 

maps shown in Fig. 2.15, one of the main textures of the Al matrix on longitudinal 

sections arises from {111}, which is in agreement with the texture of hot-extruded 

commercial pure Al as reported by Bieda et al. [10]. 

Fig. 2.15 Inverse pole figure (IPF) maps on longitudinal sections of Al/40 vol% graphite (250 μm) 

samples extruded at (a) 400 ˚C, (b) 450 ˚C, and (c) 500 ˚C. 

 

To further examine the textures of the Al matrix, the {111} and {101} pole figures 

on longitudinal sections of the 450 ˚C-extruded samples are shown in Fig. 2.16. From 

the {111} pole figure, it is clear that the positions of two strong pole intensities fitted 

well with the extrusion direction. Furthermore, the {101} pole figure exhibited a typical 

Extrusion direction
Graphite

(b)(a) (c)



32 
 

pole figure as seen in a {111} fiber texture [10]. This demonstrates again that the Al 

matrix showed {111} texture on the longitudinal sections of the extruded samples.  

Fig. 2.16 (a) {111} and (b) {101} pole figures on longitudinal sections of the 450 ˚C-extruded Al/40 

vol% graphite (250 μm) sample. 

 

As an example, Fig. 2.17 (a) illustrates the XRD patterns on longitudinal and 

transverse sections of Al/40 vol% graphite samples extruded at 450 ˚C and 500 ˚C. The 

two patterns on longitudinal sections at 450 ˚C and 500 ˚C are similar to each other, 

where the (00l) basal planes of graphite (e.g., (002) and (004)) as well as (111) peak of 

Al showed large diffraction intensities on the sections parallel to the extrusion direction. 

Furthermore, in comparison with the patterns on longitudinal sections, the pattern on 

transverse section showed weaker diffraction intensities on (00l) basal planes of 

graphite and stronger diffraction intensities of Al, especially on (111) plane. These 

results further suggest that the (00l) basal planes of graphite are preferentially orientated 

to the extrusion direction in hot-extruded Al/graphite composites. Besides, no peaks of 

aluminum carbide (Al4C3) phase were detected in the extruded samples, but further 

detailed TEM observations at Al/graphite interfaces are necessary. 

In order to quantitatively evaluate the orientation degree of the graphite in 

hot-extruded Al/40 vol% graphite samples, the orientation factor f(00l) of the graphite 
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was calculated by the Lotgering method from the XRD data, and the dependence of the 

Lotgering factor on extrusion temperature is shown in Fig. 2.17 (b). With the increase in 

extrusion temperature, the Lotgering factor slightly decreased from 400 ˚C to 450 ˚C, 

and then obviously decreased from 450 ˚C to 500 ˚C. The orientation evolution of the 

graphite is in good agreement with the graphite distributions along the extrusion 

direction shown in Fig. 2.13.  

Fig. 2.17 (a) XRD patterns on longitudinal sections of Al/40 vol% graphite (250 μm) samples 

extruded at 450 ˚C and 500 ˚C and (b) dependence of the Lotgering factor of graphite on extrusion 

temperature. 

 

Fig. 2.18 shows the thermal conductivity (TC) of hot-extruded Al/40 vol% graphite 

samples as a function of extrusion temperature. It is worth pointing out that the 

measuring direction of both thermal diffusivity and specific heat was parallel to the 

extrusion direction. As a reference, the TC value of a 450 ˚C-extruded pure Al sample 

was also plotted in Fig. 2.18. The TC value increased as the extrusion temperature 

increased from 400 to 450 ˚C. This is mainly attributed to the grain growth (Fig. 2.15) at 

a higher extrusion temperature, which causes reduction in scattering of phonons at grain 
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the TC decreased and thus reached a peak at 450 ˚C. A lower TC value at 500 ˚C is 
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likely to be due to a significant reduction in orientation degree of graphite as mentioned 

previously (Fig. 2.17 (b)). Another possible reason is the formation of Al4C3 compound 

during the hot extrusion at 500 ˚C although Al4C3 cannot be detected in XRD analysis. 

The above results suggest that grain boundaries play a dominant role in thermal 

conduction in the extrusion temperature range of 400-450 ˚C, whereas the orientation 

degree of the graphite becomes dominant at 450-500 ˚C. 

 
Fig. 2.18 Thermal conductivity of Al/40 vol% graphite (250 μm) samples as a function of extrusion 

temperature. 
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because the deformation and breakage of graphite flakes occur during hot extrusion, 
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improve the density of the composites, which result in a significant enhancement in TC 

of the extruded Al/graphite composites (the results will be shown in chapter 3). 

Accordingly, hot-extrusion process is believed to be a promising technique to fabricate 

Al/graphite composites for thermal management applications. 

 

2.4 Conclusions 

(1) Sound and dense Al/graphite composites with relative density of > 95% were 

successfully fabricated by a hot-extrusion process under the conditions of extrusion 

temperatures ranging from 400 ˚C to 500 ˚C and graphite contents of 40 vol%.  

(2) The microstructural observations showed that graphite was mainly distributed along 

the extrusion direction. The (00l) basal planes of the graphite in extruded 

composites exhibited preferred orientation on longitudinal sections parallel to the 

extrusion direction.  

(3) The preferred orientation of graphite resulted in an anisotropy of TC in the extruded 

samples. The TC in the extrusion direction was higher than that in the direction 

perpendicular to the extrusion direction.  

(4) The incorporation of large-sized graphite flakes is beneficial to the improvement in 

TC of extruded Al/graphite composites. In comparison with monomodal graphite 

powder, the utilization of bimodal graphite powder is beneficial to the enhancement 

of both relative density and TC of the Al/graphite composites, although the 

incorporation of small graphite particles causes more Al/graphite interfaces.  

(5) The 90°-rotated sample exhibited higher TC (259 W/mK) due to its higher relative 

density, fewer Al/graphite interfaces, and higher orientation degree of the graphite. 
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Chapter 3 Microstructure and thermal/mechanical properties of hot-extruded 

Al/graphite composites with Al-Si alloy addition 

 

3.1 Introduction 

In chapter 2, Al/graphite composites have been successfully fabricated by a 

hot-extrusion technique. The effects of processing conditions such as graphite particle 

size, content, and extrusion temperature on microstructure and TC have been clarified. 

The results showed that the extruded samples had an anisotropic TC and good 

workability. However, the enhancement of TC in extrusion direction was not so evident 

in comparison with pure Al, as a result of low density and high Al/graphite interfacial 

thermal resistance in the hot-extruded composites. 

In order to simultaneously improve the thermal and mechanical properties of 

Al/graphite composites, in the present work, small amounts of Al-Si alloy powder were 

introduced into Al/graphite powder mixtures, followed by consolidation using spark 

plasma sintering (SPS) and hot-extrusion processes. As is well known, the melting point 

of Al-Si alloy is lower than that of pure Al. Therefore, when the sintering temperature 

was set between Al and Al-Si alloy, the solid phase of Al-Si alloy can change to liquid 

phase while Al cannot. With the help of the existence of melted Al-Si alloy during SPS, 

it is expected that the densification of Al/graphite composites and interfacial bonding 

between Al and graphite can be improved during subsequent hot extrusion. The 

objective of this work was to examine the effect of Al-Si alloy addition on densification 

behavior, microstructure, TC, CTE, and compressive strength of the extruded 

Al/graphite composites.  
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3.2 Experimental procedure 

3.2.1 Starting materials 

Pure Al powder (mean particle size of 30 μm), natural graphite powder (250 μm), 

and Al-12mass%Si alloy powder (<45 μm, melting point: 577 ˚C) were used as the 

starting materials. As shown in Fig. 3.1, the Al, graphite, and Al-12Si alloy powders 

exhibited irregular, flaky, and spherical morphologies, respectively. 

Fig. 3.1 SEM images of the starting materials used in the experiments. (a) Al powder (30 μm), (b) 

graphite flakes (250 μm), and (c) Al-12Si alloy powder ( 45 μm). 

 

3.2.2 Consolidation method 

The raw powders with nominal compositions of Al/20-60 vol% graphite/3-12 vol% 

Al-Si alloy were ball-milled for 12 h in ethanol. After drying, the powder mixture was 

consolidated by SPS at 580 ˚C for 10 min under 40 MPa (the SPS conditions are listed 

in Table 3.1), followed by vacuum-encapsulation into an Al can to obtain a 

hot-extrusion billet. The extrusion was performed in a temperature range of 400-500 ˚C 

with an extrusion ratio of 14:1 and a punch speed of 1 mm/min (the extrusion conditions 

are listed in Table 3.2). 

 

 

 

 

(a) (c)(b)

50μm 500μm 100μm
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Table 3.1 Conditions of SPS. 

Atmosphere Vacuum 

Heating rate 30 ˚C/min 

Temperature 580 ˚C 

Pressure 40 MPa 

Sizes of green compact Φ20mm×10mm 

 

Table 3.2 Conditions of hot extrusion. 

 

 

 

 

 

 

3.2.3 Characterization 

The density of the extruded samples was determined by the Archimedes method. 

Phase identification was performed by X-ray diffraction (XRD) with Cu Kα radiation. 

The microstructure was observed and analyzed by scanning electron microscopy (SEM), 

electron probe micro-analyzer (EPMA), and electron backscattered diffraction (EBSD).  

The orientation degree of the graphite in the Al/graphite extruded samples was 

estimated using the Lotgering method [1] which provides an orientation index deduced 

from XRD pattern for the oriented materials. The Lotgering factor f reflecting the 

degree of orientation by the following equation: 

                                       (3.1)  

Extrusion billet SPSed compact 

Atmosphere Air 

Extrusion temperature 400-500  

Extrusion ratio 14 

Extrusion speed 1mm/min 
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where P denotes the ratio of the sum of the peak intensities corresponding to the 

preferred orientation axis I(00l) to that of all diffraction peaks I(hkl) in the extruded 

sample, 

                                       (3.2) 

P0 is a reference value of P for a randomly oriented sample                                         

                                           (3.3) 

The value of f varies between 0 and 1, where f = 0 corresponds to random orientation, 

while f = 1 corresponds to perfect orientation.  

With regard to the thermal and mechanical properties of hot-extruded samples, the 

TC was determined by measuring thermal diffusivity and specific heat at room 

temperature by using a laser flash apparatus (NETZSCH LFA457, Germany). The 

specimens for TC measurements were in the form of discs with a diameter of 6 mm and 

a thickness of 2 mm. The CTE was determined using a horizontal dilatometer (SEIKO 

TMA/SS6000, Japan) in a temperature range of 20-150 ˚C at a heating rate of 2 ˚C min-1. 

The CTE was measured on cuboid samples with dimensions of 20 mm 5 mm 5 mm. 

In addition, compression tests were carried out using a universal testing machine 

(SHIMADZU SFL-50kNAG, Japan) with a compression rate of 1 mm/min. Cylindrical 

samples with dimensions of Φ6 mm 8 mm were used in the compression tests.  

 

3.3 Results and discussion 

3.3.1 Microstructure and thermal conductivity 

3.3.1.1 Effect of extrusion temperature 

In order to examine the effect of extrusion temperature on microstructure and TC 

of Al/graphite composites with Al-Si alloy addition, the composite samples with a 
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composition of Al/40 vol% graphite/6 vol% Al-Si alloy were prepared by hot extrusion 

in a temperature range of 400-500 ˚C. Fig. 3.2 shows the relative density of the 

hot-extruded samples as a function of extrusion temperature. For the purpose of 

comparison, the density values of hot-extruded Al/40% graphite samples without Al-Si 

alloy are also included in the figure. Obviously, the extruded samples with Al-Si alloy 

showed higher density values in comparison with those without Al-Si alloy. It is 

believed that the melted Al-Si alloy may infiltrate into the Al/graphite powder mixture 

during SPS, thus promoting the densification during sintering and density improvement 

in extruded samples. In addition, the extruded samples with and without Al-Si addition 

showed no noticeable variations in density with increasing the extrusion temperature. 

This indicates that extrusion temperature has a small influence on density values of the 

extruded composites in the extrusion temperature range used in the current experiments. 

Fig. 3.2 Relative density of hot-extruded Al/40 vol% graphite samples with and without Al-Si alloy 

as a function of extrusion temperature. 
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Fig. 3.3 SEM images on longitudinal sections of Al/40 vol% graphite/6 vol% Al-Si samples extruded 

at (a) 400 ˚C, (b) 450 ˚C, and (c) 500 ˚C. 

 

Fig. 3.3 shows the SEM images (backscattered electron mode) on longitudinal 

sections of Al/40 vol% graphite/6 vol% Al-Si samples extruded at different 

temperatures. The white and dark regions shown in Fig. 3.3 correspond to Al and 

graphite, respectively. The graphite was mainly distributed along the extrusion direction 

in the extruded samples. As the extrusion temperature increased, the distribution of the 

graphite along the extrusion direction became weaker and its average aspect ratio was 

reduced. This phenomenon is related to the relative deformation resistances of Al and 

graphite at different temperatures. It is known that the mechanical properties of graphite 

are almost unchanged under 1000 ˚C [2], while the deformation resistance of Al rapidly 

decreases with increasing temperature. Accordingly, the deformed graphite flakes 

exhibited smaller aspect ratios at a higher temperature. 

The XRD patterns on longitudinal sections of Al/40 vol% graphite/6 vol% Al-Si 

samples extruded at different temperatures are shown in Fig. 3.4 (a). Three patterns at 

400 ˚C, 450 ˚C, and 500 ˚C are similar to each other. One strong diffraction peak at 2  

= 26.5˚ and two weak diffraction peaks at around 54.6˚ and 83.2˚are attributed to (002), 

(004), and (112) planes of graphite, respectively. No peaks corresponding to aluminum 

carbide (Al4C3) phase were detected, indicating that no obvious reactions between 

graphite and Al or Al-Si alloy occur during SPS and hot-extrusion processes.  

(a) (c)

500μm500μm 500μm

(b) (c)(a)
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By using the integrated intensity values of the three diffraction peaks of graphite, 

the orientation factor f(00l) of graphite was quantitatively calculated by the Lotgering 

method [1]. In consistent with the orientation evolution of the graphite as shown in Fig. 

3.3, the Lotgering factor (Fig. 3.4 (b)) of the extruded samples gradually decreased with 

increasing the extrusion temperature. As shown in Fig. 3.4 (b), the extruded samples 

with and without Al-Si alloy exhibited a similar change tendency with extrusion 

temperature, but the samples with Al-Si alloy showed higher Lotgering factors than 

those without Al-Si alloy. This may be related to the difference of preparation methods 

of the extrusion billets. In fact, the billets containing Al-Si alloy were consolidated by 

SPS, whereas those without Al-Si alloy were prepared by cold pressing. Since the 

SPSed samples had higher density values than the cold-pressed samples, the orientation 

degree of graphite in the SPSed samples is believed to be higher than that of the 

cold-pressed samples. Accordingly, it seems reasonable to consider that the Al/graphite 

samples consolidated by SPS and hot-extrusion processes have higher Lotgering factors. 

  
Fig. 3.4 (a) XRD patterns on longitudinal sections of Al/40 vol% graphite/ 6 vol% Al-Si samples 

extruded at 400 ˚C, 450 ˚C, and 500 ˚C and (b) Lotgering factor of graphite of Al/40 vol% graphite 

samples with and without Al-Si alloy as a function of extrusion temperature. 

 

Fig. 3.5 shows the inverse pole figure (IPF) maps on longitudinal sections of Al/40 
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vol% graphite/6 vol% Al-Si samples extruded at different temperatures. Note that the 

dark regions in Fig. 3.5 correspond to graphite and its IPF maps are not included in the 

figure because the confidence index (CI) values of graphite are extremely small. All the 

maps in Fig. 3.5 have CI values of >0.1, accurately reflecting the orientations of the Al 

matrix. The majority of the Al grains were elongated along the extrusion direction, 

which is attributed to the heavy shear deformation during extrusion. As the extrusion 

temperature increased, grain growth occurred. The average grain sizes of the Al matrix 

were measured as 9.63 μm, 11.76 μm, and 12.31 μm at 400 ˚C, 450 ˚C, and 500 ˚C, 

respectively. 

 
Fig. 3.5 Inverse pole figure (IPF) maps on longitudinal sections of Al/40 vol% graphite/6 vol% Al-Si 

samples extruded at (a) 400 ˚C, (b) 450 ˚C, and (c) 500 ˚C. 

 

Fig. 3.6 shows the TC of Al/40 vol% graphite samples with and without Al-Si alloy 

as a function of extrusion temperature. As a reference, the TC value of a 450 

(b) (c)(a)
Extrusion direction

Graphite
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˚C-extruded pure Al sample is also plotted in the figure. With the addition of Al-Si alloy, 

the TC values were significantly improved in comparison with those without Al-Si alloy. 

Although Al-Si alloy has a relatively low TC (~150 W/mK), the improved TC with 

addition of Al-Si alloy is mainly attributed to the enhancements in both relative density 

of the composites (Fig. 3.2) and orientation degree f(00l) of graphite (Fig. 3.4 (b)), as 

mentioned above. Similar to the samples without Al-Si alloy, the TC of the samples with 

Al-Si alloy increased slightly with increasing the extrusion temperature from 400 to 450 

˚C. This is likely to be due to the grain growth of Al matrix at a higher extrusion 

temperature (Fig. 3.5), which causes reduction in scattering of phonons at grain 

boundaries. As the extrusion temperature further increased from 450 to 500 ˚C, the 

samples with Al-Si alloy did not show decrease in TC like those without Al-Si alloy. 

This suggests that the influence of reduction in graphite orientation degree f(00l) is 

completely compensated by the contribution of grain growth of the Al matrix.  

 
Fig. 3.6 Thermal conductivity of hot-extruded Al/40 vol% graphite samples with and without Al-Si 

alloy as a function of extrusion temperature (ED: extrusion direction). 
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In addition to the TC in the direction parallel to the extrusion direction (//ED), the 

TC in the direction perpendicular to the extrusion direction (┴ED) was also measured. 

As shown in Fig. 3.6, the former is about 2.4 times higher than the latter, showing an 

anisotropic behavior in TC in the extruded samples. This is obviously the result of 

directional distribution of graphite in extruded Al/graphite composites because the TC 

along the basal planes is much higher than that in c-axis of graphite. 

 

3.3.1.2 Effect of Al-Si alloy content 

To examine the effect of Al-Si alloy content on microstructure and thermal 

conductivity, 3-12 vol% Al-Si alloy powder was incorporated into Al/40 vol% graphite 

samples which were extruded at 450 ˚C. Fig. 3.7 shows the relative density of the 

hot-extruded samples as a function of Al-Si alloy content. The addition of 3 % Al-Si 

alloy resulted in a significant increase in relative density, but it remained almost 

unchanged with further increases in Al-Si alloy content. Generally, the existence of 

more liquid phase can promote the densification during sintering and thus lead to a 

higher density value. The reason for small density changes with Al-Si alloy content is 

considered to be related to the loss of small amount of melted alloy, which flows out of 

the gap between the die and punch under the pressure applied during SPS.  
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Fig. 3.7 Relative density of the hot-extruded Al/40 vol% graphite samples with different contents of 

Al-Si alloy, extruded at 450 ˚C. 

 

Fig. 3.8 shows the SEM images on longitudinal sections of the 450 ˚C-extruded 

Al/40 vol% graphite samples with different contents of Al-Si alloy. Although the Al-Si 

alloy content was varied from 3% to 12%, no obvious change in graphite distribution 

can be observed. Furthermore, it has also been confirmed in our experiments that the 

content of Al-Si alloy has small effects on both orientation factor f(00l) of graphite and Al 

grain sizes in the extruded samples. Fig. 3.9 shows the elemental distributions of Al, C 

and Si in the 450 ˚C-extruded Al/40 vol% graphite samples with 6 vol% and 9 vol% 

Al-Si alloy. It should be note that CP is backscattered electron mode. As the Al-Si alloy 

content increased, more Si was distributed around Al/graphite interfaces, which is 

undoubtedly beneficial to the improvement of the interfacial bonding between Al and 

graphite and, hence, decrease in interfacial thermal resistance. 
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Fig. 3.8 SEM images on longitudinal sections of 450 ˚C-extruded Al/40 vol% graphite samples with 

Al-Si alloy contents of (a) 3 vol%, (b) 9 vol%, and (c) 12 vol%. 

 

Fig. 3.9 Element mappings of 450 ˚C-extruded Al/40 vol% samples with Al-Si contents of (a) 6 

vol% and (b) 9 vol%  

 

Fig. 3.10 illustrates the TC of the 450 ˚C-extruded Al/40 vol% graphite samples as 

a function of Al-Si alloy content. As the alloy content increased, the TC increased 

remarkably and reached a peak at 9 %, followed by a reduction. It is believed that the 

significant enhancement of TC is attributed to (i) density increase of the composites, (ii) 

enhancement in orientation degree of graphite, and (iii) improvement in Al/graphite 

interfacial bonding, which gives rise to decrease in interfacial thermal resistance 

between Al and graphite. In addition, the reduction in TC from 9 % to 12 % may be the 

result of the addition of excessive Al-Si alloy, because Al-12Si alloy has a much lower 

TC value (~ 150 W/mK ) than pure Al (~ 200 W/mK). Therefore, for hot-extruded 

Al/40vol% graphite composites, 9 % of Al-12Si alloy seems to be an optimum content, 
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which leads to good interfacial bonding and the highest TC (283 W/mK). 

Fig. 3.10 Thermal conductivity of 450 ˚C-extruded Al/40 vol% graphite samples as a function of 

Al-Si alloy content. 

 

3.3.1.3 Effect of graphite content 

It is clear that graphite amount in Al/graphite composites is one of the most 
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extruded samples exhibit almost the same density values whether Al-Si alloy is added or 

not. However, the effect of Al-Si alloy addition on density improvement of the 

composites became more and more important with further increasing graphite content. It 

is considered that a larger graphite content leads to more Al/graphite interfaces, thus the 

infiltration effect of melted Al-Si alloy can improve the density of composites more 

effectively by enhancing the Al/graphite interfacial bonding. 

Fig. 3.12 shows the SEM images on longitudinal sections of the extruded samples 

with different graphite contents. As the graphite content increased, more aggregations of 

graphite were observed. For example, severe aggregations of graphite occurred (Fig. 12 

(c)) at a graphite content of 60%. As a result, the orientation factor f(00l) of graphite 

decreased from 0.71 at 20% graphite to 0.55 at 60% graphite. 

Fig. 3.11 Relative density of 450 ˚C-extruded Al/40 vol% graphite samples with and without Al-Si 

alloy as a function of graphite content. 
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Fig. 3.12 SEM images on longitudinal sections of 450 ˚C-extruded Al/graphite samples containing 9 

vol% Al-Si alloy with graphite contents of (a) 20 vol%, (b) 40 vol%, and (c) 60 vol%. 

 

Fig. 3.13 shows the TC of the hot-extruded Al/graphite samples containing 9 % 

Al-Si alloy as a function of graphite content. At the graphite contents of 20 % and 40 %, 

the samples with Al-Si alloy showed TC values of 247 W/mK and 283 W/mK, 

respectively, which correspond to 7% and 21% enhancement in comparison with the 

samples without Al-Si alloy. As shown in Fig. 3.13, the TC exhibited a linear increase 

with graphite content until 40% graphite, followed by a slowly increasing trend at >40%. 

The slight increase in TC at 60% results from its lower relative density, lower 

orientation degree f(00l) of graphite, and more Al/graphite interfaces. A maximum TC 

value of 297 W/mK was obtained at 60 % graphite. 

Fig. 3.13 Comparison of experimental TC data of 450 ˚C-extruded Al/graphite samples with 

theoretical prediction by the EMA model. 
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To better understand the effect of graphite content on the TC of the extruded 

Al/graphite composites, a theoretical prediction has been made by using an 

effective-medium approximation (EMA) model [3, 4]. It should be noted that the 

orientation, geometry, composition, and intrinsic TC of graphite, as well as interfacial 

thermal resistance between Al and graphite are main factors that should be taken into 

consideration. The general EMA formulations of TC in extrusion direction (Kc//ED) can 

be expressed as follows:  

                    (3.4) 

with 

                                                 (3.5) 

                                                 (3.6) 

                                           (3.7) 

where  is the volume fraction of graphite. The subscripts L and T refer to the 

longitudinal (parallel to the basal planes) and the transverse (perpendicular to the basal 

planes) directions of the graphite flakes, respectively. S is the geometrical factor of the 

graphite flakes expressed as  and , where D and t represent the 

diameter and thickness of the graphite flakes, respectively. , , and  are the 

intrinsic TC values of Al matrix and graphite in longitudinal and transverse directions, 

respectively.  describes the statistical orientation of graphite, where  is the 

angle between the basal planes of graphite and extrusion direction, and  describes 

the statistical distribution. In this study, for simplicity, graphite in all samples is 

assumed uniformly distributed, then  = 1. According to Fig. 3.12, the range of  
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in the extruded samples can be assumed as 0˚ 30˚, thus  is calculated to be 

0.872. 

Concerning the effect of interfacial thermal resistance, graphite is considered to be 

coated with a very thin interfacial thermal barrier layer. Therefore,  and  in Eqs. 

(3.5) and (3.6) can be replaced by  and , which means graphite having an 

effective TC, expressed as: 

                                                     (3.8) 

                                                     (3.9) 

where h is the interfacial thermal conductance (i.e. the reciprocal of interfacial thermal 

resistance), calculated using the acoustic mismatch model (AMM) [5-7]: 

                                         (3.10) 

where , , and  are the density, specific heat capacity and Debye phonon velocity, 

respectively, and subscripts  and  refer to the Al matrix and graphite, respectively. 

Assuming 2700 kg m-3,  895 J kg-1 K-1,   3595 m s-1, and 

2260 kg m-3,  710 J kg-1 K-1,   14800 m s-1 [8], and substituting these 

parameters into Eq. (3.10), we obtained  W m-2 k-1, which is close to 

the experimental result measured by Chen et al. (  W m-2 k-1) [9]. 

For the other parameters used in this research, , , , D, and t were taken as 

1000 W/mK, 10 W/mK, 200 W/mK, 250 μm, and 20 μm, respectively [10]. After 

substituting , , D, and t into Eqs. (3.8) and (3.9), the effective TC of graphite in 

two directions,  and , were calculated to be 848.14 W/mK and 9.78 W/mK, 

respectively. Based on these calculated values, the theoretical TC value predicted by 

EMA model is shown in Fig. 3.13 (dashed line). 



55 
 

It is obvious that the theoretically predicted TC shows much higher values 

compared to the experimental data. This implies that there is still much potential for 

further enhancing the TC values of extruded Al/graphite composites. The large 

discrepancies between the theoretical and experimental TC values are considered to be 

attributed to the following two reasons. (i) The deformation and breakage of graphite 

flakes occurred during hot extrusion may result in more damages in graphite and larger 

Al/graphite interfaces, thus leading to relatively lower values of the experimental TC. (ii) 

The theoretical prediction might be overestimated, because the EMA model ignores the 

effects of pores, aggregations of graphite, and inter-particle multiple scattering in Al 

matrix. 

 

3.3.2 Coefficient of thermal expansion 

Fig. 3.14 shows the variations of CTE (measured in the extrusion direction) of the 

hot-extruded Al/graphite samples on graphite content. The addition of graphite in Al 

matrix caused significant reductions in CTE in the extruded samples with and without 

Al-Si alloy addition. This is obviously attributed to the negative CTE value of the 

graphite in the direction parallel to the basal planes (-1.0 ppm/K [11]). Furthermore, the 

samples containing Al-Si alloy showed lower CTE values than those without Al-Si alloy, 

further indicating good Al/graphite interfacial bonding. As shown in Fig. 3.14, when 60% 

graphite was added into Al, the CTE value of the extruded Al/60% graphite/9 % Al-Si 

sample was reduced to 7.95 ppm/K from 26 ppm/K of pure Al. Besides, although it is 

difficult to measure the CTE values in the direction perpendicular to the extrusion 

direction due to limited sizes of the extruded samples, it is reasonable to assume that the 

CTE values in the direction perpendicular to the extrusion direction are larger than those 
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in the direction parallel to the extrusion direction, because of higher CTE value of 

graphite in c-axis (28.0 ppm/K [11]). 

 

Fig. 3.14 Comparison of experimental CTE data of 450 ˚C-extruded Al/graphite samples with 

theoretical prediction by the Kerner model. 

 

On the other hand, the theoretical CTE values of the extruded Al/graphite 

composites have been estimated by the Kerner model [12] using the following equation: 

               (3.11) 

where , V, B, and G correspond to CTE, volume fraction, bulk modulus, and shear 

modulus, respectively. The subscripts c, 1, 2 refer to the composite, phase 1, and phase 

2, respectively. As reported by Kurita et al. [13], the , B, G of Al are 26.0 ppm/K, 72 

GPa, and 26 GPa, respectively, while those of graphite are -1.0 ppm/K, 500 GPa, and 

440 GPa, respectively. After substituted these parameters into Eq. (3.11), the predicted 

upper and lower lines were obtained in Fig. 3.14 by reversing the role of matrix and 

second phase in the Kerner model. In general, the experimentally measured CTE values 
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fall into the region between the upper and lower theoretical lines. However, the 

experimental CTE values of the extruded samples with Al-Si alloy were slightly higher 

than the upper line estimated by the Kerner model. This implies that the Al/graphite 

interfacial bonding in some areas is still weak, and it is possible to further decrease the 

CTE values of the extruded Al/graphite composites by improving the interfacial 

bonding between Al and graphite. 

 

3.3.3 Compressive strength 

The compressive strength of the hot-extruded Al/graphite samples along the 

extrusion direction is plotted in Fig. 3.15 as a function of graphite content. The 

compressive strength decreased with increasing the graphite content for both 

composites with and without Al-Si alloy. At the graphite contents of 20 % and 40 %, the 

extruded samples with Al-Si alloy showed compressive strength values of 114.5 MPa 

and 98.5 MPa, respectively, which are much higher than those without Al-Si alloy. The 

high strength of the extruded samples with Al-Si alloy is associated with their high 

density and strong Al/graphite interfacial bonding. However, the compressive strength 

decreased significantly at 60 % graphite and showed a relatively low value of 20.5 MPa 

due to severe aggregations of graphite. Moreover, in comparison with the data of 

conventional squeeze-cast Al/graphite composites as reported by Li et al. [14], the 

compressive strength of the extruded Al/graphite composites with Al-Si alloy exhibited 

higher values, especially at a graphite content of 40 %. 
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Fig. 3.15 Graphite content dependence of compressive strength of 450 ˚C-extruded Al/graphite 

samples with and without Al-Si alloy. 

 

3.4 Conclusions 

(1) Al/graphite composites containing small amounts of Al-12Si alloy were 

consolidated by SPS and hot-extrusion processes. The addition of Al-Si alloy 

resulted in improvements in relative density of the composites, interfacial bonding 

between Al and graphite, and orientation degree f(00l) of graphite, thus leading to 

enhancement of TC.  

(2) As the extrusion temperature increased, the average grain size of the Al matrix 

increased, while the orientation degree f(00l) of graphite decreased. As a result, the 

extrusion temperature had small effect on TC of the extruded Al/graphite 

composites. 

(3) As the graphite content increased, the TC of the hot-extruded Al/graphite 

composites increased. A maximum TC value of 297 W/mK was obtained at 60 vol% 

graphite with 9 vol% Al-Si addition. 
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(4) The addition of Al-Si alloy caused reduction in CTE values of the hot-extruded 

Al/graphite composites. A minimum CTE value of 7.95 ppm/K was obtained at 60 

vol% graphite with 9 vol% Al-Si addition. 

(5) The hot-extruded Al/graphite composites with Al-Si alloy showed higher 

compressive strength in comparison with the conventional squeeze-casted 

composites and hot-extruded composites without Al-Si alloy.  
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Chapter 4  Fabrication of Al/carbon fibers composites by hot-extrusion process 

 

4.1 Introduction 

In chapters 2 and 3, Al/graphite composites have been successfully fabricated by a 

hot-extrusion technique, indicating that hot-extrusion is an effective method to fabricate 

highly oriented Al-based composites. Recently, Tokunaga et al. [1] have reported to 

fabricate Al/CFs composites by a hot-extrusion technique. They found that the CFs 

were mainly oriented along the extrusion direction. Moreover, the addition of small 

amounts of Al-Si alloy led to enhancement in relative density and TC of composites. 

However, the effects of CFs size and extrusion temperature on microstructure and TC 

were investigated by few researchers. In this chapter, Al/CFs composites with different 

CFs size were fabricated by a hot-extrusion technique and the relationships among 

processing conditions, microstructure, and TC were investigated. 

 

4.2 Experimental procedure 

4.2.1 Starting materials 

Pure Al powder (>99.9% purity, mean particle size of 30 μm) and CFs with 

different lengths and TCs, named K13D2U and K223HM [2], were used as the starting 

materials, as shown in Table 4.1. The appearances of the CFs were shown in Fig. 4.1, 

the K13D2U CFs had continuous morphology, while the K223HM CFs exhibited 

powder shape. In this study, the K13D2U CFs were chopped into an average length of 3 

mm. For simplification, hereafter, the K13D2U and K223HM CFs were called long CFs 

and short CFs, respectively. 
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Table 4.1 Density and thermal conductivity of matrix and second phase used in this study [2]. 

 

 

 

Fig. 4.1 Appearances of CFs named (a) K13D2U and (b) K223HM. 

 

4.2.2 Consolidation method 

The Al and CFs with nominal compositions of 10, 20, 30, and 40 vol% CFs were 

ball-milled for 8 h. The Al/CF powder mixture was sintered by spark plasma sintering 

(SPS) at 450 ˚C for 10 min under 40 MPa. The conditions of SPS are listed in Table 4.2. 

The sintered samples were rotated 90° and then vacuum-encapsulated into an Al can to 

obtain a billet used for hot extrusion (Fig. 4.2). The extrusion was performed in a 

temperature range of 400-500 ˚C with an extrusion ratio of 14:1 and a punch speed of 1 

mm/min. The extrusion conditions are listed in Table 4.3.  

  

Material Type/length Density (g/cm3) Thermal Conductivity (W/mK)
Matrix Al 2.7 200
Second phase Carbon fibers K13D2U/3 mm 2.2 800/10 (//CF axis / CF axis)

K223HM/ 200 μm 2.2 550/10 (//CF axis / CF axis)

(a) (b)
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Table 4.2 Conditions of SPS 

Atmosphere Vacuum 
Heating rate 30 ˚C/min 
Temperature 450 ˚C 
Pressure 40 MPa 
Sizes of green compact Φ20mm×20mm 

 

Table 4.3 Conditions of hot extrusion 

Extrusion billet SPSed compact 
Atmosphere Air 
Extrusion temperature 400-500  
Extrusion ratio 14 
Extrusion speed 1mm/min 

 

 

Fig. 4.2 Schematic view of 90° rotated vacuum-encapsulation. 

 

4.2.3 Characterization 

The density of the extruded samples was determined by the Archimedes method. 

90 rotation
Uniaxial pressure direction

Uniaxial pressure direction
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The density and relative density were calculated by the following equations, 

respectively.  

                                              (4.1) 

                                                (4.2) 

where ρ and ρw are the density of the sample and water, respectively; ma and mw are the 

weight of sample in the air and water, respectively; ρR and ρT are the relative density and 

theoretical density of the sample, respectively. 

The orientation parameter F of CFs was determined using the Herman’s method by 

the following equations [3]: 

                                                  (4.3) 

where θ is the angle between the extrusion direction and the axis direction of CF; 

 means the CFs are completely parallel to the extrusion direction;  means 

the CFs are Randomly oriented;  means the CFs are completely perpendicular 

to the extrusion direction. 

The microstructure was observed by optical microscope (OM) and scanning 

electron microscope (SEM). The TC was determined by measuring thermal diffusivity 

and specific heat at room temperature by using a laser flash apparatus (LFA457 Micro 

Flash, Netzsch, Germany). 

 

4.3 Results and discussion  

4.3.1 Microstructure 

Fig. 4.3 shows the appearances of the extruded Al/CFs samples with different 

graphite contents. The samples with graphite contents of 30 vol% exhibited sound 

appearances, and no evident cracks, voids and other defects were observed, as shown in 

Figs. 4.3 (a)-(c) and (e)-(g). However, many defects were clearly observed on the 
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surface of the sample with 40 vol% graphite (see Figs. 4.3 (d) and (h)). This may result 

from severe aggregation of CFs and thus lead to poor formability. 

 
Fig. 4.3 Appearances of Al/CFs samples with (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol% 

long CFs (3 mm) and (e) 10 vol%, (f) 20 vol%, (g) 30 vol%, (h) 40 vol% short CFs (200 μm). 

Extrusion temperature: 450 ˚C. 

 

Fig. 4.4 shows the variations of relative density of the 450 ˚C-extruded Al/CFs 

samples with different CFs sizes and contents. The relative density of all the extruded 

samples decreased with increasing the CFs content. This indicates that the presence of 

CFs inhibits the deformation of Al matrix and densification of the composites. In 

addition, the relative density of the samples with short CFs was slightly higher than that 

with long CFs. This is assumed to be related to the more aggregation of long CFs. With 

regard to the samples extruded at different temperatures, the relative density showed 

almost the same values, indicating the extrusion temperature had small effect on 

porosity and Al/graphite interfacial bonding of the extruded samples. 
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Fig. 4.4 Variations of the relative density of the hot-extruded Al/CFs samples with different CFs 

sizes and contents. Extrusion temperature: 450 ˚C. 

 

Fig. 4.5 shows the SEM images (backscattered electron mode) on longitudinal 

sections of the 450 ˚C-extruded Al/CFs samples with different CFs sizes and contents, 

where the white and dark regions correspond to Al and CFs, respectively. It was clearly 

observed that the CFs tended to be distributed along the extrusion direction in the 

extruded samples. As the CFs content increased, more aggregation of CFs can be 

observed in the sample with long CFs. In contrast, the samples with short CFs exhibited 

homogeneous distribution. Furthermore, Fig. 4.6 shows the SEM images of the Al/20 

vol% long CFs samples extruded at different temperatures. As the extrusion temperature 

varied, no evident change can be seen in the distribution of CFs. 
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Fig. 4.5 SEM images on longitudinal sections of the hot-extruded Al/CFs samples with (a) 10 vol%, 

(b) 20 vol%, (c) 30 vol% long CFs (3 mm) and (d) 10 vol%, (e) 20 vol%, (f) 30 vol% short CFs (200 

μm). Extrusion temperature: 450 ˚C. 

 

 
Fig. 4.6 SEM images on longitudinal sections of Al/20 vol% CFs (long CFs 3mm) samples 

extruded at (a) 400 ˚C, (b) 450 ˚C, (c) 500 ˚C.  

 

In order to measure the Al grain size of the Al/20 vol% CFs samples extruded at 

different temperatures, the samples were etched by 7% hydrofluoric acid, and observed 

by OM. The etched microstructures of the samples with long CFs extruded at (a) 400 ˚C, 

(b) 450 ˚C, (c) 500 ˚C were shown in Fig. 4.7. The Al grains were deformed and 

elongated along the extrusion direction. As the extrusion temperature increased, grain 

growth can be observed. The average grain sizes of the Al matrix were measured as 9.23 

μm, 11.56 μm, and 12.37 μm at 400 ˚C, 450 ˚C, and 500 ˚C, respectively. 

Fig. 4.8 illustrates the quantitative results of the orientation parameter of CFs in 

Al-30vol%CFsAl-20vol%CFsAl-10vol%CFs
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Al/CFs samples. With increasing the CFs content, the orientation parameter of long CFs 

at CFs contents of 20 and 30 vol% showed slightly lower value in comparison with that 

at CFs content of 10 vol%. This may be related to the severe aggregation of long CFs at 

a higher CFs content. In comparison, the orientation parameter of short CFs had small 

change with increasing the CFs content. Moreover, in Fig. 4.9, as the extrusion 

temperature increased, the orientation parameter of long CFs decreased slightly. This is 

attributed to the reduction in deformation resistance of Al with increasing the extrusion 

temperature, leading to a weaker orientation degree of CFs.  

Fig. 4.7 OM images of the etched microstructures of Al/20 vol% CFs (long CFs 3mm) samples 

extruded at (a) 400 ˚C, (b) 450 ˚C, (c) 500 ˚C. 

 

Fig. 4.8 Orientation parameter of CFs in Al/CFs samples with (a) long CFs and (b) short CFs. 
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Fig. 4.9 Orientation parameter of CFs in Al/ 20 vol% long CFs samples extruded at (a) 400 ˚C, (b) 

450 ˚C, and (c) 500 ˚C. 

 

4.3.2 Thermal conductivity 

Fig. 4.10 shows the CFs content dependence of TC of the Al/CFs samples extruded 

at 450 ˚C. For the samples with the long CFs, the measured TC along the extrusion 

direction exhibit larger improvement in TC in comparison with short CFs. Besides, as 

the CFs content increases, the TC of the samples with short CFs had small change. This 

is because of large interfacial thermal resistance. In contrast, with addition of long CFs, 

the interfacial thermal resistance decreased obviously. The TC improved significantly 

from 0 to 20 vol% and decreased obviously from 20 % to 30 vol%. The reduction in TC 

of the sample with 30vol% CFs may be related to lower relative density and more 

aggregation of long CFs. On the other hand, Fig. 4.11 shows the TC of Al/20 vol% long 

CFs extruded samples as a function of extrusion temperature. In the temperature range 

of 400-500 ˚C, the TC showed a peak value at 450 ˚C. The TC value increased as the 

extrusion temperature increased from 400 to 450 ˚C. This is mainly attributed to the 

grain growth (Fig. 4.7) at a higher extrusion temperature, which causes reduction in 
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scattering of phonons at grain boundaries. However, as the extrusion temperature further 

increased from 450 to 500 ˚C, the TC decreased and thus reached a peak at 450 ˚C. A 

lower TC value at 500 ˚C is likely to be due to a significant reduction in orientation 

degree of graphite as mentioned previously (Fig. 4.9). Another possible reason may be 

due to the formation of Al4C3 compound during the hot extrusion at 500 ˚C. The above 

results suggest that grain boundaries play a dominant role in thermal conduction in the 

extrusion temperature range of 400-450 ˚C, whereas the orientation degree of the 

graphite becomes dominant at 450-500 ˚C. 

Fig. 4.10 TC of the 450 ˚C-Al/CFs extruded samples with different CFs sizes and contents. 
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Fig. 4.11 TC of Al/20 vol% long CFs (3 mm) samples as a function of extrusion temperature. 

 

4.4 Conclusions 

(1) Al-CFs composites have been successfully fabricated by a hot-extrusion method.  

(2) The microstructure of extruded composites showed that the CFs were mainly 

distributed along the extrusion direction. 

(3) The orientation degree of CFs depended on the extrusion temperature. With the 

increase in extrusion temperature, the orientation degree of CFs became smaller. 

(4) The incorporation of long CFs exhibited larger improvement in TC in comparison 

with short CFs. 

(5) The TC of the extruded samples depended on the extrusion temperature, and the 

samples extruded at 450 ˚C exhibited high TC. 

 

 

 

150

175

200

225

250

275

300

350 400 450 500 550

Th
er

m
al

 co
nd

uc
tiv

ity
 (W

/m
K)

Extrusion temperature ( )

Al(30μm)-CF20vol%

Pure Al



72 
 

References 

[1] T. Tokunaga, K. Takahashi, M. Ohno, K. Sasaki, T. Imanshi, K. Matsuura: 

Fabrication of carbon fiber oriented Al-based composites by hot extrusion and 

evaluation of their thermal conductivity. Mater. Trans. 58. 938-944 (2017). 

[2]https://www.m-chemical.co.jp/products/departments/mcc/cfcm/product/1200539_73

04.html  2018/10/1. 

[3] Alexander, L. E. X-ray diffraction in polymer science. Wiley. New York. 9 (8). 

635-636 (1971). 

  



73 
 

Chapter 5 Microstructure and thermal/mechanical properties of Ni-coated carbon 

fibers/Al composites prepared by spark plasma sintering 

 

5.1 Introduction 

Since Al/CFs composites can be successfully fabricated by hot-extrusion process, it 

is important to further improve their thermal/mechanical properties by surface 

modification of CFs. As reported by Qu et al. [1], surface coating for CFs is an effective 

method to enhance the interfacial bonding and thus improving the thermal/mechanical 

properties. In recent years, Ni-coating as an effective and potential surface modification 

method for Al/CFs composites has attracted much attention. For example, Tan et al. [2] 

have calculated that Ni layer with the thickness less than 1.0 μm can improve the 

interfacial thermal conductance and TC of the Al/C composites, while some metal 

layers with high TC, such as Cu and Ag cannot. In addition, Hou et al. [3] have 

examined the effect Ni-coating on TC and mechanical properties of Magnesium/CFs 

composites fabricated by powder metallurgy process. Further, Chen et al. [4] have 

investigated the effect Ni-coating on microstructure, CTE, and mechanical properties of 

copper/graphite composites fabricated by SPS. The above reports indicate that 

Ni-coating can effectively enhance the interfacial bonding, TC, and mechanical 

properties, as well as reduce the CTE of composites. However, Chen et al. did not 

deeply investigate the effect of Ni-coating on TC. In addition, the addition of CFs in the 

study of Hou et al. [3] was only 0.8-1.5 vol%, which leads to slightly enhancement in 

thermal/mechanical properties. Consequently, in this chapter, large amount of Ni-coated 

CFs were incorporated into Al matrix, and Al/Ni-coated CFs composites were fabricated 

by SPS process. The purpose is to investigate the effect of Ni-coating on microstructure 
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and thermal/mechanical properties and find optimal Ni-coating and SPS process 

conditions. 

 

5.2 Experimental procedure 

5.2.1 Preparation of Ni-coated CFs 

Milled mesophase pitch-based CFs (XN-100 type, supplied by Nippon Graphite 

Fiber Corp., Japan) with an average length of 250 μm, diameter of 10 μm, TC in axial 

of 900 W/mK, and density of 2.2 g/cm3 were used in the experiment. Ni-coated CFs 

were obtained by electroless deposition technique which involved the following steps 

(see Fig. 5.1): (1) Defatting treatment: to remove the photoresist on the surface of CFs, 

the raw CFs were immersed in acetone with mechanical stirring for 10 min, and rinsed 

by distilled water. (2) Etching treatment: to make the surface of CFs rougher and 

facilitate the subsequent Ni coating, the CFs were immersed in 10 mass% HNO3 with 

mechanical stirring for 10 min. (3) Sensitizing and activating treatments: to deposite Pd 

catalyst on the surface of CFs, the CFs were immersed in tin( ) chloride (SnCl2) 

solution (100 mL, 20 g/L SnCl2, 40 mL/L HCl) with mechanical stirring for 5 min, and 

then immersed in palladium( ) chloride (PdCl2) solution (100 mL, 0.2 g/L SnCl2, 50 

mL/L HCl) with mechanical stirring for 5 min after carefully washing and filtration. The 

chemical reaction is shown by the following equation:  

                                          (5.1) 

(4) Ni electroless coating: same quantity of activated CFs (3.5g) were dropped into 

coating solutions (100mL, 20 mL/L LPH-S provided by Okuno Chemical Industries Co., 

Ltd., coating temperature of 75 ˚C, and pH of 6.5) with different coating times (1, 1.5, 2, 

3, 5 min) so as to control the thickness of coating layer, with the following reations: 
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                             (5.2) 

                                            (5.3) 

                                      (5.4) 

(5) Washing and drying: the Ni-coated CFs were washed by methanol to reduce the 

aggregation, and followed by drying in a vacuum desiccator at room temperature. 

 

Fig. 5.1 Schematic diagram of Ni coating. 

 

5.2.2 Consolidation method 

The samples were fabricated by spark plasma sintering (SPS). Firstly, the raw CFs 

or Ni-coated CFs and pure Al powders (99.99%, 30 μm) were used as the starting 

materials. The powders with nominal compositions of 40 vol% CFs were mixed under 

50 rpm for 8 h. Subsequently, the mixed powders were consolidated by SPS under a 

pressure range of 40-100 MPa and a temperature range of 400-500 ˚C for 0-10 min. The 
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planes in the composites perpendicular and parallel to the SPS loading direction were 

named as X-Y plane and Z plane, respectively (see Fig. 5-2). 

 

Fig. 5.2 Schematic views of X-Y and Z planes of SPSed composite 

 

5.2.3 Characterization 

The density of the extruded samples was determined by the Archimedes method, 

which was illustrated by the following equations:  

                                                (5.5) 

                                                   (5.6) 

                                      (5.7) 

                                                  (5.8) 

where ρ, ρw, ρAl, ρCF, ρNi are the density of the sample, water, Al, CF, and Ni, 

respectively; ma and mw are the weight of sample in the air and water, respectively; VAl, 

VCF, and VNi are the volume of Al, CF, and Ni, respectively; x is the Ni coating time; ρR 

and ρT are the relative density and theoretical density of the sample, respectively. Since 

the concentration of coating solution is 5.5 g/L Ni, there is 0.11 g Ni in 20 mL coating 

solution by calculation. In addition, when coating time was 5 min, the color of coating 

Pressing direction

X-Y Plane Z Plane
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solution varied from blue to colorless, indicating the Ni ions in the solution were 

completely reduced. Therefore, in this study, we assumed that the weight of the reduced 

Ni was in proportion to the coating time. 

The surface morphology of the starting materials and the microstructures of the 

composites were observed by scanning electron microscopy (SEM). The element 

distribution was characterized by energy dispersive X-ray spectroscopy (EDS) and 

electron probe micro-analyzer (EPMA). The phase composition was analyzed by X-Ray 

Diffraction (XRD). The TC was determined by measuring thermal diffusivity and 

specific heat at room temperature by using a laser flash apparatus (NETZSCH LFA457, 

Germany). The specimens for TC measurements were in the form of discs with a 

diameter of 6 mm and a thickness of 2 mm. The CTE was determined using a horizontal 

dilatometer (SEIKO TMA/SS6000, Japan) in temperature range of 20-150 ˚C at a 

heating rate of 2 ˚C/min. The CTE was measured on cuboid samples with dimension of 

20 mm 5 mm 5 mm. The compression test was carried out by electronic universal 

testing machine (SHIMADZU SFL-50kNAG, Japan) with a compression rate of 1 

mm/min. The compression specimens were cylinders with dimensions of Φ6 mm 8 

mm. 

 

5.3 Results and discussion 

5.3.1 Microstructure and Thermal conductivity 

5.3.1.1 Effect of Ni thickness 

Fig. 5.3 (a) shows the surface morphologies of coated CF with coating time of 1.5 

min (hereafter 1.5 min Ni-coated CF), the bright and dark regions are likely to be 

correspond to Ni and CF, respectively. In order to confirm their element compositions, 
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EDS analysis were carried out in regions 1 and 2, with spectra shown in Figs. 5.3 (b) 

and (c), respectively. In Fig. 5.3 (b), not only peaks of Ni but also peak of P were 

detected, indicating the formation of Ni-P alloy layer on the surface of CF by 

co-deposition of Ni and P atoms as mentioned in equations (5.3) and (5.4). In Fig. 5.3 

(c), only a sharp peak of C was detected, which corresponds to the CF.  

Fig. 5.3 FE-SEM morphologies of (a) 1.5 min Ni-coated CF. (b) EDS spectra corresponding to 

region 1. (c) EDS spectrum corresponding to region 2. 

 

In order to measure the thickness of Ni layer, the cross sections of CFs were 

observed by FE-SEM. Fig. 5.4 (a) shows the cross section of 1.5 min Ni-coated CF, it 

can be observed that the thickness of Ni layer around the CF were uniform. Fig. 5.4 (b) 

exhibits the cross section of the 1.5 min Ni-coated CF at a higher magnification. The 

thickness was measured about 200 nm for coating time of 1.5 min. Since the thickness 

of Ni layer is smaller than 1 μm, it is believed that the Ni layer is beneficial to improve 

the interfacial thermal conduction. 
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Fig. 5.4 The cross sections of the 1.5 min Ni-coated CF at different magnifications. 

 

Fig. 5.5 SEM macro morphologies of the (a) raw CF and the CFs with coating times of (b) 1.5 

and (c) 5 min. (d) The measured thickness of Ni layer at various coating times. 

 

Figs. 5.5 (a)-(c) shows the SEM macro morphologies of the raw CF and the CFs 

with coating times of 1.5 and 5 min. It seems that the thickness of Ni layer increased 
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with increasing the coating time. In addition, the Ni layer at coating time of 5 min 

became rougher, indicating an uneven deposition effect at relatively longer coating time. 

Through the measurement method shown in Fig. 5.4, the thicknesses of Ni layer at 

various coating times were measured and exhibited in Fig. 5.5 (d). It is clear that the 

thickness of Ni layer increased with increasing the coating time. 

 
Fig. 5.6 Relative density of the Al/uncoated CF sample and Al/Ni-coated CF samples with various 

coating times. 

 

Fig. 5.6 shows the relative density of the Al/uncoated CF sample and Al/Ni-coated 

CF samples with various coating times. The relative density values of the Al/Ni-coated 

CF samples were higher than that of the Al/uncoated CF sample. This indicates the 

enhanced Al/CF interfacial bonding with Ni-coating on the surface of CFs. In addition, 

the relative density values of the Al/Ni-coated CF samples increased gradually from 1 

min to 2 min, which is attributed to more integrate Ni coating layer. With further 

increasing the coating time, the relative density remained almost unchanged. This 
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implies that when the Ni coating layer on the surface of CFs was integrate enough, 

further enhancement in thickness of Ni coating layer had small effect on density of the 

composites. 

Fig. 5.7 shows the SEM images (backscattered electron mode) on X-Y plane of the 

Al/uncoated CF sample and Al/Ni-coated CF samples with various coating times. It is 

clear that CFs were randomly oriented in plane perpendicular to the SPS loading 

direction. For the Al/uncoated CF samples, severe aggregation of CFs can be observed. 

When the coating time increased to 1.5 min, it is obvious that the aggregation of CFs 

disappeared gradually and the distribution of CFs became homogenous. With further 

increasing the coating time, the distribution of CFs had small change and remained 

homogenous, which indicates that the thickness of coating layer had almost no effect on 

distribution of CFs in Al matrix. 

 
Fig. 5.7 SEM images on X-Y plane of (a) the Al/uncoated CF sample, and Al/Ni-coated CF samples 

with coating times of (b) 1 min, (c) 1.5 min, (d) 2 min, (e) 3 min, (f) 5 min. 

 

Fig. 5.8 shows the SEM images (backscattered electron mode) on Z plane of the 

500μm

500μm500μm500μm

500μm500μm
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Al/uncoated CF sample and Al/Ni-coated CF samples with coating times of 1 and 1.5 

min. The CFs were mainly shown as dark points, which is in consistent with the 

orientation of CFs in Fig. 5.7. This indicates that the Al/CF composites may exhibit an 

anisotropy of thermal properties. In addition, the distribution of CFs also tended to be 

homogenous with increasing the coating time.  

Fig. 5.8 SEM images on Z plane of (a) Al/uncoated CF sample, and Al/Ni-coated CF samples with 

coating times of (b) 1 min, (c) 1.5 min. 

 

Since the distribution of CFs in Al matrix has been clarified, the interfacial 

structures of obtained composites were further observed by FE-SEM. Fig. 5.9 shows the 

FE-SEM images (secondary electron mode) on X-Y plane of the Al/uncoated CF sample 

and Al/1.5 min Ni-coated CF sample. In Fig. 5.9 (a), the uncoated CFs with almost no 

adhesion with Al, and large amount of voids can be observed, which indicates the 

extremely weak interfacial bonding and low density of the Al/uncoated CF sample. In 

contract, the Al/1.5min Ni-coated CF sample in Fig. 5.9 (b) exhibited good interfacial 

bonding and homogeneous distribution. 

 

(a) (c)(b)
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Fig. 5.9 FE-SEM images on X-Y plane of (a) Al/uncoated CF sample and (b) Al/1.5min Ni-coated 

CF sample. 

 

In order to further clarify the distribution of Ni in composites, EPMA was 

performed for the 1.5 min Al/Ni-coated CF sample with coating time of 1.5 min. Fig. 

5.10 shows the elemental distributions around the interface region. For the 

microstructure shown in Fig. 5.10 (d), the corresponding elemental distribution maps of 

Al, C, and Ni are shown in Figd. 5.10 (a)-(c), respectively. A comparison of the 

microstructure and Ni distribution map shows that Ni was mainly present at the 

interface between Al and C (i.e., distributed in the initial coating layers). This confirms 

that the Ni layer on the surface of CFs remained integrate after powder mixing and 

following SPS process. However, small amounts of Ni can also be observed in Al 

matrix, which may degrade the TC of Al matrix. This may be attributed to the 

desquamation of Ni coating layer during powder mixing process. Moreover, it should be 

noticed that due to the error of EPMA equipment, the thickness of Ni coating layer 

measured from the EPMA map is slightly larger than that measured in Fig. 5.4, 

indicating the diffusion of Ni into Al matrix during sintering. 

(b)(a)
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Fig. 5.10 Elemental distribution maps (a) Al, (b) C, (c) Ni and (d) corresponding backscattered 

electron image for the Al/1.5 min Ni-coated CF composite, analyzed by EPMA. 

 

To confirm the formation of the reaction product, the composites were further 

examined by XRD in the range of 2  = 41-50˚, in which the characteristic peaks of 

Al3Ni are included. Fig. 5.11 shows the XRD patterns on X-Y plane of the Al/uncoated 

CF sample and Al/Ni-coated CF samples with coating times of 1.5, 3, and 5 min. It 

should be noted that the extremely strong diffraction peak at 2  = 44.7˚ corresponding 

to the (200) crystal plane of Al. In addition, eight relatively weak diffraction peaks at 

about 2  = 41.2˚, 41.8˚, 43.7˚, 45.3˚, 46.0˚, 47.0˚, 48.4˚, and 49.3˚ were found 

corresponding to (031), (112), (131), (301), (230), (311), (212), and (040) crystal planes 

of Al3Ni, respectively, indicating a chemical interfacial bonding. Furthermore, it is clear 

that the intensities of Al3Ni became stronger with increasing the coating time. This 

might be due to the rougher Ni layer on the surface of CFs with longer coating time, 

because rough Ni layer is easier to react with Al matrix. 
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Fig. 5.11 XRD patterns of (a) the Al/uncoated CFs sample, and Al/Ni-coated CFs samples with 

coating times of (b) 1.5 min, (c) 3 min, and (d) 5 min. 

 

Fig. 5.12 shows the TCs in X-Y plane direction and Z plane direction of the 

Al/uncoated CFs sample and Al/Ni-coated CFs samples with various coating times. The 

TC in X-Y plane direction was much higher than that in Z plane direction. This 

anisotropic behavior in TC is in good consistent with the alignments of CFs in Al matrix. 

In addition, the TC of the Al/Ni-coated CFs samples showed higher values than that of 

the Al/uncoated CFs sample. This is attributed to the improvements in density and 

Al/CFs interfacial bonding, as well as the reduction of CFs aggregation. As the coating 

time increased, the TC in X-Y plane direction improved obviously and reached a peak at 

coating time of 1.5 min, followed by a gradually reduction. The remarkable 

enhancement from 1 min to 1.5 min is due to the more integrate and thin enough Ni 

coating layer, as well as the improved density, Al/CFs interfacial bonding, and 
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dispersion of CFs. The decrease in TC with further increasing the coating time is 

considered to be due to the increased thickness of Ni coating layer and the generation of 

more Al3Ni compound at the interface. On the other hand, the TC in Z plane direction 

had small change with increasing the coating time. This result is considered to be 

related to the domination effect of the extremely low TC (10 W/mK) in transverse 

direction of CFs. When heat transmits along the Z plane direction, the transverse section 

of CFs will act as heat blockers in Al matrix. Thus in Z plane direction, the low TC in 

transverse direction of CFs plays a dominant role in thermal conduction in comparison 

with the other factors. Furthermore, it should be noted that the highest TC obtained in 

this study is still lower than that of pure Al (~200 W/mK). This is mainly due to the 

randomly orientation of CFs in X-Y plane. Thus, in order to align the CFs in one 

direction and further improve the TC, Al/Ni-coated CF composites were fabricated by 

hot-extrusion process, and the results are shown in the next chapter. 

 
Fig. 5.12 Thermal conductivity of the Al/uncoated CFs sample and Al/Ni-coated CFs samples with 

various coating times. 
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5.3.1.2 Effect of sintering pressure 

Fig. 5.13 shows the relative density of Al/1.5min Ni-coated CFs samples (sintered 

at 500 ˚C for 10 min) as a function of sintering pressure. As the sintering pressure 

increased from 40 MPa to 70 MPa, the relative density improved obviously. With 

increasing the sintering pressure, the contact area between the Al particles increased, 

thus neck formation and growth started from larger number of sites, leading to a faster 

densification and a larger reduction in the porosity [5]. However, as the sintering 

pressure further increased from 70 MPa to 100 MPa, the relative density had small 

change. This can be attributed to two reasons. (i) The number of sites reached saturation. 

(ii) Higher pressure may lead to more damages in CFs, which inhibited further 

densification. 

Fig. 5.13 Relative density of Al/1.5min Ni-coated CFs samples as a function of sintering pressure. 

 

Fig. 5.14 shows the TCs in X-Y plane direction of the Al/1.5 min Ni-coated CFs 

samples as a function of sintering pressure. The TC value increased as the sintering 

pressure increased from 40 MPa to 70 MPa. This is mainly attributed to the improved 

density (Fig. 5.13). However, as the sintering pressure further increased, the TC 
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decreased and thus reached a peak at 70 MPa. A lower TC value at 100 MPa is likely to 

be due to more breakage of CFs and more exfoliation of Ni layers. 

Fig. 5.14 Thermal conductivity of Al/1.5min Ni-coated CFs samples as a function of sintering 

pressure. 

 

5.3.1.3 Effect of sintering temperature 

Fig. 5.15 shows the relative density of Al/1.5min Ni-coated CFs samples 

(compacted at 70 MPa and sintered for 10 min) as a function of sintering temperature. 

Obviously, the relative density increased with increasing the sintering temperature. At a 

higher sintering temperature, particles of Al matrix diffused into each other at a faster 

rate, thus leading to better densification. In addition, at a higher sintering temperature, 

Al and Ni were easier to react and form a strong reaction bonding.  
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Fig. 5.15 Relative density of Al/1.5min Ni-coated CFs samples as a function of sintering 

temperature. 

 

Fig. 5.16 shows the interfacial microstructures of Al/1.5 min Ni-coated CFs 

samples sintered at different sintering temperatures. For composite sintered at 400 ˚C 

(Fig. 5.16 (a)), as the arrows point, some pores existed in Al matrix near CF, which 

indicates poor interfacial bonding between Al and CF. When sintering temperature 

increased from 400 ˚C to 450 ˚C (Fig. 5.16 (b)), pores in Al matrix disappeared and the 

interfacial bonding between Al and CF seemed to be stronger. However, crack still can 

be observed at the interface. In Fig. 5.16 (c), the composite exhibited good interfacial 

bonding without any cracks. To further study the interfacial structure, the sample 

sintered at 500 ˚C was also characterized by EDS. 

Fig. 5.16 Interfacial microstructures of Al/1.5min Ni-coated CFs samples sintered at (a) 400 ˚C, (b) 

450 ˚C and (c) 500 ˚C. 
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Fig. 5.17 shows the element distribution of line scanned on Al/CF interface. The 

length of the scanning line is about 1.8 μm (Fig. 5.16 (c)). It can be seen from Fig. 5.17 

that the C, Al, and Ni elements were all detected along the line perpendicular to the 

Al/CF interface. It can be seen that the Ni enrichment near the interface is about 0.8 μm, 

which is larger than the thickness of Ni layer (~ 0.2 μm, see Fig 5.4 (b)). This indicates 

the interfacial inter-diffusion of Al-Ni and thus leading to a strong Al-Ni reaction 

bonding. 

 

Fig. 5.17 Element distribution of line scanned on Al/CF interface. 

 

Fig. 5.18 shows the TC in X-Y plane direction of the Al/1.5 min Ni-coated CFs 

samples as a function of sintering temperature. As the sintering temperature increased, 

the TC in X-Y plane direction increased. This result is attributed to the improvements of 

relative density (Fig. 5.15) and interfacial bonding (Fig. 5.16). 
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Fig. 5.18 Thermal conductivity in X-Y plane of Al/1.5 min Ni-coated CFs samples as a function 

of sintering temperature. 

 

5.3.1.4 Effect of sintering time 

 
Fig. 5.19 Thermal conductivity in X-Y plane of Al/1.5 min Ni-coated CFs samples as a function 

of sintering time. 

 

Fig. 5.19 shows the TC in X-Y plane direction of the Al/1.5min Ni-coated CFs 

samples (compacted at 70 MPa and sintered at 500 ˚C) as a function of sintering time. 
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As the sintering time decreased from 10 min to 5 min, the TC increased from 183 

W/mK to 192 W/mK. This might be due to the formation of fewer Al3Ni compounds. 

With further decreasing the sintering time to 0 min, the TC had small change. This 

suggests that when sintering time was shorter than 5 min, the amount of Al3Ni 

compounds may have small effect on thermal conductivity.  

 

5.3.2 Coefficient of thermal expansion 

Fig. 5.20 shows the CTE values (measured in the X-Y plane direction) of the 

SPSed Al/CFs samples with and without Ni coating. It should be noted that the coating 

time, sintering pressure, sintering temperature, and sintering time of the SPSed 

Al/Ni-coated CFs composites were 1.5 min, 70 MPa, 500 ˚C, and 0 min, respectively. 

The addition of CFs in Al matrix caused significant reductions in CTE in comparison 

with pure Al (26 ppm/K). This is obviously attributed to the negative CTE value of the 

CFs in the axis direction (-1.45 ppm/K [6]). Furthermore, the samples with Ni coating 

showed lower CTE values than that without Ni coating, further indicating good Al/CFs 

interfacial bonding. Besides, although it is difficult to measure the CTE values in the Z 

plane direction due to limited sizes of the SPSed samples, it is reasonable to assume that 

the CTE values in the Z plane direction are larger than those in the in the X-Y plane 

direction, because of higher CTE value of CFs in direction perpendicular to the axis 

direction (10.0-12.0 ppm/K [7]). 
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Fig. 5.20 Coefficient of thermal expansion of the SPSed Al/40 vol% CFs samples with and 

without Ni-coating. 

 

5.3.3 Compressive strength 

Fig. 5.21 shows the compressive strength (measured along the X-Y plane direction) 

of the SPSed Al/40vol% CF samples with and without Ni coating. It should be 

mentioned that the coating time, sintering pressure, sintering temperature, and sintering 

time of the SPSed Al/Ni-coated CFs composites were 1.5 min, 70 MPa, 500 ˚C, and 0 

min, respectively. The SPSed samples with and without Ni coating showed compressive 

strength values of 84.2 MPa and 61.8 MPa, respectively. The high strength of the SPSed 

sample with Ni coating is associated with its high density and strong Al/CFs interfacial 

bonding.  
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Fig. 5.21 Compressive strength of the SPSed Al/40 vol% CFs samples with and without Ni-coating. 

 

5.4 Conclusions 

(1) The application of Ni coating on CFs effectively improved the relative density of the 

composites and interfacial bonding between Al and CFs, thus leading to 

enhancement of TC.  

(2) The optimum coating time, sintering pressure, sintering temperature, and sintering 

time for thermal conductivity of SPSed Al/CFs composites were 1.5 min, 70 MPa, 

500 ˚C, and 0 min, respectively. 

(3) The application of Ni coating on CFs also caused reduction in CTE and 

improvement in compressive strength. 
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Chapter 6  Microstructure and thermal/mechanical properties of Ni-coated 

carbon fibers/Al composites prepared by hot-extrusion technique 

 

6.1 Introduction 

In chapter 5, Al/Ni-coated CFs composites have been successfully fabricated by 

SPS process. However, the CFs were randomly oriented in plane perpendicular to the 

pressing direction, which seriously limits the thermal/mechanical properties of 

Al/Ni-coated CFs composites. In order to align the CFs in one direction, in this chapter, 

Al/Ni-coated CFs composites were fabricated by hot-extrusion process. The purpose is 

to investigate the effect of Ni-coating on microstructure and thermal/mechanical 

properties and find optimal extrusion conditions. 

 

6.2 Experimental 

6.2.1 Consolidation method 

Firstly, the 1.5 min Ni-coated CFs and pure Al powders (99.99%, 30 μm) were 

used as the starting materials. The powders with nominal compositions of 40 vol% CFs 

were mixed under 50 rpm for 8 h. Subsequently, the mixed powders were consolidated 

by SPS at 500 ˚C for 0 min under 100 MPa (the SPS conditions are listed in Table 6.1), 

followed by vacuum-encapsulation into an Al can to obtain a hot-extrusion billet. The 

extrusion was performed in a temperature range of 400-500 ˚C with an extrusion ratio 

of 14:1 and a punch speed of 1 mm/min (the extrusion conditions are listed in Table 

6.2.) 

 

6.2.2 Characterization 

The density of the extruded samples was determined by the Archimedes method. 
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Phase identification was performed by X-ray diffraction (XRD) with Cu Kα radiation. 

The microstructure was observed and analyzed by scanning electron microscopy 

(SEM).  

With regard to the thermal and mechanical properties of hot-extruded samples, the 

TC was determined by measuring thermal diffusivity and specific heat at room 

temperature by using a laser flash apparatus (NETZSCH LFA457, Germany). The 

specimens for TC measurements were in the form of discs with a diameter of 6 mm and 

a thickness of 2 mm. The CTE was determined using a horizontal dilatometer (SEIKO 

TMA/SS6000, Japan) in a temperature range of 20-150 ˚C at a heating rate of 2 ˚C/min. 

The CTE was measured on cuboid samples with dimensions of 20 mm 5 mm 5 mm. 

In addition, compression tests were carried out using a universal testing machine 

(SHIMADZU SFL-50kNAG, Japan) with a compression rate of 1 mm/min. Cylindrical 

samples with dimensions of Φ6 mm 8 mm were used in the compression tests.  

 

 

 

 

Table 6.1 Conditions of SPS 

 

 

 

 

 

 

Atmosphere Vacuum 

Heating rate 30 ˚C/min 

Temperature 450 ˚C 

Pressure 70 MPa 

Sizes of green compact Φ20mm×10mm 
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Table 6.2 Conditions of hot extrusion. 

 

 

 

 

 

 

 

6.3 Results and discussion 

6.3.1 Microstructure  

Fig. 6.1 shows the relative density of the hot-extruded Al/40% Ni-coated CFs 

samples as a function of extrusion temperatures. For the purpose of comparison, the 

density value of 450 ˚C-extruded Al/40% CFs samples without Ni-coating is also 

included in the figure. Obviously, the extruded samples with Ni-coating showed higher 

density values in comparison with those without coating, due to the enhanced interfacial 

bonding. In addition, as the extrusion temperature increased, the relative density 

increased gradually. It is considered that Al matrix became softer at a higher extrusion 

temperature, thus resulting in smaller damages on CFs and Ni layers. Therefore, a 

denser composite can be obtained at a higher extrusion temperature. 

Extrusion billet SPSed compact 

Atmosphere Air 

Extrusion temperature 400-500  

Extrusion ratio 14 

Extrusion speed 1mm/min 



99 
 

Fig. 6.1 Relative density of hot-extruded Al/40 vol% CFs samples with and without Ni-coating 

as a function of extrusion temperature. 

 

Fig. 6.2 shows the SEM images (backscattered electron mode) on longitudinal 

sections of Al/40 vol% CFs samples extruded at different temperatures. The white and 

dark regions shown in Fig. 6.2 correspond to Al and CF, respectively. The CF was 

mainly distributed along the extrusion direction in the extruded samples. In comparison 

with the sample without coating shown in Fig. 6.2 (a), it is obvious that the CFs with 

coating showed more homogeneous distribution. Moreover, as the extrusion temperature 

varied, the distribution of the CFs along the extrusion direction showed no obvious 

change. To further understand the orientation of CFs at different extrusion temperatures, 

the quantitatively evaluation is underway. 
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Fig. 6.2 SEM images on longitudinal sections of Al/40 vol% CFs samples extruded at (a) 450 ˚C, 

uncoated, (b) 400 ˚C, coated, (c) 450 ˚C, coated, and (d) 500 ˚C, coated. 

 

Fig. 6.3 shows the high magnification SEM image (backscattered electron mode) 

of the 450 ˚C-extruded Ni-coated CFs/Al composite. The dark, gray, and white regions 

correspond to CFs, Al, and Ni, respectively. It can be observed that many broken Ni 

layers in the Al matrix. This is considered to be due to the heavy shear deformation 

during extrusion, which results in the breakage of Ni layer.  

To confirm the formation of the reaction product, the composites were further 

examined by XRD in the range of 2  = 41-50˚, in which the characteristic peaks of 

Al3Ni are included. Fig. 6.4 shows the XRD patterns on longitudinal sections of Al/40 

vol% CFs extruded at different temperatures. It should be noted that the extremely 

strong diffraction peak at 2  = 44.7˚ corresponding to the (200) crystal plane of Al. For 

the Al/40vol% uncoated CFs sample extruded at 450 ˚C, no other peaks can be observed. 

However, for the Al/40vol% Ni-coated CFs samples extruded at different temperatures, 
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eight relatively weak diffraction peaks at about 2  = 41.4˚, 41.8˚, 43.7˚, 45.3˚, 46.0˚, 

47.0˚, 48.4˚, and 49.5˚ were found corresponding to (031), (112), (131), (301), (230), 

(311), (212), and (040) crystal planes of Al3Ni, respectively, indicating a chemical 

interfacial bonding. Furthermore, it is clear that the intensities of Al3Ni became stronger 

with increasing the extrusion temperature.  

 

Fig. 6.3 High magnification SEM image of the 450 ˚C-extruded Al/40 vol% Ni-coated CFs 

sample. 

 

Fig. 6.4 XRD patterns of (a) the Al/uncoated CFs sample, and Al/Ni-coated CFs samples with 

coating times of (b) 1.5 min, (c) 3 min, and (d) 5 min. 
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6.3.2 Thermal conductivity 

Fig. 6.5 shows the TC of Al/40 vol% CFs samples with and without Ni coating as a 

function of extrusion temperature. As a reference, the TC value of a 450 ˚C-extruded 

pure Al sample is also plotted in the figure. All the extruded Al/CFs samples showed 

higher TC values in comparison with pure Al extruded sample. With Ni coating on CFs, 

the TC values were slightly decreased in comparison with those without coating. This 

might be due to two reasons. (i) The formation of large amount of Al3Ni compounds 

during extrusion. (ii) The breakage of Ni layer during the extrusion process (see Fig. 

6.3), although the relative density and distribution of CFs were improved. Since the TC 

of Ni (~88 W/mK) is much lower than that of Al (~200 W/mK), the broken Ni layer in 

Al matrix may seriously inhibit heat transfer. Furthermore, all the extruded Al/CFs 

samples showed higher TC values in comparison with the SPSed Al/CFs samples 

mentioned in Chapter 5. This is attributed to the unidirectional alignment of CFs in the 

extruded composites. 

Fig. 6.5 Thermal conductivity of hot-extruded Al/40 vol% CFs samples with and without 

Ni-coating as a function of extrusion temperature. 
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6.3.3 Coefficient of thermal expansion 

Fig. 6.6 shows the variations of CTE (measured in the extrusion direction) of the 

extruded and SPSed Al/CFs samples with and without Ni coating. The addition of CFs 

in Al matrix caused significant reductions in CTE in comparison with pure Al (26 

ppm/K). This is obviously attributed to the negative CTE value of the CFs in the axis 

direction (-1.45 ppm/K [1]). Moreover, the samples with Ni coating showed lower CTE 

values than that without Ni coating, further indicating good Al/CFs interfacial bonding. 

Besides, although it is difficult to measure the CTE values in the direction perpendicular 

to the extrusion direction due to limited sizes of the extruded samples, it is reasonable to 

assume that the CTE values in the direction perpendicular to the extrusion direction are 

larger than those in the direction parallel to the extrusion direction, because of higher 

CTE value of CFs in direction perpendicular to the axis direction (10.0-12.0 ppm/K [2]). 

Furthermore, the CTE values of the extruded samples were higher than those of the 500 

˚C-SPSed samples. This is considered to be related to the unidirectional alignment of 

CFs in the extruded composites. 

 
Fig. 6.6 Coefficient of thermal expansion of the extruded and SPSed Al/40 vol% CFs samples with 

and without Ni-coating. 
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6.3.4 Compressive strength 

Fig. 6.7 shows the compressive strength (measured along the X-Y plane direction) 

of the extruded and SPSed Al/40vol% CF samples with and without Ni coating. The 

extruded samples with and without Ni coating showed compressive strength values of 

115.8 MPa and 96.8 MPa, respectively. The high strength of the extruded sample with 

Ni coating is associated with its high density and strong Al/CFs interfacial bonding. 

Furthermore, the extruded samples showed higher compressive strengths than the 500 

˚C-SPSed samples. This might be due to the higher strength in direction along the CF 

axis than that in direction perpendicular to the CF axis. Since the CFs aligned in the 

extrusion direction of the extruded samples, the compressive strength of the extruded 

samples showed higher values. 

 

Fig. 6.7 Compressive strength of the extruded and SPSed Al/40 vol% CFs samples with and without 

Ni-coating. 

 

6.4 Conclusions 
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the sample without Ni-coating.  

(2) As the extrusion temperature increased, more Al3Ni compounds were detected, and 

the TC of the sample with Ni-coating increased gradually. 

(3) The application of Ni-coating on CFs caused reduction in CTE and improvement in 

compressive strength. However, the TC was decreased in comparison with the 

sample without Ni-coating. 
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Chapter 7 Summary 

 

Al/carbon composites have been widely used in the fields of electronic packaging 

and thermal management applications because of their good thermal and mechanical 

properties. However, conventional fabrication techniques, such as squeeze casting and 

hot pressing, are difficult to simultaneously meet the needs of mass production and good 

thermal/mechanical properties. In the present work, from the viewpoints of mass 

production and orientation control, a hot-extrusion technique was proposed to fabricate 

Al/carbon composites, with emphasis on systematically investigating the effect of 

processing conditions on extrusion behavior, microstructure, texture, and thermal and 

mechanical properties of the extruded composites. The main results obtained in the 

present research can be summarized as follows. 

Chapter 1 described background of the present research. In order to face the 

continuing miniaturization and increasing power density of various electronic devices, 

as well as environmental pollution issues, thermal management materials attract much 

attention in the recent decades. However, it is difficult to simultaneously meet the needs 

of mass production and good thermal/mechanical properties. Therefore, a hot-extrusion 

technique was proposed to fabricate Al/carbon composites. The purpose of present 

research was to understand the relationships among processing conditions, 

microstructure, texture, thermoelectric and mechanical properties, thus to promote their 

industrial applications and contribute to satisfy the requirements of rapid heat removal, 

long service life, high reliability, and environmental pollution issues. Development 

status of various AMCs for thermal management applications and fabrication methods 

are also described in Chapter 1.   
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In chapters 2, Aluminum/graphite composites have been successfully prepared by a 

hot-extrusion technique. The effects of processing conditions such as graphite particle 

size, graphite content, and extrusion temperature on extrusion behavior, microstructure, 

texture, and TC have been systematically investigated. During the hot extrusion, the 

graphite was subjected to deformation and hence distributed along the extrusion 

direction in the extruded Al/graphite composites. The (00l) basal planes of the graphite 

were preferentially orientated along the extrusion direction. The preferred orientation of 

the graphite resulted in an anisotropy of TC in the extruded samples. On the other hand, 

the utilization of bimodal graphite powder consisting of coarse and fine particles is 

beneficial to the enhancement of both relative density and TC. Moreover, when a 

pressed green compact was rotated 90° and then subjected to the hot extrusion, the 

resulting composite exhibited higher TC due to its higher density, fewer Al/graphite 

interfaces, and higher orientation degree of the graphite. 

In chapters 3, in order to simultaneously improve the thermal and mechanical 

properties of Al/graphite composites, Al/graphite composites with small amounts of 

Al-Si alloy were consolidated by spark plasma sintering and hot-extrusion processes. 

The effect of Al-Si alloy addition on densification behavior, microstructure, TC, CTE, 

and compressive strength has been systematically investigated. The results showed that 

the addition of Al-Si alloy resulted in improvements in relative density of the 

composites, interfacial bonding between Al and graphite, and orientation degree of 

graphite. The composites with Al-Si alloy showed improved TC and reduced CTE 

values in comparison with those without Al-Si alloy. For example, the 450 ˚C-extruded 

Al/60 vol% graphite/9 vol% Al-Si composite showed a maximum TC of 297 W/mK and 

a minimum CTE of 7.95 ppm/K. Moreover, the hot-extruded Al/graphite composites 



108 
 

containing Al-Si alloy exhibited higher compressive strength compared to conventional 

squeeze-cast composites and hot-extruded composites without Al-Si alloy. 

In Chapter 4, Aluminum/carbon fibers (CFs) composites have been successfully 

prepared by a hot-extrusion technique. The effects of processing conditions such as CFs 

size, CFs content, and extrusion temperature on extrusion behavior, microstructure, and 

TC have been systematically investigated. The extruded samples with less than 30 vol% 

CFs exhibited good appearances with high relative density of > 97%, while those with 

40 vol% show some cracks and reduction in relative density. Microstructure observation 

showed that the CFs were mainly aligned along the extrusion direction (ED) in all the 

samples. The measured TC along the extrusion direction of extruded samples showed 

that long CFs exhibited larger improvement in TC compared with short CFs. The 

resultant TCmax of 262 W/mK was achieved for the 450 ˚C-extruded Al/20 vol% long 

CFs sample. 

In Chapter 5, in order to improve the interfacial bonding between Al and CFs, 

Ni-coating was introduced, and Al/Ni-coated CFs composites were fabricated by SPS 

process. The effects of Ni-coating on microstructure and thermal/mechanical properties 

were investigated, and the optimal Ni-coating and SPS process conditions were 

obtained. The results showed that Ni-coating can effectively enhance the interfacial 

bonding between Al and CFs, thus resulting in higher density, thermal and mechanical 

properties. 

In Chapter 6, in order to further improve the thermal and mechanical properties, 

Al/Ni-coated CFs composites were fabricated by hot-extrusion process. The effect of 

Ni-coating on microstructure, TC, CTE, and compressive strength has been 

systematically investigated. 
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Finally, in Chapter 7, general conclusions and summary of this work, as well as 

some achievements pegged on this work are presented. 
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