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1.1 Introduction 

In recent years, the aerospace, automotive, and electronics industries have 

experienced rapid development on a global scale due to the continuous progress of 

science and technology and the breakthrough of several technical barriers[1-3]. Materials 

science, as the foundation for the development of various fields, has also undergone a 

technological transformation and innovative upgrades, particularly in the area of 

composite materials[4-7]. To meet the growing demand for comprehensive performance 

and increasingly complex applications, the development of high-performance 

composites has become an urgent issue[8-12]. 

In the field of composites, metal matrix composites have been developed and 

applied on a large scale in recent years because of their excellent mechanical and 

physical properties[13-16]. Among the many metal matrix composites, aluminum (Al) 

and its alloys are extensively utilized because of their low density, excellent wear 

resistance, good electrical and thermal conductivity, and abundant energy storage in the 

earth's crust[17-23]. However, the increasing complexity of application scenarios poses 

more challenges to the development of Al matrix composites. For instance, how to 

enhance the mechanical properties of composites without compromising their plastic 

deformation capacity, and how to improve the strength of composites while maintaining 

excellent thermal conductivity. As a result, the exploration of innovative design ideas 

has become a significant task in the development and application of Al matrix 

composites. 

Various factors influence the performance of Al matrix composites, including the 

preparation method, the type and content of reinforcement, and the heat deformation 

parameters[24-27]. The solid-phase and liquid-phase preparation methods produce 

different microstructure characteristics in the metal matrix. Moreover, fiber-like and 

particle-like reinforcements employ different strengthening mechanisms, and the 

subsequent heat deformation parameters significantly impact the performance [28-30]. 

The interfacial structure and interfacial products are also widely studied. Studies 
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indicate that the interfacial structure is a crucial factor in determining the 

reinforcement's effectiveness. Additionally, harmful interface products, such as Al4C3, 

adversely affect composite performance[31,32]. Therefore, comprehensive investigations 

of the effects of reinforcement type, interfacial structure, and thermal deformation on 

the organization and properties of Al matrix composites are necessary. 

1.2 Aluminum matrix composites 

1.2.1 Concept of Aluminum matrix composites 

The Al matrix composite comprises Al or its alloy as the matrix and inorganic or 

metal fiber, whisker, or particle as the reinforcement[33,34]. 

Due to the low specific strength and modulus of pure Al, it is challenging to utilize 

it in stressed structural parts or complex working conditions[18,21]. Adding high-strength 

reinforcements to pure Al comprehensively enhances composite performance. With a 

reasonable and scientific design, the reinforcement's excellent electrical and thermal 

conductivity can be fully utilized, providing Al matrix composites with good overall 

performance[25,33,35]. 

Al matrix composites with Al alloy as the matrix have higher specific strength and 

specific modulus. However, the complex elemental composition of Al alloys inevitably 

reacts with the reinforcement at the interface, resulting in complex interfacial products 

that exceed the performance expectations of Al matrix composites[36-40]. Therefore, 

interfacial reactions should be fully considered when utilizing Al alloys as the metal 

matrix. 

1.2.2 Preparation of Aluminum matrix composites 

The preparation methods of Al matrix composites can be categorized into two 

types: solid phase method and liquid phase method. The solid phase method includes 

powder metallurgy, vacuum hot pressing, and spark plasma sintering. The liquid phase 

method includes stir casting, pressure infiltration, spray deposition, etc.[24,29,41]. 
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(1) Powder metallurgy method 

The principle of powder metallurgy involves high-temperature sintering. In this 

method, as shown in Figure 1-1, metal powder is mixed with the reinforcement and 

injected into a mold for hot pressing. The resulting composite is then subjected to high-

temperature sintering under a protective atmosphere to obtain a fixed shape[42-44]. 

 
Figure 1-1 Schematic diagram of powder metallurgy method[42] 

As one of the most commonly used methods in composites preparation, powder 

metallurgy has many advantages[43]: 

1) Powder metallurgy offers strong design flexibility. The ratio of reinforcement 

to the metal matrix can be freely selected, and the type of reinforcement is less limited. 

Both fiber and particle reinforcements can be sintered using powder metallurgy. 

2) Low sintering temperature, and low requirements for equipment. 

3) High utilization rate of raw materials, less waste, conducive to cost control, 

suitable for mass production. 

4) High dimensional accuracy. 

At the same time, the powder metallurgy method inevitably has limitations[45]: 

1) There are defects such as pores, resulting in low density, which need to be 

modified by subsequent thermal deformation. 

2) The size of the product is limited by the limitation of mold and equipment, and 

it is difficult to manufacture large size samples. 

(2) Vacuum hot pressing method 

The vacuum hot pressing method improves the powder metallurgy process by 
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uniformly hot pressing the mixed powder into blocks under a load in a die and then 

directly sintering them[46,47]. The working schematic of the vacuum hot pressing method 

is shown in Figure 1-2[48]. Unlike powder metallurgy, vacuum hot pressing integrates 

hot pressing and sintering in one step, reducing energy consumption, and avoiding 

secondary heating. Furthermore, by reducing the pressure, it minimizes the gas in the 

powder, decreasing the porosity of the material and providing the composites with a 

denser texture. 

 
Figure 1-2 Schematic diagram of vacuum hot pressing method[48] 

(3) Spark plasma sintering method 

Spark plasma sintering (SPS) is a modification of the powder metallurgy method. 

The structure of the discharge plasma sintering equipment is shown in Figure 1-3[49]. 

High temperature plasma is generated between the powders by pulse discharge, and 

then the mold is heated to a certain temperature, and then uniaxial pressure is applied 

to the powder to achieve rapid densification of the powder at low temperature, which 

is also known as plasma activated sintering or plasma assisted sintering[50]. When the 

pulse current passes over the surface of the metal powder, it will scorch off the oxide 

film on the surface of the powder, which promotes interfacial bonding between metal 

and reinforcement and improves the metallurgical bonding between metal powders. 

Discharge plasma sintering technology combines plasma activation, resistance heating, 

and uniaxial hot pressing processes. It has the advantages of fast temperature rise, low 
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sintering temperature, short sintering time, etc., making it superior in the preparation of 

nanomaterials and composite materials, etc.[51,52]. 

 

Figure 1-3 Schematic diagram of spark plasma sintering method[49] 

(4) Stir casting method 

The stir casting method is one of the most commonly used liquid phase methods 

for preparing Al matrix composites, and its specific process operation is shown in 

Figure 1-4[53]. After heating the metal to a liquid or semi-solid state, a set volume 

fraction of reinforcement is added, and the metal and reinforcement are uniformly 

mixed by mechanical stirring. Finally, the mixed metal liquid is cast into the mold to 

obtain the composite ingot. This method is widely used because of its simplicity of 

equipment, ease of operation, and ability to prepare composites in large quantities[54,55]. 

However, the poor surface wettability of the Al matrix with some reinforcements results 

in poor interfacial bonding. Moreover, when the density difference between the metal 

matrix and the reinforcement is significant, the reinforcement tends to float on the metal 

liquid or sink to the bottom of the metal liquid, making it challenging to be uniformly 

distributed in the metal matrix. Additionally, the introduction of gas into the material 

due to mechanical stirring also tends to create pores. 
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Figure 1-4 Schematic diagram of stir casting method[53] 

(5) Pressure infiltration method 

The preparation of Al matrix composites by pressure infiltration method involves 

the initial preparation of the reinforcement preform, followed by pouring the liquid 

metal into the mold with the reinforcement preform. The metal liquid infiltrates into the 

preform pores under pressure, and the composite is obtained after the metal 

solidifies[56,57]. The preparation method is shown in Figure 1-5[58].  

 

Figure 1-5 Schematic diagram of pressure infiltration method[58] 

This method requires a highly precise preparation process for the reinforcement 

preform and has stringent requirements for molds and equipment, which need to 

withstand high infiltration pressure without getting damaged. However, the pressure 

infiltration method exhibits a high material utilization rate and involves a simple 

production process, enabling large-scale preparation and application. 
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(6) Spray deposition method 

The spray deposition method utilizes a high-speed and high-pressure inert gas to 

impact metal liquid and reinforcement, atomize them, and finally deposit them together 

on the substrate for rapid solidification. The preparation process is shown in Figure 1-

6[59-61]. This method allows for the preparation of composites in a very short time, and 

the short contact time between the reinforcement and the metal matrix prevents 

excessive interfacial reactions from occurring. Moreover, the atomized powder can be 

mixed uniformly, resulting in composites with evenly distributed reinforcement. 

However, the low utilization of raw materials and high preparation cost associated with 

the spray deposition method makes it difficult to be applied on a large scale. 

 
Figure 1-6 Schematic diagram of spray deposition method[59] 

1.2.3 Strength mechanism of Aluminum matrix composites 

In Al matrix composites, the reinforcement enhances the strength of the metal 

matrix mainly through the following mechanisms: 

(1) Dislocation strengthening mechanism 

The dislocation strengthening mechanism is one of the most common and effective 

strengthening mechanisms in Al matrix composites[62]. During the preparation of 

composites, the addition of reinforcements introduces many dislocations into the matrix, 

causing severe lattice distortion in the grains of the matrix metal. This distortion leads 
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to the generation of edge dislocations and spiral dislocations. The increase in 

dislocation density increases the critical kinetic value required for the opening of the 

slip system during plastic deformation, increasing the deformation resistance[63]. 

In addition, the reinforcement also plays a pinning role in the dislocations 

generated during the plastic deformation of composites. When the dislocation moves 

close to the reinforcement, it will either bend around the reinforcement or consume its 

energy, resulting in the dislocation forming a loop around the reinforcement[64]. Both of 

these effects will create a greater obstruction to the movement of subsequent 

dislocations, and the density of dislocations near the reinforcement will gradually 

increase, resulting in dislocation pinning and entanglement, eventually forming a 

dislocation network. The formation of dislocation networks makes the movement and 

annihilation of dislocations more difficult, increasing the deformation resistance of the 

material and thus the strength of the matrix. 

(2) Grain refinement strengthening mechanism 

Compared to pure metal, the preparation of composites results in a refinement of 

the matrix metal grain. This grain refinement is influenced by the distribution of the 

reinforcement, which is typically found at the grain boundaries of the matrix metal in 

composites. The presence of reinforcement at the grain boundaries restricts the growth 

of grains by limiting the movement of grain boundaries. Furthermore, the reinforcement 

in the composites provides a location and energy for grain nucleation during the 

preparation process. The increased nucleation of new grains results in smaller average 

grain sizes in the base metal due to smaller nucleation sizes. The energy consumed 

during grain nucleation competes with grain growth, resulting in smaller grain sizes. 

After grain refinement, the grain boundaries in composites increase, which hinders 

the movement of dislocations when the material is subjected to external force or plastic 

deformation. This hindrance increases the energy barrier required for the movement of 

the slip system and dislocation, leading to an increase in the deformation resistance of 

the material. 

(3) Load transfer enhancement mechanism 

The load transfer reinforcement mechanism is widely present in various types of 
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composites. When external forces are applied to the composites, the load is transferred 

to the reinforcement through the matrix and the interface between the matrix and the 

reinforcement[68-70]. Particle reinforcements can withstand loads in different directions 

due to their greater strength and mostly equiaxed profile. Fiber and whisker-type 

reinforcements, on the other hand, have a certain aspect ratio and anisotropic physical 

properties, which limit their ability to withstand loads perpendicular to the fiber axis. 

In this case, short fiber reinforcements with a smaller aspect ratio and randomly 

distributed in the matrix have a more significant strengthening effect. 

1.2.4 Development and application of Aluminum matrix composites 

Since the 1950s, when Al matrix composites were first developed, decades of 

research and development have resulted in tremendous progress[71,72]. Initially, these 

composites were only used in simple structural parts such as rudders. However, with 

the rapid advancement of science and technology, the demand for materials with high 

comprehensive performance and light weight in engineering has increased, which has 

promoted the technical innovation and development of new materials such as Al matrix 

composites. Through the exploration of numerous researchers, Al matrix composites 

have been developed with high strength, high modulus, high thermal conductivity, and 

high wear resistance. These composites are now widely used in aerospace, the 

automotive industry, and high-end electronic devices, including aircraft fuselages, 

automotive engines, and heat sinks for electronic devices[73-75]. 

Zhu et al.[76] prepared continuous mesophase bitumen-based carbon fiber (MPCF) 

reinforced Al matrix composites by vacuum hot pressing and investigated the effects of 

process parameters and reinforcement volume fraction on the microstructure, 

mechanical properties, and thermal properties of the composites. The results showed 

that the longitudinal thermal conductivity of the composites with 20-50 vol% MPCF 

prepared at 650°C and held at 45 MPa for 60 min was 230.3-288.3 W/(mK), and the 

experimentally measured thermal conductivity values were 90% higher than those 

predicted based on the mixing rule. The longitudinal thermal expansion coefficient was 
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2.28-0.22 ppm/K and the modulus of elasticity was 147.5-324 GPa. Analysis of the 

interfacial structure shows that the interface between the carbon fiber and the Al matrix 

consists mainly of 2-5 nm thick amorphous as well as a very small amount of carbide 

crystals. The excellent thermal properties of this composite demonstrate its potential 

for thermal management material applications. 

Zhai et al.[77] prepared Al matrix composites reinforced with nanodiamonds 

through hot-press sintering. They investigated the effect of different ball milling times 

on the morphology and microstructure of the composite powders of diamond and Al, 

as well as the effect of diamond content on the microstructure, mechanical properties, 

and tribological behavior of the composites. The results showed that ball milling for 15 

hours produced flake Al particles with uniformly distributed nanodiamond particles. 

Increasing the nanodiamond content resulted in more and larger pores in the composites, 

leading to a decrease in relative density. The composites with 2.5% nanodiamond 

content exhibited the highest hardness and compressive strength, as well as the lowest 

coefficient of friction and wear rate. 

Zhong et al.[78] used CNTs to construct interfacial transition layers for the 

reinforcement and toughening of carbon fiber reinforced composites. Multiscale 

layered CF/Al composite structures were prepared by electrophoretic deposition and 

pressure infiltration. The results showed that the grafting interface modified by CNTs 

exhibited progressive damage during the damage process, resulting in an increase in 

the tensile strength, fracture toughness, and fracture work of the composites by 128%, 

21.6%, and 113%, respectively. 

Zhang et al.[79] prepared diamond-reinforced Al matrix composites with Ti coating 

by gas-assisted pressure infiltration method and investigated the mechanical properties 

and microstructure of the composites and compared the effect of coating time on the 

composites. The results showed that the tensile and compressive strengths as well as 

the flexural strength of the composites gradually increased as the coating time increased 

from 15 to 180 min at 850 °C. 

Mohammed et al.[80] fabricated carbon nanotube (CNT)-reinforced bimodal grain 

Al-Cu-Mg nanocomposites by two-step ball milling, powder metallurgy, and extrusion. 



Thermal and Mechanical properties of Short Carbon Fiber dispersed Aluminum Composites

12 

The results show that excellent strength-ductility synergy is achieved due to the 

presence of both ultra-fine grains (UFG) and coarse grains (CG). The monodisperse 

CNT and good CNT/Al interfacial bonding in UFG contribute to significantly 

improving the strength of the nanocomposites. The shearing effect causes the CNT to 

break into nanoscale fragments during the ball milling process, which induces the 

Orowan strengthening effect. In addition, the dislocation strengthening mechanism 

caused by load transfer and thermal mismatch also plays a strengthening role. 

Zhu et al.[81] prepared nano-SiC particles (SiCnp) reinforced 6082 Al matrix 

composites by a combination of extrusion casting and stir casting and investigated the 

effects of SiCnp and the extrusion casting process on the microstructure and mechanical 

properties of the material. The results showed that stir casting resulted in a uniform 

distribution of SiCnp in the metal matrix. the microstructure of 6082 Al alloy was 

significantly improved, and the grain refinement was up to 30.55% compared with that 

of 6082 Al alloy without SiCnp addition. The ultimate tensile strength, yield strength, 

and elongation of SiCnp/Al6082 Al matrix composites were improved by 8.92%, 

12.16%, and 12.60%, respectively, compared with 6082 Al alloy. After extrusion 

casting, the denseness of the SiCnp/Al6082 composites was significantly improved and 

the grains of the composites were further refined. 

Zhang et al.[82] prepared graphene-reinforced Al matrix composites by friction stir 

processing (FSP) and discussed the effect of the preparation process on the material 

organization and properties. The results show that the addition of graphene leads to 

grain refinement and structural changes in the stirred region during the FSP process. In 

addition, the mechanical properties, electrical conductivity, thermal conductivity, 

tribological properties, and corrosion resistance of the composites are significantly 

affected by the graphene content and the evolution of various microstructures caused 

by the addition of graphene. The graphene addition method, reinforcement-matrix 

bonding, FSP parameters, number of channels, and path patterns are key process 

conditions that determine the microstructure and properties of the composites. 

Akinwamide et al.[83] investigated the microstructure and mechanical properties of 
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discharge plasma sintered Al matrix composites with titanium-iron (TiFe) and silicon 

carbide (SiC) reinforcements. High-energy ball milling technique was used to 

effectively disperse SiC and TiFe reinforcing particles into the Al matrix, and the hybrid 

powder was compacted using discharge plasma sintering. The microstructural 

characteristics and mechanical properties of the sintered composites were investigated. 

The results show that the reinforcing particles are uniformly dispersed in the Al matrix 

due to the grinding process. In addition, the microstructural features of all sintered 

composites were enhanced. Higher hardness and elastic modulus were obtained in the 

composites reinforced with 2% SiC + 2% TiFe particles. 

1.3 Reinforcement of Aluminum matrix composites 

The type, size, and physical properties of reinforcements have a direct impact on 

the organization and properties of Al matrix composites. Therefore, in the design and 

preparation of these composites, it is crucial to choose the appropriate reinforcement 

according to the desired properties[27]. Therefore, it is necessary to evaluate the potential 

effects of various types of reinforcements on the properties of composites. Currently, 

carbon fiber, carbon nanofiber, and various ceramic particles are the most commonly 

used reinforcements in research on Al matrix composites[33]. 

1.3.1 Carbon fiber 

Carbon fiber is a high-strength, high-modulus fiber with a carbon content of more 

than 90% and a diameter of a micron, which combines the high electrical and thermal 

conductivity of carbon with the softness of fiber materials[84]. Due to its excellent 

mechanical properties, carbon fiber is considered to be one of the most desirable 

reinforcements for Al matrix composites[85,86]. Carbon fiber is around 20 times stronger 

than iron but has a lower density. Among all fibrous materials, carbon fiber has the 

highest specific strength and modulus. Its physical properties are also exceptional, with 

high electrical and thermal conductivity, good wear and corrosion resistance, low 

coefficient of thermal expansion, and excellent electromagnetic shielding performance. 
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Furthermore, carbon fiber is the only material that can maintain its strength in 

environments exceeding 2000℃, which is crucial for the application of composite 

materials in ultra-high-temperature conditions[87]. 

Composites made of carbon fiber as reinforcement are widely used in the 

aerospace and automotive industries as well as in sports equipment. For example, a 

significant portion of metal parts of aircraft fuselages and landing gears have been 

replaced by carbon fiber reinforced composites. Car engines, heat sinks, and bodies are 

also heavily used with high strength, low density carbon fiber reinforced composites, 

which not only greatly reduce the weight of the body, but also improve the overall 

performance. In addition, there are also a lot of carbon fiber applications in sporting 

goods such as fishing rods, racquets, and racing frames, to pursue weight reduction and 

performance improvement[88,89]. Carbon fiber reinforced composites have also been 

used in the construction industry for strengthening and repairing concrete structures, 

due to their high strength and corrosion resistance. With the continuous development 

and improvement of carbon fiber technology, the application of carbon fiber reinforced 

composites in various fields is expected to continue to expand and promote the 

development of related industries. 

Carbon fibers can be classified into two types: long fibers and short fibers, based 

on their lengths. Long fibers have lengths in the range of 10-15mm, while short fibers 

have lengths in the range of 0.2-1mm. Due to their multi-walled tubular structure, 

carbon fibers have different structures in the length and diameter directions, resulting 

in their anisotropic nature with high axial strength and low radial strength. As fiber-like 

reinforcements mainly reinforce the matrix through the load transfer mechanism, the 

anisotropy of carbon fiber strength affects the strength of composites with long fibers 

as reinforcements in different directions, depending on the fiber arrangement method. 

Thus, long fiber-reinforced composites are mostly utilized in workpieces subjected to 

loads in specific directions. Short fibers are randomly distributed after being added to 

the matrix as reinforcements due to their small aspect ratio. This makes the composites 

less significant in terms of strength orientation. 
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1.3.2 Carbon nanofiber 

Carbon nanofiber is a kind of carbon fiber, usually at the nanometer level in 

diameter, which has become a hot carbon based reinforcement in recent years due to its 

ultra-high strength and excellent thermal conductivity[90]. Al matrix composites using 

carbon nanotubes as reinforcements have a wide range of applications, such as in 

precision thermal management devices, turbine blades, and wear-resistant cylinder 

blocks[91]. However, carbon nanofibers are prone to agglomeration due to their fine 

diameter and relatively large length-diameter characteristics. Therefore, it becomes 

difficult to make the carbon nanofibers uniformly dispersed in the Al matrix, and the 

volume fraction of carbon nanofibers is usually controlled and subjected to high-energy 

ball milling to promote uniform dispersion. 

CNTs and vapor-phase-grown carbon nanofibers (VGCNFs) are common among 

carbon nanofibers[92]. Due to the high preparation cost of CNTs, it is difficult to carry 

out large-scale preparation applications. Therefore, VGCNFs with lower preparation 

costs have attracted wide attention. 

1.3.3 Particles 

Ceramic particles are widely used to strengthen Al matrix composites because of 

their high specific strength and modulus. Commonly used ceramic particles mainly 

include silicon carbide (SiC), alumina (Al2O3), silicon dioxide (SiO2), titanium carbide 

(TiC), boron carbide (B4C), and aluminum nitride (AlN), etc.[93-95]. 

Ceramic particles used for reinforcement are typically equiaxed or have a 

relatively small length and diameter to facilitate uniform distribution in the metal matrix 

and reduce the likelihood of agglomeration. These particles enhance the deformation 

resistance of Al matrix composites by refining the grain size of the base metal and 

impeding the movement of grain boundaries and dislocations. The reinforcing effect of 

the particles is primarily achieved through loading at the interface with the substrate. 

While higher particle hardness contributes to increased composite strength, the 

interfacial bonding between the particles and the metal matrix also impacts the material 



Thermal and Mechanical properties of Short Carbon Fiber dispersed Aluminum Composites

16 

properties. Excessive interfaces can negatively impact composite plasticity. 

The sizes of ceramic particles currently used for reinforcement are mainly in the 

micron and nanoscale[96]. Uniformly distributed micron-sized particles in the metal 

matrix at an appropriate volume fraction have a positive impact on material properties 

and result in fewer interfaces. Nanoscale particles mainly enhance material strength 

through dispersion strengthening, but agglomeration and interfacial issues due to small 

size must be addressed. 

1.4 Hot rolling of Aluminum matrix composites 

Whether it is solid phase preparation or liquid phase preparation, the composites 

is inevitably prepared with defects such as high porosity and poor metallurgical bonding, 

which can negatively affect the organization and properties of the composite material 

and thus affect its application. Therefore, composite materials are usually prepared by 

hot rolling, hot extrusion, hot compression, and hot stretching processes for secondary 

processing[97-101]. 

Thermal deformation not only gives the composites a certain shape and size but 

also enhances the overall performance of the material. This is because high temperature 

not only improves the plastic deformation ability of the material but also improves the 

microstructure of the material and gives it excellent mechanical properties. However, 

the processing properties of the material during thermal deformation have a large 

impact on the production yield and product performance. For example, the relationship 

between stress and strain affects the filling of the material in the mold and the load 

required for forming. Combined with the tissue evolution can realize the reasonable 

selection of deformation process parameters, to achieve the synergistic control of 

product shape and performance[101-106]. Therefore, the study of thermal processing 

properties is of great importance for the processing applications and performance 

control of materials. 

Due to the addition of reinforcements, the heat deformation behavior of Al matrix 

composites is more complex than that of pure Al and Al alloys. For example, during 
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thermal deformation, the reinforcement enhances the deformation resistance of the 

material through the dislocation strengthening mechanism and load transfer mechanism, 

which increases the rheological stress value of the material. The hindering effect of the 

reinforcement on the dislocation motion leads to more energy accumulation inside the 

material, increasing the driving force of dynamic recrystallization and promoting the 

occurrence of dynamic recrystallization. The effect of reinforcements on the heat 

deformation properties of aluminum matrix composites is a major concern of 

researchers[107,108]. 

Xu et al.[109] prepared 6061 Al matrix composites coated with SnO2 of various 

thicknesses in Al18B4O33 whiskers and carried out a hot rolling study. The mechanical 

properties and microstructure of Al matrix composites after hot rolling were 

investigated. The results show that the modification of whiskers with SnO2 has a 

positive effect on the thermal deformation properties of the materials. However, the too 

thick coating will not only not give the material a better structure, but also cause 

interface failure such as hot cracking cracks, thus reducing the mechanical properties 

of the composites. After investigation, the mass ratio of SnO2 to whisker is 1:40, which 

can give the material excellent mechanical properties. 

Mokdad et al.[110] investigated the high temperature rheological behavior of 

CNTs/Al and showed that CNTs/Al have a higher resistance to high temperature 

deformation than the matrix material. The addition of CNTs increased the plastic 

deformation activation energy of the material from 274.5 kJ/mol to 322.3 kJ/mol, which 

significantly improved the high-temperature mechanical properties. 

Wu et al.[111] prepared pure Al, 0.5 wt%, and 1.0 wt% nanodiamond-reinforced Al 

matrix composites by powder metallurgy and explored the thermal deformation 

properties of Al matrix composites and the effect of reinforcing particles on the 

microstructure evolution and properties of the material by hot extrusion. The 

microstructure of the material was characterized by electron backscatter 

diffraction(EBSD) and transmission electron microscopy, and the results indicated that 

the average grain size of the nanodiamond-reinforced Al matrix composites decreased 

rapidly after entering the extrusion deformation zone. The microstructures in simple 
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shear, tensile pure shear, and compressive pure shear deformation modes differ greatly. 

With the increase of plastic strain, the dispersed nanodiamond particles effectively 

promote grain refinement and improve the dislocation driving force. Besides, the 

mechanical test results showed that the hardness of 0.5 wt% and 1.0 wt% nanodiamond-

reinforced Al matrix composites were 1.9 and 2.1 times that of pure Al, respectively, 

and the tensile strength of the composites were up to 205 MPa and elongation was 18%, 

which were 115% and 91% of that of pure Al, respectively. 

Wang et al.[112] investigated the thermal deformation properties of Al matrix 

composites (CNTs/Al) reinforced by CNT with different contents at different loading 

rates and temperatures. The strengthening capacity of CNTs/Al was found to decrease 

with the increase in temperature and the decrease in loading rate. However, 

microstructure characterization shows that CNTS plays a crucial role in hindering 

dislocation motion and stabilizing the microstructure, so the strength of the composite 

increases at temperatures up to 603K regardless of loading rates. In addition, CNTs/Al 

showed higher strain rate sensitivity and lower activation volume than pure Al at all test 

temperatures. 

Wu et al.[113] prepared short carbon fiber reinforced AA7075 composites by 

powder metallurgy extrusion. The mechanical behavior of Al matrix composites 

induced by reinforcement content and temperature parameters was investigated. The 

experimental results showed that the arrangement of carbon fibers changed after hot 

extrusion. High temperature tensile tests were performed on composites with different 

reinforcement contents to investigate the heat deformation properties. The results 

showed that the 8 vol% and 12 vol% carbon fiber reinforced composites have high yield 

strength, which is similar to that of AA7075 Al alloy at 100°C. Composites containing 

12 vol% short carbon fiber have hardness up to 200 HV. The increase of high 

temperature strength of composites depends on the load transfer mechanism and the 

contribution of residual thermal stress. 
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1.5 Interface of Aluminum matrix composites 

During the preparation of Al matrix composites, the addition of reinforcement will 

introduce many interfaces into the matrix. The degree of interfacial bonding, interfacial 

structure, and interfacial products all have important effects on the overall properties of 

composites[36]. Good interface bonding is not only conducive to the load transfer 

mechanism but also conducive to the transfer of heat and current in the composites, 

giving the composites well electrical and thermal conductivity. However, poor 

interfacial bonding can have a negative impact on the performance of the 

composites[37,40]. 

If the interfacial bonding strength is too low, it is difficult for the interface to bear 

the load during the deformation of the composites, and it is easy to fail due to cracking, 

which will cause the destruction of the composites. If the interfacial strength is too high, 

it indicates a serious interfacial reaction between the reinforcement and the matrix. The 

atomic diffusion in this process leads to the destruction of the structure of the 

reinforcement and a decrease in strength, which in turn makes it difficult to withstand 

the load, resulting in a decrease in the performance of the composites. In addition, the 

generation of harmful interfacial products, such as Al4C3 and other brittle phases, can 

lead to brittle fracture of the interface, which also increases the obstruction of electrical 

and thermal conductivity[31,32]. Therefore, interface research is an important issue in the 

field of Al matrix composites. 

Due to the density difference and structural difference between some of the 

reinforcement and the Al matrix, it is difficult to produce a tight interfacial bond due to 

the poor wettability between the base metal and the reinforcement. The interface that 

only relies on molecular force bonding can hardly play the role of load transfer, and the 

strengthening effect on the metal matrix is very limited. To solve the problems of poor 

wettability, excessive interfacial reaction, and generation of harmful interfacial 

products between the reinforcement and the metal matrix, interfacial modification is 

usually used to improve the bonding of the reinforcement and the matrix. Commonly 

used interfacial modifications include copper and nickel coating on the reinforcement 
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and grafting of nanofibers on the reinforcement[37,39]. 

Zhu et al.[114] prepared Al2O3 coatings on the surface of continuous carbon fibers 

using the sol-gel method. The effects of immersion time, heat treatment temperature, 

and immersion-drying cycle on the surface morphology and mechanical properties of 

the coated carbon fibers were investigated. The Al2O3-coated carbon fiber-reinforced 

Al matrix composites were also prepared by pressure infiltration technique. The 

microstructure and mechanical properties of the composites were investigated, and the 

effect of the thickness of the carbon fiber coating was analyzed. The results show that 

the Al2O3 coating can improve the mechanical properties of the composites by 

controlling the interfacial reaction between the carbon fiber and the Al matrix. However, 

as the coating thickness increases, the diffusion of carbon in Al is hindered and the 

interfacial bond strength decreases. Therefore, the best mechanical properties of Al 

matrix composites can be given at a coating thickness of 100 nm. 

Gao et al.[115] prepared nickel-cobalt-phosphorus coating (Ni-Co-P) by chemical 

plating on the surface of carbon fibers. And the carbon fiber-reinforced 7075 Al matrix 

composites before and after the modification of Ni-Co-P coating was prepared by 

vacuum hot press sintering. The reactions of interfacial elements and their effects on 

the mechanical properties of Al matrix composites were investigated. The results show 

that the Ni-Co-P coating on carbon fibers can inhibit the formation of harmful products 

Al4C3 and form Al-Co-Ni intermetallic compounds around carbon fibers, which 

significantly improve the interfacial bonding state of C and Al and give the composites 

good mechanical properties. 

Zhang et al.[116] prepared a SiC transition layer between Al and CNT by careful 

structural design and process parameter control to enhance the composite strengthening 

effect. The effects of synthesizing SiC nano-transition layers of controlled thickness at 

the CNTs/Al interface on the microstructure, interfacial behavior, and overall properties 

of CNTs-SiC reinforced Al matrix composites were investigated. The results show that 

the wettability and interfacial bonding between CNTs and the Al matrix is improved 

due to the stronger covalent bonding of the SiC transition layer. The SiC transition layer 
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essentially inhibits the formation of the interfacial product Al4C3 by wrapping the CNT 

to keep it free from exposure. In addition, under the condition of good interfacial 

bonding during loading, thicker SiC transition layer consumes more energy during 

stripping and fracture, resulting in stronger fracture resistance of the composites. 

To explore the relationship between interfacial structure and material properties, 

Zhu et al.[117] manufactured uncoated, W-coated, and WC-coated diamond-reinforced 

Al matrix composites through gas-assisted pressure penetration technology. The 

influence mechanism of interfacial products Al4C3 and Al5W on the thermal 

conductivity of composites was also investigated. The results show that the W and WC 

coatings inhibit the formation of Al4C3 in the composite by forming Al5W, reducing the 

size of Al4C3 by 70% and 94% compared with uncoated diamond/Al composites. The 

decrease of Al4C3 content and size improves the thermal conductivity of the composites, 

while Al5W not only enhances the interfacial binding but also brings about additional 

phonon scattering. The introduction of W coating contributes to the high thermal 

conductivity, flexural strength, and high-performance stability of diamond/Al 

composites, indicating that it has great application potential in the field of electronic 

packaging and thermal management. 

1.6 Objective of this thesis 

Numerous studies have demonstrated that SPS technology has a series of 

advantages in the preparation of Al matrix composites, such as lower sintering 

temperature and sintering pressure, giving good density, and promoting the bonding of 

the reinforcement to the matrix. As the application of Al matrix composites in the field 

of electronic devices and engines is gradually increasing, the thermal conductivity of 

the material is also increasingly required. Therefore, the preparation of Al matrix 

composites with excellent thermal properties has become an urgent need. Carbon-based 

reinforcements such as carbon fibers have excellent thermal properties, and the 

combination of carbon-based reinforcements with an Al matrix can impart desirable 

thermal properties to the composite. However, the interfacial structure and interfacial 
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products are also major factors in determining the thermal properties of composites, so 

it is critical to find a suitable way to improve the wettability of the reinforcement and 

the Al matrix to enhance the interfacial bonding. 

While paying attention to the thermal properties of composites, it is also necessary 

to pay attention to the mechanical properties of the materials. The addition of 

reinforcements inevitably introduces more interfaces into the Al matrix while cutting 

the integrity of the Al matrix, which in turn has a negative impact on the plasticity of 

the material. Therefore, how to safeguard the thermal properties and strength of Al 

matrix composites while enhancing the plastic deformation capacity has also become 

an urgent problem. 

To solve the above problems, in this study, pure Al was used as the matrix, and 

copper-coated carbon fibers and uncoated carbon fibers were selected as the 

reinforcement for the preparation of composites by SPS, and the effects of copper 

coating on the microstructure, mechanical properties and thermal properties of Al 

matrix composites were analyzed. To investigate the mechanism of the influence of 

reinforcement diameter on the composites, short carbon fibers, and carbon nanofibers 

were used as reinforcements for comparison. And the design of gradient structured Al 

matrix composites was used to enhance the strength and plasticity of the composites. 

The microstructure analysis of the composites was performed using electron 

backscatter diffraction (EBSD), scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). The mechanical properties of the composites 

were analyzed using microhardness, nano-hardness, and room temperature tensile 

equipment. The thermal conductivity of the composites was also measured and 

analyzed. 

In this study, the mechanisms of copper coating, hot rolling, reinforcement 

diameter, and gradient structure design on the microstructure and mechanical properties 

of the composites were investigated in depth, revealing the contribution of each 

reinforcement to the strengthening mechanism, providing a theoretical reference for the 

application and development of Al matrix composites. 
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1.7 Outline of this thesis 

Chapter 1 Background and Objective 

This chapter introduced the preparation methods, reinforcement mechanisms, and 

the current development status of Al matrix composites. The factors that determine the 

performance of Al matrix composites, such as the type of reinforcement, the size, and 

the interfacial structure of the reinforcement, are investigated and analyzed. And the 

research objectives of this study are refined. 

Chapter 2 Effect of copper coating on interfacial properties, interfacial 

thermal resistance, microstructure evolution and mechanical properties of 

aluminum matrix composites 

In this chapter, uncoated and copper-coated short carbon fiber reinforced 

aluminum matrix composites were prepared by spark plasma sintering. The 

arrangement of the short carbon fibers was changed by hot rolling. The effects of copper 

coating and carbon fiber arrangement on the microstructure, interfacial structure, 

thermal conductivity, and mechanical properties of aluminum matrix composites were 

investigated. The influence of the copper coating on the interfacial reaction and 

metallurgical bonding of the composites was revealed, the mechanism of carbon fiber 

arrangement on thermal conductivity was clarified, and the evolution of microstructure 

during the SPS and hot rolling process and its influence on properties were investigated 

in depth. 

Chapter 3 Effect of short carbon fiber and nano carbon fiber as 

reinforcement on microstructure and properties of hot-rolled aluminum 

matrix composites 

In this chapter, short carbon fiber (SCF) and VGCNF reinforced Al matrix 

composites were prepared by spark plasma sintering (SPS). The effects of different 

reinforcements on the microstructure evolution and properties of the hot-rolled 
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composites were investigated. The mechanism of the effect of different diameter 

reinforcements on the microstructure and mechanical properties was revealed. 

Chapter 4 Microstructure evolution, property analysis, and interface study 

of 3%CF-3%SiC-10%SiC functional gradient aluminum matrix 

composites 

To overcome the limitations of the low strength and plasticity in the application of 

aluminum (Al)-based composites, a functional gradient Al matrix composites of 3 vol.% 

carbon fiber (CF)-3 vol.% SiC-10 vol.% SiC, with excellent comprehensive perfor-

mance, was prepared by spark plasma sintering (SPS) technology. The microstructure 

of the layers and interlayer interfaces of the functional gradient composites (FGC) was 

analyzed in depth, and the mechanical properties and thermal conductivity were 

investigated. 

Chapter 5 Conclusions 

The results from the studies mentioned above are summarized in this chapter.  
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2.1 Introduction 

With the rapid iteration of the semiconductor industry, portable microelectronic 

devices used in aerospace and other fields require the high thermal conductivity of 

lightweight materials[1,2]. Because of their excellent comprehensive properties, 

aluminum (Al) matrix composites are more and more widely used[2-4]. Reinforcements 

with high strength and thermal conductivity can give the composites excellent 

performance. Carbon-based reinforcements such as carbon nanotubes (CNTs), graphite, 

and carbon fibers (CFs) are considered to be the most promising reinforcing 

materials[5,6]. However, considering the high price of CNTs and graphite and their 

drawback of being challenging to distribute uniformly in the matrix, the thermal 

structural materials prepared by CFs reinforced Al matrix composites have a broader 

application space[5,7-9]. 

The interface influences the microstructural evolution and mechanical properties 

of the composites[3,10,11]. For example, the formation of harmful interfacial products 

may weaken the mechanical properties and reduce the thermal conductivity. However, 

the weak interfacial bonding may affect stress transfer, become the crack source, and 

lead to severe failures in complex service environments[12,13]. Coating the reinforcement 

surface is one of the most effective and economical methods[8,13-15]. Guo et al.[11] 

effectively improved weak interfacial bonding by decorating the surface of CNTs with 

copper (Cu). Maqbool et al.[15] improved the wettability and interfacial bonding 

between CNTs and Al matrix with chemical Cu-coating. CNTs were evenly distributed 

in the Al matrix, resulting in good mechanical properties. Fan et al.[16] coated the surface 

of the graphite sheet with SiC and prepared Al matrix composites, which obtained 

excellent thermal conductivity and mechanical properties. 

The arrangement of reinforcement in the matrix also has a significant impact on 

the properties of the composites[17]. Non-equiaxed reinforcements such as CFs and 

CNTs are anisotropic. The random arrangement is limited to improving the all-around 

performance in one direction. The single directional arrangement of reinforcements can 

significantly enhance the thermal conductivity and mechanical properties. Due to the 
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negative effect of reinforcement on plastic deformation ability, thermal deformation 

such as hot rolling and hot extrusion are usually used to improve the arrangement of 

reinforcements[12,18-20]. Li et al.[8] adopted the hot extrusion to distribute CFs along the 

extrusion direction and obtained better thermal conductivity, lower thermal expansion 

coefficient and higher compression strength. Bi et al.[4] improved the distribution of 

CNTs and optimized the texture composition through hot rolling, increasing the 

strength and plasticity of CNT/7055Al. 

In the study of thermal properties of composites, the interfacial thermal resistance 

is strongly affected by the interfacial products[1]. However, few studies have 

comprehensively investigated the effect of interfacial products and the thickness of 

product on thermal conductivity. In addition, the evolution of texture composition 

during thermal deformation can reflect the evolutionary path of microstructure. Still, 

the effects of CFs and Cu-coating on texture evolution have not been clearly explained. 

Therefore, in this study, uncoated and Cu-coated short carbon fiber (SCF) reinforced 

Al matrix composites were prepared by spark plasma sintering (SPS). The arrangement 

of SCF in the Al matrix was improved by hot rolling. The influence of Cu-coating on 

the interfacial properties was explored, and the relationship between interfacial 

products and interfacial thermal resistance was analyzed. Through the evolution of 

texture, the influence of Cu-coating on the evolution of microstructure was investigated. 

2.2 Experimental procedure 

2.2.1 Cu-coating on short carbon fiber 

The reinforcement used in this study was obtained from Mitsubishi Chemical 

Corporation (Japan), and its physical properties are shown in Table 2-1. 
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Table 2-1 Physical properties of SCF 

Model 

Number 

Diameter 

(μm) 

Thermal conductivity 

(W/mK) 

Modulus 

(GPa) 

Tensile strength 

(MPa) 

Density 

(g/cm3) 

K223HE 11 550 900 3800 2.2 

The surface of SCF was coated with Cu by an ultrasonic-assisted chemical plating 

process. First, SCF was immersed in acetone solution and shaken in the ultrasonic 

cleaner for 10 min for degreasing. After washing, the SCF was etched in the 10% HNO3 

solution to obtain a rough surface. Then the surface of SCF was sensitized and activated 

by deposit Palladium. Finally, the SCF was ultrasonically shaken in Cu-coating 

standard solution at 35°C for 2 hours. The surface morphologies of SCF before and 

after Cu-coating are shown in Figure 2-1. As presented in Figure 2-1b), Cu ions are 

densely coated on the surface of SCF. 

 

Figure 2-1 SEM morphology of SCF: a) before Cu-coating, b) after Cu-coating 

2.2.2 Preparation and hot rolling of composites 

The pure Al powder used in this study was purchased from Kojundo Chemical 

Laboratory Co., Ltd (Sakado, Saitama Pre. Japan). The model number of the Al powder 

is ALE11PB, the purity is 99.90%, and the diameter is 3 microns. The preparation of 

SCF reinforced Al matrix composites is shown in Figure 2-2. First, the SCF and pure 

Al powders were weighed in a ratio of 3:97 by volume and mixed evenly in the alcohol 

solution. The mixed solution was then injected into an Al tank and mixed with alumina 

balls with a diameter of 10mm on a V-type mixer for 1 hour. The mixed solution was 
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dried in the fuming cabinet for 24 hours, then the obtained powders were dried in a 

vacuum drying oven at 70°C for 24 hours. After drying, the mixed powders were 

sintered on the CSP-I-30201 discharge plasma sintering machine. The sintering 

temperature was 550°C, the pressure was 50 MPa, and the holding time was 30 min. 

The composites were wrapped with Al foil and rolled seven times at 450℃, with a final 

reduction of 70%. Uncoated and Cu-coated composites are expressed as SCF/Al and 

Cu-SCF/Al. For comparison, pure Al blocks were prepared under the same conditions. 

 

Figure 2-2 Schematic diagram of the preparation of hot-rolled SCF reinforced Al matrix 

composites 

2.2.3 Microstructure characterization 

The morphology of the composites and SCF was observed by the JXA-ISP100 

scanning electron microscope (SEM). Electron backscatter diffraction (EBSD) analysis 

was performed by the Zeiss Sigma 300 scanning electron microscope equipped with 

the Oxford-SYMMETRY pattern acquisition device. The interfacial structure of the 

composites was observed by the JEOL transmission electron microscope (TEM). The 

physical phases of the composites before and after hot rolling were identified by the 

SmartLab type X-ray diffractometer (XRD). The interfacial strength of the composites 

was measured by the ELIONIX ENT-1100A nano hardness tester. 
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2.2.4 Mechanical and thermal conductivity tests 

Tensile specimens were cut along the rolling direction and tested on the INSTRON 

8801 hydraulic servo fatigue tester. The test temperature was room temperature, and 

the strain rate was 8.3×10-4s-1. Three samples were prepared for each material to 

minimize errors. The thermal conductivity of the composites was measured along the 

rolling direction. 

2.3 Results 

2.3.1 Microstructure 

The SEM morphologies of SCF/Al and Cu-SCF/Al before and after hot rolling are 

shown in Figure 2-3. As shown in Figure 2-3 a) and c), the distribution direction of SCF 

in the sintered composites is random. Black bands are present in the Al matrix of 

SCF/Al, as presented by the blue arrows in Figure 2-3 a1). These bands are distributed 

along the boundary of the Al powders. However, this phenomenon does not occur in 

the Al matrix of Cu-SCF/Al. In addition, as depicted in the red box in Figure 2-3 a1), 

there are holes between the SCF and the Al matrix of the SCF/Al. But there are no holes 

observed at the interface between the SCF and the Al matrix in Figure 2-3 c1), indicating 

that the interface between the Cu-coated SCF and the Al matrix is better bonded. After 

hot rolling, the SCF of both composites are arranged along the rolling direction, but the 

SCF in SCF/Al is distorted and deformed. The morphology of SCF in Cu-SCF/Al is the 

same as before hot rolling. The bands in the Al matrix of SCF/Al do not disappear after 

hot rolling, as illustrated by the arrows in Figure 2-3 b1). Moreover, comparing Figure 

2-3 b1) and Figure 2-3 d1), some of the interfaces in SCF/Al cracks after hot rolling, as 

performed in the red box in Figure 2-3 b1). The interfacial bonding between SCF and 

Al matrix in Cu-SCF/Al is well. 
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Figure 2-3 SEM morphology and local enlargement of the composites: a) Sintered SCF/Al, 

b) Hot-rolled SCF/Al, c) Sintered Cu-SCF/Al, d) Hot-rolled Cu-SCF/Al 

 

Figure 2-4 EDS analysis of sintered composites: a) SCF/Al, b) Cu-SCF/Al, a1)-a3) 

Distribution of Al element, oxygen(O) element and Cu element in SCF/Al, b1)-b3) Distribution of 

Al element, O element and Cu element in Cu-SCF/Al 

EDS analysis was carried out on sintered SCF/Al and Cu-SCF/Al to investigate 

the composition of bands in the Al matrix of SCF/Al, respectively. The results are 

shown in Figure 2-4. The black bands in SCF/Al are enriched with high concentrations 
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of O elements and small amounts of Al elements, as illustrated in Figure 2-4 a1) and 

Figure 2-4 a2). The result shows alumina film on the surface of Al powder was not 

completely removed during the sintering process of SCF/Al. From the principle of SPS, 

one of the main reasons for setting up the discharge device is to remove the oxide from 

the surface of the powder by pulsing the current. Therefore, high requirements are 

placed on the electrical conductivity of the sintered powders[21]. The mixed powders of 

un-coated SCF and Al powders had poor electrical conductivity. Comparing the 

elemental distribution of Cu-SCF/Al, there is no O enrichment in the Al matrix. The 

results show that the combination of SCF and Al powders is well due to the Cu-coating. 

The well electrical conductivity of the mixed powders led to better interfacial bonding 

and metallurgical bonding of Cu-SCF/Al. In addition, as shown in Figure 2-4 b3), there 

is a significant enrichment of Cu elements at and near the interface of Cu-SCF/Al, 

which indicates that the coating was shed or diffused into the Al matrix during the 

process of mixing and sintering. 

The EBSD Maps of SCF/Al and Cu-SCF/Al before and after hot rolling are 

illustrated in Figure 2-5. The defects exist near the sintered SCF/Al interface region, 

where the grains near SCF are smaller and have more equiaxed grains, as performed by 

arrows and white dashed lines in Figure 2-5a). This is caused by the fine Al particles 

produced during the ball-mill mixing process and the newly formed grains during the 

sintering. The grain size of SCF/Al decreases obviously after hot rolling. However, the 

defects in the Al matrix are not eliminated. Many equiaxed grains appear near SCF, as 

demonstrated in Figure 2-5 b). The degree of deformation in these regions during 

thermal deformation was more significant. The stress concentration led to energy 

accumulation, which promotes the transformation from dislocations and low-angle 

grain boundaries to high-angle grain boundaries, forming continuous dynamic 

recrystallization grains[21]. 
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Figure 2-5 EBSD Maps of composites: a) Sintered SCF/Al, b) Hot-rolled SCF/Al, c) Sintered Cu-

SCF/Al, d) Hot-rolled Cu-SCF/Al 

Comparing Figure 2-5 a) with Figure 2-5 c), there are no apparent defects in the 

Al matrix of Cu-SCF/Al, and the interface is well bonded. The grain size decreases 

significantly after hot rolling, and the degree of grain deformation near SCF is more 

extensive, as pointed out in the white box in Figure 2-5 d). Even in the region with large 

deformation, no interfacial cracking occurred, indicating that Cu-SCF/Al has good 

interfacial consistency and plastic deformation ability. 
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2.3.2 Interfacial structure and strength 

The XRD results of SCF/Al and Cu-SCF/Al before and after hot rolling are shown 

in Figure 2-6. Since the contents of other elements and structures are too small to be 

detected, only the XRD could identify the SCF and pure Al phases. 

 

Figure 2-6 XRD results of SCF/Al and Cu-SCF/Al before and after hot rolling 

TEM observations at the interface of the composites were performed to investigate 

the generation of interfacial products and the interfacial structure. The high-resolution 

morphologies at the interface of SCF/Al and Cu-SCF/Al before and after hot rolling are 

presented in Figure 2-7. The white dashed lines in the figure outline the interfacial 

region, and the fast Fourier transformations (FFT) analysis is performed in the red 

dashed box region. Cu-rich layer is observed at the interface of Cu-SCF/Al as shown 

in Figure 2-7 c). Due to the Cu-coating, there is no contact between the C atom and Al 

atom; no interfacial products were generated. However, the shedding and diffusion of 

the Cu-coating led to the generation of interfacial products, as depicted in Figure 2-7d). 

Amorphous Al-C compounds are generated at the interfaces of sintered SCF/Al and 

Cu-SCF/Al, as illustrated in Figure 2-7 a) and d). Nevertheless, the thickness of the 

interfacial product of SCF/Al is significantly greater than that of Cu-SCF/Al. The 

interfacial reaction between the uncoated SCF and the Al matrix was more severe.  
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The crystalline Al4C3 phase was generated at the interface of SCF/Al after hot 

rolling, as described in Figure 2-7 b). Research showed that Al4C3 phase is a kind of 

harmful phase[22]. The interfacial product of Cu-SCF/Al after hot rolling is amorphous, 

as shown in Figure 2-7 e). The Cu-coating reduced the interfacial reaction between the 

SCF and Al matrix during thermal deformation, which protected the structure of SCF 

and avoided the formation of harmful phase Al4C3. 

 

Figure 2-7 High-resolution morphology at the interface of composites: a) Sintered SCF/Al, b) 

Hot-rolled SCF/Al, c) Cu-rich interface of Cu-SCF/Al, d) Sintered Cu-SCF/Al, e) Hot-rolled Cu-

SCF/Al 

The distribution of nano-hardness values at the interfaces of SCF/Al and Cu-

SCF/Al before and after hot rolling is performed in Figure 2-8. The 1st and 2nd points 

are at the surface of short carbon fiber, the 3rd point is at the interface, and the 4th-7th 

points are at the Al matrix. The hardness values of SCF in the sintered SCF/Al and Cu-

SCF/Al are both high. The interfacial strength of sintered Cu-SCF/Al is higher than that 

of SCF/Al, indicating that the Cu-coating improved the interfacial bonding and 

enhanced the interfacial strength. The hardness values of SCF in SCF/Al decrease 

considerably, and the interfacial strength increase significantly after hot rolling. 

Combined with Figure 2-7b), lots of C atoms migrated to the Al matrix during thermal 

deformation without coating protection. The structure of SCF was destroyed, leading 

to a significant decline in strength[23]. In contrast, the hardness values of SCF in Cu-
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SCF/Al after hot rolling only show a small decrease and a slight increase in interfacial 

strength. This is due to the inhibition of interfacial reactions by Cu-coating that protects 

the structure of SCF. 

 

Figure 2-8 Nano-hardness values at the interface of composites before and after hot rolling 

2.3.3 Mechanical properties 

Tensile tests of SCF/Al and Cu-SCF/Al before and after hot rolling were carried 

out at room temperature, and the stress-strain curves obtained are shown in Figure 2-9. 

 

Figure 2-9 Stress-strain curves of the composites before and after hot rolling 
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Compared with pure Al, the plasticity of the composites with the addition of SCF 

is substantially reduced, but the yield strength is improved. The yield strengths of 

sintered SCF/Al and Cu-SCF/Al are 75.34 MPa and 78.37 MPa, respectively, higher 

than pure Al of 67.05 MPa. It can be seen from Figure 2-5 a) and Figure 2-5 c) that 

there are defects in the Al matrix of sintered SCF/Al, while no defects are observed in 

Cu-SCF/Al. Defects have a negative impact on mechanical properties, resulting in 

lower yield strength of SCF/Al than Cu-SCF/Al, as shown by the red solid line with the 

blue solid line in Figure 2-9. The yield strengths of all three materials are both improved 

after hot rolling. The yield strength of Cu-SCF/Al is 173.93MPa; the increase rate is up 

to 121.93%. 

Moreover, the plasticity of SCF/Al and Cu-SCF/Al increases obviously after hot 

rolling, but the plasticity of Cu-SCF/Al is better. This is due to holes at the interface of 

SCF/Al and defects in the Al matrix after hot rolling, as shown in Figure 2-5b). The 

existence of the defects causes the yield strength and plasticity of SCF/Al to be lower 

than that of Cu-SCF/Al, as shown by the red dashed line and the blue dashed line in 

Figure 2-9. 

 

Figure 2-10 Tensile fracture images of composites: a) Sintered SCF/Al, b) Hot-rolled SCF/Al, c) 

Sintered Cu-SCF/Al, d) Hot-rolled Cu-SCF/Al 
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The SEM images of the tensile fracture of SCF/Al and Cu-SCF/Al before and after 

hot rolling are depicted in Figure 2-10. The cross-sectional morphology of SCF is 

relatively rough, a non-brittle fracture resulting in a smooth section, indicating that the 

SCF plays a role in bearing the load. However, from Figure 2-10 a) we could see that 

the aggregation of SCF in SCF/Al negatively affects plasticity. There are pores in the 

Al matrix after the shedding of SCF, as performed in the red box in Figure 2-10 a). The 

pores at the interface are also a factor contributing to the poor plasticity of SCF/Al. 

Since the arrangement of SCF in the sintered SCF/Al is random, the SCF is prone to 

cracking with the Al matrix during the tensile process, as shown in the yellow arrow. 

After hot rolling, SCF is arranged along the rolling direction, which plays a role in 

bearing the load and improving the tensile strength. In addition, as demonstrated in the 

blue box in Figure 2-10 b), the surface of SCF in SCF/Al is rough and cracks after hot 

rolling. Combined with Figure 2-7 b), hot rolling leads to a severe reaction between the 

uncoated SCF and the Al matrix, forming the crystal interfacial product Al4C3. Whereas 

by comparing the blue boxes in Figure 2-10 c) and Figure 2-10 d), the morphology of 

SCF in Cu-SCF/Al is not changed much before and after hot rolling, which is attributed 

to the protective effect of Cu-coating on the structure of SCF. 

2.3.4 Thermal conductivity 

The thermal conductivity of pure Al, SCF/Al, and Cu-SCF/Al before and after hot 

rolling are shown in Figure 2-11. In this study, the volume fraction of the reinforcement 

is 3%. According to the layered parallel model[24], the thermal conductivity of the 

composites under ideal conditions is: ܭ = ܭ݂ + (1 −  ெ                      (1)ܭ(݂

Where KC represents the thermal conductivity of composites, f represents the 

volume fraction of SCF, KL represents the thermal conductivity of SCF in the length 

direction, and KM represents the thermal conductivity of the Al matrix. According to 

Equation (1), the thermal conductivity of SCF/Al should be 245.42W/mK under ideal 

conditions. However, as shown in Figure 2-11, the thermal conductivities of SCF/Al 
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before and after hot rolling are lower than this value. Combined with SEM morphology 

and fracture morphology, there are two reasons for the low thermal conductivity of 

SCF/Al. One aspect is the negative effect of the pores at the interface and the oxides in 

the Al matrix; another aspect is that the structure of SCF is destroyed, the thermal 

conductivity is reduced due to the severe interfacial reaction. In addition, the thermal 

conductivity of sintered Cu-SCF/Al is lower than the ideal value of 245.42W /mK but 

much higher than the value of SCF/Al. It indicated that good interfacial and 

metallurgical bonding facilitate heat transfer. After hot rolling, the thermal conductivity 

of Cu-SCF/Al increases significantly and approaches the ideal value. It’s due to the 

positive effect of the change in SCF arrangement on the thermal conductivity network 

after hot rolling[8,25]. 

 

Figure 2-11 Thermal conductivity values of pure Al, SCF/Al and Cu-SCF/Al before and after hot 

rolling 

The effects of different arrangements of SCF on the heat transfer network of the 

composites are illustrated in Figure 2-12. The blue dashed lines represent the effective 

transfer path of SCF in the heat transfer direction. SCF is anisotropic material with 

much higher thermal conductivity in the axial direction than in the radial direction; the 

arrangement of SCF in the sintered composites is random, as shown in Figure 2-12 a). 

The effective transfer path along the heat transfer direction is short, and part of the heat 
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is transferred along the radial direction of SCF, resulting in low thermal efficiency. After 

hot rolling, the SCF mainly is arranged along the rolling direction, leading to a longer 

effective transfer path. And most of the heat is transferred along the axial direction of 

the SCF, as presented in Figure 2-12 b). Since the axial thermal conductivity of SCF is 

more than twice that of the pure Al matrix, the longer the effective transfer path of SCF, 

the higher the thermal conductivity of the composites. 

 

Figure 2-12 Effect of different arrangements of SCF on the thermal conductivity network: a) 

before hot rolling, b) after hot rolling 

2.4 Discussion 

2.4.1 Interfacial thermal resistance 

Interfacial thermal resistance has always been a critical concern for researchers in 

studies on the thermal conductivity of composites. The development of numerous 

theoretical models has facilitated the calculation of interfacial thermal resistance[9,24,26]. 

However, few studies explored the effect of the interfacial product and product 

thickness on interfacial thermal resistance. In this study, the interfacial thermal 

resistance of the composites will be investigated using the interfacial product identified 

by high-resolution TEM. 

For SCF/Al, the interfacial products are mainly amorphous Al-C compounds and 

Al4C3 crystals. Since the physical properties of amorphous Al-C compounds are not yet 

clear, the parameters related to Al4C3 are used in this study to calculate the interfacial 

thermal resistance. The interface of Cu-SCF/Al is composed of the amorphous Al-C 

compounds and part of Cu-coating. Thus there are two interfaces for Cu-SCF/Al: 

Al/Cu/SCF and Al/Al-C/SCF. According to the effective medium calculation model 

(EMA)[8,27], the interfacial thermal resistance of SCF/Al is: 
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ܴೞ/ = ܴ ି⁄ + ܴି + ܴି ೞ⁄                (2) 

The interfacial thermal resistances of Cu-SCF/Al are: ܴ௨ିೞ ⁄ = ܴݔ +                       (3) ܴܴݕ = ܴ ି⁄ + ܴି + ܴି ⁄                  (4) ܴ = ܴ ௨⁄ + ܴ௨ + ܴ௨ ೞ⁄ ݔ (5)                    + ݕ = 1                           (6) 

In the above equations, RAl/Al-C, RAl-C, and RAl-C/SCF are the interfacial thermal 

resistances of Al/Al-C, Al-C and Al-C/SCF; RAl/Cu, RCu, and RCu/SCF are the interfacial 

thermal resistances of Al/Cu, Cu-coating, and Cu/SCF. The x and y are estimated based 

on EDS analysis at the interface before and after hot rolling. Take x1=0.25 before hot 

rolling and x2=0.10 after hot rolling. For RAl-C and RCu:  ܴି = ݐ ⁄ିܭ                         (7) ܴ௨ = ݐ ⁄௨ܭ                          (8) 

t represents the thickness of the interface, KAl-C and KCu represent the thermal 

conductivity of Al-C and Cu, respectively. RAl/Al-C, RAl-C/ SCF , RAl/Cu, and RCu/SCF are 

calculated by the acoustic mismatch model:  ܴ = ଶ(ఘ௩ାఘೝ௩ೝ)మ×ఘమ×௩మ×ఘೝ×௩ೝ × ቀ௩ೝ௩ቁଶ                (9) 

In the above equations, ρ, ν and C represent density, phonon velocity, and specific 

heat capacity. The respective parameters of pure Al, Al-C, SCF, and Cu are shown in 

Table 2-2. 
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Table 2-2 Thermal conductivity, specific heat capacity, phonon velocity and density of pure 

Al, Al-C, SCF, and Cu[28] 

Materials Thermal conductivity 

(W/mK) 

Specific heat capacity C 

(J/kg K) 

Phonon velocity-v 

(m/s) 

Density-ρ 

(kg/m3) 

Al 236 895 3620 2700 

Al-C 140 800 8160 2360 

SCF 550 710 6972 2200 

Cu 397 390 3810 8960 

Substituting each parameter into Equation (2)-Equation (9), the interfacial thermal 

resistance of sintered SCF/Al is 5.73×10-9 m2KW-1. The interfacial thermal resistance 

of hot-rolled SCF/Al is 5.75×10-9 m2KW-1. The interfacial thermal resistance of sintered 

Cu-SCF/Al is 4.92×10-9 m2KW-1. The interfacial thermal resistance of hot-rolled Cu-

SCF/Al is 5.25×10-9 m2KW-1. Therefore, when the thermal conductivity of the 

interfacial product is low (140 W/mK for Al-C), the product thickness is proportional 

to the interfacial thermal resistance. For SCF/Al, the severe reaction of SCF with the 

matrix generated a thicker Al-C interface, resulting in higher interfacial thermal 

resistance and lower interfacial thermal conductivity. The Cu-coating inhibits the 

interfacial reaction between SCF and the Al matrix, leading to lower interfacial thermal 

resistance. 

2.4.2 Texture evolution and dynamic recrystallization mechanism 

Orientation distribution functions (ODF) of texture evolution of pure Al, SCF/Al, 

and Cu-SCF/Al before and after hot rolling are shown in Figure 2-13. Sections were 

made at φ2=0°, 45°, and 90° to show the typical texture of face-centered cubic (FCC) 

metals. There is a high content of rotated cube (Rot-C) component in the pure Al before 

hot rolling, as performed in Figure 2-13 a), b), c). While the content of Copper (φ1=90°, 

Φ=35°, φ2=45°) component in SCF/Al and Cu-SCF/Al is higher. The cube component 

is a typical recrystallization texture[29,30], so the microstructure evolution of pure Al 
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blocks during sintering is dominated by recrystallization. The copper component is a 

characteristic β fiber texture[30], and the higher content of the Copper component in 

composites is attributed to the deformation of Al matrix grains caused by the addition 

of SCF. The cube component in the pure Al disappears after hot rolling, and the P 

(φ1=70°, Φ=45°, φ2=90°) component is dominant, as illustrated in Figure 2-13 d), e), 

f). P component and rotated-Gauss (Rot-G) (φ1=0°, Φ=90°, φ2=45°) component are 

formed in SCF/Al and Cu-SCF/Al after hot rolling. 

 

Figure 2-13 ODF diagrams and the typical component of composites: a) Sintered pure Al, b) 

Sintered SCF/Al, c) Sintered Cu-SCF/Al, d) Hot-rolled pure Al, e) Hot-rolled SCF/Al, f) Hot-

rolled Cu-SCF/Al 

The orientation strengths of each texture along the α and β orientation lines are 

calculated to deeply analyze the evolution of textures, as indicated in Figure 2-14. In 

the α orientation line, the pure Al, SCF/Al and Cu-SCF/Al after hot rolling have 

prominent P components. P component is a kind of recrystallization texture, which is 

commonly found in Al alloys' rolling deformation or annealing process, evolving from 

further deformation of grains in the shear band (SB)[31,32]. The orientation strength of 

the P component in pure Al is 6.11, while that in SCF/Al and Cu-SCF/Al is 2.35 and 
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3.30, respectively. It reveals that the recrystallized grains formed by SB in hot-rolled 

pure Al are more than SCF/Al and Cu-SCF/Al. This phenomenon is attributed to the 

good metallurgical bonding of pure Al. The strain instability led to SBs along the rolling 

direction of (RD) ±35°[33] during enormous strain rolling deformation. Pure Al is a 

metal undergoing plastic deformation through dislocation slip. Since there are no 

defects such as holes, the SB could cross the grain boundaries without deviation. This 

process would promote the formation of recrystallized grains by nucleation of grains of 

specific orientation within the SB. 

For SCF/Al and Cu-SCF/Al, the movement of the SB is hindered by the addition 

of SCF so that fewer recrystallized grains are generated through the SB. We also note 

that the strength of the P component in Cu-SCF/Al is slightly higher than that of SCF/Al 

and has a higher strength of Gauss (φ1=0°, Φ=45°, φ2=90°) component. They are 

presumably related to the enhanced interfacial coherence of the Al matrix and SCF by 

the Cu-coating. The high interfacial coherence improves the deformation coordination, 

so the interfacial mismatch energy in Cu-SCF/Al is lower than that in SCF/Al, which 

is more favourable for the motion of SBs and nucleation recrystallized grains. 

In the β orientation line, the hot-rolled SCF/Al and Cu-SCF/Al have higher 

strength of Rot-G components, while the content of the Rot-G component in pure Al is 

extremely low. The Rot-G component is generally produced during the hot rolling of 

FCC metals and is transformed from the Copper component or Brass component. The 

Rot-G component is more resistant to plane strain compression than other orientations. 

Therefore, it could be retained during the hot rolling[34]. It has been shown that the Rot-

G component facilitates the generation of 35°-45° SBs. The recrystallized grains are 

generated in SBs with higher storage energy than the matrix. Consequently, the Rot-G 

component promotes the formation of cubically oriented recrystallized grains by 

facilitating the formation of SBs[35,36]. There is a higher content of copper components 

in SCF/Al and Cu-SCF/Al before hot rolling, as shown in Figure 2-13, which facilitates 

the generation of the Rot-G component during rolling. In addition, certain content of 

Cube (φ1=0°, =0°, φ2=0°) components is observed in SCF/Al. 
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On the one hand, the Cube grains are further transformed from Rot-G. On the other 

hand, deformation bands also promote the nucleation of Cube grains. Due to the defects 

in the Al matrix, the deformation degree of nearby grains is large during the thermal 

deformation, which promoted the nucleation of recrystallized grains, as described in 

Figure 2-5 d). 

 

Figure 2-14 a) Texture orientation strength of the composites along the α orientation line, b) 

texture orientation strength of the composites along the β orientation line 

The texture distribution in pure Al, SCF/Al, and Cu-SCF/Al before and after hot 

rolling, as illustrated in Figure 2-15. Comparison of the distribution of Copper 

components before and after hot rolling in SCF/Al and Cu-SCF/Al could more visually 

confirm the transition of Copper components to the recrystallized component during 

the hot rolling. The P-oriented grains strongly depended on the Rot-G-oriented grains, 

as depicted in Figure 2-15, b), d), f). Comparing Figure 2-15 d) and f), the grain size of 

the P-oriented grains and Rot-G-oriented grains of the Cu-coated composites are larger, 

the grains are in the growth stage. In Cu-coated composites, the Cu-coated SCF has 

strong interfacial coherence with the Al matrix. There are fewer defects such as oxides 

and pores in the Al matrix; therefore, the continuity of the Al matrix is better. These 

factors are conducive to the movement of SBs and provide energy for the nucleation 

and growth of grains of P-oriented grains and Rot-G-oriented grains. 
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Figure 2-15 Distribution of different textures: a) Sintered pure Al, b) Hot-rolled pure Al, c) 

Sintered SCF/Al, d) Hot-rolledSCF/Al, e) Sintered Cu-SCF/Al, f) Hot-rolled Cu-SCF/Al 
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2.5 Summary 

This study investigated the effects of Cu-coating on the microstructure evolution, 

interfacial properties, thermal properties, and texture evolution of SCF-reinforced Al 

matrix composites. After the analysis and discussion, the main conclusions were 

obtained as follows: 

(1)  The Cu-coating increases interfacial coherence, promotes interfacial bonding, and 

enhances interfacial strength. The protection of the SCF structure by the Cu-coating 

leads to higher yield strength and thermal conductivity. 

(2)  During the hot rolling, the uncoated SCF reacted severely with the Al matrix and 

generated the harmful phase Al4C3. Hot rolling promotes the arrangement of SCF along 

the rolling direction, and the yield strength of Cu-SCF/Al increases by 121.93%.  

(3)  The thermal conductivity is improved by 6.64%, close to the ideal value calculated 

by the layered parallel model. 

(4)  The analysis of the texture evolution clarifies three dynamic recrystallization 

mechanisms of SCF/Al and Cu-SCF/Al before and after hot rolling. In this study, Cu-

coating on the surface of SCF was used to adjust the interface of the composites, which 

inspires the coordinated improvement of thermal and mechanical properties. 
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3.1 Introduction 

With the rapid development of aerospace, microelectronic devices, and other fields, 

the demands for lightness, strength, and thermal conductivity of materials have 

increased[1-4]. As one of the largest reserves of light metals in the earth's crust[5,6], the 

aluminum (Al) is attracting considerable critical attention. The composites prepared 

with Al have a wide range of applications[7,8]. The size, shape, strength, wear resistance, 

and thermal conductivity of the reinforcement directly affect the overall performance 

of the composites. Therefore, the choice of reinforcement is crucial in the design of Al 

matrix composites[9]. 

Carbon fibers (CFs) and carbon nanofibers (CNFs) attract widespread attention 

for their high strength and excellent physical properties[10,11]. Especially in terms of 

thermal conductivity, carbon-based reinforcements have absolute advantages over 

ceramic reinforcements, making them ideal for the preparation of semiconductor and 

heat-dissipating components[1,3,10,12]. CFs are generally micron in diameter with high 

strength, excellent thermal conductivity, and easy to disperse in the Al matrix[12]. As the 

cost of preparing CFs gradually decreases, there are excellent prospects for large-scale 

applications[13,14]. The CNFs also play an essential role in electronics and optics for 

their ultra-high thermal conductivity[2,6,7,15,16]. However, the different diameters of CFs 

and CNFs led to different strengthening mechanisms, which further affect the 

composites' strength, interfacial properties and microstructure evolution[3,17-20]. The 

current studies point out that the aggregation of nanoscale reinforcements, exemplified 

by CNFs, in the Al matrix weakens the overall properties of the composites due to their 

small diameters and large aspect ratios[21-24]. On the other hand, the micron-scale 

reinforcement, as exemplified by CFs, produces a splitting effect on the Al matrix and 

damages the plastic deformability[1,13].  

Researchers have conducted a series of studies on the effects of CFs and CNFs as 

reinforcements on the properties of composites: The experimental results of Deshpande 

et al.[25], Wu[26] and Eid[27] show that CF with appropriate volume fraction could be 
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uniformly dispersed in the matrix. However, when the fraction of CF increases to more 

than 5%, it will lead to a decrease in strength and plasticity due to damage to the 

integrity of the Al matrix. Wang et al.[28] believe that the strong interfacial reaction 

between CF and Al and the destruction of CF structure are the main reasons for the 

macroscopic failure of materials. In addition, the aggregation of CNFs leads to the 

degradation of material properties, which is generally regarded as an insurmountable 

problem[29-32]. Yadav et al.[33] pointed out that the aggregation of CNFs will lead to weak 

interface bonding with the metal matrix, negatively impacting the composites' strength 

and electrical conductivity. The results of Miranda[34] show that aggregation of 

nanoscale reinforcements leads to an increase in the porosity, which leads to a decrease 

in mechanical properties and thermal conductivity. Chung[35] compared the effects of 

CF with a diameter of 7-15 μm and carbon filaments with a diameter of 160 nm on the 

properties of the composites. The results show that the tensile strength of carbon 

filaments-reinforced composites was only 42% of that of CF-reinforced composites. 

The study of Shim et al.[36] shows that the cross-section shape and size of CF impact 

the composites' performance. 

Existing research have only described the influence of CFs with different 

diameters on the properties of composites. However, the influence mechanism of 

reinforcement diameter on the microstructure evolution, mechanical properties and 

subsequent thermal deformation still needs to be further clarified. The interfacial 

structure and properties of the CF and CNFs with Al also need further characterization 

and analysis. It is important to clarify the influence mechanism of CF and CNF on the 

properties of composites under the same volume fraction, which is of guiding 

significance for the design and application of composites. So, in this paper, SCF (6-8 

μm in diameter) and VGCNF (in the range of 150-200 nm in diameter) reinforced Al 

matrix composites were prepared by the SPS to investigate the effects on the 

microstructure, interfacial bonding, thermal and mechanical properties of the 

composites. 
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3.2 Materials and methods 

The pure Al powders used in this study were obtained from Kojundo Chemical 

Laboratory Co., Ltd (Japan); the average size of the particles is 3 μm. The SCFs were 

obtained from Mitsubishi Chemical Corporation (Japan). The VGCNFs were obtained 

from Showa Denko Co., Ltd (Japan). The electron micrographs and physical properties 

of SCF and VGCNF are performed in Figure 3-1a), b) and Table 3-1, respectively. 

Table 3-1 The physical properties of SCF and VGCNF 

Reinforcement Diameter Density 

(g/cm3) 

Modulus 

(GPa) 

Tensile strength 

(MPa) 

Thermal conductivity 

(W/mK) 

SCF 11 μm 2.20 900 3800 550 

VGCNF 150-200 nm 2.00 240 2920 1950 

When preparing composites, SCFs and VGCNFs were first weighed separately at 

vol.3%, cleaned in acetone solution, and then mixed thoroughly with vol.97% pure Al 

powders in the alcohol solution, as shown in Figure 3-1. The mixed solution was shaken 

in ultrasound for 10 minutes and then injected into a closed Al can with 10 mm diameter 

alumina spheres for ball-milling mixing. It was then dried in the vacuum environment 

to get uniformly mixed powders. The mixed powders were vacuum sintered in the SPS 

equipment for 30 minutes, the sintering temperature was 550 °C, and the pressure was 

50 MPa. To avoid contamination by impurities on the rolls, the surface of sintered 

composites was wrapped with a layer of Al foil and hot-rolled at 450°C with a 70% 

roll-off. For comparison, the pure Al blocks were prepared under the same conditions. 

Tensile tests were performed at room temperature (25°C) using an INSTRON 

8801 hydraulic servo fatigue tester, the tensile direction was parallel to the rolling 

direction, and the strain rate was 8.3×10-4s-1. Three samples were prepared for each 

material to minimize errors. The thermal conductivity of pure Al and composites was 

measured parallel to the rolling direction. The nano hardness at the interface of 

composites was carried out using an ELIONIX ENT-1100A nano hardness tester with 

a load of 0.4 mN and a holding time of 15 s. The morphology of composites was 
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observed using a JXA-ISP100 scanning electron microscope (SEM). Electron 

backscatter diffraction (EBSD) characterization was analyzed using a Zeiss Sigma 300 

scanning electron microscope equipped with an Oxford-SYMMETRY. The interfacial 

products of composites were investigated using a JEOL transmission electron 

microscope (TEM). 

 

Figure 3-1 The electron micrographs of SCF and VGCNF, and the schematic diagrams of the 

preparation of composites 

3.3 Results 

3.3.1 Microstructure 

The SEM morphologies of the SCF reinforced Al matrix composites (SCF/Al) and 

VGCNF reinforced Al matrix composites (VGCNF/Al) before and after hot rolling are 

shown in Figure 3-2. In the sintered SCF/Al, the SCFs are uniformly dispersed in the 

Al matrix, and no aggregation occurs. There are no obvious gaps at the interface, as 

performed in Figure 3-2 a) and a1). In the sintered VGCNF/Al, the VGCNFs 

agglomerate together because of their small diameter. They are dispersed in the Al 

matrix as clusters, as presented in Figure 3-2 c) and c1). After hot rolling, the SCF 

aligned parallel to the rolling direction. Owing to the addition of SCF, cracks appeared 

after hot rolling, as shown in Figure 3-2 b). However, the morphology of the VGCNF 
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cluster changed and elongated in the rolling direction, as presented in Figure 3-2 d) and 

d1). 

 

Figure 3-2 SEM morphology and local magnification of composites: a), a1) Sintered SCF/Al; b), 

b1) Hot-rolled SCF/Al; c), c1) Sintered VGCNF/Al; d), d1) Hot-rolled VGCNF/Al 

The EBSD Map, grain boundary diagram, Local Misorientation (KAM) diagram 

and grain size and grain boundary distribution of pure Al, SCF/Al and VGCNF/Al 

before hot-rolling are demonstrated in Figure 3-3. Comparison of Figure 3-3 a), b) and 

c) shows that small size grains appear near the reinforcement in SCF/Al and VGCNF/Al. 

Indicating that the reinforcement hindered the growth of nearby grains during the 

sintering process. In the KAM diagram, the green lines show the region of higher 

stress[37]. There are more low-angle grain boundaries and higher stress at the interface 

of SCF/Al compared with VGCNF/Al, as shown in Figure 3-3 b1), b2) and c1), c2). 

Comparison of Figure 3-3 a3), b3) and c3) shows more small-sized grains in the 0-1 μm 

range in SCF/Al. These results indicate that SCF leads to higher lattice distortion in Al 

matrix than VGCNF. 
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Figure 3-3 The EBSD Map, Grain boundary diagram, KAM diagram and grain size and grain 

boundary distribution of pure Al, SCF/Al and VGCNF/Al before hot-rolling: a), a1), a2), a3) Pure 

Al; b), b1), b2), b3) SCF/Al; c), c1), c2), c3) VGCNF/Al 

 

 
Figure 3-4 The EBSD Map, Grain boundary diagram, KAM diagram and grain size and grain 

boundary distribution of pure Al, SCF/Al and VGCNF/Al after hot-rolling: a), a1), a2), a3) Pure Al; 

b), b1), b2), b3) SCF/Al; c), c1), c2), c3) VGCNF/Al 
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After hot rolling, the grains of each material are elongated along the rolling 

direction, and the grain size is substantially reduced, as shown in Figure 3-4. The 

comparison shows that the average grain size of SCF/Al after hot rolling is the smallest, 

with the more fine grains in the range of 0-1 μm and low angle grain boundaries. It is 

shown that during the hot rolling process, the SCF plays a role in hindering the grain 

growth and grain boundary movement due to its large size. In contrast, the small size 

of VGCNFs clusters has less hindering effect on grain boundary movement and grain 

growth. 

3.3.2 Interface 

To investigate the interfacial bonding of the two composites, nano-hardness tests 

were carried out on the interfaces of SCF/Al and VGCNF/Al before and after hot rolling, 

respectively. The results are concluded in Figure 3-5. In Figure 3-5 a), the hardness 

values at the interface of all materials are higher than those of the Al matrix. The curves 

in Figure 3-5 b) also show that the penetration depth of the indenter is deeper into the 

surface of the matrix. It shows that the phase distribution and interfacial structure of the 

composites are different from the matrix. Meanwhile, the interfacial hardness values of 

SCF/Al before and after hot-rolling are higher than those of VGCNF/Al. In particular, 

the interfacial hardness of SCF/Al increases substantially after hot-rolling. This 

indicates that the interfacial structures of SCF and VGCNF with Al are quite different. 

To further investigate the interfacial structure of the two composites, high-

resolution TEM observations at the interface were conducted. The high-resolution TEM 

morphology at the SCF/Al interface before and after hot-rolling and the FFT transitions 

are displayed in Figure 3-6 a), b). Continuous amorphous carbides were generated at 

the interface between the SCF and the Al matrix, as illustrated in Figure 3-6 a). During 

hot rolling, the strong plastic deformation leads to high energy at the interface, which 

promotes the movement of carbon and Al atoms. Finally leads to the formation of 

crystalline Al4C3 after hot rolling, as depicted in Figure 3-6 b). 
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Figure 3-5 Nano hardness results at the composites interface and matrix before and after hot-

rolling: a) Nano hardness values; b) Load-displacement curves 

 

Figure 3-6 High-resolution TEM morphology of the interface in SCF/Al: a) before hot rolling, b) 

after hot rolling; Interfacial morphology of VGCNF/Al: c) before hot rolling, d) after hot rolling; 

High-resolution TEM morphology of the interface in VGCNF/Al: c1) before hot rolling, d1) after 

hot rolling 
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The interfacial morphology and high-resolution TEM morphology at the interface 

of VGCNF/Al before and after hot-rolling are provided in Figure 3-6 c), c1), d) and d1). 

As shown in Figure 3-6 c), there are some gaps between the VGCNF clusters and the 

Al matrix. Amorphous carbides were generated in the region where the Al matrix 

contacted with VGCNF, as depicted in Figure 3-6 c1). After hot-rolling, the gaps 

between the VGCNF clusters and the Al matrix are reduced, and amorphous carbides 

are generated in the region where they are in contact, as illustrated in Figure 3-6 d) and 

d1). Owing to the aggregation between VGCNFs, only some products were generated 

at the interface. This is also the reason for the low interfacial hardness of the VGCNF/Al. 

3.3.3 Thermal conductivity 

The composition of the thermal conductivity (K) of the composites can be 

simplified into three components: the interfacial thermal conductivity (KI), the effective 

thermal conductivity of the Al matrix (Keff
Al), and the effective thermal conductivity of 

the reinforcement (Keff
R). The experimentally measured values of thermal conductivity 

of pure Al and composites are shown in Table 3-2. The values of Keff
R, KI and Keff

Al are 

calculated separately. 

To simplify the calculation, the VGCNF clusters are considered as a whole. 

According to the regular distribution model of the reinforcement, the thermal resistance 

of the composites is equal to the sum of the thermal resistance of each part[38,39]. The 

simplified equation is as follows: ܮ ܭ =⁄ ܮ ⁄ܭ + ோܮ ⁄ோܭ + ூܮ ⁄ூܭ                  (1) 

where L, LAl, LR, LI are the length of the composite, pure Al, reinforcement and interface 

along the heat flow transfer direction, respectively; K, KAl, KR, KI are the thermal 

conductivity of the composites, Al matrix, reinforcement and interface, respectively. 

The measured thermal conductivity of the composites, 238 W/(mK) for pure Al, 

550 W/(mK) for SCF, and 1950 W/(mK) for VGCNF were substituted into Equation (1) 

to obtain the KI of SCF/Al and VGCNF/Al before and after hot rolling, as shown in 

Table 3-2. 
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The previous studies suggest that dislocations and low-angle grain boundaries 

have a negative effect on the heat transfer in the Al matrix[9,40]. Therefore, the thermal 

conductivity of the Al matrix in the composites is lower than 100% under ideal 

conditions. The KAM values can represent the density of dislocations and low-angle 

grain boundaries. To calculate the Keff
Al of the Al matrix, a simplified model is 

established based on the thermal conductivity values of pure Al and KAM values as 

follows: ݕ = ܽ ⁄ݔ                              (2) 

where y is the thermal conductivity, x is the KAM value, and a is the coefficient.  

The thermal conductivity and the KAM values of pure Al in the sintered state are 

brought into Equation (2) to obtain a1=222.15 W/(mK); the thermal conductivity and 

the KAM values of pure Al after hot rolling are brought into Equation (2) to obtain 

a2=267.00 W/(mK). The Keff
Al of the Al matrix in the sintered and hot-rolled state 

composites are: ܭିௌ௧ௗ = ܸ × (222.15 ⁄ݔ ିு௧ ௗܭ (3)                 ( = ܸ × (267.00 ⁄ݔ )                 (4) 

where the VAl in the above equation is the volume fraction of pure Al in the composites. 

The KAM values of SCF/Al and VGCNF/Al before and after hot rolling were 

brought into the calculation to obtain Keff
Al, and Keff

R = K - KI - Keff
Al, as presented in 

Table 3-2.  

Table 3-2 Thermal conductivity parameters of composites 

Materials K (W/mK) KI (W/mK) KeffAl (W/mK) KeffR (W/mK) 

Sintered-SCF/Al 207.42 0.60 195.89 12.69 

Hot-rolled-SCF/Al 211.41 0.44 210.81 10.02 

Sintered-VGCNF/Al 246.52 0.71 220.27 26.20 

Hot-rolled-VGCNF/Al 249.87 1.09 216.40 32.38 

According to the calculation results shown in Table 3-2, the contribution of the 

interfacial thermal conductivity to the thermal conductivity of the material is small. To 

compare the heat transfer efficiency of SCF and VGCNF clusters, the following 
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calculations are performed: the effective thermal conductivity of the reinforcement 

under ideal conditions, Keff
R0 = KR×VR (VR denotes the volume fraction of the 

reinforcement, in this study, VR is 3%), is calculated as Keff
R0 = 16.5 W/(mK) for SCF; 

Keff
R0= 58.5W/(mK) for VGCNF clusters. The heat transfer efficiency of SCF in the 

sintered composites is further calculated to be 76.91% and 60.73% for the hot-rolled; 

the heat transfer efficiency of VGCNF clusters in the sintered composites is 44.79% 

and 55.35% for the hot-rolled. Consequently, the heat transfer efficiency of SCF is 

higher than that of VGCNF clusters. This is on account of the difference in 

reinforcement diameters leading to different dispersion patterns in the Al matrix, which 

ultimately has an impact on the thermal conductivity. 

 

Figure 3-7 The schematic diagrams of the interfacial thermal conductivity paths of SCF/Al 

and VGCNF/Al 

The schematic diagrams of the interfacial thermal conductivity paths of SCF/Al 

and VGCNF/Al are depicted in Figure 3-7. Since no aggregation occurs between the 

SCFs and the interface area with the Al matrix is large, the heat is directly transferred 

to the SCF through the interface. On the other hand, VGCNFs agglomerate due to the 

small diameter. The heat is transferred to the VGCNF in contact with the interface 

through a small portion of the interface and then to the adjacent VGCNF, leading to a 

decrease in thermal conductivity. Therefore, even though VGCNFs have ultra-high 

thermal conductivity, the aggregation between VGCNFs greatly reduces the heat 

transfer efficiency. 
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3.3.4 Mechanical properties 

The tensile stress-strain curves of pure Al, SCF/Al, and VGCNF/Al before and 

after hot rolling are presented in Figure 3-8. Before hot rolling, the elongation of 

SCF/Al is lower, but the yield strength is higher than that of pure Al and VGCNF/Al. 

It points out that SCF enhances the strength of the composites but leads to poor plastic 

deformation ability. Although VGCNFs cluster with each other due to their smaller 

diameters, the clusters are small and uniformly distributed. Hence, the VGCNF/Al has 

better plasticity. However, the yield strength of VGCNF/Al is slightly lower than that 

of pure Al due to the poor interfacial bonding. 

The yield strength of SCF/Al after hot-rolling is substantially increased and the 

elongation is also significantly higher. This is because of the refinement of the grain 

size of the Al matrix by hot rolling. Although the yield strength of VGCNF/Al is 

improved, it is still lower than that of pure Al, and the plasticity is reduced. 

 

Figure 3-8 The stress-strain curves of pure Al, SCF/Al, and VGCNF/Al before and after hot 

rolling 

The tensile fractures of pure Al, SCF/Al, and VGCNF/Al before and after hot 

rolling are performed in Figure 3-9. The fractures of pure Al before and after hot rolling 

suggest many tough nests. The fractures are flatter, and the plastic deformation capacity 

is improved after hot rolling, as concluded in Figure 3-9 a) and e). The fracture of 

sintered SCF/Al exhibits obvious brittle fracture characteristics due to the larger 
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diameter of the SCF and the damage of Al matrix by SCF random arrangement, as 

demonstrated by the arrows in Figure 3-9 b). After hot rolling, the interfacial reaction 

with the Al matrix leads to a decrease in the strength of the SCF, resulting in cracking 

during hot rolling, as described in Figure 3-9 f). 

The fracture of sintered VGCNF/Al has tough nests, the VGCNF and its cluster 

bodies are also observed at the fracture, as suggested in Figure 3-9 c) and d). Since the 

deformation temperature below 2000°C does not lead to structural changes of VGCNF, 

thermal deformation changes the morphology of the cluster bodies by changing the 

arrangement between VGCNF[41]. The arrangement of VGCNF clusters is more 

compact and elongated along the rolling direction after hot rolling. It becomes the 

source of cracks during the deformation process, resulting in a decrease in the plasticity 

of the material, as pointed out in Figure 3-9 g) and h). 

 

Figure 3-9 Tensile fractures of pure Al, SCF/Al, and VGCNF/Al before and after hot rolling: a) 

Sintered pure Al; b) Sintered SCF/Al; c) Sintered VGCNF/Al; d) Local enlargement of c); e) Hot-

rolled pure Al; f) Hot-rolled SCF/Al; g) Hot-rolled VGCNF/Al; h) Local enlargement of g) 

The addition of SCF hurts the plastic deformability of the Al matrix, but the well 

interfacial bonding and the uniform dispersion give the composites higher strength. The 

aggregation of VGCNF causes a weaker enhancement, but the plastic deformation 

ability is well. After thermal deformation, the change in the arrangement of the clusters 

leads to a decrease in the plasticity of VGCNF/Al. 
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3.4 Discussion 

Hot rolling will give the material a selective orientation, that is texture. In section 

3.4, the mechanical properties of the composites were analyzed in terms of 

reinforcement size and interfacial bonding. However, different types of texture also 

have a direct impact on mechanical properties. Therefore, this section will analyze the 

texture of pure Al and composites after hot rolling and discuss the effect of the texture 

on the mechanical properties. 

The orientation distribution function (ODF) of pure Al, SCF/Al and VGCNF/Al 

after hot rolling, the texture strength along the α, β orientation lines and the distribution 

of texture components are shown in Figure 3-10. Hot-rolled pure Al and VGCNF/Al 

have significant P components (φ1=70º, Φ=45º, φ2=90º); the SCF/Al has obvious 

rotational Gauss(Rot-Gauss) components (φ1=0º, Φ=90º, φ2=45º), as depicted in 

Figure 3-10 a), b) and c). On the α orientation line, the P-component content of pure Al 

and VGCNF/Al is similar and much higher than that of SCF/Al, and the Gauss 

component (φ1=0º, Φ=45º, φ2=90º) in VGCNF/Al is higher. The P component is a 

common recrystallized texture in the cubic crystal system, resulting from the 

transformation of grains in the shear band formed by the plastic deformation 

process[42,43]. The movement of the shear band provides energy for grain evolution[44]. 

Owing to the absence of reinforcement addition, the shear band has less obstruction to 

the movement in pure Al. It therefore has sufficient kinetic energy to drive the 

transformation of grains within the shear band to recrystallized grains. The VGCNF 

clusters are small and uniformly distributed in the Al matrix. Compared with the larger 

diameter SCF, the VGCNF clusters are less obstructive to the shear band motion. 

Consequently, more recrystallized grains are transformed by the shear band in 

VGCNF/Al, and the content of the P component is higher. 
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Figure 3-10 ODF distribution of pure Al and composites after hot rolling, texture strength on 

different orientation lines and the distribution of texture components: a) Pure Al; b) SCF/Al; c) 

VGCNF/Al 

In the β-orientation line, the SCF/Al has higher Rot-Gauss components and 

Cube(φ1=0º, Φ=90º, φ2=0º) components compared with pure Al and VGCNF/Al. The 

research pointed out that the Rot-Gauss composition promotes the 35°-45° shear band 

generation along the rolling direction. The shear band in this orientation further evolves 

to the Cube composition, thereby generating recrystallized grains[45-47]. Owing to the 

larger diameter of SCF, the plastic deformation of the Al matrix of SCF/Al is greater 

during the hot rolling process, and the higher deformation activation energy promotes 

the generation of Rot-Gauss components. The Rot-Gauss component is retained for its 

higher resistance to plane strain compression, which promotes recrystallization grain 

nucleation by facilitating the formation of 35°-45° shear bands along the rolling 

direction[46]. Therefore, the recrystallization grain generation mode of the Al matrix of 

SCF/Al is the Rot-Gauss component-promoted nucleation mechanism. The small 

diameter reinforcement has less obstruction to the shear band movement. The primary 

recrystallization mechanism of VGCNF/Al is the transformation of the shear band 

grains into recrystallized grains mechanism. 

After hot rolling, Pure Al and VGCNF/Al have a high content of P component. It 
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is shown that the P-component has a strong meritocratic growth characteristic, the P-

component grains will grow rapidly toward the meritocratic orientation after 

formation[48]. As shown in Figure 3-10 a) c), the P-component grains all grow in the 

rolling direction after hot rolling and have a large grain size. The large grain size of P 

component has a negative effect on mechanical properties. 

Rot-gauss components have high resistance to deformation and the ability to 

inhibit crack propagation[45]. It has been noted that the cracks will undergo a large 

deflection near the Gauss component, forming a rough fracture[49,50]. In SCF/Al, the 

content of Rot-Gauss component is much higher than that of Pure Al and VGCNF/Al, 

and the morphology of Rot-Gauss component in SCF/Al is mostly fine equiaxed 

crystals as shown in Figure 3-10 b), thus leading to the high yield strength of SCF/Al. 

3.5 Summary 

In this study, the effects of SCF and VGCNF on the microstructure, interface, 

thermal conductivity and mechanical properties of the composites were explored. The 

results demonstrate that: 

(1)  The SCFs are uniformly dispersed in the Al matrix and generate continuous 

amorphous carbides with the Al matrix at the interface. The VGCNFs are aggregated 

due to their small diameters and exist as agglomerates, and only a small amount of 

VGCNFs generate amorphous interfacial products with the Al matrix. 

(2)  The thermal conductivity value of SCF is lower than that of VGCNF, but has 

higher heat transfer efficiency. The aggregation of VGCNF negatively affects the heat 

transfer efficiency. 

(3)  The addition of SCF results in a greater degree of plastic deformation of the Al 

matrix during hot rolling, leading to a recrystallized mode with a Rot-Gauss component 

promoting nucleation mechanism. The VGCNF clusters are less obstructive to shear 

band motion, and the main recrystallization mechanism is the transformation of shear 

band grains into recrystallized grains.  

(4)  The meritocratic growth characteristic of P component leads to more large P 
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component grains in Pure Al and VGCNF/Al, which have a negative effect on 

mechanical properties; The strong resistance to deformation and crack extension of the 

Rot-Gauss component results in a high yield strength of SCF/Al. 
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4.1 Introduction 

In recent years, considerable attention has been paid to the development and 

application of aluminum (Al)-based composites because of the small density, low cost, 

and excellent thermal conductivity[1-3]. In our previous research, we have developed the 

carbon fiber (CF) reinforced Al composites with excellent thermal conductivity[4]. 

However, the low strength and plasticity limit the application. The current engineering 

field requires increasingly high material performance, and the composites reinforced 

with a single reinforcement are challenging to meet the increasingly complex service 

environment[5]. In extreme environments, materials are normally required to have both 

high strength and excellent electrical and thermal conductivity[6]. To resolve the 

conflicting performance requirements, the functional gradient material(FGM) was first 

proposed by Japanese scholars in 1984[7-9]. 

The FGM is a type of material with a gradual change in composition along one 

direction, resulting in different microstructures and properties in different regions to 

meet specific performance requirements[7,10]. The functional gradient composites(FGC) 

developed on this basis can fully utilize the advantage of designability by controlling 

the type and content of the reinforcement to give different regions different properties 

such as hardness, thermal conductivity, and electrical conductivity[11-16]. The FGC is 

prepared mainly by liquid and solid phase methods, such as centrifugal casting, powder 

metallurgy, ion spraying, etc.[17-21]. Among them, the spark plasma sintering (SPS) 

technology can remove oxides at the interface through pulse current, reducing the 

porosity between the reinforcement and the matrix, which has been widely applied[22,23]. 

The particle reinforcements, such as SiC, Al2O3, B4C, etc., have high strength, and the 

FGC with superficial high hardness can be obtained through reasonable composition 

design[24-28]. Kırmızı et al.[29] prepared the 15%-30%-45%-60% SiC gradient Al matrix 

composites by powder metallurgy. The highest hardness was found in the 60% SiC layer. 

Kwon et al.[30] conducted the Al-CNT-nSiC FGC using ball milling and SPS technology. 

The transmission electron microscope (TEM) results demonstrated that the interlayer 

bonding was tight and the SiC layer with a 30% volume fraction had a hardness value 
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four times than that of pure Al. 

There are some intractable problems in the FGC preparation in current 

investigations, such as excessive interface stress and low plasticity. Oza et al.[31] 

performed the Al-SiC-graphite gradient composites with the highest SiC volume 

fraction in the top layer by SPS. The results indicated that the top layer had the highest 

hardness value. However, the excessive SiC volume fraction led to the brittle fracture. 

Ferraris et al.[32] carried out gradient Al composites with 68% SiC in the surface layer 

for lightweight brake systems. The results claimed that excessive interfacial stresses 

resulted in poor interlayer bonding. 

On the whole, the design of the FGC needs to consider strength-plasticity 

matching and the optimization of interfacial stresses. Nevertheless, few studies have 

conducted in-depth research on the interface structure of the FGC. The mechanism of 

the type and content of reinforcement affects the microstructural characteristics of each 

layer has also not been systematically elucidated. In this study, the FGC was designed 

to improve strength and ductility based on the preparation of CF reinforced Al 

composites with high thermal conductivity[4]. Considering strength-ductility matching 

and interfacial stress transition, a transition layer of 3% SiC was set between the CF 

reinforced layer and the 10% SiC reinforced layer. The 3% CF-3% SiC-10% SiC Al 

matrix FGC were prepared by the SPS. The thermal deformation behavior of the FGC 

was investigated comprehensively. Through the in-depth analysis of the microstructure 

evolution of each layer and the interlayer interface, the mechanism of the design of the 

gradient reinforcement was elaborated. 

4.2 Experimental 

The parameters of the pure Al powders, SiC particles, and CF used in this study 

are shown in Table 4-1. To enhance the wettability of the CF and the Al matrix and 

improve the interfacial thermal conductivity, the copper was coated on the CF surface 

by chemical method. The morphologies of pure Al powder, copper-coated CF, and SiC 

particles are illustrated in Figure 4-1 a) b) c), respectively. Figure 4-1 performs the 
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preparation process of the CF reinforced Al composites (CF/Al) and the FGC. First, the 

raw materials were mixed in an alcohol solution and oscillated in ultrasonic waves for 

10 minutes to promote uniform dispersion. Subsequently, the mixed solution and 

alumina spheres of 10mm diameter were injected into the closed Al tank for ball milling. 

After mixing, the mixed liquid was placed in a ventilated cabinet for drying and 

transferred to a vacuum drying box for further drying. The obtained mixed powders 

were vacuum sintered using the SPS equipment (S. S. Alloy Co., Ltd.) with a mold of 

30mm inner diameter, a sintering temperature of 550℃, pressure of 50MPa, and held 

for 30 minutes. A layer of Al foil was wrapped on the sintered composites surface to 

protect it. Then it was hot rolled at 450℃ with a reduction of 70%. For comparison, the 

pure Al blocks were prepared under identical conditions. 

Table 4-1 Parameters of pure Al powder, SiC particles, and CF 

Material Diameter (μm) Density (g/cm3) Thermal conductivity (W/mK) 

Pure Al powder 3 2.70 237 

SiC powder 2-3 3.16 270 

CF 11 2.00 550 

The physical phases were identified using a SmartLab-type X-ray diffractometer 

(XRD). The microstructure of FGC was observed adopting a JEOL-JSM-6390LA type 

scanning electron microscope (SEM). Electron backscatter diffraction (EBSD) analysis 

was performed using Oxford-ultim equipped acquisition equipment. The Helios 

focused ion beam (FIB) was used to cut and thin the transmission samples; the FEI 

Tecnai F20 transmission electron microscope (TEM) was utilized to observe the 

interface structure of the FGC and identify the interface products. The hardness of each 

layer of the Al matrix was measured by the Mitutoyo-HM-100 type Vickers hardness 

tester. Tensile specimens were cut along the rolling direction using Wire Electrical 

Discharge Machining and tested on the INSTRON 8801 hydraulic servo fatigue tester 

at room temperature with a strain rate of 8.3×10-4s-1. The thermal conductivity of FGC 

was accomplished in the axial and horizontal directions, respectively. 
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Figure 4-1 The SEM morphologies of the Pure Al powder, SiC powder, and CF, as well as the 

schematic illustration of the preparation of the CF/Al and the FGC 

4.3 Results 

4.3.1 Microstructure 

Figure 4-2 a)-j) show the SEM morphologies of the different layers and interfaces 

of the FGC. The XRD diffraction patterns of the FGC before and after hot rolling and 

the Vickers hardness values from the 3% CF layer to the 10% SiC layer are proposed 

in the right side of Figure 4-2. The SiC particle content is gradually increasing from 

bottom to top, and the SiC particles are uniformly distributed in each layer, as 

performed in Figure 4-2 a), c), e), g), and i). The CF and the SiC particles are well 

bonded to the Al matrix, as indicated in Figure 4-2 g). After hot rolling, the CF is 

aligned along the hot rolling direction, as pointed out in Figure 4-2 h) and j). As seen 

in Figure 4-2 b) and f), the arrangement of SiC particles in the 3% SiC layer and the 

10% SiC layer has not changed significantly after hot rolling, but the aggregation of 

SiC particles appeared at the interface of 3% SiC and 10% SiC, as concluded in Figure 

4-2 d). No defects, such as cracks and holes, are observed at the interface of the layers 

before and after hot rolling, indicating good bonding between the layers. 
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Figure 4-2 The SEM morphologies, XRD diffraction patterns, and Vickers hardness values of the 

various layers and interfaces of the FGC 

In the X-ray diffraction pattern, the Al phase, C phase, SiC phase, and a small 

amount of Al4C3 phase were labeled by the peak-seeking process. The Vickers hardness 

results show that the hardness values gradually increase from the 3% CF layer to the 3% 

SiC layer to the 10% SiC layer, which is applicable for both before and after hot rolling. 

In addition, higher hardness values are observed at both interfaces, indicating higher 

stress values or specificity of the microstructure at the interface. The increase in the 

hardness values of the layers after hot rolling is attributed to the evolution of the 

microstructure during thermal deformation and the residual deformation stresses. 

To investigate the microstructural characteristics of each layer, the EBSD analysis 

was performed on the FGC before and after hot rolling. The Inverse Pole Figure (IPF), 

grain boundary distribution, local stress distribution (KAM map), and the grain size and 

grain boundary distribution of each layer of the FGC before hot rolling are 
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demonstrated in Figure 4-3. Figure 4-3 a) and b) show that there is no obvious pattern 

in the grain orientation from the 3% CF layer to the 10% SiC layer. The grain boundary 

distribution in Figure 4-3 d) illustrates a greater degree of grain boundary deformation 

in the 10% SiC layer, and the KAM map in Figure 4-3 f) also displays a greater value 

of intragrain stress in this layer, indicating that the higher content of SiC particles during 

the sintering process leads to greater stress on the nearby Al matrix. Furthermore, the 

grain size decreases gradually from the 3% CF layer to the 10% SiC layer, suggesting 

that the SiC particles have a hindering effect on the grain boundary movement and grain 

growth. 

 

Figure 4-3 The IPF map, grain boundary distribution map, KAM map, and the grain size and grain 

boundary distribution of each layer of the FGC before hot rolling 
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Figure 4-4 The IPF map, grain boundary distribution map, and KAM map of each layer of the 

FGC after hot rolling 

The microstructure of each layer of the FGC after hot rolling is illustrated in Figure 

4-4. The shape and orientation of the grains in each layer are clearly different after hot 

rolling: the grains of the 3%CF layer is extended along the rolling direction, and most 

of the grains are <111>//RD orientation, as described in Figure 4-4 c) and c1). While in 

the 3% SiC layer, some of the grains are fibrous-shaped, and considerable equiaxed 

grains are found at the grain boundaries, as illustrated in Figure 4-4 b) and b1). There 

are enormous equiaxed, fine grains with random grain orientation in the 10% SiC layer, 

as depicted in Figure 4-4 a) and a1). Additionally, the grain size of the 3% CF, 3% SiC, 

and 10% SiC layers are 1.76μm, 1.54μm, and 0.92μm, respectively. The percentage of 

high angle grain boundaries (HAGBs) are 55.75%, 60.47%, and 65.80%, respectively. 

The smallest grain size and the highest percentage of HAGBs can be seen in the 10% 

SiC layer. Combined with the continuous dynamic recrystallization mechanism of Al, 

it is known that the dynamic recrystallization percentage is the highest in the 10% SiC 

layer. As shown in Figure 4-4 a2), b2), c2), the residual stress in the 3% CF layer after 

hot rolling is higher than that in the 3% SiC layer and the 10% SiC layer. It is attributed 
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to the particle stimulated nucleation (PSN) generated by the SiC particles promotes the 

generation of recrystallized grains and consumes numerous dislocations and low-angle 

grain boundaries, resulting in lower residual stress values. 

4.3.2 Mechanical properties 

The mechanical parameters, stress-strain curves, and corresponding fracture 

morphology of the Al, CF/Al, and the FGC before and after hot rolling are displayed in 

Table 4-2 and Figure 4-5. According to the data in Table 4-2 and the stress-strain curves 

in Figure 4-5, although the CF/Al has a slightly higher yield strength than pure Al, its 

plasticity is worse. The yield strength of the FGC before hot rolling is 167.12% higher 

than the Al and 149.65% higher than the CF/Al; after hot rolling, it is 132.11% higher 

than the Al and 62.46% higher than the CF/Al. In terms of plasticity, the elongation of 

FGC is slightly higher than that of pure Al before hot rolling and similar to that of pure 

Al after hot rolling. Therefore, the FGC has both high yield strength and excellent 

plastic deformation ability. 

Table 4-2 The mechanical parameters of Al, CF/Al, and FGC 

Material Modulus (GPa) Yield strength (MPa) Elongation (%) 

Al-SPS 44.25±0.73 70.19±2.96 3.64±0.54 

Al-HR 45.17±1.25 127.64±3.71 6.07±0.27 

CF/Al-SPS 42.04±1.16 75.10±2.93 0.46±0.12 

CF/Al-HR 45.12±2.15 182.37±2.20 1.87±0.36 

FGC-SPS 62.19±2.76 187.49±3.12 4.39±0.28 

FGC-HR 66.43±1.93 296.27±5.27 6.46±0.19 
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Figure 4-5 The stress-strain curves and tensile fracture morphologies of Al, CF/Al, and FGC are as 

follows: Pure Al's fracture morphology: a) before HR b) after HR; CF/Al's fracture morphology: 

c) before HR d) after HR; FGC's fracture morphology before hot rolling: e) 3%CF layer f) 3%SiC 

layer g) 10%SiC layer; FGC's fracture morphology after hot rolling: h) 3%CF layer i) 3%SiC 

layer j) 10%SiC layer 

The fracture morphology of Al, CF/Al, and FGC are presented in Figure 4-5. For 

a more visual presentation, the fractures are highlighted using boxes with the same color 

and style as the stress-strain curves. Tough nests are observed in Figure 4-5 a) and b), 

as shown by the blue arrows. In the pure Al before hot rolling, poorly bound Al particles 

can still be observed, as displayed by the yellow arrows in Figure 4-5a). The poor 

bonding of Al particles also has a negative impact on plasticity. Only a few tough nests 

are observed in Figure 4-5c), and numerous Al particles are distributed on the fracture, 

indicating that the addition of CF results in a less dense Al matrix, which in turn leads 
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to poor plasticity. The number of tough nests increases in CF/Al after hot rolling, as 

provided in Figure 4-5 d). However, the area of the brittle fracture zone caused by the 

failure of the CF and the Al matrix interface has enlarged, as illustrated by the red dotted 

frame in Figure 4-5 d). 

Before hot rolling, each layer in the FGC has different fracture characteristics, as 

shown in Figure 4-5 e), f), and g). Tough nests and a few Al particles are observed in 

the 3% CF layer, and the CF is pulled off due to tensile load. In the 3% SiC and 10% 

SiC layers, uniformly distributed SiC particles can be observed in the tough nests, as 

performed by the red arrows in Figure 4-5 f) and g). The two SiC layers have more and 

smaller tough nests, which confer a higher plastic deformation capacity to the FGC.

After hot rolling, the interface between CF and the Al matrix in the 3% CF fails and 

causes a local brittle fracture, as pointed out by the red dotted line in Figure 4-5 h). 

Smaller tough nests are observed in the fractures of the 3% SiC and 10% SiC layers.

As concluded in Figure 4-5 i), the blue dotted line box presents the tough nests 

elongated along the horizontal direction in the 3% SiC layer, while the tough nests in 

Figure 4-5 j) are mostly equiaxed, which is attributed to the higher recrystallization 

percentage of the 10% SiC layer after hot rolling. 

Therefore, the local brittle fracture result from the failure of the interface between 

CF and the Al matrix is the main factor causing the low plasticity. In contrast, SiC 

particles do not lead to local failure over large areas due to their smaller size and 

uniform distribution. 

4.3.3 Thermal conductivity 

The thermal conductivity of Al, CF/Al, and FGC before and after hot rolling was 

tested along the axial and horizontal directions (along the rolling direction after hot 

rolling). The test schematic and the thermal conductivity results are shown in Figure 4-

6. Before hot rolling, the difference in thermal conductivity between the axial and 

horizontal directions of each material is not significant, which is in view of the equiaxed 

shape of most grains after sintering. The thermal conductivity values of Al and CF/Al 



Chapter 4 Microstructure evolution, property analysis, and interface study of 3%CF-3%SiC-10%SiC functional 
gradient aluminum matrix composites 

99 

before hot rolling are higher than that of the FGC. On the one hand, this is attributed to 

the addition of SiC particles introducing more interfaces, the heat losses through the 

interfaces. On the other hand, due to the small grain size of the SiC layer in FGC, the 

smaller the grain size, the more grain boundaries, and the numerous grain boundaries 

also cause heat loss. 

 

Figure 4-6 Schematic diagram and test results of thermal conductivity of Al, CF/Al, and FGC 

before and after hot rolling 

After hot rolling, the thermal conductivity of each material in the axial direction 

is lower than that in the horizontal direction. This is because the grains elongate in the 

rolling direction after hot rolling, and heat conduction in the axial direction will pass 

through more grain boundaries, resulting in greater heat loss. Furthermore, the thermal 

conductivity of Al and CF/Al along the hot rolling direction increased after hot rolling. 

This is attributed to the increase in the dense density of the Al matrix and the alignment 

of CF in CF/Al along the rolling direction, the phenomenon explained in detail in our 

previous study[4]. After hot rolling, the thermal conductivity of the FGC along the hot 

rolling direction decreased. The CF in the 3%CF layer is mainly arranged along the 

rolling direction, and the high thermal conductivity in the CF axial direction is favorable 

to more efficient heat transfer. In the SiC layer, the hot rolling does not provide higher 

heat transfer efficiency because the thermal conductivity of SiC particles is essentially 

the same in all directions[33,34]. Moreover, the fine grain size after hot rolling leads to a 

higher density of grain boundaries, and the higher density of dislocations caused by hot 
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rolling, resulting in a higher heat loss in the SiC layer, ultimately leading to a lower 

overall thermal conductivity value of the FGC. 

4.4 Discussion 

4.4.1 The interlayer interface and microscopic interface of FGC 

The different reinforcement distribution and microstructure characteristics of each 

layer directly impact the overall properties of the FGC. The microstructure of the 

interface also play an essential role as the transition area connecting the layers. In this 

section, the microstructure of the interlayer interface and the microscopic interface 

between the reinforcement and the Al matrix after hot rolling will be investigated in 

depth. 

Figure 4-7 shows the microstructure of 3% CF-3% SiC and 3% SiC-10% SiC 

interfaces. Figure 4-7 a) and d) demonstrate the variation of grain orientation in each 

layer. Compared with the 3%CF layer, the random orientation grains of the 3%SiC layer 

and the 10%SiC layer gradually increase. Figure 4-7 b) and e) show the distribution 

rendered according to grain size, where red color indicates large size grains and blue 

color indicates small size grains. Figure 4-7 b) and e) again reveal the pattern of gradual 

increase of fine equiaxed crystals from 3% CF layer to 10% SiC layer. And the change 

in grain orientation and grain size on both sides of the interface inevitably leads to more 

significant intergranular stresses. Figure 4-7 c) and Figure 4-7 f) are calculated by using 

Grain components in Channel 5 data analysis software. This component highlights the 

areas of stress concentration by calculating the misorientation in the grains. In Figure 

4-7 c) and f), the red area indicates the stress concentration area, it can be seen that 

there are apparent stress concentrations at each layer interface.  
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Figure 4-7 EBSD map at each layer interface and fracture morphology at the CF-SiC interface: a) 

and d) IPF map of the FGC interface; b) and e) Grain size distribution; c) and f) Stress 

distribution; g), h) and i) fracture morphology at the interface 

To explore the interface stress effect on the mechanical properties, the tensile 

fracture morphology at the interface was observed. Figure 4-7 g), h), and i) demonstrate 

the fracture morphology at the 3% CF-3% SiC interface and its local enlargement. 

Macroscopically, the fracture in the CF layer is relatively flat and fractures at an angle 

to the tensile direction, indicating that shear stress is the main cause of failure, as 

described in Figure 4-7 g). Failure zones caused by the CF pullout and fracture are also 

observed, as depicted by the yellow dotted line and arrow in Figure 4-7 g). Considerable 

small-sized tough nests perpendicular to the tensile direction are observed in the SiC 

layer in Figure 4-7 g). This indicates that the interface is also the dividing line between 

microstructure and plastic deformability. As seen in Figure 4-7 h) and i), the interface 

failure extends along the vertical direction with fine tough nests on both sides of the 

interface, as illustrated by the green arrows in the figure. 
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The different grain orientation and grain boundary distribution on both sides of the 

interface have a hindering effect on dislocation movement and crack extension[35]. On 

the one hand, high interfacial energy storage will promote recrystallization grain 

nucleation; on the other hand, it will lead to high interfacial stress. The recrystallized 

grain nucleation improves the plasticity of the interface to some extent, as evidenced 

by the production of fine tough nests in Figure 4-7 i). However, cracking failure occurs 

at the interface when high interfacial stresses cannot be counteracted. 

 

Figure 4-8 The TEM images of the SiC-Al interface and CF-Al interface: a) bright field TEM 

image; b) dark field TEM image; c)-h) diffraction spots; i)-l) High-resolution images at the 

interface and FFT and IFFT conversion 

The TEM morphology, high-resolution images, and diffraction spots at the SiC-Al 

interface and CF-Al interface are presented in Figure 4-8. Figure 4-8 a) shows the bright 

field TEM image at the interface, no cracks or pores at the interface between SiC 

particles and Al and between CF and Al are observed at the nanoscale, indicating that 
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the interface between SiC and CF and the Al matrix is well bonded. Affected by strong 

plastic deformation, the distortion inside the SiC particles is large. The dislocations 

marked by the yellow arrows in Figure 4-8 a) also confirm that the SiC particles are 

more effective in blocking the dislocation motion than CF. Figure 4-8 b) shows the dark 

field TEM image at the interface, as seen by the yellow dashed box in the figure, the 

size of the grains near the SiC particles is smaller compared with the CF. 

Figure 4-8 c), d), and e) display the diffraction spots at the interface of SiC, SiC-

Al interface, and the Al matrix near the interface, respectively. As presented in Figure 

4-8 d), there is a semi-coherent interface between SiC and Al, which gives SiC and Al 

a close interface bond[36]. The SiC diffraction spots can still be observed at the Al matrix 

near the interface, as provided in Figure 4-8 e). Figure 4-8 f), g), and h) show the 

diffraction spots at the Al matrix near the interface, the interface between Al and CF, 

and the CF, respectively. There is also a semi-coherent interface between CF and Al 

with tight bonding, as performed in Figure 4-8 g). As shown in Figure 4-8 f), no 

diffraction rings of CF are observed in the Al matrix near the interface. In comparison 

with Figure 4-8 e), the SiC and the Al matrix have larger interfacial reaction region. 

This is also confirmed by the high-resolution diagrams at the interface, as pointed out 

in Figure 4-8 i) and l), where the interfacial region between SiC and Al is wider. The 

interfacial bond between SiC and the Al matrix is tighter than that of CF, which is one 

of the reasons for the greater hindrance of dislocation motion by SiC. As concluded in 

Figure 4-8 i), j), k) and l), the interplanar spacing of SiC is 0.262nm, and the interplanar 

spacing of Al is 0.204nm by IFFT conversion, and tight amorphous compounds have 

been generated between SiC-Al and CF-Al. The interface structure of the semi-coherent 

interface and the generation of non-crystalline compounds provides a bridge for the 

load transmission and heat transmission between the enhanced body and the Al matrix, 

which positively improves the intensity and thermal performance of the FGC. 
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4.4.2 High mechanical property mechanism 

According to Section 4.3.2, the FGC has both high yield strength and high plastic 

deformation capacity. Combined with the fracture morphology, EBSD maps, and TEM 

images, the reason why the FGC has high strength can be explained as follows: On the 

one hand, the PSN effect induced by SiC particles and its hindering effect on the grain 

boundary motion results in a smaller grain size of the Al matrix, causing the fine-grain 

strengthening; on the other hand, the addition of the SiC introduces more dislocations 

into the Al matrix and further increases the dislocation density after hot rolling, giving 

the FGC higher strength. 

Based on the discussion of interlayer interface structure and dislocation 

morphology in Section 4.4.1, it can be inferred that the mechanism that endows FGC 

with high plastic deformation capacity is mainly due to the dislocation formation 

promoted by the SiC and the hindrance of cracking by the gradient structure. The KAM 

map shown in Figure 4-3 suggests that the addition of SiC causes lattice distortion in 

the Al matrix, leading to more dislocation sources. The multiplication of dislocations is 

promoted by plastic deformation, and more dislocations are induced in the SiC layer. 

There are significantly more dislocations near SiC than CF, as presented in Figure 4-8 

a). Under external loading, considerable dislocations in the SiC layer slip, ensuring the 

crystal can undergo slip and thus enhancing the plastic deformation capability. 

In addition, the design of the gradient structure gives the FGC a gradient 

microstructure, which means that the grain size gradually decreases from the 3% CF 

layer to the 3% SiC layer to the 10% SiC layer, resulting in a noticeable interface 

between the SiC layer and the CF layer. As provided in Figure 4-7 g), there is a 

significant difference in the fracture morphology of the SiC layer and the CF layer on 

both sides of the interface. Cracks will either stop propagating or deflect at the interface, 

resulting in a large amount of energy consumption. Therefore, the gradient structure 

has the effect of impeding the propagation of cracks between layers, which has a 

positive effect on the overall plastic deformation capability of the FGC. 
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4.4.3 Texture evolution and recrystallization mechanism 

Section 4.3.1 revealed the different microstructure of the FGC layers, and the 

differences in grain size and reinforcement will further affect the evolution of 

microstructure during the thermal deformation process, including grain nucleation and 

growth orientation and recrystallization mechanisms. Clarifying the microstructure 

evolution of the FGC layers not only explains the mechanical behavior but also 

provides guidance for designing and optimizing FGCs. As shown in the Orientation 

Distribution Function (ODF) diagram in Figure 4-9, the type and strength of the texture 

of each layer after hot rolling have significant differences. The 3% CF layer has a strong 

Copper component and Brass component, while the 3% SiC layer and the 10% SiC 

layer have a high R component. The texture orientation strength graph reveals that the 

3%CF layer has the highest orientation intensity among these four textures. The most 

apparent contrast is the Brass component, where the 3% CF layer has a much higher 

orientation intensity than the two SiC layers. The brass component and Copper 

component are typical rolled texture[37,38], indicating that the 3% CF layer is in the 

rolling orientation grain growth stage, which is also confirmed by the coarse grain 

morphology of the Copper and Brass components in Figure 4-9 a). 

Furthermore, the comparison demonstrates that the strength of the Copper 

component decreases from the 3% CF layer to the 3% SiC layer to the 10% SiC layer, 

indicating that the SiC layer undergoes faster recrystallization at the same deformation. 

The PSN effect, caused by SiC particles, promotes the nucleation of recrystallization 

grains during plastic deformation. Compared with CF, the smaller size and aspect ratio 

of SiC particles leads to a wider range of nucleation orientations, which produces a 

weaker recrystallization texture. As a result, the texture orientation strength of the 3% 

SiC and 10% SiC layers is lower than that of the 3% CF layer. 

The Goss components and the R components are typical recrystallized texture[39,40]; 

there are two main types of R components nucleation[40,41]. The first is nucleation by 

reversion in the rolling texture, which means nucleation by continuous recrystallization 

or in situ recrystallization within the grain of the rolling component. When nucleated 



Thermal and Mechanical properties of Short Carbon Fiber dispersed Aluminum Composites 

106 

by in situ recrystallization, the orientation of recrystallization does not change 

significantly because it does not involve the movement of large angle grain boundaries, 

allowing the rolling texture to be preserved. Therefore, it is often adjacent to the rolling 

texture. The second is the formation of R-oriented nuclei within the S-oriented grains 

between the deformation zones, and this type of nucleation leads to a change in 

orientation. As seen in Figure 4-9 a) b), the R components in the 3% CF layer are 

ordinarily adjacent to the Copper and Brass components. In contrast, in Fig. 9 c), d) and 

e), most of the R components are randomly distributed and independent of the Copper 

and Brass components. 

 

Figure 4-9 ODF diagram, texture orientation strength diagram, and texture distribution of each 

layer of FGC after hot rolling 

The differences in local plastic deformation between CF and SiC layers result in 

different recrystallization nucleation mechanisms. Compared with CF, the smaller SiC 

particles lead to larger local plastic deformation within the Al matrix during hot rolling. 

The uniform deformation promotes the generation of shear bands, then the deformation 

further facilitates the nucleation of S-oriented grains within the shear bands, promoting 
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the growth of R-oriented grain nucleation. Generally, the growth of selectively oriented 

grains competes with grain nucleation. However, when the local plastic deformation 

energy of the CF layer fails to break the energy barrier, the growth of selectively 

oriented grains consumes significant energy, leaving insufficient energy to promote 

grain nucleation. In such cases, the rolling texture recrystallizes in situ by reverting to 

nucleation. 

The difference between the two modes of in situ recrystallization and nucleation-

growth recrystallization is the fundamental reason for the different microstructural 

characteristics of the FGC layers after hot rolling. The in-situ recrystallized grains 

produced in the rolling texture are characterized by large grain size and dependence on 

the rolling texture grains, as provided in Fig. 9 a). The recrystallized grains of this 

morphology do not contribute to enhancing mechanical properties. In contrast, the 

recrystallized grains of nucleation-growth mode are small and equiaxed, giving the SiC 

layers higher strength and better plastic deformability, as displayed in Fig. 9 c), d), e). 

4.5 Summary 

In this study, 3% CF-3% SiC-10% SiC Al matrix FGC were prepared by SPS. 

Through the microstructure characterization and property testing of FGC, the 

mechanism of reinforcement type and content on the microstructure evolution and 

mechanical behavior were investigated in depth. The following conclusions can be 

drawn: 

(1)  The reinforcement in the FGC layers is uniformly distributed. The FGC has good 

bonding interfaces between the 3% CF-3% SiC and 3% SiC-10% SiC layers.The 

difference in reinforcement type and volume fraction leads to different microstructure 

characteristics of the FGC layers. 

(2)  FGC simultaneously has high yield strength and plastic deformation ability. The 

fine grain strengthening effect due to SiC gives the high strength of FGC. The 

promotion of dislocation formation by SiC and the crack hindrance by gradient 

structure are the main reasons for the high plastic deformability. 
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(3)  The changes of grain orientation and grain size at the interlayer interface lead to 

high interlayer stress, which further causes interface failure and cracking. The semi-

coherent interface between SiC-Al and CF-Al promotes good interfacial bonding. 

(4)  As the addition of SiC particles introduces more interfaces and leads to smaller 

grain size and higher grain boundary density, the thermal conductivity values of FGC 

in the axial and horizontal directions are lower than those of Al and CF/Al. 

(5)  The difference in grain size and content between CF and SiC leads to in situ 

recrystallization for the 3% CF layer, while the 3% SiC and 10% SiC layers are mainly 

nucleation-growth recrystallization mechanisms. The different recrystallization 

mechanisms result in the different mechanical properties of CF and SiC layers in FGC 

to a certain degree. 
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  Chapter 5 

Conclusions 
 

The rapid development of science and technology has gradually increased the 

demand for high-performance Al matrix composites. In the design of high-performance 

aluminum matrix composites, the type and size of the reinforcement, interfacial 

modifications, and subsequent thermal processing parameters can directly affect the 

performance of the composite. In order to solve the common problems in the design of 

current aluminum matrix composites, such as poor wettability of reinforcement and 

aluminum matrix, poor plasticity of composites, less than ideal thermal properties and 

lower strength, this paper presents an in-depth study and analysis from three aspects of 

interface modification, reinforcement size and reinforcement of composites, 

respectively. 

1. Interface modification: Effect of copper coating on interfacial properties, 

interfacial thermal resistance, microstructure evolution and mechanical 

properties of aluminum matrix composites 

In order to promote the interfacial bonding between the reinforcement and the Al 

matrix and to improve the interfacial bonding strength while reducing the interfacial 

reaction, interfacial modification is usually used. Among the various interface 

modification methods, copper coating is widely used because of both its economy and 

effectiveness. In this study, copper was coated on the surface of short carbon fibers by 

ultrasonic-assisted chemical plating, and two composites were prepared by SPS 

technique using uncoated and coated short carbon fibers with 3% volume fraction as 

the reinforcement, respectively. The microstructural characteristics, interfacial structure 

and interfacial products, mechanical properties and thermal conductivity of the copper-

coated and uncoated composites were compared. The mechanism of copper coating on 

microstructure evolution, interfacial reaction, mechanical properties and thermal 

properties was analyzed in depth. In addition to this, the copper-coated and uncoated 
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composites were hot rolled to investigate the effect of copper coating on the heat 

deformation properties. The mechanism of the effect of the change of carbon fiber 

arrangement on the thermal conductivity of the composites due to the hot rolling 

process was also analyzed. The following conclusions were obtained: 

(1). The copper coating improves the wettability of short carbon fiber and Al 

matrix, resulting in better electrical conductivity of the mixed powder of copper-coated 

carbon fiber and Al powder. This leads to the full effect of the pulse current during the 

sintering process, which better removes the oxide film on the surface of the Al powder 

and results in good metallurgical bonding of the copper-coated composites. In contrast, 

the poor electrical conductivity of the mixture of uncoated copper carbon fiber and Al 

powder results in poor metallurgical bonding of the uncoated copper composites. The 

oxide film on the surface of the Al powder is not completely removed by the pulsed 

current, leading to the presence of obvious oxide bands in SEM observations and EDS 

analysis. 

(2). EDS analysis results indicated that, after ball milling and sintering, the copper 

coating on short carbon fibers partially exfoliated and diffused into the Al matrix, with 

only a small amount remaining adhered to the short carbon fibers. 

(3). Both composites underwent strong plastic deformation after hot rolling. EBSD 

results revealed that the uncoated copper composites experienced cracking at the 

interface due to stress concentration, and the oxide bands from sintering remained 

present in the Al matrix. In contrast, the copper-coated composites exhibited well-

bonded interfaces, and no interfacial cracking was observed even in stress-concentrated 

areas. These findings suggest that interface modification improves interfacial coherence, 

enhancing the plastic deformation ability of the composites. 

(4). The XRD results showed that only elemental C and Al were present in both 

composites. It is difficult to be detected due to the low content of other elements. The 

TEM results at the interface showed that the interfacial product of the uncoated short 

carbon fiber and the Al matrix in the sintered state was amorphous carbide, while the 

harmful product Al4C3 was generated at the interface after hot rolling. Amorphous 
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carbides were also generated between the copper coated short carbon fibers and the Al 

matrix, but the thickness was less than that of the uncoated copper composites, and no 

harmful crystalline products were observed at the interface after hot rolling. Therefore, 

it is known that the copper coating has the effect of inhibiting the interfacial reaction. 

(5). Nano-hardness measurements at the interface revealed that the hardness 

values of uncoated carbon fibers decreased sharply after hot rolling, while the hardness 

values at the interface increased substantially. In contrast, the hardness of copper-coated 

carbon fibers did not change significantly before and after hot rolling. These results 

suggest that uncoated carbon fibers reacted violently with the Al matrix during hot 

rolling, leading to the production of crystalline products and higher interfacial hardness 

values. During this process, carbon atoms diffused into the Al matrix, causing damage 

to the structure of carbon fibers and a decrease in their strength. In contrast, the copper 

coating protected the structure of carbon fibers from damage during thermal 

deformation by inhibiting the violent interfacial reaction, resulting in improved 

mechanical properties of the composites. 

(6). Room temperature tensile tests revealed that the copper-coated composites 

exhibited slightly higher yield strength and plasticity than the uncoated composites. 

This is attributed to the good metallurgical bonding of the copper-coated composites 

and the protection of the carbon fiber structure. However, the plasticity of both 

composites is much lower than that of pure Al. SEM observations of the tensile fracture 

indicate that the larger diameter of short carbon fibers results in cutting effects on the 

Al matrix, leading to reduced plasticity of the composites. 

(7). Thermal conductivity tests revealed that the copper-coated composites had 

higher thermal conductivity than the uncoated composites, both before and after hot 

rolling. This is attributed to the good metallurgical bonding of the copper-coated 

composites and the modification of the interface by the copper coating. Calculations of 

the interfacial product thickness and interfacial thermal conductivity indicate that the 

thickness of the interfacial product is inversely proportional to the interfacial thermal 

conductivity for interfacial products with lower thermal conductivity. After hot rolling, 

the short carbon fibers in both composites were aligned in the rolling direction, resulting 
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in higher thermal conductivity in that direction due to the higher thermal conductivity 

of the short carbon fibers in the axial direction. 

(8). Texture analysis revealed that the coated and uncoated composites exhibited 

different texture strengths. The recrystallization grain mechanisms were traced based 

on the type of texture, and the results indicated that the dynamic recrystallization 

mechanisms of SCF/Al and Cu-SCF/Al involved continuous dynamic recrystallization 

mechanisms transitioning from low-angle grain boundaries to high-angle grain 

boundaries, shear band grain nucleation, and the Rot-Gauss texture promoting 

recrystallized grain nucleation. 

2. Reinforcement size: Effect of short carbon fiber and nano carbon fiber as 

reinforcement on microstructure and properties of hot-rolled aluminum matrix 

composites 

The first part of the study demonstrated that the larger diameter of short carbon 

fibers negatively affects the plasticity of composites. Thus, this part of the study 

investigates the effect of reinforcement size on composites. Two composites were 

prepared using short carbon fibers and vapor phase grown carbon nanofibers (VGCNFs) 

as reinforcement at the same volume fraction (3% vol.). The study investigated the 

effects of reinforcement size on the microstructure, interfacial structure, mechanical 

properties, and thermal properties of the composites. Both short carbon fiber and carbon 

nanofiber reinforced composites were hot-rolled to investigate the mechanism of the 

influence of reinforcement size on the thermal deformation of the composites. The main 

conclusions are as follows: 

(1). SEM results revealed that agglomeration occurred in the Al matrix due to the 

smaller diameter and larger aspect ratio of VGCNFs. In contrast, short carbon fibers 

did not agglomerate at the same volume fraction due to their larger size, and were 

uniformly distributed in the Al matrix. 

(2). EBSD results indicated that short carbon fiber reinforced composites have 

smaller grain size and higher grain boundary density compared to carbon nanofiber 

reinforced composites. This is attributed to the hindering effect of short carbon fibers 
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on grain boundary motion and the stimulation of nucleation. KAM results revealed that 

the addition of short carbon fibers resulted in higher residual stresses in the Al matrix, 

while the addition of carbon nanofibers did not introduce excessive stresses into the Al 

matrix. 

(3). After hot rolling, short carbon fiber reinforced composites exhibit more 

equiaxed fine grains, while the grains in carbon nanofiber reinforced composites mainly 

take the form of fibers along the rolling direction. The dynamic recrystallization process 

of short carbon fiber reinforced composites is faster for the same amount of deformation, 

which is attributed to the obstruction of dislocation and grain boundary motion by short 

carbon fibers, providing an energy drive for recrystallization. 

(4). SEM results revealed that short carbon fibers were tightly bonded to the Al 

matrix, while VGCNFs had pores at the interface with the Al matrix due to 

agglomeration. TEM results showed that the interface between short carbon fibers and 

the Al matrix was well bonded, with continuous and thick interface products. In contrast, 

obvious pores were observed at the interface between VGCNFs and the Al matrix. 

Further amplification of the interface revealed the generation of amorphous carbides at 

the bond between VGCNFs and the Al matrix. 

(5). Nano-hardness measurements at the interface revealed that interfacial 

hardness values of short carbon fibers and the Al matrix were higher than those of 

VGCNFs and the Al matrix, both before and after hot rolling. This is attributed to the 

good interfacial bonding of short carbon fibers with the Al matrix. 

(6). Tensile stress-strain curves at room temperature revealed that carbon 

nanofiber-reinforced composites in the sintered state had plasticity comparable to that 

of pure Al and yield strength slightly higher than that of pure Al. This is attributed to 

the smaller size and lower strength of carbon nanofiber clusters. However, after hot 

rolling, the plasticity of carbon nanofiber-reinforced composites was reduced, and the 

yield strength values were lower than those of pure Al. Observation and analysis of the 

tensile fracture showed that the carbon nanofiber clusters changed from equiaxed to 

elongated along the rolling direction with sharp ends, which could easily become a 

source of cracks and lead to failure due to stress concentration. Moreover, mutual 
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agglomeration between VGCNFs made it difficult to play a good reinforcement role, 

resulting in low strength of carbon nanofiber-reinforced composites. 

(7). Before and after hot rolling, short carbon fiber reinforced composites exhibit 

higher yield strength than both pure Al and carbon nanofiber reinforced composites, 

but lower plasticity. This is attributed to the homogeneous dispersion of carbon fibers 

in the Al matrix, the pinning effect on grain boundaries and dislocations, the load 

transfer mechanism, and the fine grain reinforcement resulting in high strength of the 

composite. However, as shown in the first part of the study, the large diameter of short 

carbon fibers has a negative effect on the plasticity of the composites, resulting in lower 

plasticity. 

(8). Thermal conductivity results of both composites before and after hot rolling 

revealed that carbon nanofiber reinforced composites had higher thermal conductivity 

than short carbon fiber reinforced composites, both before and after hot rolling. This is 

mainly due to the higher thermal conductivity of VGCNF compared to short carbon 

fibers. However, calculations of the thermal conductivity efficiency of the two 

reinforced materials showed that, although VGCNF reinforced composites have higher 

thermal conductivity under the same volume fraction, the thermal conductivity 

efficiency of VGCNF is lower than that of short carbon fiber. This is because VGCNF 

is agglomerated and exists in the form of clusters in the Al matrix, generating more heat 

loss in the heat conduction process, resulting in low heat conduction efficiency. In 

contrast, short carbon fibers are well combined with the Al matrix and produce only a 

small amount of heat loss at the interface, resulting in high thermal conductivity 

efficiency. 

3. Reinforcement of composites: Microstructure evolution, property analysis, 

and interface study of 3%CF-3%SiC-10%SiC functional gradient aluminum 

matrix composites 

The addition of reinforcement to the Al matrix inevitably affects the integrity of 

the Al matrix and has a negative impact on its plastic deformability. Previous studies 

have shown that the larger diameter of short carbon fibers leads to lower plasticity of 
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the composites, and although carbon nanofibers do not have an overly negative effect 

on the plasticity of the composite, the agglomeration of carbon nanofibers leads to 

lower strength of the composites. Therefore, achieving the synergistic enhancement of 

strength and plasticity of composites is a difficult problem in current research. The 

design of heterogeneous structure and the preparation of gradient structure are effective 

means to solve the strength-plasticity problem. In this part of the study, short carbon 

fiber reinforced Al matrix composites were used to achieve the synergistic enhancement 

of strength and plasticity of composites through the design of a gradient structure. The 

3% CF-3% SiC-10% SiC gradient-reinforced Al matrix composites were prepared 

using the SPS technique, and the microstructure characteristics, mechanical properties, 

interfacial structure, and thermal conductivity of the gradient composites were 

investigated. The mechanism of the design of the gradient structure on tissue evolution 

and mechanical properties was analyzed, and the heat deformation properties of the 

gradient composites were investigated by hot rolling. The following conclusions were 

obtained: 

(1). SEM observations of the layers of the gradient composites revealed that no 

defects such as pore cracks were observed. The morphological differences between 

different layers were relatively obvious, and the distribution of reinforcement in each 

layer was uniform, with the reinforcement well bonded to the Al matrix. After hot 

rolling, short carbon fibers were distributed along the hot rolling direction, while the 

distribution of silicon carbide particles did not change significantly. 

(2). Peak-seeking XRD results of the gradient composites before and after hot 

rolling detected the presence of C-phase, Al-phase, SiC-phase, and Al4C3-phase. 

(3). Microhardness measurements of each layer of the gradient composites and at 

the interface revealed that hardness values gradually increased from the 3% CF layer 

to the 3% SiC layer to the 10% SiC layer, and the interfacial hardness of each layer was 

significantly higher than the hardness value of the previous layer. This indicates that 

the gradient composites have more complex microstructure characteristics at the 

interface of each layer. 

(4). EBSD results revealed that for the gradient composites in the sintered state, 
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the grain size of the 3% CF layer was larger than that of the 3% SiC layer and the 10% 

SiC layer. Correspondingly, the residual stress and the percentage of low-angle grain 

boundaries in the 3% CF layer were lower than those in the SiC layer. This is attributed 

to the fact that the addition of SiC particles has a stronger effect on grain boundary and 

dislocation motion compared to short carbon fibers, resulting in smaller grain size and 

higher stress values in the composites. 

(5). After hot rolling, the grain size of all layers of the gradient composites 

substantially reduced, but the 10% SiC layer had the smallest grain size while the 3% 

CF layer had the largest grain size. The SiC layer had more equiaxed fine grains in 

terms of grain morphology, and more randomly oriented grains in terms of grain 

orientation. This indicates that the two SiC layers had a faster dynamic recrystallization 

process than the CF layer for the same amount of deformation. This is mainly attributed 

to the stronger grain boundary and dislocation pegging of SiC particles, as well as 

stimulated nucleation. 

(6). Tensile stress-strain curves at room temperature showed that the gradient 

composites had both higher yield strength and plasticity compared to pure Al and single 

short carbon fiber reinforced composites. Observation of the tensile fracture revealed 

that the 3% SiC layer had a large number of small-sized tough nests, along with the 10% 

SiC layer before and after hot rolling. Therefore, the fine grain strengthening effect due 

to SiC contributed to the high strength of the gradient composites. The promotion of 

dislocation formation by SiC and the hindrance of cracks by the gradient structure were 

the main reasons for the high plastic deformability. 

(7). Thermal conductivity measurements in horizontal and axial directions 

revealed that the thermal conductivity of the gradient composites was lower than that 

of pure Al and short carbon fiber reinforced composites. This was attributed to the 

addition of SiC particles, which led to more interfaces in the composites, resulting in 

heat loss when passing through the interfaces. As the number of interfaces increased, 

the heat loss also increased, leading to lower thermal conductivity. Additionally, for the 

gradient composites, the thermal conductivity in the axial direction after hot rolling was 
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lower than that in the horizontal direction. This was mainly due to the higher density of 

grain boundaries in the axial direction after hot rolling, resulting in more heat loss. 

(8). Characterization and analysis of the interlayer interface of the gradient 

composites revealed that residual stresses at the interlayer interface were high, and the 

interface was the dividing line between plasticity and grain orientation. The higher 

stresses made the interlayer interface prone to be the first to fail during the deformation 

process. 

(9). TEM observations at the interface between the short carbon fiber and the Al 

matrix and the interface between the SiC and the Al matrix showed that both 

reinforcements were well bonded to the Al matrix, and no defects such as cracks or 

holes were observed at the interface in the bright-field TEM photographs. A higher 

density of dislocations was observed near the SiC particles, indicating that SiC particles 

have a greater pegging effect on dislocations than short carbon fibers. Analysis of 

diffraction spots at the interface showed that SiC has a semi-coherent interface with 

both the short carbon fiber and the Al matrix, indicating that both reinforcements were 

tightly bonded to the Al matrix. FFT of the interfacial products showed that both SiC 

particles and short carbon fibers generated amorphous carbides with the Al matrix, and 

the generation of interfacial products also indicated good interfacial bonding. 

(10). After hot rolling, the gradient Al matrix composite layers have different 

textures. The 3% CF layer has more Copper and Brass textures, i.e., rolled textures, 

while the SiC layer has more R texture, i.e., recrystallization texture. The SiC layer has 

a higher recrystallization percentage, which is supported by the side effects. Judging 

from the distribution and morphology of the texture, the recrystallization mechanism 

of the CF layer is mainly in situ recrystallization, while the SiC layer mainly forms 

recrystallized grains through the nucleation-growth mechanism. The different 

recrystallization mechanisms lead to different recrystallized grain morphologies, which 

in turn affect the microstructure and mechanical properties of the different layers. 
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