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Abstract 

In this paper, the powder metallurgy method was used to prepare nano-C and in-

situ Al2O3 hybrid reinforced Al matrix composites, the grain size was refined and the 

dispersion of reinforcements was improved by equal-channel angular pressing (ECAP). 

There were twin Si and slip steps in the composites reinforced by 0.75% CNTs, 0.25% 

GNPs and Al2O3 by 3 ECAP passes. The interface between CNTs and the matrix was 

closely bonded. The γ-Al2O3 particles and fibers were generated by the in-situ method, 

and the nucleation and interfacial orientation of Al2O3 were discussed. With the increase 

of ECAP passes, the electrical and mechanical properties of the composites were 



improved. The resistivity of 0.5% GNPs reinforced the composites by 3 ECAP passes 

was the lowest, which was 3.64 × 10-8 Ωm. The maximum hardness of 1.0% CNTs 

reinforced the composites after 3 ECAP passes was 321.9 HV. The compressive 

strength the composites were improved compared with that of Al-Si alloy. The 

strengthening mechanism of ECAP treated Al matrix composites was summarized as 

dislocation strengthening, dispersion strengthening, grain boundary strengthening and 

load transfer. 

Keywords: nano-C; Al matrix composites; equal-channel angular pressing; interfacial 

orientation; strengthening mechanism 

1. Introduction 

Lightweight Al matrix composites with low density, excellent mechanical and 

electrical properties have been widely used in automobile manufacturing and aerospace 

fields, such as automotive brakes, jet engine gears and cutting tools [1]. The 

reinforcements of metal matrix composites mainly include particle phase and fiber 

phase. The particle reinforced phases include Al2O3 [2, 3], SiC [4-7], TiB2 [8, 9]. 

Ceramic particle reinforced metal matrix composites have the advantages of high 

strength and good plastic toughness of metal materials as well as high hardness and 

good wear resistance of ceramic particles. The main fiber phases are carbon nanotubes 

(CNTs) [10-12] and graphene nanoplatelets (GNPs) [13, 14], CNTs have Young's 

modulus of 1.8 TPa, bending strength of 14.2 GPa, and excellent electrical properties 

[10-12]. Its unique properties are related to the highly symmetrical structure. GNPs 

have excellent mechanical properties, electrical conductivity and thermal conductivity 

[13], it can improve the electrical and mechanical properties of metal materials [15].  

Nano-C and Al2O3 reinforced Al matrix composites have attracted much attention, 

the strengthening mechanism can be summarized as follows: grain boundary 

strengthening, dispersion strengthening, load transfer and dislocation strengthening 

[16]. Phuong et al. [17] found that the hardness of the CNTs reinforced Al matrix 

composites is higher than that of pure Al, and the grain size of the composites is 

significantly smaller. Chen et al. [11] believed that CNTs can play a role in dispersion 

strengthening when the length of CNT was far less than the dislocation. The 



strengthening effect of GNP is mainly load transfer. Guo et al. [18] pointed out that the 

amorphous transition region between CNTs and Al matrix is conducive to load transfer. 

The effect of dislocation strengthening is related to the shape of the reinforcements, and 

the effect of the plate is greater than that of the fiber than that of the spherical particle 

[19]. Chen [20] prepared the Al-CNTs-γ-Al2O3 composites with excellent tensile 

properties, and calculated the contribution of γ-Al2O3, CNTs and ultrafine-grained Al 

matrix to tensile strength. 

Although Al matrix composites with nano-C and Al2O3 have excellent properties, 

the preparation of the materials is still facing challenges. For instance, the nano-C is 

easy to agglomerate [10, 13], the wettability between the agglomerated nano-C and Al 

matrix is poor, and the interface is easy to produce holes and microcracks. The large 

strain produced by the large plastic deformation technology can disperse nano-C, 

improve the density and refine the grain size [17]. Currently, major plastic deformation 

technologies applied to metal matrix composites mainly include high-pressure torsion 

[21-23], ECAP [1, 24, 25], cyclic extrusion compression [26, 27], accumulative roll 

bonding [28, 29]. ECAP has the characteristics of uniform deformation, high density, 

clean process, simple process and low cost, so it has great potential to prepare the metal 

matrix composites [30]. Besides, the Al2O3 ceramic phase can strengthen the Al matrix, 

but it has poor wettability with the metal matrix, and the in-situ reaction can effectively 

improve the interface structure [2]. 

In this paper, nano-C and in-situ Al2O3 hybrid reinforced Al matrix composites 

were prepared by ball milling and hot isostatic pressing (HIP) sintering. ECAP 

technology was used to improve the density of the composites, refine the grain size and 

optimize properties. The interfacial bonding structure between reinforcements and Al 

matrix was analyzed, the electrical and mechanical properties were measured, and the 

strengthening mechanisms were discussed in detail based on the experimental results.  

2 Experimental procedure  

2.1 Preparation of Al matrix composites 

Based on the preparation method of Shu et al. in our team, the as-prepared Al 

matrix composites were prepared [31]. The main raw materials of the composites are 



Al powder, SiO2 powder, CNTs, GNPs. The diameter of spherical pure Al powder is 

about 16-30 μm and the purity is 99.7%. SiO2 is mainly used to provide O for in-situ 

Al2O3 and form Al-Si alloy matrix containing 5% Si, and the mass ratio of Al: SiO2 is 

9.47:1. The particle size of SiO2 powder is 13 μm and the purity is 99.9%. CNTs and 

GNPs are used as reinforcements. The length of CNTs is 10-30 μm, the diameter is 20-

30 nm, and the purity is 95%. The GNPs lamellae are less than 10 layers, and the purity 

is 99.8%. Rutin solution and gallic acid solution graft hydrophilic groups on the surface 

of nano-C to achieve surface modification [31, 32]. Al powder, SiO2 powder, dispersed 

CNTs and GNPs were matched according to the composition of the Al-5% Si alloy 

enhanced by 1.0% CNTs, 0.5% GNPs and 0.75% CNTs+0.25% GNPs. A planetary ball 

milling (WL-1) was used to mix the powder at a speed of 350 rpm for 1 h. The mixed 

slurry was placed in a vacuum freeze dryer (FD-A-50) at - 50 ℃ for 24 h. Cold isostatic 

press (KJY C) was used to preform the composites powders. The composites were 

sintered by HIP (QIH-15) at 800℃ with a pressure of 70 MPa, for 0.5 h [31].  

In order to refine grain and improve the mechanical and electrical properties of the 

composites, ECAP technology was used to process the composites. The ECAP machine 

(MTS-311) has two 10 mm × 10 mm cross-section channels (vertical channel and 

horizontal channel). The as-prepared composites were lubricated with MoS2. At room 

temperature, the extrusion speed of ECAP was 0.5mm /s, exerting a force of 200 KN 

and passing through path A. The extrusion passes were 0, 1, 2 and 3, respectively. The 

preparation process of the composites is shown in Fig. 1. 

 



 

Fig. 1. The schematic diagram of the preparation of the Al matrix composites 

2.2 Microstructural characterization and mechanical testing 

The X-ray diffraction (XRD, X.Pert Pro-MPD) was used to analyze the 

microstructure of the composites. The distribution of the enhancements were observed 

by optical microscope (OM, Zeis Axio Imager. Aim). The surface microstructure of the 

composites was further observed by scanning electron microscope (SEM, JEOL JSM-

7001F), and EDS analyzed the point composition, and judged the phase composition. 

Transmission electron microscope (TEM, JM-2100F) was used to observe the 

morphology and distribution of reinforcements, and analyze the interface structure 

between reinforcements and the matrix. The density of the composite was measured by 

the Archimedes principle. The hardness of the composite was tested by a microhardness 

tester (HXD-1000TM) with load of 100 gf for 10s, and the sampling method was shown 

in Fig. 2. The universal testing machine (WDW-3100) was used to test the compressive 

properties of the Al-Si alloy and the composites. The electrical property of the 

composites was measured by a conductivity tester (Sigmatest 2.06).  



 

Fig. 2. The sampling method for testing hardness of the composites 

3 Results and Discussion 

3.1 Microstructure analysis 

Fig. 3 shows the XRD spectra of Al matrix composites enhanced by 1.0% CNTs 

with 0 ECAP pass and 3 ECAP passes. The composites consist of four phases, Al, Si, 

γ-Al2O3 and Al4C3, and the peak strength of Al2O3 and Al4C3 is very small. Al2O3 is 

generated by the in-situ reaction between Al and SiO2, and the reaction equation is 

shown in formula (1). Compared with XRD standard card, γ- Al2O3 was obtained by 

in-situ reaction. Woo et al. [33] also successfully prepared Al2O3 reinforced the Al 

matrix composites by in-situ reaction of Al and SiO2. The process of ball milling leads 

to the transformation of CNTs from the complete C wall to C atom [18, 34], the free C 

and Al are easy to react to form Al4C3. However, the amount of free C provided by ball 

milling is limited, so the content of Al4C3 is very small.  

                 4Al + 3SiO2 → 2Al2O3 + 3Si                     (1) 

Besides, no new phase is detected after ECAP, indicating that there is no phase 

transformation, but the peak strength changes significantly. The strength of {111}Al and 

{311}Al increases, while the peak strength of {200}Al decreases obviously, which shows 

that the grains of {200}Al are broken and refined by ECAP, and the shear strain leads to 

the grain turning and moving. Therefore, more and more grains are distributed along 

with the {111}Al and {311}Al planes. 



 

Fig. 3. XRD spectra of the composites reinforced by 1.0% CNTs and Al2O3 

Fig. 4 shows the microstructure of the composites reinforced by nano-C and Al2O3. 

The OM images of 0 ECAP pass and 3 ECAP passes of the composites reinforced by 

0.5% GNPs and Al2O3 are shown in Fig. 4a and b, GNPs aggregates are observed in the 

as-prepared composites which are easy to fall off during polishing. In the composite of 

3 ECAP passes, the size of black GNPs aggregates decreases significantly, and GNPs 

are uniformly distributed in the matrix. ECAP produced a large shear strain, broken the 

GNPs aggregates and improved the dispersion of GNPs.  

Fig. 4c-f are the SEM images of the composites reinforced by 1.0% CNTs and 

Al2O3 with 0, 1, 2 and 3 ECAP passes, respectively. In Fig. 4c, the white granular phase, 

dark gray phase and black phase are distributed in the matrix. According to the EDS 

results, the uniformly distributed white particles are Al2O3, the grain size is about 3 μm, 

and in-situ Al2O3 particles present a fan shape (the circle area) and multilateral shape, 

dispersive Al2O3 particles can play an effective role in dispersion strengthening [3]. 

Al2O3 and the black phase are also observed in Fig. 4d. In Fig. 4e, the EDS results show 

that the black phase is nano-C and the dark gray phase is Si generated by in-situ reaction 



which is distributed at the interface of Al. The EDS result in Fig. 4f further proves that 

the white particle phase is Al2O3, and the size of Al2O3 particles is consistent with that 

in Fig. 4c of 0 ECAP pass, indicating Al2O3 are not destroyed by ECAP. Arab et al. [35] 

suggested that ECAP improved the interface structure of ceramic phase and matrix, 

which is conducive to the load transfer and generated more dislocations to improve the 

effect of dislocation strengthening.  

 

Fig. 4. Microstructure morphology of the composites, (a, b) OM images of the Al 

matrix composites reinforced by 0.5% GNPs and Al2O3 of ECAP 0 pass and 3 passes, 

(c-f) SEM images of Al matrix composites reinforced by 1.0% CNTs and Al2O3 of 0, 

1, 2 and 3 ECAP passes 

Fig. 5 shows the TEM results of Al matrix composites reinforced by 0.75% CNTs, 



0.25% GNPs and Al2O3 by 3 ECAP passes. In Fig. 5a, the EDS result shows that the 

content of Si is 87%, indicating that the black strips material is Si with an obvious twin 

structure. There are flake GNPs in the grain boundary of Al-Si matrix. Fig. 5b is the 

SAED result of point 1, which can separate two sets of symmetrical diffraction patterns, 

further proving that the black stripe material is Si with a twin structure. Some Si atoms 

diffuse into the Al grains and nucleated into strip Si, while others nucleate and grow 

before diffusion to form granular Si, which adhered to the surface of Al grains [36].  

In Fig. 5c and d, a large number of slip steps are observed in the matrix. Because 

a large number of dislocations are generated during the ECAP process and slip to the 

particle surface. According to TEM results, the plastic deformation mechanism of the 

composites are deduced. Al with a FCC structure has many slip systems. Therefore, in 

the early stage of ECAP plastic deformation, dislocation slip is the main deformation 

mechanism. Because of the barrier effect of the interface and reinforcements on the 

dislocation, dislocation stacking is caused. As the plastic deformation continues to 

increase, twin Si is induced, and the deformation mechanism is mainly twinning. The 

twin Si provides a supplementary deformation mechanism, which is beneficial to 

improve the mechanical properties of the composites. 



 

Fig. 5. TEM of the Al matrix composites enhanced by 0.75% CNTs, 0.25% GNPs and 

Al2O3 by 3 ECAP passes 

Fig. 6 shows the TEM images of Al2O3 in the Al matrix composites reinforced by 

0.75% CNTs, 0.25% GNPs and Al2O3 by 3 ECAP passes. In Fig. 6a, fibers and granular 

materials are observed around the gray-white Al matrix. The boxed positions in Fig. 6a 

are enlarged in Fig. 6b and c. The EDS result in Fig. 6b suggests that the fibers are 

Al2O3, which are randomly distributed and interlacing without an obvious orientation 

relationship. The EDS result in Fig. 6c indicates that the particle phase also is Al2O3. 

Al2O3 particles are distributed along with the interface of Al matrix and have a pinning 

effect on grain boundary, which prevent grain boundary movement of Al in the high-

temperature sintering process, prevent grain growth and refine grain. The α-Al2O3 

requires a high temperature of 1200℃ to produce, while the formation temperature of 



γ-Al2O3 is relatively low. The nucleated Al2O3 particles grow into Al2O3 fibers with 

sufficient parent phase [37], and the sintering temperature in this paper is 800℃, so 

both particle and fiber phase are γ-Al2O3, and this conclusion is consistent with the 

XRD results.  

 

Fig. 6. TEM and EDS results of the Al matrix composites reinforced by 0.75% CNTs, 

0.25% GNPs and Al2O3 by 3 ECAP passes 

Fig. 7 shows the interface structure between Al2O3 and matrix. In Fig. 7a, the 

agglomerated nano-C is entangled with Al2O3 particles. In Fig. 7b, EDS proves that the 

particle phase is Al2O3, and it’s similar to the fan shape, which is consistent with SEM 

results. The interface is clear and narrow, which also proves the advantage of the in-situ 

method to prepare enhancements. Besides, a single CNT with discrete distribution and 

a single GNP with wrinkled surface were observed, which suggests the dispersion of 

nano-C can be improved by chemical modification.  

Fig. 7c shows that the diameter of Al2O3 short fiber is about 20 nm, and the ECAP 

process does not make the short fiber bend or break, so the short fiber Al2O3 has high 

strength. Fig. 7d is a HRTEM image of the box region in Fig. 7c. Al2O3 fiber is closely 

bound to the matrix with a clean interface. Besides, the interface is not smooth and 

presents a serrate shape, which can increase the friction force, prevent the fiber pulled 

out and improve the strength of the composites. The crystal spacing of Al2O3 fiber is 

0.20 nm. Qu [37] prepared Al matrix composites reinforced by in-situ γ-Al2O3 whisker, 

the average diameter of the whisker is 20 nm, the crystal spacing is 0.20 nm, and this 

paper is consistent with it. 



 

Fig. 7. TEM images of the Al composites reinforced by 0.75% CNTs, 0.25% GNPs 

and Al2O3 by 3 ECAP passes, (a, b) Al2O3 particles, (c, d) Al2O3 fiber. 

Fig. 8 is the TEM images of the composites enhanced by 0.75% CNTs, 0.25% 

GNPs and Al2O3 by 3 ECAP passes. The EDS result in Fig. 8a shows that the gray-

white material is agglomerated nano-C. CNTs are distributed at the grain boundary with 

obvious root structure and bent during preparation. Nano-C is closely bonded with the 

matrix without obvious pores. Fig. 8b is the SAED pattern at point 1, and the diffraction 

pattern is concentric rings, which indicates that C is polycrystalline because of the 

entanglement of CNTs and GNPs. Fig. 8c indicates that flake GNPs distribute at the 

edge of CNTs aggregates. In Fig. 8d, CNTs are embedded in Al matrix. 

Fig. 8e and f are the HRTEM of the interface between nano-C and matrix. In Fig. 

8e, a single curved CNT is observed. The interface between CNT and matrix is tightly 



bonded, clean and without brittle phase. The layer spacing of CNTs is 0.37 nm, which 

is little larger than other reports [38-40]. ECAP produces large strains that cause 

bending of CNTs, slightly increasing the layer spacing of CNTs. In Fig. 8f, the bond 

between CNTs and Al matrix is close and there seem to be an amorphous transition 

layer at the interface [15, 18]. 



 

Fig. 8. TEM images of the interface between CNTs and Al matrix  

3.2 The nucleation and interface of Al2O3 

In the process of preparation, Al and SiO2 reacted to form Si and Al2O3. Under the 



experimental conditions, the new phase nucleates and grows by heterogeneous 

nucleation. During the sintering process, Al and SiO2 diffuse each other, and the parent 

phase provides the wall of heterogeneous nucleation for the new phase, and the new 

phase is attached to the parent phase nucleation and grows at the expense of the parent 

phase. No SiO2 is observed by XRD or SEM, indicating that the in-situ reaction is 

thorough and SiO2 is almost completely consumed.  

Si and Al2O3 particles are distributed along the grain boundary of Al in the SEM 

and TEM images. The free enthalpy of the system at the interface is high, especially at 

the high-angle grain boundary (HAGB), the atom mismatch degree is high, the structure 

is loose, and the bond is seriously distorted or even broken, and the energy stored can 

reduce the heterogeneous nucleation work, which is more conducive to the nucleation 

and make the system thermodynamic stable [41]. Al2O3 particles are observed to be 

fan-shaped and polygonal in the microscopic images in Fig. 4 and Fig. 7, which is 

related to the orientation of the interface. Fig. 9 is a schematic diagram of the interface 

relationship between Al2O3 and Al grains. The energy at the grain boundary, dislocation 

and other defects are high, so Al2O3 is easy to nucleate at the defect of Al grain [42, 43]. 

 In Fig. 9a, Al2O3 particles nucleate along the HAGB. The grains Al 1 and Al 2 on 

both sides of the HAGB are non-coherent. The lattice constant of γ-Al2O3 is 8, that of 

Al is 4, and that of γ-Al2O3 is just twice of Al. When Al2O3 adheres to Al for nucleation, 

one side of the Al2O3 may have a certain orientation relationship with Al 1 [44, 45], 

forming a flat interface similar to coherent or semi-coherent, which can reduce the 

interface energy and the nucleation work. On the other side of Al2O3 particles, due to 

the influence of HAGB, the mismatch degree of Al 1 and Al 2 is large. The interface 

between Al2O3 and Al 2 must be a non-coherent interface with a poor matching degree. 

During the nucleation and growth process, the interface is an arc to reduce the interface 

area.  

Besides, some of the Al2O3 particles in this paper are polygonal, mostly 

quadrilateral, as shown in Fig. 9b. A series of dislocations form the low-angle grain 

boundary (LAGB), so part of the Al2O3 nucleate along the LAGB and most of the atoms 

on both sides of LAGB match well. Therefore, interfaces of nucleated Al2O3 and Al 



grains on both sides are flat which is similar to coherent or semi-coherent, so Al2O3 is 

a quadrilateral. At the reaction temperature, the Al2O3 particles nucleate. When the 

parent phase is sufficient, the Al2O3 fibers nucleate and grow on the basis of the Al2O3 

particles in the heat preservation process [37]. Adequate SiO2 supports the Al2O3 fibers 

with large aspect ratio to grow on the basis of particles. When the parent phase is 

insufficient, SiO2 is consumed before growing into Al2O3 fibers, only Al2O3 particles 

can be obtained, and the fanlike and quadrilateral states of nucleated Al2O3 are retained. 

 

Fig. 9. The relationship between nucleation and interface orientation of Al2O3 

3.3 Performance test analysis 

Fig. 10 shows the relative density of the composites. In the as-prepared composites, 

the relative density of 1.0% CNTs reinforced the composite is the lowest, because the 

thermal expansion coefficient of nano-C is greatly different from that of Al [46], the 

relative density decrease with the increase of nano-C. In addition, CNTs are easier to 

agglomerate than GNPs due to their large aspect ratio, and agglomeration reduces the 



density [47]. Compared with the as-prepared composites, the relative density of the 

composites increases with the increase of ECAP passes. ECAP produces shear strain, 

breaks up the aggregates, disperses the reinforcement and fill the void in the matrix to 

improve the relative density [24, 48]. After 3 ECAP passes, the relative density of all 

composites are above 99.8%, and the composite with 0.75% CNTs and 0.25% GNPs is 

still the highest, which is 99.96%.  

 

Fig. 10. The curve of the relative density of the Al matrix composites reinforced by 

nano-C and Al2O3 by ECAP 

 Fig. 11 is a diagram of resistivity of the composites with different ECAP passes. 

The resistivity of the composite reinforced by 0.5% GNPs is the lowest, and that of 

composites with1.0% CNTs is the highest. The higher the content of nano-C is, the 

higher the porosity of the composites is. The holes cause electron scattering, hinder the 

directional movement of electrons and increase the resistivity. Besides, the aspect ratio 

of CNT is larger, and CNT has excellent electrical property only in the axial direction 

[49], while GNP is a two-dimensional material with extremely high electrical 

conductivity [38]. After ECAP treatment, the resistivity of the composites decreased, 

and the resistivity of 0.5% GNPs reinforced the composites by 3 ECAP passes is 3.64 



× 10-8 Ωm. ECAP breaks nano-C aggregates, reduce the porosity, make the directional 

movement of electrons more smoothly, and thus improve the electrical conductivity. 

 

Fig. 11. The curve of the resistivity of the Al matrix composites by ECAP 

Fig. 12 is a diagram of the microhardness distribution of 1.0% CNTs reinforced 

the composites by ECAP. The hardness distribution diagram of the as-prepared 

composites is uniform in color, and the average hardness value is 76.6 HV. The 

maximum hardness of 1.0% CNTs reinforced Al prepared by Van Trinh is about 58 HV 

[50], which is much lower than that of the as-prepared 1.0% CNTs reinforced Al-Si 

alloy in this paper, because Si is conducive to improving the hardness of Al. As the 

number of passes of ECAP increases, the hardness of the sample increases. After 3 

ECAP passes, the minimum hardness of the sample reaches 109.3 HV and the hardness 

at (3, 0) reaches 321.9 HV. The hardness at the center does not increase as much as that 

at the edge, and the center hardness of the composite is small and the edge hardness is 

large. This phenomenon becomes more obvious with the increase of the passes of ECAP.  

The hardness distribution is related to the porosity and strain gradient [51, 52]. The 

higher the porosity, the lower the hardness; the greater the strain, the higher the hardness. 



With the increase of extrusion passes, the strain accumulates and produces a strong 

shear effect, which reduces the porosity of the sample edge and increases the density, 

so the hardness of the edge is large. Also, when the shear stress reaches the yield 

strength, the sample breaks and recrystallizes, refine the grain and improve the hardness. 

At the same time, the nano-C dispersed more evenly, the enhancement effect is better. 

However, the shear strain at the center is small and the strengthening effect is small, 

which results in the difference of hardness between the center and the edge. Zare et al. 

[1] prepared the Al matrix composites by ECAP and also found that the edge hardness 

of the sample was large, and pointed that the hardness heterogeneity is related to the 

flow rate of the material during the ECAP process. 

 

Fig. 12. The microhardness distribution of the Al matrix composites reinforced by 

1.0% CNTs with 0, 1, 2 and 3 ECAP passes, respectively (the hardness on the top is a 

two-dimensional representation, and the hardness on the bottom is a three-

dimensional representation) 

Fig. 13 is the compressive stress-strain curve of Al-Si alloy and the Al matrix 

composites after 3 ECAP passes. The compressive strength of Al-Si alloy is 330MPa 



and the compression ratio is 31%. After 3 ECAP passes, the compressive strength of 

the composites with 1.0% CNTs, 0.5% GNPs, 0.75% CNTs+0.25% GNPs are 397MPa, 

395MPa and 392MPa respectively, and the compression ratio is 33%, 40% and 35%, 

respectively, indicating that the compressive strength and compression ratio of the 

composites are improved compared with that of Al-Si alloy. On the one hand, the 

addition of CNTs and GNPs can play the role of load transfer and improve the strength 

effectively [18, 39, 40]. On the other hand, compared with the compressive strength of 

Al matrix composites without ECAP treatment prepared by Shu of our research group 

[31], the compressive strength in this paper is all improved. The ECAP increases the 

dislocation density, and the dislocation movement is blocked at the interface and the 

reinforcement, resulting in the formation of substructure and grain refinement. The 

dynamic recovery in the ECAP process improves the strength and toughness of the 

composites [1, 25]. 

 

Fig. 13. The compressive stress-strain curve of Al-Si alloy and the Al matrix 

composites after 3 ECAP passes 

3.4 Strengthening mechanism analysis 



In this paper, the reinforcements of the Al matrix composites include CNTs, GNPs, 

Al2O3 fiber and particles. According to the experimental results, the strengthening 

mechanism of the composites by ECAP mainly includes load transfer, dislocation 

strengthening, dispersion strengthening and grain boundary strengthening. The 

schematic diagram of the strengthening mechanism is shown in Fig. 14. The load 

transfer plays a very important strengthening role for CNTs and GNPs, as shown in Fig. 

14a. A large number of studies have indicated that the amorphous transition region 

between the nano-C and Al matrix can strengthen the interfacial structure, and the load 

can be transferred more effectively from the matrix to the fiber reinforcements [15, 18, 

23, 38]. Strengthening value of load transfer (∆σLT) can be calculated by the formula 

(2-4) [16, 39]. 

∆σLT = σmVm + σfVf (1- Lc (2L)⁄ ) - σm           L > Lc            (2) 

              ∆σLT = σmVm + σfVf (Lc (2L)⁄ ) - σm           L ≤ Lc            (3) 

                        Lc =   σfdf (2𝜏 )⁄                           (4) 

σm and σf represent the strength of matrix and reinforcements, Vm and Vf are 

the volume fraction of matrix and reinforcements. L denotes the actual length of the 

fiber, and Lc  denotes the critical length.  df  is the average diameter of the 

reinforcements τm is the shear modulus of the matrix. 

In TEM results, a large number of dislocations were observed. The dislocations 

mainly come from two parts, one is the difference of thermal expansion coefficient 

between reinforcements and matrix, which leads to the increase of initial dislocation 

density [1]. The thermal expansion coefficient of Al is 24 × 10 − 6· C− 1, that of Al2O3 is 

7.92 × 10 − 6·C− 1, and that of nano-C is 2 × 10 − 6· C− 1. During sintering and cooling, 

the different expansion and contraction degree between reinforcements and Al matrix 

leads to strain mismatch at the interface, which increases the initial dislocation density 

and promotes dislocation strengthening. The other part is that ECAP produces large 

plastic deformation and increases dislocation density, as shown in Fig. 14b. As ECAP 

goes on, the dislocations begin to move. When the moving dislocations encounter the 

fine Al2O3 particles, the dislocations bypass the nanoparticles and leave a dislocation 

ring around the nanoparticles to achieve the effect of dispersion strengthening, as shown 



in Fig. 14c. The dispersion strengthening value (∆σDS) can be calculated by the formula 

(5) [21].  

               ∆σDS = MGb ln( πdt/4b (2πγ√1-v)⁄ )                 (5)                  

M is the Taylor factor, G is the shear modulus of the matrix, b is the burgers Vector, 

dt  is the average diameter of the reinforcement, v is Poisson's ratio, and γ is the 

particle spacing of the reinforcement.  

In the early stages of ECAP, when the moving dislocations meet large Al2O3 

particles, CNTs, GNPs and interfaces, the dislocations are blocked and piled up. The 

accumulated dislocations evolve into dislocation walls and micro shear bands, resulting 

in grain orientation differences and the formation of subgrain boundaries 

(misorientation < 2°). With the development of ECAP, the degree of dislocation 

accumulation increases, and the subgrains rotate, resulting in the further increase of 

misorientation. The subgrain boundaries transform into LAGBs (2° < misorientation < 

15°), and then into HAGBs (misorientation > 15°) [53, 54], and the grain is refined, as 

shown in Fig. 14d. In addition, the large shear stress produced by large plastic 

deformation can break the grains, ECAP further achieve the effect of grain boundary 

strengthening. Contribution of grain boundary strengthening to hardness (∆HGR) can 

be calculated by the Hall-Petch equation, in formula (6). 

                    ∆HGR  = K (dc
-0.5 - dm

-0.5)                      (6) 

K is the Hall-Petch constant of the matrix, dc and dm represent the average grain 

size of the composite and matrix. 

The nucleation, growth and grain refinement of HAGBs are closely related to the 

dynamic recovery process, which is mainly controlled by the climbing of edge 

dislocation and the cross slip of screw dislocation. The climbing of the edge dislocation 

is a diffusion process, and the effect is significant at high temperature. However, the 

ECAP process in this paper is at room temperature, so the dynamic recovery process in 

this paper is mainly related to the cross-slip of the screw dislocation. Generally 

speaking, the larger the stacking fault energy is, the more likely the screw dislocation 

is to occur cross-slip. Al has a high stacking fault, so the cross-slip mechanism 



dominates the dynamic recovery process [55]. Dislocation proliferation and dynamic 

recovery compete with each other to control the mechanical properties of the 

composites.  

 

Fig. 14. The strengthening mechanism of the Al matrix composites 

4 Conclusion 

In this paper, nano-C and in-situ Al2O3 hybrid reinforced Al matrix composites 

were prepared by ball milling and HIP sintering, the properties of the composites were 

improved by ECAP, the structure of the composites was analyzed, and the electrical and 

mechanical properties of the composites were tested.  

Strip twin Si and a large number of slip steps were observed in the composites 

reinforced by 0.75% CNTs, 0.25% GNPs and Al2O3 by 3 ECAP passes. The interface 

between CNTs and the matrix was closely bonded. The shear strain generated by ECAP 

broke the GNPs aggregates and improved the nano-C dispersion. The γ-Al2O3 particles 

and fiber were formed by in-situ reaction, and the morphology of Al2O3 particles was 

fan-shaped and quadrilateral, which is related to the characteristics of particle 

nucleation and the orientation of interface. 



With the increase of ECAP passes, the density, electrical conductivity and hardness 

of the composites increase. After 3 ECAP passes, the density of composites reached 

over 99.8%. The resistivity of 0.5% GNPs reinforced the composites by 3 ECAP passes 

was 3.64×10-8 Ωm. The hardness of the as-prepared composites with CNTs was 76.6HV. 

After 3 ECAP passes, the maximum hardness reached 321.9 HV. The compressive 

strength and compression ratio of the composites after 3 ECAP passes are improved 

compared with that of Al-Si alloy. The strengthening mechanism of the composites is 

summarized as dislocation strengthening, dispersion strengthening, grain boundary 

strengthening and load transfer. 
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