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Abstract  

In this study, ultrafine grained 2024 Al alloy based B4C particles reinforced composite was produced 

by mechanical milling and hot extrusion. Mechanical milling was used to synthesize the 

nanostructured Al2024 in attrition mill under argon atmosphere up to 50h. A similar process was used 

to produce Al2024-5%wt. B4C composite powder. To produce trimodal composites, milled powders 

were combined with coarse grained aluminum in 30 and 50 wt% and then were exposed to hot 

extrusion at 570°C. The microstructure of hot extruded samples were studied by optical microscope, 

Transmission electron microscope (TEM) and scanning electron microscope (SEM) equipped with 

EDS spectroscopy. The mechanical properties of samples were compared by using tensile, 

compression and hardness tests. The results showed that the strength, after 50 h milling and addition of 

5wt% B4C, increased from 340 to 582 MPa and the hardness increased from 87 HBN to 173 HBN, but 

the elongation decreased from 14 to 0.5%. By adding the coarse-grained aluminum powder, the 

strength and hardness decreased slightly, but the increases in return. Ductility increase is the result of 

increase in dislocation movements and strength increase is the result of restriction in plastic 

deformation by nanostructured regions. Furthermore, the strength and hardness of trimodal composites 

were higher, but their ductility was lower.  

Keywords: aluminum matrix composites, ultra-fine grained materials, trimodal composites, carbides. 

 

1. Introduction 

In the recent years, nanostructured, or ultrafine 

grained metal matrix composites are used 

increasingly in industry and technology areas, 

because of their excellent properties, such low 

density, high strength and good hardness [1-3].  

Two basic approaches have been used to 

fabricate bulk nanostructured materials. In the 

first approach, nanostructured powders are 

produced and then consolidated, while the 

second approach reduces the microstructure of 

bulk sample to the nanostructured scale by 

means of severe plastic deformation (SPD) 
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processes, such as equal channel angular 

pressing (ECAP), or high-pressure torsion 

[1,4]. In the first method, the mechanical 

milling process is used for nanostructured 

metal powder production. 

Although nanostructured metal based 

composites have high strength and low 

density, but one of the main disadvantages of 

these composites is their very low ductility, 

compared to coarse-grained metal matrix 

composites [2, 5]. Further, the compressibility 

of these powders is very low [6]. The low 

ductility of these structures is attributed to 

restriction of dislocation movement [7].  

The recent studies show that a uniform 

distribution of micro-sized particles in 

nanostructured metal matrix, leads to increase 

in ductility without any remarkable decrease 

in strength. This study has been conducted on 

various alloys, such as, Al5083 and copper. In 

this method, by mixing different percentage of 

nanostructured powder (milled powder) and 

coarse-grained powder the desired strength 

and ductility could be achieved. It has been 

demonstrated by the authors previous work 

that nanocrystalline Al with B4C fractured in 

the elastic deformation region, regardless of its 

high strength [8]. The idea behind the present 

work, ignited by the successful work by 

Witkin et al. [4,5,7] and Han et al. [9,10], was 

to introduce some coarse-grained Al into the 

nanocrystalline Al reinforced with B4C 

particles to create a material with greatly 

improved strength and acceptable ductility. 

The bimodal metals/alloys were first 

reported by Tellkamp et al. [11]. Han et al. [9] 

Prepared bimodal 5083 Al alloy with high 

strength and good ductility through 

cryomilling and hot extrusion. In another 

research, they produced Al5083-15% unmilled 

Al, Al5083-30% unmilled Al and Al5083-

50% unmilled Al via through cryomilling of 

nanostructured 5083 Al powders, selectively 

mixing the nanostructured powders with 

coarse-grained powders, consolidation of the 

mixture by cold isostatic pressing (CIP), and 

hot extrusion. An enhanced tensile elongation 

was observed in the bimodal alloys [10]. 

Hofmeister et al. [12] have studied the 

strength and ductility of Al-B4C trimodal 

composites consisting of a nanostructured Al 

phase (NC Al), B4C particulates, and a coarse-

grained Al (CG Al). In another study 

conducted by Ye et al. [13], the compressive 

strength of Al5083-B4C trimodal composite 

has been reported up to 1000 MPa, i.e. three 

times of the compressive strength of 5083 

alloy. Most of the studies conducted on 

bimodal aluminum alloy are about 5083 Al 

alloy. However, little research has been done 

on bimodal 2024 Al alloy. So, the 

microstructures of this tri-modal composite 

have been investigated and the structure–

properties relationships are explored in the 

present study. 

2. Experimental 

Al2024 powder, atomized by Argon gas, with 

a mean size of 60 µm, was used as matrix. 

B4C powder with a mean particle size of 20 

µm in 5 wt% was also used as reinforcement.  

An attrition mill equipped with water 

cooling system was used for mechanical 

milling process and producing Al2024-

5wt%B4C composite powder (NC Al-B4C 

sample). Ball-to-powder weight ratio and the 

rotational speed were defined 1:10 and 400 

rpm, respectively. After the mechanical 

milling, the hot extrusion process was used for 

the final forming of powders. The powders 

were hot pressed into a cylinder mold at 

100⁰C. Then, the hot pressed powders were 

exposed to hot extrusion in 570
o
C with 

extrusion ratio of 10:1 without atmospheric 

control and left to cool under ambient 

conditions to room temperature. The final 

product consisted of cylindrical bars with a 

diameter of 10 mm.  To study the effect of 

B4C particles and mechanical milling on 

Al2024 alloy properties, a coarse-grain sample 

(CG Al) using unmilled Al2024 powder was 

produced through hot-pressing and then hot 

extrusion. For the trimodal composites, 2 

batches of MMC samples were fabricated via 

mixing the Al-B4C milled powder with 30 

wt% and 50 wt% of coarse grained aluminum 

particles, respectively, designated as Al-B4C 

30-70 and Al-B4C 50-50. To mix the milled 

powders with coarse-grained aluminum 

powder a low-energy ball mill was used. The 

mixed powders were then exposed to hot 

extrusion at 570°C. 

Microstructural characterizations of hot 

extruded samples were carried out using the 
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optical microscopy, Transmission electron 

microscopy (Philips FEGC200) and Scanning 

electron microscopy (TESCAN XMU VEGA-

II) equipped with EDS spectroscopy. The 

grain size and lattice strain of samples before 

and after hot extrusion were investigated using 

Clemex image analyzer and Williamson–Hall 

method [14]. To compare the mechanical 

properties of samples, tension, compression 

and hardness tests were applied. The samples 

of tensile test were provided according to 

ASTM B557 and the test was performed at 

room temperature at displacement rate of 1 

mm/min. To determine the fracture mode of 

samples, the fracture surface was examined by 

SEM after tensile test. The compression test 

was also performed according to ASTM E9 at 

room temperature at displacement rate of 1 

mm/min. The samples of compression test 

were produced with 1/4 aspect ratio. All 

compression specimen surfaces were polished 

using a high-grade abrasive paper to provide a 

uniform surface roughness. The graphite 

powder was used as a lubricant to reduce the 

friction during the deformation compression 

tests. The hardness of samples was measured 

by Brinell hardness test with ball diameter of 

2.5 mm and 30 kg force. 

3. Results and Discussion 

X-ray diffraction patterns of unmilled (CG 

Al) and mechanically milled (NC Al-B4C) 

powders are shown in Figure-1. As seen in 

this figure, after addition of boron carbide 

particles and 50 h mechanical milling, peaks 

are broadened and peak heights are 

decreased, as a result of grain refinement and 

an increase in internal strain due to 

mechanical milling. To determine the lattice 

strain and powder grain size Williamson–

Hall equation was employed. As expected, 

SPD of powder particles during mechanical 

milling process reduced the size of aluminum 

matrix grains <100 nm (Table 1). 

 

Fig.1. X-ray diffraction patterns of unmilled (CG Al) and mechanically milled (NC Al-B4C) powders 

Table 1. Grain size and lattice strain of powder samples (before extrusion)  

Sample name Grain size (nm) Lattice strain (%) Calculation method 

CG Al 107 0.012 Williamson–Hall 

NC Al-B4C 31 0.026 Williamson–Hall 

    

Figure 2 shows BF-TEM image of NC Al-

B4C sample with nano-sized grains. In the 

previous study [8] the authors proved that SPD 

powder particles during mechanical milling 

decreases the crystal size of matrix to 

nanometer, so that matrix grain size decrease 

to <100 nm.  

Figure 3 shows optical micrograph of CG 

Al and NC Al-B4C samples in parallel and 

perpendicular to the extrusion direction. This 

figure shows that the grain size decreases 

severely after mechanical milling process so 

that the grain boundaries are not visible in the 

microstructure of NC Al-B4C sample.  
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Fig. 2. BF-TEM micrograph of NC Al-B4C sample after hot extrusion 

 

Fig. 3.Optical micrographs of NC Al (a-d) and NC Al-B4C (e-h) samples in parallel and perpendicular to the extrusion 

direction 

Figure 4 shows optical micrograph of Al-

B4C 50-50 and Al B4C 30-70 trimodal 

composites parallel and perpendicular to the 

extrusion direction. The microstructure 

consists of light areas surrounded by dark 

areas. In this figure, light areas refer to coarse-

grained aluminum (CG Al) and dark areas 

refer to nano-structured aluminum (NC Al).  

 

Figure 4.Optical micrographs of trimodal composites: Al-B4C 50-50 (a-d) and Al-B4C 30-70 (e-h) parallel and 

perpendicular to the extrusion direction 
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As shown in Figure 4, coarse-grained 

aluminum particles are along the extrusion 

direction and surrounded by nanostructured 

regions. Uniform distribution of coarse-

grained particles is one of the most important 

results that can be observed in the 

microstructure of trimodal samples. The 

increase in coarse-grained aluminum fraction 

reduces the distance between CG Al bands and 

in some areas; these bands are attached to each 

other. Moreover, the length and thickness of 

CG Al bands has increased (the aspect ratio 

has increased), i.e., in Al-B4C 30–70 samples, 

containing a lower percentage of coarse-

grained aluminum particles, CG Al bands are 

shorter and narrower (the aspect ratio is less).  

The orientation of B4C containing milled 

phase and matrix grains along the extrusion 

direction is evident in the microstructure of 

samples. The sheer stress, occurred during 

extrusion process, leads to the decrease of 

porosity in particle/matrix interphase that 

results in the bonding of particles and matrix 

phase improves. As a result of this sheer 

stress, the B4C containing milled phase orient 

in the direction that would have been under 

less stress. Therefore, as showed in Figures-3 

and 4, B4C containing milled phase and grain 

matrix would be orientated along the extrusion 

direction. 

Figure 5 shows SEM micrograph of 

samples in parallel and perpendicular to the 

extrusion direction. In this figure, the results 

of EDS analysis are included that shows that 

dark points refer to B4C particles. White 

points in SEM images are Cu rich phases. 

These phases are probably Al2CuMg 

intermetallic compound [15-17] which are 

formed and precipitated because Al2024 is 

first exposed to high temperature (during 

extrusion process) and then cooled in the air 

(after extrusion die exit). These compounds 

which are called S' precipitates [16] are 

formed during age-hardening heat treatment 

(precipitation hardening). In other words, 

matrix alloy, because of being exposed to high 

temperature (570⁰C) during extrusion process 

and then being cooled to room temperature (in 

the air), has been age hardened (or 

precipitation hardened) [16]. Similar 

observations were previously made by Abd 

El-Azim et al. [18] for Al2024-Al2O3 

composites. In the research study of age-

hardening kinetics, it has been shown that the 

addition of ceramic particles to age-hardenable 

Al alloys has different effects on precipitation 

of composite compared with unreinforced 

alloy [19]. When a particular reinforcement is 

introduced into a heat-treatable aluminum 

alloy matrix, similar aging characteristics 

might be expected for both composite and 

unreinforced material. The kinetics of aging 

can also be different, and both enhanced and 

retarded behavior has been exhibited in 

different MMC systems [20]. It was proposed 

that the addition of reinforcing particles 

accelerates the aging kinetics [19].Thomas and 

King [21] stated that in Al2124 based 

composites, the presence of reinforcing 

particles facilitates the nucleation of S' that 

results in the reduction of the required time to 

achieve peak hardness. 

An accelerated aging phenomenon has 

been reported for the Al6061-B4C particulate 

composite in comparison with an unreinforced 

matrix alloy. This acceleration was attributed 

to a decrease in the incubation time required 

for the nucleation event and a concomitant 

increase in the solute diffusivity, and therefore 

in the rate of precipitate growth [20]. 

The precipitation sequence of the 

composite was similar to that of the 

unreinforced alloy, but the aging kinetics was 

altered. Aging was accelerated because solute 

diffusivity increased as dislocation density 

also increased [22].The distribution of 

precipitation particles (S') determines the 

quality of mechanical properties [23]. The 

result of element mapping (Fig. 5) reveals that 

these phases are distributed uniformly 

throughout the matrix alloy that leads to 

increase in mechanical properties. 

As shown in SEM image of samples, B4C 

particles are distributed uniformly throughout 

the matrix and no clustering or agglomeration 

is observed. Considering the microstructure of 

trimodal composites, microstructural 

uniformity occurs in two different levels: 1. 

Uniform distribution of CG Al particles; 2. 

Uniform distribution of B4C particles in NC 

Al regions. As shown in Figure 5, structural 

uniformity has occurred on both levels for 

trimodal composites. The distribution 

uniformity of B4C particles occurs during 



Abdollahi & Alizadeh / Vol.47, No.2, Dec 2014 

 

82 

 

mechanical milling; however, distribution 

uniformity of CG Al particles occurs in low-

energy ball mill (mixing process of CG Al and 

NC Al powders). This distribution uniformity 

in two different levels improves samples 

mechanical properties. 

 

Fig. 5. SEM images and element mappings of: CG Al (a,b); NC Al-B4C (c,d); Al-B4C 50-50 (e,f) and Al-B4C 30-70 (g,h) 

parallel and perpendicular to the extrusion direction 
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The engineering stress-strain curves of 

samples are also compared with each other in 

Figure 6. The NC Al-B4C sample has the 

highest strength (582 MPa) and lowest 

elongation (0.5%). In contrast, CG Al sample 

has the highest elongation (14.4%) and lowest 

strength (340 MPa).  

The changes in yield strength and tensile 

strength of hot extruded samples could be 

explained by Hall-Petch mechanism and 

Orowan mechanism. According to Hall-Petch 

mechanism, the yield stress is inversely related 

to the grain size; therefore, by reducing the 

grain size, the yield strength increases [24]. 

Since mechanical milling process causes grain 

refinement (Table 2), according to Hall-Petch 

mechanism, the yield stress NC Al-B4C sample 

would be higher than of CG Al sample. A 

physical basis for this behavior is associated 

with the difficulty for dislocations to move 

across grain boundaries and the associated 

stress concentrations due to dislocation pile-up 

[25]. Han et al. [26] in their research on Al5083 

alloy proved that mechanical milling enhances 

the strength of alloy up to 713 MPa but reduces 

its ductility to 0.3%. 

Table 2. Grain size of samples after hot extrusion 

Sample Grain size Calculation method 

CG Al 8 (μm) Clemex image analyzer 

NC Al–B4C 100 (nm) Williamson–Hall 

 

Fig. 6. a) Tensile, and b) Compression Engineering stress-strain curves of hot extruded samples 

The effect of B4C particles on NC Al-B4C 

sample strength increase could be explained 

by Orowan strengthening mechanism [8]. 

According to this mechanism, by adding 

reinforcement particles to the matrix, the 

obstacles to dislocations movement increase. 

Therefore, stress required for dislocations (τ) 

passing through obstacles (particles) increases 

and as a result the strength enhances.  

Figure 7 shows the effect of coarse-grained 

aluminum particles on tensile strength, yield 

strength, compressive strength, elongation and 

hardness of samples. It is clear that as coarse-

grained aluminum weight percent increases, 

the strength decreases but the elongation 

increases. Hall-Petch and Orowan mechanisms 

also apply here. Generally, the strength 

changes of trimodal composites are attributed 

to their microstructural characteristics include:  

1. weight percent (volumetric percent) of 

each phases; 

2. matrix grain size in CG Al and NC Al 

areas (Hall-Petch mechanism);  

3. reinforcement particles size and their 

distribution in NC Al areas (Orowan 

mechanism);  

4. distribution of CG Al particles; 

5. dislocations density in CG Al and NC Al 

areas; 

6. the quality of interphase between CG Al 

and NC Al areas [3,13]. 
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Fig.7. effect of coarse-grained aluminum particles on tensile strength, yield strength, compressive strength, elongation 

and hardness of hot extruded samples 

As the interphase between NC Al and CG 

Al regions has a good quality (due to the same 

chemical composition in both the regions), 

much of the load applied to the sample, 

transfers from CG Al to NC Al areas and then 

to B4C particles, and only a small part remains 

in CG Al areas. Since this stress is not 

sufficient for deformation of CG Al regions, 

the load transformation increases the strength 

of composite. Therefore, the composite has the 

ability to tolerate higher level of stress. In 

summary, it could be said that much of the 

load applied to the sample is tolerated by NC 

Al regions and B4C particles [13, 26]. 

The increase in tensile strength of samples 

is inversely related to ductility (elongation), 

i.e., the increase in strength reduces ductility. 

Accordingly, NC Al-B4C sample has the 

highest level of strength and lowest level of 

ductility. Since ductility and deformation are 

strongly dependent on dislocation movement 

within the sample, another reason that can be 

offered to explain the low elongation of NC 

Al-B4C sample is that in this composite, 

because of boron carbide particles presence, 

there are more obstacles to dislocation 

movements; hence dislocations move 

difficultly and as a result the elongation or 

ductility decrease [27]. Moreover, SPD 

applied on powder particles during mechanical 

milling, reduces matrix grain size. Following 

matrix grain size reduction, the grain 

boundaries density increases remarkably, and 

since grain boundaries is an obstacle to 

dislocation movement, as grain boundaries 

increases, the dislocation movements and 

ductility decrease. This could be explained by 

Orowan relationship [24]. The more obstacles 

to dislocation (reinforcing particles or grain 

boundaries) movement are, the mean distance 

moved by dislocations reduces and the strain 

imposed on the sample reduces as well [7]. 

As shown in Figure 7, as coarse-grained 

aluminum weight percent increases, the 

strength decreases and the elongation 

increases. The reason is that, when load is 

applied, deformation first begins in NC Al 

regions and expands, but before this regions 

experiences fracture, the load transformation 

mechanism is activated and the tensile stress 

transfers from NC Al to CG Al regions, where 

experience plastic deformation under lower 

stress. This causes a slight reduction in the 

strength trimodal composites, but their 

ductility increase in return. On the other hand, 

because of CG Al particles presence, the 

number of obstacles to dislocations movement 

is smaller and the mean distance moved by 

dislocation is greater. Therefore, according to 

Orowan mechanism the sample tolerates 

greater strain and its ductility increases. Given 

the above, it is clear that as coarse-grained 

aluminum weight percent increases, the 

strength decreases slightly but the ductility 

increases [7]. However, this seems 

inconsistent with the theory of Ye et al. [13]. 

As mentioned in the previous section, Ye et al. 

used load transformation mechanism from CG 

Al to NC Al areas to explain the strength of 

trimodal composites; but here the load 

transformation mechanism has occurred from 

NC Al to CG Al areas. To explain this 

contradiction, it can be said that if CG Al 

phase value is over 50%, it will act as matrix 
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phase. Therefore, the load transfers from CG 

Al (matrix phase) to NC Al regions 

(reinforcing phase). However, if CG Al phase 

value is <50%, unlike the previous condition, 

NC Al phase (which is greater) acts as matrix 

phase and therefore, the load transfers from 

NC Al (matrix phase) to CG Al regions 

(reinforcing phase).  

The mechanism reported to increase the 

strength and ductility simultaneously in 

trimodal composites is related to the 

microstructure of these composites. It explains 

that increase in ductility is due to more 

movement of dislocation in CG Al regions 

[28, 29] and increase in strength is due to 

restriction in plastic deformation of CG Al 

areas by NC Al regions. Because CG Al 

regions are surrounded tightly by NC Al phase 

and their plastic deformation decrease severely 

(NC Al phase prevents plastic deformation in 

CG Al regions) [29].  

Previous works on bimodal aluminum 

alloys demonstrate that during tensile testing, 

micro cracks first form in the nanostructured 

regions because of their relatively high stress 

concentration and low ductility [9]. The CG 

Al phase prevents stress concentration in NC 

Al and as a result delays crack initiation and 

growth in these areas [30]. However, if the 

crack initiates and grows in NC Al regions 

(when load is applied) as it reaches CG Al 

particles, it will be impeded or bridged by 

ductile elongated coarse grains. Hence, CG Al 

particles could increase ductility through crack 

impedance/deflection [9]. 

In summary, it can be said that deformation 

initiates from NC Al regions. Then the cracks 

caused by deformation, grow and as they 

reach CG Al regions are impeded [7]. CG Al 

particles oriented along extrusion direction act 

as ductile whiskers and as the crack energy 

decreases, the ductility of composite increases 

[13]. The crack initiation and growth in 

nanostructure regions and crack impedance or 

deflection as it reaches CG Al regions are 

shown in fracture surface. Figure-8 shows the 

fracture surface of trimodal composites. As it 

can be seen from these images, crack initiates 

in NC Al regions and impedes, or deflects as it 

reaches CG Al regions. 

 

Fig. 8. Increase in ductility of trimodal composites through crack deflection and impedance: (a) Al-B4C 50-50 and (b) 

Al-B4C 30-70 

In some cases the weight percent of the 

coarse grain is very low to block the 

propagation of all cracks. That is, a critical 

weight percent of coarse grain exists, above 

which the micro cracks can be completely 

prevented by the coarse grains during the 

plastic deformation. When the weight percent 

of the coarse grain is less than this threshold, 

there must be a dominant micro crack that can 

go around the coarse grains to cross the 

sample. The probability of such a micro crack 

crossing the sample increases with the 

decrement of the weight percent of the coarse 

grain (Fig. 9) [31]. Beside, Han et al. [10] 

demonstrated that 30–50% of coarse grains 

added to a nanostructured matrix could lead to 

an enhanced ductility with minimum reduction 

in strength. Therefore, it can be concluded that 

the main reason for ductility increase in Al 50-

50 and Al 30-70 samples is crack impedance 

/deflection. 
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Fig. 9. Schematic image of crack impedance/deflection in bimodal metals/ alloys [31] 

The hardness of B4C is much higher than 

the hardness of aluminum, the increase in 

hardness by addition of B4C is not unexpected. 

This could be easily analyzed according to 

mixture rule [27]. Hardness increase due to 

reinforcing particles addition is attributed to 

dispersion strengthening (Orowan mechanism). 

By adding B4C particles to aluminum matrix, 

the number of obstacles to dislocations 

movement increases (their movement is 

delayed) and the hardness increases as well. 

Since the hardness of NC Al- B4C sample 

is higher than the hardness of CG Al sample, it 

can be concluded that in trimodal composites, 

as the percentage of coarse-grained aluminum 

increases, the hardness decreases (Fig. 7). 

Figure 7 shows the compressive strength of 

NC Al-B4C sample is higher than CG Al 

sample and the reason is grain refining during 

mechanical milling. That is, Hall-Petch 

mechanism applies here as well and refined 

structures show higher compressive strength. 

The results of tensile test showed in 

compression test NC Al-B4C sample in 

comparison to CG Al sample has a lower 

ductility and tolerates a slight strain before it 

fractures (has a low strain-to-failure). 

Because of boron carbide particles 

presence, Orowan strengthening mechanism is 

activated and helps increase in compressive 

strength of NC Al-B4C sample. Meanwhile, 

boron carbide particles delay crack initiation 

and growth, particularly, in the early stages of 

barreling and thereby also increases the 

compressive strength [27]. What should be 

noted about compressive strength of trimodal 

composites is that as coarse-grained aluminum 

weight percent increases, the compressive 

strength decreases (Fig. 8), but the sample 

tolerates higher strain before it fractures (the 

ductility increases). Since the results are very 

similar to the results obtained from tensile test, 

so the reasons mentioned for the tensile 

strength increase applies here too. 

3.1. Damage and failure behavior 

Figure 10 shows the fracture surface of 

samples after the tensile test. Since the areas 

of ductile fracture are detected as dimple in 

images of fracture surface, the more dimples 

are in fracture surface, the higher the ductility 

of sample is and ductile fracture occurs. 

Accordingly, the fracture surface of CG Al 

sample indicates characteristics of ductile 

fracture comparing to NC Al-B4C sample. 

This happens due to ductile aluminum matrix 

without hard and brittle B4C particles. It can 

be said that dimple nucleation in CG Al 

sample is concentrated in matrix inclusions 

and then these dimples growth and join 

together and finally cause the sample to 

fracture. This fracture mechanism is called 

dimple rupture. If there is no inclusion in 

matrix, dimples nucleate in grain boundaries 

[32]. In contrast, as seen in Figure 13, the 

fracture in NC-Al sample has been totally 

brittle, i.e., it has occurred through brittle-

cleavage fracture [25].  These results confirm 

the reduction of ductility in NC Al-B4C 

sample in contrast with CG Al sample.  

In the fracture surface of trimodal 

composites, depending on coarse-grained 

aluminum weight percent, the characteristics 

of ductile and brittle fracture are seen 

simultaneously. Areas, experienced ductile 

fracture (have more dimples), are related to 

CG Al phase fracture. But, flat areas which 

have no dimples indicate brittle fracture in NC 
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Al regions [13]. That is, in trimodal 

composites, ductile fracture and brittle fracture 

occur along CG Al bands and NC Al bands, 

respectively. Therefore, it is clear that by 

increasing coarse-grained aluminum weight 

percent, the fracture mechanism changes from 

brittle to ductile. These results match the 

increase in ductility of trimodal composites 

due to increase in coarse-grained aluminum 

weight percent. 

Stress-strain curves of samples also show 

that NC Al sample experienced brittle fracture 

without plastic deformation (or necking), 

whereas CG Al sample has fractured after 

tolerating a considerable plastic deformation. 

That is exactly the reason the yield strength 

and ultimate tensile strength (UTS) are equal 

in NC Al sample. The stress-strain curve of 

bimodal alloys indicates that as the coarse-

grained aluminum weight percent increases, 

the strain-to-failure (or work-hardening) and 

the area covered under the curve increase as 

well. There are many obstacles to dislocations 

movement in nanostructure material (because 

the grains are fine). Dislocations move very 

difficult and the ability to create working-

hardening in these materials is very low. 

These materials do not experience 

considerable plastic deformation and after 

passing the yield point, without necking (or 

plastic deformation) experience a completely 

brittle fracture [33]. 

 

Fig. 10. Fracture surface of the a) CG Al; b) NC Al-B4C; c) Al-B4C 50-50 and d) Al-B4C 30-70 samples 

4. Summary and Conclusions 

In the present paper, trimodal 2024 Al alloy 

based composites were produced by 

mechanical milling and hot extrusion and their 

mechanical properties were compared with 

each other. The results show that the strength, 

after 50 h milling and addition of 5wt% B4C, 

increase from 340 to 582 MPa and the 

hardness increased from 87 HBN to 173 HBN 

but the elongation decreased from 14 to 0.5%. 

By adding the coarse-grained aluminum 

powder, the strength and hardness decrease 

slightly, but the ductility increases in return. 

Ductility increase is a result of increase in 

dislocation movements and strength increase 

is a result of restriction in plastic deformation 

by nanostructured regions. Furthermore, the 

strength and hardness of trimodal composites 

were higher but their ductility was lower. The 

fracture surface of CG Al sample indicates the 

characteristics of ductile fracture comparing to 

NC Al-B4C sample. In trimodal composites, 
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addition of coarse-grained aluminum from 0 to 

100 wt% changes the fracture mechanism 

gradually from brittle to ductile. In fact, in 

trimodal composites, ductile fracture and 

brittle fracture occur along CG Al and NC Al 

bands respectively. Inspection of the 

deformation characteristics indicates that the 

higher ductility in bimodal Al2024 alloys is 

attributed to the retardation of micro crack 

nucleation and propagation and crack 

impedance /deflection by coarse grains. 
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