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Abstract 

The distribution of reinforcement particles in the matrix of a composite is one of the most 

important microstructural features affecting properties. In this study, nanostructured Al–B4C 

composite sheets were processed by accumulative roll bonding (ARB), and the effect of the 

number of ARB cycles on the distribution of the B4C particles in the Al matrix was 

evaluated. From optical microscopic studies accompanied by the radial distribution function 

analysis, it was realized that the microstructure uniformity is improved by increasing the 

number of ARB cycles. It was in good agreement with bulk hardness measurements in which 

the standard deviation of the hardness values was decreased by progression of the ARB 

process. In addition, the X-ray diffraction peak profile analysis revealed that the area 

weighted mean crystallite size of the Al matrix decreases to the nanometric scale (114 nm) 

after seven ARB cycles. 
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1. Introduction 

The development of metal matrix composites (MMCs) is of growing interest to scientific and 

industrial communities, due to their attractive physical and mechanical properties. 

Particularly, particulate reinforced aluminum MMCs have attracted considerable attention, 

because of lightweight, high strength, high specific modulus, low coefficient of thermal 

expansion and good wear resistance [1,2]. SiC, Al2O3, TiC and B4C are common ceramic 

reinforcements in Al MMCs. Boron carbide (B4C), which is a light ceramic, presents high 

mechanical properties, chemical resistance as well as neutron absorbing [3–6]. Applications 

of Al–B4C composites include its use as a structural neutron absorber, armour plate materials, 

and as a substrate material for computer hard disks [7,8]. 

To meet the optimum properties of a composite, especially the best combination of high 

strength and good ductility, fine reinforcements and a relatively large particle volume fraction 

are required. Nonetheless, taking advantage of both of these requirements is a challenge, 

because MMCs with small particulates usually exhibit a very inhomogeneous particle 

distribution, degrading their ductility and formability [9–13]. A strong relationship between 

the local particle volume fraction and damage formation exists, where the damage formation 

is concentrated in particle clusters. In particle-reinforced MMCs with a clustered distribution, 

there is an accelerated development of damage during deformation. The stress distribution 

within a particle-reinforced composite subjected to external loading is non-uniform [11]. In 

the vicinity of a cluster, high stresses and stress triaxialities much higher than the remote 

stress applied to the composite are locally generated, leading to the acceleration of fracture 

initiation in the clusters [10,14]. In addition, the plastic flow is generally inhibited in the 
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center of highly concentrated clusters, due to the high level of hydrostatic stress [15]. Thus, 

particle clusters are preferred nucleation sites for cracks. The cracks emanate from locations 

where small matrix regions are surrounded by particles, leading to strain localization, early 

particle/matrix decohesion, and particle fracture. On the other hand, the inhomogeneity of the 

stress distribution in clustered MMCs has a strong influence on the global mechanical 

properties. It has been shown that the particle clustering decreases the flow stress of MMCs, 

compared to a composite with a homogeneous particle distribution [12]. A strong decrease in 

the global fracture toughness with increasing the content of clustering has been reported in an 

Al–SiC MMC [16]. Hence, the spatial distribution of reinforcement in MMCs is one of the 

most important microstructural features. 

Processes like mechanical alloying or rapid solidification have been tested to overcome the 

agglomeration of reinforcements; however, these methods are accompanied by 

contamination, porosity, and poor economical efficiency [17–19]. Additionally, conventional 

secondary deformation processing methods like rolling and/or extrusion have been used to 

improve the homogeneity of the particle distribution [9,13]. Nonetheless, this is difficult or 

impossible in the case of fine particles, since very high strains would be required [13]. It has 

been identified that severe plastic deformation (SPD) can be successfully applied to improve 

the homogeneity of the particle distribution in MMCs. Typically, Sabirov et al. [20] have 

studied the homogenization of Al–SiC and Al–Al2O3 powder metallurgy (PM) MMCs via 

high-pressure torsion. The homogeneity evolution of a strongly clustered particle distribution 

in PM Al–Al2O3 MMCs during equal channel angular pressing has been also focused [21]. 

Accumulative roll bonding (ARB) has several advantages over other SPD processes, 

including (1) high load capacity forming facilities and expensive dies are not needed, (2) 

productivity rate is high, and (3) the content of material to be produced is not limited. The 
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ARB process consists of multiple cycles of rolling, cutting, stacking and solid-state 

deformation bonding. In this paper, the distribution evolution of B4C reinforcing particulates 

in an Al matrix composite during ARB is investigated by microscopic and bulk hardness 

evaluations. 

 

2. Experimental procedures 

2.1. Sample preparation 

1050-Aluminum alloy strips of 250 mm long, 90 mm wide, and 0.4 mm thick and B4C 

powders with an average size of 3 µm were used as the raw materials. To produce Al–10 

vol.% B4C composites, the eight Al strips, which were degreased in acetone and scratch 

brushed (surface preparation), were stacked over each other, while 1.1 vol.% B4C powders 

were dispersed between each pair of the strips. The strips were roll-bonded with a draft 

percentage of 66% reduction, according to Ref. [22], at room temperature. In this paper, this 

processing part is named as Step 1. The roll-bonded strip was cut into three strips and 

annealed at 623 K for 1 h. After the surface preparation, the three strips were stacked, 1.1 

vol.% B4C powders were dispersed between them, and roll-bonded again (Step 2). 

The next stage of the production sequence was the ARB process. The roll-bonded strip 

obtained from Step 2 was cut into two strips and annealed. After the surface preparation, the 

two strips were stacked over each other (without dispersing the B4C particles) and roll-

bonded with a draft percentage of 50% reduction. This procedure was defined as one ARB 

cycle and repeated to seven times without annealing between each cycle. The rolling 

processes were carried out with the rolling speed of 15 rpm and the roll diameter of 150 mm, 

without any lubrication. 
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2.2. Materials characterization 

The crystallite size of the Al matrix was determined by X-ray diffraction (XRD, Philips 

Analytical PC-APD with a Cu ka radiation) peak profile analysis. Indeed, XRD peaks are 

broadened when crystallites are small or the material contains lattice defects. Size and strain 

broadening can be separated by the Williamson-Hall procedure which is based on the full 

widths at half maximum (FWHM) or the integral breadths, providing the apparent size 

parameters of coherently scattering domains (crystallites) and the values of the mean square 

strain, as follows: 

 

where B is FWHM of a diffraction peak, k is a constant, k is the X-ray wavelength, h is the 

Bragg angle, D is the crystallite size, and e is the lattice strain. In this method, B cos h is 

plotted vs. sin h and the intercept of the linear extrapolation yields the crystallite size. The 

Gaussian assumption was used to separate the intrinsic and instrumental broadenings, 

because of the fact that the environment in the diffractometer was not ideal. 

An optical microscope (OM) was used to observe the dispersion of the B4C particles in the 

rolling direction (RD)–normal direction (ND) plane of the composites. The optical 

micrographs were analyzed by the radial distribution function to quantify the reinforcement 

distribution. Karnezis et al. [23] pointed out that the radial distribution function is an effective 

method to detect pronounced changes in MMCs. In the radial distribution function, a circular 

disc of radius r is centered on the gravity center of a particle and the function H(r) is 

determined as: 
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where Nra is the mean number of the particles per unit area in a disc of radius r and Na is the 

mean number of the particles per unit area over the whole sample. Compared with a Poisson 

pattern that reflects a homogeneous particle distribution, the function H(r) for a random 

distribution of particles has a constant value of 1; on the contrary, the function H(r) for a 

strongly clustered distribution displays a pronounced peak before settling rapidly to 1. The 

degree of clustering was also estimated by the deviation of the experimental H(r) curves from 

H(r) = 1 via the area AH. The function H(r) and the area AH were described by [23]: 

 

 

where a, b, and c are constants. To determine the radial distribution function, a range of radii 

from r = 10 µm to r = 100 µm was considered. 

Vickers bulk hardness tests, using a load of 150 g for 15 s, were performed on the RD–ND 

plane of the samples. The average value of 10 separated measurements taken at randomly 

selected points was reported and the related standard deviations were calculated. 

 

3. Results and discussion 

The XRD pattern and Williamson-Hall plot of the composite processed by seven ARB cycles 

are shown in Fig. 1. From the intercept of the Williamson-Hall plot, the area weighted mean 

crystallite size was calculated to be 114 nm, with the R-squared value of 0.957. That is, the 

ARB process to seventh cycle has successfully developed a nanostructured Al–B4C MMC, 
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which is in good agreement with Refs. [24,25]. Structural refinement can be explained in 

terms of grain subdivision at a submicron scale, where initial coarse grains are subdivided by 

deformation-induced high-angle grain boundaries [26–28]. 

It would be worth mentioning that, particularly in plastically deformed materials, the 

crystallite sizes measured by the XRD peak profile analysis correspond to dislocation cells or 

subgrain sizes, where the variations of orientations are smaller than a few degrees. It is due to 

the fact that dislocation cell walls, arranged either in small-angle grain boundaries or dipolar-

wall configurations, break down the coherency of the X-ray scattering [29]. It should be 

considered that crystallites determined from the X-ray line broadening are smaller than the 

related grains observed by transmission electron microscope (TEM), due to the subdivision of 

the grains into substructures [30]. From TEM observations, it has been reported that a 

pancake shaped or elongated lamellar ultrafine structure is formed in Al–7.5 vol.% B4C 

processed by eight ARB cycles, in which the average lamellar and transverse boundary 

spacings were about 186 and 560 nm, respectively [31]. Note that lamellar boundaries are 

almost parallel to RD and short transverse boundaries interconnect the lamellar boundaries. 

The detailed correlation between grain or crystallite sizes obtained by TEM and X-ray line 

broadening has been focused in Ref. [29]. 
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Fig. 1. XRD pattern (a) and Williamson-Hall plot (b) of the composite processed by seven 

ARB cycles. 

 

Fig. 2 depicts the optical micrograph of the specimen after Step 1 taken from the RD–ND 

plane. Note that this sample includes 7.7 vol.% B4C, and the remainder of the particles was 

imported in Step 2 to obtain the Al–10 vol.% B4C composite. The separated layers of both the 

constituents (Fig. 2a), significant particle clusters (Fig. 2b), and large particle-free zones are 

well recognizable, which is an undesirable structure from the reinforcement distribution 

viewpoint. Moreover, it can be seen that the level of dense particle clusters elongated in RD 

prevail over that of diffuse clusters situated around the dense clusters. Dense particle clusters 

are denominated as particle agglomerations where no matrix material is present between the 
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particles, while particle clusters with some amount of the matrix material between the 

particles are denominated as diffuse clusters. 

 

Fig. 2. Optical micrograph of the RD–ND plane of the specimen after Step 1 in two 

magnifications. 

 

The typical optical micrographs of the Al–10 vol.% B4C composites processed by the ARB 

process taken from the RD–ND plane are signified in Fig. 3. In the composite fabricated by 

one ARB cycle, dense and diffuse B4C particle clusters are still observed (Fig 3a). Compared 

to Fig. 2, the elongated dense clusters have dissociated into several smaller dense particle 

clusters. Therefore, the number of particle clusters in the investigated area increases. It is 

noticeable that the further increase in ARB cycles leads to a decrease in the level of observed 
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particle clusters (declustering) and the shrinkage of particle-free zones (Fig. 3b–d), 

suggesting a gradual improvement in the particle distribution. No particle-free zones and 

particle clusters are nearly observed in the specimen processed by seven ARB cycles. That is, 

the particle distribution appears to be pleasingly homogeneous in this MMC specimen. It is 

also noted that detailed microstructural investigations reflect that no particle fracture occurs 

during the ARB process. 

 

Fig. 3. Typical optical micrograph of the RD–ND plane of the Al–B4C composites processed 

by the ARB process to one (a), three (b), five (c), and seven (d) cycles. 

 

The variation in the radial distribution function H(r) was also employed to quantify the B4C 

distribution in the produced MMCs. A random distribution of the B4C particles yields H(r) = 

1 for any disc radius r. On the other hand, the H(r) curves for clustered B4C distributions 

would show a sharp peak at small r values, rapidly dropping to a plateau of approximately 1 
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at larger r values. Fig. 4 reveals the radial distribution function H(r) plots, based on Eq. (2) in 

the range r = 10–100 µm, for the Al–B4C composites produced by the ARB process. Note 

that this analysis was performed on the optical micrograph of the RD–ND plane of the 

composites. Typically, for the composite processed by one ARB cycle, the H(r) values are 

decreased from 5.3 to 1.29, and for that processed by seven ARB cycles, those are decreased 

from 4.1 to 1.1 when the disc radius r increases from 10 µm to 100 µm. By increasing the 

number of ARB cycles, a decrease in the height of the initial peak at low r values in the H(r) 

plots is observed, implying an improvement in the particle distribution uniformity. 

 

Fig. 4. Typical radial distribution function H(r) plots for the Al–B4C composites produced by 

the ARB process to one (a), three (b), five (c), and seven (d) cycles. 

 

The degree of clustering (AH) that is estimated by Eqs. (3) and (4) is presented in Fig. 5. The 

AH values are decreased from 115 µm to 71 µm for the composites processed by one to seven 
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ARB cycles. Considering that larger AH values are indicative of increased particle 

inhomogeneity, it is inferred from this assessment that by increasing the number of ARB 

cycles, an improvement in the microstructure uniformity is obtained, which is well 

compatible with H(r) and the observed microstructures. 

 

Fig. 5. Degree of clustering (AH) of the Al–B4C MMCs produced by the ARB process. 

 

The hardness values of the Al–B4C composites as a function of ARB cycles are illustrated in 

Fig. 6. The curve indicates an immediate increase in hardness at the initial cycles, followed 

by a minor additional increase to the seventh cycle. After seven ARB cycles, the hardness of 

the composite reached 82 HV. The rapid increase in the hardness behavior at the initial cycles 

is owing to strain hardening, i.e. an increase in the density of dislocations and interaction 

between them, which is saturated at large strains [31]. In the initial cycles, the sample has a 

layered structure, in which the B4C powder layers keep apart the Al layers. By increasing 

cycles, the distribution of the B4C reinforcing particles in the matrix is improved, thereby 

increasing the composite hardness. Furthermore, the decrease of porosities in the Al matrix 

by increasing cycles is another source of the increased hardness trend. It can be also seen that 

the standard deviation of the measurements is decreased by increasing the number of cycles. 
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It is another evidence for this fact that by increasing cycles, the uniformity is improved. In the 

case of the inhomogeneity, a number of indents can be applied on particle-free zones showing 

low hardness values and a number of indents can be applied on particle clusters depicting 

high hardness values; therefore, the standard deviation of the ten random indentations present 

a large value. In contrast, in the case of the structure uniformity, the contribution of the 

matrix and reinforcement to the hardness value is almost the same in all locations of the 

investigated area, showing a low standard deviation. 

 

Fig. 6. Hardness values of the Al–B4C composites produced by the ARB process. 

 

The microscopic investigations quantified by the radial distribution function analysis (Figs. 

3–5), as well as the observed decrease in the standard deviation of the hardness values (Fig. 

6) confirmed that the microstructure uniformity is improved by increasing the number of 

ARB cycles. It has been found that during the high-pressure torsion of MMCs, the 

declustering process of dense particle clusters occurs via particle debonding from the cluster 

surface and moving into the particle-free matrix (cluster erosion); in contrast, the deformation 

of diffuse particle clusters is mainly responsible for homogenization [20]. In the present 
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study, the evolution of the B4C reinforcement distribution during ARB is regarded from three 

viewpoints: 

i. The increase in the number of the Al and B4C layers. Clearly, by progression of ARB, 

the number of the Al and B4C layers is increased. As noted in the experimental section, after 

Step 1 there are the seven layers of the B4C powder particles and the eight layers of the Al 

matrix. The number of the layers of the B4C powder particles and the Al matrix approach 23 

(23 = [7 × 3] + 2) and 24 (24 = 8 × 3) respectively after Step 2. The number of the layers of 

the B4C powder particles and the Al matrix after the ARB process to n cycles is 23 × 2n and 

24 × 2n, respectively. For instance, the composite fabricated by seven ARB cycles is 

composed of the 2944 layers of the B4C particles and the 3072 layers of the Al matrix. 

Undoubtedly, the increase in the number of the Al and B4C layers dictates an improvement in 

the particle distribution in ND. 

ii. The metal extrusion through particle clusters. In accordance with the film theory, 

during rolling, the two opposing brittle surface oxide layers produced by surface preparation 

fragment to expose the underlying metals which are extruded under the normal roll pressure 

through cracks in the oxide layers from both sides of the interfaces [32,33]. In the same way, 

in the presence of the B4C particles between the Al strips, the matrix material is extruded and 

flows through particle clusters. As a result, dense particle clusters are converted to diffuse 

clusters, and the distance between the particles constituting the clusters is enhanced, 

suggesting the dissociation of the clusters and the improvement of the reinforcement 

distribution. 

iii. The sheet elongation due to rolling. During the rolling process, an amount of sheet 

elongation along RD, which is a function of the reduction level, occurs. This fundamental 

fact can explain the evolution of the particle distribution in the RD–TD plane. The 
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deformation and elongation of particle clusters of MMCs in RD during standard secondary 

processing like rolling have been previously pointed out [3,13]. Particle clusters are elongated 

in RD due to the sheet elongation, promoting the cluster expansion and the transition of 

dense-to-diffuse clusters, as accompanied by the matrix infusion between the particles. It 

means the increase of the distance of clusters’ particles, the dissociation of clusters, the 

shrinkage of particle-free zones, and finally an improvement in the microstructure 

homogeneity. 

 

4. Conclusions 

The outcome of this study can be summarized as follows: 

 The ARB process to seven cycles resulted in nanocrystallization in the matrix of the 

Al–B4C composite. 

 By progression of ARB from one to seven cycles, the overall hardness was increased 

from 60 HV to 82 HV. 

 The microscopic studies accompanied by the radial distribution function analysis and 

the hardness evaluations suggested an improvement in the reinforcement distribution 

by increasing ARB cycles. 

 The improved uniformity was explained in terms of the increase in the number of the 

Al and B4C layers, the metal extrusion through particle clusters, and the sheet 

elongation due to rolling by progression of ARB. 
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