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Abstract: 

B4C-SiC/(Al, Si) multi-carbide composites were obtained by reactive melt infiltration of B4C 

with Al-Si binary alloy for short times. Phases were characterized by X-ray diffraction.  The 

microstructure and spatial distribution of phases was assessed by SEM with EDS and EBSD. 

The mechanical properties of hardness and indentation fracture toughness were evaluated 

and compared with similar results recent published works of composites processed for longer 

times. The value of EBSD analysis to understand the role of interfaces and brittle/ ductile 

phases in crack growth resistance is further discussed. 

 

 

1. Introduction  

 

The low reliability of the hard, low density ceramics coming from the inherent limited 

fracture energy may be overcome by forming composites strengthened by stiff fibers or 

plastically yielding metallic inclusions that operate in the crack bridging zone [1-3]. Among 

the light weight engineering materials, the B4C ceramics and composites have been 

extensively studied and find use in technology [4].  Poor sintering of B4C demanding high 

temperatures (1700-2200 ºC) coupled to the use applied pressure as in hot-pressing and spark 

plasma sintering makes processing expensive [5-6]. Reactive infiltration of B4C with low 

density Al-Si alloys was early demonstrated by Frage et al [7] and gave the possibility to 

prepare B4C-based composites at moderate prices [4, 7-11].  

The low density, large ductility of aluminum and wide availability at low price, make Al a 

relevant selection for strengthening the ceramic matrix. However, wetting of B4C by molten 

Al is strongly dependent on temperature, being poor at temperatures below 1000 ºC although 

it can improve with selective additions of other metals [7, 12]. Precipitation of easy cleaving 

Al4C3 is harmful for the mechanical strength of theses composites [7, 12] whereas the 

presence of SiC increases the hardness and elastic modulus of the composites [5, 11, 13]. The 

spontaneous infiltration of porous B4C with Al-Si alloys has been described already [4, 7, 14]. 

The objective of the work is to minimize infiltration time without compromising mechanical 

properties and preserving enough Si in the liquid to prevent formation of the brittle Al4C3 

phase, the threshold composition being 12.6 wt% Si [15]. EBSD has been applied in the study 
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of crack growth to assess plastic deformation at the crack tip [3, 16]. This study aims to 

characterize the mechanical properties of hardness and indentation fracture toughness in 

relation to the phases of B4C composites and to give further insight onto the operation 

toughening mechanisms in bridging zone near the crack tip of the Vickers indention flaw. 

 

2. Experimental Procedure  

 

Reactive infiltration of as-pressed cylindrical pellets of B4C with 7.5 mm height was done in a 

graphite furnace with Ar atmosphere as described in reference [4, 14], for short dwell times (5 

min) at maximum temperatures of infiltration, 1200-1300 ºC. A B4C powder with average 

particle size of 10 µm was used. The Al-Si batches containing 25 and 35 wt. % Si were 

prepared by melting the alloys at 1000 ºC under Ar atmosphere. The density of the 

composites was obtained by Archimedes method. Crystalline phases were identified by X-ray 

diffraction (XRD), RIGAKU Geigerflex. To quantify phase fractions, a set of mixtures of the 

Al, Si, B4C and SiC powders were analyzed by XRD. The ratio of intensities of the main 

XRD lines of the phases were used as calibration functions to establish the fraction of each 

crystalline phase in the Al-Si alloys and in the composites. Difficulties inherent to prepare of 

EBSD qualified samples of B4C-Al and Al-Si melt infiltrated B4C composites were recently 

described [14, 17]. The composite was mechanically polished using diamond lapping papers 

of 30, 15, 9, 6, 3, 1 and 0.5 µm particle sizes, followed by finishing with a colloidal silica 

suspension, Ted Pella, Inc., 0.06 µm particle sizes. The polished surfaces of the composites 

were lightly C coated. Samples were characterized by SEM, Hitachi SU-70, equipped with 

EDS spectroscopy, B-U Bruker Quantax 400, and diffraction (EBSD, Bruker CrystAlign QC 

400). Vickers microhardness was measured with a Shimadzu Data Letty 150 a diamond 

pyramid at 1 kgf of applied load. Vickers hardness at loads of 10 and 30 kgf was determined 

with the Zwick/Roell ZHU tester. Vickers hardness, HV, and indentation fracture toughness 

KIC (Anstis equation) were calculated as [18, 19]: 
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where E is the Young modulus, P the applied load, a the average length of the diagonal of the 

indenter impression and c the length of the median/radial crack. 

 

3. Results and Discussion 

 

Although residual carbon of B4C powders may improve mechanical properties of the B4C-C 

composites [20], there is also the risk that graphite in B4C might reduce the strength of Al-Si 

melt infiltrated B4C composites [4] so low graphite 10 µm B4C powder was used. Two 

batches of the Al-Si containing 25 and 35 wt% Si were made. A third batch with 25 wt. % Si 

and melted twice was also prepared. Details of phase composition of the Al-Si determined by 

XRD, the microstructure and distribution of Si and Al crystalline phases determined by EBSD 

were given elsewhere [14]. XRD and EBSD results confirm that the Si phase fraction in 

batches 1 and 3 is close to the nominal value. Al2O3 contamination from oxidation during 

melting was found in batch 2. No alumina was detected inside the composites prepared by 

melt infiltration from batch 2. In the solidification of the Al-Si alloys, the Si phase 

precipitates first as primary dendrites, the Al solidifying at the eutectic point, 573 ºC. 

Hardness and ductility of the Al-Si alloy are dependent on Si content, dendrite size and the 
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distribution of the two phases which can be changed by adjusting the cooling conditions 

during solidification [21, 22].  
 

3.1. B4C-SiC/(Al-Si) composites. 
 

The Al-Si melts used for infiltration the B4C preforms yielding the three composites of this 

study were selected as follows: composite A (batch 1); composite B (batch 2) and composite 

C (batch 3). The three samples of the composites have high density with residual porosity 

below 1.5 %. Poor wetting from contaminants would decrease the direct contact between the 

Al-Si and the B4C skeleton and would lead to irregular infiltration [23]. Besides freshly 

formed SiC, Al-B-C phases may also precipitate during the reactive melt infiltration of B4C. 

Depending on experimental conditions several ternary phases of the Al-B-C system can form 

of which at least nine are reported in literature [24]. XRD spectra of the samples, sectioned 

along the cylindrical axis of pellets, are displayed in figure 1, revealing only four crystalline 

phases: Al, Si, B4C and SiC. Traces of the Al4C3 and Al3B48C2 were detected by XRD and 

SEM at the low-end of infiltration in the same cross-section of composite A [25]. The molar 

fractions of these four phases in the composites determined by the XRD analysis with 

standards and estimated by EBSD software are given in table 1.    
     

 

 

Al Si B4C SiC Zero solutions

Composite A 44,6 17,2 33,0 5,2 -

Composite B 43,9 18,7 32,9 4,4 -

Composite C 54,9 12,5 29,3 3,3 -

Composite A 38,1 18,5 40,2 3,1 22,8

Composite B 34,4 17,6 44,3 3,7 31,9

Composite C 31,3 27,8 38,8 2,1 24,9

XRD

EBSD

  
 

Table 1: Molar fraction of main crystalline phases 

determined from XRD and estimated by EBSD software. 

 
 

Figure 1: XRD results for three multi-carbide composites. 
 

Both techniques gave phase molar fractions with slight differences, especially for Al and B4C, 

due to low XRD line intensities of B4C. Surface finishing of the polished surfaces takes a key 

role on indexing and quantification by EBSD, especially in multi-phase materials [14]. Figure 

2 presents the SEM image, EDS elemental map and EBSD phase distribution of a 

representative area of the microstructure of these composites. 

 

   
Figure 2: Multi-carbide B4C-SiC/(Al,Si) composite C, a) SEM microstructure,  b) elemental map from EDS; c) 

EBSD phase map for Al, Si, B4C and SiC (0.115 µm step size). 

 

The EDS map in Figure 2 b) of composite C gives the main features of the distribution of Al, 

Si and B in the composites and shows that the large metallic particles of light gray contrast in 

Figure 2 a) are Si dendrites. Of the same area, the crystalline phases presented on the EBSD 

map (figure 2 c)) show a phase distribution that closely follows the distribution of their 

constituting elements in the EDS map. Comparison of figures 2 b) and c) reveals that 

b) a) c) 

     Al      Si       B     B4C      Al      Si     SiC 
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simultaneous detection on B and Al by EDS (yellowed areas, Figure 2 b) is present at places 

where thin B4C wedges overlap with Al grains underneath, this  effect being explained by the 

deepness of the interaction volume for X-Ray emission in EDS. The crystalline lattices of 

both Al and Si phases have the same fcc (face-centered) cubic Bravais lattice with similar 

space groups [14], the Si dendrite material in Figure 2 c) being index in part to the Al phase 

by the EBSD algorithm of phase identification. This figure also displays a high proportion of 

black dots, named zero solutions, representing 23-32 % of not indexed solutions (table 1). 

They are observed at the hard particle edges and inside the Al showing slightly rougher 

surfaces. Passivation of Al can form an amorphous oxide layer with 2-4 nm thick [26] which 

adds to surface relief and smearing of the surface layer of Al originated from plastic 

deformation during polishing [17] and can explain poorer identification of the Al phase by 

EBSD. Final polishing with colloidal silica can either improve finishing of the surface or 

enhance relief differences between the grains of the hard and softer phases [14, 17]. 

 

3.2. Mechanical properties of the composites. 

 

The following values of E and HV, in GPa units, were obtained from literature for each of the 

phases of the composites in table 1: Al-69, Si-185, SiC-450 and B4C-470 for the Young 

modulus [27-30] and 0.17 (Al), 9 (Si), 19 (SiC) and 28 (B4C) for the hardness [31-34], 

respectively. Table 2 gives the values of E and HV calculated by the rule of mixtures from the 

corresponding values of E and HV of the solid phases and the volume fractions determined 

from the XRD results given in table 1. Values of HV determined at three different applied 

loads, equation (1), and of KIC determined for P = 98 N, equation (2), are also given in table 2.  
  

Composite 
Ecalc. 

(GPa) 

Hcalc. 

(GPa) 

HV (GPa) ISE KIC 

(MPa.m
1/2

) 9.8 N 98 N 294 N H0 (GPa) n 

A 242 11.9 8.0 ± 3.0 5.8 ± 1.0 4.7 ± 0.2 11.5 1.73 7.5 ± 0.4 

B 240 11.8 7.6 ± 2.0 5.9 ± 1.0 4.6 ± 0.1 10.7 1.75 8.3 ± 0.8 

C 214 10.0 7.2 ± 2.0 6.4 ± 2.0 3.7 ± 0.4 11.5 1.70 7.6 ± 0.4 

Table 2: Young  modulus E, indentation hardness HV and fracture toughness KIC for the composites A, B and C. 
  

Hardness and elastic modulus of composites increase with the amount of harder and stiffer 

phases. On this case, the ceramic-to-metal ratio strongly influences the calculated values of E 

and HV. Accordingly, the decreasing of calculated values of E and HV from composite A to C 

in table 3 results from composites A and B having higher content in B4C+SiC phases than 

composite C, table 2. At the lowest and highest levels of P, composites A and B display 

higher experimental values of HV than C, table 3. The opposite trend is observed at the 

intermediate value of P, the standard errors of HV values being wide. HV data of each 

composite in table 3 displays power law dependence on indentation load, P,  
s

V PHH 0        (3) 

the exponent s being in the range -0.175 < s < -0.140, the values of H0 being given in table 2. 

The values of H0, the hardness of the material at P = 1 N, are close to the Hcalc values. Such 

dependence of HV on P is equivalent to the indentation size effect (ISE) given by Meyer´s law 

[35] which correlates P to the resulting indention dimension as, 
naCP          (4)      

where C is a constant and the Meyer´s exponent is n = 2 for materials of constant hardness, 

equation (1), or otherwise n < 2 for materials displaying neat ISE dependence. The values 

Meyer´s exponent given in table 3 were calculated from s, as n = 2/(1-s). Reverse ISE 
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dependence, n > 2, had been observed in materials deforming predominantly by plastic yield 

[36, 37]. Values of n as low as 1.50-1.77 were early reported for hot-pressed Si3N4 based 

ceramics [38], n being dependent on residual porosity and grain size of the tested material. 

The observation of ISE in SiC, MgO and Al2O3 ceramics was correlated to elastic recovery at 

scales of the indentation imprint that approach spacing of the plastic deformation bands [39]. 

Microhardness testing of spark plasma sintered TiCN-Al2O3 cermets with Co-Ni metallic 

binder yielded slightly higher values of n in the range 1.77-1.83 rising with the content of 

metallic binder in the composite and coarsening of grain size [37].  The values of n in table 2 

overlap with the range of values of n found in hard ceramics and cermets. 

Figure 3 presents the EDS map an indentation crack and EBSD maps of the crack tip area. 

Indentation corners often do not nucleate the radial cracks in a straight way [4]. Particles close 

to the edges of the indenter imprint simply break in several directions, Figure 3 a). 

Concerning the determination of KIC, only at indentation loads close to 98 N and above was it 

possible to follow the track of the radial cracks with the certainty enough for determination of 

KIC. Analogous difficulties in determining the values KIC of reactive melt infiltrate composites 

prepared with 36 wt% Si alloy at  HV3 (29.4 N) were recently reported [9].  Values of KIC in 

table 2 range from 7.5 up to 8.3 MPa.m
½
. In spite of the scatter of KIC, the high values of KIC 

of the composites of the present study are correlated to the comparatively low values of HV in 

the same way as observed in similar reactive melt infiltrated B4C composites prepared with 

Al-Si alloys of higher Si content and longer reaction times [4].  

 

 

 

 
 

 
Figure 3: Multi-carbide B4C-SiC/(Al,Si) composite C with 294 N indentation crack: a) EDS mapping of Al, Si 

overlaid on SEM microstructure with indentation marked on right (yellow) and region selected for EBSD 

(green); b) enlarged view of crack tip (arrow on right) and EBSD selected area (0.120 µm step size); c) Al, Si 

and B4C phase mapping of EBSD; and d) orientation mapping by EBSD. 

 

As in Figure 2 c), the EBSD phase map (Figure 3 c)) shows reliable indexing of the B4C 

grains but with a lesser clear distinction between Al and Si grains of the metallic phase at 

some places. With the support of the EDS map, fragile fracture of Si particles occurred at 

three places along the crack, the last one being the small Si particle at the crack tip. The 

orientation map in Figure 3 d) shows a Si dendrite composed of two crystalline domains 

fractured by the advancing crack. In between these events the crack line (in yellow in figures 

3 c) and 3 d)) followed the interface between hard B4C particles and the plastically deformed 

Al grains. Crack deflection has a significant contribute to strengthening of the composite.  

Al  Si  B4C 

Al  Si  _B_ 

a) b) 

c) d) 
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As in other studies of crack growth using EBSD, the plastic yield of the ductile phase in the 

crack bridging zone is revealed by intense slip and subgrain formation that rapidly increases 

the proportion of zero-solutions in EBSD maps [3, 16, 40, 41]. In comparison to the quality of 

Al indexing in Figure 2, the figures 3 c) and 3 d) revealed an elevated number of zero 

solutions not just at vicinity fracture line but also spreading into the area of the Al inclusions 

contacting the flaw. Plastic deformation of the Al inclusion is almost uniform in volume, the 

crack bridging by the soft metallic inclusions contributing at large to the work of fracture. 

 

4. Conclusions 

 

The study of the B4C-based composites prepared by the reactive melt infiltration technique at 

temperatures between 1200 and 1300 ºC lead to the following conclusions: 

 Successful infiltration of B4C cylindrical preforms of 7.5 mm thickness had been achieved 

in short dwells of 5 minutes at the maximum temperature. The evaluation of the structural 

development and phase composition confirmed that besides the freshly formed SiC only 

the phases present in the raw materials are detected in the composites.  

 Finishing of the polished surfaces with colloidal SiO2 allowed reliable indexing of the 

B4C phase by EBSD, but the amorphous layer formed on Al surface, relief or topography 

affected indexing in separate the Si and Al grains of the same fcc crystalline system.  

 Vickers hardness of all three composites displays an indentation size effect that follows 

Meyer´s law with values of Meyer´s index of 1.70-1.75. 

 EBSD analysis of the indentation flaws confirms crack deflection and mostly the nearly 

uniform yielding in the volume of the ductile Al ligaments in the crack bridging zone as 

the main contributes to the work fracture and corresponding large values of indentation 

fracture toughness KIC of the composites of the present study.  
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