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Abstract. The effect of three different sintering additive systems on densification of boron carbide 
powder was investigated. The sintering additives were Al2O3:Y2O3, AlN:Y2O3 and BN:Y2O3 
compositions. Powder mixtures were prepared with 10 vol% of sintering aids following 
conventional powder technology processes. Samples were sintered by pressureless sintering at 2050 
ºC/30min in argon atmosphere. Sintered samples were compared to a sintered B4C without sintering 
additive. Samples were characterized by XRD to analyze the crystalline phases after sintering and 
SEM to observe the microstructure and the second phase distribution. YB4 and YB2C2 were 
identified in all samples, indicating a reaction between Y2O3, B4C and B2O3 present at the B4C 
particle surface.  The best densification result was achieved with Al2O3:Y2O3 additive system, 
showing 92.0 % of theoretical density, low porosity and 15.2 % of linear shrinkage. But this sample 
showed the highest weight loss. 

Introduction 

The development of lightweight and inexpensive ceramic armor is under ongoing consideration by 
both ceramic armor manufacturers and armor users. Boron carbide (B4C) exhibits attractive 
properties such as low density (2.52 g/cm3), high hardness (Vicker hardness: 3770 kg/mm2) and 
high wear resistance, which makes it very useful as lightweight armor [1,2]. In addition B4C 
presents high melting point (2427 ºC) and excellent resistance to chemical agents, as well as high 
capability for neutron absorption [1]. However, despite the technological interest in B4C based 
ceramics, the realization of this potential is hindered by two major drawbacks, namely the low 
fracture toughness of B4C and the very high temperature required for its sintering, due to the 
covalent bonding that prevails in boron carbide [3,4]. Thus, there exists a very strong motivation for 
decreasing the temperature required to attain levels of density of sintered ceramics. 

Due to the presence of high fraction of strong covalent bonding, low plasticity, high resistance to 
grain boundary sliding and the low self-diffusion coefficient it is almost impossible to sinter B4C to 
high densities without additives or high external pressure [5-7]. A typical method to enhance the 
densification of B4C is pressure sintering such as hot pressing under vacuum or inert atmosphere at 
a high temperature (2100-2200 ºC) and pressures of 20-40 MPa for 15-45 min holding time [6]. 
This method is applicable only to rather simple shapes. For that reason pressureless sintering of B4C 
is often preferable to avoid the expensive diamond machining required to form complex shapes. 

In pressureless sintering process, dense pellets could be obtained only with a starting material of 
fine size in the range of < 3 µm and a sintering temperature of 2250-2350 ºC [8,9]. Since B4C is 
very difficult to densify to higher than 80 % of the theoretical density (TD). A variety of different 
elements and compounds has been researched as B4C sintering additives. Densification at 2150-
2250 ºC can be achieved by adding different inorganic additives as Si, Al, Mg, SiC, TiC, TiB2, 
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CrB2, ZrB2, Carbon, etc [5,10-15].  Recent studies have shown that the addition of TiO2 and ZrO2 to 
boron carbide powders improves the density values to 95-97% while sintering at around 2200 ºC 
[16,17]. The addition of Al2O3 particles to a B4C matrix did lead to composites with high relative 
density (>96%) and improved mechanical properties [18]. However, the most used additive for 
pressureless sintering B4C is carbon in different sources [1,8,19].  

In the present study, the effect of different sintering additive systems on the B4C pressureless 
sintering behavior has been investigated. The objective was to apply the liquid phase sintering 
technique, which is commonly used in SiC ceramics and reduce the densification temperature. For 
SiC, which is another covalent ceramic material with poor sinterability, sintering techniques have 
been developed to reduce temperatures using liquid phase sintering (LPS) aids, which melt at low 
temperature, joining SiC grains and allowing the material to densify. While SiC can be densified  by 
solid state sintering process at high temperatures of about 2000 ºC, with the aid of B and C [20], 
LPS sintering can be achieved at much lower temperatures (1800 -1900 ºC) [21-22]. For this study 
three different additive systems Al2O3-Y2O3, AlN-Y2O3 and BN-Y2O3 were investigated at sintering 
temperature of 2050 ºC, which is a relatively “low” temperature for B4C pressureless sintering. 

Experimental Proceeding 

Commercially available high-purity fine powders of B4C (H.C.Starck-Germany), BN (fine grade 
H.C.Starck-Germany), AlN (fine grade-H.C.Starck-Germany), Y2O3 (fine grade- H.C.Starck-
Germany) and Al2O3 (A-16 SG- Alcoa) were used to prepare the mixtures. The powder mixtures 
were prepared by planetary milling in isopropanol using a polyethylene container. Three different 
compositions were prepared maintaining a constant amount of 10 vol% of each additive system. 
Three different additive systems, namely Al2O3-Y2O3, AlN-Y2O3 and BN- Y2O3 were investigated. 
The molar ratio of AlN and BN to Y2O3 and Al2O3 to Y2O3 was 3:2 and 5:3, respectively. The molar 
ratio of 5:3 for Al2O3/Y2O3 was chosen to get yttrium aluminum garnet Y3Al5O12 (YAG). The 
AlN/Y2O3 proportion was chosen from the AlN-Y2O3 phase diagram [21]. The same molar ratio 
was chosen for BN/Y2O3 sintering additive because of the absence of the data on phase relations 
between BN and Y2O3. For comparison purpose, samples without additive were also prepared. 
Table 1 shows the nominal formulation of the prepared mixtures. After drying and sieving, the 
powders were uniaxially pressed in disc shape samples of 14 mm diameter and 5 mm thickness and 
followed by a cold isostatic pressing at 300 MPa. A graphite resistance furnace was used for 
pressureless sintering, which was comprised of graphite heating elements and fibrous insulation. 
Samples were placed inside the furnace without bed powder protection. The temperature was 
monitored using an optical pyrometer sighted on the graphite casing near the samples. Thermal 
cycle was characterized by heating and cooling rate of 20º-30º C/min and dwell time of 0.5 h at 
sintering temperature of 2050 ºC.  
 

Table 1- Nominal formulation of the prepared mixtures with different additive systems (wt%). 

Material B4C (wt%) Al2O3 (wt%) AlN (wt%) BN (wt%) Y2O3 (wt%) 

Al2O3-Y 83.41 7.13 - - 9.46 

AlN-Y 83.44 - 3.54 - 13.02 

BN-Y 85.84 - - 2.00 12.16 

 
The final densities of the sintered samples were determined by liquid (distilled water) 

immersion method (Archimedes’ Principle). The theoretical densities were calculated from the 
densities of the starting phases by rule of mixtures. Total weight loss and total linear shrinkage were 
also determined. X-ray diffractometry (XRD- Model Phillips PW 18/30) using monochromated 
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CuKα-radiation was used to identify the as-sintered phase composition of the crystalline grain-
boundary phases. Diffraction analysis was performed directly from a machined surface of the 
sintered samples and qualitative analysis was done by comparison with JCPDS standards. The 
microstructure of the sintered samples was examined by scanning electron microscopy (SEM – 
Model LEO 435i-Zeiss) on the fracture surface and optical microscopy observation of the polished 
and etched samples surface. 

Results and Discussion 

Table 2 shows the results of the B4C materials after sintering at 2050 ºC using different additive 
systems and without additive. There is a significant densification increasing by using the additives. 
The low level of open porosity can indicate that the formation of liquid phase or reactions between 
B4C and the additives has acted to reduce the open porosity. B4C sintered with Al2O3-Y2O3 showed 
the highest density (92 %) and linear shrinkage (15.6%). However, this composition presents also 
the highest weight loss, which can be the result of some reactions with formation of volatile species. 
Considering that BN normally acts as a sintering inhibitor owing to the anisotropic crystal structure 
that is similar to graphite [23], the samples with BN-Y2O3 showed also a considerable densification.  

 
Table 2- Results of theoretical density (% TD), open porosity, weight loss and linear shrinkage of 
the B4C sintered with different additives at 2050 ºC/30min. 

sample 
additive 

Relative Density 
[% TD] 

Open Porosity 
[%] 

Weight Loss 
[%] 

Linear Shrinkage 
[%] 

without 86.3 ± 0.3 10.5 ± 1.8 3.2 ± 0.2 9.6 ± 0.3 

Al2O3-Y 92.0 ± 0.4 1.8 ± 0.5 12.9 ± 0.1 15.6 ± 0.6 

AlN-Y 91.3 ± 0.6 0.7 ± 0.2  3.0 ± 0.1 12.1 ± 0.4  

BN-Y 90.3 ± 0.3 3.4 ± 0.1 6.3 ± 0.3 11.5 ± 0.2 

 
In order to analyze the crystalline phases that were formed during sintering, Fig. 1 shows the 

XRD patterns of the three samples with sintering aids.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-X-ray diffraction patterns of the sintered samples with different additive systems.  
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From the X-ray diffraction patterns, besides B4C peaks two main crystalline phases were 
identified in all sintered samples, regardless the sintering aid composition. YB4 and YB2C2 were 
identified in all samples and their peak intensities were higher in samples with AlN and BN owing 
to its higher concentration ratio with Y2O3. These phases were formed by a reaction sintering 
between B4C and the cation Y+ generating refractory borides. According to Goldestein et al. [24] 
the first solid-state reactions in the B4C + Y2O3 mixtures start around 1100 ºC and the reactions in a 
rapid heating regime were completed at temperature around 1900 ºC.  Table 3 summarizes the 
crystalline identified phases of each sample.  It was not identified any crystalline phase related to 
the possible reactions between the additive components. The absence o such phases could be 
associated with an amorphous state, or a very low concentration not detectable by XRD and also a 
possible vaporization during the last sintering stages. 
 
Table 3- Crystalline identified phases in B4C samples sintered with different additive systems. 

Material Detectable crystalline phases by XRD 

Al2O3-Y YB4, YB2C2, Al8B4C7 

AlN-Y YB4, YB2C2, Al8B4C7; AlN 

BN-Y YB4, YB2C2, BN 

 
Fig. 2 shows SEM back scattered micrographs of the fracture surface of the samples sintered 

without additive and with the three additive systems.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2- SEM back scattered images of the B4C samples sintered at 2050 ºC: (a) without additive, (b) 
Al2O3-Y2O3, (c) AlN-Y2O3, (d) BN-Y2O3. 

(a) 

(c) 

(b) 

(d) 
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It can be observed that sample without additive (Fig. 2a) shows large amount of porosity which 
is in agreement with the results in Table 1. The other three micrographs show the distribution of the 
second phase corresponding to the white zones in the B4C matrix. The microstructure is 
homogeneous and presents low porosity. It can be observed that sample with Al2O3-Y2O3 (Fig.2b) 
shows a transgranular fracture and the second phase is less dispersed compared with the other two 
systems. This fact can be related to the viscosity of the liquid that is formed by these components 
allowing a higher segregation of the formed phases.  Fig.3 shows a back scattered image of the 
sample with Al2O3-Y2O3 and the energy dispersive spectroscopy (EDS) spectrum of three different 
regions. It can be observed in this higher magnification micrograph that the second phase (white 
zones) shows a liquid phase aspect with sharp boundary and triple junction between the B4C matrix 
grains. The EDS from region 1, which comprises mostly the white zone, indicated the massive 
presence of Y and B. Region 2 showed Al and Y in a light grey zone, indicating a phase not 
detectable by XRD. The third region correspond to the dark grey zone and is formed mainly by B4C 
although it was also identified Al in smaller concentration. 

 
  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3- SEM micrograph of the sample with Al2O3-Y2O3 and EDS of three different regions.  
 

The polished and etched surfaces of the samples with additive are shown in Fig. 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4- Optical micrographs of the polished and etched surface of the sintered samples: (a) Al2O3-
Y2O3, (b) AlN-Y2O3, (c) BN-Y2O3. 
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The microstructure of the samples with Al2O3 and AlN is very similar with medium grain size of 
about 8 µm. However the sample with BN addition shows a heterogeneous microstructure with 
small and large grains.  

Conclusion 

B4C ceramics were fabricated by pressureless sintering of B4C and sintering additives powder 
mixtures. Three different systems of sintering aid were analyzed in samples sintered at 2050 ºC/30 
min. The relative density of the composites increased with the additive addition. B4C-sample 
sintered by LPS using Al2O3:Y2O3 showed the highest density (92.0 %TD), though it presents the 
highest weight loss. Common crystalline phases of YB4 and YB2C2 were identified in all samples. 
Further research at the optimization of both composition and processing of the composite will be 
necessary for applying this material as ballistic armor. 
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