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Abstract

The effects of Al addition on pressureless-sintering of B4C–TiB2 composites were studied. Different amounts of Al from 0% to 5 wt.% were

added to B4C–TiB2 mixtures (containing up to 30 wt.% TiB2) and the samples were pressureless sintered at 2050 8C and 2150 8C under Ar

atmosphere. Physical, microstructural and mechanical properties were analysed and correlated with TiB2 and Al additions and sintering

temperature. Addition of Al to B4C–TiB2 results in increased shrinkage upon sintering and final relative density and lower porosity, the effect is

being more evident when both Al and TiB2 are present. Fracture strength, elastic modulus and fracture toughness of 450 MPa, 500 GPa and

6.2 MPa.m1/2, respectively were measured.
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1. Introduction

Boron carbide is an important non-metallic hard material

with high melting point and hardness and low density as well as

high chemical resistance [1]. Due to the outstanding properties,

B4C ceramics are good candidate for many structural

applications. Boron carbide can be used as neutron absorber,

armor, abrasive media for lapping and grinding, polishing

media for hard materials and wear resistant components [2–5].

However, this wide range of applications is restricted by limited

strength and fracture toughness as well as by poor sinterability

and machinability [6]. In order to promote densification at

relatively low temperatures, different sintering additives have

been proposed such as Si, Al, Mg, Ni, Al2O3, SiC, SiC + Al,

TiB2, TiB2 + C, ZrB2, W2B5, B, BN [5–16]. Among the studied

systems, B4C–TiB2 composites attracted the attention of

materials scientists because of the very interesting mechanical

properties associated to micro-cracking behaviour that

accounts for appealing for high fracture toughness values

[17–20].
* Corresponding author.
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Boron carbide–aluminium cermets have the potential for

offering a combination of high hardness and toughness in a

lightweight structure. Aluminium has been incorporated into

B4C matrix ceramics as a second phase for pressureless

sintering [21–25] or to improve the performances of B4C matrix

ceramics by hot pressing [26].

In the present paper, the influence of Al addition on the

densification behaviour, physical and mechanical properties of

pressureless sintered B4C–TiB2 composites is investigated.

Both Al and TiB2 additions to B4C matrix provides high

flexural strength, high fracture toughness and fine and dense

microstructure, simultaneously.

2. Experimental procedures

High-purity B4C (Chengdu Greenworld Chemical, China,

B:C = 3.8–3.9, average particle size = 1.3 mm), and TiB2

(Chengdu Greenworld Chemical, China, 98% pure and particle

size < 3 mm) powders were used as starting materials. Al

powder (99.5% and particle size < 1 mm) was used as sintering

aid. Composites were prepared using different amounts (from 5

to 30 wt.%) of TiB2 and Al (from 1 to 5 wt.%). The powders

were mixed with high-purity phenolic resin binder and

methanol in a WC planetary mill for 1 h [22,23] and then

uniaxially cold pressed under 80 MPa to prepare
d.
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Table 1

Crystalline phases detected by XRD analysis in sintered B4C–TiB2 composites.

Sample no. B4C (wt.%) TiB2 (wt.%) Al (wt.%) Sintering temperature (8C) Phases

1 69 30 1 2050 B4C, TiB2, graphite

2 90 5 5 2050 B4C, TiB2, graphite, Al8B4C7

3 65 30 5 2050 B4C, TiB2, graphite, Al8B4C7

4 65 30 5 2150 B4C, TiB2, graphite, Al8B4C7

The present phases in B4C–TiB2 composites sintered at different temperatures and containing different values of TiB2 and Al.

Fig. 1. The present phases in B4C–TiB2–Al system as a function of temperature obtained by FactSage software.
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Fig. 2. Effect of Al and TiB2 on: (a and b) shrinkage; (c and d) porosity; (e and f) relative bulk density. (Open and solid symbols are related to 2050 8C and 2150 8C
sintering temperature, respectively.)
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50 mm � 50 mm � 10 mm samples. The plates were then

CIPed at 180 MPa. Each plate was cut into bars of

10 mm � 10 mm � 50 mm which were then polished by SiC

paper (320 grits) to remove macroscopic surface defects.

Samples were then heated for 1 h at 900–1000 8C to burn out
Fig. 3. SEM micrographs of composites (sintering temperature = 2050 8C) fracture

3 wt.%; (c) 10 and 4 wt.%; (d) 10 and 5 wt.%; (e) 20 and 4 wt.%; (f) 25 and 4 wt
the phenolic resin binder and sintered in a graphite elements

furnace under Ar atmosphere at 2050 and 2150 8C for 1 h

(heating rate = 10 8C/min).

Sintered bodies were surface ground and polished with

diamond paste down to 1 mm grain size for successive
 surfaces containing TiB2 and Al loads equal to: (a) 10 and 2 wt.%; (b)10 and

.%; (g) 30 and 4 wt.% and (h) 30 and 4 wt.% (2150 8C).
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Fig. 5. Effect of Al additions on hardness of B4C–TiB2 composites sintered at:

(a) 2050 8C and (b) 2150 8C.
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Fig. 4. Effect of Al additions on grain size of sintered composites at: (a)

2050 8C and (b) 2150 8C.
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microstructure examinations. The polished surfaces were then

electrochemically etched in a 0.1% KOH water solution with

current density of 0.1 A/cm2 for 60–120 s.

The microstructure was observed under scanning electron

microscope (SEM) (JEOL, JSM-5500) and chemical composi-

tion was qualitatively determined by energy dispersive X-ray

spectroscopy (EDXS). Mean grain size of sintered samples was

calculated by using the line intercept method on SEM

micrographs [27].

Bulk and apparent density and open porosity of the samples

were measured by Archimede’s method.

Crystalline phases were characterized by X-ray diffraction

(XRD) (Philips, model Xpert).

Bars with sizes of 3 mm � 4 mm � 45 mm were cut from

sintered samples and polished with diamond paste down to

1 mm grain size. Care was also used to uniformly chamfer the

edges at about 458. Vickers indentation (maximum load = 30–

100 N) was used to measure hardness and fracture toughness

[28]. Indentation imprint and crack length were determined

from an average of 10 test for each composition.
Strength and elastic modulus were measured by four-point

bending test by using a universal testing machine (MTS

System, Model 810) with a crosshead speed of 1 mm/min. Inner

and outer spans were 20 and 40 mm, respectively. At least five

samples for each composition were considered.

3. Results and discussion

Table 1 shows the crystalline phases detected by XRD in the

B4C–TiB2 composites and one can easily observe the presence

of graphite probably deriving either from decomposition of the

residual phenolic resin or from B4C and Al8B4C7 phases as the

result of possible reactions between Al and B4C [29–31]. In

order to analyse such a result, the phases were analysed by

using the FactSage thermochemical software [32] which

provides determining the most favourable phases (in terms

of free energy) as a function of temperature, initial composition

and environment. The present phases at sintering temperature

are shown in Fig. 1. One can observe that at relatively low
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Fig. 6. Effect of Al additions on elastic modulus of B4C–TiB2 composites

sintered at: (a) 2050 8C and (b) 2150 8C.
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temperatures B4C reacts with Al according to:

3B4C þ 5Al ! Al4C3þ AlB12 (1)

B4C, Al4C3 and AlB12 phases are inert up to 1100 8C when B4C

reacts with Al4C3 to yield AlB12 and carbon:

12B4C þ Al4C3 ! 4AlB12þ 15C (2)

TiB2 is thermodynamically stable during the heat treatment and

does not undergo any change. After sintering and during

cooling the samples to room temperature, AlB12 can react with

carbon to produce B4C and Al8B4C7:

8AlB12þ 30C ! Al8B4C7þ 23B4C (3)

This can be the main reason for observing Al8B4C7 phase in

XRD results. Because the phase analysis has been conducted at

room temperature and only stable phases at room temperature

can be presented and detected by this method.

The effect of Al additions on shrinkage upon sintering,

porosity and bulk density are shown in Fig. 2. As expected

shrinkage upon sintering increases for sintering temperature
rising from 2050 to 2150 8C. Al additions have a profound

effect on shrinkage upon sintering, the effect being more

limited when large quantities of TiB2 are present. In other

words both Al and TiB2 promote sintering of B4C matrix, the

maximum shrinkage is being recorded when 5 wt.% Al is used

to B4C-30 wt.%TiB2 composite.

The effects are clear also regarding to open porosity and bulk

density (Fig. 2c–d). One can observe that Al addition an excess

of 2 wt.% allows the production of almost fully dense

composite, especially for the largest amounts of TiB2

reinforcing phase and at 2150 8C sintering temperature.

The microstructure of B4C–TiB2 composites is shown in

Fig. 3. One can confirm that the addition of Al leads to decrease

the porosity of the sintered material. By adding 5 wt.% Al,

porosity decreases to about zero.

Fig. 4 shows the effect of Al addition on the average grain

size. The grain size of B4C–TiB2 composites sintered at

2050 8C is about 2 mm and does not sensibly change with Al

load lower than 1% at the same sintering temperature.

Conversely, additions of Al between 2% and 4% lead to larger
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grain size especially for limited amount of reinforcing phase

(TiB2) that, therefore, acts as grain growth inhibitor. At higher

sintering temperature (2150 8C) the effect is similar though

grain growth is evidently beginning from 1% Al addition due to

the activation of diffusion processes.

Fig. 5 shows the effect of Al additions on hardness. As

expected, the addition of Al has a positive effect on Vickers

hardness that consists of almost 5 wt.% Al loads. This effect

can be accounted for the density increase previously pointed

out. Quite surprisingly hardness increases also with TiB2

content, especially for composites sintered at 2050 8C, though

the reinforcing phase hardness is lower than B4C matrix one.

Nevertheless, also such behaviour can be related to the denser

microstructure obtained by TiB2 addition.

Similarly to density and hardness, Al addition has a positive

effect also on elastic modulus (Fig. 6) and similar explanations

can be reported in the present case [33].

The effect of Al additions on fracture strength is shown in

Fig. 7. An intensive increase occurs for limited additions of Al

(1 wt.%) while strength remains substantially constant for
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Fig. 8. Effect of Al additions on fracture toughness of B4C–TiB2 composites

sintered at: (a) 2050 8C and (b) 2150 8C.
further Al loads. One can also observe that strength is always

higher when larger amount of reinforcing phase (TiB2) is

present. An important effect responsible for increasing failure

stress is related to the decrease the porosity and, therefore, of

flaws within the material associated with beneficial sintering

promoted by Al addition. In addition, strength data can be

correlated with fracture toughness results (Fig. 8). Al addition

has important effects also on fracture toughness, this is being

associated with elastic modulus/density increase. Nevertheless,

one should point out the important effect of the reinforcing

phase that allows to duplicate fracture toughness when TiB2

additions as high as 30 wt.% are used. Both fracture energy

(GC) and elastic modulus (E) contribute to fracture toughness

through the well-known relationship:

KC ¼
ffiffiffiffiffiffiffi

GE
p

(4)

One can observe that if the elastic modulus doubles, KC

should be increased by a factor of �1.4. If data in Figs. 6 and 8

are compared, it is possible to conclude that, though limited,

there is an additional contribution to fracture toughness other

than the elastic modulus increase as a function of TiB2 content.

Such contribution can be associated with toughening effect

typically observed in B4C–TiB2 composites such as micro-

cracking [34] which is probably limited in the materials

considered here due to the presence of porosity and spurious

phases like Al8B4C7 previously were pointed out.

4. Conclusion

- In B4C–TiB2–Al system, Al reacts with B4C and Al8B4C7 and

carbon phases are formed, but there is not any reaction

between TiB2 and B4C.

- Adding Al to B4C–TiB2 composites results in increasing the

shrinkage and the relative density and decreasing the porosity.

- Increasing TiB2 phase leads in less grain growth.

- In samples containing different amounts of TiB2, Al addition

of at least 1 wt.% increases the fracture strength considerably.

- The fracture mode in B4C–TiB2 samples containing Al is

transgranular and intergranular.

- In the presence of Al and TiB2 phases in B4C matrix,

maximum values of fracture strength, elastic modulus,

hardness and fracture toughness were obtained of about

450 MPa, 500 GPa, 35 GPa and 6.2 MPa.m1/2 respectively.

- In pressureless sintering of B4C–TiB2 composites, grain

growth can be controlled by TiB2 phase and Al improves the

sintering behaviour.
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