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Abstract
TiB2-FeAl composite specimens were fabricated by using the spark plasma sintering technique. Dense composite specimens were obtained with the amount of TiB2 up to 75vol% by the sintering at 1373K. It has been shown that TiB2 particles were dispersed uniformly in the FeAl matrix. The size of TiB2 particles was around 2 microns which was the same as that of the starting powders. The Vickers hardness was found to increase with the amount of TiB2 and the highest value of 1600Hv was obtained for the composite of 75vol%TiB2. The bending strength of monolithic FeAl was around 800MPa, which increased to 1300MPa by the addition of 35 vol% of TiB2 and decreased gradually with the further addition of TiB2. This volume fraction dependence was explained by the strengthening effect of the stiffer inclusion particles and by the effect associated with the grain refinement of the matrix FeAl phase. Cracks were observed in the Vickers indentation of TiB2-FeAl with the amount of TiB2 larger than 35vol%. The fracture toughness of FeAl-75vol%TiB2 was estimated to be around 13MPam1/2. 
1.
Introduction
Titanium diboride (TiB2) has many desirable properties such as high hardness (Hv=3400), high melting point (3000K), low density (4500kg/m3), high electrical resistivity and good corrosion resistance [1]. It is a promising candidate for cutting tools, wear proof parts, aircraft propulsion systems, space vehicle thermal protection and so on. However, a high sintering temperature above 2000K is required to obtain dense TiB2, and the strength of monolithic TiB2 sintered at such high temperature is not sufficient [2]. 
In order to obtain dense and high strength TiB2 by the sintering at lower temperatures, sintering of TiB2 with various sintering aid has been investigated. Matsuura et al have shown that TiB2-FeAl composite materials can be fabricated by the combustion synthesis from elemental powders of Ti, B, Fe and Al [3,4]. They have obtained the Vickers hardness of around 2000 Hv and the bending strength of 600MPa for the TiB2-FeAl composite of 80vol%TiB2. They have also shown that the size of TiB2 particles and the porosity increase as the composition of TiB2 increases due to rapid heat increase caused by the large formation enthalpy of TiB2. 

In the combustion synthesis method, precise control of the specimen temperature is impossible. High reaction enthalpy of Ti and B causes the rapid heating of the specimens and the grain growth of TiB2, which bring about deterioration of the mechanical properties. In the spark plasma sintering, powders are inserted in a carbon container and pressed with high pressure by massive electrode to apply large electric current. Good electric conductance is required to apply large electric current to powders which causes good thermal conductance as well. Precise control of the specimen temperature is possible in the spark plasma sintering. 

In the present study we have fabricated dense TiB2 materials by the sintering of TiB2 using spark plasma sintering method with FeAl as sintering aid. We have succeeded to obtain dense TiB2 composite materials with the concentration of TiB2 up to 75vol% by the sintering at 1373K. The bending strength and the Vickers hardness of TiB2-FeAl composites have been investigated. The Vickers indentation fracture toughness have been investigated, also.

2. Experimental Method

TiB2-FeAl composites were fabricated using Al, Fe and TiB2 powders by using the spark plasma sintering method. The raw materials were commercially available Al powders (99.9% purity and 10m powder size), Fe powders (99.9% and 10m) and TiB2 powders (99.9% and 2m).  A graphite die, having an internal diameter of 20mm and a wall thickness of 10mm was filled with 5x10-3kg of the mixed powders and sealed by two graphite punches and mounted on the equipment, LABOX 625 fabricated by Sinterland Ltd. The mixed powders were heated to 1373K with the rate of 50K/min, kept for 20 minutes, and then furnace cooled to room temperature. The sintering temperature was determined as 1373K since the melting point of FeAl is around 1500K. The temperature was measured using the infrared radiation thermometer IR-AHS0 fabricated by Chino Corporation. Sintering was performed in a vacuum with a residual pressure of 10Pa. A uniaxial pressure of 20MPa was applied during the sintering. 
Scanning electron microscope (SEM) observation was performed using a Hitachi S-4300Y instrument. Before the SEM observation, surfaces of the specimens were polished to #2400 by using diamond abrasive plates and etched by nitric acid. X-ray diffraction patterns were measured using a Rigaku Ultima IV X-ray diffractometer with Cu-k radiation source. Vickers hardness was measured using an Akashi AVK-A hardness tester with the load up to 490N and pressing time of 15 seconds. To perform the bending test, rectangular shape samples with the size of 2x3x20 mm3 were cut by the electric discharge. Three points bending tests were performed using a Shimadzu AGS-J test machine with the crosshead speed of 0.5mm/min and the span of 15mm.
3. Experimental Results
Figure 1 shows the X-ray diffraction pattern from the cross section of the monolithic FeAl and TiB2-FeAl composite specimens with the amount of TiB2 of 45, 65 and 75vol%. In Fig. 1, diffraction peaks from cubic B2-type FeAl has been observed for the monolithic FeAl specimen. In the diffraction pattern from the composite specimens, peaks from the cubic FeAl and hexagonal TiB2 structures have been observed showing that FeAl and TiB2 consists of pseudo-binary eutectic phase diagram as proposed by K. Matsuura et al. [3] In the diffraction pattern of the monolithic FeAl specimen, broad background has been observed. The diffraction peak from FeAl observed at 2=43.8°is broad in comparison with that from TiB2 observed at 44.4°. These facts indicate that there exist many defects in FeAl such as anti-phase defects. The ratio of the intensity of the diffraction peaks from FeAl to those from TiB2 decreases as the amount of TiB2 increases. The broad background observed in the diffraction pattern from monolithic FeAl decreases also as the amount of TiB2 increases.

 Figure 2 (a) and (b) show the SEM images of the cross-section of the TiB2-FeAl composite specimens with 45vol% and 85vol% TiB2, respectively, sintered at 1373K.  In Fig. 2 (a) it is shown that TiB2 particles are dispersed uniformly in FeAl matrix. No pore is observed and dense specimen is obtained. 
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Figure 1: X-ray diffraction pattern from the cross section of the TiB2-FeAl composite specimens sintered at 1373K.
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Fig. 2 SEM images of the polished surfaces of (a) AlFe-45vol%TiB2 and (b) AlFe-85vol%TiB2
 composite specimens.

The size of TiB2 particles is around 2m which is the same as that of the starting powders. In Fig. 2 (b), it is shown that TiB2 particles are in contact with other TiB2 particles. In addition, some pores are observed in Fig. 2 (b) as shown by allows. We have measured the density of the specimens using the Archimedes method. The relative density of the FeAl-75vol%TiB2 is 97% which decreases to 94% for FeAl-85vol%TiB2. 

Figure 3 shows the dependence on the amount of TiB2 of the bending strength of theTiB2-FeAl composites. The bending strength of monolithic FeAl is 800MPa, which increases to 1300MPa by the addition of 35vol% of TiB2 and decreases gradually with the further addition of TiB2. The bending strength of TiB2 sintered at 1373K is nearly zero indicating that sintering of TiB2 does not proceed at 1373K. 

Figure 4 shows the dependence on the amount of TiB2 of the Vickers hardness (Hv) of the TiB2-FeAl composites. The Vickers hardness increases as the amount of TiB2 increases up to 75vol%. The Vickers hardness of FeAl-85vol%TiB2 is smaller than that of FeAl-75vol%TiB2. This decrease is supposed to be caused by the facts that the relative density of the composite decreases as the amount of TiB2 exceeds 75vol% and the cohesive strength between TiB2 particles is smaller than that between TiB2 and FeAl. 
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Fig. 3 Dependence on the amount of TiB2 of the bending strength of the TiB2-FeAl composites.
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Fig. 4 Dependence on the amount of TiB2 of the Vickers hardness of the TiB2-FeAl composites.

Figure 5 shows the SEM images of the Vickers indentation of (a) FeAl-55vol%TiB2 and (b) FeAl-75vol%TiB2 specimens indented with the load of 490N. In Fig. 5 it has been shown that clear pyramid shapes are indented and cracks emanate from the indentation corners. Figure 6 shows the enlarged image of the area enclosed by the rectangle in Fig. 5(b).  In Fig. 6, it is observed that a crack propagates along the interfaces between TiB2 and FeAl matrix. 

The indentation fracture models have been investigated intensively and are reviewed by Ponton and Rawlings.[5] According to them the indentation fractures are classified into two groups. One is radial-median halfpenny-shaped cracks which develops under the indentation, and the other is the Palmqvist cracks which is formed just below the indentation tips.  The criterion for the Palmqvist crack is the ratio c/a being smaller than 2 where a is the half length of the indentation diagonal and c the crack length measured from the indentation center. In the present experiment, this criterion has been satisfied and the Palmqvist type cracks are generated. 

For the Palmqvist cracks, following equation to estimate the fracture toughness Kc is proposed,
 Kc=0.0329P/al1/2       　　　　　　　　　　                      (1),

where P is the indentation load and l the crack length measured from the indentation tip. The fracture toughness of the TiB2-FeAl composites obtained using eq. (1) is plotted in Fig. 7.  It has been shown in Fig. 7 that the fracture toughness of FeAl-35vol% TiB2 is as high as 27MPa･m1/2, which decreases as the amount of TiB2 increases. Fracture toughness is given as ･1/2 where  is the ultimate tensile strength and  the characteristic length representing the plastic zone size at the crack tip.  The characteristic length  estimated by the Kc value for FeAl-35vol%TiB2 is around 300m which is nearly the same as the size of the Vickers indentation.  In FeAl no plastic deformation occurs at room temperature. The large value of  and Kc of the TiB2-FeAl composites may imply that deformation occurs in the composites by generating many micro cracks in the entire indentation region. 
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Fig. 5 SEM image of the Vickers indentation of (a) FeAl-55vol%TiB2 and (b) FeAl-75vol%TiB2 indented with the load of 490N
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Fig. 6 The enlarged image of the area enclosed by the rectangle in Fig. 5 (b)
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Fig. 7 Relation between the fracture toughness and the volume fraction of TiB2 particles in the composites.
4.
Discussion
The bending strength of FeAl is found to increase with the addition of TiB2 up to 35vol% and decrease gradually by the further addition. We consider below the dependence on the volume fraction of the bending strength of TiB2-FeAl composites. 
We consider two strengthening mechanisms.  One is the reinforcement caused by the reduction of stress in the matrix by the addition of stiffer inclusion and the other is the strengthening effect associated with the reduction of grain size of the matrix FeAl phase caused by the addition of TiB2. 

Reinforcement of particle-reinforced composites has been analyzed using mean field theory based on the equivalent inclusion model by Mori and Tanaka [6]. By the Mori and Tanaka theory, mean stress in the matrix, m, is expressed by external stress 0 of the composite according to the equivalent inclusion method,
m=0g()  　　　　　   　                                       (2), 

where function g() is the normalized mean stress dependents on the elastic moduli of matrix and reinforcement. As the volume fraction of the reinforcement particles increases, the stress carried by the matrix is reduced to g() times the applied stress . Normalized mean stress in the matrix, g() (=m/0) and in the reinforcement particles, r/0, calculated by using the Mori and Tanaka scheme is shown in Fig. 8 as a function of the volume fraction of TiB2. We assume the spherical shape and isotropic elastic module of reinforcement. The used values of Young’s modulus and Poisson ratio of TiB2 are 580GPa and 0.11 [7], and those of FeAl are 180GPa and 0.40 [8], respectively. 
In Fig. 8, it is shown that the normalized stress in the matrix, m/ decreases as the volume fraction of the reinforcement,  increases indicating that more stress is carried by the reinforcement particle. The stress in the matrix is expected to reduce about 15% when 35vol% TiB2 is added to FeAl. If a failure of the composite occurs when the stress exceeding the ultimate tensile strength is applied to the matrix phase, g ()-1 gives the improvement of the strength of the composite relative to the monolithic matrix phase. However, this effect is not sufficient to give about 50% improvement of the bending strength of FeAl-35volTiB2 composite relative to that of monolithic FeAl shown in Fig. 3. In order to describe the increment of the bending strength of the TiB2-FeAl composite, another strengthening mechanism is needed.  

It is well known that the strength of metals depends on reciprocal of the square root of the average particle size due to the pile-up of dislocations at grain boundaries (Hall-Petch relation). This relation holds for many ceramic materials, also, even though the mechanism is not clear.

The average distance between the surfaces of the nearest particles in the composites, La, was calculated as a function of volume fraction, and particle diameter, Dm, assuming sphere shape and uniform particle dispersion. [9] In Fig. 9 is plotted the calculated result of (La/Dm). The distance La at a volume fraction 0.055 was equal to the particle diameter Dm and the shortest distance at =0.74 (maximum volume fraction in the close packed structure) was 0.134Dm. 

The strength of the TiB2-FeAl composites, compcrit, is expected to be given by the next equation, 

compcrit K･ g()-1 ･La-1/2 ･FeAlcrit                                          (3),
where FeAlcrit is ultimate tensile strength of FeAl of the definite grain size and K is a constant. In Fig. 10 is plotted (La/Dm)-1/2. This gives an increasing curve as the volume fraction increases.  As shown in Fig. 3, the bending strength of FeAl increases by the addition of TiB2 up to 35vol% and decreases gradually by the further addition. This increase of the bending strength may be explained by the strengthening mechanisms described above. However, it cannot explain the decrease of the bending strength above 35vol%.

By the SEM observation shown in Fig. 2, each TiB2 particle is isolated in the FeAl matrix in the FeAl-45vol%TiB2 specimen while in the FeAl-85vol% TiB2 specimen, almost all TiB2 particles are in
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Fig. 8 Normalized stress in the matrix, m/0 (open circle), and in the reinforcement particles, r/0 (solid circle), calculated for TiB2-FeAl composites calculated using the Mori and Tanaka scheme as a function of the volume fraction of the reinforcement particles.
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Fig. 9 Calculated result of (La/Dm) as a function of the volume fraction of the inclusion particles .
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Fig. 10 (La/Dm)-1/2 (solid circle) and (1-) (La/Dm)-1/2 (open circle) are plotted as a function of the volume fraction .  

contact with other TiB2 particles. Cohesive strength between TiB2 particles is weak as indicated by the fact that the bending strength of monolithic TiB2 sintered at 1373K is nearly zero. The decrease of 
the bending strength of TiB2-FeAl composites as the amount of TiB2 increases above 35vol% is seemed to be caused by the increase of the fractions of TiB2 surfaces in contact with other TiB2. 

The fraction of the area of TiB2 surfaces in contact with other TiB2 can be given as (1-). Thus the strength is given as follows. 
compcrit･(1-) ･g()-1 ･La-1/2 ･FeAlcrit                              (4).
In Fig. 10 is plotted (1-) (La/Dm)-1/2, also, as a function of the volume fraction. This curve has maximum at around 35vol%.  In Fig. 11 is plotted compcrit as a function of the volume fraction of TiB2 
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Fig.11 Experimental (solid circle) and calculated (open circle) bending strength of TiB2-FeAl composites are plotted as a function of the volume fraction of TiB2. 
　 
where K･FeAlcritis chosen so that compcrit and the experimental bending strength are in accord at .  In Fig. 11 it is shown that the bending strength of the composite can be well fitted by eq. (4).

5.
Conclusions
We fabricated TiB2-FeAl composite by the sintering of FeAl and TiB2 powders using spark plasma sintering. The Vickers hardness increased as the amount of TiB2 increased and the highest Vickers value of 1600Hv was obtained for FeAl-75vol%TiB2. The bending strength of FeAl increased by the addition of TiB2 up to 35vol% and decreased gradually by the further addition. This volume fraction dependence of the bending strength was explained by the strengthening effect by the stiffer inclusion particles and by the effect due to the grain refinement of the matrix FeAl phase.
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