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PUBLICATION DISSERTATION OPTION 
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This dissertation has been prepared in the style utilized by the Journal of the 

American Ceramic Society and Ceramic Engineering Science Proceedings. 

Paper 1 will be presented for publication in the Journal of the American Ceramic 

Society. 

Paper 2 has recently been published in the Journal of the American Ceramic 

Society. 

Paper 3 and 4 have recently been published in the Ceramic Engineering Science 

Proceedings. 

Appendices A and B have already been published in the Journal of the American 

Ceramic Society and have been added for purposes normal to dissertation writing. 
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This dissertation represents the culmination of extensive experimentation and 

research in the area of particulate and whisker reinforced ceramic matrix composites. 

Diamond, boron carbide, and titanium diboride particles as well as boron carbide 

whiskers were employed as second phases to improve and enhance the physical properties 

of the ceramic matrix. Judicious selection of both the toughening agents and the high 

strength ceramic matrices, as well as the appropriate processing treatment have yielded 

composite systems distinguished by their outstanding thermal and/or mechanical 

properties. 

The main body of this dissertation is comprised of four papers. Two have been 

published in the Journal of the American Ceramic Society, while the other two have been 

published in the Ceramic Engineering Science Proceedings. The Appendices include two 

other recently published papers which are also part of this dissertation research. 

"Particulate and Whisker Reinforced Alumina Matrix Composites" summarizes 

the interaction of various reinforcing media within an alumina matrix and the resulting 

effect they impart upon various physical properties. "Normal Pressure Hot Pressing of 

a-Alumina/Diamond Composites" and "Nano-Diamond Enhanced Silicon Carbide Matrix 

Composites" discuss the processing of unique high hardness, high thermal performance 

diamond composites utilizing a-alumina and silicon carbide matrices, respectively. 

Discussion and assessment of both the whisker and particle effects of boron carbide on 

the a-alumina matrix is given in "Physical Properties of Alumina-Boron Carbide 

Whisker/Particle Composites" and in Appendix A, "Boron Carbide Reinforced Ceramic 

Matrix Composites." In Appendix B, the paper entitled, "Enhanced Mechanical 

Properties of Alumina by Dispersed Titanium Diboride Particulate Inclusions" examines 

composites of the a-alumina/titanium diboride particle system and compares various 

methods of fracture toughness measurement for such composites. 
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Abstract 

The fracture toughness of alumina has been successfully improved by adding isolated, 

titanium diboride, boron carbide, or diamond particles or boron carbide whiskers. 

Titanium diboride particles yield a higher fracture toughness improvement than boron 

carbide, or diamond particles in high strength reinforced a-alumina matrix composites 

even though diamond has a much higher Young's modulus. 

For particulate reinforced ceramic matrix composites, a lower thermal expansion 

coefficient of the second phase can also produce a toughness enhancement. For a second 

phase to be effective in toughening a high strength ceramic matrix composite, a 

compressive residual hoop stress is necessary but not sufficient. Whiskers are more 

effective than more equiaxed particulates for increasing the fracture toughness of a given 

matrix. 

[Keywords: Mechanical properties, Diamond, Boron carbide particles, Titanium diboride 

whiskers, Alumina, Composites] 

Particulate and Whisker Reinforced Alumina Matrix Composites 
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The physical properties of ceramics can be enhanced by adding a second phase. The 

second phase may be either metallic or ceramic. Metal reinforced ceramic matrix 

composites which exhibit a high fracture toughness, include WC/Co1, AljCVAl2, 

B4C/AI,3 and SiC/Al4 composites. The relatively low Young's modulus, and strength and 

higher fracture toughness of the metal second phase, which usually has a lower melting 

temperature, will often form a solid solution phase with the matrix which coexists at the 

metal ceramic interface in the composites. This solid solution phase usually increases 

the bonding between the metal second phase and the ceramic matrix, and decreases the 

sintering temperature. The fracture toughness is often increased by the metal ligament 

bridging effect/ This well-bonded interface and liquid phase sintering mechanism in 

metal reinforced composites is different from brittle ceramic reinforced ceramic matrix 

composites. 

Ceramic reinforced ceramic matrix composites benefit from different toughening 

mechanisms than ceramic-metal composites. The ceramic reinforced composites can be 

divided into three groups according to the stability of the second phase as shown in Fig. 

1. The first group is characterized by a stable non-reacted second phase such as a 

ceramic particle, whisker, or fiber reinforced ceramic.5 The second group depends on 

a ceramic crystallographic phase transformation of the second phase yielding 

transformation toughened ceramics.6 The third group includes an unstable reacted second 

phase. Second phase composites from the first group only are included in this study. 
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A high Young's modulus, high strength, non-reactive ceramic second phase and the 

ceramic matrix constitute composites with uniquely improved mechanical properties. The 

dominant fracture toughness enhancing factors are related to the nature of the interface 

between the second phase and matrix and the differences between the physical properties 

of the two phases. The interfacial characteristics are determined by the inherent physical 

properties of each of the two phases, and their chemical bonding and stability in contact. 

Interfaces are also characterized by the interfacial roughness, chemical homogeneity, etc, 

which may be determined by the processing techniques. Chemical stability of the two 

phases is a major concern in selecting the toughening reinforcement second phase. Other 

factors, such as, the occurrence of wetting, which will form a well bonded interface, are 

also considered. The important physical property differences include thermal expansion 

mismatch, and Young's modulus mismatch which will caused a residual stress to develop 

and consequently a stress concentration at the interface of the second phase and the 

matrix. 

The ceramic second-phase can be in the form of either particles, whiskers or fibers. 

Particle and whisker containing composites are easier to fabricate than continuous fiber 

composites, but have less specific directional control of the improvement in the 

mechanical properties. Particle containing composites have the most isotropic properties 

and are easiest to prepare. Whisker containing composites have the highest strength 

because of the inherent strength of single crystal whiskers which approach the theoretical 

strength value. The single most significant feature of non-reacted two phase composites 

is the increase in fracture toughness over that inherent in the matrix. These high fracture 
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toughness composites tend to prevent catastrophic failure. This increase can be expressed 

in terms of either the change in the critical stress intensity factor, Kl(7, or the critical 

strain energy release rate AG e\ 

where/is the area fraction of reinforcement along the crack plane, a is the normal stress 

on the reinforcement between the crack surface, and x is the distance from the crack tip. 

where u is the crack opening at the end of the bridging zone. 

The mechanisms for increasing the fracture toughness by non-reacted particles, or 

whisker reinforced ceramics are determined by the interactions between the second phase 

- matrix interface and a propagating crack as shown in Fig. 2. These interaction 

mechanisms include crack deflection', sub-critical microcracking1 0 , 1 1, crack bridging4-12, 

and residual stress1 3, which are discussed in the following sections. 

(J) Particulate reinforced ceramic matrix composites 

(A) Residual stress and microcrack toughness enhancing mechanisms: The difference 

in thermal expansion coefficient, a, and Young's modulus between the second phase and 

the matrix result in the formation of residual stress in the particles and surrounding 

matrix during cooling after fabrication. This stress may cause crack travel around the 

(1) 

(2) 
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particle, or may cause sub-critical microcracks which reinforce the matrix. 

(i). if ap>am, upon cooling the matrix develops radial tension and tangential hoop 

compressive stress, whereas the second phase particle is under tension, and tension is 

generated at the interface. Matrix precompressing by the second phase could result in 

crack travel around the second phase. If the second phase particle is near the plane of 

a crack, the crack should be first deflected to the particle plane as it approaches the 

particle and then move around it. When a crack tip reaches a position above the particle 

it will be oriented normal to the radial tensile stress axis and can be deflected back to the 

particle-matrix interface. 

(ii) if ap<am, upon cooling, the matrix is under tangential hoop tension and the 

second phase particle is under compression. A crack is then attracted to the second 

phase. Interfacial compressive stresses are also created, which increase the effective 

shear resistance of the second phase/matrix interface. The hoop tensile stresses which 

develop may provide matrix microcracking. 

Analysis of these residual stresses, the radial matrix stress (<rj) and the tangential 

matrix stress (-2o-wJ=0 is based on the hydrostatic stress (oj developed around the 

particle. For spherical particles, the hydrostatic stress can be calculated by the following 

equation14: 

( a - c c J A r 
« = W ( l + v j ( I - 2 v P

 ( 3 ) 

m p 

where a is the thermal expansion coefficient, E is Young's modulus, v is poisson's ratio, 



and AT is the temperature range over which stresses are not relieved by diffusive 

processes. 

The fracture toughness increase by the residual stress effect can be estimated by the 

following equation12 as: 

2D W (4) 

where q is the local residual stress, and D is the length of the stress zone. 

To increase the fracture toughness a a , > a , is essential to create crack travel around 

the second phase particles. 

(B) Crack deflection mechanism: For crack deflection to occur a strong, high 

Young's modulus second phase particle is necessary to deflect the propagating crack and 

to generate a non-planar crack. A strong interface is necessary to transfer the crack-load. 

A a p < a m is essential to create crack travel to the second phase particles, which will twist 

or tilt the crack path. The crack deflection mechanism depends on the volume % of the 

second phase volume % and shape of the second phase but is independent of the second 

phase particle size. This mechanism usually combines with residual stress to increase 

the fracture toughness of the matrix. Such composites include glasses reinforced with 

silicon carbide, and/or silicon nitride9, and silicon carbide-titanium diboride15 and, 

alumina-titanium carbide16 composites. 

(C) Bridging toughness mechanism: A low fracture toughness second phase can also 

increase the composite mechanical properties by crack bridging effects. Bridges occur 

when a weak interface is generated by the non-reaction between the particle and matrix 
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or at the grain boundary. A crack will travel and be deflected along the interface, which 

posses a low fracture energy, and particle ligaments will be produced behind the crack 

front. Such composites include alumina and silicon nitride reinforced with silicon 

carbide particles. 

(2) WJiisker reinforced ceramic matrix composites 

The fracture toughness mechanisms of whisker reinforced composites are basically 

similar to that of particle reinforced composites. The crack deflection mechanism is 

increased because of the high aspect ratio of a whisker, and residual stress toughness 

mechanisms will be overcome by other mechanisms. Bridging effects are prominent 

factors for brittle ceramic reinforced composites. Bridging effects depend on the nature 

of the interface between the whisker and the matrix. A weak interface is required to 

increase the debonding or the pull-out length.17 This mechanism requires second phase 

whiskers with a high transverse fracture toughness relative to the interfacial fracture 

toughness so that failure occurs first along the whisker-matrix interface. Toughening 

results from the additional work required when whiskers pull-out by debonding behind 

the crack tip. The stresses transferred to the whisker must be less than the fracture 

strength of the whisker, but the interfacial shear stress generated must be greater than the 

shear resistance of the whisker/matrix interface. The shear resistance is controlled by 

the degree of chemical and/or mechanical bonding between the whisker and the matrix. 

Thus the interfacial shear resistance between the whisker and the matrix is important in 

determining the preferred fracture paths and ultimately whisker debonding and pull-out. 
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II. Experimental Procedure 

The matrices chosen in this study were high strength a-alumina and relatively lower 

strength 8"/fi-alumina. Diamond, boron carbide, and titanium diboride particles were 

used as the toughness reinforcement materials. Boron carbide single crystal whiskers 

were used to study the effects of whiskers in contrast to particles. Each one of the 

f t J f n L N t P G I A N U C L t A R / S F - » 
CCMISLAC I V ^ . V ^ A L « t 

The toughness effect generated by whisker additions can be expressed by the fracture 

toughness increase and the strain energy release rate. The fracture toughness increase 

is based on the critical stress intensity factor term and can be estimated by the equation 

derived by Becher et.al." as shown in the following equation. 

* ' 6 ( 1 - v ^ G ' 

Where Vf is the whisker volume fraction, E is Young's modulus, v is poisson's ratio, r 

is the whisker radius, G is the strain energy release rate, and subscripts w stands for 

whisker, c for composite, and i for interface. 

The strain energy release rate can be estimated by the equation derived by Evans et.al.5. 

AG e=/^IS J/£-£(eJ) 2+4r//J(l-/)]+2Tj%^ «*) 

where d is the debonding length, S is the whisker length, e is the stress free strain, T is 

the fracture energy of the interface, r is the shear resistance of the interface after 

debonding, R is the whisker radius, and hp is the whisker pullout length. 
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materials has a different strength, Young's modulus, and thermal expansion coefficient. 

The physical properties of each are listed in Table I. The flow chart of the experimental 

procedure is shown in Fig. 3. 

The as-received powders were first analyzed by Horiba* particle size analysis to 

determine their particle size distribution and then further examined by Scanning Electron 

Microscopy (SEM) to characterize their shape and size. 

These second phase particles were wet mixed with alumina matrix powders, and then 

oven dried. The mixed and granulated powders were then hot pressed to a desired 

dimension and density for mechanical property tests. The Chevron Notch Short Rod, 

CNSR," Direct Crack Measurement, DCM, and Single Edge Notch Beam, SENB 

techniques as shown in Fig. 4. were used to measure the composite fracture 

toughness1 1 , 1 9. 

III. Results and Discussion 

(1) Particulate reinforced ceramic matrix composites 

Multiple toughness mechanisms are responsible for enhancing the toughness and 

therefore it is difficult to determine one solitary dominant mechanism. These multiple 

factors such as crack deflection, crack bridging, residual stress and microcracking are 

referred to generally as crack interactions between particles and the ceramic matrix. 

* Horiba CCAPA-700, Horiba, Ltd. 

" Fractometer I, Terra Tek systems, Inc. Salt lake City, Utah. 
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The fracture toughness of the ceramic matrix is increased with second phase particle 

additions, regardless of the sign of the hoop stress in the matrix, i-e. it may be in tension 

or compression as shown in Figs. 5 and 6. Compressive residual stress is not an 

essential factor in increasing the fracture toughness for high strength alumina ceramic 

matrix systems, although the fracture toughness increase is higher for the compressive 

residual stress developed composites. These results are contrary to those expressed by 

equation (4), which requires that compressive hoop stress will increase the fracture 

toughness, and tensile hoop stress will decrease the fracture toughness. 

To illustrate, for the same a-alumina matrix, the hoop tensile residual stress 

developed by the three different composites is calculated as described in equation (3). 

(A) a-alumina matrix composites: 

a-alumina-diamond composite, a p <or D 

-2crn i <=<Tn,=ffh=(3.9-8.6)10-6-1000/[(l+0.26)/2-380GPa]+[l-(2-0.20)/925 GPa] 

0 n l = 1020 MPa. 

a-alumina-boron carbide composite, a p < a m 

-2(rm,=(rm,=ah=:(5.0-8.6)10-<s-1000/[(l+0.26)/2-380GPa] + [l-(2-0.17)/450 GPa] 

<rm,= 576 MPa. 

a-alumina-titanium diboride composite, at<aa 

-2(rD,=<rB,=cr1,=(8.1-8.6)10^-1000/[(1 +0.26)/2-380 GPa]+[l-(2-0.28)/574 GPa.] 

ffD,= 103 MPa. 

(B) fi"/fi-alumina ceramic matrix composites: 

678-alumina-titanium diboride composite, ap>am, 
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The compressive residual hoop stress is created surrounding the particle in the B7B-

alumina matrix and is calculated as follows: 

-2ffn 4=ff r a,=ffk=(7.8-8.1)10^-1000/[(l+0.26)/2-210GPa]+[l-(2-0.25)/574GPa] 

<rmi= -39 MPa. 

By comparing the resulting toughness increases produced by these different residual 

stresses, it is revealed that the titanium diboride reinforced alumina matrix composites 

have lower interfacial stresses but a higher fracture toughness increase. It is also noted 

that the fracture toughness enhancement occurs in both hoop compressive stress and hoop 

tensile stress situations. The a-alumina/titanium diboride composites produce a tensile 

residua] hoop stress (103 MPa) and 6"/fi-alumina/titanium diboride composites produced 

a compressive residual hoop stress (-39 MPa). The fracture toughness improvement, (K I C 

composite/KIC matrix) in the B"/B-alumina matrix is 2.1 which is higher than the 1.65 for 

the a-alumina matrix as shown in the Fig. 6. These two composites had almost the same 

matrix grain size distribution (1-2 /xm), thus the grain size considerations can be 

eliminated in both composites. 

Other reinforcement materials with a large negative thermal expansion coefficient 

mismatch, such as boron carbide and diamond, will also generate a high hoop tensile 

stress. The fracture toughness enhancement for the composites is lower than a-

alumina/titanium diboride but it does not have a decreasing fracture toughness as 

predicted by equation (4). 

For a-alumina matrix composites, all three of the cited second phases possess a 

thermal expansion coefficient smaller than a-alumina, thus a residual tensile stress is 
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developed. This tensile stress attracts the crack toward the second phase particles. To 

increase the fracture toughness, the second phase must itself have a high fracture 

toughness and/or high strength to deflect the crack, such as in the case of titanium 

diboride, boron carbide or diamond, or have low interfacial stress to provide a grain 

bridge. However, a very high Young's modulus, and very strong second phase (a very 

large difference in Young's Modulus) particle, such as diamond, is not a necessary but 

a sufficient factor to deflect the propagating crack in particle reinforced ceramic matrix 

composites. When a residual tensile stress is developed, a higher Young's modulus, and 

higher strength in the second phase particles assists the deflection of the crack, and 

increases the toughness, but a very large difference in Young's modulus and strength will 

increase the hoop tensile stress, which may decrease the fracture toughness. 

It is, therefore suggested that the fracture toughness enhancement of alumina ceramic 

matrix composites by the addition of a stronger second phase hard particle is a result of 

a combination of factors, namely, grain bridging, crack deflection, residual stress and 

microcracking. Compressive hoop stress (positive thermal expansion coefficient 

mismatch) will contribute to the increased fracture toughness, but the decreased fracture 

toughness by tensile hoop stress (negative thermal expansion coefficient mismatch) will 

be overcome by the fracture toughness increase caused by bridging and crack deflection. 

(2) Wliisker reinforced ceramic matrix composites 

The fracture toughness, Ku, of a-alumina as a function of volume percent boron 

carbide whiskers is presented graphically in Fig. 7. Boron carbide whiskers have a 
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significant effect on increasing the fracture toughness. When comparing these results 

with particle reinforced alumina matrix composites we observed several things: 

(i). The fracture toughness of the alumina matrix is increased linearly with the second 

phase whisker additions up to a certain vo!.%. 

(ii). Whiskers enhance the fracture toughness better than particles of the same 

composition in the same matrix as shown in Fig. 7. 

(iii). Single crystal boron carbide whiskers have high strength, and low fracture 

toughness compared to the a-alumina matrix. This indicates that the strength of the 

whisker is one of the determining factors in the toughness enhancing mechanism as is the 

case in alumina-silicon carbide whisker composites". 

(iv) The large aspect ratio, and the weak interface encountered by the crack promotes the 

probability of the bridging effect. 

TV. Conclusion 

Enhanced toughness, may occur by more than one mechanism. The dominant 

mechanism is not the same for particulate and whisker reinforced ceramic matrix 

composites. For particulate reinforced ceramic matrix composites, a lower thermal 

expansion coefficient of the second phase can produce a toughness enhancement. 

In choosing a second phase for a high strength ceramic matrix, a compressive residual 

hoop stress is necessary but not sufficient. When a tensile residual hoop stress is 

generated, a high Young's modulus and high strength of a second phase is needed to 
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deflect a propagating crack, but this Young's modulus should not generate a very high 

tensile hoop stress, which may decrease the fracture toughness. However, when a 

compressive residual hoop stress is generated, a high Young's modulus and high strength 

of second phase is necessary to further increase the fracture toughness. 

For an a-alumina matrix, we found that the titanium diboride particle is more 

effective in increasing the toughness and strength of an alumina matrix than boron 

carbide, or diamond particles, although the diamond particle has an extremely high 

Young's modulus. Since the titanium diboride particle has a similar thermal expansion 

coefficient, it will generate a smaller interfacial stress than a boron carbide or diamond 

particle in a-alumina composites. Furthermore titanium diboride particles are more 

thermally stable than diamond, or boron carbide particles. However, when combining 

fracture toughness qualities with other physical properties, such as thermal conductivity 

or wear resistance, diamond should be considered as a prime particle reinforcement 

candidate. 

Whiskers are more effective than more equiaxed particulates for increasing the 

fracture toughness of the same matrix. 
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Table 1. Physical Properties of Alumina, Silicon Carbide, Titanium Diboride, Boron Carbide, and Diamond10 

Material Theor. Young's Poisson's Thermal Vicker or Transverse Fracture 
Density Modulus Ratio Expansion Knoop Rupture Toughness 

Hardness Strength 
g/cc GPa. xl0*/K GPa. MPa. MPa.m"* 

B"-alumina 3.28 210 0.25 7.8 13 230-330 2.7 
a-alumina 3.98 380 0.26 7.2-8.6 18-23 276-1034 2.7-4.2 
silicon carbide 3.21 207-440 0.19 4.3-5.6 20-30 500-930 3.5-4.0 
titanium diboride 4.52 514-574 0.09-0.28 8.1 15-36 700-1000 6.0-8.0 
boron carbide 2.51 450 0.17 5.0 30-38 300-500 3.8 
diamond 3.52 800-925 0.20 1.3-3.9 35-50 850-1550 6.9-3.4 



Figure Captions 
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Fig. 1. Ceramic inclusions used in this investigation. 

Fig. 2. Fracture toughening mechanisms in particulate and whisker reinforced ceramic 

matrix composites. 

Fig. 3. Flow chart of the experimental procedure. 

Fig. 4. Fracture toughness measurement techniques. 

Fig. 5. Fracture toughness of a-alumina with various second phase particle additions. 

Fig. 6. Fracture toughness of a-alumina and 6"/8-alumina reinforced with titanium 

diboride particle additions. After21 

Fig. 7. Fracture toughness of alumina vs volume percent boron carbide particles and 

whiskers measured by the CNSR technique. After 7 1 
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Fig. 1. Ceramic inclusions used in this investigation. 
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Fig. 2. Fracture toughening mechanisms in particulate and whisker reinforced ceramic 

matrix composites. 
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CNSR - small specimen 
- controlled crack growth 
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W = 0.563±0.02 in 
D = 0.375±0.01 in 
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Fig. 4. Fracture toughness measurement techniques. 
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Fig. 6. Fracture toughness of a-alumina and C/B-alumina reinforced with titanium 

diboride particle additions. After 2 1 
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Normal Pressure Hot Pressing of a-Alumiria/Diamond Composites 

Abstract 

a-alumina/diamond composites have been developed by normal hot pressing 

procedures using conventional presssure of 32 MPa. and 1250°C. Heretofore this type 

of composite has required pressure of 60 Kb to prevent the transformation of diamond 

to graphite. The mechanical properties, density, and thermal expansion coefficient of 

these composites have been characterized. The fracture toughness, K^, of alumina shows 

a considerable increase with the addition of diamond particles. Diamond additions tend 

to decrease the thermal expansion coefficient of these composites. The composite 

properties are dependent on the volume fraction of diamond particles. 



I. Introduction 

30 

It is well known that a ceramic matrix can be significantly improved in its 

physical properties by the incorporation of second phase particles 1 , 5 , 3 , 4. Diamond is in 

many respects the ideal "particle", since diamond possesses several unique properties, 

such as the highest mechanical properties (Young's modulus, strength, and hardness) and 

an extremely high thermal conductivity.8,7'* These distinctive properties make diamond 

a preeminent material in several areas, such as those requiring high wear resistance and 

high thermal conductivity. Diamond has a very high chemical stability at room 

temperature, however, two of its characteristics, namely oxidation and phase 

transformation to graphite, have precluded its use as a second phase in ceramic matrix 

composites produced by conventional fabrication techniques. In order to prevent 

graphitization, non-conventional processing techniques have been required to produce 

diamond reinforced ceramic matrix composites. For example, monolithic ceramic-

diamond composites have been made experimentally by very high pressure, 60 Kb, high 

temperature compaction, including silicon carbide-diamond.'alumina-diamond,10,11 silicon 

nitride-diamond12, and zinc sulfide-diamond11 composites. These monolithic composites 

possess unique mechanical, and thermal properties. Nevertheless, these very-high 

pressure hot pressed composites are costly and greatly limited in size and shape. A low 

cost, conventionally pro:essed ceramic-diamond composite is desirable to utilize the 

unique properties of diamond in practical ceramic applications. 

Hot pressed alumina-diamond monolithic composites were produced in this study 
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II. Experimental Procedure 

Two different sizes of equiaxed diamond* powder, S-diamond, and M-diamond 

were used to study the particle size effects on the composite properties. Horiba" 

particle size analysis determined that the S-diamond powder had a particle size range 

from 0.05 itm - 1 itm and an average particle size of 0.48 itm, which is close the particle 

size of the alumina matrix. M-diamond powder was found to range from 0 ttm - 5 itm 

with an average particle size of 1.56 ttm. The as-received diamond powders were then 

examined by scanning electron microscopy (SEM) to further characterize their shape and 

size as shown in Fig. 1. Two different types of a-alumina powder were used for the 

composite matrix, A16SG a-alumina powder,"* with an average particle size of 0.83 

tim, and AKP50 a-alumina**" with an average particle size of 0.33 itm. Various 

volume percents of diamond powder were mixed with a-alumina and ball milled in 

methanol for 2 hours using alumina balls in a plastic jar. The resulting slurries were 

* Smith Mega diamond Inc., Provo, UT. 

** Horiba CCAPA-700, Horiba, Ltd., Kyoto, Japan 

"* ALCOA-A16SG, Aloca Industrial Chemicals, Bauxite, AR. 

"*** AKP50, Sumitomo Chemical America, New York, NY. 
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utilizing normal hot pressing pressures, with the diamond structure being retained without 

reaction or graphitization. The mechanical properties and thermal expansion coefficient 

of the monolithic composites were investigated and are reported. 
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oven dried. The alumina-diamond granulated powders were hot pressed in BN-coated 

graphite dies at 32 MPa. and 1250 °C in an argon atmosphere, to achieve a high 

composite density and prevent oxidation of the diamond. The hot pressed composite 

specimens were characterized by density, phase content, microstructure, fracture 

toughness, tensile strength and thermal expansion coefficient, and a theoretical estimate 

of the thermal conductivity was made. The density was measured by the Archimedes 

method. The fracture toughness was measured by the CNSR method, 1 4 the details of 

which have been described previously 4. The tensile strength was measured by the 

indirect diametral compression method 1 5 . 

The microstructure of the fracture surfaces were examined by SEM. Precise 

phase content analysis was accomplished by Rietveld powder X-ray diffraction profile 

fitting 1 6. 

I I I . Results and Discussion 

Maintaining thermal stability of the diamond structure was critical for this study, 

since diamond readily transforms to graphite at high temperatures. The graphitization 

of diamond depends on several factors such as; pressure, temperature, oxygen partial 

pressure, particle size and the diamond polytype*. The normal graphitization of natural 

diamond occurs from 600-800°C in an oxygen atmosphere, 4 - 7 , 1 however, the 

graphitization temperature is increased to 1400- 1700X1 in low oxygen partial pressure 6 . 

High pressure and smaller surface area (larger particle size) of diamond can also increase 
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the graphitization temperature. 

Chemical stability of the diamond in the a-alumina matrix after hot pressing was 

confirmed by powder X-ray diffraction which detected no chemical reaction between a-

alumina and diamond under these experimental conditions. Furthermore no graphite was 

detected by Rietveld powder X-ray diffraction profile fitting analysis. A limited 2 theta 

scan range from the Rietveld profile analysis is shown in Fig. 2. This analysis 

determined that the 90 volume percent a-alumina, 10 volume percent diamond 

composites after hot pressing contain 10.4 volume percent diamond with a 1 a (one 

standard deviation) of 0.5 volume percent. The thermodynamic and chemical stability 

of diamond in the a-alumina matrix allows these hard, high Young's modulus, high 

strength particles to provide improved fracture toughness, a lower thermal expansion 

coefficient, and a higher thermal conductivity for the composites. 

(1) Density 

The measured hot pressed composite density exhibited a considerable dependence 

on the volume percent of diamond as shown in the Fig. 3. This trend is the same for 

both types of a-alumina, but the diamond particle size has no observable effect on the 

hot pressed composite density. 

(2) Mechanical properties 

The fracture toughness versus volume percent diamond is presented graphically 

in Fig. 4. The fracture toughness, K l c, of a-alumina/diamond composites shows a 
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considerably higher value than the inherent a-alumina matrix. This increase of the 

composite fracture toughness is close to other hard particle reinforced alumina matrix 

composites as presented in previous studies4 ,3. The fracture toughness of a-

alumina/diamond composites was nearly independent of the type of a-alumina powder 

used. 

The operative toughening mechanisms are considered to be related to crack 

interactions with the diamond hard particles. These interactions may include crack 

deflection, and creek bridging, with associated stress redistribution at the crack tip when 

the particles are encountered. Other mechanisms such as subcritical micro-cracks, and 

crack branching around the diamond particles, are also possible contributors to the 

significant increase in fracture toughness. 

The decreasing tensile strength of a-alumina with various volume percents of 

diamond particles is shown in Fig. 5. This decreasing strength is opposite to what is 

found in other alumina matrix composites with second phase particle inclusions which 

have been shown to exhibit increased strength. This strength drop-off appears to follow 

the density drop. 

(3) Thermal expansion coefficients 

Diamond has a low thermal expansion and high thermal conductivity. Therefore 

diamond addition tends to decrease the thermal expansion coefficient of these composites. 

The results measured between 100 and 800°C are shown in trie Table I, together with the 

thermal expansion coefficient of diamond itself. They demonstrate that diamond can play 
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U2Vp

 1 < K ^ 

1-V.-

where K is thermal conductivity, Vp is volume fraction of diamond, subscript m stands 

for the a-alumina matrix and p for the diamond particle. 

IV. Conclusion 

a-alumina/diamond composites have been sucessfully made by normal hot 

pressing procedures. These composites possess a fracture toughness, Ku, which is 

a significant role in decreasing the thermal expansion coefficient of composites. 

(4) Thermal conductivity and thermal shock resistance 

Diamond has an extremely high thermal conductivity, (500-2000 W/m°C) s- 7 , ,

( 

which is higher than copper and silver at room temperature. Alumina, on the other hand 

is a thermal insulator (27.2 W/m°C)17. Therefore, consideration of the increase in the 

thermal conductivity of these composites is appropriate. Such consideration of silicon 

carbide has been discussed previously18. The thermal shock resistance of composites 

containing diamond is also expected to be enhanced. The following treatment displays 

the expected results according to Maxwell's theory as discussed in terms of thermal 

conductivity by Eucken. Fig. 6. shows the theoretical variation of the thermal 

conductivity with volume percent diamond, according to following equation. 
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considerably higher than the inherent a-alumina matrix, and appreciably lower in thermal 

expansion coefficients. It also has considerably higher theoretical thermal conductivity, 

and a higher expected wear resistance. Experimental measurements of the thermal 

conductivity and thermal shock resistance are planned to verify these theoretical 

estimations. Furthermore, extensive heat treatment studies and high temperature 

mechanical properties research are required to determine the effect of the diamond -

graphite transformation effects in these composites for high temperature operations. The 

tribological properties of mese composites is also continuing. 
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Table I. Thermal Expansion Coefficients of Alumina/Diamond Composites 

diamond volume % C.T.E. (XIO^C) 

0 7.6 (100 "C-800 °C) 

5 6.0 (100 "C-800 "Q 

10 5.6 (100 "C-800 °C) 

15 5.4 (100 °C-800 °C) 

100 1.5-3.8 (100 °C-800 °C)8 
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Figure Captions 

Fig. 1. Scanning electron micrograph of as-received (a) S-diamond 1/2-1 particle 

powder (b) M-diamond 0-5 pm particle powder. 

Fig. 2. The X-ray pattern of a-alumina/diamond composites at room temperature. 

Fig. 3. Density of a-alumina vs volume percent diamond particles. 

Fig. 4. Fracture toughness of a-alumina vs volume percent diamond particles 

measured by the CNSR technique. 

Fig. 5. Diametral tensile strength of a-alumina vs volume percent S-diamond 

particles. 

Fig. 6. Theoretical variation of the thermal conductivity with volume percent diamond 

particles. 
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Fig. 1. Scanning electron micrograph of as-received (a) S-diamond 1/2-1 /im particle 

powder (b) M-diamcnd 0-5 /*m particle powder. 
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Fig. 2. The X-ray pattern of a-alumina/diamond composites at room temperature. 
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Fig. 3. Density of a-alumina vs volume percent diamond particles. 
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Fig. 4. Fracture toughness of a-alumina vs volume percent diamond particles measured 

by the CNSR technique. 
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Fig. 5. Diametral tensile strength of or-alumina vs volume percent S-diamond particles. 



Fig. 6. Theoretical variation of the thermal conductivity with volume percent diamond 

particles. 
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Physical Properties of Alumina-Boron Carbide Whisker/Particle Composites 

Abstract 

Alumina-boron carbide composites were prepared by sintering and by hot pressing. 

The mechanical properties of hot pressed alumina-boron carbide composites are better 

than the inherent alumina matrix. A maximum fracture toughness, # 1 , . , of 7.26 MPam"2 

is achieved for alumina-boron carbide whisker composites as is a 47% increase in 

flexural strength. The fracture toughness is dependent on the volume fraction of boron 

carbide. The lower thermal expansion coefficient of the composites as a function of 

boron carbide whisker content is shown. 
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For toughened ceramic matrix composites, either isolated particles or whiskers are 

usually chosen as the second phase material.1 Randomly oriented, well-dispersed 

particles or whiskers produce composites which have isotropic properties and are 

relatively easy to fabricate. Individual whiskers usually have higher strength than 

particles or fibers because of the inherent perfection of these thin single crystals. To be 

most effective, these discrete, non-reacting additives should have high melting points, 

higher hardness, higher strength, and higher Young's modulus than the matrix to 

optimize the fracture toughness enhancing benefit. For high strength ceramic matrices 

it is difficult to find a material which possesses all of these desirable properties. In the 

recent literature, silicon carbide2 , 3, titanium carbide4, and titanium diboride5 have been 

selected as the second phase additive to improve the mechanical properties of high 

density, high strength alumina ceramic matrix composites. However, only silicon carbide 

and titanium carbide have been available, and therefore utilized, in whisker form. Using 

these whiskers, non-reacted, two phase composites which show enhanced mechanical 

properties have been produced in several ceramic matrices which show increased flexural 

strength, increased fracture toughness, and improved high temperature mechanical 

properties.6 

Among high strength, hard ceramic materials, boron carbide has the highest hardness 

of all except diamond and cubic boron nitride.7 It also has the lowest density of all of 

the super-hard materials. Furthermore, boron carbide possesses the other most desirable 

COMISSAO NACSCN/L DE ENERGIA N U C L E A R / S P • 
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* Third Millennium Technologies Inc., Knoxville, TN. 

" Eagle-Picher Industries Inc .Quapaw, OK. 

*" Horiba CCAPA-700, Horiba Ltd., Kyoto, Japan 

" " ALCOA-A16SG, Alcoa Industrial Chemicals, Bauxite, AR. 

properties including high Young's modulus, lower thermal expansion and chemical 

compatibility and stability. The recent break-through which has enabled boron carbide 

to be produced in whisker* form makes it even more attractive. As this commercial 

process is further developed, better quality whiskers are expected. Because of these 

unique qualities, alumina-boron carbide composites should be an excellent, light-weight, 

structural ceramic material candidate with improved mechanical properties compared with 

other alumina matrix composites . 

I I . Mater ia ls 

Boron carbide jet milled particles and the recently developed whiskers have been used 

in this study. The boron carbide powder particles" as specified ranged in size from 0.2 

to 7 jim, which was confirmed by particle size analysis '" and Scanning Electron 

Microscopy, SEM. The boron carbide whiskers", as-received, contained a very high 

more equiaxed particulate content. The whiskers had an aspect ratio of < 15 and the 

diameter varied greatly from 2 to 15 /xm. A 1 6 - S G " " alumina powder was used for 

the matrix. 
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Various volume percents of boron carbide whiskers and jet milled powder were 

thoroughly dispersed in the fine alumina powder in methanol suspension for 2 hours 

using alumina balls in a plastic jar. These viscous slurries were quickly oven-dried to 

avoid settling. The alumina/boron carbide granulated powders were sintered at 1500°C 

and 1600°C for 3 hr and hot pressed at 1520°C for 20 min in boron nitride-coated 

graphite dies in an argon atmosphere. The sintered and hot pressed specimens were 

characterized by density, phase content, and microstructure. The mechanical properties 

of only the high density hot-pressed composites were measured. The densities were 

measured by the Archimedes method. The fracture toughness, Ku, was measured by the 

Chevron Notched Short Rod, (CNSR)5 , 8, method. The samples were 0.95 cm diameter 

by 1.43 cm long and fractured parallel to the hot pressing direction. Modulus-Of-

Rupture, MOR, three point bend tests were made on 0.5 cm by 0.5 cm by 2.54 cm 

specimens at a cross-head speed of 0.5 cm/min. The thermal expansion coefficients were 

measured.*"" 

The microstructure of the fractured surfaces were analyzed by SEM. Quantitative 

phase content analysis was accomplished by powder X-ray Rietveld profile fitting9. 

Orton 15BC-1 dilatometer, Orton Inc., Westerville, OH. 
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(1) Density 

The sintered and hot pressed composite densities are shown in Fig. 1. The 

composites could not be sintered to high density with the non-reactive boron carbide 

second phase inclusions in the A16SG powder but were limited to less than 80% of the 

composite density. Work is continuing to achieve high density sintered composites using 

a higher surface area, more sinterable alumina powder. The hot pressed composite 

density was >98% of the theoretical composite density. 

(2) Mechanical properties 

The fracture toughness, Ku, of hot pressed alumina-boron carbide composites is 

shown graphically on Fig. 2. Both the whisker and the particle composites show a 

significant increase in fracture toughness. The Ku increases more rapidly with the jet 

milled particle with a maximum at only 5 vol.%. With the whiskers, the fracture 

toughness continues to increase up to 15 vol. % and remains at a high level with higher 

whisker content up to 30 vol.%. The advantage of the higher aspect ratio and higher 

strength whisker is clearly seen. 

Resistance to sudden crack propagation, evidenced by these appreciable Ku values, 

appears to be associated with crack interactions with the hard boron carbide inclusions 

and the associated stress redistribution at the crack tip when the particles are 
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encountered. These interactions include crack bridging10, grain bridging, crack 

deflection11, whisker pull-out12, crack branching and the production of sub-critical 

microcracks13. 

The flexural strength of alumina also increases with boron carbide additions as shown 

in Fig. 3. The MOR for composites with jet milled boron carbide particles exceeds that 

of the boron carbide whisker/alumina composites. This may be caused by the larger 

alumina grain size in the whisker containing composites. 

These boron carbide whisker reinforced alumina composites rival the well known 

silicon carbide whisker toughened alumina composites. The fracture strength of the 

average boron carbide whisker itself, can be calculated from these results as a 

comparison with the silicon carbide whiskers. This is accomplished by using the 

dependence of the fracture toughness increase on the whisker strength as derived by 

Becher et.al 1 0 as shown in equation (1). 

VwrFe(7m 

equation (1) AK-oI ' ]lg 

^ ( l - v ^ G ' 

Where Vjis volume fraction, 2?is Young's modulus, v is poisson's ratio, ris radius, G 

is strain energy release rate, supscript w stands for boron carbide whisker, c for 

composite, and i for interface. The change in fracture toughness is 3.26 MPam 1 / J and 

the ratio = G"/C=lfJr varies from 1-3 for the composites containing 15 vol.% 

whiskers. The fracture strength calculated by equation (1) varied from 4-7 GPa. This 

indicates that the average strength of the boron carbide whiskers is smaller than the 

silicon carbide whiskers, which have a fracture strength of 10 GPa. The alumina-boron 
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carbide has a lower thermal expansion coefficient difference compared to the alumina-

silicon carbide and, therefore, less residual stress will be developed in these composites. 

(3) Microstructure 

The polished two phase microstructure of the hot pressed specimens is shown in Fig. 

4(a) and (b). The boron carbide was well-dispersed in the alumina matrix. No third 

phases and no other phases were observed by SEM or reflected light microscopy. 

The fractured surface of the CNSR specimens was characterized by SEM. An 

intergranular fracture surface is observed in the particle composites as shown in Fig. 5(a) 

providing evidence for the crack-particle interaction mechanisms. The addition of boron 

carbide whiskers produced a fracture surface which was rougher with a large matrix 

grain size, and whisker pull-out was observed as shown in Fig. 5(b). 

(4) Thermal expansion of alumina-boron carbide composites 

The thermal expansion coefficient of alumina is decreased with the addition of the 

boron carbide whiskers as shown in Table I. 
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Table I. Thermal Expansion Coefficients of Alumina-Boron Carbide Whisker 

Composites 

Boron carbide whisker volume % C.T.E. (X10-*/°C) 

0 7.8 (100°C-800°C) 

10 7.6 (100°C-800°C) 

20 7.4 (100°C-800°C) 

30 7.0 (100°C-800°C) 
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Figure Captions 

Fig. 1. Theoretical composite density (%) versus volume percent boron carbide particles 

and boron carbide whiskers. 

Fig. 2. Fracture toughness of alumina versus volume percent boron carbide particles and 

boron carbide whiskers. 

Fig. 3. Flexural strength of alumina versus volume percent boron carbide particles and 

boron carbide whiskers. 

Fig. 4. Scanning electron micrograph of a polished surface of (a) alumina with 15 

vol. % boron carbide powder particles (b) alumina with 15 vol. % boron carbide 

whiskers. 

Fig. 5. Scanning electron micrograph of a fracture surface of (a) intergranular fracture 

of alumina with 15 vol. % boron carbide powder particles (b) whisker pullout of 

alumina with 15 vol.% boron carbide whiskers. 
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SHI Alumina-boron carbide whiskers HP at 1520°C 
I | Alumina-boron carbide particles HP at 1520°C 
^ Alumina-boron carbide whiskers sintered at 1600°C 
S7 Alumina-boron carbide particles sintered at 1800<>C 

§Alumina-boron carbide whiskers sintered at 1500°C 
Alumina-boron carbide particles sintered at 1500°C 

0.0 5.0 10.0 15.0 20.0 

Volume Percent of Second Phase 

Fig. 1. Theoretical composite density (%) versus volume percent boron carbide particles 

and boron carbide whiskers. 



60 

Q a l u m i n a / b o r o n c a r b i d e p a r t i c l e s ( C N S R ) - p r e s e n t s t u d y 

© a l u m i n a / b o r o n c a r b i d e w h i s k e r s ( C N S R ) - p r e s e n t s t u d y 

^7 a l u m i n a / t i t a n i u m d i b o r i d e p a r t i c l e s ( C M S R ) - J . L i u ie P . D . O w n b y 6 

V a l u m i n a / t i t a n i u m c a r b i d e p a t i c l e a ( S E N B ) - R . P . W a h l & B. I l s c h n e / 
l~ l a l u m i n a / s i l i c o n c a r b i d e w h i s k e r s ( C N ) - S . U o e t . a l . ' 

SENB CNSR 
0.0 5.0 10.0 15.0 20.0 25.0 30.0 

Volume Percent of Second Phase 

3 

< 

Fig. 2. Fracture toughness of alumina versus volume percent boron carbide particles and 

boron carbide whiskers. 
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Fig. 3. Flexural strength of alumina versus volume percent boron carbide particles and 

boron carbide whiskers. 
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Fig. 4. Scanning electron micrograph of a polished surface of (a) alumina with 15 vol. % 

boron carbide powder particles Co) alumina with 15 vol.% boron carbide whiskers. 



(a) 

(b) 
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1 

Fig. 5. Scanning electron micrograph of a fracture surface of (a) intergranular fracture 

of alumina with 15 vol. % boron carbide powder particles (b) whisker pullout of alumina 

with 15 vol. % boron carbide whiskers. 
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Nano-Diamond Enhanced Silicon Carbide Matrix Composites 

Abstract 

The fracture toughness,Ku, of polycrystalline silicon carbide is shown to be increased 

more than 100%, up to 7.17 MPam"3, by the addition of dispersed nano-diamond 

particles. This Kk increase is critically dependent on the volume percent and the particle 

size of the diamond particle. The extremely small size of these isolated diamonds 

represents, by several orders of magnitude, the smallest particulate toughening agent 

added as a dispersed powder, as opposed to internal nucleation, ever reported. The 

toughening mechanisms which are considered are transformation toughening, microcrack 

toughening, and crack deflection. The significance of the non-cubic diamond polytypes 

in transformation toughening is discussed. Quantitative analysis of the hexagonal and 

cubic polytype distribution by Rietveld powder X-ray diffraction profile fitting of the 

explosively produced diamond of the type used for toughening enhancement is reported. 

Besides increasing the fracture toughness, the added diamond increases the thermal 

conductivity by 70% according to theory. It is also expected that the AT required to 

thermal shock the carbide will also be increased. Work is continuing to measure these 

and other physical properties of these unique composites. 

[Key words:Mechanical properties, diamond, silicon carbide, fracture toughness, non-

oxide ceramic matrix composites.] 
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Silicon carbide possesses many exceptional physical properties which promote its use 

in several advanced industrial applications. Its high strength, high hardness, and high 

Young's modulus make silicon carbide valuable as an abrasive and grinding material and 

also as a reinforcing material to enhance the mechanical properties of ceramic and metal 

matrix composites. In fact, it is very difficult to select a material which possesses 

mechanical properties which are better or even rival silicon carbide as a ceramic matrix 

reinforcing material. Its highly refractory character establishes silicon carbide as a prime 

candidate for use in high temperature engines. However, its brittle nature limits its 

development as a high temperature engineering material. 

Diamond is unique in possessing very high strength, very high thermal conductivity, 

an unequaled hardness, and a low thermal expansion coefficient. Secondly, it is 

chemically compatible with carbide since it is solely carbon itself. Thirdly, its well-

known polymorph, graphite, which is stable at ordinary pressures, has a lower density 

and therefore a higher volume, making transformation toughening possible. These 

extraordinary physical properties make diamond a most promising candidate as a fracture 

toughening agent for high strength, high temperature, carbide ceramic matrix composites. 

In this paper, very small, nano-meter size diamond particles are dispersed in the carbide 

matrix acting as a fracture toughening agent to enhance the mechanical properties and to 

increase the thermal conductivity of the silicon carbide matrix at the same time. 

The fracture toughening mechanisms which were considered are transformation 



67 

COMISSAO KACIOWi CE ENERGIA NUCLLAR /SP - IPEK 

toughening, microcrack toughening, and crack deflection. In transformation toughening1 

a displacive transformation tends to occur between the hexagonal diamond polytype(s) 

and graphite. This increase in volume tends to (a) close a propagating crack which 

enters the process zone where, these inclusions reside, (b) create localized stress centers 

which may cause microcracknig in the matrix around the inclusion or (c) deflect the 

crack. In microcrack toughening2 a residual tensile stress develops microcracks around 

the dispersed nano-diamond particles to toughen the silicon carbide by extending them 

sub-critically and thereby absorbing the energy of a propagating crack. In crack 

deflection3 a crack may be deflected by the diamond inclusion because of its high strength 

and hardness and/or by the high stress field surrounding it. 

II. Experimental Procedure 

Sub-micron SiC powder* was mixed with different volume percents and different 

particle sizes of explosively formed diamond polytype(s)" in aqueous suspensions. The 

powder suspensions were evaporated during ultrasonic vibration to provide thorough 

dispersion of the individual diamond particles in the dry powder. This composite powder 

was pressed at 55 KB. (5.5 GPa.) and 1500°C in a press capable of operation in the 

diamond stable range.*" The pressed specimens were characterized by density, phase 

' DENSIC Type 2, Showa Denko K. K., Minato-Ku, Japan 

" Dupont Mypolex™, E.I. Dupont de Nemours & Co., Gibbstown, New Jersey. 

*** Smith Megadiamond, Provo, Utah. 
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content, microstructure, and mechanical properties. The density was measured by the 

Archimedes method. Phase content analysis was accomplished by powder X-ray Rietveld 

profile fitting analysis4. 

These specimens were polished with 1 /xm diamond paste. After polishing, the 

samples were cleaned in an ultrasonic cleaner to thoroughly remove the polishing media. 

The fracture toughness stress intensity factor, Ku, was measured by the Vicker's diamond 

indentation method5 with a 30 Kg load. The stress intensity factor, K^, was determined 

from an average of 5-10 indentations. 

m. Results and Discussion 

(1) Polytypes of the diamond and silicon carbide 

Diamond has been proposed to exhibit several polytypes, 3C"*" (cubic diamond), 

2H (Lonsdaleite), 4H, 6H, 8H, 10H, 15R, and 21R diamond6. These polytypes are 

identical to those of silicon carbide except the silicon atoms are replaced with carbon7. 

The structural features and notation of the diamond and silicon carbide polytypes are 

given in Table I. Equilibrium polymorph formation of crystalline materials is dependent 

on temperature and pressure, but the diamond polytypes are determined also by kinetic 

factors such as the pressure, load rate and duration. Indeed, non-cubic diamond polytype 

*"* Ramsdell notation: The unique number of unit stacking layers in sequence in the 
unit cell, while the letter refer to the cubic (C), hexagonal (H), or rhombohedral (R) 
symmetry of the structure. 
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(2) Residual stress 

A thermal expansion mismatch alone between diamond and silicon carbide 

(CTE=1.3-3.9Xl(^ 6 o C 1 ) < ttsiC(CTE=4.3-5.6X10*°C1)] will develop tangential hoop 

tensile stress for the matrix and compressive stress in the diamond upon cooling from 

densification. The hoop tensile stresses produced by this mechanism alone may promote 

matrix microcracking. Analysis of these residual stresses, the radial matrix stress (<rmc) 

and the tangential matrix stress (-2om0=om), is based on the hydrostatic stress (oj 

developed around the isolated diamond particle, which, for spherical particles, can be 

calculated by the following equation8: 

( o - a J A T 
o = a =o.= —£—21 (n 

l- -]+[- H 
IE E 

m p 

where a is thermal expansion coefficient, E is Young's modulus, v is poisson's ratio, AT 

formation is known to be induced by rapid quench rates (CVD) and rapid load rates 

(explosive compaction). The transformation between the 2H (Lonsdaleite) and graphite 

is displacive rather than diffusive and involves a large volume increase. This tendency 

for volume increase of the dispersed diamond particle in the silicon carbide matrix at 

high use or formation temperature tends to create stress centers around each dispersed 

carbon particle which may lead to microcracking. Polytypes of the silicon carbide may 

also promote the nucleation and growth of similar polytypes in the diamond or vice-versa 

during the densification of the silicon carbide-diamond composites. 
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is temperature change, subscript m stands for the silicon carbide matrix and p for the 

diamond particle. 

Upon substitution of the appropriate physical parameter values. 

g=1.73 GPa. 

This value is sufficiently large to cause microcracking. 

(3) Crack deflection by diamond particles 

'Mien a crack encounters a diamond, the crack may be deflected by the hard diamond 

particle. This crack deflection is based on the fact that diamond has twice the Young's 

modulus, strength and fracture toughness of the silicon carbide matrix as shown in Table 

II 9. 

(4) Thermal conductivity and thermal shock resistance 

Diamond has a very high thermal conductivity (5.43 W/cm°C), whereas silicon 

carbide is much more of a thermal insulator (0.2-0.87 W/cm°C). Therefore, the thermal 

conductivity of silicon carbide is enhanced by the addition of diamond particles. This 

makes an already excellent tooling and grinding material even better for many 

applications since the heat can more readily be conducted away from its interface with 

the work piece. The thermal shock resistance of the silicon carbide is also enhanced. 

Experimental work to show the details of these improvements is continuing. 

The following treatment displays the expected results according to Maxwell's theory 

as discussed in terms of thermal conductivity by Eucken. Fig. 1. shows the theoretical 
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U2V, y * 
<UVKJKd) 

i y 

where Jifis thermal conductivity, Vd is volume fraction of diamond, subscript s stands for 

the silicon carbide matrix and d for the diamond particle. 

(5) X-ray analysis 

The coexistence of diamond-3C and diamond-2H (Lonsdaleite) was found in the as 

received Mypolex™-diamond. Rietveld powder X-ray diffraction profile fitting of the 

entire diffraction pattern made quantitative analysis possible. It was performed on 1 pm 

duPont Mypolex™ and 1 /tm GE Man Made™ industrial diamond for comparison. A 

single major peak of both materials is shown in Fig. 2. Quantitative Rietveld analysis 

yielded 78 wt% 3C and 22 wt% hexgonal, assuming 2H, for the duPont 1 (im powder 

and 100 wt% 3C and 0 wt% 2H for the GE 1 jim powder. Rietveld Profile fitting 

analysis has also revealed that the 3C/2H ratio decreases with decreasing diamond 

particle size. However, for extremely small particles sizes in the nanometer range, the 

number of polytypes coexisting in the powder makes quantitative analysis more complex. 

The efforts to quantify the complicated distribution of all of these polytypes is 

continuing. 

Diamond will transform to graphite10 at high temperature. In order to prevent 

variation of the thermal conductivity with volume percent diamond, according to equation 

(2). 
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premature graphization of the diamond, the composite densification is carried out at the 

high pressure and temperature required to produce diamonds from graphite industrially. 

Silicon carbide and polycrystalline nano-diamond powders were analyzed by XRD before 

and after densification. The hot pressed silicon carbide-diamond specimens were found 

to retain the same silicon carbide and diamond content as in the original powder batch. 

No graphite within the XRD detection limit could be detected by XRD after composite 

densification as shown in Fig. 3. Small but significant amounts (<3%) of graphite may 

be below the detection limit. Although the carbide and the diamond phases could easily 

be distinguished, the polytypes of both silicon carbide and diamond in the hot pressed 

composite are difficult to distinguish by XRD analysis and work in this area is also 

continuing. 

(6) Density and Fracture toughness, Ku, 

The sintered composite density decreases with addition of the diamond particles, as 

shown in Fig. 4. 

These silicon carbide composite specimens were so small that the fracture toughness 

could only be measured by the Indentation method. The indentation method is known 

to produce various results depending on which one of the many possible equations is 

used. In this paper the equation3 

Ku = 0.016(E/H)in Pic112 

where E is Young's modulus, H is hardness, P is load, c is crack length, was used to 

calculate the Kv. This equation has been shown to produce lower values than other 
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accepted techniques, and was used intentionally to be conservative." The fracture 

toughness results obtained by adding nano-diamond inclusions are expressed graphically 

in Figs. 5. and 6. The great sensitivity to volume percent diamond added can be seen 

in Fig. 5. No increase in is produced at <10% or >30 vol% diamond. A 

remarkable increase (more than double) is produced between 18 and 25 vol% diamond. 

The decreased with diamond >30 vol% may be due to the lower composite density. 

Equally striking is the particle size dependence shown in Fig. 6. At 18.5 vol.% 

diamond, no increase in fracture toughness is observed until the diamond particle size is 

reduced toll nra. Only then does the value double. These extremely small particles are 

the smallest toughening agents yet reported by several orders of magnitude. Work is 

continuing to see if the effect continues with even smaller diamond particles. 
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Table I. Polytypes of Diamond and Silicon Carbide 

Structure of 
Diamond and Silicon Carbide Space Group Space Group %Hexagonal 
Ramsdell Layer repeat sequence * Jagodzinski" Diamond Silicon Carbide 
notation notation 

3C ABÇ/ABC/A.. (k), FD3M F43M 0 
2H AA7AA7AA'/.. (h)2 

P63/mmc P6j/mc 100 
4H AA'C'C/AA'C'C/A.. (hk), P63/mmc P6ymc 50 
6H AA'C'B'BC/AA'B'BC/A.. (hkk)2 Poj/mmc P63/mc 33 
8H AA'C'B'A'ABC/AA'C'B'ABC/A.. (hkkk)2 Pcymmc p6j/mc 25 
15R AA'C'CABB'A'ABCC'B'BC/AA'.. (hkhkk), R3M R3M 40 
21R AA'C'B'BCABB'A'C'CABCC'B'A'ABC/AA'C'.. (hkkhkkk), R3M R3M 29 

+ : adapted from ref. 6. 

*: Each different symbol in the layer repeat sequence is different but all A layer are identical as are all B and etc. 

The primed letters are mirror images of the same unprimed letters. 

**: This notation designates the type of stacking between adjacent layers, "k" indicates cubic (Kubisch) and h 

represents hexagonal stacking. 



Table I I . Physical Properties of Polycrystalline Silicon Carbide, Diamond, and Cubic Boron Nitride 

Material Theor. Young's Poisson's Thermal Vicker or Transverse Fracture Thermal 
Density Modulus Ratio Expansion Knoop Rupture Toughness Conductivity 

Hardness Strength K f c 

g/cc GPa. xlO*/K GPa. MPa. MPa.m" 2 W/cm°C 

silicon carbide 3.21 207-440 0.19 4.3-5.6 20-30 500-930 3.5-4.0 0.2-0.87 
diamond 3.52 800-925 0.20 1.3-3.9 35-50 850-1550 6.9 5.43 
cubic boron nitride* 3.48 900 0.14 4.8-5.8 28-40 860-900 2.8 2.0 

* G.E. 100% microcrystalline BN(BZN™) 
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Figure Captions 

Fig. 1. Theoretical variation of the thermal conductivity with volume percent diamond. 

Fig. 2. The coexistence of Diamond-3C and Diamond-2H of as received 1 fim diamond 

powder. 

Fig. 3. The results of the XRD analysis of a densified silicon carbide - 31% diamond 

composite specimen. 

Fig. 4. Theoretical composite density vs the volume percent of nano-diamond particle 

addition. 

Fig. 5. Fracture toughness, K^., of silicon carbide with different volume percents of 

dispersed 11 nm diamond particles measured by the indentation method with a 

30 Kg load. 

Fig. 6. Fracture toughness of silicon carbide with 18.5 volume percent of different 

particle sizes of diamond measured by the indentation method with a 30 Kg 

load. 



Fig. 1. Theoretical variation of the thermal conductivity with volume percent diamond. 
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Diamond-GE 

Diamond-3C( 100%) 

Observed Pattern 
Calculated Pattern 

Mypolex-Diamond 

Diamond-3C(78«) 
Diamond-2H 

4 1 . 6 45 . 2 4 8 . 8 
Two- theta (degrees) 

Fig. 2. The coexistence of Diamond-3C and Diamond-2H of as received 1 /tm diamond 

powder. 
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diamond diamond 

^ ^ ^ ^ ^ ^ ^ ^ 
T w o - t h e t a ' d e g r e e s * 

Fig. 3. The results of the XRD analysis of a densified silicon carbide - 31% diamond 

composite specimen. 
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Fig. 4. Theoretical composite density vs the volume percent of nano-diamond particle 

addition. 
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Fig. 5. Fracture toughness, Ku, of silicon carbide with different volume percents of 

dispersed 11 nm diamond particles measured by the indentation method with a 30 Kg 

load. 
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Fig. 6. Fracture toughness of silicon carbide with 18.5 volume percent of different 

particle sires of diamond measured by the indentation method with a 30 Kg load. 
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Boron Carbide Reinforced Alumina Composites 

Jenq U r end P. Oarreil Ownby 
Cefomic Engmaeing Deoarrmont. University of Missouri. Ro&a Missouri 65^01 

Th* mechanical properties of alumina have been success-
fully improved by adding isolated boron carbide particle] 
of two different shapes. A Ku of 12« s 0.29 M P a * r a w for 
a l u m i n a - b o r o n ca rb ide whi ikcr l lka composites and of 
5.27 x 0.12 M P I T O " " a lumina-boron carbide iba rd l ike 
particle composite* has beta achieved. The fracture tough­
ness of these composites is dependent on tbe volume fraction 
of tbe boron carb ide particles as well as the i r size aod 
shape. The [lexural strength is alio appreciably enhanced 
to a constant value with from 5 to 20 vols- bo r so carbide 
additions. The whiskerlJke panicles in e r r a w the HeauraJ 
strength by 22% and the shard like particles produce a -*7% 
ioproves i ca t . (Key words: mechanical propert ies, boron 
carbide, part icles, whiskers, a luminal 

L tB t rod r . c t . oa 

SECOND-PHASE panicles or whiskers, which have * large dif­
ference in physical properties from the ceramic matrix, 

have been shown to produce eeiaraic*matrix composites with 
improved mechanical properties, fo r example, in recent 
years, it has been demonstrated that silicon carbide particles 
and/or whiskers can act is reinforcing agents to significantly 
improve the mechanical properties of alumina ceramics.'* 1 

These composites show enhanced mechanical properties, 
such as increased flexural strength, increased fracture toueh-
ness IK*), and improved high-temperature properties. The-
X k enhancement mechanisms have been attributed to crack 
bridging,* crack deflect ion, 7 and whisker pullout , 1 which 
occur in the process zone surrounding the crack front. 

Boron carbide has (he necessary high strength and high 
Youngs modulus required to produce enhanced raechanieai 
properties in alumina ceramics. Furthermore, its exeeotional 
hardness is highest of all materials except diamond a n d cubic 
boron nitride and it has the lowest density of all of the super* 
hard materials. The physical properties of alumina, silicon 
carbide, diamond, cubic boron nitride, and boron carbide are 
summarized in Table I.' Based on these favorable properties 
and the crack-panicle interaction mechanisms enumerated 
above, it was postulated that alumina-matrix composites-

f . F . sect*-—ceeiTitantBf «irte» 

Miot r ienM N o . 197104. JLtctitti Nowmocr JO, 199th soororttt Jtnv 
irv W. \m. 

' M i n x r . American Curan te Society. 

with wefl-dispersed. noncouiaxed, boron carbide panicles or 
whiskers would show an increase in fracture toughness and 
flex ural strength. Moreover, these composites would have a 
lighter weight than other alumina-matrix composites, making 
them excellent lightweight abrasive material candidates witn 
improved mechanical properties. 

1L Experimenta) Procedure 

Boron carbide in the form of fine shardlike morphology 
powder / and singje-crysraj whiskers,* were first character­
ized by scanning electron microscopy ( S E M ) to determine 
their size and shape. The S E M revealed that the as-received 
"whiskers" contained a very high "shot" or more equiaxed 
paniculate content as shown in Fig. 1(A). The a spea ratio of 
the "whiskers" w«s <15, The diameter varied greatly from 
2 to 15 Mm. The boron carbide shardlike powder panicles 
ranged in panicle sice from 0.2 to 7 tim. which was eon-
finned by panicle size analysis.* These panicles were irregu­
lar in shape, as shown in Fig. 1{B). 

Various volume percent*, of boron carbide "whisker**1 and 
boron carbide shardl ike powders were mixed with fine 
a-alumina powder 1 in methanol for 2 h using alumina balls 
i a a piastie jar. The resulting slurries were oven-dried. The 
aspect ratio of the* whiskers was**not significantly changed, 

_ after mixing. The alumina/boron carbide granulated mixed 
powders were hot-pressed in boron nitride coated graphite 
dies ¡n argon atmosphere, at 152Q*C for 20 min to >93.05i of 
the theoretical composite density. The hot-pressed specimens 
were characterized by density, phase content, microstrucnire, 
flexura! strength, and fracture toughness. Trie densities were 
measured by the Archimedes method. Two different shapes 
of specimens were hot-pressed for mechanical tests. Shlon 
rods were made for chevron notched shen rod (CNSR) K* 
determinations.*" 1 1 They measured 0.95 cm in diameter by 
1.43 cm long and were fractured parallel to the hot-pressing 
direction. Moduius-of-rupiure (MOR) thre;-pcint bend tests 
were made on 0 J cm x 0 J cm x IS* cm. L tun diamond 
polished specimens at a crosshead speed of 0.5 cm/min. 

The microstructure of the fractured surfaces and the crack 
patterns were analyzed by S E M . Precise phase content 
analysts w « accomplished bv powder X-ray Rietveíd pro­
file fitting.1-

*Ei |N-Pichtr I n d m i n d . I n c . Guaosw. QIC. 
T h i p i Miütnniyni T : en noto* íes. inc. . Kooi i i f l c TN. 
¡Hano» CCAÍA-TOO. H o n b a . Ltd. . Kioto. J » M « . 
ALCOA-AlbSG, Aleo* Industrial Qicn-Kau. B*uiu«, AIL 

Table L Physical Properties of PolycrystalHoe Alumina. Silicon Carbide, Diamond. Cubic Boron Nitride, aod Boroo Carbide 

Miiene l 

Theor. 

ll/cnV) 

Yo.ne/e 

iGPel r i d . 

Tnermei 
e e , e n i M . 
' • 1 3 ' V K l 

V i e l e n or 
K n o o . 

haronee! 
(CPU 

TrenteerM 

Alumina 3.98 380 026 7.2-8.6 18-13 276-1034 2.7-4.2 
Silicon carbide 321 207-440 0.19 4J-5.6 20-30 5CO-930 3.5-4.0 
Diamond 3.52 8 0 0 - 9 2 0 J0 1J-3.9 35-50 850-1550 6.9 
Cubic boron nitride* 3.43 900 0.14 4A-5J 23-40 86O-5O0 2.S 
Boron carbide 151 450 0.17 5.0 30-38 300-500 3.S 

*C. £ . IDO* mimcTj»t>iint BNfBZN). 

C0WBSSK) KACICK- CE EMtRC 
IPC* 

http://tBtrodr.ct.oa
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.1 
(A) 

(B) 

F i j , 1. Scanning e lectron micrograph of as -rece ived (A) boroa 
carbide "whiskers" and (B) boroa caroide thardl ike p*:t ic :e i . 

L i s 
•nit (A) 

nmm. 

!M?-afe5S3ff<?'. -"W 

( 6 ) . 

I l l , Results t a d Discission 

The polished two-phase microstractures of the hot-presied 
specimens show that the boron carbide was well dispersed in 
the alumina matrix. The Rjetveid profile analysis detected no 
third phases and no other phases were observed by SEM or 
reflected light microscopy. In fact, the Rietveld Quantitative 
analysis agrees with the batch phase composition within 
3 wr%, indicative of no detectable boron carbide oxidation. 

fJJ Micrvitructurt 

The fractured surface of the CNSR specimens were charac­
terized by SEM and the results are shown in Fig. 2. The frac­
ture plane of pure alumina was relatively smooth (Fig. 2(A)) 
with transgranular fracture predominat ing as shown in 
Fig. 3(A). The addition of shardlike boron catbide particles 
produced a rougher surface (Fig. 2(30 with more intergranu-
lar fracture as shown in Fig. 3(B) providing evidence for the 
crack-panicle interaction mechanisms. The addition of boron 
caroide "whiskers" produced a fracture surface which was 
even rougher as shown m Fig. 2(C). Whisker pullout was ob­
served as shown in the Fig. 3(Q. No incteased alurmna grain 
growth was observed on the snardlike boron carbide com­
posites. The grain size was 1 to 2 nm. However, an alumina 
grain size from 4 to 8 was observed on the boron carbide 
"whisker" containing composites. 

(C) 

Fl-.. : - Scanning e l ec tron m i c r o g n o h of a fracture surface o f 
(A) pure alumina, iBt a lutnrta <vitb 13 voi% boron carbide shard­
l ike p a n i c l e s , and ( C ) a l u m i n a wi th 15 *o\% boron c a r b i d e 
"whiskers.* 
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IP) 

Fif. 3. Scanning electron (nicrotraoh cf i fracture surface of 
(A) trantcranuUr fracture of pure alumina, (B) tniergranular frac­
ture of alumina with IS vol* boron carbide ihardlike paruclei, 
and (CI whisicr puilout of alumina with 15 -ol% boron caro.de 
"whukerv." 

f2J Mtdwiicol frojwrtirt 
The A \ of alumina as a function of volume percent boron 

carbide additions is presented graphically in Fig. 4. T h e 
fracture toughness of alumina reinforced with boron car-
bide "whiskers" reached 7.26 S 0.20 M P a - m ^ at 15 vorS 
boron carbide and was neariy level on further additions of 
boron carbide "whiskers." This value challenges the alumina-
silicon carbide whisker composites, which, with an average 
diameter of 0.6 Mm and an is p e a ratio of >40, have a >.\ 
value that is more than 15%* less. The alumina-boron car­
bide whiskerlike composites have higher A \ vaiues than any 
of the previously reported alumina—carbide or -boride partic­
ulate composites, in spite of the fact that the "whiskers" 
used in this study had a very large average diameter, an ir­
regular shape, and were highly contaminated with a wide size 
tange of equiaxed, "shot" particles. With boron carbide 
shardlike panicle reinforced alumina composites, the initial 
increase in the Kk curve is similar to the alumina-titanium 
diboride composi tes , 1 1 but different from the a l u m i n a -
(itaniura carbide composites. 1 4 The initial increase in A ' t of 
alumina-boron carbide composites is less than the alumina-
titanium diboride composites and about the same as the 
alumina-titanium carbide composites up to 5 but sur­
passes both by nearly 1S% at 10 vol%. The fraciure toughness 
of all of these composites is considerably higher than that of 
the inherent alumina matrix alone. 

Resistance to sudden crack propagation is evidenced by 
the appreciable whisker puilout as seen in Fig. 3(Q. Other 
toughening mechanisms for these composites appear to be 
associated with the crack interactions with the hard boron 
carbide inclusions and the associated stress redistribution at 
the crack tip when the particles are encountered. These inter­
actions can include crack bridging, grain bridging, crack 
deflection, crack branching, and the production of subcritical 
aiicrocracks. 

The increase of the flexural strength of alumina with boron 
carbide additions is shown in Fig. 5. The MOR of pure alu­
mina measured here corresponds with the value reported in 
the l i terature. 1 1 The MOR for composites with shardlike 
boron carbide panicles exceeds that of the alumina-boron 
carbide whiskerlike composites. The lower flexural strength 
of the boron carbide "whisker" composites may be caused by 
the larger alumina grain size in these composites. 

The of these boron carbide "whisker" reinforced alu-
taina composites exceeds that of the well-known silicon 
caibide whisker l o u j n n n ) alumina composites at lower 
volume percents (£15 vol%). At higher volume perccnts 
the shotlike paniculate interactions limit the effect of the 
"whiskers." We anticipate even better results when the qual­
ity of the boron carbide whiskers is improved by eliminating 

0.0 SO 10.0 13.0 20.0 3 5 0 30 0 

V o t u m * Percent of Second Phase 

F I J . 4. Fracture tc-uthnesi of alumina vi volume percent boron 
carbide *hardlike panicles and "whiskers" meaiurea by the CNSR 
technique. 
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Fit - 3. Flexural flren$th of alumina v» volume percent boron car* 
bide laardlilce particles and boron carbide "whukers." 

the nonwhi&sr paniculate content and increasing the aspect 
ratio and uniformity of the whiskers. 
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Enhanced Mechanical Properties of Alumina by Dispersed 
Titanium Diboride Particulate Inclusions 

Jena Uu* cna P. Dcnell Own&y* 
C e r e m t c fngmeevtng Deocrtmenf. UrWersry of MissouWJcaa tola Atosouri 4 5 4 0 1 

The mechanical properties of composite ceramics composed 
of 0 lo 20 voi% of t i tanium diboride particles dispersed in an 
o-aluraina mat r ix were investigated. The a lumina- t i tan ium 
diboride composite powder was hot-pressed at 1470*C for 
29 rain to achieve over or the theoretical composite 
density. T h e s t rength and fracture toughness of the two* 
phase, hoi-pressed composite were both significantly lm-
proved compared, to the single-phase alui.ilna. Results from 
dirferest methods of measuring the j t m t intensity factor, 
(Jt t o ) are compared and discussed. fKey words? mechani­
cal p roper t i e s , t i t an ium dibor ide , a l u m i n a , composites , 
fracture toughness.] 

L Introduction 

THE reliability of structural ceramics has b « n limited by 
the tendency of ceramics to fail caustrophicsily by the 

growth of s ingle cracks originating from small defects, 
resulting in variable strength and low fracture tougnness. Re­
cently, however, mechanical properties of ceramic materials 
have been improved by the addition of a second phase of 
small dispersed panicles. These *eccnd-phase panicles can 
lead to various encx-pan ic ie interactions. — Silicon carbide, 1 

d iamond / t i t i n tum carbide, 1 and boron carbide* panic les , 
have previously been added to the alumina matrix as hard ' 
panicles to intersex with the crack propagation. 

Based on crack-panicic interaction mechanisms, it was rea­
soned that an a lumina matrix composite with dispersed, 
nonequiaxed. t i tanium diboride panicles would show an in­
crease in fracture toughness and ftexurzl strength. Titanium 
diboride has been shown to successfully enhance the fracture 
tough diss of a silicon carbide matrix. 1* 

In the present study, various concent rations (in vol?*) of 
titanium diboride panicles were added to alumina. Fracture 
toughness was measured on the densified composite using 
three different methods to compare both the absolute values 
and relative scatter in the data. 

IL Experimental Procedure 

Fine alumina powder" and various concentrations of 1- to 
lS-nm jet-milled t i tanium diboride powder with a mean* 
panicle size of 3 were mixeq in a ball mill in ethanol for 
2 h using a lumina bails in a plastic j i t . The resulur.^ slurries 
were oven dried. 

The alumina-t i tanium diboride granulated powders were 
hot-pressed in boron nitride-coated graphite dies at I47CC 

R.W. Rice —' ewithbtmaf, «d<w 

MawoctYM Ho. W H S . 1Ut*v-*6 l*\y \U V990-, appro***! C i i e b - * Vi. 
1W0. 

?Truot*4 i t th« 91M Annui l H t « t i n | et the A m i n u n C m m i e Soei*t*. 
D*l lu . T X . Aoti l 13 . 1990 tSrmaetiiim oti Ccrnn tc M a i n s Comp«™«**. 
f i w N * . U-SIV-90). 

'McfflMf. A I M . - I C U Cenfoie Socict*. 
'ALCOA-A16SG. Alena l u d i w n i l C icmic iU . 8 .«* t f i . A R . 

for 20 mitt, to achieve high-density composites with > c 8 - 8 % 
of the theoretical composite density. Two different shapes of 
hot-pressed specimens were made for mechanical propeny 
tests. The aoplied pressure was 32 MPs far single edge notch 
beam (SENS) and mooujus-of-ruptsire fMOR) three-point 
bend tests bars. Short rods were pressed at 64 MPa for both 
the chevron notched short rod (CNSR) fracture toughness 
(ATV) determinations and the Vicker diamond indentation 
(DCM) fracture toughness tests. Each of the mechanical 
property measurements reported in this paper represent the 
average from five to seven specimens and the error bars rep­
resent one standard deviation from the mean. The specimens 
were characterized by density, phase content, microstructure, 
and mechanical properties. The density was measured by the 
Archimedes method. All flexure bars and rods were polished 
and cleaned for mechan ica l property tes ts . T h e shor t -
bar specimens w « e diamond cut and ground into H.i cm x 
OJ cm x 2.54 cm flexure ban . The three-point MOR. tests 
were conducted with a span of 1.9 cm at a crosshead speed of 
0.05 cm/mm to measure the fiexural strength. Some speci­
mens were aligned with the pending axis perpendicular and 
some parallel to tfle hot-pressed "aireetion axis. A 0.15-cm 
notch depth was cut in the* S£NB bars.* 

The CNSR tsst w?j accomplished using a fractometer' sys­
tem. The close-tolerance, chevron-notched specimens were 
mounted on a flatjack, as shown in Rg. 1. which prdvidca the 
force to fracture the specimen in a controlled fashion. The 

and the displacement were recorded with a X-Y recorder. ' ' 
Vickers diamond indentations were made on diamond-

polished-specimen surfaces w\th a load of 30 kg for a third 
measurement of the fracture toughness." 

The micronructure of the fracture surfaces and the crack 
patterns were analyzed by scanning electron microscopy 
(SEM). Precise phase content analysis was accomplished by 
powder X-ray Rictveld profile fitting.11 

' Fnc iMMiK t, T * r n Tee 5 > i u m i , I K H S*ll U k e City, U T . 

Orivinc force 
F i j . I . S p e c i m e n for d e i c r m i m r t f K* by t h e c t i e v r o n - n - i t c n e d 
j b o t w o d m c t n o d . 
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K ( c (MPa .ir. ) 

0.0 1.0 100 '1 0 30.0 
Voiumi Percent of Second Phase 

Fit. 2. Fleaural Strength (MOR) of the alumina matris conjoint 
venus concentration of seconc-phaic panicles. 

fu- *- Fracture tou|hness (A\) of alumina « 
pus louiheninj jjtr.is. 

III. Results and Discussions 

No third phase could be detected in the composite speci­
mens by Rieivcld X-Rjy analysis. The titanium diboride par­
ticles were observed to be weil dispersed in the alumina 
awrix and no other phases were observed by reflected light 
microscopy or by SEM. The thermodynamic and chemical 
stability of titanium diboride in the alumina matrix allows 
these hard panicles to provide improved mechanical proper­
ties without the Joss of the essential properties inherent in the 
alumina matrix. 

(I) Mtckanicai Properties 
The abruptly increasing Hexural strength of aiumina with 

various concentrations of titanium diboride panicles is shown 
in Fig, 2 . T h e MOR of pure alumina measured here corre­
sponds with the value reported in the l i terature. 0 The highest 
MOR observed was 712 MPa is a composite containing 
20 voi% titanium diboride. Comparative results with other 
second-phase panicle inclusions which have been reported on 
reinforcement alumina matrix composites are also shown in 
the Fig. 2. 

Since the measured value of fracture toughness depends on 
the measurement method, the results from all three methods 
are expressed on the left ordinate scales of Fig. 3. The nor­
malized fracture toughness change is shown on the right-hand 
scale. The indentation method (DCM) is known to produce 
various results depending on which one of the many possible 
equations is used. In this paper the equation" 

Kk - 0.0l6(£;//nulP/cM (1) 

K l e (MPa.m ) 
7 «*»• 9 oca Qe**" 

0 0 SO '00 IS.O 30.0 

TiBj Volume Perctnt 

Flj, 3. Fracture touehneii (J?*) of the alumina matrii composite 
venus concentration of titanium dibonde panicles added. 

FJÍ 5. i J) Fracture lurfcee ol a CNSR ip*eimrn oí alumina wit>. 
out second-phaie panieles addmonj (bar • 1.0 «iml. and Ib] frac-
tute surfacc oí a CNSR specimen of alumina wuh 10 vcK'c 
litaníum diboride (bar - 1.0 v~|. 

CA0NAC1CN/L tC ENERGÍA N U C l E A R / S P -
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(b) 

Fi«. £ SEM o( the CNSR fracture surface of (al unmodified alu-
mini matrix (bar - 10 urn), and (b) alumina with IS vo'% titanium 
diboride (bar 10.0 nm). 

where £ is Young's modulus, H is hardness, P is load, and c is 
crack length, was used to calculate the Ky. It yields more con-
servative values than other indentation equations which have 
been used, but it shows the same trend of fracture toughness 
increase as in the SENB and CNSR methods. The values 
measured by the SENB three-point-bending tests and CNSR 
methods show similarly increasing AV but the CNSR data 
exhibits much less scatter and a much higher viiue at 
5 vo.% titanium diboride. 

The operative toughening mechanisms are considered to be 
related to crack inteiactions with the hard titanium diboride 

panicles. These interactions miy include crack deflection and 
crack bridging, with associated stress redistribution at the 
crack tip when the particles arc encountered. Other mecha* 
nisms, such as subcritical microcracks and crack branching 
around the titanium diboride panicles, are also possible con­
tributors to the significant increase in fracture toughness. 
These irregular <et-miiled titanium dibonde pirtic.es have 
an increased aspect ratio which may increase the deflec­
tion angle. 

The mechanical properties of the alumina have been im­
proved by adding the titanium dibonde panicles. Both the 
fracture tougnness and the flexural strength are signifi­
cantly improved with only 5 voi^b titanium diboride in the 
alumina matrix. The resulting increase in the fracture tough­
ness cf alumina caused by aaditions of titanium diboride par­
ticles in comparison to other hard panic,e additions is shown 
in Fig. 4. 

(2} Micrettrueture 

SEM of the fracture surfaces of some CNSR specimens is 
shown in Tigs. 5 and 6. Figure 5 shows that the gram size 
does not change appreciably with titanium diboride additions. 
Both Figs. 5 and 6 show that titanium diboride promotes 
more intergranular fracture which is consistent with crack-
panicle interaction fracture toughening. 
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