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Metal fibre reinforced hydroxy-apatite ceramics 

G. DE WITH* ,  A. J. CORBIJN  
Philips Research Laboratories, Pob 80000, 5600 JA, Eindhoven, The Netherlands 

The reinforcement of hydroxy-apatite ceramics with metal fibres is discussed. Hastelloy X and 
FeCralloy fibres were dispersed in hydroxy-apatite powder slurry. The fibre-powder slurries 
were dried and sieved over a wide aperture sieve. The resulting granules were used for die- 
pressing. Volume fractions used were 10, 20 and 30%. The compacts obtained in this way 
were isostatically repressed at 4 k bar. These compacts showed considerable strength and 
toughness. Hot-pressing of the compacts was done at about 1000°C and a pressure between 
0.2 and 1.0kbar for 15min. The resulting materials were characterized by fractography and 
strength, fracture toughness, Young's modulus and hardness measurements. Both strength and 
fracture toughness increased while Young's modulus and hardness decreased with increasing 
volume fraction of fibres. The strength and fracture toughness of composites containing 
20vo1% metal fibres showed an increase of the strength and fracture toughness by a factor of 
about 2 and 6, respectively, as compared with the strength of about 100 MPa and a toughness 
of 1.0 MPa m 1/2 for the sintered, pure matrix materials. The results obtained are also promising 
for other metal fibre-ceramic matrix composites. 

1. Introduct ion  
H y d r o x y - a p a t i t e  [Cas(PO4)  3 -OH,  OH-Ap] is the 
main mineral constituent of bones and teeth. Quite a 
few attempts have been made to use a ceramic based 
on this composition as an implant material as, besides 
tricalcium phosphate [Ca3(PO4)2], it is the only fully 
biocompatible material [1, 2]. The use of porous 
ceramics for esthetical surgery is successful since this 
ceramic is fully absorbed by the body and "reformed" 
as natural bone [2]. The application of high density 
phosphate ceramics as a load bearing implant is, how- 
ever, retarded primarily due to its low strength and 
fracture toughness and considerable subcritical crack 
growth [3-14]. Consequently the mechanical properties 
of the material need improvement. Various reinforce- 
ment mechanisms are known. Transformation tough- 
ening by ZrO2 particles is one proposition. Some 
attempts to produce ZrO2 toughened OH-Ap ceramics 
revealed, however, that the ZrO2 particles become 
fully stabilized by the sintering process, probably due 
to the presence of calcium in the material [15]. Another 
possibility to obtain a better strength and fracture 
toughness is the introduction of fibres in the OH-Ap 
ceramics. Because the OH-Ap ceramic has a thermal 
expansion coefficient o fabou t  15 x 10 6 K ~ [14, this 
work], the choice of potentially useful fibres is limited. 
Fibres of, e.g. Al203, SiC and carbon are available in 
sufficiently large quantities but all have a low thermal 
expansion coefficient. This combination results in ten- 
sile stresses in the matrix. Therefore primarily metal 
fibres with a high(er) thermal expansion coefficient 
and some ductility remain. Attempts to incorporate 
metal fibres in OH-Ap ceramics are reported in this 
paper. 

2. Experimental procedure 
The powder used for the preparation of the fibre 
composite was a commercially available OH-Ap pow- 
der (Merck A. G., Darmstadt, Germany), used also in 
earlier investigations dealing with pure OH-Ap cer- 
amics [12, 13]. Characteristics are given in Table 1. The 
fibres chosen are also commercially available. A1203 
(Dupont FP, diameter 20#m), titanium Inconel 601, 
stainless steel, Hastelloy X and FeCralloy fibres were 
tried. All metal fibres were purchased from N.V. 
Bekaert S.A. (Zwevegem, Belgium). The Hastelloy X 
and FeCralloy fibres were the most successful and are 
further denoted by fibre H and F, respectively. Com- 
positions and further characteristics of these fibres 
are given in Table I. The metal fibres were delivered 
chopped at l mm length in polyvinylalcohol binder. 
The as-received fibres were intensively washed with 
water to remove the binder. In this washing process 
cold-welded bundles of fibres, present as a result of the 
chopping process, were removed as well. 

Mixing of the powder and fibres appeared to be 
highly critical for obtaining useful compacts. Volume 
fractions of fibres used in the starting mixture were 10, 
20 and 30%. In each case the appropriate amounts of 
powder and fibres were wet-mixed in a high shear rate 
mixer (IKA Universalmfihle M-20) for about 5 sec. 
After that the larger lumps were removed and the 
remainder was mixed for another 5 sec. The resulting 
slurry was, after drying, dispersed by sieving through 
a wide aperture nylon sieve. The powder-fibre mixture 
so obtained had a relative density of about 15% and 
was used to fill perspex dies. The filling was done 
piecewise in a number of layers each of about 0.5 cm 
thickness. After pressing at I00 to 500 bar, depending 
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T A B  LE I Material characteristics and processing conditions 

Material vol % T (o C) P (k bar) q (%) Material 

OH-Ap 0 950 0.2 93 

H i0 1000 0.5 95.6 
H 20 1000 0.7 93.8 
H 30 1000 1.0 100 

F 10 1000 0.7 99.7 
F 20 1000 0.7 99.2 
F 30 1000 0.7 99.8 

Ca/P ratio 1.62 
specific surface area 65m- 'g  = 

Hastelloy X 
comp. Ni 5l, Cr 22, Mo 9. Fe I8 
diameter 8/~m 
E = 22I GPa 
H K = 2.0GPa 

FeCralloy 
comp. Fe 79, Cr 16, AI 5 
diameter 22/~m 
E = 207GPa 

H K = 2.1 GPa 

OH-Ap: Pure OH-Ap ceramic 
H: Hastelloy X containing composite 
F: FeCralloy containing composite 
E: Young+s modulus 
H K : Knoop hardness (2 N load, 15 sec) 
Compositions in wt %. 

q: relative density 
P: hot-pressing pressure 
T: hot-pressing temperature 

on the size of the die, shaped preforms typically with 
a relative density of  25% resulted. These preforms 
were isostatically repressed at 4 k b a r  resulting in 
a relative density of about 60%. The compacts so 
obtained showed considerable strength and are easily 
handled. Therefore the values of  the strength and 
fracture toughness were measured on dry sawn speci- 
mens in the same way as for the hot-pressed material 
(see below). In each case three specimens were used 
resulting in a sample standard deviation of 9%. The 
stiffness of  the compact was calculated from the 
deflection of a three-point bend specimen during 
strength testing. 

Uni-axial hot-pressing was done at temperatures 
around 1000 ° C for 15 min and pressures ranging from 
0.2 to 1 k bar. The atmosphere was flowing N2 except 
for the pure OH-Ap ceramic which was hot-pressed in 
air. A heating and cooling rate of  200 ° C h-  l was used 
for the composites while 60°C h-~ was used for the 
pure OH-Ap ceramic. The density, q, of  the material 
so obtained was determined from the weight and size 
of  machined rectangular blocks. Relative densities 
near 100% were obtained (Table I). The microstruc- 
ture of  the composites was revealed, after grinding and 
polishing, by optical (OM) and electron microscopy 
(SEM). 

Blocks of  the densified materials were machined 
into specimens of 3 mm x 9 mm x 45 mm for mech- 
anical testing. Strength, &, and fracture toughness, 
K~c, were measured in a three-point bend set-up with 
a span of 36 mm at a crosshead speed of I mm min ~. 
For both measurements the sample standard devi- 
ation was about 10%. Typically five to ten specimens 
were used for each measurement. In case of  Kjc 
measurements a notch was machined in the specimens 
with a relative depth of about  0.15 and a width of  
about  100ktm. Precracking was done by putting a 
Knoop indentation (4N load) at the notch root at 
both sides of  the specimen. The compliance factor for 
the three-point bend test was calculated according to 
Brown and Srawley [17]. 

The longitudinal wave velocity, VI, was measured 
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at 10MHz using the pulse-echo technique. Due to a 
too large damping the transverse wave velocity, V+, 
could not be measured. Therefore the Young's  modu- 
lus, E, was calculated with the conventional formulae 
for isotropic materials using an estimated Poisson's 
ratio, v, of  0.275. Finally, the hardness, HK, was deter- 
mined using a Knoop indenter at 2 N load applied for 
15 sec. 

The thermal expansion coefficient, a, of  the pure 
OH-Ap ceramics was determined from room tempera- 
ture up to 600°C using a dual rod dilatometer. Sin- 
tered specimens of 95% relative density and a grain 
size of about  5/,m were used. The procedure to 
prepare this specimen was as described before [13]. 

3. Results and discussion 
In this section first the results of  the exploratory 
experiments are reported. Next the results of  the more 
systematic experiments on OH-Ap ceramics with 
fibres H and F are discussed. 

3.1. Exploratory experiments 
The measurement of  the thermal expansion coefficient of 
the pure OH-Ap ceramics yielded a strongly tempera- 
ture dependent a-value. The thermal expansion coef- 
ficient can be represented by a = (12.4 + 0.0103T) x 
10 6 K- t  where Tis  given in centigrades. The average 
value of a from room temperature to 550 ° C is 15.1 × 
10 6K ~. This value is in approximate agreement 
with the value of 15.9 x 10 6 K-~ that can be cal- 
culated for the same temperature interval from the 
data as measured by X-ray diffraction [16]. The high 
value of the expansion coeffÉcient is thus confirmed. 

In spite of  this high value of a, we nevertheless tried 
to incorporate AI203 fibres (with an a-value of about 
8 x 10 -6 K -~) in an OH-Ap matrix. This was done 
since we expected for this combination very little or no 
reaction between the two components. This expec- 
tation turned out indeed to be true, but due to the 
unfavourable difference of a-values, the material 
showed a textbook case cracked matrix (Fig. 1). No 
further experiments were done with this combination. 



Figure 1 SEM micrograph of a 10vol % AI203 fibre containing 
OH-Ap composite. Note the extensive cracking of the matrix but 
no reaction layer at the fibre-matrix interface. 

The next type of fibre material tried was titanium 
(with an a-value of about  8.5 x f0 6 K l). This metal 
has essentially the same problem as AI203, but is 
somewhat less brittle. In this case also the OH-Ap 
matrix was heavily cracked and no further experi- 
ments were done. Next we tried stainless steel fibres 
with the expectation that the ductility of this metal 
would be sufficient to avoid matrix cracking. Indeed 
this was true but there appeared to be an extensive 
reaction between the metal and the matrix even when 
hot-pressed in N2. Inconel 601 fibres reacted some- 
what less dramatically than the stainless steel fibres, 
but still were considered too reactive. From these 
experiments it became clear that we needed some 
ductility but also a limited reaction between the com- 
ponents at the hot-pressing temperature. Further- 
more, the fibres should be available in sufficiently 
large quantities. The number of  metal fibres fulfilling 
these requirements is limited. We have chosen here the 
Hastelloy X and FeCralloy fibres denoted by H and F, 
respectively. Finally, it should be noted that exami- 
nation of micrographs of the composites indicated no 
or only very little preferential orientation of the fibres. 

3.2. Experiments with Hastelloy X and 
FeCralloy fibres 

The hot-pressing conditions and resulting densities 
of  the materials produced with the H and F fibres 
are listed in Table I. Micrographs o f  two typical 
materials are shown in Figs 2 and 3. From these 
micrographs it is clear that the H fibres show a reac- 
tion layer of  about  5 #m thickness while the F fibres 
show a reaction layer of about  2#m thickness. For 
the H fibre composite, energy dispersive analysis of 
X-rays (EDAX) showed that the reaction layer between 
OH-Ap and the Hastelloy X was enriched with chro- 
mium as compared with the fibres. In Table lI  the 
properties of the various materials are listed. For 
comparison the properties of  pure OH-Ap ceramics 
[i2, 13] are given as well. For  both materials the 
fracture toughness increases rapidly using 10 or 
20 vol % fibres, but only slightly when increasing the 
volume fraction fibres to 30%. Young's  modulus, E, 
also increases because the E-value of the metal is 
higher than that of the OH-Ap matrix. For the nearly 
fully dense F fibre composites the rule of  mixtures is 
obeyed well. The Knoop hardness, on the other hand, 
decreases because the hardness of  the metals is lower 
than that of  the matrix. For this parameter  the rule of  
mixtures is not obeyed at all. 

The strength was measured only for the F fibre 
composite. The strength of the F fibre composites 
increases also upon increasing the volume fraction 
fibres, but not as rapidly as the K~c. This indicates that 
the critical flaw size has increased considerably from 
the value for the pure OH-Ap ceramics. An estimate 
of the defect size, ac, can be made by applying the 
fracture mechanics formula 

K,c = YS~-a~ 2 (1) 

Using the experimental value for K~c and &, together 
with Y = 1.26, the appropriate value for semi- 
circular surface defects [18], yields for the pure OH-Ap 
ceramics an ac-value of about 60#m while for the 
composites an at-value of about 600 #m results. This 
estimate shows that the processing procedure can be 
improved considerably. 

Figure 2 SEM micrographs of a 20 vol % HastelIoy X fibre containing OH-Ap composite. (a) fracture surface showing very limited pull-out. 
(b) polished surface showing a reaction layer of about 5 ]~m thickness between the fibres and the matrix. 
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Figure 3 SEM micrograph of a 20vol % FeCralloy fibre containing OH-Ap composite. (a) Fracture surface showing limited pull-out. 
(b) Polished surface showing a reaction layer of  about 2#m thickness between the matrix and the fibres. 

Contrary to the F fibre composites, for H fibre 
composites the toughness specimens did not split into 
two halves after testing but remained connected. 
Examination of the fracture surfaces (Figs 2a and 3a), 
however, revealed very limited pull-out of the fibres in 
both cases. Because no fibre pull-out whatsoever is 
observed, a contribution of this mechanism to the 
fracture energy can be neglected. A simple first esti- 
mate of the fracture energy is then provided by the 
rule of mixtures 

Jc = (1 - Vr)Jm 4- VrJ,- (2) 

where Jc (Jm, Jr) is the fracture energy of the composite 
(matrix, fibre) and Vr the volume fraction of the fibres. 
The fracture energies for the metals involved are typic- 
ally about 2000Jm 2. The exact value is dependent 
on microstructure and heat treatment. Attempts to 
measure the fracture energy of the metals were not 
done. For the Hastelloy X and FeCralloy a Knoop 
hardness (2 N load, 15 sec) of 2.0 and 2.1 GPa respect- 
ively was measured corresponding to yield strength of 

about 0.7 GPa. This implies a considerable specimen 
size necessary for proper toughness testing. We take 
for both metals a value for Jr. of  about 600J m 2 The 
value for Jr is low as compared with order of mag- 
nitude quoted but such a low value can be expected in 
view of the unfavourable heat treatment for the metals 
due to the hot-pressing procedure. The value for Jm is 
taken l l J m 2, the value appropriate for hot-pressed 
OH-Ap ceramics (Table II). Using these values 
together with the experimental values of the Young's 
moduli results in the estimates for K~c = (2JOE) ~2 as 
given in Table II. Comparing the experimental and 
calculated values it is obvious that the trend and order 
of magnitude are correctly predicted. 

Finally, during processing it was noticed that the 
powder compacts repressed at 4k bar showed con- 
siderable strength, stiffness and toughness. Therefore 
the Young's modulus, strength and fracture toughness 
were measured (Table II). This table shows that the 
value of these parameters is already a considerable 
fraction of those of the hot-pressed materials. 

T A B  L E I I Properties of  the Hastelloy and FeCralloy composites 

Material vol % q (%) E (GPa) H K (GPa) Kj~ (MPa m I 2) S,, (MPa) 

exp calc 

OH-Ap 0 93 77 4.4 1.3 - 
OH-Ap 0 97 I17 5.4 !.0 - 

H-p 10 60 11.6 - 1.6 - 
H-p 20 60 14.5 - 2.6 - 

H 10 95.6 120 4,5 4.3 4.2 
H 20 93.8 107 4,5 6.0 5.3 
H 30 100 141 4.2 6.1 7.4 

F-p I0 60 14. l - 1.8 - 
F-p 20 60 18.2 - 2.6 - 

F 10 99.7 126 3.9 3.7 4.3 
F 20 99.2 135 3.4 7.0 6.0 
F 30 99.8 142 3.4 7.4 7.4 

77 
115" 

34 
57 

35 
35 

96 
175 
224 

OH-Ap: Pure OH-Ap ceramic 
H-p: Hastelloy X containing powder compact  
H: Hastelloy X containing hot-pressed composite 
F-p: FeCralloy containing powder compact  
F: FeCralloy containing hot-pressed composite 
q: relative density. 
*Data taken from [13] apart  from the hardness which was measured by Knoop indentation (2 N load, 15 sec). 
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4. Final remarks 
In this paper it has been shown that the fracture 
toughness and strength of OH-Ap ceramic matrix 
materials can be improved by a factor of 6 and 2, 
respectively, by introducing 20 to 30 vol % metal fibre 
in the ceramic matrix. Although this is a considerable 
improvement, the strength can be improved further 
since the critical defect size has increased as compared 
with the pure OH-Ap ceramics. It can be expected that 
other properties like thermal conductivity and fatigue 
strength are improved as well. It seems also likely that 
similar improvements in mechanical properties can be 
realized in other metal fibre-ceramics matrix com- 
posites. Low or preferably no reactivity at all, between 
the ceramic and the metal are a prerequisite, however. 
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