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Correlation between structure and compressive
strength in a reticulated glass-reinforced
hydroxyapatite foam
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Glass-reinforced hydroxyapatite (HA) foams were produced using reticulated foam
technology using a polyurethane template with two different pore size distributions. The
mechanical properties were evaluated and the structure analyzed through density
measurements, image analysis, X-ray diffraction (XRD) and scanning electron microscopy
(SEM). For the mechanical properties, the use of a glass significantly improved the ultimate
compressive strength (UCS) as did the use of a second coating. All the samples tested
showed the classic three regions characteristic of an elastic brittle foam. From the density
measurements, after application of a correction to compensate for the closed porosity, the
bulk and apparent density showed a 1:1 correlation. When relative bulk density was plotted
against UCS, a non-linear relationship was found characteristic of an isotropic open celled
material.

It was found by image analysis that the pore size distribution did not change and there was
no degradation of the macrostructure when replicating the ceramic from the initial
polyurethane template during processing. However, the pore size distributions did shift to a

lower size by about 0.5 mm due to the firing process. The ceramic foams were found to
exhibit mechanical properties typical of isotropic open cellular foams.

© 2002 Kluwer Academic Publishers

Introduction

Hydroxyapatite (HA) is used extensively and in many
forms for bone implants due to its high biocompatibility
and its similarity in composition to the apatite found in
natural bone. Porous HA can be used as a bone filler and
although the mechanical properties are poor because of
the high porosity required, the ability for the penetration
of bone into the implant will lead to a secure,
mechanically stable, integrated implant [1].

Preparation of porous HA to date has included the use
of defatted and sterile bovine bone [2] the hydrothermal
conversion of coral to HA [3], burn out methods using
poly vinyl butyral particles [4] and foaming methods [5].
However, controlling the pore size and interconnectivity
in the burn out and foaming methods and controlling
impurities in bovine and coral sources can pose a
problem. A novel route found for the preparation of
reticulated porous HA has involved the use of reticulated
foam technology [6, 7], where a polyurethane template is
infiltrated with a ceramic slurry, left to dry and then the
polyurethane burnt off to leave a ceramic replica of the
polyurethane.

When preparing porous HA through the use of
reticulated foam technology it is important that the
template is copied exactly so that the porosity and
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interconnectivity can be controlled as the morphology of
the porous implants is very important to obtain good
implant incorporation. A minimum pore size of 100—
150 um is often suggested to achieve good implant
fixation through bone ingrowth. It has also been proposed
that lower density porous HA present a better implant
material for the filling of osseous defects as a result of
faster rate of osseointegration, which therefore leads to
enhanced mechanical properties in vivo [8]. Open or
reticulated porosity is also an important factor to be
considered when characterizing the macroporous struc-
ture [1].

Gibson et al. [9] have successfully predicted the
behavior of cellular solids and highly porous materials,
classifying them as either open or closed cell models.
Mechanical properties of low-density structures such as
porous ceramics and cancellous bone can be modeled to
their relative density by the following equation [9]:

C =0 =
p

where & is the ultimate compressive strength and p/p*
the relative density. x equals 2 in an open celled isotropic
foam, and x equals 1 for a closed cell isotropic foam. ¢, is
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the proportionality constant and is dependant on the
structure of the strut material; it has therefore been found
to be reduced when porosity is present within the ceramic
struts [10].

Materials and methods

The HA used to prepare both the unreinforced and the
glass-reinforced HA (GR-HA) foams was supplied by
Plasma Biotal (Batch P120, Plasma Biotal, Derbyshire,
UK). The glass was prepared from precursors of
NaH,PO, (37.2g), CaCO; (41g) and P,05 (41.95¢g).
These components were thoroughly mixed and then
poured into a Pt/10%Rh crucible which was then placed
in a Carbolite furnace at 1200 °C for 2h. After 2h, the
crucible was removed and the glass poured onto a steel
plate to give a glass with the composition 15 mol %
Na, O, 40 mol % CaO, 45 mol % P,0s.

The production of these slips has been detailed
elsewhere [7], but briefly to make a glass-reinforced
slip, 2 g of the glass was dry ball milled for 24 h and then
98 g of HA was added and 150ml of methanol as a
suspending medium and wet milled for a further 24 h.
The slip was poured out and then the methanol removed
by drying at 80°C. The HA powder was prepared in
exactly the same way but without the initial glass stage.
The porous HA and GR-HA samples were prepared by
resuspending the appropriate powder in water [7] and
immersing a polyurethane foam template (Customs
Foam Ltd.) of known porosity into a rheologically
optimized HA or GR-HA slip. The excess slip was
squeezed out and the ceramic-coated foam was then fired
at 1°Cmin~' to 600°C to slowly burn off the
polyurethane foam and then at 5°Cmin~"' to 1250°C
and held for 8 h to fully sinter the ceramic. This gave a
porous HA or GR-HA ceramic with the identical
macrostructure as the polyurethane. To create a foam
with better mechanical properties the foams could be
coated with a second layer of the ceramic slip. The slip
used was as above and the sintered ceramics were
immersed in this slip for 15s, which allowed the slip to
penetrate the pores. The ceramic foam was then removed
and the excess slip blown off with compressed air to
ensure complete reticulation. The ceramics were allowed
to dry for 24h before firing using the same firing
schedule as with the first firing.

Image analysis

Image analysis was used to determine the pore
dimensions and distributions of two foams with different
porosity’s before and after coating in ceramic and
sintering to ensure that during the processing route the
polyurethane template had been replicated accurately
with no change to pore shape or distribution. Individual
pores were outlined onto overhead transparencies from
SEM photomicrographs, which were taken at a magni-
fication that allowed approximately 15-20 full pores to
be distinguished clearly. The transparency was then
viewed under the image analysis system Image Pro Plus
4 consisting of a video camera linked directly to the
computer’s software. Measurements were then taken
through the manipulation of the gray scales and use of the
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““‘count’’ tool. The equivalent circular diameter (ECD) of
the pores were calculated by the image analysis software
from the area using the following equation:

- ()

where a is the area.

2

Density

The samples were measured accurately with a micro-
meter and weighed dry (W, ). The samples were then
immersed in a beaker of distilled water and held under
vacuum so that the water could penetrate all the
macropores. Care was taken to ensure that the minimum
amount of ‘‘boiling’’ took place under vacuum. The
samples were then re-weighed underwater using a
Mettler Toledo density kit, to produce the measurement
Wup- The samples were then carefully removed from the
beaker and dabbed on a wet tissue for 1/2 s to remove any
surface water droplets without losing any of the water
onto the tissue through capillary action. The samples
were then re-weighed in air to produce the measurement
W, Apparent, bulk and relative densities were
calculated using the following calculations. The real
density was found through X-ray diffraction (XRD)

measurements (see Materials and methods, XRD,
below).
Apparent density —( Way )pH ¢}
=\ 2
Wsat - Wsub

Apparent density

Relative density = Real densit
eal density

A t densit
Closed porosity = 1 — M

Real density
Wdry

Bulk density = X lxd
w

where W, is the weight of dry sample; W, is the weight
of saturated sample; W, is the weight of submerged
sample; w is the width of sample; / is the length
of sample; d is the depth of sample and; pH,O is the
density of water.

X-ray diffraction

To find the real density of the ceramics XRD was carried
out on a Phillips PW1050/1082 powder diffractometer, in
flat plate geometry using Ni filtered CuK, radiation
(wavelength 1.5409 A). Samples were ground to a fine
powder and mounted in the holder of the diffractometer.
Data was collected from 10° to 90°26 with a step size of
0.02° and a count time of 12s. The data was refined to
find the phase element fractions and density of each
phase so that the overall real density of the sample could
be found, by multiplying each phase element fraction
with its density and then adding the corrected densities
together.
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Figure I Compression test of a GR-HA foam showing the three regions
of strain.

Mechanical testing

Compression testing was performed on a floor standing
Instron 4505 using a 1 kN-load cell. Load was applied
axially to the sample with a crosshead velocity of
0.06 mmmin ' the test was recorded with a data point
every 0.5s. The ultimate compressive strength (UCS)
was defined as the maximum compressive strength
obtained during testing before densification (region C
on Fig. 1).

Scanning electron microscopy (SEM)

The ceramic foams were sectioned horizontally with a
sharp razor blade and mounted onto aluminum SEM
stubs with Araldite and left to dry for 24 h. The mounted
specimens were then sputter coated with gold and viewed
under the SEM (Stereoscan 90, Cambridge Instruments).

Results

Mechanical testing

The compression testing shown in Fig. 1 shows that the
ceramic has the three regions of strain characteristic of an
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Wet apparent density (g.cm—=)

0.1

elastic brittle foam. Firstly region A, a linear elastic
region controlled by the cell wall bending which is
followed by B, a plateau controlled by the brittle
crushing of the cells and then the final region of
densification, C. From Fig. 2 it can be seen that the
additional coating of the ceramic after firing greatly
enhances the ultimate compressive strength in both the
HA alone and the glass reinforced HA.

Density measurements

In Fig. 3 it can be seen that the relationship between the
““/dry’’ bulk measurement apparent density is linear but
not 1:1 in ratio. However, the ‘‘dry’’ bulk density and
the “‘wet’’ apparent density minus the closed porosity is
linear and has a ratio of 1: 1. It can also be noted that the
foams that had only one coating, were in general at the
low density end of the data scatter and those that were
coated twice at the high density end. Fig. 4 shows that the
UCS does depend on the relative density with an increase
in UCS with increasing relative density and conforms to
the relationships predicted with a R? value of 0.7495 the
proportionality constant was 8.99. Again the foams with
only one coating were confined to the lower end of the
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Figure 2 Graph showing mechanical properties of 45 ppi foams coating
once and twice with the HA and glass-reinforced HA slips.
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Figure 3 Graph showing the relationships between the ‘‘dry’” bulk density and the corrected ‘‘wet’’ apparent density before and after correction.
@, apparent density minus closed porosity; <, apparent density. The open and closed symbols at the lower end of the graph are from once
coated specimens and the open and closed symbols at the upper end of the graph are from twice-coated specimens.
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Figure 4 Graph showing quadratic relationship between the relative

density and the UCS 4 one coating of slip < two coatings of slip.
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Figure 5 Pore distribution plots from image analysis before and after
sintering (— x — 45 ppi polyurethane, before sintering —e— 60 ppi
polyurethane, before sintering) (- - - x - - - 45 ppi ceramic, after sintering
---e--- 60ppi ceramic, after sintering).

density scale and those with two coatings at the high end
of the scale.

Image analysis

Fig. 5 shows that during the replication process the
distribution of porosity of either foam has not been
altered during the replication process. The 45 ppi foam
does have a broader distribution than the 60 ppi foam.
However, both foams ECD have shrunk during sintering
by an average of 0.5 mm

SEM

SEM micrographs Fig. 6(a)—(c) show that the foams have
an open reticulated structure after sintering, however, it
was found that in some of the higher density specimens
had some of the pores were clogged or closed and in the
foams coated just once voids were seen to be present
within the ceramic struts.

Discussion

Mechanical testing and density

Cells in a porous structure can either be open (comprising

of a network of rods) or closed (comprising of a network

of plates) [9], isotropic or aniostropic and behavior

during compression is dependant on these parameters.
During compression testing there was a region of

linear elasticity, controled by cell bending, followed by a

linear region, which is controled by the brittle crushing of
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Figure 6 (a) SEM of a 60 ppi foam; (b) SEM of a 60 ppi foam with
some clogged pores; (¢) SEM showing voids within the struts of
ceramic.

the cell walls, finally when the cell walls collapse further
strain compresses the solid wall itself creating the last
region of densification indicating that the material is
failing in an elastic brittle manner, characteristic of an
open cell ceramic structure [9]. Also the relationship
between the porous ceramics relative density and its
ultimate compressive strength was best described by a
quadratic relationship as described by Gibson and Ashby



[9] for a typical isotropic, open celled material.
Deviations from this model could be explained by the
appearance of some clogged or closed cells at the higher
relative density values that were seen in the SEM
micrographs (Fig. 6(b)).

It has been shown in previous research that the
measurements of bulk and apparent density should be
equal [11]. However, it was found in this work that the
bulk density was significantly lower than the apparent
density. This is because, when measuring the underwater
W, value for the apparent density calculation the water
cannot penetrate the voids that are present within the
struts of the ceramic as seen in the SEM micrographs
(Fig. 6(c)) therefore making the apparent density appear
more dense than it actually is. If the closed porosity is
subtracted from the apparent density and then plotted
against the bulk density this results in a linear 1: 1 ratio
relationship.

Image analysis

It can be seen from the image analysis data collected that
the structure of the polyurethane template has been
conserved during the processing procedure and that the
pore distribution remains the same. However the actual
pore size has decreased by approximately 0.5 mm during
sintering which is expected.

Conclusions

From the compression testing results it can be seen that
the materials exhibit properties typical of isotropic open
cellular foams and that using a glass and also coating
the ceramic foams twice significantly enhances their

densities and mechanical properties. Image analysis
confirms that there is no degradation of the macro-
structure when replicating ceramic from the initial
polyurethane template.
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