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Mechanical properties of phosphate
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- Thermal, elastic and mechanical properties of phosphate glass-ceramic—316 L stainless steel
particulate composites, prepared by flash-pressing, have been measured. Results have then been
explained using various theoretical models. It is shown that particles partly shrink away from the
matrix on cooling; this is due both to the slight thermal mismatch between glass-ceramic matrix
and 316 L stainless steel particles and to poor bonding between both phases. This small partial
shrinkage could explain both the fracture characteristics and the fair agreement between
theoretical and experimental values of elastic moduli.

1. Introduction

During the last four decades there has been an increas-
ing demand for high-performance materials for use in
a diverse range of applications from aerospace and
-military to biomedical [1, 2]. In this last field, glass-
ceramic-metal particulate composites have been
synthesized previously from powdered mixtures of
a calcium alumino-phosphate glass (CAP) with vari-
ous biocompatible metals or alloys (titanium, 316 L
stainless steel, cobalt—chromium 788 alloy) commonly
used in orthopaedics. They have been proposed to act
as thermal and elastic graded seals between various
dense metal cores of prostheses and a_porous phos-
phate glass-ceramic coating [3, 4].

Detailed studies on thermal, elastic behaviour and
fracture mechanics of CAP glass-ceramic—titanium
and CAP glass-ceramic—cobalt—chromium composites
-have been also carried out previously [5,6]. This
paper deals with basic understanding on thermal and
deformation behaviour, strength and toughness of
phosphate glass-ceramic—316 L stainless steel partic-
ulate composites.

2. Experimental procedure
2.1. Base products and preparation of
composites

The parent calcium alumino-phosphate glass (CAP) is
composed of 69.0% P,0s, 22.7% CaO, 8.3% Al,O;
in weight ratio. It was prepared from a mixture of
calcium. bis-dihydrogen phosphate and hydrated
aluminium orthophosphate, which was melted in
a Pt—-10% Rh crucible at 1300 °C for 2 h, then crushed
into a powder with a particle size lower than 50 pm.
316 L stainless steel is a commercial product
(“Baudier-Poudmet™); it has the following composi-
tion for the more important alloying elements:
17.3% Cr, 12.9% Ni, 2.2% Mo, 0.8% Si, 0.3% Mn,
< 0.03% C, balance iron, in weight ratio. Particles,
which are not necessarily spherical have a size below
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60 um with an average “equivalent spherical dia-
meter” [7] of 25 um. Properties of the parent glass,
glass-ceramic and 316 L stainless steel are sum-
marized in Table I.

Six mixtures of CAP glass with increasing volume
fractions (from 3.5%-50%) of 316 L stainless steel
particles were vacuum-hot-pressed into composite
discs of about 38 mm diameter and 5 mm thickness;
the “flash pressing” method was used [3, 8]. Pressure
was removed as soon as the samples were totally
sintered. They were then kept at about 700°C for 1 h
to obtain total ceramization of the matrix. Two or
three discs of each composition were thus prepared.

2.2. Methods of measurement
2.2.1. Thermal properties
Linear thermal expansion was measured with a differ-
ential dilatometer (D.I. 10-2, Adamel-Lhomargy)
using vitreous silica as a reference material. Measure-
ments were made from room temperature to 750 °C, at
a linear heating rate of 3°Cmin 1,

The relative expansion at each temperature and the
average linear thermal expansion coefficients were de-

duced from the recorded curves [3].

2.2.2. Elastic properties

Elastic properties were determined using a dynamic
method based on the magnetostrictive effect [3]. The
specimen resonators may be chosen either as square
shaped bars or discs. Only Young’s moduius can be
measured using bars; discs are used for the determina-
tion of both Young’s modulus and Poisson’s ratio.

The knowledge of two elastic constants allows calcu-

lation of the others [3, 9].

2.2.3. Mechanical properties

Flexural strength, og, and fracture toughness, Kic,

were measured on square-shaped bars, by three-point
bend tests.
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Fracture strength determination was carried out on
1.5mm x 3mm x 15 mm specimens, with a 12 mm
span. The testing machine (Instron 1196) operated at
a loading rate of 0.1 mmmin~*. All measurements
were made in air at room temperature. For each
composite, seven to sixteen specimens were fractured.

Toughness values were determined using
2 mm x 4 mm x 24 mm single-edge notched bend spe-
cimens, which were fractured over a 16 mm span.
A notch as thin as possible of 1.3 mm depth was
machined at the midpoint of one 24 mm edge of each
specimen. Samples (two to nine for each composite)
were tested at a crosshead speed of 0.05 mmmin~ 1.
All measurements were performed in air at room tem-
perature. Fracture toughness was calculated from spe-
cimen dimensions, notch depth and fracture load
[3, 10].

The knowledge of E, K¢ and oy allows calculation
of other mechanical characteristics: critical flaw size
(the size of the defect from which the fracture starts),
a; fracture energy, I' [11, 12].

3. Results and discussion
3.1. Thermal properties
As in titanium and cobalt-chromium composite ma-
terials [5, 6], the expansion curves of 316 L stainless
steel composites (Fig. 1) show a shoulder between 100
and 200 °C, which is due to a=p transformation of
AIPO, cristobalite form [13, 14] in the glass-ceramic
matrix. Sometimes, other features occur at higher tem-
peratures; those which are observed close to 500°C
could be due to a residual vitreous phase in the matrix.
The average linear thermal expansion coefficients
have been calculated between 20 and 500 °C (230-500),
20 and 700°C (ot20-700), respectively. These experi-
mental data have been compared with various models,
which predict theoretical evolutions of o as a function
of 316 L volume fraction, c¢,, and in terms of the
thermal and elastic properties of the components
[15-17] (Fig. 2).
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Figure 1 Linear thermal expansion of CAP glass-ceramic-316 L
stainless steel composites.
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Figure 2 Theoretical and experimental average linear thermal
expansion coefficients of CAP glass-ceramic-316 L stainless steel

composites: (a) o,_s003 (B) %50 _700-

In the teinperature range 20-500°C, because
A316r (16.8x107°°C71) is close to ocap {16.7 x
1076°C~1) (TableI), Kerner and Turner models
[15,17] give the same straight line; the experimental
values of coefficients a,4-500 are close to this line and
do not show significant evolution as a function of
metal content (Fig. 2a).

In the range 20-700°C, 3561 (17.4 x 1076°C™ 1) is
a little higher than ocsp (16.4x 107 6°C~1) (Table I).
As a result, Kerner and Turner curves [15, 17] are
slightly different. Values of coefficients o490, which
are often disturbed by the features. at high temper-
ature, usually lie above the last curve (Fig. 2b).

3.2. Elastic properties

Young’s modulus increases with the volume fraction,
Cp» Of 316 L stainless steel particles. The experimental
results (Table IT) have also been compared with values
given by various models. These expressions predict
theoretical evolution of Young’s modulus of com-
posites as a function of volume fraction of the second
phase and from the elastic properties of individual
components [17-21]. Most of them assume that
strains and stresses are totally transferred from one
phase to the other, which requires both a close contact
between matrix and particles and no microcracking of
materials. They have then representative curves lying
within two limits: the upper bound, Voigt model [19]
and the lower bound, Reuss model [20].

For most composites (from 6—50 vol % 316 L), ex-
perimental values fall just above Reuss’s lower bound,
but below other theoretical curves (Fig. 3). If it is
assumed that theoretical Young’s modulus, E,, cor-
responds to the average between upper and lower
bound of Hashin and Shtrikman’s model [21], then,
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TABLE T Properties of materials for the preparation of CAP glass-ceramic~316 L stainless steel composites

Properties CAP CAP 316 L
glass glass-ceramic stainless

steel
Density (gem ™ 3) 2.64 2.65 7.95
Average linear expansion 20-500 9.3 16.7 16.8
coefficients (106 °C™1) %20-700 - 16.4 174
Young’s modulus (GPa) 64 68 193
Poisson’s ratio 0.256 0.180 0.30
Fracture stress (MPa) 53.9 146.7 520

oy =284
Fracture toughness (MPam'/?) 0.78 2.22 -
Average radius of particles (um) < 50 - 12,5

TABLE II Flastic and mechanical properties of CAP glass-ceramic—316 L stainless steel composites

316 L Young’s Poisson’s Fracture Fracture Critical flaw size, 2 a, (um) Mean free path
fraction modulus ratio’ stress toughness (pm)
(vol %) (GPa) (MPa) (MPa m'/?) Griffith flaw Penny-shaped
crack
0 68 0.180 146.7 2.22 120 290 -
35 72 0.194 144.4 2.325 136 326 460
6 72 0.193 139.0 2.03 110 264 150
10 74 0.196 126.0 2.05 140 336 150
20 79 0.203 124.0 2.08 148 356 67
30 88 0.218 1244 2.16 158 379 39
50 102 0.234 126.5 2.28 160 384 17
316 L 193 0.300 520 - - - -
200 depending on the bonding characteristics of the glass-
Y ceramic—316 L interface. If particles are well bonded
~27% to the matrix, each of them, assumed as spherical, is
= _ /,:/ subjected to a uniform hydrostatic pressure, which can
& 150 - Voigt =~ -7 < be estimated by [22, 23
G 150 Hashin and ,/,/ , vl : ]
E Shtrickman (ub)” _+°7 LReyss p Aa AT/<1 LI 2Vp) (1)
E; i .7 [ .
3 L 2Em Ep
E i s Hashin and _ . . .
100 oS Shirickman (Lb.) 'Acx = O — O AT is the difference between qeran3-
2 s ization and room temperature; v, v, are Poisson’s
>3 1 = ratio of matrix and particles, respectively; E,,, E, are
) Young’s modulus of matrix and particles, respectively.
50 Pseudovoids Substituting reported values of Table I into Equa-
tion 1, Py = — 63 MPa. This pressure induces radial,
] N — " : O, and tangential, Gy stresses in the matrix [23]
0 20 40 60 80 100

Volume fraction (%)

Figure 3 Theoretical and experimental Young’s modulus of CAP
glass-ceramic-316 L stainless steel composites.

for these 6%-—50% composites, one or both condi-
tions noticed above could not be totally fulfilled.
Consequently, the following discussions will mainly
concern the behaviour of these composites.

As the body cools from ceramization (700°C) to
room temperature (20 °C), because the coefficient of
thermal expansion of the matrix is slightly lower than
that of 316 L stainless steel (Table I), a residual stress
field could be developed within and around particles,
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where R is the radius of the particie and r the distance
from the centre of the particle.

The radial tensile stress outside the particles, if
sufficiently high, can initiate circumferencial cracks
away from the particle-matrix interfaces [23-26].
This microcracking occurs only when particles reach
a critical size, R., which can be estimated by Davidge

and Green’s equation [23]
1—-2v,\ |?
)| o

1
41“,,,[1%( + Vm
where I, is the fracture energy of the matrix.
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Substituting reported values in Equation 3 gives,
for the critical radius, R, = 3300 um (3.3 mm). This is
much higher than the average radius of 316 L stainless
steel particles (12.5 pm). The occurrence of a circum-
ferential microcracking in glass-ceramic—316 L stain-
less steel composites is totally unrealistic; their
weakening is more probably due to a lack of bonding
between matrix and 316 L stainless steel.

If particles are not bonded, whatever their size, they
spontaneously shrink away from the matrix on cool-
ing, as was shown previously in a borosilicate
glass—nickel system [27]. However, in such a “true
pseudo-porous” system, elastic moduli continuously
decrease as increasing particles (ie. “pseudoveids™)
volume fraction [28] (Fig. 3). It must, therefore, be
concluded that 316 L stainless steel particles still
partly contribute to the load-bearing ability of
materials.

This can be explained by various mechanisms:
(1) thermal mismatch is low, so that the lack of bond-
ing between matrix and 316 L only produces a small
shrinkage of particles; (2) the shrinkage is not neces-
sarily homogeneous because most particles are not
spherical; (3) if they are slightly oxidized, a partial
bond could be obtained with the matrix during hot-
pressing [29-31]. Because of these factors, it is not
sure that particles are totally shrunk away from
matrix after cooling.

This seems to be confirmed by scanning electron
micrographs (Fig. 4), which show that most particles
are surrounded by a thin void space, with a part of
their surface still bonded to the matrix.

An expression for Young’s modulus of composites
containing partly debonded particles can then be ob-
tained approximately assuming that: (1) particles are
spherical (as already assumed using Equation 1 [22]);
(2) departure between theoretical and experimental
Young’s modulus is due to thin void spaces, which are
then considered as “spherical segment-shaped flaws”
(Fig. 5); (3) the radius, R, of particles is large with
respect to the size, a, of the flaws, which can then be
considered. as penny-shaped cracks.

With such hypotheses, convenient expression of
Young’s modulus for a random array of penny-shaped
cracks, radius a, can be used [32, 33]

16 -1
E = Eo[l +?Nma3:| 4)
where E, is Young’s modulus of the uncracked mater-
ial (i.e. theoretical Young’s modulus assumed as being
equal to the average between upper and lower bound
of Hashin and Shtrikmans model [21]), and N, is the
microcrack density.

Because all particles are partly debonded, then N,
is equal to the number of particles, N, per unit vol-
ume and can be estimated from the formula for a ran-
dom dispersion of equally sized spheres, radius R [33]

N, = N

p
3¢,

BRTTE )

where c, is the volume fraction, of 316 L particles.

RO T
) ik

e
L)

*“ﬂ £

e e

(b) s
1 -

electron
ceramic-316 L stainless steel composites: (a) general view of the
surface; (b) detailed view of the surface showing thin void spaces
(TVS) between matrix and particles.

Figure 4 Scanning micrographs of CAP glass-
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Figure 5 A “spherical segment-shaped flaw” due to partial
debonding of a 316L spherical particle and phosphate
glass-ceramic matrix.

Furthermore, the fraction, f, of unbonded surface
can be defined as

- Sub
f = s, (6)

where Sy, is the unbonded surface, and S,, is the total
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particle surface, with

Sub = Sflaw
= na? (7a)
S, = 4nR? (7b)
so that from Equation 6
a = 2Rf'? 8)
Combining Equations 4, 5 and 8 leads to
E = E0<1+3~32%f3/2> 1 )

Fig. 6 shows that most experimental results lie within
two curves drawn for 0.13 < f'< 0.22, the best fit being
obtained for f=0.17 (AE/E = 0.8%), which means
that, on average, more than 80% of the particle sur-
face remains bonded to the matrix.

This result is quite satisfactory in the sense that
fdoes not vary over a very large range for materials
which have been obtained using very similar ways;
however, in view of the hypotheses assumed for calcu-
lations, it must only be considered as a crude approx-
imation. In fact, using other hypotheses, experimental
results can be fitted with curves corresponding to
fractions of unbonded surface higher than 17%.

Such results are obtained using a model, which
gives a method of analysis for the mechanical proper-
ties of filler-reinforced elastomers. In such a theory,
particles are considered as spherical, rigid and uni-
formly dispersed in a rubber-like matrix. The one-
body approximation is assumed, ie. particles only
prevent more or less matrix from straining, which
depends on the state of adhesion between both phases.
The actual state of adhesion is approximated by
a mixture of two idealized states: one (ideal state I) is
the ideal state in which the medium adheres perfectly
to the particles, and the other (ideal state II) is the
ideal state of perfect non-adhesion in which the me-
dium and the particles exhibit no interaction. With
such hypotheses, reinforcement consists of three
effects: the volume effect, the surface effect and the
cavitation effect [34].

110

100

90

80

Young's modulus (GPa)

L

0 10 20 30 40 50
Volume fraction (%)

Figure 6 Theoretical (from Equation 9) and experimental Young’s
modulus of CAP glass-ceramic-316 L stainless steel composites.
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Although metals in glass or glass-ceramic matrix
are far from rigid fillers in rubbery media, such
a model has already been used to estimate the elastic
modulus of glass-matrix composites containing com-
pletely decohesed nickel particles [28]. In CAP glass-
ceramic-316 L stainless steel system, the elastic
modulus of 316 L, 193 GPa, is not higher than three
times the elastic modulus of the matrix, 68 GPa; how-
ever, the experimental values of elastic moduli of com-
posites, have also been fitted using this model (Fig. 7).
Preliminary studies lead us to conclude that particles
are at least partly bonded to the matrix, in agreement
with the previous interpretation. However; this model
gives a “degree of adhesion” [34] significantly lower
( < 0.6) than previously ( = 0.8) found, and it is only
suited to volume fractions not exceeding 30% (Fig. 7).
The study of mechanical properties could. permit
choosing between both interpretations.

3.3. Mechanical properties

Mechanical properties of glass-ceramic-316 L stain-
less steel composites have been studied as a function of
metal volume fraction, c, (Table II). This table also,
gives for each composite, the average distance between
particles, d;, which is taken to be equal to the mean
free path [35]

_4R(1 —cp)

d
' 3¢,

(10)
where R is the average radius of particles, and c,, is the
volume fraction of inclusions.

Fracture toughness, K;c, and fracture energy,
T (Fig. 8a and b) increase from 0% —3.5% inclusions;
then a discontinuity is observed between 3.5% and
6% inclusion; finally K¢, increases slightly (Fig. 8a),
while T slightly decreases linearly from 6%—50%
(Fig. 8b, full line).

This behaviour could be.due to the method of
synthesis: for glass-ceramic without any adjuvent, and
also for 3.5% 316 L composite, ceramization treat-
ment has been carried out at 700 °C instead of 730°C
for 6%-50% 316 L composites. Both these treatments
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Figure 7 Theoretical (from [34]) and experimental Young’s
modulus of CAP glass-ceramic—316 L stainless steel composites.
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Figure 8 Mechanical properties of CAP glass-ceramic-316 L
stainless steel composites: (a) fracture toughness; (b} fracture
energy; (c,d) fracture stress.

would induce two evolution ranges with a discontinu-
ity between them. The treatment, performed at higher
temperature, could produce an increase of matrix
grain size and thus an alteration of its mechanical
properties, without changing its Young’s modulus [9].
As a result, in 6% —-50% 316 L composites, the matrix
would have a fracture energy of 27.6 Jm~? (instead
of 35Im™2 for matrix without any particles) and
a toughness of 199MPam'? (instead of
2.22 MPam?!/2); both values corresponding to extra-
polation to zero volume fraction of each experimental
straight line (Fig. 8a and b). These 6%-50% 316 L
composites thus show a behaviour different from 3.5%
316 L composite, in agreement with results deduced
from the first interpretation proposed in the study of
elastic properties.

It is also interesting to compare the mechanical
behaviour of 6%-50% CAP glass-ceramic-316 L
composites to that of CAP glass-ceramic-cobalt—
chromium alloy composites. In this last system, where
particles are not bonded to the matrix, fracture tough-
ness can be considered as a constant, while fracture
energy continuously decreases according to an expres-
sion based on typical stereology [6]

I = Tu(l—c) (11)

where I, is the fracture energy of the matrix.

The comparison shows that for 316 L composites:
(1) Ky increases instead of being constant; (2) the use
of Equation 11, in- which I}, is taken equal to
27.6 I m™ 2 (fracture energy of “modified matrix”), per-
mits drawing a straight line (Fig. 8b, dotted line),
which shows a steeper decrease than the experimental
curve (Fig. 8b, full line).

All these results tend to prove that particles are at
least partly bonded to glass-ceramic matrix, in agree-
ment with results deduced from elastic property study.
In the case of fracture energy, the difference between
experimental values (Fig. 8b, full line) and those de-
duced from the theoretical straight line (Fig. 8b, dot-
ted line) could be due both to the decohesion of
weakly bonded particles, creating “pseudopores”, and
also to local blunting, when the crack front intersects
newly formed pseudopores [31]. -

The results of strength measurements cannot be
explained so easily as those deduced from the study of
other mechanical properties; two interpretations can
be proposed. The first one considers two evolution
regions: 0%—10% 316 L then 20%-50% 316 L.

Between 0% to just above 10% inclusions, fracture
stress, og, of 316 L composites would show a mono-
tonic linear decrease, from the strength of the matrix,
Orm, (Fig. 8c) according to

Or = URm(l —uCp) (12)

This equation means that: (1) the system would behave
as being “pseudo-porous”: particles do not contribute
to the strength of materials and ¢, is thus a pore
volume fraction; (2) the pseudo-pore size (ie. the size of
316 L particles) would be small relative to the flaw
size, a., [27], which is actually obtained because these
sizes are, respectively, ~ 10 pm and > 55 pm, assum-
ing a Griffith flaw, or = 132 pm, assuming a penny-
shaped crack. Moreover, the constant, o, of Equation
12 ( & 1.4) deduced from Fig. 8¢ is slightly lower than
the value (1.5) calculated theoretically for spherical
pores [36], which could be due to the irregular shape
of most 316 L particles.

Between 20% and 50% inclusions, ogr would
remain practically constant (Fig. 8c), which is more
difficult to explain in this context. In this volume
percentage range, the decrease of interparticle spacing
with respect to critical flaw size (Table II) could in-
duce interactions between the stress field around
pseudo-pores and the stress distributions around the
flaw and thus explain another variation law of oy
Versus cp. .

In this first interpretation, the two evolution ranges
(0%—10% and 20%—-50%) do not correspond to
those observed previously (0% —3.5% and 6% -—50%).
Assuming a continuous decrease of oy within the
region 0% —10% 316 L, a difference between the beha-
viour of 3.5% 316 L composite and that of the others
is no longer seen. Moreover, the constancy of oy just
above 10% cannot be very clearly explained.

Another interpretation would then consist of as-
suming that ceramization at 730 °C and resulting in-
crease of grain size also alters the strength of the
matrix in 6%-50% 316L composites, as was
observed for toughness and fracture energy. The
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“modified” matrix would have a fracture stress, G4y, of
about 130 MPa (Fig. 8d). The partial bond between
matrix and particles would then explain why, in a first
approximation, strength, og, does not show a signifi-
cant variation from 6%-50% inclusions instead of
decreasing as in a “true pseudoporous” system
[28,36]. This new interpretation is more consistent
with those deduced from the study of elastic modulus,
fracture toughness and fracture energy, although
strength of the 6% 316 L composite is rather high.

4. Conclusion

Glass-ceramic-316 L stainless steel composites could
be obtained from mixtures of a calcium' alumino-
phosphate parent glass (CAP) and various volume
fractions (up to 50%) of 316 L stainless steel particles.
They have been prepared by hot-pressing using the
“flash pressing” technique. '

The elastic moduli of 6%—50% 316 L composites,
measured by dynamic methods, have been found just
above Reuss’s curve [20] but below theoretical values
assumed to correspond to the average between upper
and lower bound of Hashin and Shtrikman’s model
[21]. This has led us to conclude that particles were
only partly bonded to the matrix in these 6%—50%
composites. From the departure between theoretical
and experimental values of elastic modulus, a fraction
of the remaining bonded surface has been estimated to
be about 80%.

This precise value could not be confirmed by the
study ‘of mechanical properties; however, this last
study also showed-that particles were at least partly
bonded to the matrix. Owing to differences in prepara-
tion method, the matrix of 6%—-50% 316 L com-
posites have been found to have mechanical proper-
ties, different from those of the matrix without any
adjuvent.

A model, which gives a method of analysis for the
mechanical properties of filler-reinforced elastomers,
has been also used to estimate the elastic modulus of
CAP glass-ceramic-316 L stainless steel composites.
Preliminary results have also led us to conclude that
particles were partly bonded to the matrix, with a
“degree of adhesion” lower than 60%; however, this
model has given satisfactory fits, only for composites
with particle volume fractions not higher than 30%.
The study of all the mechanical properties has not
shown significant differences of the 50% 316 L com-
posite with respect to the behaviour of composites
with lower particle volume fractions. As a result this
model does not appear, at the present time, as suitable
to improve the interpretations significantly.
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