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FRACTURE OF PARTICULATE COMPOSITES BASED
ON POLYMETHYLMETHACRYLATE

P. W. R. Beaumont!, V. Jolliffe® and D. Gore’

INTRODUCT ION

The strength of many ceramic materials containing dispersions of elastic
particles can be explained by considering the interaction between particle
and crack front [1]. Theories of particle strengthening of brittle mate-
rials emphasize the energy to create fracture surface and the energy ex-
pended in increasing the length of the crack front [1, 2, 3]. The crack pro-
gresses unhindered through the matrix when the crack front breaks away

from the particles, and the fracture surface energy of the composite is

given by
YRt (%) W

where y_ is the fracture surface energy of the unreinforced matrix, I is
the line energy per unit length of crack front, X is the average distance
between particles.

This paper describes the results of an experimental study on the effects
of second phase particles upon the fracture behaviour of an acrylic poly-
mer. The results are discussed in terms of crack front-particle interac-
tion. First, the effects of barium sulphate (BaSO4) particles upon the
plane-strain fracture toughness Kyc and fracture surface energy Y. of a
brittle polymer composite based on polymethylmethacrylate (PMMA) have been
evaluated. Second, the occurence of subcritical (slow) crack growth has
been investigated at values of stress intensity factor K; less than Kpg.
Crack velocity-stress intensity factor diagrams have been constructed as

a function of the volume fraction of BaSOy. Finally, glass spheres have
been dispersed in the acrylic matrix and a second series of experiments
have been carried out to determine the effects of glass particles upon Kpc,
p ) and sub-critical crack growth. Fracture mechanics experiments were
carried out in air and in physiological environments, namely saline solu-
tion and a blood serum.*

i * An acrylic material based on PMMA and containing BaSO, particles (10%
i by weight) is widely used for the reconstruction and replacement of
injured and diseased bones and joints in the human body.

1 Department of Engineering, University of Cambridge, Cambridge, England.
2. Churchill College, Cambridge, England.
3 Newnham College, Cambridge, England.
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MATERIALS

A surgical acrylic bone cement based upon PMMA has been used as a matrix
naterial. In it have been dispersed particles of BaSO, having a mean dia-
meter, d,.of 0.9 um. Five samples were fabricated with increasing amounts
of BaSOg.ln increments of 5% (by weight) to a maximum of 20% (corresponding
to a maximum particle volume fraction, Vp, equal to about 0.06). A second
batch of samples were fabricated with increasing amounts of glass spheres,
(d =75 um), in increments of 10% (by weight) to a maximum of 50%, (corres-
ponding to Vp = 0.30). The samples were fabricated into plates 2 mm thick.

SPECIMEN DESIGN AND ANALYSIS

Boub;e—torsion'(DT) specimens were machined from the plates, (Figure ). A
betalled descr1pt1on of specimen geometry and experimental technique has
Sen presented in [4, 5]. The stress intensity factor K1 associated with

a& crack in a pr specimen is proportional to the applied 1 is i
oad P, and is -
dependent of crack length [5]: r h

KI = aP (2)

;hereKa is a geometrical constant. For fast fracture, P = p
I = NICs

Constant Displacement (Load Relaxation Method)

I? a fixed displacement test, the crack growth rate is proportional to the
rate of load relaxation;

da i ¢ c\/dap
#) vy (s £)(2)
v i, B /\dt .

;édaé’f is t?e initial (or final) crack length, y is displacement, and B
are values of gradient and intercept, respectivel i
; : s of a compliance
analysis calibration curve. ’ " ’

crit, and

Constant Load Method
——————- 10ad Method

If the load p is held constant, then the average crack velocity is
Aa
Vo= (22
(=),
where Aa = (af-ai) and At is the increment in time for cract extension.

RESULTS AND DISCUSSION

Slow continuous crack 5 i i
growth was observed in both particulate i
at values of Ky < Kic. E SRS
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Acrylic Containing BaSO, Particles (d=0.9 1m)

Figure 2 shows V(K) diagrams for the acrylic composite containing different
amounts of BaSO4. Two principle effects can be seen:

(1) increasing Vp has shifted the V(K) curve towards the left of the
diagram, and

(2) the slope of the V(K) curve has decreased from 28 for the acrylic
material to 24 for the particulate composite, (Vp =~ 0.06).

There appears to be a critical value of K; of the order of 0.8 Mpa.n!?
where the V(K) curves converge. This apparent critical value of Ky may be
considered for all practical purposes to correspond to a threshold value

of K; below which no cracking occurs, at least for V. 2 0.06. It was found
impossible to separate the data points collected in air from those obtained
in saline solution and blood serum, (Figure 3).

Figure 4 shows the effect of Vv upon Kyc and y.. These material parameters
have decreased in value by about 25% after the addition of about 6% BaS0,.
The value of Young's modulus, E, was essentially unaffected by the dispersion
of BaS0,.

Lange [6] has demonstrated that for silicon nitride (Si3Ny) containing a
dispersion of silicon carbide (SiC) particles, a critical particle size
derit exists (v 10 um) before a toughening effect is observed. For

d < dcrit’ an increase in V, resulted in a decrease Yc for the Sij3N, compo-
site, a phenomenon that was observed for the BaSO, filled acrylic composite,
(Figure 4). Lange described this as a "dilution effect'". If the ""toughness'
of BaSO, is considerably less than the toughness of the matrix, then the
fracture energy of the composite would be less than the fracture energy of
the matrix (providing d < depit)- One may therefore expect that where a
decrease in Ye occurs, the V(K) curve will shift to the left, as shown in
Figure 2.

Acrylic Containing Glass Spheres (d = 75 pum)

Figure 5 shows V(K) diagrams for different volume fractions of glass
spheres. Two principle effects of the spherical particles can be seen:

(1) the V(K) curve has shifted towards the right of the diagram
as Vp increased to a critical value vp(crit) of approximately 0.20, and

(2) forv_>vVv (crit)’ the V(K) curve has moved towards the left
of the diagram.p P

The slope of each curve is essentially constant at about 28. There does
not appear to be a threshold value of K1 below which no crack growth occurs,
at least over the range of K1 values that have been investigated. Measure-
ments of E, Kic and yv. as a function of Vp are shown in Figure 6. E con-
tinued to increase with V. whilst Krg and y. both reached a maximum value

at V, =0.20. This critical value of V. is similar to Vp(crit) which was
measured in the subcritical crack growtﬁ study.

A peak in the fracture energy curve for Al,03+3H,0 particles, (d = 12 um),
dispersed in an epoxy resin matrix [7], and glass spheres, (d = 35 um), dis-
persed in a similar €poxy resin matrix [8] has been previously seen. In
both of these studies, maxima occurred at about V. = 0.20. The reported
increase in Yo (at vp < vp(crit)) may be due to crack front-partical inter-
action effects.
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Figure 7 shows a plot of Y. for the acrylic-glass sphere composite as a
function of the inverse of particle spacing* A. The value of the intercept
is equal to the fracture surface energy of the unfilled acrylic material,
(equation 1). The experimental data begins to deviate from the theoretical
prediction (equation 1) at V,= 0.20. For values of Vp > Vp(crit) (corres-
ponding to an inter-particle spacing A < 250 um), particle-crack front inter-
action has been less effective as a toughening mechanism.

Note that the glass spheres which have an average diameter of about two
orders of magnitude greater than that of the BaSO, particles have exhibited
the reverse effects on the acrylic material when compared to BaSOy

Inherent Flaw Size

From a knowledge of the fracture stress, Og, and K[g, the inherent flaw
size, a,, responsible for fracture can be estimated:

K 2
1C 5
a_ = g7 <8;_) (5)

1
o Y

where Y is a dimensionless parameter which depends on the geometry of the
flaw. If Y ~ 1.12 /& for a spherical crack at the surface, then the effect
of glass spheres on a, is seen in Figure 8. There is no correlation between
1, and A as suggested by Hasselman and Fulrath [10]; they proposed that A
limits the crack size within the composite. The simple linear relationship
between ap and V_ was found also by Lange [6] for the Si3N,/SiC system

provided d > d where dcrit ~ 10 um.

crit?
If the formation of a crack in a particulate composite requires a critical
amount of stored elastic strain energy within the particles and surrounding
matrix, (as suggested by Davidge and Green [11]), then this pre-requisite
for cracking must therefore be dependent on V,. Since one of the assump-
tions of the Davidge-Green model is that the strain energy field of a given
particle is not affected by an overlapping field of an adjacent particle,
then it can be shown [11] that the inter-particle spacing A must be equal

to or greater than twice the particle diameter; it corresponds in this

case to particle volume fractions V, Z 0.20. For the acrylic-glass sphere
composite, Aepit is therefore about 250 um which is a factor of three
greater than d. The critical volume fraction Vp(crit) at which the experi-
mental data in Figure 7 begins to deviate from the theoretical prediction
(equation 1) is about 0.20. Thus, cracks will form more easily in the
acrylic particulate composite containing glass spheres when Vp > Vp(erit)

or A < A.pjt- They will initiate at lower stresses than predicted using
equation 1 when Vp >V (crit) (or XA < A.pq¢) without necessarily propagating
catastrophically, as fgung %or both the particulate composites based on PMMA.
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* The spacing A between spherical particles of equal size d can be esti-
mated [9]; A = 2d(1 - Vp)/3Vp.
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Loading Configuration
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as a Function of Volume Fraction of BaSOy
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Figure 8 The Effect of Volume Fraction of Glass Spheres
Upon the Inherent Flaw Size of Acrylic Bone
Cement Composites
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