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The fatigue crack propagation behaviour of a conventional polymethylmethacrylate 
(PMMA) bone "cement" was examined and compared with those of a low-viscosity 
PMMA cement and a carbon-fibre reinforced PMMA cement. The low-viscosity PMMA 
cement, developed for use in cement pressurization systems, did not differ significantly 
from conventional PMMA cement in its crack propagation behaviour. The carbon-fibre 
reinforced PMMA cement exhibited crack propagation rates which were approximately 
an order of magnitude less than those of conventional PMMA at the same range of stress 

intensity factor. Fractography of the test specimens revealed separation around pre- 
polymerized PMMA beads and void formation around barium sulphate particles. Exami- 
nation of carbon reinforced PMMA specimens showed poor mechanical bonding between 
the carbon fibres and the PMMA with considerable fibre pull-out and evidence of fibre 
breakage. 

1. introduction 
Failure within the polymethylmethacrylate 
(PMMA) grouting material, used to secure pros- 
thetic components to the surrounding bones, 
has been recognized as a serious problem in total 
joint replacement surgery [1,2]. Previous studies 
have, therefore, examined the mechanical proper- 
ties of conventional PMMA bone "cements" and 
investigated methods for improving these proper- 
ties [3-6].  Such studies have demonstrated that 
PMMA exhibits marginal tensile and fatigue 
strengths when compared to the stresses the 
material must endure as part of the bone-PMMA- 
prosthesis composite system [7, 8]. Because PMMA 
is exposed to cyclic loads in situ, the fatigue behav- 
iour of this material deserves further attention. 

The mechanism of fatigue failure includes crack 
initiation and subsequent crack propagation under 
cyclic loading. With numerous stress concen- 
trations at both the jagged bone-PMMA interface 
and at voids and seams within the PMMA (result- 
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ing from mixing and in situ polymerization), crack 
initiation is easily accomplished. The fatigue 
behaviour, therefore, may be dominated by the 
crack propagation behaviour. In the present study, 
fatigue crack propagation in PMMA cements was 
examined. 

2. Materials and methods 
Compact tension specimens were moulded from 
a commercially available, conventional PMMA 
bone cement. Specimens were also moulded from 
a commercially available, low-viscosity PMMA 
cement and from a carbon-fibre reinforced PMMA 
cement, which was in a development phase. The 
low-viscosity PMMA cement contained a more 
uniform prepolymerized bead size and was 
developed to provide a lower viscosity while 
maintaining the same curing time as the conven- 
tional cement. The low-viscosity PMMA cement 
is used in cement guns, which provide pressure 
injection of cement into the bone cavity. The 
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carbon-fibre reinforced PMMA cement was a 
2 vol% mixture of carbon-fibres (of average length, 
1.5 ram) with conventional PMMA. 

All three materials were provided by the same 
manufacturer (Zimmer USA Inc., Warsaw, Indiana, 
USA) in the standard form of prepolymerized 
powder packets and ampoules of liquid monomer. 
The cements were mixed in the same manner as 
is employed in the operating room. All mixing was 
carried out at room temperature with the relative 
humidity between 50 and 55%. Specimen dimen- 
sions conformed to ASTM Standard E647 [9] with 
a thickness of 10mm and a depth of 35.6 ram. 

Each specimen was instrumented with metal 
foil gauges (Krak gauge, model KG-A10) used to 
monitor crack length. Initial specimens were 
instrumented on both sides to provide measure- 
ments at both ends of the crack-front. Subsequent 
specimens were instrumented on only one side. 
Signal conditioning of the gauges were performed 
by a Fractomat, model 1078 (from Hartmn Corp., 
Chaska, MN, USA), which was calibrated to pro- 
vide crack-length output in millimeters. Measure- 
ment error is stated by the manufacturer to be less 
than 2 %. 

Pre-cracking and testing was performed on an 
MTS* servohydraulic system with a sinusoidal wave- 
form at a frequency of 5 cycles sec -1. Maximum 
cyclic load was 156N with a minimum load/ 
maximum load ratio, R, value of 0.06. All testing 
was performed in laboratory air at room tempera- 
ture. Crack length against number of cycles was 
recorded continuously on a chart recorder. 

Values of crack-length and cycles were digitized 
from the chart paper. Crack-length, specimen 
dimensions, and the applied cyclic load were used 
to calculate the stress intensity factor range, AK, 
from the expression given in the ASTM Standard. 
The crack-length, a, against number of cycles, N, 
data were fitted with a seven-point incremental 
polynomial [9] to determine the crack propagation 
velocity, da/dN. 

After testing, fracture surfaces were coated and 
examined in a scanning electron microscope. 

3. Results 
3.1. Fatigue-crack propagation behaviour 
Fatigue-crack propagation in all specimens was 
within the guidelines of the ASTM Standard with 
respect to crack-front curvature and deviation of 

*Material test system. 
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the crack direction from the specimen centre-fine. 
Data were taken only in the range of crack lengths 
appropriate for the given specimen dimensions [9]. 
The radius of the plastic zone was calculated to be 
0.103mm at the maximum K for which data was 
collected [10]. This satisfies the basic requirement 
that the radius be small compared to the specimen 
thickness and crack length. 

The measured fatigue-crack propagation behav- 
iour for the three materials is shown in Fig. 1. 
The data conform to the power-law relationship 

da/dN = CAK m, (1) 

where C and m are constants, first proposed by 
Paris [11] and found to be common to many 
materials, including a wide range of polymers 
[12]. The values of the slope, m, were 6.5 for 
conventional PMMA cement, 6.5 for low-viscosity 
PMMA cement, and 7.4 for carbon-fibre reinforced 
PMMA cement. No statistically significant differ- 
ence (P > 0.05) was found between the results for 
conventional and low-viscosity PMMA cements. 
Carbon-fibre reinforcement, however, caused a 
significant decrease (about an order of magnitude) 
in crack propagation velocity when compared to 
conventional PMMA cement at the same AK level. 

3.2. F rac tography  
Low-magnification examination of fracture surfaces 
from conventional and low-viscosity PMMA 
specimens revealed flat topographies with signifi- 
cant porosity (Fig. 2). At higher magnifications, 
damage secondary to the propagating crack could 
be seen in regions through which the crack propa- 
gation velocity was slow (of the order of 10 -8 to 
10-Tmcycle-1). This damage took the form of 
separation between the prepolymerized beads and 
the surrounding material and void formation 
around the barium sulphate particles, added to 
the cements to render them radio-opaque (see 
Fig. 3a). In regions through which the crack 
propagation velocity was more rapid (approaching 
10 -s m cycle-t), this damage was not apparent (see 
Fig. 3b). 

Low-magnification examination of carbon-fibre 
reinforced PMMA specimen surfaces showed a 
similar flat topography with a somewhat higher 
amount of porosity (see Fig. 4). At higher magnifi- 
cations, the carbon-fibres were evident throughout 
the surface. The fibres did not appear adherent to 
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Figure 1 Fatigue crack growth 
rate, da/dN, plotted against the 
stress intensity factor range, zaK, 
for the three types of PMMA 
bone cement. Inset shows the 
specimen configuration used. 

the PMMA (see Fig. 5). Evidence of  fibre breakage 
could occasionally be seen. 

Fatigue striations were present on all the frac- 
ture surfaces examined (see Fig. 6). They did not 
appear uniformly over the surface, however, and 

Figure 2 Fracture surface of conventional PMMA bone 
cement. The starter notch is visible at the bottom left 
of the figure. 

no attempt was made to determine the striation 
spacing for correlation with the measured crack 
propagation velocities. 

4. Discussion 
The application of  linear elastic fracture mechanics 
to PMMA bone cement is a justifiable approach, 
based on the realization that the material is used 
in an application in which it contains numerous 
inherent flaws. Previous investigators have applied 
fracture mechanics to bone cement to examine the 
static fracture properties [13] and stable crack 
growth [14]. More recently, Robinson etal. [4] 
measured the effect of  carbon-fibre reinforcement 
on the fracture toughness of  PMMA cement, 
reporting a 32% increase with fibre additions of  
2 vol%. 

In the present study, fracture mechanics has 
been applied to the fatigue behaviour of  PMMA 
cement. The results o f  the study show a significant 
increase in the crack propagation resistance with 
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F/gure 3 Fracture surfaces of conventional PMMA bone cement in regions of (a) slow and (b) rapid crack-growth rates. 
The arrows point in the direction of crack propagation. 

carbon-fibre additions, similar to the results of  
Robinson et aL [4] for fracture toughness. Further- 
more, no significant difference in crack propa- 
gation behaviour was found between conventional 
PMMA and low-viscosity PMMA. This last finding 
is surprising only in that Robinson et aL [4] found 
low-viscosity PMMA to have a significantly lower 
fracture toughness than conventional PMMA. The 
difference in results between the two studies may 
be due to batch-to-batch variations in the low- 
viscosity PMMA cements studied. 

Pilliar etaL [3] performed standard uniaxial 
fatigue tests comparing conventional PMMA 
cement and a carbon-fibre reinforced PMMA 
cement similar to the one used in this study. They 
found that the fatigue data from both cements 
could be normalized by plotting the results as 
applied strain (rather than applied stress) against 
number of cycles. This lead them to conclude that 
the fatigue life was strain controlled. A similar 
approach can be applied to fatigue crack propa- 

gation data by normalization of AK with respect 
to the elastic modulus, E, to give a factor, AK/E,  

which should be proportional to the crack-tip 
strain. This procedure has been used to demon- 
strate the similarity in fatigue crack propagation 
behaviour among many metals [15]. However, its 
application to polymers has been less successful, 
primarily because of the uncertainty as to the 
proper choice of elastic modulus [12]. Still, based 
on the results of Pilliar et aL [3], it was tempting 
to normalize the data from the present study in 
this manner. Data was normalized using cyclic 
moduli values for carbon-reinforced and conven- 
tional PMMA cements from the literature [16]. 
The result is shown in Fig. 7. Comparison of the 
linear regressions through the two sets of  normal- 
ized data was consistent with the hypothesis that 
the regressions were, in fact, identical (P 3> 0.05) 
and supports the previous finding of PiUiar et al. 
[3], at least for the crack propagation phase of 
the fatigue life. 

Figure 4 Fracture surface of carbon-fibre reinforced 
PMMA bone cement. The starter notch is visible at the 
bottom left of the figure. 

2466 

Figure 5 Fracture surface of carbon-fibre reinforced 
PMMA bone cement. The arrow points in the direction 
of crack piopagation. 



Figure 6 Fracture surface of conventional PMMA bone 
cement. The arrow points in the direction of crack 
propagation. 

Fractographic examination of the fatigue 
surfaces of  the specimens in this study revealed 
features consistent with those seen by other 
investigators. The separation at the interfaces 
between prepotymerized beads and the surround- 
ing material and the formation of voids around 
barium sulphate particles were also noted by 
Beaumont [14] and by Beaumont and Young [17] 
in investigations of slow, controlled crack growth 

through PMMA bone cement under static loading. 
The lack of bonding between the carbon-fibres 

and the surrounding PMMA seen in the reinforced 
specimen surfaces (and leading to fibre pull-out) 
was also described by Pilliar et aL [3] from their 
fatigue test specimens and by Robinson et aL [4] 
from their fracture toughness specimens. Evidence 
of fibre breakage seen in this study, however, does 
not appear to have been noted in other investi- 
gations. Such evidence is important in that fibre 
breakage absorbs more energy than fibre puU-out. 

Striations have been noted on fatigue fracture 
surfaces from the more common form of PMMA, 
cast or extruded under pressure. The striations, 
like those seen on metal surfaces, are thought 
to be due to crack blunting during the loading 
portion of the cycle and resharpening during the 
subsequent unloading portion [ 18]. In the present 
study, fatigue striations occurred in localized 
regions on the fracture surface. No attempt was 
made to correlate spacing in these small regions 
with the measured crack velocity, however, and it 
cannot be concluded that these striations corre- 
spond directly to each cyclic advance of the crack 
front. 
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Figure 7 Fatigue crack growth 
rate, da/dN, plotted against the 
stress intensity factor range, AK, 
normalized with respect to 
elastic modulus, E. The moduli 
used were the cyclic moduli 
measured in uniaxial tension by 
Pilliar etal. [16] (2650MNm -2 
for conventional PMMA bone 
cement and 4000 MN m -2 for 
carbon-fibre reinforced PMMA 
bone cement). 
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