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Fracture mechanics tests were performed to characterize the fracture toughness and fatigue
crack-growth behaviour of polymethylmethacrylate (PMMA) bone cement, commonly used
in joint replacement surgery. Compact tension specimens of various thicknesses were
prepared and tested in both air and Ringer’s solution. Contrary to previous reports citing
toughness as a single valued parameter, the PMMA was found to exhibit resistance-curve
behaviour with a plateau toughness of ~0.6 MPam¥?in air, and ~ 2.0 MPam®¥?in Ringer’s
solution. The increased toughness in Ringer’s solution is thought to arise from the
plasticizing effect of the environment. Under cyclic loads, the material displayed true
mechanical fatigue failure in both environments; fatigue crack-growth rates, da/dN, were
measured over the range ~10'°to 10 ® m/cycle and found to display a power-law
dependence on the stress intensity range, AK. The cement was found to be more resistant to
fatigue-crack propagation in Ringer’s solution than in air. Wear debris was observed on the
fatigue fracture surfaces, particularly those produced in air. These findings and the validity of
using a linear-elastic fracture mechanics approach for viscoelastic materials are discussed in

the context of providing more reliable and fracture-resistant cemented joints.

1. Introduction

Self-curing polymethylmethacrylate (PMMA) bone
cements are extensively used to fix load-bearing pros-
thetic components in total joint replacement surgery.
In this role, the PMMA must effectively transfer com-
plex, time-varying physiological loads from the pros-
thesis to the bone [1]. Additionally, the bone cement
layer provides a mechanically compliant buffer layer
between the stiff metallic prosthetic substrate (elastic
modulus, E ~ 214 GPa) and the significantly less stiff
bone (E ~ 20 GPa) to which it is attached. Although
this secondary function of the bone cement layer is
often unrecognised, such functional gradation of the
sandwiched layer significantly reduces localized con-
tact stresses at the bone cement—bone interface [2]
that have been implicated in progressive loosening of
the joint [3]. (High interfacial contact stresses are
thought to lead to a bone remodelling response in-
volving resorption of bone at the bone—cement inter-
face and subsequent interfacial fibrous membrane
formation.)

Failure of a cemented component is most com-
monly associated with aseptic loosening of the joint,
which may involve debonding of the metal-cement
and/or cement—bone interface as well as fracture with-
in the bone cement itself [see e.g. 4, 5, 6]. The initiating
events involved with aseptic loosening are controver-
sial and likely site dependent [5, 6]. Subsequent devel-
opment of failure involving progressive debonding of

09574530 © 1997 Chapman & Hall

the interfaces and crack growth in the bone cement are
complicated by a complex biological response of the
bone. The biological reactions may include interface
stress and/or allergy-driven remodelling to form
fibrous tissue [3, 7, 8], and reactive processes to par-
ticulate wear debris and micromotion at the interface
[9, 10, 117.

While detailed consideration of these complex re-
sponses of living tissue require further elucidation
if the entire loosening process is to be understood,
surprisingly few studies have provided a standard
measure of the fracture and subcritical crack-growth
behaviour of the prosthesis- PMMA-bone structure
and its individual components, particularly the
PMMA bone cement. (Standard (or valid) in this con-
text is used to indicate that fracture mechanics tests
have been conducted under nominally standard con-
ditions (e.g. as specified by ASTM E399 and E642
described in Section 4) and that results are not a func-
tion of specimen geometry and other configurational
effects.) Consideration of the typical mechanical prop-
erties of the constituents of this composite structure
(Table I) immediately reveals that the PMMA has
significantly inferior strength and resistance to frac-
ture. Indeed, several studies have reported that failure
of femoral arthroplastic components is mediated by
extensive fractures in the cement layer [4,6, 12].
Initiation of such cracking is generally thought to
begin with debonding of the bone cement from the
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TABLE 1 Mechanical and elastic properties of hip implant materials

Yield Compressive Shear Young’s Fracture
strength, oy, strength, o, strength, o modulus, E toughness, Ky,
(MPa) (MPa) (MPa) (GPa) (MPam'/?)
PMMA 24-31 66-77 30-41 2.1 0.6 (air)
Bone cement ~1.2 (Ringer’s)
Cortical bone 133 (L) 193 (L) 15-20 (L)
51 (T) 133 (T) 68-84 11.5(T) 2-12
Cancellous 39 6.3 22 0.01-2 -
Bone
Co-Cr—Mo 480 - - 214 >100
prosthesis
Ti—6Al-4V 940 - - 124 90
prosthesis

L = longitudinal direction of loading
T = transversal direction of loading

metal prosthesis [5] and/or from voids associated
with porosity either in the cement layer [13] or at the
prosthesis/cement interface [14]. Under applied
physiological loads, catastrophic failure of the
PMMA will inevitably result in failure of the entire
composite structure.

The intent of the present study is therefore to
characterize both the fracture toughness and fatigue
crack-growth behaviour of PMMA bone cement
widely used in joint replacement surgeries. The pau-
city of existing fracture mechanics data can in part be
attributed to the difficulty of testing very low tough-
ness materials and to the use of non-standard
specimen geometries which do not meet sample size
requirements. This, in turn, leads to fracture proper-
ties that are dependent on sample size and configura-
tion. Accordingly, a fracture mechanics approach is
used to determine the plane strain fracture toughness,
K¢, in thick samples, and the crack-growth resistance
(R-curve) behaviour in thinner samples more repre-
sentative of the cement layer thickness found in joint
replacements. Similarly, the fatigue crack-propagation
behaviour is also examined in samples of various
thicknesses. Studies were conducted in air and in
simulated physiological environments, and behaviour
is rationalized in terms of the prevailing deformation
and fracture mechanisms.

2. Fracture mechanics background
Extensive studies have been reported on the fracture
resistance of PMMA bone cements, although as noted
above, few have employed standard techniques. The
most widely used measure of fracture resistance, de-
fined in linear elastic fracture mechanics (LEFM)
by the plane strain fracture toughness, K¢, is a single-
valued material property [15]. Values in the range
0.335 to 1.6 MPam'/? have been reported for PMMA
[3,12,16, 17, 18]. Unfortunately, it is not entirely
clear whether the variation described in these studies,
as well as the relative ranking of different cements, can
be attributed to actual material property variation
(which might be associated with polymer composition,
mixing and/or curing methods) or to the testing
techniques employed.
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Failure to meet sample size requirements may lead
to fracture measurements dependent on both sample
dimensions and crack size, rendering even relative
rankings of fracture resistance questionable. However,
using sufficiently thick fracture mechanics samples to
satisfy plane strain fracture conditions may not accu-
rately simulate the typical bone cement layer thickness
of ~2 to 4 mm. The interfaces on either side of the
cement layer are implicitly assumed to be weak such
that they do not impose any constraint similar to that
which may arise under plane strain conditions. Ac-
cordingly, Wang and Pillar [12,19] have used a
miniature short-rod fracture sample originally pro-
posed by Barker [20] for brittle material testing, with
a diameter (~4 mm) comparable to the cement layer
thickness and based on an elastic—plastic analysis.
These techniques, however, have a number of limita-
tions including crack extension in a chevron-notched
region (as opposed to a uniform thickness more repre-
sentative of cracking configurations); artificial con-
structions necessary to distinguish between plasticity
and crack extension effects in the interpretation of the
load—displacement data; and as noted by the authors
[19], an assumption of crack-size independent frac-
ture behaviour (or flat R-curve response). However,
a number of studies indicate that the micromecha-
nisms of fracture in PMMA give rise to an energy
dissipation zone surrounding the crack. This zone
arises primarily from crazing ahead of the crack tip,
but may on subsequent crack extension lead to crack
bridging by uncracked matrix ligaments and shielding
of the crack tip by the dilated crazed zone in the wake
of the crack [21, 22]. These processes depend on the
length of the crack, and can have a profound effect
on the toughness of the material, leading to strong
R-curve behaviour.

While accurate measures of the fracture toughness
of PMMA are essential elements for reliable structural
design, long-term structural integrity can be linked to
mechanical failure from the incipient, subcritical
growth of inherent material flaws or defects to critical
size (defined by the fracture toughness). Cracks may be
initiated from defect distributions (cracks, porosity,
etc.) at either of the bimaterial interfaces (see e.g.
[13, 14]) or in the bulk PMMA cement layer (see e.g.



[14,23]). Porosity, in particular, has been linked to
early crack initiation and reduced cycles to failure
[14, 23]. Once initiated, subcritical crack propagation
dependent on both environmental and loading condi-
tions occurs until failure. Because the average person
takes five million steps per year, cyclic fatigue crack
growth is a major contributor to the failure of bone
cement. Artificial hip components and fixation there-
fore must be designed to endure fatigue lifetimes on
the order of 108 cycles or more.

A number of studies have addressed the fatigue
endurance limit (alternating stress below which the
material can endure an infinite number of cycles
without failure) of bone cement [23]. However, more
conservative approaches to life prediction require
a detailed characterization of the fatigue crack-growth
behaviour. Specifically, these analyses require rela-
tionships which define the crack-growth increment per
loading cycle, da/dN, as a function of the crack-
driving force, such as the applied stress intensity
range, AK. In addition, these relationships should be
obtained under representative loading and environ-
mental conditions. Damage-tolerant lifetime predic-
tions then entail finding the total number of loading
cycles to grow an assumed or measured initial defect
size to some critical size by integrating the crack-
growth relationship. At present, however, there is
a paucity of such subcritical crack-growth data in
PMMA and very little understanding of the micro-
mechanisms of crack growth and the synergistic effect
of physiological environments.

3. Viscoelastic considerations

Most polymeric materials, including PMMA, exhibit
viscoelastic constitutive behaviour. As a result, their
fracture properties should ideally be characterized
using viscoelastic fracture mechanics [24,25].
Schapery [26] developed a generalized time-depen-
dent version of the J-integral which can be used to
characterize the near-tip stress and strain fields in
viscoelastic materials although the complexity of the
approach has precluded widespread application (see
e.g. [28]). (The J-integral is an elastic—plastic fracture
parameter involving a path-independent line integral
around the crack tip developed assuming non-linear
elastic constitutive behaviour [27]). Alternatively,
a special case of generalized viscoelastic behaviour
involves viscoplastic creep which can be modelled
with a more simple time-dependent version of the
J-integral. In such viscous materials, crack tip condi-
tions may be uniquely defined by the C* parameter
which is the rate form of the J-integral under steady-
state conditions [29, 30, 31]. In general, C* is given by
the expression [29, 30, 31, 32]

. Ou;
C* = J; <wdy + Gijnjax’ds> 1)

where W is the stress work rate (power) density

G;;n; are components of the traction vector, u; are the
displacement rate vector components, ds is a length
increment along the contour I', and d¢;; is the strain
rate. Recently, C* has been used to characterize creep-
crack growth in alumina [33], and to characterize the
micromechanisms of creep-fatigue crack growth in
silicide-matrix composites [34].

Where the extent of time-dependent viscoelastic
or viscoplastic behaviour is limited, however, time-
independent linear—elastic or elastic—plastic fracture
mechanics may nevertheless be successfully applied to
characterize fracture and fatigue crack-growth behav-
iour with considerably less experimental and theoret-
ical complexity. Specifically, if the creep zone that
forms ahead of a crack tip in a viscoelastic material
(analogous to the plastic zone in linear—elastic fracture
mechanics) is restricted in size compared to the length
scales dominated by the linear—elastic r~ /2 singular-
ity, then small-scale creep conditions exist and LEFM
can be used. Such small-scale creep conditions, how-
ever, are time dependent. At very long times, the creep
zone spreads throughout the material, invalidating the
use of the linear—elastic stress intensity factor, K, as
the relevant characterizing parameter [35].

A key aspect in the application of LEFM is there-
fore to determine the transition time, ¢y, from small-
scale creep to extensive creep in the crack tip region.
Then provided that significant crack growth occurs
over time scales in comparison to the transition time,
tr, LEFM may be used. For fatigue crack growth, this
condition requires that the period of the cyclically
applied fatigue loads (t. = 1/v,, where v, is the cyclic
loading frequency) be much smaller than ¢r. However,
at sufficiently high temperatures and/or low cyclic
loading frequencies, the creep zone spreads through-
out the entire material for t1 < t., and C* becomes the
appropriate characterizing parameter [35, 36, 37]. In
this section, we include an analysis based on the C*
parameter to validate the use of LEFM to characterize
the fracture and fatigue crack-growth behaviour of the
present PMMA bone cement.

Reidel and Rice defined the characteristic time for
the transition from short time to long time behaviour
as [36, 37]

_(1—v)K?
"+ DECT ®

where v is Poisson’s ratio, K is the maximum stress
intensity factor (K, of the fatigue loading cycle), E is
Young’s modulus, and the power-law creep relation-
ship

é=%+AG" @)

determined from tensile creep data includes the creep
exponent n and a material constant A.

While the experimental determination of C* is diffi-
cult [33,37], finite element calculations using the
constitutive behaviour described by Equation 4
have shown that for the compact tension ge-
ometry used in the current study, C* is given by the
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TABLE II Creep properties and estimated values of C* and #y

Reference Test mode A n C* tr tr
(MPa™"s) (Wm™?) (s) (hours)
Chwirut [39] Compression 6.95x107° 1.7 22x1073 31200 9
Norman [40] Compression 69%x107° 1.5 1.9%x1073 38900 11
Askeland [41] Tension 3.6x1077 0.66 42x1072 1620 0.45
expression [37,38] NJ), is widely available and used for total hip replace-
. ment surgery. The cement is a two-component system
C* = hy(a/W,n) (W — a) A Onet | (5) consisting of a powder polymer and a liquid monomer
’ (1.455n) [42]. The powder polymer contains methyl methac-

where hq(a/W,n) is a dimensionless function of the
ratio of the crack length, a, to the width of the speci-
men, W, (W — a) is the length of the uncracked liga-
ment ahead of the crack tip, 4 and n are the material
constants derived from the power-law creep relation-
ship (Equation 4), o, is the net section stress (load
divided by the uncracked ligament ahead of the crack
tip), and m is a dimensionless function of the crack
length and the uncracked ligament.

Approximate values of C* and associated estimates
of the transition time, tt, can now be easily obtained
using creep properties of PMMA reported in the liter-
ature. Accordingly, values of the creep parameters A
and n from Equation 4 were derived from published
creep strain versus time data at various applied stress
levels and used with Equations 5 and 3 to arrive at
estimates for C* and ty (Table II). As very little data
on tensile creep in PMMA exist, data on the compres-
sive creep behaviour was also used to obtain values for
C* and tr. However, because the creep properties of
PMMA are not necessarily the same in tension and
compression, these data should be treated with cau-
tion. Nevertheless, very similar values for the creep
parameters A and n were obtained under both tension
and compression in a number of studies [39, 40, 417;
these values in turn provided estimates of C* in the
range 20x107°-42x10"2 Wm™?, corresponding
to values of ¢ty in the range 1600-35000 s. These esti-
mates of the transition time from small-scale creep
to large-scale creep significantly exceed the overload
fracture or fatigue crack-growth cycle times con-
templated in the present study. For example, in the
presently reported fatigue crack-growth experiments,
PMMA specimens were cycled at a frequency
V. = 25 Hz. Thus, the fatigue cycle time . = 1/v,
= 0.04 s, so that t. < ty. In addition, the loading times
associated with physiological loads (walking or im-
pact loads) are also likely to be significantly shorter
than ty. Therefore, small-scale creep conditions dom-
inate, and the linear-elastic stress intensity factor
range, AK, may appropriately be used as the charac-
terizing parameter for fatigue crack-growth.

4. Experimental procedures

4.1. Material and specimen preparation
The material examined, Surgical Simplex-P radio-
paque bone cement (Howmedica Inc., Rutherford,
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rylate—styrene copolymer (75% w/w), polymethyl-
methacrylate (15% w/w), and BaSO, (10% w/w). The
methacrylate—styrene copolymer provides resistance
against degradation of the bone cement during
gamma radiation sterilization; improves processing
characteristics; and possibly reduces temperature rise
during polymerization [23,42,43]. BaSO, imparts
radiation opacity and has also been reported to im-
prove the fracture toughness of the bone cement [23].
The liquid monomer consists of methyl methacrylate
(97.4% v/v), N,N-dimethyl-paratoluidine (2.6% v/v)
and 75 + 15 p.p.m. hydroquinone.

To manufacture each specimen, 10 g of the powder
polymer and 5 ml of the liquid monomer were hand-
mixed at room temperature for 45s at a rate of
1 stroke/s to reduce the formation of air bubbles. The
bone cement was then transferred to a 50 mm round
Delrin mould. To further reduce porosity, the mixture
in the mould was capped with a Delrin plug, and then
clamped to obtain a pressure of ~100kPa in the
PMMA. After the specimen was allowed to cure under
pressure for 30 min at room temperature, it was re-
moved from the mould and stored in air for 24 h.

Blank samples were subsequently machined into the
50 mm diameter disc-shaped compact tension DC(T)
configuration, according to the specifications of
ASTM Standard E399-90 [44]. To avoid contamina-
tion, no lubricants other than water were used during
the machining process. The geometry of the DC(T)
specimens with width (W) of 50 mm and an initial
notch length of ~13 mm is shown in Fig. 1. Speci-
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Figure 1 Geometry of the compact tension DC(T) specimen used
for cyclic fatigue—crack growth and fracture toughness tests.



mens were nominally 5 mm thick (B); however, speci-
mens of up to 15 mm thickness were also made to
examine the effects of plane stress and plane strain
fracture. Specimens were sanded flat and a thin
(20 pm) Ni—Cr foil was bonded onto each specimen to
facilitate crack length measurements described in the
following section. The gauges were protected from the
physiological testing environment by a thin layer of
waterproof polysulphide epoxy. Salient mechanical
properties of PMMA bone cement are listed in Table 1.

4.2. Fatigue crack-growth

Cyclic fatigue—crack propagation rates (da/dN) were
determined in general accordance with the current
ASTM Standard E647-95A [45], using the procedures
outlined for low toughness materials by Dauskardt
and Ritchie [46] and previously applied to PMMA
composites [47]. LEFM was used to characterize
crack growth rates, specifically in terms of the stress
intensity (K) under monotonic loading and the
stress-intensity range (AK = K., — K,,;,) under cyc-
lic loads, where K,,,, and K,,;, are the maximum and
minimum values of the applied loading cycles, respec-
tively. The stress intensity, considered the “driving
force” for crack advance, provides a measure of the
local stress and deformation field in the vicinity of the
crack tip [15]. It is computed in terms of the applied
load P and crack length a as [48, 49, 50]

P

K = Wf(a/w) (6)

where f(a/w) is a geometry-dependent function given
for 0.3 < a/w < 1 by [44, 48]

fa/w) =

d.c.
potential

— 1 _
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Figure 2 Schematic of the experimental method used to monitor
crack length continuously using electrical potential techniques.

To initiate crack growth, a wedge-shaped starter
notch was carefully cut into the specimen with a jewel-
ler’s saw. A pre-crack, approximately 3 mm long, was
then grown out of this region by fatigue under dis-
placement control. Crack propagation rates (da/dN)
were continuously monitored by means of the d.c.
electrical potential method [52, 53] using 20 um thick
Ni—Cr metal foils that were bonded to the specimen
surfaces. The experimental set-up is schematically illus-
trated in Fig. 2. As the crack propagated through the
specimen and metallic gauge, the changes in electrical
potential across the crack (at constant current) were
monitored using appropriate electronic measurement
equipment. Current leakage in the electronically con-

[2 + (a/W)][0.76 + 4.8(a/W) — 11.58(a/W)? + 11.43(a/W )? — 4.08(a/W }*]

The tests were performed using a computer-control-
led, electro-servohydraulic testing system (MTS 810
load frame with 458 controller and CrackWatch fa-
tigue-crack growth computer control system), operat-
ing under stress-intensity control. Fatigue tests were
performed with a cyclic sinusoidal frequency of 25 Hz
at a load ratio R (ratio of minimum to maximum
loads) of 0.1 under automated load-shedding schemes
to obtain growth rates over a wide range, from 10~ 1°
to 10~ ® m/cycle.

The fatigue threshold stress-intensity range, A Ky,
is the stress-intensity value below which crack growth
is presumed dormant. However, as for most materials,
an operational definition of AKyx was defined as the
stress-intensity range at which crack-growth rates did
not exceed 107 1% m/cycle [45]. Under computer con-
trol, thresholds were approached by varying the
applied loads such that the instantaneous values
of the crack length, a, and stress intensity range, AK,
changed according to the equation [51]

AK = AKyexp[C(a — ao)] 8)

where a, and AK, are the initial values of ¢ and AK,
and C is the normalized K-gradient (1/KdK/da) set to
+ 0.08 per mm of crack extension.

[1—(a/W)**]

)

ducting Ringer’s solution is negligible, as the electrical
conductivity of the metal foil is some four to five
orders of magnitude larger, and the gauge and leads
were covered with a thin waterproof epoxy layer. The
accuracy of the crack-length measurements relies
on electrical potential calibrations for the metal foil
gauge. These have been derived previously using ana-
lytical, experimental, and numerical (finite-element)
techniques to a high degree of accuracy. As a result,
this technique can readily detect changes in crack
length of the order of + 2 pum [52, 54]. Crack-growth
rates were then determined by numerical differenti-
ation of measurements of crack length, a, as a function
of number of cycles, N. Crack-growth rate data are
presented in the form of standard log—log plots of
da/dN as a function of the stress intensity range, AK.

4.3. Fracture toughness

After completion of the fatigue tests, the fracture
toughness of the PMMA was determined under dis-
placement control from resistance curve (R-curve) be-
haviour. The R-curves were measured in specimens
containing sharp fatigue pre-cracks at near-threshold
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growth rates. Procedures essentially conform to ASTM
Standard E399-90 [44], and are considered to be more
precise than many used previously, where crack-
length dependent fracture toughness behaviour and
sample size effects were not considered. The data are
presented as a graph of applied stress intensity, K, as
a function of crack extension, Aa. Values of the frac-
ture toughness were defined at crack initiation, K;,
and at the steady-state plateau, K., of the R-curve.

4.4. Environmental conditions

Baseline fracture toughness and fatigue crack-growth
testing was performed in ambient temperature air at
25°C and 45% relative humidity to facilitate compari-
son with other reported studies of PMMA bone ce-
ment [55, 56]. To assess the effects of a physiological
environment on crack growth, tests were conducted in
Ringer’s solution at room temperature. The Ringer’s
solution was prepared with a formula of 0.66 g NaCl,
0.015 g KCl, and 0.015 g CaCl, dissolved in glass-
distilled water and made up to 100 ml. The pH was
monitored with a glass electrode and adjusted to 7.8
by dropwise addition of 5% NaHCOj; solution. Ap-
proximately 2000 ml of this solution was used for each
test, and distilled water was added periodically to the
environmental chamber to replenish losses from
evaporation.

5. Results

5.1. Cyclic fatigue—crack propagation
Results of the cyclic fatigue—crack growth tests at
R = 0.1 are plotted in Fig. 3 in terms of the growth
rate per cycle, da/dN, as a function of the stress in-
tensity range, AK. Data were obtained at room tem-
perature in both air and Ringer’s solution. Fatigue
crack-growth data has been reported for PMMA bone
cement in air and is included in the figure for compari-
son [55, 56]. To the best of the authors’ knowledge,
the Ringer’s solution data represent the first reported
cyclic fatigue—crack propagation behaviour in a
simulated physiological environment for PMMA
bone cement. Crack growth rates span four orders of
magnitude, from 107 1° to 10~ ° m/cycle, for a range of
AK from 0.2 to 1.6 MPam'/?, and show a conven-
tional Paris power-law dependence similar to that
observed in most engineering materials [57]

da/dN = C(AK)" &)

where the crack growth exponent m and the value of
C are constants depending on the material and envir-
onmental couple. Average values for m and C for the
air and Ringer’s environment are listed in Table I11.
The present fatigue crack-growth data in PMMA
bone cement is also compared to previous data meas-
ured in PMMA bone cement [55, 56] in Fig. 3. Al-
though fatigue crack-growth rates measured by the
previous investigators were not obtained at near-
threshold values, crack-growth behaviour is clearly
very similar to that observed in this investigation,
with similar values of the crack-growth parameters
m and C.

478

10_5 E T T — T T
l6 ! 3
e 10°¢ E :
2 E =
E - ]
2 B J
2 w0k s dJ
g E < o E
g C ]
s I < = ]
< 10° £ Ain45%RH. g A [ J
O N o E
< e
5 107 E g @ Ringer's solution .
[&] E 3
- ]
10—10 1 Lol ] L L1
0.1 1.0 10.0

Applied stress intensity range, AK (MPa m'?)

Figure 3 Experimental da/dN versus AK fatigue data for PMMA
bone cement tested at R = 0.10 (25 Hz) in both air and Ringer’s
solution at ambient temperature. Data are compared with results
for PMMA bone cement from Wright and Robinson [55] (——)
and Rimnac et al. [56] (——-), both tested in ambient temperature
air. Sample 1 (&) was tested in air; sample 2 (OJ) was tested in
Ringer’s solution; and sample 3 (A) was tested in air, then in
Ringer’s solution.

TABLE III Paris power-law parameters and fatigue crack-
growth thresholds

Environment  Fatigue Paris power-law parameters
threshold,
AK 1y Crack-growth C,m/cycle
(MPam'/?)  exponent, m (MPa mt/2)~m

Air 0.32 5.5 4.6x1077

Ringer’s

solution 0.69 5.5 33x107°

Air [55] - 6.7 2.5x107°¢

Air [56] - 5.8 40x1077

At low growth rates approaching 10~ '° m/cycle,
the bone cement is observed to display an appar-
ent fatigue threshold stress—intensity range, AKry,
below which crack growth is presumed dormant.
The measured values of AKpy varied between
~0.3-0.5 MPam'/? in room temperature air, and
between ~0.6-0.8 MPam!/? in Ringer’s solution.
Note that while the crack-growth exponent m (slope of
the fatigue crack-growth curve) is relatively unaffected
by the environment, the entire fatigue crack-growth
curve is shifted to higher values of AK when measured
in Ringer’s solution. The PMMA bone cement is
therefore considerably more resistant to fatigue-crack
propagation in Ringer’s solution than in air.

5.2. Fracture toughness

Fracture toughness K. values were determined by
measuring the crack-growth R-curves of fatigue pre-
cracked DC(T) samples in room temperature air
and Ringer’s solution. Typical R-curves for samples
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Figure 4 Resistance-curve (R-curve) fracture toughness behaviour
for PMMA bone cement tested in Ringer’s solution (open symbols)
and in air (closed symbol), both at ambient temperature. () Sample
1 (Smm);, (O) Sample 2 (Smm); (A) Sample 3 (5mm),
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ranging in thickness from 5 to 15 mm are illustrated in
Fig. 4. Toughness values, defined at both initial crack
extension (K;) and at the steady-state plateau of the R-
curve (K.), are listed in Table IV. Also included in
Table IV are plastic zone sizes, r,, determined from

the relation
1 /(K. \?
=—|—= 11
L <Gys> (1)

where o, is the yield strength, and crazed zone sizes,
r., determined from the Dugdale model for craze

length [58]
2
re =1 <£> (12)
8\ o,

where o, is the craze yield stress, which is taken to be
approximately equal to oy,.

The R-curves reveal that the steady-state fracture
toughness of PMMA bone cement depends critically

on the environment in which it is tested. In the
thinner samples more representative of in vivo cement
layer thickness, the R-curve plateau values were
~0.6 MPam'/? in air. In Ringer’s solution, the R-
curve plateau values were more than three times larger
at ~2.0 MPam?!/2.

5.3. Fractography

Scanning electron micrographs of the fracture surfaces
produced in PMMA bone cement during cyclic fa-
tigue and fracture toughness testing in both air and
Ringer’s solution are depicted in Fig. 5. The fracture
surfaces of specimens tested in air were found to be
noticeably different from those tested in Ringer’s
solution. In addition, for each environment, fracture
surfaces produced under cyclic fatigue loading dif-
fered markedly from those subjected to overload
instability.

For specimens tested in air, cyclic fatigue fracture
surfaces were rougher than those produced during fast
fracture and also exhibited evidence of particulate
wear debris. The roughest fracture surfaces were appar-
ent at the lowest fatigue crack-growth rates (10~ 1°—
10~ ® m/cycle) (Fig. 5a). At such low crack-growth
rates, the crack is able to find the easiest path through
the microstructure, perhaps around the PMMA beads
themselves. Thus, the crack follows a torturous path,
and the fracture surfaces are highly irregular and un-
even. Here, evidence of wear debris is most apparent.
Such wear debris was presumably produced during
repeated contact of asperities on mating fracture sur-
faces during the fatigue loading cycle. At higher
fatigue crack-growth rates (10~ 7-10"° m/cycle), the
fracture surfaces are progressively less rough as the
crack apparently becomes less sensitive to local micro-
structural features (Fig. 5b). In addition, the fracture
surfaces exhibit much less wear debris and begin to
show signs of PMMA bead cleavage. Fracture surfa-
ces produced by monotonic loading during fracture
toughness testing were even less rough, displaying
extensive evidence of PMMA bead cleavage (Fig. 5c).

Specimens tested in Ringer’s solution showed nom-
inally the same trends of decreasing fracture surface

TABLE IV R-curve toughness data, plastic zone sizes and crazed zone sizes

Sample Environment Thickness Stress state Fracture toughness Plastic zones
(mm)
K, K. rae re
(MPam'/?) (MPa m'/?) (mm) (mm)
1 Air 5 Plane strain 0.46 0.60 0.03 0.2
2 Ringer’s soln. 5 Plane stress 1.4 2.1 1.0 2.8
3 Ringer’s soln. 5 Plane stress 0.80 1.7 0.7 1.8
4 Ringer’s soln. 15 Plane strain 0.76 0.92 0.07 0.5
, . 1 <Kc>2
* For plane strain, r, = —| — | .
61 \ Oy

N 1 (K. \?
For plane stress, r, = — .
21 \ Oy

n (K \?
¢ For Dugdale model, r.=—{—) .
8\ o,
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Figure 5 Scanning electron-micrographs of the fracture surfaces of PMMA tested in air (a—c) and Ringer’s solution (d—f) during (a, d) cyclic
fatigue-crack growth at near-threshold growth rates, (b, e) fatigue-crack growth at high growth rates, and (c, f) R-curve fracture toughness
testing. Increasingly rough fracture surfaces are apparent after cyclic compared to monotonic loading. Also, rougher surfaces were produced
in Ringer’s solution compared to air. Evidence of wear debris was apparent on the fatigue surfaces produced in air. Arrow indicates general

direction of crack growth.

roughness with increasing cyclic fatigue crack-growth
rates and subsequent monotonic loading during
fracture toughness testing. The fatigue fracture surfa-
ces were, however, markedly more rough than the
fatigue fracture surfaces produced in the air environ-
ment. Somewhat surprisingly, the increased roughness
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of the fatigue fracture surfaces did not lead to in-
creased wear debris; indeed, very little evidence of
wear debris was apparent (Fig. 5d, e). The aqueous
environment may therefore have a lubricating effect as
the fatigue fracture surfaces contact during the loading
cycle.




Further surprising observations were apparent
when the fast fracture surfaces produced in the air and
Ringer’s environments are compared (Fig. 5¢c and f).
While the aqueous environment results in significantly
rougher fracture surfaces under fatigue loading condi-
tions, during fast fracture under monotonic loading,
significantly less rough fracture surfaces were ob-
served for samples tested in the Ringer’s solution.
During toughness testing in Ringer’s solution, the
crack cleaves cleanly through all of the PMMA beads
in the bone cement, leaving behind a smooth, almost
flat fracture surface (Fig. 5f). In contrast, during test-
ing in air, fracture surfaces are relatively rough, and
some PMMA beads remain uncleaved (Fig. 5c).

6. Discussion
The increased resistance to fatigue crack growth meas-
ured in Ringer’s solution compared to that in air is
thought to arise principally from the plasticizing effect
of the Ringer’s solution, which effectively toughens the
PMMA. A similar effect of increasing toughness on
shifting the entire fatigue crack-growth curve to higher
values of applied AK (essentially decreasing fatigue
crack-growth rates) has been reported for other brittle
materials, including a particulate-reinforced PMMA
[47], a range of transformation-toughened zirconia
[46,59], and whisker-reinforced alumina ceramics
[60]. Note, however, that such effects are not consis-
tent with fatigue crack-growth behaviour in metallic
materials where growth rates are relatively insensitive
to toughness [61]. An additional effect of the aqueous
environment on slowing fatigue crack-growth rates
may also be associated with the hydrodynamic pres-
sures induced in the fluid as it is pumped in and out of
the crack [62, 63]. These pressures act to oppose the
opening or closing of the crack and therefore essen-
tially shield the crack tip from the full applied stress
intensity range.

Similar to the fatigue crack-growth behaviour, the
presence of the Ringer’s solution results in a plasti-
cizing effect which enhances crazing in the crack tip
region and leads to an increased fracture toughness.
The presence of soluble environmental agents are well
known to reduce the critical stress or strain required
to initiate crazing (see e.g. [64, 65]). In addition, how-
ever, the depressed stress required to initiate crazing
results in a significantly larger craze or plastic zone
size ahead of the crack tip (see Table 1V). As a result,
the thinner samples tested in Ringer’s solution do not
satisfy plane strain conditions which require that the
plastic zone be at least 15 times smaller than the sam-
ple thickness [44]. Similar to plane stress fracture in
metals, the resulting fracture toughness displays
a marked R-curve response with initial crack exten-
sion which may be expected to provide an additional
contribution to the peak toughness achieved. In sam-
ples which were sufficiently thick to satisfy the plane-
strain fracture toughness requirements (5 mm in air;
15mm in Ringer’s solution), K. values were again
~0.6 MPam!/? for samples tested in air, whereas K
values of cement tested in Ringer’s solution were
almost twice as large, of the order of 1.0 MPam?/?,
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Figure 6 Best fit fatigue crack-growth relationships typically used
for life prediction methodologies shown in comparison to the ex-
perimental da/dN versus AK data. Data are compared with results
for PMMA bone cement from Wright and Robinson [55] (——)
and Rimnac et al. [56] (——-), both tested in ambient temper-
ature air. (&) Sample 1: C=4.7x10"7, m = 5.5; (O) Sample 2:
C=33x10"%m=5.5;(A)Sample 3; C =3.3x 10", m = 5.5; (/)
Sample 3: C = 1.3 x 10~ 7, m = 5.4. Shaded lines are best fit to data.

but less than the three-fold increase measured in the
thinner plane-stress samples.

In general, fatigue crack-growth rates for PMMA
appear to display a much higher sensitivity to the
applied AK range than typically observed for metallic
materials, as evidenced by the steeper slopes and
higher crack growth exponents m. The worst-case data
for the PMMA bone cement tested in air can be
represented by the crack-growth rate relationship

da/dN = 4.6x 10" 7(AK)> (10)

Best fit crack-growth relationships for the current
fatigue crack-growth data are shown in Fig. 6. Frac-
ture mechanics based damage-tolerant design proced-
ures which are intended to provide a conservative
(worst-case) estimate of the structural life in terms of
the time (or stress cycles) for the largest undetected
crack to grow to critical size typically rely on such
characterization of the fatigue crack-growth rate
[57,66]. The majority of such data are typically de-
rived from through-thickness, long cracks (typically
~2 to 20 mm in length) growing in conventional
fracture mechanics specimens. It should be pointed
out, however, that such cracking configurations rarely
simulate reality for in service failures of prostheses,
which generally occur in the small component cross-
sections by subcritical crack growth from smaller,
pre-existing flaws. A more complete analysis must
therefore include the apparently rapid growth of small
cracks. This is particularly important since it is well
known for metal fatigue [67], and has recently become
apparent for the fatigue of ceramics [59, 60], that
where cracks are physically small (typically less than
~500 pm in size), or small compared to microstruc-
tural dimensions or the extent of local crack-tip in-
elasticity, their growth rates can be far in excess of
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corresponding long cracks subjected to the same ap-
plied K levels; moreover, small cracks are known to
propagate at stress intensities less than the fatigue
threshold, below which long cracks are presumed dor-
mant [59, 60, 67].

7. Conclusions

Based on a study of cyclic fatigue—crack growth and
fracture behaviour of PMMA bone cement, a poly-
meric material used to affix load-bearing prostheses to
bone in joint replacement surgery, the following con-
clusions can be made:

1. Physiological environment has a profound effect
upon both cyclic fatigue crack-growth and fracture
toughness behaviour of PMMA bone cement. Specifi-
cally, the PMMA is more resistant to both cyclic
fatigue and fracture in Ringer’s solution (a simulated
physiological environment) than in 45% relative
humidity laboratory air.

2. Cyclic-fatigue crack growth rates, da/dN, in
PMMA bone cement exhibited a conventional Paris
power-law dependence on the linear—elastic stress-
intensity range, AK. Fatigue threshold values (AKty),
operationally defined at growth rates below
~107° m/cycle, were observed to be in the range
~0.3-0.5 MPam'? in air and ~0.6-0.8 MPam'/?
in Ringer’s solution.

3. In samples thick enough to satisfy the small-scale
yielding requirements for fracture toughness, K,
values for PMMA bone cement were ~0.6 MPam?!/?
in air and ~1.0 MPam'/? in Ringer’s solution. In
thinner samples more representative of in wvivo
cement layer thickness, R-curve plateau values
were ~0.6 MPam!? in air and in the range
~1.75-2.25 MPam'/? in Ringer’s solution. Thinner
samples tested in Ringer’s solution exhibited pro-
nounced R-curve toughness behaviour.

4. Fracture surfaces of specimens tested in air differ
markedly from those specimens tested in Ringer’s
solution. The roughness of samples generally de-
creased with increasing fatigue growth rates and were
the least rough under monotonic loading. Fatigue
fracture surfaces were significantly more rough when
produced in the simulated physiological environment,
although the fast fracture surfaces were significantly
less rough.

5. Wear debris was apparent on the fatigue fracture
surfaces, particularly those produced in the air envir-
onment. Wear debris is thought to arise from wear
processes during repeated contact of asperities on
mating fracture surfaces during the fatigue loading
cycle. Surprisingly, while the significantly rougher
fracture surfaces produced during fatigue crack
growth in the physiological environment might be
thought to produce more wear debris, less debris was
actually observed. This is presumably due to both the
lubricating effect of the aqueous environment and its
effect on increasing ductility in the polymer. Such
fracture processes are considered important as they
elucidate the in vivo failure mechanisms and genera-
tion of wear debris in PMMA.
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6. Characterization and understanding of fracture
and cyclic fatigue crack-growth behaviour of PMMA
bone cement will lead to more reliable structural de-
sign of prosthetic joints. In addition, this knowledge
will provide the basis for more accurate life predic-
tions and improvement of the structural integrity of
cemented load-bearing prostheses.
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