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A new bone cement based on poly(ethylmethacrylate) (PEMA), hydroxyapatite powder (HA)
and n-butylmethacrylate monomer (n-BMA) has been studied using isothermal and non-
isothermal polymerization. Methacrylate monomers are highly reactive and release

a considerable amount of heat during polymerization. A quantitative understanding of the
methacrylate polymerization is necessary because the thermal history of the polymerization
has considerable influence on the final properties of a bone cement. In the first part,
polymerization kinetics are analysed by means of differential scanning calorimetry (DSC).
DSC data are used to evaluate a phenomenological model describing the cure kinetics of this
new bone cement. In the second part, a kinetic model coupled with the energy balance is
used to obtain temperature and degree of conversion profiles in the bone-cement—
prosthesis system, under non-isothermal conditions, as function of initial temperature and
thickness of the cement. Material properties, boundary and initial conditions and the kinetic
behaviour are the input data for the numerically solved heat-transfer model. The
temperature at the bone/cement interface, can be considered as a weak point, often
responsible for total joint replacement failure. For this particular bone cement exhibiting
a low exotherm and low glass transition temperature, the interfacial temperature is lower
than the threshold level for thermal tissue damage (50 °C). The conversion occurs almost

completely, avoiding problems with unreacted monomers that can be released by the

cement, giving rise to tissue damage.

1. Introduction

Acrylic bone cements are widely used as a method of
prosthetic component fixation in total hip-joint re-
placement surgery. Cements permit the immediate fix-
ation of a prosthesis, but many short- and long-term
effects are connected with their use. In PMMA bone
cements, tissue necrosis may arise either from chem-
ical or from thermal stimuli, giving rise to weakness of
the cement/bone interface. This interface is considered
to be a weak point often responsible for failure of the
total joint replacement [1]. During the polymeriz-
ation of methylmethacrylate, high peak temperatures
are reached. Threshold levels for thermal tissue dam-
age in bone are estimated to be between 48 and 60 °C.
Within this temperature range, cell necrosis depends
on the exposure time, which at 50 °C may be between
30 and 400s. The temperature peak ranges from
48-105°C at the bone/cement interface [2] and from
80—124°C in the cement [3].

However, not only thermal effects are responsible
for tissue necrosis [4]; in incomplete polymerization,
a high level of unreacted monomer is slowly released
by the cement, and may be responsible for tissue
damage. For these reasons, the properties and per-
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formance of acrylic-based bone cements and the
supporting bone are strongly dependent on their
polymerization kinetics. Polymerization is a radical
chain reaction: a radical reactive centre, once produc-
ed, adds many monomer units in a chain reaction and
grows rapidly. At any instant, the reaction mixture
only contains monomer, high molecular weight poly-
mer and growing chains [5]. During polymerization,
the rheological properties of the materials change sub-
stantially; the fluid bone cement transforms into
a solid glass (vitrification).

Bulk polymerization of methacrylate is strongly in-
fluenced by diffusion at low and high values of the
degree of conversion. At low conversion, the growth of
high molecular weight molecules is responsible for
a mobility reduction of the chain-end radicals, de-
creasing the possibility to form “dead polymers” and
consequently increasing the rate of reaction (“gel
effect” or “autoacceleration effect”). However, at high
degrees of conversion, the glass transition temperature
of the reaction mixture increases with the conversion
of monomer to polymer and approaches the iso-
thermal polymerization temperature (vitrification),
strongly reducing the molecular mobility. Under these
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conditions, the reaction becomes diffusion-controlled
and the termination step of the polymerization is
governed by this strong reduction in the molecular
mobility determined by vitrification [6, 7]. The degree
of conversion at the onset of the gel effect varies
considerably, depending on the reaction conditions.
A low-viscosity medium moderates the gel effect by
increasing the degree of the conversion at which the
gel effect begins. Alternatively, adding the polymer to
the monomer, prior to initiating, increases the
medium viscosity, shifting the gel effect towards a
lower degree of conversion. In acrylic bone cements,
a high fraction of polymeric filler is present, so the gel
effect occurs at the beginning of the reaction, inducing
a reduction of the reaction time and an accelerated
reaction kinetic rate.

During setting of a bone cement in total hip replace-
ment, the bone and the prosthesis take the roles of
batch chemical reactor boundaries. A quantitative
correlation between the temperature profiles and the
degree of reaction across the bone—cement—prosthesis
system, as a function of the process variables, is neces-
sary because the final properties of the cement are
highly influenced by the processing variables (mixing
procedure, temperature and the geometry of the pros-
thesis and of the cavity). The only way to obtain
a cement with repeatable properties is to control those
variables fully [8].

In this paper, the isothermal and non-isothermal
polymerization behaviour of a new bone cement,
based on poly(ethylmethacrylate) (PEMA) powder
and n-butylmethacrylate (n-BMA) developed at the
IRC in Biomedical Materials is described [9, 10]. In
the first part, the reaction kinetics are analysed by
differential scanning calorimetry (DSC) and DSC data
are used for the quantitative determination of the rates
of polymerization in isothermal and non-isothermal
conditions. The experimental data are used to evalu-
ate the parameters of a phenomenological kinetic
model. In the second part, the kinetic model is coupled
with a heat-transfer model. The heat-transfer model is
obtained by applying an energy balance across the
prosthesis, bone and cement in order to predict the
temperature in these parts and the degree of conver-
sion in the cement as a function of the setting time,
during non-isothermal polymerization. The full model
is used to study the effects of different thicknesses and
initial temperatures of the cement on the temperature
and degree of reaction profiles across the bone—
cement—prosthesis  system. Material properties,
boundary and initial conditions and the kinetic behav-
iour are the input data of the heat-transfer model that
is solved numerically.

2. Materials and methods

2.1. Materials

The experimental IRC bone cement used in this in-
vestigation was based upon poly(ethylmethacrylate)
powder (PEMA), containing 0.6 (+ 0.1) wt % residual
benzoyl peroxide (BPO), (Bonar Polymers, Newton
Aycliffe, Co. Durham, UK), hydroxyapatite (HA)
powder (P81B HA powder supplied by Plasma Biotal
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Ltd, UK), and n-butylmethacrylate ("BMA) monomer
stabilized with 0.01% quinol, including 2.5vol %,
N,N-dimethyl-p-toluidine (Aldrich Chemicals, UK).
Extra BPO was added in the powder in the form of
Lucidol CH50TM powder, consisting of 50wt %
BPO and 50 wt % di-cyclo-hexyl-phthalate (Peroxid-
Chemie Ltd, Germany). The amount of HA powder,
corresponding to a weight fraction of powder com-
position of 40%, was added in such a way to maintain
the polymer to monomer weight ratio at 2:1. HA
powder was added as reinforcement in an attempt to
increase both the fatigue and the flexural properties of
this new cement [9].

2.2. Methods

Differential scanning calorimetry is a widely used
technique for studies of reaction kinetics [11-13].
A Perkin—Elmer DSC7, differential scanning calori-
meter, was used. Dynamic scans at different heating
rates (3, 5, 10°C min '), from 0-180°C, and isother-
mal measurements in the temperature range 10-35 °C,
were carried out for 30 or 50 min. The sample weights
ranged from 10-20mg and the preparation was per-
formed at 20 °C using a constant mixing time of 1 min.
The overall time, from the contact of the monomer
with the powder to the beginning of the DSC test, was
2min. The samples, weighed after each experiment,
showed negligible evaporation of monomer (less than
1%).

3. Results and discussion

3.1. Isothermal polymerization

Fig. 1 shows the thermogram of an isothermal test at
20°C. An exothermic peak of reaction, after a time t;,
is present. This time is an important parameter from
a processing point of view, because it is the only
detectable macroscopic parameter representative of
an initiator—inhibitor reaction [14]. The inhibitor
(quinol) prevents incipient polymerization on storage
and delays the onset of the polymerization reaction,
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Figure I DSC thermogram obtained during isothermal polymeriz-
ation at 20 °C.



which is essential during the operation for the inser-
tion of the cement and positioning of the prosthesis.
The time, t; (induction time), shows the following
temperature dependence, with the denominator a typi-
cal Arrhenius-type equation

t; = 1/[Kioexp(—E/RT)] (1)

where K, is the pre-exponential factor, E,, is the
activation energy, R is the gas constant and T is the
absolute temperature.

The induction time, obtained from DSC tests, was
corrected for the sample preparation time. At 20 °C,
the handling time and the induction time, measured
from the DSC, were summed to obtain the true t;; the
ratio between the handling time and the true induc-
tion time at 20 °C was used to correct the induction
time observed at the other temperatures. The correc-
ted induction times were used to compute the para-
meters of Equation 1 by linear regression (Table I).
A good agreement between experimental data and
model results is observed in Fig. 2.

DSC measurements are also useful as they enable
the determination of the degree of polymerization. It
may be assumed that the heat evolved during the
polymerization reaction is proportional to the overall
extent of reaction given by the fraction of reactive
groups consumed. Using this approach, the degree of
reaction, o, is defined as

a = H([)/Htot (2)
where H(t) is the heat developed in a DSC experiment

between the starting point and a given time, t; and

TABLE I Parameters of the full kinetic model

Parameter Value
n 1.14
m 0.98
Ln(K,) (s71) 9.4
E./R (K) 4000
p — 1.584
qg (K™Y 0.008
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Figure 2 Isothermal induction time as function of temperature.

H,, represents the total heat developed. Total heat is
calculated by integrating the total area under the DSC
curve in a non-isothermal experiment. The reaction
rate, doy/dt, is thus obtained from the heat flow, dH/dt,
as

do 1 dH

== bl 3
dt  H, dt )

For the IRC bone cement, a value of 100Jg~ ! was
obtained for H,,, by averaging the reaction heats
measured in non-isothermal experiments. The total
heat for this bone cement based on nBMA monomer is
lower than that for PMMA cement, and the poly-
merization heats of MMA and BMA are 576 and
418J g™, respectively [15].

Isothermal DSC experiments show that the de-
veloped heat, Hj,, is lower than H,,, thus indicating
the presence of unreacted monomer. This may be
revealed by heating a sample immediately after an
isothermal polymerization (Fig. 3). Curve (a) is the
thermogram obtained by heating, at 10°C min~ !, of
a sample previously polymerized at 20°C. In this
thermogram, a residual reactivity peak is present, in-
dicating that the material is not fully polymerized.
This peak is shifted to a higher temperature than the
test temperature because vitrification is unable instan-
taneously to arrest the reaction, as has been observed
for thermosetting resins [14, 16, 17]. This shift may
result in the glass transition temperature, T, reaching
a higher temperature than the polymerization temper-
ature. A maximum degree of conversion, o,,,,, may be
introduced

H.

amax = = (4)
Hiy

It was found that o,,,, increases with increasing iso-
thermal polymerization temperature according a lin-
ear law. Fig. 4 shows that a linear regression [16, 17]

Omax = P + qT for T < Ty max (5)

is a good representation of DSC experimental data.
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Figure 3 DSC thermograms obtained by heating at 10 °C min ! for
(a) sample cured at 20 °C and (b) fully cured sample.
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Figure 4 Maximum degree of conversion obtained in isothermal
DSC polymerization experiments as function of temperature.

The fitting parameters p and q are reported in Table
I. A dynamic DSC scan of a sample previously sub-
jected to a dynamic DSC scan does not show a resid-
ual peak (Fig. 3, curve (b)), indicating that the sample
is fully polymerized. When the scan temperature ap-
proaches the glass transition temperature of the fully
polymerized system, Tgymax, Omax go€s to 1. The
thermogram, in curve (b), shows a glass transition
temperature of approximately 70 °C for the IRC bone
cement. This transition temperature is considerably
lower than that of PMMA (105-113 °C) [18]. The new
IRC cement is a partially inter-penetrating network
system based on ethylmethacrylate and butylmetha-
crylate polymers with T,s of 65 and 32 °C, respectively
[10].

The chain polymerization reaction, as mentioned
above, is dominated by the diffusion effect at the
beginning (gel effect) and at the end of polymerization
(vitrification). In particular, the gel effect is shifted at
the beginning of the reaction because of the high
fraction of inert polymer added to the monomer [19].

Many complex models have been reported in the
literature for the polymerization of methacrylate
[19-21]. However, as the onset of the gel effect is
shifted at the start of the reaction, it is possible to
use a simplified kinetic model. A simple pseudo-
autocatalytic expression, previously proposed for
polyester and acrylic thermosetting resins, may be
used [14, 22]

dot

—~ =K —
i (Otmax

a)' o™ (6)
where m and n are non-temperature-dependent fitting
parameters and K is a temperature-dependent rate
constant given by an Arrhenius-type equation

K = Koexp<;—fa> (7)

where Ko is the pre-exponential factor, R is the gas
constant, E, is the activation energy, and T is the
absolute temperature. The temperature dependence of
Omax 1N Equation 6 is given by Equation 5.
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The theoretical model given by Equations 1, 5-7
correlates well with the experimental degree of reac-
tion and the rate of reaction obtained by DSC tests at
between 20 and 35 °C, the temperatures investigated.
This is clearly shown in Fig. 5 of a DSC performed at
20°C. As the temperature increased, the rate of reac-
tion increased, giving a higher peak which occurred
earlier and the degree of conversion increased reach-
ing 0.88 at 35 °C. Furthermore, the model predicts the
transition to a glassy state, with the rate of reaction
during an isothermal polymerization approaching
zero as o tends to Olp,y.

The values of the kinetic parameters of the model,
evaluated by regression analysis, are listed in Table 1.

3.2. Non-isothermal polymerization

In a bone—cement system, non-isothermal conditions
occur because of the high exothermic nature of the
reaction. For thick cement layers, not all the heat
generated is dissipated sufficiently quickly to maintain
isothermal conditions. The kinetic model used closely
predicts the non-isothermal polymerization. Fig. 6
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Figure 5 Comparison between kinetic model predictions and (O)

experimental degree of conversion and (@) experimental rate of
reaction at 20°C.

1.0 T T

o o o
'S o o
| I |

Degree of conversion

et
[\
|

0 1 1 1 1 1
0 100 200 300 400 500 600

Time (s)

Figure 6 Comparison between kinetic model predictions and (O)
experimental degree of conversion in non-isothermal conditions
(heating rate 10°C min~1).



shows the comparison between the degree of conver-
sion obtained by a dynamic DSC test and the model
predicting degree of conversion. In non-isothermal
conditions, the induction time, t,;, may be calculated
as the sum of the contributions at each isothermal

temperature step
i dt
0 = f T ®)
0 i

where t; is the isothermal induction time given by
Equation 1 and Q is a dimensionless parameter
ranging from 0-1. The time at which Q is equal to 1,
represents the non-isothermal induction time.

In order to predict the temperature profiles across
the bone, the cement and the prosthesis, and the de-
gree of conversion in the cement as function of the
setting time during the non-isothermal polymeriz-
ation, the appropriate kinetic model must be coupled
with the energy balance, that allows material thick-
nesses, the initial temperature differences between the
components and the ability of different materials to
dissipate heat, to be included.

The following assumptions are used.

1. Heat is dissipated in the radial direction (r-axis)
only, according to the axial section sketched in Fig. 7.

2. The values of density, p, specific heat, C,, and
thermal conductivity, k., for the bone are given as
1.7gem ™2, 125Jg 'K™', 043Wm 'K~ !, respec-
tively [23], and for the steel prosthesis 7.8 gcm ™3,
0.5Jg 'K 1103 Wm™ K™, respectively [24]. For
the cement the density is calculated as a weighted
average of the densities of PEMA (1.119gcm™?),
PBMA (1.055gem™3) [25] and HA density
(3.156 gcm ~?) [26]. The specific heat was calculated
from DSC experiments (2Jg 'K ™'). The thermal
conductivity was calculated as a weighted average

of k. for HA (13Wm ™ 'K™') and PMMA
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Figure 7 Sketch of the geometry used for the polymerization simu-
lation.

(0.17Wm~ 'K~ %) which is close to value of k, for
PEMA and PBMA.

Using the assumptions, the law of conservation of
energy in the bone and the prosthesis takes the form

Picpi 0T /0t = k,(0*T/or?* + 1/r 0T /Or) i=bp

©)

where b and p indicate the properties of bone and
prosthesis, respectively. In the cement, the energy bal-
ance then becomes

picyi 0T/t = k(@>T/r* + 1/r OT/0r) + p dH/dt
(10)

where (dH/dt) is the rate of heat generated by chemical
reaction. dH/dt is given by Equation 3, in which the
rate of reaction doy/dt is calculated from the kinetic
model (Equations 5-7).

To facilitate the numerical solution of Equations
9 and 10, the following dimensionless variables are
introduced:

dimensionless temperature

0 = (T — To)/(T.sTo) (11a)
dimensionless time
t* = t/ty (11b)
dimensionless position
r* = r/Ar i=pocb (11c)

where Ar; represents the prosthesis radius, the thick-
ness of the cement or the bone (Fig. 7), T, is the initial
temperature of the cement, T..;, 37 °C, is taken as the
reference temperature and t,,, is defined as the time
needed to reach a value of o = 0.5. £, is obtained by
numerical integration, at T = T,, of the kinetic
model given by Equations 5-7.

Substituting the dimensionless variables given by
Equations 11 in Equations 9 and 10, respectively, the
energy balance for the bone and the prosthesis then
becomes

30/0t = De(020/0r*2 + 1/r*00/0r*) i = b,p

(12)
and for the cement

30/0t = De,(3%0/0r*2 + 1/r* 90/0r*) + St doy/dr*
(13)

doy/dt* = K*exp( — Eo/RT )" (ot — 01)" (14)

Equation 14 is the dimensionless form of the kinetic
model (Equation 6) where K* is a dimensionless kin-
etic constant, given by

K* = [1/2KO (15)

In Equations 12 and 13, De; is the dimensionless
diffusion Deborah number, given by

kyit1)2
De, = —orituz 16
RIPYGRTYSE (16)

The Deborah number represents the relative import-
ance of the heat transferred by conduction with
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respect to the heat accumulated in the material. In
Equation 13, the dimensionless group

Qlol

St = =t
(Tref - YWO)C;)C

(17
is the Stefan number, expressing the relative weight of
the latent heat associated with the chemical reaction
with respect to the accumulation of heat in the mater-
ial. In terms of these dimensionless groups, isothermal
polymerization conditions are obtained if De > St.
This implies that in the energy balance, the contribu-
tion of the thermal diffusivity (Deborah number) is
much higher than the contribution of heat generation
due to the polymerization reaction (the Stefan num-
ber). The Deborah numbers of the bone and prosthesis
are a measure of their ability to dissipate the heat
generated in the cement by polymerization. The
Deborah number is affected by its thickness, in addi-
tion to the material properties (p, C,, and k).

In Equations 12-14, with these assumptions, the
initial conditions are

Prosthesis t*=00 =0,
Cement t*=00=0,a=0 (18)
Bone t*=00=1

where 0,0 and 0., are given by Equation 11a-c, cal-
culated at the initial temperature of prosthesis and
cement, respectively. The dimensionless boundary
conditions are

Prosthesis:
r*=0 08/or* =0
r =1 (00/0r*),, = K5(00/0r*),. 0,(1) = 0.,0)
(19a)
Cement:
r* =0 (00/0r*),, = K{d00/0r*)c  0,(1) = 0.(0)
r* =1 (06/0r*).. = Kix06/0r*),  0[(1) = 6,(0)
(19Db)
Bone:
r* =0 (06/0r*). = Kx06/0r*),  6[1) = 6,(0)
r¥=1 0=1 (19¢)

The equality of the heat flow and of the temperatures
at the prosthesis/cement and cement/bone interfaces
is imposed by means of Equations 19a—c. The dimen-
sionless groups Kr,. and Kr, are defined as

ke,
Kry. = kp:: (20)
Krcb = kbrc (21)
kcrb

A numerical solution of the mathematical model pre-
sented, Equations 14-16, is performed using implicit
finite differences.

3.2.1. Model results and discussion
The polymerization process is simulated referring to
the geometry sketched in Fig. 7. The effect of the
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cement thickness and of the insertion temperature are
considered in the proposed case studies. Two different
initial temperatures are considered: 5°C (pre-cooled
cement) and 18 °C (ordinary room temperature). Each
case is considered with three different cement thick-
nesses: 3, 5 and 8 mm. The thickness of the elements
and the initial and boundary conditions used are sum-
marized in Tables IT and III.

For simulation 5 (Table II), a preparation time of
2.5min at 5°C was assumed. For simulations 18,
a preparation time of 2.5min at 18 °C was assumed.
Figs 8 and 9 show the profiles of temperature and
degree of conversion, respectively, as function of
polymerization time at the bone/cement interface for
the three different thicknesses of simulation 18. Dur-
ing the polymerization, the temperature is always
lower than 50 °C, reaching a maximum of 49 °C for the
thickest layer. The degree of conversion is higher than
90% for all three cement thicknesses. The thicker the
cement layer the higher are both the maximum tem-
perature and the degree of conversion. Pre-cooling the
cement to 5 °C (simulation 5) results in a temperature
below 48 °C and a degree of conversion greater than

TABLE II Dimensions of prosthesis, bone and cement used for
the simulations

Simulation  Prosthesis Cement Bone
radius (mm)  thickness (mm) thickness (mm)
S5, S18 10 3 8
MS5, M18 10 5 8
L5, L18 10 7 8

TABLE III Initial conditions used for the simulations

Simulation Prosthesis Cement Bone
temp. (°C) temp. (°C) temp. (°C)
S5, M5, LS 18 5 37
S18, M18, L18 18 18 37
50 T T T T T T T
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=
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2
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0 ] ] ] ] ] ] ]
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Figure 8 Results of the numerical simulation: polymerization time
dependence of temperature at the bone/cement interface for three
different thicknesses (simulations S18, M 18, L18). (—) 3mm, (- - -)
Smm, (— - —) 7mm.
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Figure 9 Results of the numerical simulation: polymerization time
dependence of degree of conversion at the bone/cement interface for
three different thicknesses (simulations S18, M 18, L18). (—) 3 mm,
(---) Smm, (- - -) 7mm.
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Figure 10 Results of the numerical simulation: temperature profile
across the system for simulation M 18 at different times. (—) 365s,
(-—-)567s, (——-) 618s, (- - -) 689s.

90%. The pre-cooling process slows the polymeriz-
ation as it is completed in 1000 s compared to the 800s
necessary to complete the polymerization in the case
of a starting temperature of 18°C. The higher the
starting temperature, the higher the maximum tem-
perature reached and the greater the degree of conver-
sion. However, even with the highest starting
temperature and thickest cement layer, the maximum
temperature was below 50°C and with the lowest
starting temperature and thinnest cement layer the
degree of conversion was about 90%.

Figs 10 and 11 show temperature profiles across the
prosthesis, cement and bone, for simulations SM and
18M, respectively, and are reported after varying
times. The peak temperature, started at the cement/
bone interface and moved into the middle of the
cement. The temperature profiles clearly show that
adiabatic polymerization occurred for a cement thick-
ness of 5 mm, but analogous profiles were obtained for
the thinner and the thicker layers. For the PEMA
cement the Stefan number has a value of 2.6 and
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Figure 11 Results of the numerical simulation: temperature profile
across the system for simulation M5 at different times. (—) 699s,
(-—-)750s, (——-) 780s, (- - -) 820s.
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Figure 12 Results of the numerical simulation: conversion profile
across the cement for simulation M 18 at different times. (—) 425,
(-—-) 517s, (— —-) 588s, (- - -) 851s.

a Deborah number an order of magnitude higher
obtained for a cement layer of 1.4 mm, thinner than
commonly used clinically. For the PEMA cement,
even in the middle of the thickest layer, which is the
highest temperature reached, the temperature is below
60°C. Fig. 12 shows the uniformity of the degree of
conversion throughout the cement thickness at the
end of polymerization (simulation M18).

4. Conclusions

The isothermal and non-isothermal polymerization of
a new bone cement has been studied. A simple phe-
nomenological model was successfully used to de-
scribe the polymerization reaction of cement. This
model was integrated with an energy balance to pre-
dict temperature and degree of conversion across the
bone—cement—prosthesis system. The characteristics
of the PEMA cement (low exotherm and low glass
transition temperature) resulted in the temperature at
the bone/cement interface being less than 50 °C and
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gave a conversion higher than 90%. Therefore, this
simulation shows that the application of this cement

will

not result in problems of tissue necrosis from

either thermal or chemical stimuli.
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