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Abstract

Bone cements are widely used for the fixation of metallic prostheses in orthopaedics and to
form replacements for skull defects in neurosurgery. Acrylic bone cements are based on a mix-
ture of methyl methacrylate (MMA) and a fine powder of polymethyl methacrylate (PMMA).
The polymerization of the bone cement occurs in contact with the bone and the prosthesis which
act as the boundaries of a bulk polymerization reactor. The kinetic behaviour of the bone cement
plays a fundamental role for the final performance of the implant.

In this paper, the isothermal and non-isothermal polymerization behaviour of a commercial
bone cement is described. A simple phenomenological model, accounting for the autoaccelera-
tion effect, for a diffusion controlled termination mechanism and for the reaction between inhibi-
tor and initiator, is proposed. The reaction kinetics is analysed by DSC. DSC data are used for
the determination of the rates of polymerization under isothermal and non-isothermal conditions.
The experimental data are processed to calculate the parameters of the propesed phenomenologi-
cal kinetic mode!. The analytical and numerical details related to the integration of the model are
discussed.
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Introduction

The fixation of metallic prostheses in orthopaedics and the restoration of
skull defects in neurosurgery are usually achieved by poly(methyl methacry-
late)-based bone cements which polymerize ‘in situ’ [1]. In the case of a total
hip replacement, the bone cement, inserted in a femoral axial cavity appropri-
ately drilled by the surgeon, acts as a bonding agent between the prosthesis and
the bone. Acrylic bone cements are based on a mixture of methyl methacrylate
(MMA) and a large fraction of a polymeric fine powder of polymethyl
methacrylate (PMMA) and/or polystyrene (PS). Barium sulphate is often added
in small fractions in order to obtain a radiopaque material. The liquid MMA
and the solid polymeric powder are mixed by the surgeon and inserted in the
bone cavity where the polymerization reaction occurs. During its application,
the bone and the prosthesis act as the boundaries of a bulk polymerization reac-
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tor. As a consequency of the development of significant heat due to the exother-
mic nature of the polymerization reaction, a fast and highly non-isothermal bulk
polymerization occurs. Furthermore, incomplete polymerization occurring in
normal operative conditions may result in high levels of unreacted monomers in
the cement. The residual MMA, slowly released from the cement, may be re-
sponsible for tissue damages. Tissue necrosis, caused by chemical or thermal
causes effects, is a key factor for a good adhesion between the bone and the ce-
ment. For these reasons the properties and the performances of methyl
methacrylate (MMA)-based bone cements are strongly dependent on their po-
lymerization kinetics.

Furthermore, the peculiar characteristics of the polymerization environment
require a short time for the completion of the reaction (typically 10-15 min at
the body temperature) [1]. The initiation of the polymerization at low tempera-
ture is achieved by using a redox system such as amine-peroxide. The addition
of a tertiary amine to peroxide initiators may increase the rate of production of
radicals by several orders of magnitude at temperature lower then 50°C [2].

Bulk polymerization of MMA is greatly affected by diffusion at low and
high values of the degree of reaction. In the first case, formation of high mo-
lecular weight molecules is responsible for a reduction in mobility of the chain
end radicals resulting in a dramatic increase in the rate or reaction (‘autoaccel-
eration effect’ or ‘gel effect’). In the second case, the transition from a
high-viscosity rubbery polymer to a glassy polymer (vitrification), strongly af-
fects the polymerization kinetics causing the reaction to stop. In fact, the glass
transition temperature, continuously increasing during cure, approaches the iso-
thermal cure temperature thereby strongly reducing the molecular mobility.
Under these conditions, the reaction becomes diffusion controlled and the ter-
mination step of the polymerization is governed by the strong reduction in the
molecular mobility caused by vitrification [3-5].

Although the bulk polymerization of MMA has been widely studied
[3, 6-10], the polymerization kinetics of bone cements is characterised by
unique features as a consequence of the diffusion effects induced by the high
fraction of polymeric filler. The addition of a solid polymer to the reactive me-
dium enhances the rate of reaction acting on the onset of the so-called ‘autoac-
celeration effect’ or ‘gel effect’ [2, 3, 8, 10]. The autoacceleration effect is
related to the viscosity of the reactive medium and can be observed at higher
degrees of reaction when a non-reactive solvent is added to the monomer [2].
On the other hand, the higher the amount of polymeric filler added to the mono-
mer the lower the onset temperature of the autoacceleration effect [9]. These ex-
perimental results indicate that the added polymer and the polymer formed
during polymerization act in an equivalent way on the onset of the autoaccelera-
tion effect. Therefore the autoacceleration effect is exploited in the bone ce-
ments in order to decrease the reaction time, by inducing an accelerated
reaction kinetics compared with pure MMA.
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It must be underlined that the high rates of reaction observed are responsible
for a fast heat generation that can cause high temperatures in contact with living
tissues [11, 12]. Although the addition of solid polymer reduces the amount of
heat generated by the reaction per unit mass of cement, the time during which
this heat is released is very short, giving rise to temperatures between 50 and
108°C in contact with the bone [1].

In this work the reactive behaviour of a commercial bone cement was stud-
ied. The reaction kinetics was analysed using a simple phenomenological model
accounting for the effects of autoacceleration and vitrification. The presence of
the inhibitor was taken into account using a characteristic time of the reaction
between initiator and inhibitor. Experimental data and model results were com-
pared under isothermal and non-isothermal conditions. The analytical and
numerical details related to the integration of the model are discussed.

Experimental

A commercial radiopaque bone cement, Surgical Simplex P, kindly supplied
by Howmedica, was analysed. The powder and the liquid monomer, whose
composition is given in Table 1, were mixed, according to the instructions of
the supplier (20 ml of monomer and 40 g of powder).

Table 1 Composition of the studied material

Powder Composition by weight
Poly methyl methacrylate (p =1.1 g em™ ) 15%
Methyl methacrylate-styrene copolymer (p =1.1 gem™ ) 75%
Barium sulphate U. S. P. 10%
Initiator (probably benzoyle peroxide (Mw =242) (2018%7)
Liquid monomer Composition by volume
Methyl methacrylate (Mw = 100, p =0.936 gcm™ ) 97.4%
N,N-dimethy! para toluidine (Mw =135, p =0.936 g cm™ ) 2.6%
Hydroquinone (Mw = 110, p =1.332 gem™) 7515 ppm

Calorimetric analysis was carried out with a differential scanning calorime-
ter, Mettler DSC 30, operating with a constant nitrogen flow of 100 cm® min™".
The sample preparation (6-10 mg) was performed at 20°C using a constant
mixing time of 1.5 min. The overall handling time at 20°C, from the contact of
the monomer with the powder (i.e. with the initiator) to the beginning of the
DSC test was 2.5 min. The samples, weighed after each experiment, showed a
negligible loss of monomer (less than 0.2 mg).
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Fig. 1 Isothermal DSC curve obtained during polymerization at 10°C

Results and discussion
Initiation and inhibition

A typical DSC curve obtained for the studied materials at 10°C is presented
in Fig. 1. The delay in the DSC signal represents an induction time (#;), a rele-
vant parameter from a processing point of view, associated with the reaction
between initiator and inhibitor (hydroquinone) [13]. The amount of hydroqui-
none present in the cement is limited by its toxicity [1]. This reaction, started
during mixing, delays the onset of the polymerization reaction by a time interval
essential for the insertion of the cement and positioning of the prosthesis. For
the thermal decomposition of a peroxide, the kinetics can be described by an ex-
ponential decay as a function of time [2], r:

(1] = [lo]exp(-Kat) (1)

where (/] represents the concentration of initiator and Ky the kinetic constant.
When an amine-peroxide system is used, the reaction of one mole of peroxide
with one mole of amine leads to the production of one radical. Then, if
stoichiometric proportions are used, a second order reaction kinetics is ex-
pected:

N i
= Paka @)
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where [P] represents the concentration of peroxide or amine. The reaction be-
tween initiator radicals and inhibitor may be analysed following the treatment of
Fan and Lee [14]. If [L] is the concentration of initiator after all the inhibitor
has been consumed:

qlZo] = f[1] - [Iz]) 3)

where {Z,] and [],] are the initial concentrations of the inhibitor and initiator,
respectively and g and f their efficiencies. When [/]=[I;], the reaction starts
and an exothermal DSC signal is observed after an induction time, #;. By insert-
ing Eqgs (1-3), the following expressions are obtained:

Kdl‘i =[_ In (2 Io] - [Z:])jl (4)
21,
1 fIPo]
Kiti = -1 5
U’ol[ P - q[Z,]) } ®

The factor 2 in Eq. (4) takes into account that the thermal decomposition of
a peroxide produces two active radicals while the amine-peroxide reaction pro-
duces only one active radical. The induction time is the only macroscopic
parameter representative of this reaction that can be detected by DSC. Hence,
from these expressions, the kinetic constant of the initiation reaction may be
calculated.

Furthermore, the temperature dependence of £ may be used for the calcula-
tion of the activation energy (E4) of the initiation reaction:

t; = 1/[Kuexp(-Eo/RT)] (6

where K is a function of the pre-exponential factor (Ka,), the initiator and in-
hibitor concentration and their efficiencies.

In non-isothermal conditions the induction time may be calculated as the
sum of the contributions in each isothermal temperature step. Then the non-iso-
thermal induction time may be calculated by:

Y
= JKL,- exp(— %)d‘ M
0

where © is a dimensionless parameter ranging from 0 to 1. The value ¢ = at
which ® =1, represents the induction time calculated in non-isothermal condi-
tions. The induction times, measured in different isothermal DSC experiments
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were corrected for the sample preparation time using Eq. (7) in a simple two-
temperature step case: at 20°C the handling time (fi) and the delay of the onset
of reaction measured by DSC were summed in order to obtain the true #. The
ratio between #, and # at 20°C was used to correct the induction times observed
at the other temperatures. Experimental induction times and the results yielded
by Eq. (6) are compared in Fig. 2. The parameters of Eq. (6) are listed in Ta-
ble 2.
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Fig. 2 Temperature dependence of the induction time measured in isothermal DSC experi-
ments

Table 2 Parameters of the kinetic model

Parameter Value Parameter Value
InKy/s™ 25.71 InKso/1 mol™'s™ 21.78
(Ea RY/K 9223

n 0.7 a —0.1336
m 0.86 B/K™ 0.00307
InK,/s™ 18.8 (EJR)IK 6600

The measurement of the induction time may be used for the calculation of
the constant Ky as a function of the temperature using Eq. (4) or Eq. (5) once g
and f are known. In the studied case, assuming that g and f assume about the
same values before the propagation reaction starts and that the amine and per-
oxide are present in a stoichiometric ratio, Eq. (5) is applied to the calculation
of K4, using the DSC values of the induction time. The temperature dependence
of K is shown in Fig. 3 and the parameters in Table 2.

J. Thermal Anal., 47, 1996
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Fig. 3 Temperature dependence of the kinetic constant of the initiatar decomposition, Ky

Propagation and termination

DSC measurements may be used for the determination of the advancement
of the polymerization by assuming that the heat evoived duriag the poiymeriza-
tion reaction is proportional to the overall extent of reaction given by the
fraction of reactive groups consumed. Following this approach the degree of re-
action, a., is defined as:

o = Q()/Qat (8)

where Q(2) is the partial heat of reaction developed during 2 DSC experiment
and Qux represents the maximum heat of reaction measured in a non-isothermal
experiment, taken as a reference values. The reaction rate, da/dt, is thus ob-
tained from the heat flow dQ/dt as:

da/dr = 1/Qu(dQ/dt) (9)

A value of Q.,=125J g’ is assumed as an average of the heats of reaction
measured in non-isothermal experiments. It must be noted that his value, if re-
ferred to the weight of MMA, is lower (375 J g”') than the theoretical heat of
polymerization of MMA (550 J g™"). This can be explained by assuming that
the liquid monomer is an oligomer rather then pure MMA, The use of an oli-
gomer reduces the heat of polymerization and hence the maximum peak tem-
perature in the cement.

4. Thermai Anai., 47, {996
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The kinetics of propagation is dominated by the autoacceleration effect. The
theoretical expression for steady state polymerization before autoacceleration
occurs is:

42 0-0) (10

In Eq. (10) kp and kt represent the kinetic constants of the propagation and
termination reactions. In accordance with Eq. (10), a first order kinetics should
be observed before autoacceleration occurs [9]. This behaviour is not detected
for the polymerization of the studied material. This result is in agreement with
the data of High et al. [9]. They measured the time to the onset of autoaccelera-
tion of MMA as a function of increasing amount of added PMMA to the
monomer up to a concentration of 30% by weight of polymer. The concentra-
tion of predissolved PMMA in monomer, capable of inducing autoacceleration
at zero time, obtained according to the data of High er al. [9] by an extrapola-
tion procedure, is equal to 63.4%. This value is very close to the concentration
of PMMA and copolymer PMMA-PS present in the studied bone cement.

Therefore the assumption of steady state condition in no longer valid, and
thus Eq. (10) cannot be applied. The rate of reaction can be expressed as a
function of the radical concentration, [R]:

£ = (1 - IR an

[R] is a function of the ratio of the rates of the initiation and termination reac-
tions. The rate constant of termination decreases in correspondence to the onset
of autoacceleration by 3 orders of magnitude, as reported by Sack ez al. [10].
On the other hand, the rate of initiation, depending essentially on the concen-
tration of initiator and its efficiency, presents a much lower decrease, at least at
the beginning of the reaction. Since the onset of autoacceleration occurs for
very low values of o, an apparent autocatalytic behaviour is detected at the be-
ginning of the reaction, as clearly shown by the shape of the DSC reaction peak
of Fig. 1. Equation 11 may be modified by introducing the dependence of the
rate of reaction on «;

d_a_ _ e
dr =k'(1 - a)a (12)

Although this expression has a functional shape similar to the DSC curves,
it predicts a final degree of reaction equal to 1. This is not in agreement with
the experimental data measured by DSC. In fact, the heat developed during iso-
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thermal DSC experiments (Q;) is lower than Q.., indicating that a residual re-
activity can be still developed. This result can be explained by taking into
account the effect of diffusion occurring at high degrees of reaction [2, 13, 15].
The glass transition temperature, continuously increasing during cure, may ap-
proach the isothermal cure temperature, strongly reducing the molecular
mobility. At this stage of the reaction, the transition to a glassy state (vitrifica-
tion) strongly affects the polymerization kinetics by reducing the mobility of
monomers and radicals whose efficiency goes to zero [10]. When the vitrifica-
tion occurs, the reaction becomes diffusion controlled and the termination step
of the polymerization is governed by this strong reduction in molecular mobil-
ity. Under these conditions, the kinetic constant of the propagation reaction, the
radical efficiency and, consequently, the overall rate of reaction decrease to
zero for a value of a lower than 1. This kinetic behaviour may be modelled us-
ing a simple pseudo-autocatalytic expression, obtained by modifying a kinetic
equation previously proposed for free-radical polymerization of unsaturated
polyester and acrylic thermosetting resins [5, 13]:

da/dt = Ko™ (ot — o0)" (1 — o) (13)

where m and n are positive fitting parameters not dependent on temperature,
and K is a single temperature-dependent rate constant given by an Arrhenius-
type equation:

K = K, exp(—E./RT) (14)

K., is the pre-exponential factor, R is the gas constant, E, the activation energy
and 7 the absolute temperature. In Eq. (13) the maximum degree of reaction,
Oy is introduced:

Qm = Qi/Oror (15)

The temperature dependence of a.,, shown in Fig. 4, can be well represented
by a linear relationship [13, 15]:

am=a+bT for T <Tymux; Om=1 for T > Ty (16)

When the temperature approaches the glass transition temperature (7;) of the
fully polymerized system (Tgmsx), @m=1. The fitting parameters a and b are
given in Table 2.

Introducting the term (an—a)®, Eq. (13) correctly predicts that the rate of re-
action goes to zero when a approaches the limiting value o,

The overall kinetic behaviour under isothermal conditions is studied by un-
coupling the initiator-inhibitor reaction and the polymerization reaction. The
induction time is calculated from the time =0 by Eq. (6) or (7), and sub-
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Fig. 4 Temperature dependence of the maximum degree of reaction obtained from isother-
mal DSC polymerization experiments
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Fig. 5 Comparison between kinetic model predictions and experimental degree of reaction
data under isothermal conditions

sequently the evolution of the degree of reaction is obtained by integrating
Eq. (13). Therefore the initial condition for Eq. (13) is given by:

t =t a=0 (17)
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data under non-isothermal conditions

The ability of the model to represent the polymerization kinetics of the stud-
ied bone cement at four polymerization temperatures is demonstrated in Figs 5
and 6. The values of the kinetic parameters of the model, evaluated by regres-

sion analysis, are listed in Table 2.
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In order to verify the model under non-isothermal conditions, the induction
time is calculated from Eq. (7). Equation (7), representing the reaction be-
tween inhibitor and initiator for the entire set of thermal conditions is integrated
before the propagation reaction starts (Eqs (13~17)). The numerical integration
of Eq. (7), performed using an explicit method, is performed taking t=0 in cor-
respondence to the contact between initiator and monomer, taking into account
the mixing and handling time. Comparison of experimental data with model
predictions under non-isothermal conditions is shown in Fig. 7. The good
agreement observed in Figs 5-7 indicates that the presented simple model can
be used to represent the described complex kinetic behaviour.

Integration of the kinetic model

The integration of Eq. (13) with the initial condition given by Eq. (17) is
performed using a second-order Runge-Kutta method.

However the integral of Eq. (13) cannot be obtained with the given initial
condition for every value of the parameter m. The analytical solution of
Eq. (13) could be obtained by separating the variables:

o t
da
= | Kdr
'([ a™(an - )(1 - o) '[ (18)
Under isothermal conditions the second term is easily integrated while the
first term cannot be analytically integrated. Nevertheless, in a small interval
close to t=#;, a goes to zero and in Eq. (18) the terms (1-a) and (a,—ot)" may

be approximated by 1 and ax, respectively:

e =Kah (1 - 1) (19)

o =R
[=%

Q

The analytical integration of the first term for m#1 leads to:

1 I-m * _ ne, o
{ = m a ] = Kom(t - 1) (20)
0

This integral may be calculated at the point where a.=0 only if m is lower
than 1. For m >1 the first term goes to infinity at a=0. The case of m<0 must
be excluded in order to keep Eq. (13) suitable for the modelling of the observed
pseudo-autocatalytic behaviour. For m=1 the integral of Eq. (19) is:

(Ina]® = Kon(t - £) (21
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In this case, the first term goes to infinity at o =0. This analytical treatment
is confirmed by the results of the numerical integration (reported below) per-
formed don Eqs 13—17 under isothermal and non-isothermal conditions.

The numerical integration of Eq. (13) with the initial conditions given by
Eq. (17) is obtained using a second-order Runge-Kutta method. However, after
the induction time is consumed according to Eq. (7), Eq. (13) must be inte-
grated by calculating a value of a0 for the first time interval. Before starting
with the integration of the model this value is determined for a time interval, Ar,
using the following routine: a tentative small value of o; (10™ or s0) is assigned
to a and a first value of the degree of conversion oz is calculated according to
the following iterative routine repeated for i=1 to n.:

(da/dt); = o) (22)
Qi = (do/de);AL (23)
At each step the convergence of the routine is checked for a given tolerance E:

G~ %) g (24)
Q;

If the error is higher than E, the cycle is repeated by increasing i by one unit,
otherwise the routine is arrested for i=n. and the initial value, oy, is assumed
for the subsequent Runge-Kutta method. In practice, convergence is obtained if
the function o(¢) may be considered linear, within an error E, between ¢t=¢; and
t=t+At. In Tables 3-5 the effect of different values of a,, E and At on the con-
vergence values, O, is presented. The values reported in these tables are cal-
culated using the parameters of Table 2 at a constant temperature of 20°C. As
shown in Table 3, the use of different initial values of a; has no effect on o,.
A decrease in E is reflected in lower values of o, converging toward a constant
value (Table 4). As can be expected, as shown in Table 5, a.. is significantly af-
fected by Ar. The convergence of the routine to a finite value o, is obtained
only for O<m<1 as predicted by Eqs (20-21).

Table 3 Effect of oy on the convergence value ot (E =107, Ar =0.2 s and T =20°C)

(¢ 7] Olne

107 7.43-107'®
107 7.43-107"®
1078 7.43.107'8
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Table 4 Effect of E on the convergence value oty (0 = 10“3, At =0.2 s and T =20°C)

E Ot
107 1.10-107"
107 7.70-107'®
102 7.45-107'8
107 7.43-107'8
107 7.43-107"®

Table 5 Effect of A7 on the convergence value an (0t = 103, E=10"and T =20°C)

A Ol
0.002 3.86-107™
0.02 5.36:107%
0.2 7.43-107"®
2 1.04-107°

20 1.40-107

Conclusions

In this work the reactive behaviour of an MMA based commercial bone ce-
ment was studied. The reaction kinetics is analysed using a simple
phenomenological model accounting for the effects of autoacceleration and vit-
rification on the propagation and termination steps of the polymerization,
respectively. The presence of the inhibitor is taken into account by introducing
a characteristic time for the reaction between initiator and inhibitor (the induc-
tion time) that can be detected in DSC experiments. The induction time is
applied to a rough evaluation of the kinetic constant of the decomposition of the
initiator. A good agreement was found between experimental data and model re-
sults under isothermal and non-isothermal conditions. The analytical and
numerical details related to the integration of the model are discussed, high-
lighting the limits for the parameter m related to the imposed initial condition.
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