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Reaction kinetics and heat transfer studies in thermoset resins
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Abstract

The differential scanning calorimetry technique is used to study the polymerization kinetics of thermoset resins (bone cement), both
under isothermal and dynamic conditions. A phenomenological kinetic model, which takes into account the diffusion effect, is proposed.
The model, coupled with an energy balance, is used to predict the fractional conversion, the conversion rate and the temperature profile for
different thicknesses of the resin. In isothermal conditions, the conversion is less than 1, giving proof of the presence of unreacted monomer
in the resin. The results obtained under dynamic conditions indicate that the resulting temperature increase is responsible for the higher
conversion and a better cure of the resin. Bone cement is intended for use in filling the gap between bone and metal prosthesis. For such
cases, we have also noted that the prosthesis absorbs much heat and effectively cools the resin, whereas bone does not support a strong
temperature elevation and is only locally in contact with hot cement at the bone—cement interface, and for a short time period. In this
respect, the proposition of a workable model for cement polymerization may help in determining proper limits for cementation techniques.

© 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Acrylic resins, also called bone cement, are used for the
fixation of joint prostheses to bone and for the repairing or
prevention of bone fractures [1-5]. The pharmaceutical
originality of bone cements lies in their use as drug carriers
and as chirurgical material.

The production of bone cements consists of three steps:
mixing of the solid and liquid phases (concentrated suspen-
sions are obtained), gel formation and polymerization of the
monomer. The solid phase includes poly(methylmethacry-
late) beads, benzoyl peroxide (initiator), and radio-opaque
substances like zinc oxide, zirconium dioxide and barium
sulphate. The liquid phase contains the monomers: methyl-
methacrylate (MMA) and butylmethacrylate (BMA), and
the accelerator, N,N-dimethylparatoluidine (N,N-DMPT).
When the two phases are mixed and placed in situ with a
syringe during the implantation of arthroprostheses, N,N-
DMPT provokes the decomposition of benzoyl peroxide into
free radicals, which initiate the polymerization reaction and
the formation of entangled polymer chains.

*Corresponding author.

The major problem involved with the cement is the heat
generated during the polymerization [1-6]. The high local
temperatures, reached due to the exothermic chain propaga-
tion reaction, have a deleterious effect on living cells and
extracellular matrices. Such denaturation reactions lead to
necrosis of adjacent tissues. In spite of such disadvantages,
acrylic bone cements are still used because of their good
mechanical properties and convenient handling character-
istics.

The polymerization of thermoset resins implies the trans-
formation of the suspension into a glassy solid (vitrification)
as a result of a chemical reaction. Vitrification may strongly
affect polymerization kinetics, causing the reaction to stop.
In these conditions, the reaction becomes diffusion-con-
trolled and the termination step is governed by the reduction
in molecular mobility.

In this paper, isothermal and dynamic cure for the resin
are described. In the first part, the reaction kinetics are
analyzed by differential scanning calorimetry (DSC).
DSC data are used for the quantitative determination
of fractional conversion and conversion rate during the
polymerization in isothermal and dynamic conditions. A
kinetic model derived for thermosetting systems is pre-
sented.

1385-8947/99/$ — see front matter © 1999 Elsevier Science S.A. All rights reserved.
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This kinetic model is coupled with an energy balance in
order to predict the temperature profile across the prosthesis,
bone and resin, and the monomer conversion during the
dynamic polymerization.

Temperature and fractional conversion reaction profiles
are calculated as a function of setting time, taking into
account the heat rate generated by the polymerization
reaction, the system’s geometry, the thermal conductivity
of bone and prosthesis, and the variation of the thermal
conductivity of the resin. Contrary to the results published in
the literature [5-7], the variation of the heat capacity with
the temperature and the conversion are considered and were
introduced in the heat transfer equations.

Kinetic and heat transfer models were coupled and the
system was solved by implementing a numerical method.
The effects of the resin thickness and the initial cure
temperature on the temperature and the extent of reaction
profiles across the resin were investigated. The proposed
model and the results obtained may, thus, help in determin-
ing the limits for cementation techniques.

2. Materials and methods

Samples used in this study were obtained by mixing solid
and liquid components of commercial SULFIX-6. The
liquid phase is composed of the monomers, methylmetha-
crylate (16.08 g), butylmethacrylate (2.84 g) and N,N-
dimethyl paratoluidine (0.38 g). This phase is stabilized
with hydroquinone monomethylether (0.544 mg).

The solid phase contains 42.38 g of poly(methylmetha-
crylate) powder characterized by a mean size d, = 60 um
and an average molecular weight M = 360000 g/mole,
benzoyl peroxide powder (0.8 g) with a mean size
d, <1 um, hydroquinone and 4.76 g of inorganic radio-
paque component (Zirconium dioxide, d, < 1 um).

DSC was used for the study. The DSC analysis was
carried out with a SETARAM DSC 92 operating with a
constant nitrogen flow of 100 cm*/min in the temperature
range between 0°C and 250°C. The measurements were
performed at 5°C/min, in both isothermal and non-isother-
mal mode on 8—11 mg samples. DSC measurements were
carried out three times for each sample and data obtained
were identical provided the same amount of components
was weighed for each run.

In order to measure the temperature rise inside the
cement, the suspension containing the polymer, the mono-
mer and zirconium dioxide was introduced in a teflon
insulated cylindrical reactor of 7 cm® (Fig. 1). The tem-
perature was given by a thermocouple. The reproducibility
of the measured temperatures inside the cement was
checked for three runs.

3. Polymerization kinetics

A typical thermogramme obtained with a reacting mix-
ture described in Section 2 at 25°C is reported in Fig. 2,
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Fig. 1. Schematic experimental setup.

where the delay in the DSC signal represents the induction
time #, which is associated with the reaction between the
initiator and the inhibitor [8,9].

The induction time #; may be considered as the only
detectable macroscopic parameter representative of the
inhibitor—initiator reaction. It shows the following tempera-
ture dependence:

1

=Ko x exp(—Ea/RT) M

The induction times, determined in different isothermal
DSC experiments are represented in Fig. 3. The activation
energy E, and the pre-exponential constant K, were calcu-
lated and are reported in Table 1. These values are compar-
able to data found in the literature for similar materials [5—
7,10,11].

DSC measurements may be used for determining the
progress of curing by assuming that the heat evolved during
the polymerization reaction is proportional to the overall
extent of reaction given by the relative fraction of reagents
consumed. Following this approach, the degree of reaction,
«, 18 defined as

o= Qis (t) (2)

Qtot

where Q;; (7) (kJ/g) is the partial heat of reaction released at
time ¢ during an experiment carried out in isothermal
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Fig. 2. Isothermal DSC thermogramme obtained during polymerization.
T = 25°C, volume concentration of solids ¢ = 0.4.
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Table 1
Parameters obtained from calorimetric measurements

a (kJ/g) b (kJ/g) c d X Ko (s™h E, (kJ/mol) Quor (KI/)
0.004 0.002 —4.666 0.0168 476 x 10° 71.41 0.152
638 Ois(t) =a+0bT “)
6.6 a where T is expressed in °C.
A good agreement between predictions by this equation
6.4 and experimental data is observed using the parameters
listed in Table 1.
£ 40l Qo has been determined from scanning experiments (20—
= 180°C) and found to be equal to 0.152 kJ/g.
6.0 The heat released during isothermal experiments is lower
o than Q. found for a total conversion, indicating that
5.8 unreacted monomer is still present. Therefore, at any tem-
perature, the maximum degree of reaction, ay,, is expressed
5.6 by
Qis
O = )
AT T ' " Orot
0.0031 0.0032 0.0033 0.0033 0.0034
p— The temperature dependence of the maximum conversion

Fig. 3. Isothermal induction time vs. temperature.

conditions and Qy (kJ/g) represents the maximum heat of
reaction measured by DSC. The reaction rate, da/dt, is given
by

da 1 (dQ
dt Qe \ dt /

The isothermal heat of reaction Q;,(f) (for t = 20 min)
shows a linear dependence on the cure temperature as given
in Eq. (4), and illustrated in Fig. 4.
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Fig. 4. Temperature dependence of the isothermal heat of reaction at
¢ =04

of monomers, o, shown in Fig. 5 is linear as has also been
observed for other systems [6,12,13]

(6)

where T'is expressed in K. Parameters ¢ and d are reported in
Table 1.

a=c+dT

3.1. Kinetic modelling

The most common kinetic model with an empirical nth
order reaction is represented by the following equation:
da
— =K(l —a)"
5 = Kl-a
where 7 is the reaction order, « the degree of reaction and K
is the temperature-dependent kinetic constant defined by

(7
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Fig. 5. Variation of monomer conversion with temperature.
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Eq. (8)

K = Ky exp (%) ®)
where K, (sfl) is the pre-exponential factor, E, (kJ/mol) the
activation energy (see Table 1), R (kJ/mol K) the gas con-
stant and 7 (K) the absolute temperature.

For radical polymerization initiated by thermal decom-
position of an initiator, the kinetic equation is given by

d 2\
d—‘f—w(%) x(1 - a) ©

where k., ki, and k; represent the kinetic constants of
propagation, initiation and termination reactions, f the
initiator efficiency and [/ the initiator concentration.

This equation is valid only for constant temperatures in
steady state conditions [14] and low monomer conversions
(v < 0.20). However, polymerization reactions are charac-
terized by the effect of the diffusion of the reagents occur-
ring for high conversions that is due to the increase in
viscosity of the reacting mixture (gel and glass effects).
These effects are particularly important for MMA polymer-
ization. Many complex models have been reported in the
literature for the polymerization of MMA [15]. Since the gel
and glass effects cause a decrease of k; and &y, as the reaction
is in progress, these kinetic constants may be considered
dependent on the degree of reaction as follows:

ko= kla™? (10)
ke = Kyg(0m — )" (n

where o, is the maximum monomer conversion at a given
temperature T. Therefore, taking into account the change of
kpr and k with conversion Eqgs. (10) and (11), the polymer-
ization rate equation is the following:

E:KXQA(am—a)B x (1 —a) (12)

Eq. (12) was solved using a classical Runge—Kutta Mer-
son numerical method. The required initial conditions are
the degree of reaction at time zero, and the temperature
range. The parameters of Eq. (12) have been identified by
fitting the model with experimental data, so the equation
becomes:

da 9 —8582
d—t—4.76 x 10 exp( T )

x a'7(0.0168T —4.666 — )™ x (1—a)  (13)

The experimental DSC data obtained in isothermal con-
ditions and the model predictions reported in Figs. 6 and 7
are in good agreement.

From the experimental kinetic curves (Fig. 6) obtained at
20°C, 25°C, 30°C and 40°C, the maximum rates of con-
version have been found equal to 0.24, 0.39, 0.43 and 0.6
respectively. These values, lower than 1, give the proof of
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Fig. 6. Conversion vs. time: comparison between kinetic model predic-
tions and experimental data at several temperatures in isothermal
conditions.

the presence of unreacted monomer in the cement. Indeed,
residual monomer can cause, in part, the toxicity of the bone
cement.

The unreacted monomer can be polymerized by heating
the cement at temperature up to 130°C as shown in Fig. 8.

The DSC analysis of the cement allows the calculation of
the degree of conversion during curing, and the conversion
rate at different temperatures using the heat flow of the
polymerization reaction. Also, the kinetic study has shown
the presence of unreacted monomer by heating the sample
further after an isothermal polymerization experiment.
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Fig. 7. Reaction rate vs. time: comparison between kinetic model
predictions and experimental data at several temperatures in isothermal
conditions.
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Fig. 8. Comparison between kinetic model predictions and experimental
data conversion vs. time: non-isothermal conditions.

Finally, experimental data and model predictions in iso-
thermal conditions show a good agreement (Figs. 6-8).
Thus, the model Eq. (13) can be used to predict the curing
kinetics of bone cement, and it has been introduced in the
relation established to stimulate the heat transfer in the
cement and around it (bone and prosthesis) as shall be
presented in the next section.

4. Heat transfer
4.1. Simulation

The exothermic nature of the polymerization reaction
induces heat generation in the material during curing. For a
thick layer, all the heat cannot be dissipated fast enough to
maintain isothermal conditions. The material properties and
the polymerization conditions determine whether the high-
est temperature is in the core, at the skin or at an inter-
mediate position in the composite thickness. Fig. 9 shows

MProslhcsis
I Q-I—-——-—- cement
P

|
{ r—-—-—g—bene

RcRb

R

Fig. 9. Sketch of the geometry of the system used for the simulation of
heat transfer

the geometry of the composite and its environment which
was considered for calculation. The temperature profile
within the material can be calculated by solving an energy
balance coupled with an appropriate expression for the cure
kinetics [5-7,16,17]. The energy balance equations (cylind-
rical geometry) for the bone, cement and prosthesis coupled
with the kinetic expression are given by:

or 1 oT T
ppxCppr:)\prx%—i—)\po
0<R <R (14)
or 1 oT o*T do
pCchcXE:)‘cxﬁxﬁ+)\cx—aRlz+pca
R, <R <R, (15)
or 1 0T o’T
prCprEZ)\bXﬁXW—F)\me
R. <R <Ry, (16)

where dQ/dr is the rate of heat generation due to the reaction
in the cement and defined as follows:

o da
P Orot <E> 17

da/dt is the reaction rate given by Eq. (12).
These equations are valid for the following assumptions:

Heat is dissipated only in the radial direction (R’ axis).
. Mean densities and thermal conductivities of bone and
core are used and no variation of these properties as a
function of the temperature and/or degree of reaction is
considered. These values are reported in Table 2.

[N

4.1.1. Determination of the heat capacity of the
cement

Bailleul et al. [18] have shown the dependence of the heat
capacity of the composite Cp, with the temperature and the
conversion in non-isothermal conditions. In their approach,
the fraction of cured sample, «, is taken into account (from
a = 0to a = 1). Thus, they define the heat capacity of the
composite as

Cp. = Cp(a, T) = Cpy(T) x a4 Cpy(T) x (1 —a)
(18)

where Cpy(7) is the temperature dependent heat capacity per
unit of mass of the unreacted fluid mixture and Cp,(7), the

Table 2

Parameters for Eqgs. (14) and (15) and Eq. (16)

Parameter Prosthesis Cement Bone

A (W/m K) 10.3 0.17 0.43
Cp (kl/gK) 500 Cp.” 1250
p(kg/m?) 7800 1100 1700

* The determination of the heat capacity (Cp,) of the cement is discussed
in Section 4.1.1.
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Fig. 10. Heat capacity as a function of temperature for a =0 and
a=1

heat capacity per unit of mass of the cement (transformed
mixture).

Cpo(T) = A + BT (19)

Schematically, the heat generated within the sample is
composed of two terms [18], the first takes into account the
conductive heat and the second, the exothermicity of the
reaction:

dr da
t)=-mCy, — AH — 20
The last term is equal to zero for « =0 and o = 1
As the reaction is irreversible, the heat capacity of the
transformed material Cp, is easily determined by DSC and
depends on temperature as:

Cp(T) =A1 + BT 1)

Results obtained for Cpo(7T) and Cp,(7T) are represented in
Fig. 10.

Contrary to the results published in the literature [5-7], a
significant variation of the heat capacity as a function of
temperature and conversion is observed with the system
examined. Data also show that the heat capacity of the
unreacted mixture is higher than that of the composite. This
trend was also observed by Bailleul et al. [18,19]. Therefore,
the variation of C, with temperature must be taken into
account when solving the energy balance.

4.1.2. Solving of the heat transfer equation
Dimensionless numbers have been introduced to solve the
set of thermal equations:

= (T — TO)/(Tref — T()), where T() =20°C is the tem-
perature of the cement at t =0, and T = 37°C, the
temperature of the bone.

e r=R'IR,.

The boundary conditions are:

o At1=0, T;pe =20°C and Ty, = 37°C.
e For r=0, 0T/OR' = 0.

The kinetic equation given by Eq. (13) is introduced in
the heat transfer equation and the energy balance is solved
using a finite-difference method, according to the semi-
implicit schema of Crank-Nicholson [20,21]:

k+1 _ k1
A ( i 0 _ ot — 0?+11)

2Ar Ar Ar
L (Bt 0
2Ar Ar Ar
k1 K k+1 k
k1T =0 1o — oy
PCp; Ar _p(Qtol)i < At ) (22)

This numerical method takes into account the non-line-
arity of the kinetics and heat equations.

4.1.3. Simulation results and discussion

The results presented in this section were obtained with
the composite containing zirconium dioxide as filler. The
thickness of the different layers: prosthesis, cement and
bone and the initial and boundary conditions are mentioned
in the previous section.

As the cement has a poor conductivity, the effect of its
thickness has been investigated. Figs. 11 and 12 give the
results obtained from simulations, showing respectively, the
temperature evolution and the degree of reaction as a
function of the cure time at the bone—cement interface.

The effect of the temperature variation through the var-
ious layers is clearly shown. A very high rate of generated
heat, coupled with the thermal conductivity causes a strong
temperature increase in the cement. Because of a higher
temperature in the part closer to the cement—bone interface,
the rate of the cement curing is faster than in the cement
which is in contact with the prosthesis (at 7= 20°C) where

70 T T T T r T T T T

Temperature, °C

10 ) . ) ) L 1 . . L
0 150 300 450 600 750 900 1050 1200 1350 1500

Time, s

Fig. 11. Temperature vs. cure time at the bone—cement interface for
different layer thicknesses. Initial boundary condition 7, = 20°C.
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Fig. 12. Conversion vs. cure time at the bone—cement interface for
different layer thicknesses. Initial boundary condition 7, = 20°C.
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Fig. 13. Simulation of the temperature profiles across prosthesis, bone and
cement at different time intervals.

the cure follows kinetics which is governed by isothermally
imposed temperatures.

When the balance between heat generation and thermal
conductivity is obtained, the temperature profile reaches a
maximum. The highest temperature is reached on the skin of
the restoration as a consequence of the poor heat dissipation
at the interface with air in the cavity.

Fig. 11 also shows that the reaction starts simultaneously
at every point across the cement thickness, determining a
peak temperature at the bone—cement interface of about
60°C, while, in the core of the layer, the temperature is
higher than 120°C (Fig. 13). The metal of the prosthesis acts
as an effective heat sink and prevents temperature elevation
in the cement at a distance of up to 2 mm from the
prosthesis—cement interface. The temperature elevation
inside the prosthesis remains negligible. It must be noted
that the high temperature reached inside the cement leads
to a final degree of reaction close to 1 (Fig. 8). For this
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120+ ® Hydroxyapatite 4
L) =
-2 0=0.4
1 " m
5 100 2 'S ]
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g‘ 80 " )
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. "
.A.A.A
" a
40 [ L2, T
) Aaa,
£ foa
20 .y L ' ! L ' s P
0 500 1000 1500 2000 2500 3000 3500 4000

Time, s

Fig. 14. Experimental temperature variation with time in the composite
for different fillers and with a constant solid concentration.

reason, the average value of « for the whole cement at the
end of the polymerization is, indeed, higher than that shown
in Fig. 12.

Some authors [5—7] have pointed out that the temperature
threshold for thermal tissue damage is in the range of 50°C
to 60°C, depending on the exposure time. At 60°C, cell
necrosis occurs with an exposure time between 30 and
400 s. However, if a too high temperature increase is detri-
mental for the tissues in contact with the cement, it has a
positive effect by enabling to reach a higher rate of con-
version.

Briefly, an increase of the cement thickness affects the
exposure time at the highest temperature rather than the
maximum value of the temperature at the bone—cement
interface. According to the polymerization mechanism
described in Section 3, minimizing the peak temperature
and maximizing the degree of reaction are two objectives
that cannot be achieved simultaneously.

4.2. Experimental results

The results presented in this section are obtained from
experiments carried out in a cylindrical reactor (Fig. 1)
containing PMMA powder, MMA and ZrO, or hydroxya-
patite, initiator and N,N-DMPT. When polymerization
occurs, the system is characterized by an important heat
generation in the composite (Fig. 14).

The maximum temperature determined experimentally
is around 120°C, as predicted by simulation. Nevertheless,
the conditions used in experiments and in the model
calculations are not comparable. In fact, the cyclindrical
reactor is insulated and does not exchange heat with the
exterior environment, contrary to the case of bone
repair where the heat is transferred from the cement
to the bone and the prosthesis. However, if we consider
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only the temperature reached inside the cement, a good
agreement between the model and experimental data is
obtained.

5. Conclusions

The polymerization kinetics of a mixture to produce a
commercial thermoset resin charged with inorganic parti-
cles was investigated by Differential Scanning Calorimetry
in isothermal and dynamic conditions. This technique has
allowed the determination of fractional monomer conver-
sion and conversion rate during the polymerization for
different temperatures.

A phenomenological kinetic model, which accounts for
diffusion effects, is proposed for the curing reaction. The
model, which predicts the monomer conversion with time, is
in good agreement with experimental data.

Under isothermal conditions the conversion « is less than
1 due to the presence of unreacted monomer in the resin.
However, the results obtained under dynamic conditions
indicate that the temperature increase is responsible for
higher conversion and better cure of the resin. Therefore,
the high temperature reached by the resin is required to
guarantee complete polymerization and good functional
properties, despite the undesirable side effects such as
thermal denaturation of proteins and osteonecrosis. In fact,
in acrylic bone cementation technique, isothermal condi-
tions are not achieved; the reaction is exothermic and the
temperature rise in the composite will depend on time and
space. Bone cement is generally used to fix a prosthesis in a
bone. So, we have considered that three layers make up the
system: the prosthesis, the cement and the bone and we have
assumed a cylindrical geometry. After introducing the
cement and the prosthesis in the bone, heat is generated,
due to polymerization reaction, and heat transfer in the
different layers has been modelled. The model has been
established from the energy balance in the bone, the
cement and the prosthesis which leads to a set of differential
equations. These equations were coupled with the
reaction kinetics and solved using a finite difference
method according to a semi implicit schema of Crank—
Nicholson. Simulation results give the temperature profiles
across the bone cement and the prosthesis. The model can
also predict the variation of temperature and monomer
conversion with time at the bone cement interface for
different cement layer thicknesses. So, we have noted that
the prosthesis absorbs much heat and effectively cools the
resin, whereas bone does not suffer a strong temperature rise
and is only locally exposed to hot cement at the bone-
cement interface, and for a short time period. Results
obtained from the simulation are in agreement with experi-
mental data.

The proposition of a workable model for cement poly-
merization may help in determining proper limits for
cementation techniques.

6. Nomenclature

Ap, By constants for Eq. (19)

A, By  constants for Eq. (21)

Cpo heat capacity per unit of mass of the cement
(kJ/kg K)

Cp: heat capacity of the polymerized cement
(kJ/kg K)

Cp. heat capacity of the cement (kJ/kg K)
Cpp heat capacity of bone (kJ/kg K)

Cpp heat capacity of the prosthesis
(kJ/kg K)

E, activation energy (kJ/mol)

f initiator efficiency

AH molar enthalpy of the reaction (kJ/g)

1 initiator concentration (mole/l)

k; kinetic constant of initiation (sfl)

kor kinetic constant of propagation (I/mol s)

k; kinetic constant of termination
(1/mol s)

Ky pre-exponential constant (s~ ')

K kinetic constant of the global reaction
!

o) heat of reaction (kJ/g)

r dimensionless radius

R gas constant (kJ/mol K)R', radius of the bone
layer

R’y radius of the prosthesis layer

R, radius of the cement layer7 temperature
(K)

Trer reference temperature (K)

« fractional conversion

b thermal conductivity of the bone (W/m K)

A thermal conductivity of the cement (W/m K)

Apr thermal conductivity of prosthesis (W/m K)

b density of the bone (kg/m®)

De density of the cement (kg/m3)

Ppr density of the prosthesis (kg/m®)

0 dimensionless temperature

t; isothermal induction time (s)

Subscript

b bone

c cement or resin

g glass transition

i initiation

is isothermal

m maximum

n reaction order

P prosthesis

pr propagation

ref reference

t termination

tot total
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