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1. Introduction

The expandable pattern casting (EPC) or lost foam casting (LFC)
is an economic and most widely used method to produce com-
plex metal parts, in which the liquid metal displaced of refractory

coated expandable foam patterns by means of thermal degradation.
The LFC process is widely employed by the automotive industry
for making engine components. Aluminum and iron casting are
the most common; however, magnesium casting could be a poten-
tial replacement in high temperature applications because of its
improved strength-to-weight ratio [1].

In this method the cast is made of expanded polystyrene (EPS) or
styrene-methyl metacrylate (St-MMA) copolymer foam. Lost foam
patterns are attached to a gating system and then a thin layer of
refractory coating material is applied to the entire assembly. After
the coating has been completely dried, the foam pattern is entirely
imbedded in unbounded sand in the vented container. During the
sand pouring cycle, vibration is applied to the flask to compact the
sand [2].

This technology has different advantages compared to con-
ventional casting methods in which the cast is made of EPS in
aluminum casting or expanded methylmetacrylate-styrene (MMA-
St) copolymer in iron casting [2]. Lustrous carbon defects are
reduced in iron casting by using MMA-St copolymer foam com-
pared to EPS. Thermal decomposition of polystyrene (PS), EPS and
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polymethyl methacrylate (PMMA) has been considered in some
researches. In the virgin PS and EPS, the chain scission (depoly-
merization) is the main thermal degradation mechanism which
produces styrene monomer, dimer and trimer, through an intra-
chain reaction [1,3]. The detectable product in PMMA thermal
degradation, is monomer that strongly indicates a depropagation
(unzipping) mechanism [4,5]. Furthermore the thermal degra-
dation of PMMA has been studied under nitrogen and oxygen

atmospheres in which the stabilizing effect of oxygen on the ther-
mal degradation of PMMA has been reported [6]. The mechanism of
thermal decomposition of MMA-St copolymer foam has not been
considered so much before. In this work, the thermal degradation
kinetics of MMA-St copolymer and EPS lost foams are investigated
and compared.

Thermal gravimetric (TG) method has been extensively used
for such studies. Experiments are usually performed under non-
isothermal conditions. Several techniques are commonly used
in the study of pyrolysis kinetics based on TG analysis. Iso-
conversional methods are reliable techniques which determine
the activation energy at fixed conversions [7]. Some different
kinetics models have been used for estimating the kinet-
ics parameters of different polymers and copolymers [8–14].
Reaction mechanism fitting method which can provide some
information on the reaction mechanism of pyrolysis [15,16],
is used through the determination of the apparent activa-
tion energy. In this study, the activation energies of lost
foam copolymer have been calculated using Flynn-Ozawa-Wall
[17,18] method and compared with those for EPS. Further-
more the isokinetic relationship (IKR) was used to estimate a
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model-independent pre-exponential factor for each degree of con-
version.

2. Theoretical background

The pyrolysis rate which is dependent on the time, temperature
and mass change of the sample is defined as:

d˛

dt
= k(T)f (˛) (1)

where ˛ is the degree of conversion and commonly defined as; ˛ =
(w0 − wt)/(w0 − wf) in which w0, wt and wf are the initial, actual
and final weight of the sample, respectively; t is the time, f(˛) is
the differential conversion function (kinetics model) and k(T) is the
temperature dependent rate constant, which can be expressed by
the Arrhenius equation:

k = Ae−E/RT (2)

where E is the activation energy (J/mol), A is the pre-exponential
factor (s−1) and R is the gas constant (8.314 J/mol K). The kinet-
ics analysis of non-isothermal data is generally performed by the
following equation [19]:

d˛

dt
= ˇ

d˛

dT
= Af (˛) exp

(−E

RT

)
(3)

where, ˇ (ˇ = dT/dt) is the constant heating rate.
Rearrangement of Eq. (3) gives the following relationship for
non-isothermal degradation corresponding to the given conver-
sion:

g(˛) =
∫ T˛

0

d˛

f (˛)
= A˛

ˇ

∫ T˛

0

exp
(

− E˛

RT

)
dt (4)

At non-isothermal condition:

1
ˇ

∫ T˛

0

exp
(

− E˛

RT

)
dT − 1

ˇ0

∫ T˛,0

0

exp
(

− E˛

RT

)
dT = 0 (5)

where T˛ and E˛ are experimental values of the temperature and
activation energy, respectively corresponding to a given conversion
at heating rate of ˇ. T˛0 found as a solution of Eq. (5) is a temperature
at which a given conversion will be reached at an arbitrary heating
rate, ˇ0. Solving Eq. (5) for different conversion, dependency of ˛ on
T at an arbitrary heating rate can be predicted and the experimental
data are simulated in this way [7,20].

2.1. Flynn-Wall-Ozawa method

This integral method is an iso-conversional method in which the
activation energy is estimated without the knowledge of reaction

Table 1
Reaction mechanisms to represent the solid-state process [7,15,16]

Model Symbol

Nucleation and nuclear growth
Mapel unimolecular law A1
Avrami–Erofe’ev equation A2
Avrami–Erofe’ev equation A3
Avrami–Erofe’ev equation A4

Diffusion
Parabolic law D1
Valenci equation D2
Jander equation D3
Brounshtein–Ginstling equation D4

Phase boundary controlled equation
One-dimensional movement R1
Contracting area R2
Contraction volume R3
a Acta 474 (2008) 72–77 73

model. This method is useful for the kinetics interpretation of the
TG data obtained from complex reactions. From Eq. (3) and Doyle
approximation [21], the result of the integration is:

ln ˇ = ln
(

AE

R

)
− ln g(˛) − 5.3305 − 1.052

(
E

RT

)
(6)

This equation generates a straight line when ln ˇ is plotted
against 1/T for iso-conversional fractions. The slope of the line
will be equal to −1.052(E/R) during a series of measurements with
different heating rates at a fixed degree of conversion. If the deter-
mined activation energy changes with increasing of conversion,
the existence of a complex reaction mechanism can be concluded.
Otherwise a simple-step reaction may be occurred during pyrolysis.

2.2. Analytical model fitting method

To study the degradation mechanisms of the samples, in Eq. (4)
various expression of differential, f(˛), and integral, g(˛), forms of
the different solid state mechanisms have been proposed [7,15,16]
(Table 1) and several analytical models have been used to estimate
the Arrhenius parameters. One of such models is Coats–Redfern
equation [22]:

ln
g(˛)
T2

= ln
[

AR

ˇE

(
1 − 2RT

E

)]
− E

RT
(7)

Considering that ln(1 − 2RT/E) → 0 for Doyle approximation [21],
Eq. (7) is written as:
ln
g(˛)
T2

= ln
(

AR

ˇE

)
− E

RT
(8)

Inserting different forms of g(˛) into Eq. (8), results in a set
of Arrhenius parameters. The linear plot of ln[g(˛)/T2] versus 1/T
makes it possible to determine E and ln(A) from the slope and inter-
cept of the graph, respectively. It has been shown in some articles
that the analytical model fitting method is unreliable and tends to
yield meaningless kinetic parameters [7,23,24]. Furthermore, the
solid state reactions are sensitive to many factors which are likely to
change during process. Model-fitting methods (like Coats–Redfern
method) are designed to extract a single set of Arrhenius param-
eters for the whole conversion ranges. These methods unable to
reveal the complexity of the process in which the obtained aver-
age value of parameters do not reflect changes in the mechanism
and kinetics with the temperature and conversion [23], while the
Flynn-Wall-Ozawa (FWO) iso-conversional method is a free model
technique which evaluate the dependence of the effective activa-
tion energy on conversion.

In this work the triplet kinetic parameters were obtained from
the Coats–Redfern model fitting method, but the results were unre-

f(˛) g(˛)

1 − ˛ −ln(1 − ˛)
2(1 − ˛)[−ln(1 − ˛)]1/2 [−ln(1 − ˛)]1/2

3(1 − ˛)[−ln(1 − ˛)]2/3 [−ln(1 − ˛)]1/3

4(1 − ˛)[−ln(1 − ˛)]3/4 [−ln(1 − ˛)]1/4

1/(2˛) ˛2

[−ln(1 − ˛)]−1 ˛ + (1 − ˛)ln(1 − ˛)
3(1 − ˛)1/3/2[(1 − ˛)−1/3 − 1] [1−(1 − ˛)1/3]2

3/2[(1 − ˛)−1/3 − 1] 1 − (2˛/3) − (1 − ˛)2/3

Constant ˛
2(1 − ˛)1/2 1 − (1 − ˛)1/2

3(1 − ˛)2/3 1 − (1 − ˛)1/3
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liable, so the results of FWO iso-conversional method are reported
in this article. Furthermore the isokinetic relationships method was
used to evaluate the Arrhenius pre-exponential factor [20] and the
results were compared with correlation method.

2.3. Isokinetic relationships (IKR) method

As it was mentioned before, the pre-exponential factor can be
determined by assuming different reaction models (Table 1). In
iso-conversional methods knowing of pre-exponential factor and
reaction model is not required to identify the kinetic scheme of
the process. A model-independent estimate of the pre-exponential
factor can be obtained through the use of an artificial isokinetic
relationship (IKR), in which in this method a common point of inter-
section of Arrhenius lines is defined as Tiso and kiso. These values
are isokinetic temperature and rate constant, respectively in which
the relationship between these parameters is written below:

ln(kε) = ln(kiso) − Eε

R(T−1
iso − T−1)

(9)

where the subscript ε refers to a factor that produces a change in
Arrhenius parameters. In a general case the actual value of ln A˛ can
be determined by this method:

ln Aε = a + bEε (10)

where a = ln(kiso) and b = (RTiso)−1 are coordinates of the intersec-
tion point of Arrhenius lines. It is important that this approach is
based on a completely artificial IKR derived from results of the
model-fitting method [7]. Intersection of the Arrhenius lines at
nearly one point means that Arrhenius parameters will show a
linear correlation:

ln An = c + dEn (11)

where n refers to a particular reaction model (Table 1). When
parameters c and d are determined, the E˛ values are substituted
to En in Eq. (11) to estimate the corresponding ln A˛ values [7,20].

3. Experimental

3.1. Materials

MMA and styrene (St) (Merck, Germany) were washed twice
with 5 wt% aqueous solution of sodium hydroxide followed by

washing twice with distilled water to eliminate the inhibitors. The
monomers then were dried over anhydrous calcium sulfate. The
drop stabilizer poly(vinyl alcohol) (PVA) with a degree of hydroly-
sis of 72.5% and a molecular weight of 75,000, tricalcium phosphate
(TCP), benzoyl peroxide (BPO), potassium persulfate (K2S2O8) and
tert-butyl perbenzoate (TBPB) were provided by Merck (Germany)
and used without purification. Sodium dodecylbenzene sulfonate
C18H29NaSO3 (DBSNa) (Fluka, Germany), were used as received.
n-Pentane (Merck, Germany) was used as blowing agent.

Commercially available EPS with a density of 18–21 g/l was sup-
plied by Tabriz petrochemical company (Tabriz, Iran).

3.2. Suspension copolymerization

The random copolymer of MMA with styrene (St) was synthe-
sized by suspension copolymerization. For this copolymerization
experiment, the vessel containing the monomers was purged by
nitrogen. The required amount of PVA granules, TCP and DBSNa
was added to the reactor containing pre-weighed amount of dis-
tilled deionized water and the mixture was kept stirred at ambient
temperature for 2 h. The temperature of the mixture was raised
a Acta 474 (2008) 72–77

to the reaction temperature. The dispersed phase was weighed
and added to the reactor. The reaction was started with the aid of
pre-dissolved initiator in the monomer phase and addition to the
dispersion media. The MMA-St molar ratio in all runs was kept con-
stant at 70/30. The impregnation stage was implemented by loading
n-pentane in the reactor and diffusion into the softened beads at
about 70% conversion of the monomers. This was followed by a high
temperature–high pressure cycle and depending on the impregna-
tion temperature (Ti) and pressure (Pi), a minimum time allowed
for diffusion of the blowing agent to reach the core of the beads.
The first stage polymerization was carried out at about 80 ◦C and
ambient pressure, while the second stage was carried out at about
120 ◦C and 10 bars.

3.3. Copolymer analysis

The composition of the copolymer was calculated using the 1H
NMR spectra of the samples, which were obtained with a 500 MHz,
BRÜKER (Advance DPX) NMR spectrometer.

Copolymer molecular weight was measured using Waters, Max-
ima 820 gel permeation chromatography (GPC) instrument.

3.4. Thermogravimetric analysis

TG analyses were carried out for MMA-St and EPS foams by a
thermogravimetric analyzer (TGA). The experiments were carried
out on a Perkin–Elmer Pyris Diamond TG/DTA analyzer to study
the non-isothermal degradation kinetics. 5 mg of fully expanded
lost foam (MMA-St copolymer or EPS) was placed in an aluminum
crucible and heated from room temperature to about 600 ◦C under
nitrogen purge with a flow rate of 100 ml/min at different heating
rates of 10, 15, 20 and 25 ◦C/min and weight loss versus temperature
was recorded.

4. Results and discussion

4.1. Copolymer composition and structure

The 1H NMR spectrum of the MMA-St copolymer showed that
the peaks at 7.1 and 3.6 ppm correspond to –C6H5 and –OCH3
groups, respectively. The peak at 2.8 ppm, absent in the 1H NMR
spectra of both relevant homopolymers, [25] is observed in the
copolymer spectrum. This has been assigned to the –OCH3 group
of MMA bonded to the St sequence [26]. Opresnik et al. [27] also

showed that this peak could be much more clearly seen in the 1H
NMR spectra of a MMA-St random copolymer rather than in that
of a MMA-St block copolymer. The molar ratio of MMA/St was kept
70/30 in the random copolymer.

Average molecular weights (Mn, Mw) and polydispersity index
(PDI) for copolymer were, 4.9 × 104, 1.18 × 105 and 2.38, respec-
tively.

4.2. Thermal degradation behavior

The weight loss versus temperature curves of dynamic thermal
degradation of MMA-St copolymer and EPS foams obtained at dif-
ferent heating rates. The results showed that after 500 ◦C there is no
residue in both foams and the conversion values practically reach
to 1. In both foam, delay in degradation and shift of the curves
to the higher temperatures with increasing of the heating rate is
observed. It was evident that the thermal decomposition of MMA-St
copolymer lost foam, proceeds uniformly in the temperature range
of 150–500 ◦C. Due to release of the remained pentane or water
from the copolymer, a small amount of weight loss is observed in
the temperature range of 135–140 ◦C. In EPS foam, the weight loss
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Table 2
Dynamic thermogravimetric data of MMA-St copolymer and EPS foams

Samples ˇ (◦C/min) Trel (◦C) T20 wt% (◦C) Tmax (◦C) T95 wt% (◦C)

MMA-
StMMA-
St
copoly-
mer

10 135.55 277.54 308.77 385.91
15 136.33 285.256 318.78 388.67
20 137.17 285.798 324.08 392.70
25 138.75 292.44 327 394.64

EPS

10 125.1 320.04 349.76 390.27
15 125.2 337.18 365.58 403.63
20 126.1 342.94 370.1 406.11
25 127.5 364.05 392 423.46

in this temperature range is very small and cannot be observed in
TG curves.

The results of 20% and 95% weight loss temperatures, maximum
reaction rate temperature Tmax as well as pentane gas releasing
temperatures (Trel), for both lost foams at different heating rates,
are listed in Table 2.

For instance, 20% weight loss temperature (T20 wt%) for MMA-
StMMA-St copolymer and EPS at ˇ = 10 ◦C/min, are 277.54 and
320.04 ◦C, respectively. With increasing of heating rate, T20 wt% val-
ues increase in both foams. T20 wt%, Tmax and T95 wt% for MMA-St lost
foam are lower than the corresponding temperatures for EPS foam

in all heating rates. The presence of (–COOCH3) functional group in
the structure of MMA-St copolymer, indicates that this foam starts
to degrade earlier, compared to EPS foam. The rate of degradation
depends on the heating rate. Comparative degree of conversion, ˛,
versus temperature curves of both foams, at ˇ = 10 and 25 ◦C/min,
are shown in Fig. 1.

These figures precisely show that the decomposition initiation
temperature and rate of weight loss for copolymer foam is lower
than EPS in both heating rates. Clearly, EPS foam is thermally more
stable than copolymer foam, because the thermal decomposition
of EPS foam initiates at higher temperatures compared to copoly-
mer foam. On the other hand, its thermal degradation goes on in a
narrower temperature interval than copolymer. It means that the
degradation of EPS foam may occur faster than copolymer foam
and due to special unknown mechanism in this random copolymer
foam degradation process, the rate of weight loss for copolymer is
always lower than EPS. This may be ascribed to the incorporation
of MMA into St in copolymer that interfere with the degradation
mechanisms of MMA and St and affect the degradation pathway of
copolymer lost foam [1,28].

Fig. 1. Conversion versus temperature curves of MMA-St copolymer and EPS foams
at ˇ = 10 and ˇ = 25 ◦C/min.
Fig. 2. Variation of activation energy (E) and pre-exponential factor (ln A) versus
conversion for both lost foams.

4.3. Degradation kinetics

TG curves (Fig. 1) show that after T = 160 ◦C, the weight loss
becomes stable for copolymer and EPS lost foams. To eliminate
the effect of pentane and water release on the degradation kinet-
ics, the weight loss before T = 160 ◦C was ignored and the degree
of conversion was modified for kinetics calculations in all heating
rates.

The Flynn-Wall-Ozawa analysis (ln ˇ versus 1/T curves) for the
conversion values in the range of 5–95% were conducted on both
MMA-St and EPS lost foams. These results showed that the best
fitting straight lines are nearly parallel for various heating rates.
Activation energies, E, corresponding to the different conversions,
determined from the slope of these lines, are shown in Fig. 2 for
MMA-St as well as EPS lost foams.

In the case of MMA-St foam, the values of E increase in the range
of 0.05 ≤ ˛ ≤ 0.15 then decrease in the range of 0.15 ≤ ˛ ≤ 0.70 and
finally increase to 313.74 kJ/mol in ˛ = 0.95. The variation of acti-
vation energy versus conversion is an evidence of the complex
degradation mechanism (probably parallel or consecutive reactions
[7,20,29]) of MMA-StMMA-St copolymer foam. This behavior was
observed in the range of 0.05 ≤ ˛ ≤ 0.15, 0.40 ≤ ˛ ≤ 0.70 and so dis-
tinctly in the range of 0.70 ≤ ˛ ≤ 0.95.
For EPS lost foam, the values of E decrease to 63.24 kJ/mol at
˛ = 0.20 and then increase regularly in the conversion range of
20–95% to 105 kJ/mol. This behavior is an evidence of multi-steps
degradation reactions and consequently changing of the reaction
mechanisms at the selected conversion range.

Vyazovkin and Lesnikovich [30] showed that revealing the
dependence of activation energy on conversion helps not only to
disclose the complexity of a pyrolysis process, but also to identify
its kinetic scheme. An increasing dependence of E on ˛ is found for
competing reactions, some independent and consecutive reactions
or the decreasing dependence of E on ˛ corresponds to the kinetic
scheme of an endothermic reversible reaction followed by an irre-
versible one [20]. The concave shape of decreasing of E on ˛ can
correspond to changing the mechanism from kinetic to a diffusion
regime [7,20]. In this work according to Fig. 2, nearly increasing
shape of E versus ˛ is observed in thermal degradation of both
foams, so that the diffusion degradation mechanisms (Table 1) were
ignored in the following calculations. Furthermore the values of E
for MMA-St copolymer foam in whole conversion ranges are higher
than EPS foam.
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Fig. 3. Simulated and experimental conversion versus temperature plots for thermal
degradation of MMA-St and EPS foams in conversion range of 0.05–0.95.

The simulated curves of ˛–T by Eq. (5) are plotted in Fig. 3 for
both lost foams compared with the corresponding experimental
data. The absence of both the kinetic model and the pre-exponential
factor in Eq. (5) means that these parameters do not introduce
errors of their evaluation into the solution of applied kinetic prob-

lems [20].

Based on the various reaction mechanisms given in Table 1, the
kinetics parameters obtained from the non-isothermal TG data for
MMA-St copolymer and EPS foams, using Coats–Redfern equation
(model-fitting method), are given in Table 3. These data are used in
isokinetic calculations.

The results of Table 3 obviously indicate the strong dependence
of the kinetics parameters on the selected reaction mechanism.
These data reveal that the correlation factor of A4 and R1 are
lower compared to the other models, which have correlation factor
between 0.89 and 0.95. It means that when the correlation fac-
tors are as standard measure, A1 and A2 mechanisms are probable
for degradation of MMA-St copolymer foam due to their high cor-
relation factors. Therefore it is difficult to make a decision about
exact thermal degradation mechanism. In the case of EPS foam,
almost the correlation factors for An type models are in acceptable
ranges. On the other hand, the correlation factors for Rn type models
are lower than those for other mechanisms in degradation of both
foams. As it is clear from Table 3, the values of Arrhenius parameters
corresponding to those models that have high correlation factors
vary significantly. Such an uncertainty in the kinetic parameters

Table 3
Arrhenius parameters for non-isothermal pyrolysis of MMA-St copolymer and EPS
foams at 10 ◦C/min

Foam samples Mechanism E (kJ/mol) ln A (min−1) Correlation factor

MMA-
St
copoly-
mer

A1 73.35 13.1340 0.9498
A2 31.75 4.0384 0.9322
A3 17.89 0.7119 0.9050
A4 10.96 −1.1543 0.8605
R1 48.00 7.1021 0.8317
R2 59.19 9.1020 0.8983
R3 63.56 9.7342 0.9176

EPS

A1 116.37 21.05887 0.9920
A2 53.08 8.2476 0.9901
A3 31.98 3.7322 0.9876
A4 21.43 1.3275 0.9840
R1 83.49 13.9655 0.9444
R2 98.25 16.4607 0.9747
R3 103.9 17.2771 0.9821
a Acta 474 (2008) 72–77

cannot lead to suitable kinetic predictions and reasonable mecha-
nism. Also as mentioned in theoretical section, the model-fitting
method results in only one single pair of Arrhenius parameters
in which the most solid state reactions are not simple one-step
processes and consist of multiple steps during pyrolysis process.

To determine ln A versus alpha for E versus alpha shown in Fig. 2,
all ln A and E data for MMA-St and EPS foams from Table 3 were
taken and find respective correlations ln A = aE + b. Then E values
were taken from Fig. 2 and substitute in respective correlation for
MMA-St and EPS foams. In this study as well as IKR method [20]
was used to determine ln A versus alpha, but the results were the
same as the correlation method.

For reconstruction the reaction model numerically, knowing
both values of ln A˛ and E˛ is necessary in which these kinetic
parameters were determined for any degree of conversion. Sub-
stituting these kinetic parameters into Eq. (4), the form of reaction
model (g(˛)), can be reconstructed. The important problem is that
this interpretation of reaction model is meaningful for a single-
step process in which the E values are independent of ˛. In this
work, as it was demonstrated before, the activation energy val-
ues change with degree of conversion significantly indicating the
presence of multiple-step reactions in thermal degradation of both
foams. Therefore it seems that such reconstruction of reaction
model (numerically and from Table 1), is not reliable.

5. Conclusion

The thermal decomposition of MMA-St copolymer and EPS
foams under nitrogen purge and at different heating rates has been
studied by thermogravimetry in non-isothermal condition. The
presence of functional group of (–COOCH3) in MMA-St copolymer,
is an indication that this foam starts to degrade earlier, compared
to EPS foam. The initiation decomposition temperature and rate
of weight loss for copolymer foam is lower than EPS at all heat-
ing rates. The main reason for this behavior was the interference
of degradation mechanisms of MMA and St in copolymer which
affects the pathway of degradation process for copolymer foam.
The complexity of the pyrolysis reaction was shown by the iso-
conversional method in which the apparent activation energy was
changed with degree of conversion for both foams. It was con-
cluded that the activation energy calculated by FWO method in
any degree of conversion, for MMA-StMMA-St copolymer foam was
higher than EPS foam. In this work the kinetic triplets obtained
from the proposed reaction-order model have been determined.

The results show that the iso-conversional method allows reliable
prediction of kinetic scheme for all conversion ranges. Furthermore
the values of ln A˛ were determined using correlation method. As a
conclusion, the model-free methods can be suggested as a suitable
way of determining consistent kinetic parameters.
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