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K = A exp (2)
E--

RT

Where E is the activation energy, R is the gas constant, T is the temperature in Kelvin and
A is the pre-exponential constant.

Of the simple single reaction constant nthorder kinetic equations used the most successful and
widely used is that proposed by Kamal et al [6,7] :

da.
dt

(3)= K am (1 -a)n

This is a second order type reaction where m + n = 2

This type of kinetic equation gives a sigmoidal type cure conversion without the need for a
large number of reaction constants. It can be seen that when a. equals 0 the rate of conversion
is zero and when a. is 1 the reaction rate is also zero.

L. J. Lee [5] carried out modelling work on unsaturated polyesters and uncoupled the
inhibition reaction from the main cure. Lee stated that inhibitors added to polyesters are
highly effective and that an allowance should be made for the consequent inhibition time in
mould filling calculations. Inhibition time was measured from the change in base-line of
isothermal DSC curves, and the activation energy for cure was derived from the time to peak
exotherm. Although the model proposed by Lee included the inhibition stage it was only
used to determine a gel time and consequently the final stages of cure were not included in
the model.

2.

THE MATERIALS

2.1 SAMPLE DESCRIPTION

An unsaturated polyester resin was chosen for investigation as polyesters are probably the
most widely used class of thermosetting plastics for the preparation of relatively cheap
mouldable composite materials. Unsaturated polyester materials are widely used in the major
processing operations of injection, compression, and resin transfer moulding. These materials
offer a variety of desired characteristics including: ease of processability, relatively low cost,
good surface finish, and high-end product properties (eg. modulus, operating temperatures
over 100°C).

The experimental polyester material investigated was based on an injection moulding grade
of a BIP Plastics Ltd unsaturated polyester dough moulding compound (DMC), reference
L7049 [14]. The materials differed from the standard L7049 DMC material primarily by the
absence of the 'E' Type glass-fibres which are usually incorporated into the formulation to
provide reinforcement. Glass-fibres were omitted to minimise experimental problems which
could have arisen, in part as a consequence of the small reproducible uniform samples that
were needed for testing.

2
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3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

A Perkin-Elmer Power Compensated DSC II was used in the investigation of the curing
behaviour of the DMC slurries, using both isothermal and constant heating rate experiments.
The DSC was calibrated for temperature using a range of metals with known melting points,
and the power scale calibrated against a known sapphire reference.

Dynamic DSC experiments using constant heating rates of 2.5,5, 10, 20, and 4Q°C/min were
used primarily to determine the inhibition kinetics for the cure reaction. However, a
constant heating rate of 2.5°C/min was also carried out until the cure exotherm had
completed to determine the total enthalpy change for cure reaction.

Isothermal DSC measurements provided the bulk of the DSC experimentation since the
specific heat Cp, of the material changed very little during testing, thus allowing a linear
base-line to be drawn to determine the total heat of reaction. All isothermal experiments were
initially heated at 160°C/min to raise the temperature as quickly as possible to minimise cure
during the heat-up period to the isothermal test temperature. After the initial heating up
period the temperature was held constant until the whole cure reaction had completed so
that the base-line could be drawn and the heat of reaction calculated for final analysis.

The cure of a polyester material can be greatly affected by the loss of the styrene monomer.
To prevent any changes in the curing behaviour of the polyester DMC slurries all DSC
experiments were carried out in sealed aluminium sample pans to prevent any styrene loss.
As a secondary precaution against styrene loss the sealed aluminium pans were filled to
capacity during analysis to prevent styrene escaping to free space at the top of the can.
Sample pans were also weighed before and after the experiments to ensure that leakage had
not occurred, and where discrepancies were found the results were disregarded.

4 DSC RESULTS

DSC experiments carried out under isothermal and constant heating rate conditions have all
shown a period of inhibition followed by cure which can be seen in mechanical testing such
as DMT A experiments, Figure 1. During inhibition it can be seen that little or no heat is
evolved or absorbed as a result of the inhibitor-catalyst reaction, indicating that the energy
required to form the phenyl free radicals is balanced by the 'mopping-up' reaction of the
inhibitor. Good agreement of inhibition times can be seen between the DSC and DMT A data
(Figure 1) indicating that the DSC data can be correlated with the rheological changes
occurring within the DMC sample. It should be noted that the DMT A equipment has
insufficient power to fully analyze the cure behaviour of specimens which cure to a final
modulus above 2 x 106 Pa. However, it would seem likely that improved agreement would
have been obtained for the cure stage by extrapolating DMT A data to 109 Pa.

5 KINETIC MODELLING

5.1 CURE REACTION

In a constant heating rate DSC experiment the total area under the exotherm, H, represents
100% conversion of the reaction process, Figure 2. Consequently, by drawing a suitable
baseline the degree of conversion that has occurred up to a time, t, can be written in terms
of the overall heat of reaction, H.

4
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5.2 INHIBmON AND CURE

As previously discussed in section 2.2 the total cure process comprises a period of inhibition
which is then followed by the main cure reaction. Previous work by the NPL, details of
which can be found in [18], has shown that the inhibition reaction can be predicted using the

following equation:

t. = -;- exp
1

1

where: tj is the inhibition time, ~ is the activation energy for inhibition and Aj is the pre-
exponential factor. To model the complete reaction the inhibition and CUIe stages described
by equations 4 and 6 must be combined. When combined the expression below describes the
whole cure process for the unsaturated polyester DMC.

1

[(n-l)K (t- t)]~
a=

1

1+ [(n-1)K (t- t.)]~
1

where a. = conversion from 0 to I, K = rate constant for cure, t = time from t = 0, and is only
valid when (t-~) ~ O. For t < ~ a. = 0

Figure 7 compares a predicted cure profile for the L7049 material at 100°C, obtamed using
the above equation, with the real experimental value. It can be seen that an excellent model
for the whole cure process has been obtamed and therefore the model is considered reliable
for mould process calculations.

6 MOULDING PREDICTION USING THE FINAL KINETIC MODEL

The processing of an unsaturated polyester dough moulding compound consists of two
distinct separate steps. The first step involves filling of the mould cavity during which the
rheological changes in the material up to and including the gel point are relevant. The second
step involves the in-mould cure time after filling to obtain the necessary cure and hence
sufficient strength for removal from the mould and achievement of the required final

moulding properties.

6.1 MOULD FILLING

Typical injection moulding conditions for standard L7049 DMC mouldings are : fill times up
to a maximum of 5.5 seconds and material at 40°C entering the mould which is at a
temperature of 140 to 150°C. However, it is found in practice that the best quality mouldings
with good surface finish are obtained with injection times under 1 second.

The filling of the moulding cavity requires the modelling of conversion up to the gel point
since material flow is severely restricted beyond this limit. As discussed in section 2.2 the gel
of unsaturated polyester materials is widely considered to equal a conversion of 5%. From
the model, the calculated inhibition times for the moulding temperatures of 140 and 150ac
are 0.7 and 0.3 seconds respectively. It can also be calculated that the total time before gel
(5% conversion) for the temperatures 140 and 150ac are 2.2 and 0.9 seconds respectively. The

6
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approximately 45 seconds. This result is once again confirmed by moulding practice whereby
an in-mould cure time of 45 seconds produces mouldings with the desired characteristics.
It should be noted that these calculations are only approximate since no allowance has been
made for the cure occurring during the heating up period, or the effect of the heat evolved
from the cure exotherm. However, the model shows a good fit to observed results. As was
the case for predicting mould filling conditions, more accurate modelling of the cure state
of mouldings could be achieved through the incorporation of the kinetic modelling into
injection moulding simulation software. This would enable more accurate predictions of in-
mould cure times to be made thus enabling processing conditions to be optimised and
processing times to be minimised.

7 CONCLUSIONS

This work has demonstrated that the technique of differential scanning calorimetry (DSC) can
be successfully used to obtain data for kjnetic modelling of the cure behaviour of unsaturated
polyester materials. The cure kinetics model presented utilises two rate constants. The first
is used to describe the inhibition phase of the curing behaviour and the second the cross-
linking phase. A simple analysis indicates that a reasonable prediction of the curing
behaviour can be obtained for a commercial moulding situation. The model can be used to
estimate the maximum permissible injection time and the minimum desirable in-mould cure
time to obtain satisfactory mouldings. However more detailed validation using injection
moulding simulation software modified to incorporate the cure modelling would be desirable
to assess the accuracy and full usefulness of the kinetic model for predicting the complex
behaviour of thermosetting plastics in injection moulding.

8 ACKNOWLEDGEMENTS

The authors would like to thank members of the NPL Workirig Group on Injection Moulding
of Thermosetting Plastics.

The research reported in this paper was carried out as part of the "Materials Measurement

Programme", a programme of underpinning research financed by the United Kingdom
Department of Trade and Industry.

REFERENCES

ASTM E 698-79 I Arrhenius Kinetic Constants For Thennally Unstable Materials.

2.

Richardson M. J. , Characterisation of the Cure of Resins by Differential Scanning

Calorimetry, Pure and Appl. Chern, M, II, p. 1789.

3. Pusaticioglu S. Y. I Frickle A. L. and Hassler J. C. I

p.937.

.Applied 

Polymer Sci, 24, 1979,

4. Kamal M. R. , Thermoset Characterisation for Mouldability Analysis, Polymer Eng.
Sci. ,14, 3 , March 1974 , p. 231.

8



6

'£661 tsn2nv 'l.Ol(v)wwa poda~ ldN 'sre!Jatew 2u!prnow JatSaAlod patemtesun}O
mo1J\eQag am;) UOH!Q!l{Ul a\fJ 2umapow ' 'd UOSweffi!M pue oW sap~ ' of °V ° d sQQ!~

OBI

0£61.1 °d ' 9861' 6Z ' lawAlod ' SU!sa~ la~saAlod

pa~ejnJesun Jo am;) alfl U! UOHeWlOd ajnJJnJ:JSOlJ!J/"I ' of ., aa'} pue 'S .A ~ueA
°1.1

'(9S6U 

ueH pue uewdeq:) I SJowAIOd °t U°!:tJnpol:JUJ I of °'M ~unOA.
.91

"Z961 ":>UJ la){){aa Ia:>lew 'spunodwoJ ~U!PJnOW latsaAIod ' .'N swng
.Sl

"£661 Al1muef I At!SlaA!UO laurug s!sa\U "aqd I spunodwo:)

~u!pynoW q~noa latsaAlod patelmesuo Jo ~oloalffi aqt Jo stJadsy I "w saprn

.vI

111 anssI

'IIAX Is~~asoW.la\fi lSU!sa}l JatsaAlod pateffiJesun Jo ~U!ssaJOld aAHJea}l ~U!:JeynW!S
JOd lapoJI\I uOHS1:?!JawAlodo:) feJ!pe}! aCJJd V I 'f"1 aarJ I 'o'f ued I 'f 'J... ~uneH

'£1

°6£Z °d 1 S861' Zl 1.11 Iewnof

lawAIod t{S!:J!lg 1 ~U!){U!1-SS01:J ~U!.Ina sa~ueq:J reJ~OIOa\fM 1 oM J O)JSOJEW
on

°9961' uopuOi' ueH pug uewdeq;) , S1SAreuy ~attL

°t u°1t:>npoltUJ 'S1SAreuy rem.xattL WOJd s:>1:taU1)I u°1t:>ea~ £1 Jatdeq;) , °3 .W UMOJg
"II

"6£Z'd I 9861 :Jsn8ny I V I Z I sa:J!sodwo:) JawAIOd I punodwo:)

~U!PJnOW :Jaaqs Ja:JsaAIod Jo uoneS!W!:JdQ I samef aa, pue oW of ffiaU!JeW I °0 of ued
'01

99 .d / tS61 AIenuef / 1/ ~ / sa:J!sodwo:) lawAIOd / ~OIOuqJal.

punodwo:) ~u!pynoW :Jaaqs U! s:JuawdoIaA~ :JU'aJaM / .9 .0 o,!sad pue .5 U1?WMaN
'6

"(166U AI I ~U!ssaJOld lawAlod lUJ I s1ew alq!d l{11M sa!1!Ae:)

U!1U U1 ~U!lnJ pue ~U!md PloW {e\Wal{1°sI-uoN I "W nO!1 pue of ., aa'} I ""M U11

"S

°9tl.°d (9S6U gz' "!JS 0~U3 JawAYOd '~U!SSdJOld
aA~J~ ~U!tB[n\u!S lO} syapojl'l UO~e'Z!lawAYOd reJw~ aal:I ' os of uosuaAa1S

.L.

°6S °d (£[,6U I ' n ' °1=>5 0~U3 lawAlod 'am:)

:JaSOWlal.lJ.. JO uoH~a:JJeIel[) yeWlalll pue SJ1:JaUDI ' .5 momos pue °}l ow rewe)I.9

'£9t 'd '1961 aunf / 9 ' tZ ' !:JS

o~UH JamAI0d 'punodwoJ 2u!p~oW taaqs paplow uo!ssaJdwoJ Jo 2U!JnJ' of '1 aa'}'S

on(v)WWG



JoOOL ~o u!saJ
Ja~sa"<'Jod pa~oJn~osun uo JOt po!Jad UO!~!q~l1U! al1~ to pua

al1~ 5U~MOJJOt wJal1~oxa aJn:) 5U!MOl1S a:)OJ~ Jsa Jo:)!dAll'5~.::1

(5) aw~l
0665£6 099 Sl9 Oll Sll 099 509 055 S6~ O~~ 59£ OrE Sll Oll S9l Oll 55 0

00 ' I I I I I I I I I I I I I I I I I I 7 L-

OOll-

OOOl-
H/(~)~=t3W!~ ~D UO!SJt3AUOJ

Lf= Dt3JD lD~ol
-0
0

~fD
-,

009-

009-

(~)4 r~ aw!~ o~ dn oa

-~'

U~W/JoZ fo a~OJ 5u~~oa~ ~UO~SUO:)
0 ~O s~uawaJnSoaw aJn:) V1V'JO puo JSO fo uos~Jodwo:) 'V'5!.::I

~\



Fig.3 Cure conversion data obtained from DSC exotherm on an
un sat urated polyester, L 7049, a1 100°C
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Fig.7 Comparison of measured and calculated cure conversions
at 100°C using the full kinetic model which allows for

inhibition and cure
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