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ABSTRACT

Kinetics of Curing of a

Vinyl Ester Resin

Stephan Blach

Differential Scanning Calorimetry (DSC) was used to study the
kinetics of a vinyl ester resin catalysed with Methyl Ethyl Ketone Peroxide
(MEKP). Kinetic equations were established for different ranges of
temperaturc and degrees of conversion (or simply conversion) from an
uncured liquid polymer solution to a fully cured polymer, and were used in
a computer program to simulate curing under varying conditions. Outputs
from the computer program list conversion and rate of reaction as a function

of temperature and time, and are verified with the experimental results.
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1.0 INTRODUCTION

In the chemical and processing industries, pressure vessels and piping
are often used to store and convey highly corrosive liquids under pressure.
In increasing number of applications it is desirable to manufacture pressure
vessels and piping from relatively low cost and corrosion resistant composile

materials rather than resorting to expensive exotic materials and alloys.

Although composite materials have been in use for many years in the
processing industries, the number of designs where these materials are
specified remains limited. Much knowledge must be generated about the
behaviour of composites during manufacturing of process equipment, in
order to improve product quality and the level of confidence in their use as

alternatives to conventional materials.

One important problem in the fabrication of Fiber Reinforced Plastic
(FRP) process equipment is the pullback of connecting flanges. When
pullback occurs in flanges, the mating surfaces are not flat (Fig. 1), and

additional stresses are introduced to deform the flanges at bolt-up, which



may result in resin cracking [13]. Pullback is the result of residual stresses
which develop in the laminate as it cures. These residual stresses are caused
by resin shrinkage or volume loss, and by temperature gradients in the

laminate as it cures.
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Figure 1 : Flange Pullback

19



Hand-layup is commonly used to fabricate non standard and large
diameter FRP flanges, where the small lot sizes cannot justify the cost of
tooling for injection molding. Laminate layup is done on a thermoplastic or
wooden mandrel which carries the desired shape of the flange. Fiberglass
mats and rovings are impregnated with thermoset resin, which may be
epoxy, polyester or vinyl ester, and are stacked over the mandrel in
successive layers until the desired flange thickness is achieved. Today, vinyl

ester is the most commonly used resin for the fabrication of FRP process

equipment.

The resin which was used in the present work was a Bisphenol-A
Epoxy-based Methacrylate Vinyl Ester resin from Dow Chemicals, with the
product designation Derakane 411-45. This is a high molecular weight resin
which is supplied as a solution diluted in 45% by weight of styrcne. Styrenc

is a co-reactive vinyl type comonomer.

Manufacturers may compensate somewhat for the pullback by using
a layup mandrel where the vertical face is slightly tapered, hoping that upon

completion of the layup and curing the vertical face will have shrunk into




o o

a ncar-vertical position. In practice however it has not been possible to

accurately predict pullback, and significant lot to lot variations occur.

It is of great practical value to develop a method by which pullback
may be predicted numerically, and this requires a better understanding of the.
manufacturing process. A complete analysis of the problem at hand should
consist of three main parts, 1) a study of the resin kinetics, 2) a heat transfer

analysis and 3) a structural analysis.

The objective of this work was to provide the data necessary for the
thermal stress analysis of a curing vinyl ester laminate. A study of the resin
kinetics, which the following work undertakes, should provide all the data
nccessary in order to predict the reaction rate at every moment in time and
at any temperature within the range to which the laminate is subjected. In
the hand-layup process, the FRP flange is placed in an ambient temperature
environment and is left to cure by an autocatalysed reaction. As curing
progresses, heat is generated from inside the laminate, which causes its
temperature to rise, since the generated heat can only be dissipated by

convection from its outer surfaces. The period during which the curing resin



releases heat is referred to as the exotherm. Measurements have been
performed on an occasional basis in the plant of an FRP flange manufacturer
in Montreal (CPF Dualam Inc.) by introducing thermocouples into the
curing laminate and recording the exotherm temperature throughout the
cycle. According to the available data, using a resin mixture with Derakane
411-45 from Dow Chemicals, 1.5% Methyl Ethone Ketone Peroxide
(MEKP), 0.2% Cobalt Naphtenate (CoNap) and 0.05% Dimecthylaniline
(DMA), at an ambient temperature of 25°C, a 3 mm laminate reaches a
maximum exotherm temperature of approximately 35°C at mid-thickness,
while a 6 mm laminate reaches a maximum exotherm temperature of

approximately 70°C in the middle.

The mixture mentionned above was used for all the experiments of
the present work and is a standard of the industry, with a processing range
of 20 to 40 minutes between 25°C and 30°C, which is suitable for hand-
layup [16]. For the manufacturing process under consideration a layup
thickness of 6 mm is generally not exceeded, in order to avoid resin
cracking [15] or excessive deformation when the curing ratc becomes 0o

rapid. If a thicker laminate is required, layup is done in succesive layers of



6 mm maximum thickness, with intermediate cooling periods. It can
therefore be assumed that the actual exotherm temperature range is between

30°C and 70°C.

The heat generated by the resin during its exotherm is expressed as

[6,7]
Q=pAHo'g% (1)
where Q = Heat generated (kW/m?)
p = Density (kg/m?)
o = Degree of cure or Conversion ( - )
da/dt = Rate of Reaction (1/sec.)
AH, = Total Heat of Reaction (kJ/kg)

The kinetic analysis aims at determining the unknowns AH, and de./dt.

In the tollowing text the notations ¢ and C will be used
interchangeably to represent the degree of cure, or conversion, whereas

dec/dt and dC/dt represent interchangeably the rate of reaction.



Previous publications have proposed mathematical models for the
kinetics of reaction of epoxy and polyester resin [1,2,3,4.5], which relate
the reaction rate to temperature and conversion. These proposed kinetic
models seem to be restricted only to some specific ranges of temperature
and conversion. No publications have been found for the vinyl ester resin
system of interest. After an extensive litterature search and consultations
with the resin supplier, as well as with experts in this field of work, no
similar publications or product data were found for the vinyl ester resin

system under consideration.

In the present work, rather than to find a single equation to describe
the entire temperature and conversion range of interest, which scemed
difficult to obtain with a reasonable degree of accuracy, a sct of data tables
of equation parameters at different temperatures and conversions was
constructed, which was used in a computer program to calculate the rate of
reaction at every moment in time as the temperature changes. The data
tables were obtained by performing isothermal DSC mecasurements at
temperatures ranging from 30°C to 85°C in 5°C intervals. For cach

measurement, by integrating the heat flow curve, a table of conversion and




reaction rate versus time was obtained and analysed with a curve fitting
software in order to find equation parameters for different conversion

ranges.

The results of this work establish- the basis upon which a heat transfer
analysis can be performed, by calculating the heat generation at each
moment in time and at each point in the laminate while curing progresses.
Once a method is found to determine temperature and conversion versus
time at each location in the laminate, a complete structural analysis may be
undertaken to study residual stresses and to predict pullback numerically.
Some similar studies have been performed for temperature induced curing

processes, using epoxy and polyester resins [6,7,8,9,10,11].

To the author’s knowledge, the present work is the first of its kind for
a low temperature curing resin system, and will hopefully contribute towards
achieving a better understanding of residual stresses in composite materials

and in particular in FRP flanges.



2.0 EXPERIMENTAL PROCEDURE

The aim of the following experiments was to obtain kinetic data for
the resin at different temperatures or heating rates, which can be used in a
computer program to simulate the curing process in varying temperature

conditions.

Derakane 411-45 from Dow Chemicals with 45% styrene was used,
promoted with 0.2% Cobalt Naphtenate (CoNaP) in 6% solution,
accelerated with Dimethylaniline (DMA) in 100% solution, and catalysed
with 1.5% Methyl Ethyl Ketone Peroxide (MEKP). All percentages are per
weight of solution. This is a typical industry standard with a geltime of 20

to 40 minutes at 25°C to 30°C [16].

2.1 DSC Analysis

DSC analysis was performed on a model TA 912 from Dupont, with

a dual sample cell base, as shown in Figure 2.



Figurc 3 shows a cross section diagram of the standard DSC cell,

which mcasures the differential heat flow between a resin filled sample pan

and an empty reference pan. The sample and reference are subjected to

heating or cooling in a controlled atmosphere.

ek R
ii 3 \6'? ~
k3 -%‘ .
BN

Figure 2 : DSC Cell Base

‘The resulting differential heat flow is measured by a highly sensitive

area thermocouple and recorded as illustrated in Figure 4. The ordinate of

the curve in Figure 4 is the measured differential heat flow rate in mW.

Since the specific heats of the uncured and cured resin are different, the

difterential heat flow at the right end of the curve (partially cured) is

10



different from the lett end (uncured). In order to integrate the curve a
baseline is drawn, which is shown as a dotted line. The reaction rate de/dt
is obtained by dividing the differential rate of heat dH/dt at time t by the
total heat of reaction of the fully cured resin, AH,. The conversion « at any
time t is obtained by dividing the partial heat of reaction AH, up to time t
(the area shown in black in Fig. 4) by the total heat of reaction AH,
(obtained after 100% cure of the resin at a constant heating rate of

10°C/min, see Section 2.1.1.2).

Siiver Ring

~ Dynamic Sampnle Chamber

[- Reference Pan Sample Pan

AB}  Thermocouple
Alumel Wire —-/| Juncuon

Chromel Wire

Thermoelectric Disc __
(Caonstantan;

Figure 3 : Cross Section Diagram of DSC Cell
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Figure 4 : Typical Exotherm Curve

2.1.1 Test Description

Fourteen (14) constant heating rate measurements were performed in
order to calculate the average maximum heat of reaction, AH,, and kinetic
parameters n, Z and E, to be used in Equation (2), and for comparisons in

Section 3.2.2.



Twenty-four (24) isothermal measurements at temperatures {rom 30°C
to 85°C provided the data necessary to obtain kinetic expressions relating

the rate of reaction to conversion, temperature and time.

2.1.1.1 Procedure

Before each experiment, a new batch of resin mixture was prepared
by adding accurately weighted amounts of catalyst to a premix of resin,
promoter and accelerator. Two samples of the mixture, cach with a mass of
5 to 10 mg, were dropped into aluminum pans, covered with a lid, and the
walls of the pan were bent over the lid to seal the resin. Approximately 15
minutes after addition of the catalyst into the resin solution, the two pans
(samples A and B) were placed simultaneously into the DSC cell and were
heated at a constant temperature rate or isothermally, as described in

Sections 2.1.1.2 and 2.1.1.3 respectively.

A Dupont 2100 Thermal Analyser records the heat flow into or out of the

samples as they are exposed to a controlled thermal profile. The heat flow

13




flow curves shown in Appendices B and C were analysed with various
softwares to obtain information on the curing characteristics of the resin

system.

2.1.1.2 Constant Heating Rate Experiments

The resin was subjected to a constant heating ramp of 10°C/min.,
from 0°C to 200°C. After insertion of the sample pans at room temperature,
the cell was initially cooled to -5°C using liquid nitrogen, and equilibrated

at 0°C before startup of the program.

Seven consecutive experiments were performed under these conditions
with different batches of resin mixture, providing a total of 14 heat flow

curves, shown in Appendix B.

The Borchardt and Daniels DSC Kinetics Data Analysis Program [14]
was used to analyse the heat flow curves, and to establish the total heat of

reaction for each sample. The total heat of reaction, AH,, is defined as the

14



area under the exotherm peak, as illustrated in Figure 4, assuming that the
resin is fully cured after completion of the thermal cycle. By running the
experiment a second time on previously cured samples, it may be verified
that no more exotherm heat is released during the thermal cycle, which

indicates complete cure.

The results of the 14 samples and the calculated average AH, = 352

J/g are presented in Table I.

For constant heating rate measurements at 10°C/min, the rate of

reaction can be accurately represented by an equation of the form [12,13]

%%=k(T)(l—a)” (2)
where k(T) =  ZeB®T
Z =  Constant
E, = Constant
R =  Gas Constant

Using the Borchardt and Daniels program for curve fitting the

parameters Z, E, and n were calculated for each experiment and the results

15



[___f
are listed in Table 1 (columns 2 to 4 from the left). From the column
containing the n values it is seen that a value close to 2.45 is obtained from
6 cxperiments (PE.O11, PE.O13, PE.014, PE.O15, PE.O18, PE.020). The
Borchardt and Daniels program includes an option by which the values of
Log(Z) and E, may be recalculated by fixing the value of n, and by using
n = 2.45 new values of E, and Log(Z) were obtained for each trial. The

resulting parameters are listed in the last 3 columns from the left, and the

bottom right corner of the Table shows tﬁe calculated average Log(Z) and

E, values for n = 2.45. These data are used in Section 3.2.2 for

comparative purposes.

In curing kinetics the value E, is usually called the activation energy

and may have a physical meaning, however in the following work E, simply

represents an equation constant which results from curve fitting trials.

16



Constant Rate Results

Trial No. n Ea Log Z aHo n Ea
PE.0O8 1.6200 87 9000 12 2600 357 1000 2 4500 101“‘20()0
PE.009 0.3400 83.8000 8.6900 338.5000 2 4500 93 6000
PE.010 3 2000 101 5000 14 2000 340 8000 2 4500 89 /000
PE.O11 2.4300 92.4000 12 8700 363 0000
PE 012 3 5400 99 6000 13 9300 338 §000 2 5000 84 3000
PE.013 2 4800 88 9000 12.3400 377 4000
PE.O14 2.4700 85.0000 11 7400 341 5000
PE.O15 2.3500 79 3000 10 9100 354 7000 2 4500 80 7000
PE 016 3 4800 83 6000 11 4100 328 5000
PE.017 11100 74.0000 10 0800 373 1000 2 4500 94 3000
PE.O18 2.1400 85.6000 118100 347 2000 2 4500 10 4000
PE.OI9 1 5600 79 8000 10 9500 361 1000 2 4500 33 1000
PE.O20 25100 91.8000 12 7200 336 0000 2 4500 31 1000
PE 021 1 8800 79 3000 10 8100 360 3000 2 4500 A 3000
AVERAGES 352 0000 2 4500 76 3000

Table | : Constant Rate Results
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2.1.1.3 Isothermal Experiments

Isothermal measurements were performed at temperatures varying
from 30°C up to 85°C. The DSC cell was preheated to the set temperature
and cquilibrated for 5 minutes before insertion of the sample pans, in order

to establish a clear integration baseline on the heat flow curve.

The running time of each experiment was varied according to the time
required to complete the exotherm, over 3 hours at low temperature (30°C)
and only 55 minutes at high temperature (85°C). 12 dual sample
experiments provided a total of 24 heat flow curves, as shown in Appendix

C.
The DSC Isothermal Kinetics Data Analysis Program [12,13] was
uscd to analyse the heat flow curves and to obtain the partial heat of reaction

at cach temperature, calculated as the total area under the heat flow curve.

The maximum conversion at each temperature is expressed as

18



_AH,

®rax® g (3)
‘%o

where AH, = Total isothermal heat of reaction
(total area under the heat flow curve)

AH, =  Total maximum heat of reaction

(obtained from the constant
heating rate measurements)

Step by step integration of the heat flow curve yields the conversion

at each moment in time

= P 4
o AR (4)
and the rate of reaction
de _ dH/dt
dt A, (3)
where AH, =  Partial heat of reaction

dH/dt Differential rate of heat at time t

(see Figure 4).

Appendix D lists the output data from the integration of each heat

flow curve, and shows conversion versus time at constant temperature.



2.1.2 Results

2.1.2.1 Type of Equation

The curing kinetics of many thermoset resins can be modeled using
cither an cxpression such as Equation (2) which is used in the case of a

constant heating rate, or such as Equation (6) [12,13]

do

HE:k(T)a"'(l—a)" (6)
where da/dt =  Reaction Rate
k(T) = ZeBRT
Z = Consiant
E, = Constant
R = Gas Constant

Under isothermal conditions (no external heat input to the curing
sample), Equation (2) predicts that the maximum rate of reaction occurs near
time = 0 ,as shown in Figure 5, whereas the expression of Equation (6)
predicts that the maximum rate of reaction takes place at some time t > 0,

as shown in Figure 6.



From the isothermal heat flow curves shown in Appendix C, it is scen
that the reaction is similar to the example illustrated in Figure 6, and hence
Equation (6) can be used to predict the rate of reaction for these isothermal

cases.

Figure 7 shows the measured heat flow curve for a 50°C isothermal
experiment and illustrates how the reaction rate increases up to a maximum

after 35 minutes.

Table 2 lists both the conversion and the rate of reaction versus time
after integrating the heat flow curve of Figure 7. It may be observed that the
rate of reaction increases to its maximum at approximately 40% conversion,

and then decreases.

Equation (6) very conveniently expresses de/dt as a function of a and
"T, in such a way that if an expression can be found that agrees with the data
of Table 2 at 50°C, the same expression is likely to remain valid for
temperatures slightly below or above 50°C, where the rate variable k(T) =

Ze®RT is an exponential function of temperature.
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Figure 5 : Typical Heat Flow Curve corresponding
to Equation (2) [12,13]
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to Equation (6) [12,13]

M



{utw) Bwil

o Uy 40RTINSI
: ; b Ge 1*11 gQ
A SO, L P DRI S SR Sy
;
_ |
i
|
|
_ t
w i
| !
1
A T
: ~ g.;a?
! Lo
| .
, .
w .
!
_
| |
w __
‘ '
w EBE"T :3u\]18U0I (8] M '
" bB/r Q°"2%E :Adreyjuz -jey '
| 6/r o-ov2 :Ad{eyjuz "8EBW -
_ 2, 8°8r :aJnjedsdws) “
—_ c e e e e e e e e e e e <I:|I.ON.O
0008 NNH TIVWH3IHLIOSI :juswwo]
bt :EF E6-UNP-BF 8380 UNY U m D 0,08 IYHHIHLOSI : POYIeN
*g's :o03BnJadp 6w v6°¥F : BIZY5

ceE0"3d D atvd 0,08 TVWHIHIOSI V ° 874 34 @ erdweg

eaH

-
-

Mot

(6w,/Muw)
7 : Heat Flow Curve, T = 50°C

Figure



C and dC/dt
T = 50 Degrees C

Time (min.) C dC/dt
0.2060  0.0001 0.0016
3.2770  0.0285 0.0121
5.5700  0.0569 0.0126
7.7570  0.0851 0.0132
9.8640 0.1134 0.0138

11.8940  0.1419 0.0147
13.7870  0.1704 0.0156
15.5200 0.1985 0.0169
17.1470  0.2268 0.0181
18.6670  0.2553 0.0195
20.0800  0.2836 0.0207
21.4140  0.3119 0.0218
22.6940 0.3404 0.0228
23.9200 0.3688 0.0235
25.1200 0.3972 0.0238
26.2940  0.4250 0.0237
27.5200 0.4540 0.0234
28.7500 0.4823 0.0227
30.0300 0.5104 0.0214
31.4170  0.5388 0.0196
32.9370 0.5669 0.0174
34.7240 0.5951 0.0142
37.0700 0.6235 0.0101

Table 2 : Conversion (C) and Rate of Reaction (dC/dt) at 50°C



2.1.2.2 Single Temperature Equations

The DSC Isothermal Kinetics Data Analysis Program is used to tind
the best fit curve for each of the conversion data sets presented in Appendix

D. The results are tabulated in Appendix E.

After several curve fitting trials, it was found that the data, as
illustrated in Table 2, could not be fitted accurately with a single equation.
Each data table was broken down into 10 conversion ranges, from the initial
conversion C=0 to the maximum isothermal conversion C=C_, (T), and for
each conversion range the best fit parameters were calculated. C,, (T)

(=0, is obtained from Equation (3) and the heat flow curve at constant

temperature T.

The best fit parameters for T=50°C are listed in Table 3.




Temperature = 50 Degrees C
Equation Parameters, Single Analysis

C m n K
0.0000 0.3080 5.2100 4 .31E-02
0.0680 -0.1250 -2.5400 7.65E-03
0.1360 -0.1290 -2.7700 7.40E-03
0.2050 0.5080 -0.2380 3.61E-02
0.2730 1.0200 1.1100 1.09E-01
0.3400 1.7200 2.4700 4.09E-01
0.4100 2.1000 3.0100 7.58E-01
0.4760 3.7700 4.8400 8.54E+ 00
0.5440 14.5000 13.4000 4.84E+ 06
0.6140 14.5000 13.4000 4.84E+ 06
0.6770 14.5000 13.4000 4.84E4-06

Table 3 : Equation Parameters, T = 50°C



2.1.2.3 Multiple Temperature Equations

In Section 2.1.2.2 equation parameters were found that fit the
conversion data from Appendix D at specific temperatures. In order to tind
parameters which satisfy a broader temperature range, and which can be
used in a computer program, conversion data from three different
temperature runs are analysed together. For the sake of accuracy,

temperatures are selected 5°C apart.

Using the DSC Isothermal Kinetics Data Analysis Program, the
following sets were analysed for 10 conversion ranges: 30°C/35°C/40°C,
35°C/40°C/45°C, 40°C/45°C/50°C, 45°C/50°C/55°C, 50°C/55°C/60°C,
55°C/60°C/65°C, 60°C/65°C/70°C, 75°C/80°C/85°C. The results from
30°C/35°/40°C were applied to T=30°C and are shown in Table 4. For
T=35°C and T=40°C the results from 35°C/40°C/45°C were used, as
shown in Tables 5 and 6. Tables 7 to 15 show the results for T=45"C to

T=85°C.

The proposed computer program presented in Section 3.0 was used



to calculate conversion and reaction rate versus time at each reference
temperature from 30°C up to 85°C, using the equation parameters obtained
by multiple temperature analysis (see the sets of three temperatures listed
above). At some reference temperatures, for example at T=40°C, the
equation parameters from two sets could have been used, either
35°C/40°C/45°C or 40°C/45°C/50°C. In this case the program was run
twice at T=40°C, once using the parameters from the 35°C/40°C/45°C
analysis, and a second time using the parameters from the 40°C/45°C/50°C
analysis. The program produced an output table of C and dC/dt versus time
for each case. Both output tables were compared to Tables D.5 and D.6 in
Appendix D, and the parameters which produced the results closest to the
experimental data shown in Tables D.5 and D.6 were selected. In the case
T=40°C, the parameters from the set 35°C/40°C/45°C fit the experimental
data more closely. The same procedure was followed for each reference

temperature up to 85°C.

Among the analysis sets of three temperatures listed above two sets
were omitted, 65°C/70°C/75°C and 70°C/75°C/80°C. This was due to a

sudden change in the shape of the heat flow curves between 70°C and 75°C,



which is seen by comparing Figures C.17 and C.18 to Figures C.19 and
C.20 in Appendix C. The heat flow curves at 75°C are similar to those at
80°C and 85°C, but differ significantly from the heat flow curves at 70°C.
Therefore it seemed logical not to perform multiple temperature analyses

with temperature sets including both 70°C and 75°C.

Systems of equations are hereby available for 12 different reference
temperatures at 5°C intervals from 30°C up to 85°C. For all intermediate
temperatures, the equation parameters for the next lowest reference

temperature are used. For example at T=43°C and C=0.26

£= “Es/RT ~m - n 6
gt Ze cm™(1-C) (6)

where Z, E,, n and m are the values at the reference temperature of 40°C

and the reference conversion value of C=0.228

With this system of equations it is possible to simulate any varying
time-temperature curve in the 30°C to 85°C range with a multiple step
function, where the time increment of each step has a corresponding

constant temperature.



Temperature = 30 Degrees C
Equation Parameters, Multiple Analysis

o m g Ea Log Z
0.0000 0.2050 -2.0798 63.1000 8.6800
0.0640 0.1210 -1.2600 55.0000 7.1400
0.1250 0.4350 -0.3440 53.8000 7.2800
0.1900 1.0000 1.1700 53.3000 7.7600
0.2530 0.7870 0.3620 £3.0000 7.4800
0.3130 1.2300 1.3100 53.3000 7.9100
0.37€0 0.3850 C.3840 54,3000 7.4600
0.4420 0.3300 C.7290 59.2000 8.3400
0.5010 1.0700 2.2800 76.2000 11.9000
0.5680 -4.5800 2.2600 1835.0000 24.1000
0.6290 -4.5800 2 2600 155.0000 24,1000

Table 4 : Equation Parameters, T = 30°C
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Temperature = 35 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Llog Z
0.0000 0.2150 2.0300 42.3000 o —E;:éé_oo
0.0740 0.2920 -0.3080 43.2000 5.4000
0.1460 1.1000 2.5500 41.9000 6.0500
0.2200 2.0000 4.1200 42.2000 6.8500
C.2920 2.3200 3.8400 42.4000 7.0200
0.3680 2.9400 4.1500 41.7000 7.2200
0.4370 3.4000 3.8700 40.7000 7.1400
0.5150 4.4900 4.2700 41.0000 7.5900
0.5830 10.7000 8.3500 48.5000 11.8000
0.6560 10.7000 8.3500 48.5000 11.8000
.0.7340 | 10.7000 8.3500 48.5000 11.8000

Table 5 : Equation Parameters, T = 35°C
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Temperature = 40 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2150 2.0300 42.3000 5.2500
0.0760 0.2920 -0.3080 43.2000 5.4000
0.1500 1.1000 2.5500 41.9000 6.0500
0.2280 2.0000 4.1200 42.2000 6.8500
0.3030 2.3200 3.8400 42.4000 7.0200
0.3790 2.9400 4.1500 41.7000 7.2200
0.4550 3.4000 3.8700 40.7000 7.1400
0.5310 4.4900 4.2700 41.0000 7.5900
0.6070 10.7000 8.3500 48.5000 11.8000
0.6820 10.7000 8.3500 48.5000 11.8000
0.7550 10.7000 8.3500 48.5000 11.8000

Table 6 : Equation Parameters, T = 40°C



Temperature = 45 Degrees C

Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2280 2.2800 44,7000 5.6600
0.0750 0.03867 -2.1100 37.2000 4.0800
0.1490 1.4200 3.9100 36.2000 5.4700
0.2260 2.7100 6.1100 37.9000 6.8200
0.3010 3.3900 6.1000 39.0000 7.3600
0.3720 3.4000 4.9800 40.0000 7.3200
0.4500 3.3000 4.0100 40.2000 7.0500
0.5250 3.8500 3.9900 37.1000 6.6800
0.5950 8.4900 6.9900 31.7000 7.9900
0.6810 8.4900 6.9900 31.7000 7.9900
0.7560 8.4900 6.9900 31.7000 7.9900

Table 7 : Equation Parameters, T = 45°C
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Temperature = 50 Degrees C
Equation Parameters, Mulitiple Analysis

C m n Ea Log Z
0.0000 0.2280 2.2800 44.7000 5.6600
0.0680 0.0387 -2.1100 37.2000 4.0800
0.1360 1.4200 3.9100 36.2000 5.4700
0.2050 2.7100 6.1100 37.9000 6.8200
0.2730 3.3900 6.1000 39.0000 7.3600
0.3400 3.4000 4.9800 40.0000 7.3200
0.4100 3.3000 4.0100 40.2000 7.0500
0.4760 3.8500 3.9900 37.1000 6.6800
0.5440 8.4900 6.9900 31.7000 7.9800
0.6140 8.4900 6.9900 31.7000 7.9900
0.6770 8.4800 6.9900 | 31.7000 7.9900

Table 8 : Equation Parameters, T = 50°C
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Temperature = 55 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2540 4.3000 35.4000 4.4100
0.0800 0.0606 -0.7650 28.1000 2.8700
0.1600 0.3030 -0.0942 22.6000 2.2600
0.2390 0.8530 1.2500 21.0000 2.5000
0.3180 1.3800 2.2300 21.5000 3.0200
0.5380 1.5000 2.2800 21.8000 3.1200
0.4770 1.3200 1.9500 20.2000 2.7100
0.5570 1.2100 1.7400 18.0000 2.2700
0.6360 1.0400 2.2300 20.1000 2.7600
0.7°60 1.0400 2.2300 20.1000 2.7600
0.7950 1.0400 2.2300 20.1000 2.7600

Table 9 : Equation Parameters, T = 55°C
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Temperature = 60 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log 2
0.0000 0.2540 4.3000 35.4000 4.4100
0.0810 0.0606 -0.7650 28.1000 2.8700
0.1580 0.3030 -0.0942 22.6000 2.2600
0.2390 0.8530 1.2500 21.0000 2.5000
0.3170 1.3800 2.2300 21.5000 3.0200
0.3980 1.5000 2.2800 21.8000 3.1200
0.4780 1.3200 1.9500 20.2000 2.7100
0.5570 1.2100 1.7400 18.0000 2.2700
0.6330 1.0400 2.2300 20.1000 2.7600
0.7120 1.0400 2.2300 20.1000 2.7600
0.7880 1.0400 2.2300 20.1000 2.7600

Table 10 : Equation Parameters, T = 60°C
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Temperature = 65 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2240 3.7400 54.6000 7350;)_
0.0840 0.0223 -0.8140 57.5000 7.4000
0.1670 0.3650 0.3220 51.9000 6.9000
0.2500 1.2600 2.3400 44,6000 6.5600
0.3340 1.5000 2.4200 38.9000 5.8100
0.4180 1.4900 2.2500 34.7000 5.1300
0.5020 1.2600 1.9100 30.0000 4.2200
0.5840 0.4520 1.2800 26.8000 3.2800
0.6670 -1.6800 0.8320 36.0000 4.1100
0.7500 -1.6800 0.8320 36.0000 4.1100
0.8330 -1.6800 0.8320 36.0000 4.1100

Table 11 : Equation Parameters, T = 65°C

37




Temperature = 70 Degrees C
Equation Parameters, Multiple Analysis
.
\

C m n Ea Log Z
0.0000 0.2240 3.7400 54.6000 7.3300
0.0860 0.0223 -0.8140 57.5000 7.4000
0.1720 0.3650 0.3220 51.8000 6.8000
0.2580 1.2600 2.3400 44.6000 6.5600
0.3430 1.5000 2.4200 38.9000 5.8100
0.4300 1.4900 2.2500 34.7000 5.1300
0.5150 1.2600 1.9100 30.0000 4.2200
0.5990 0.4520 1.2800 26.8000 3.2800
0.6840 -1.6800 0.8320 36.0000 4.1100
0.7730 -1.6800 0.8320 36.0000 4.1100
0.8580 -1.6800 0.8320 36.0000 4.1100

Table 12 : Equation Parameters, T = 70°C
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Temperature = 75 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2670 3.8200 36.6000 4.7000
0.0830 -0.2180 0.2750 21.2000 1.7600
0.1660 -1.0400 -3.8700 10.3000 -0.8540
0.2480 0.0863 -0.8870 8.6300 -0.1050
0.3300 0.3250 -0.4620 9.2700 0.1100
0.4130 2.1800 2.1500 9.1700 . 1.3300
0.4930 2.6500 2.2700 7.4000 1.1400
0.5790 2.6500 1.8100 4.1900 0.3800
0.6610 4.0500 2.1200 1.8100 0.3200
0.7440 4.0500 2.1900 1.8100 0.3200
0.8260 4.0500 2.1900 1.8100 0.3200

Table 13 : Equation Parameters, T = 75°C
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Temperature = 80 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log Z
0.0000 0.2670 3.8200 36.6000 4.7000
0.0850 -0.2190 0.2750 21.2000 1.7600
0.1700 -1.0400 -3.8700 10.3000 -0.8540
0.2530 0.0863 -0.8870 8.6300 -0.1050
0.3390 0.3250 -0.4620 9.2700 0.1100
0.4240 2.1800 2.1500 9.1700 1.3300
0.5080 2.6500 2.2700 7.4000 1.1400
0.5930 2.6500 1.8100 4.1900 0.3800
0.6780 4.0500 2.1900 1.8100 0.3200
0.7610 4.0500 2.1900 1.8100 0.3200
0.8470 4.0500 2.1900 1.8100 0.3200

Table 14 : Equation Parameters, T = 80°C
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Temperature = 85 Degrees C
Equation Parameters, Multiple Analysis

C m n Ea Log 2
0.0000 0.2670 3.8200 36.6000 4.702).0_‘
0.0870 -0.2190 0.2750 21.2000 1.7600
0.1730 -1.0400 -3.8700 10.3000 -0.8540
0.2600 0.0863 -0.8870 8.6300 -0.1050
0.3470 0.3250 -0.4620 9.2700 0.1100
0.4340 2.1800 2.1500 9.1700 1.33C0
0.5210 2.6500 2.2700 7.4000 1.1400
0.6080 2.6500 1.8100 4.1900 0.3800
0.6950 4.0500 2.1900 1.8100 0.3200
0.7780 4.0500 2.1900 1.8100 0.3200
0.8640 4.0500 2.1900 1.8100 0.3200

Table 15 : Equation Parameters, T = 85°C
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3.0 COMPUTER SIMULATION

A program was written, which uses the parameters from Tables 4 to
I5 in order to predict the advancement of cure throughout time with varying
temperature. Because of its flexibility and user friendliness, but also in view

of future applications, the problem was solved on a Lotus-123 spreadsheet.

3.1 Spreadsheet Layout

The program consists of 5 parts: inputs, data tables, computations, a

macro program, and output tables.

3.1.1 Inputs

The inputs section includes selection of the type of analysis desired,
such as isothermal, constant rate, varying temperature or temperatures as

calculated with a heat transfer analysis for each time step (future work).



Other inputs are the time increment At (min.), limit time of the analysis t

tHan

(min.), initial temperature T(0) (°C) and rate of heating (°C/min.), sce

Figure 8.
HEAT

INPUTS ISO. RAMP VARYING TRANSFER
YES/NO 0 1 0 0
Lmax 6
At 0.5
T(0) 20
Rate 10

Figure 8 : Spreadsheet Data Inputs

Figure 8 shows the inputs for a constant heating rate of 10°C/min.,
starting at 20°C and finishing at 80°C after t,,,, =6 minutes. Calculations arc

performed at each 0.5 minute time increment.
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3.1.2 Data Tables

Equation parameters as determined experimentally (see Section
2.1.2.3) at different temperature and conversion ranges are shown in Tables
4 to 15. These are also the tables which are used by the program for lookup

of the parameters during computations at each time increment.

Temperatures from 30°C up to 85°C are listed in 5°C intervals. For
intermediate temperatures and conversions, the next lowest data set is used.
Below 30°C, the 30°C data are used. An innut table of temperature versus
time is also included on the spreadsheet for varying temperature runs. These
are the exotherm temperatures measured with thermocouples during the cure

of a laminate layup.

3.1.3 Computations

For each temperature and conversion value, equation parameters

m.n.E, and Log(Z) are extracted from the data table at the next lowest
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reference temperature and conversion values in the table.

The rate of reaction at each time increment is calculated as

dc -E,/RT neam
—_—= a 1-C)7C? 6
qt Ze ( ) (6)

The conversion for the following time increment is

SE A E+Co14=Cren (7)
where Cut = Conversion at time t
C.w = Conversion at time t+At
At = Time increment
dC/dt =  Rate of reaction at time t

For varying temperature runs, the new temperature at time t + Atis
extracted from the input data table. For constant heating rate runs, the

temperature at time t+ At is calculated as

Tp..~T,*tRate (8)
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&
I

Initial temperature

where

t = Cumulative time

3.1.4 Macro Program

The macro program, listed in Figure 9, initializes the spreadsheet and
erases the output tables. The program increments time up to the limit
requested in the input and stores the calculated conversion and rate of

conversion at each increment.
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/REHG3 N243~
{LET a23,B8]
{LET B23,.0005)
{LET B25,.0005)

{LET B7,0}
{GOTO 225~
/C~T1~

{IF I1=30}{BRANCH T52)
{IF G23<Il)({BRANCH T53}
{DOWN 2)

/C(DOWN 10}~CL6~
{BRANCH T58)

{LEFT 1)

/C~11~

{BRANCH TS0)

{LET B23,B11l)

{LET B25,B12)

{LET 143,G23)
/CB23~J43~

/CB25-M43-

{(LET H43,al10)

{LET Ka43,C24)

{LET N&43,C26)

/MH43  N243~H44~

{LET B7,Al0)

{IF B7>B5)}(BRANCH T70)
{BRANCH T48)

{QUIT)

Figure 9: Macro Program Listing

3.1.5 Output Tables

The output format is similar to the output tables of the DSC runs,

shown in Appendix D, and is used for plotting of the results.
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3.2 Results

Using the spreadsheet program, all the experiments of Section 2.0

were simulated, and the outputs were verified with the experimental results.

3.2.1 Isothermal Calculations

Using the computer nrogram and the data Tables 4 to 15, graphs were
printed which show conversion and reaction rate versus time at temperatures
ranging from 30°C to 70°C, see Figures 10 to 19. Each graph shows a
curve of the calculated values using the parameters from Tables 4 to 15 and
the corresponding experimental curves for samples A and B (which were

constructed directly from the data in Appendix D).

It is scen from Figures 10 to 19 that the calculated curves clearly
follow the curves for samples A and B at all temperatures from 30°C to
70°C, which was to be expected since the equation parameters used for the

calculations are based on the experimental data.

48



Although the majority of points on the calculated curves lie within
10% of the experimental values of samples A and B, local inaccuracies
above 10% are encountered, as illustrated in Tables 16 and 17. These
inaccuracies are mostly due to differences between samples A and B but also
to the fact that the calculated results are based on an average between

temperatures.

Figures 10 to 19 were not plotted for the complete time span of cach
experiment. For example Figures 10 and 11 show conversion and reaction
rate up to 95 min. at 30°C, whereas the corresponding experiment at 30°C
was stopped after approximately 200 min., as secen from the hecat flow
curves for sample A (Figure C.1) and sample B (Figure C.2) in Appendix
C. This was due to a limitation in the DSC Isothermal Kinctics Data
Analysis Program, through the use of which data tables of conversion and
reaction rate could not be obtained for the complete time span of the heat
flow curves. It is seen for example from Table D.2 in Appendix D that
conversion and reaction rate for sample B at 30°C isothermal are listed only
up to 96.461 min., which corresponds to approximately 0.46 conversion,

whereas the conversion after 200 min. is approximately 0.63.
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The approximate value 0.63 is obtained by dividing the average of the
measured enthalpies (total area under the isothermal heat flow curve) shown
in Figure C.1 (214.6 J/g) and in Figure C.2 (225.7 J/g) by the maximum (or

reference) heat of reaction of the 100% cured resin (352 J/g).

However, using the same software, it was possible to establish
equation parameters up to higher conversion ranges. This can be seen from
Table 4 at T=30°C, where the parameters in the row beginning with
C=.568 are valid from C=.568 to C=.629. From C=.629 onwards, that
is up to time infinity, it was not possible to determine equation parameters,
therefore the parameters of the previous row (C=.568) were listed in the
last row, but these will not accurately predict conversion beyond the time
span of the present experiment. Likewise at 70°C the parameters in the row
containing C=.,684 (Table 12) are valid from C=.684 to C=.773. Above
C=.773 equation parameters could not be determined, and the row
containing C=.684 was simply copied into the rows containing C=.773 and

C=.858. Therefore the model can be used accurately only up to C=.773.

The problem at higher conversion ranges arises from the fact that the
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reaction becomes so slow that the differential heat flow rates cannot be
measured, and the heat tlow curve converges with its bascline, as tllustrated
in Figure 4. The maximum conversion which can be measured by DSC
under isothermal conditions at 30°C is 0.63, but if the isothermal
experiment were carried on beyond 200 min., the resin would continue
curing at a very slow rate and the conversion may cventually reach 0.7 or
more, however other methods of analysis would be required to obtain such
data. The maximum conversion obtained at the end of cach isothermal
experiment (e,,=AH/AH,, see Equation (3), Scction 2.1.1.3) is the
maximum which can be measured with a single DSC isothermal run,

however it is not the maximum attainable conversion at that temperature.

In the higher conversion ranges, approaching the maximum values for
each temperature, it was not possible to find an equation which would be
valid up to infinity, and therefore the upper limits of conversion (above 0.63
at 30°C or above 0.77 at 70°C) were neglected. This presented no problem
for the suitability of the proposed model, since at higher conversion ranges

the rate of reaction is small, and heat gencration becomes negligible,
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Figure 10 : Conversion at 30°C
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Conversion

Conversion at 40 Degrees
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Figure 12 : Conversion at 40°C
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Conversion at 50 Degrees Iso.
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Figure 14 : Conversion at 50°C
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Conversion at 60 Degrees Iso.
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Figure 16 : Conversion at 60°C
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Figure 17 : Reaction Rate at 60°C
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Figure 18 : Conversion at 70°C
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Temp. Makx. No.Points No.Points

°C Error <10% <20%
v % %

SAMPLE A

30 7.3 100 100

40 27.5 77 93

50 31.5 63 88

60 28.6 78 89

70 41.5 43 57
SAMPLE B

30 7.7 100 100

40 31.8 15 85

50 14.7 44 100

60 25.6 78 89

. 70 37.8 43 72

Table 16 : Error Analysis for Conversion in Figures 10 to 19



Temp. Max. No.Points No.Points

°C Error <10% <20%
% % %
SAMPLE A
30 8.5 100 100
40 6 100 100
50 9.2 100 100
60 10 100 100
70 30.8 71 86
SAMPLE B
30 15.4 6 100
40 14.4 77 100
50 23 31 88
60 6 100 100
70 19.6 36 lOO__

Table 17 : Error Analysis for Reaction Rate in Figures 10 to 19
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3.2.2 Constant Heating Rate Calculations

To complete the analysis and in order to demonstrate the validity of
the method in varying temperature conditions, the proposed kinetic model
was used to calculate conversion and reaction rate with a temperature ramp
of 10°C/min. As discussed in Section 2.1.1.2, the experimental curve was

constructed by using the equation

dc -E,/RT (2)
___Z a l_ n
v r e (1-C)

with the average equation parameters of the 14 trials at 10°C/min, obtained
from Table 1. Figures 22 and 23 show plots of Equation (2) for conversion
and reaction rate versus temperature with a heating rate of 10°C/min from

20°C up to 200°C.

The calculated results were obtained from the computer model with
an input heating rate of 10°C/min and were plotted together with the
experimental results, as seen in Figures 20 and 21. From these figures it is
scen that the calculated curves tollow the experimental results up to

approximately 70°C, with an approximate error of 20% for the reaction rate
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and 10% for the conversion. Above 70°C, the experimental conversion and
reaction rate (shown in Figures 22 and 23 up to 200°C) increase much taster
than calculated. which suggests that the proposed model is valid only up to
70°C. The loss of accuracy of the model at higher temperatures may be

explained as follows:

When performing an isothermal experiment at higher temperatures,
upon introduction of the cold samples into the preheated cell, the
temperature rise of the sample resin and the reaction of the resin become so
quick that the equipment cannot accurately measure the initial heat flow.
Once the heat flow curve stabilizes, the real conversion at each puint of the
curve is actually higher than the calculated conversion. Furthermore, it can
be observed by looking at Tables D.1 to D.24 in Appendix D, that the
maximum rate of reaction consistently occurs at approximately 40%
conversion from 30°C up to 70°C. At 75°C suddenly the maximum rate
occurs at 8% conversion. From the same tables it may be observed that the
conversion after 50 minutes at 70°C is approximately 85%, which is
identical to the results at 80°C. These facts suggest that the initial values of

conversion measured at 80°C are incorrect, and that above 70°C the



measured conversions are no longer accurate. As a result, using the
proposcd model to simulate a 10”C/min heating rate, the results are only
valid up to 70°C. This limitation was however of no major concern, since
in the applications for which this model is proposed a maximum exotherm

temperature of 70°C should not be exceeded.

Temperature Rate of 10 Degrees/min.
Conversion

0.100 I e -

0.080 -

Conversion
-

‘\h\\.w\n
0.000 - - ~ - e

70 65 60 55 50 45 40 35 30 25 20
Temperature, Degrees C

" Calculated — Experimental "A"

Figure 20 : Conversion at 10°C/min, Comparisons
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Figure 21 : Reaction Rate at 10°C/min, Comparisons
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Figure 22 : Conversion at 10°C/min, 20°C to 200°C
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Temperature Rate of 10 Degrees/min.
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Figure 23 : Reaction Rate at 10°C/min, 20°C to 200°C
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4.0 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Summary

The kinetics of a vinyl ester resin system used for the hand-layup of
FRP flanges were studied using DSC analysis, and kinetic data tables were
constructed, which were used in a proposed computer spreadsheet model to
calculate conversion and reaction rate with varying temperature. The data
tables may also be used by any other computer program to predict the
conversion and the reaction rate of the resin. It was found that for the vinyl
ester resin under consideration the maximum reaction rate under isothermal
conditions occurs at some time t > 0. This is predicted by the following
cquation, which the proposed model used to calculate conversion and rate
of reaction

Te=ze S FCn (1) (6)

The parameters Z, E,, m and n were obtained by curve fitting of the
results of DSC isothermal measurements from 30°C up to 85°C, in 10

ranges of conversion from the initial conversion at time t=0 (C=0), to the
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maximum isothermal conversion at temperature T (C=C,,.(TH. Data tables

may
of parameters for the above equation were created at cach reference
temperature by analysing simultaneously the results of three isothermal
experiments at temperatures which were 5°C apart. These tables are used

by the computer program to calculate conversion and reaction rate at cach

time increment.

Verification of the model was done in two steps, first by calculating
isothermal conversion and reaction rate versus time at all reference
temperatures, and comparing these to the experimental results. Comparative
plots of calculated versus experimental results were presented in Figures 10
to 19, and confirm that the model predicts the majority of experimental
isothermal data with an accuracy of 10% in the temperature range from
30°C to 70°C, as illustrated in Tables 16 and 17. Tables 16 and 17 also
show local inaccuracies above 10%, which are duce to differences between
the experimental results of samples A and B and to the fact that the
calculated results are based on an average between three isothermal
experiments at temperatures which were 5°C apart. It was also found that

different methods of analysis should be considered to obtain accurate
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measurements of isothermal conversion above 70°C, however since a
maximum exotherm temperature of 70°C should not be exceeded in the

practical problem under consideration, further analysis was not undertaken.

In the higher conversion ranges, difficulties were encountered in
finding a model to simulate the experimental data. The upper limits of
conversion, above 0.63 at 30°C and above 0.77 at 70°C, were therefore
neglected, .nd this is believed to have no influence on the suitability of the
model as a vasis for heat transfer analysis, since the rate of reaction and

hence the heat generation approach zero in these higher ranges.

Finally the model was used to simulate a 10°C/min temperature ramp
from 20°C up to 70°C. The constant ramp is approximated by a multiple
step temperature function, and isothermal calculations are performed at each
time increment. The calculated conversion and reaction rate versus time
were compared to the experimental results of 14 constant rate measurements,
and it was tfound that the model simulates the experiments up to 70°C with
an accuracy of approximately 20% for the reaction rate and 10% for the

conversion, as illustrated in Figures 20 and 21.



The proposed model may be used to simulate any random temperature
curve within the 30°C to 70°C range. and to obtain the rate of reaction at

each moment in time up to 63 % conversion at 30°C and 77 % conversion at

70°C.

Conclusions

1) From a DSC analysis of a vinyl ester resin, Dow Chemicals
Derakane 411-45, catalysed with MEKP, accelerated with DMA and
promoted with CoNap, isothermal heat flow curves were obtained and

kinetic data of conversion and reaction rate was generated.

2) Tables of equation parameters were constructed to simulate the
curing process, and can be used to calculate reaction rate and conversion at

any moment in time for temperatures up to 70°C.

3) A computer model of the curing process was developped using the
tables of equation parameters. This model can be dircctly coupled with a

heat transfer analysis to determine temperature gradicents in curing vinyl
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ester laminates.

No similar publications were found in literature on the curing kinetics

of a vinyl ester resin. The present work also constitutes the first step in

solving the problem of FRP flange pullback.

Future work

As future work, a heat transfer model can be created, based on the
curing kinetics model, and a complete structural analysis of the pullback
problem may be undertaken. Such an analysis also requires data on the
mechanical properties of the resin during cure, which may be obtained by

Dynamic Mechanical Analysis, and on the shrinkage of the resin.

By repeating the DSC experiments with new resin mixtures, varying
the amounts of catalyst, accelerator or promoter, new data tables can be
created, and using the kinetic model, valuable information may be obtained
about the resin system which would support future studies of the problem

of FRP flange pullback.
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APPENDIX A - SUMMARY OF RUNS

Constant Heating Rate
Test Number

PE.008
PE.009
PE.O10
PE.O11
PE.O012
PE.O13
PE.O14
PE.O15
PE.O16
PE.O17
PE.O18
PE.O19
PE.020
PE.021

Description

10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.
10°C/min.

Sample A
Sample B
Sample A
Sample B
Sample A
Sample B
Sample A
Sample B
Sample A
Sample B
Sample A
Sample B
Sample A
Sample B
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[sothermal
Test Number

PE.O32
PE.033
PE.042
PE.043
PE.044
PE.045
PE.046
PE.047
PE.048
PE.049
PE.052
PE.053
PE.056
PE.057
PE.058
PE.059
PE.060
PE.O61
PE.062
PE.063
PE.O64
PE.065
PE.066
PE.067

Description

Isothermal 50°C Sample A
Isothermal 50°C Sample B
Isothermal 30°C Sample A
I[sothermal 30°C Sample B
Isothermal 35°C Sample A
Isothermal 35°C Sample B
[sothermal 40°C Sample A
Isothermal 40°C Sample B
Isothermal 45°C Sample A
Isothermal 45°C Sample B
Isothermal 55°C Sample A
Isothermal 55°C Sample B
Isothermal 65°C Sample A
Isothermal 65°C Sample B
Isothermal 70°C Sample A
Isothermal 70°C Sample B
Isothermal 60°C Sample A
Isothermal 60°C Sample B
Isothermal 75°C Sample A
Isothermal 75°C Sample B
Isothermal 80°C Sample A
Isothermal 80°C Sample B
Isothermal 85°C Sample A
Isothermal 85°C Sample B
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APPENDIX B
HEAT FLOW CURYVES
CONSTANT HEATING RATE
The following fourteen (14) curves, Figures B.1 to B.14, were
obtained from seven (7) dual sample experiments with a constant heating
rate of 10°C/min from 0°C up to 200°C. The DSC cell was cooled to -5°C
using liquid nitrogen and stabilized at 0°C betore starting the experiment.

A list of all the experiments is found in Appendix A.

The Borchardt and Daniels Kinetics Data Analysis Program [14] was
used to integrate the heat flow curves and to obtain the total heat of reaction
and the parameters n (reaction order), E, (constant) and Log(Z) (constant)

for the equation

dc -E,/RT
=Z 3 1 - n 2
at e (1-C) (2)

which is used to predict the reaction rate dC/dt and the conversion when the
resin is subjected to a 10°C/min heating rate. The results of all the

experiments are given in Table 1, Section 2.1.1.2.
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APPENDIX C

HEAT FLOW CURVES
ISOTHERMAL EXPERIMENTS

The following 24 curves, Figures C.1 to C.24, were obtained {rom
12 dual sample isothermal experiments at temperatures ranging from 30°C

to 85°C. A list of all the experiments is found in Appendix A.

The DSC Isothermal Kinetics Data Analysis Program [12,13] was
used to integrate the Leat flow curves and to obtain the isothermal heat of
reaction (written measured enthalpy in the following figures). The total heat
of reaction (written reference enthalpy in the following figures) is input
manually, and the value used is the average total heat of reaction (352 J/g)
obtained from the constant heating rate experiments and listzd in Table I,
Section 2.1.1.2. The Analysis Program divides thc measured enthalpy by the
reference enthalpy to determine the maximum isothermal conversion, and by
stepwise integration the conversion and the rate of reaction are calculated at
various moments in time, as discussed in Section 2.1.1.3. The results after

integration (conversion and reaction rate versus time) are shown in Tables

D.1 to D.24 in Appendix D.
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Figure C.21
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Figure C.22
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APPENDIX D - ISOTHERMAL RESULTS

The following 24 Tables, D.1 to D.24, were obtained by integration
of the isothermal heat flow curves (Figures C.1 to C.24 in Appendix C) and
list conversion C and rate of reaction dC/dt versus time at temperatures

ranging from 30°C to 85°C for samples A and B at each reference

temperature.
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Table D.24 : C and dC/dt vs t, Trial PE.Q67

143



APPENDINX E

EQUATION PARAMETERS
SINGLE TEMPERATURE ANALYSIS

The following Tables, E.1 to E.12, list parameters m, n and k which

are used in the equation

dc
=kC™(1- n 6
T c™(1-0) (6)

in various ranges of conversion C and at temperatures ranging from 30°C
to 85°C. These parameters were determined using the DSC Isothermal
Kinetics Data Analysis Program [12,13] for each temperature individually.
The results of the single temperature analyses were analysed simultancously
in sets of three temperatures 5°C apart to obtain the results shown in Tables

4 to 15.

144




Temperature = 30 Degrees C

Equation Parameters, Single Analysis

C

0.0000
0.0640
0.1250
0.1900
0.2530
0.3130
0.3760
0.4420
0.5010
0.5680

0.6290

Figure E. 1 :

m n k
‘M—O.1230 -7.2100 3.43E-03
0.0102 -1.7800 3.19E-03
-0.4930 -4.7200 7.85E-04
0.3180 -0.8790 6.74E-03
1.6800 2.8300 1.29E-01
3.3300 5.8300 2.70E+00
2.1000 3.3500 2.53E-01
7.4300 9.8500 8.52E+02
30.4000 30.7000 1.34E+16
30.4000 30.7000 1.34E+16
30.4000 30.7000 1.34E+16

Parameters, Single Temperature Analysis, 30°C



Temperature = 35 Degrees C
Equation Parameters, Single Analysis

C m n K
0.0000 0.2840 —_MWSTQ”SOO_ | 1.78E-02
0.0740 0.0791 -1.4100 7.29E-03
0.1460 0.3220 -0.3950 1.36E-02
0.2200 0.3950 -0.2810 1.54E-02
0.2920 1.0900 1.5000 6.74E-02
0.3680 1.8300 2.7400 2.52E-01
0.4370 1.7300 2.3500 1.85E-01
0.5150 4.1900 4.6600 5.00E+00
0.5830 18.1000 14.0000 3.15E+07
0.6560 18.1000 14.0000 3.15E+07
0.7340 18.1000 14.0000 3.15E+07

Figure E.2 : Parameters, Single Temperature Analysis, 35°C
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Temperature = 40 Degrees C
Equation Parameters, Single Analysis

C m n K
OOOO(_)ﬁ - 0.1840 0.6380 1.29E-02
0.0760 -0.0377 -2.6600 5.57E-03
0.1500 0.2170 -1.2600 1.14E-02
0.2280 0.4230 -0.4610 1.90E-02
0.3030 1.5400 2.1000 1.81E-01
0.3790 1.7700 2.4100 2.62E-01
0.4550 1.6000 2.1500 1.96E-01
0.5310 3.4200 3.7300 2.06E+00
0.6070 21.6000 15.1000 7.33E+08
0.6820 21.6000 15.1000 7.33E+08
0.7550 21.6000 15.1000 7.33E+08

Figure E.3 : Parameters, Single Temperature Analysis, 40°C
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Temperature = 45 Degrees C
Equation Parameters, Single Analysis

C m
0.0000 0.2470
0.0750 -0.1620
0.1490 0.1600
0.2260 1.0600
0.3010 1.3600
0.3720 1.4700
0.4500 1.5100
0.5250 2.6900
0.5950 18.6000
0.6810 18.6000
0.7560 18.6000

n

4.1 700-
-3.3900
-1.4700

1.3700

1.9800

2.1500

2.1500

3.2400
13.4000
13.4000

13.4000

Kk
2.53E-02
5.05E-03
1.27E-02
9.95E-02
1.79E-01
2.17E-01
2.23E-01
1.06E+00
4.66E+07
4.66E+07

4.66E +07

Figure E.4 : Parameters, Single Temperature Analysis, 457C
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Temperature = 50 Degrees C
Equation Parameters, Single Analysis

C m n k
OOOOO o %’0.3050 5.9100 4.31E-02
0.0680 -0.1250 -2.5400 7.65E-03
0.1360 -0.1290 -2.7700 7.40E-03
0.2050 0.5080 -0.2380 3.61E-02
0.2730 1.0200 1.1100 1.09E-01
0.3400 1.7200 2.4700 4.09E-01
0.4100 2.1000 3.0100 7.58E-01
0.4760 3.7700 4.8400 8.54E+00
0.5440 14.5000 13.4000 4.84E+06
0.6140 14.5000 13.4000 4.84E+06
0.6770 14.5000 13.4000 4.84E+06

Figure E.5 @ Parameters, Single Temperature Analysis, 50°C
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Temperature = 55 Degrees C
Equation Parameters, Single Analysis

C m n k
0.0000 0.4010 ‘69300 1.09E-01
0.0800 0.0152 -1.5800 2.17E-02
0.1600 0.1100 -1.1000 2.81E-02
0.2390 0.6410 0.7050 9.80E-02
0.3180 1.0100 1.5700 2.08E-01
0.3980 0.9920 1.6400 2.12E-01
0.4770 1.2900 1.9300 3.21E-01
0.5570 1.6700 2.1100 4.64E-01
0.6360 12.4000 7.8900 2.07E+04
0.7160 12.4000 7.8900 2.07E+04
0.7950 12.4000 7.8900 2.07E +04

Figure E.6 : Paramcters, Single Temperature Analysis, 55°C
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Temperature = 60 Degrees C
Equation Parameters, Single Analysis

C m n K

O_E)OOO ~ _'W“E).1780 3.1500 4.85E-02
0.0810 -0.1350 -1.8600 1.43E-02
0.1590 -0.1420 -1.9600 1.45E-02
0.2390 0.4860 -0.0229 6.03E-02
0.3170 1.4100 1.9900 3.74E-01
0.3980 1.3700 1.9300 3.51E-01
0.4780 1.2700 1.8500 3.08E-01
0.5570 1.8600 2.3600 6.57E+00
0.6330 11.7000 7.8300 1.41E+04
0.7120 11.7000 7.8300 1.41E+04
0.7880 11.7000 7.8300 1.41E+04

Figure E.7 : Paramcters, Single Temperature Analysis, 60°C



Temperature = 65 Degrees C
Equation Parameters, Single Analysis

C m n K
0.0000 0.2130 3.6n26-0_ 7.15E-02
0.0840 -0.1220 -1.3900 2.06E-02
0.1670 -0.3570 -2.4700 1.11E-02
0.2500 0.3800 -0.1120 6.07E-02
0.3340 1.3700 1.9600 4.13E-01
0.4180 1.4600 2.0700 4.76E-01
0.5020 1.0300 1.6700 2.68E-01
0.5840 1.3600 1.9200 3.95E-01
0.6670 11.3000 6.5700 3.62E+03
0.7500 11.3000 6.5700 3.62E+C0
0.8330 11.3000 6.5700 3.62E+03

Figure E.8 : Parameters, Single Temperature Analysis, 65°C
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Temperature = 70 Degrees C
Equation Parameters, Single Analysis

C m n K
&)..E)NC;'(J‘O-«M 0.1430 -0.0821 6.84E-02
0.0860 0.1290 -0.0806 6.64E-02
0.1720 0.0576 -0.5170 5.40E-02
0.2580 0.4510 0.6640 1.30E-01
0.3430 1.1200 1.9700 4.64E-01
0.4300 1.2200 2.1300 5.52E-01
0.5150 0.6790 1.6600 2.74E-01
0.5990 0.4240 1.4600 1.99E-01
0.6840 7.4300 4.3500 8.02E+01
0.7730 7.4300 4.3500 8.02E+01
0.8580 7.4300 4.3500 8.02E+01

Figure E.Q : Parameters, Single Temperature Analysis, 70°C



Temperature = 75 Degrees C
Equation Parameters, Single Analysis

C m n K
0.0000 0.2250 2.2700 — 1.-38E-O1
0.0830 0.0579 2.1700 8.82E-02
0.1660 -0.5910 -1.3700 1.45E-02
0.2480 -0.2330 -0.3840 3.18E-02
0.3300 0.9640 2.0300 3.15E-01
0.4130 1.1700 2.2700 4.27E-01
0.4930 0.8620 2.0000 2.86E-01
0.5790 -0.1810 1.2600 8.54E-02
0.6610 6.7200 4.5900 5.48E+01
0.7440 6.7200 4.5900 5.48E+01
0.8260 6.7200 4.5900 5.48E+01

Figure E.10 : Paramcters, Single Temperature Analysis, 75°C

154



Temperature = 80 Degrees C
Equation Parameters, Single Analysis

C m n K

| OOEOE) — 0.3390 4.4000 2.58E-01
0.0850 0.1200 2.9200 1.31E-01
0.1700 -0.6240 -1.3200 1.58E-02
0.2530 -0.1620 -0.1690 4.21E-02
0.3390 1.0000 2.1200 3.83E-01
0.4240 1.4900 2.7500 8.21E-01
0.5080 0.6570 1.9600 2.67E-01
0.5930 0.1350 1.5400 1.39E-01
0.6780 6.1000 4.1300 2.62E+01
0.7610 6.1000 4.1300 2.62E+01
0.8470 6.1000 4.1300 2.62E+01
Figure E. 11 : Parumeters. Single Temperature Analysis, 80°C



Temperature = 85 Degrees C
Equation Parameters, Single Analysis

C m n k
0.0000 0.1680 2.4000 B _1 .G—QE-O1
0.0870 -0.0182 2.0900 1.04E-01
0.1730 -0.8860 -2.3900 9.70E-03
0.2600 -0.0669 -0.1120 5.83E-02
0.3470 1.1100 2.0900 5.20E-01
0.4340 1.6400 2.7500 1.17E+00
0.5210 0.9560 2.1000 4.65E-01
0.6080 -0.3620 1.2500 1.09E-01
0.6950 5.4700 3.6600 1.55E+01
0.7780 5.4700 3.6600 1.55E+01
0.8640 5.4700 3.6600 1.55E+01

Figure E.12 : Paramelters, Single Temperature Analysis, 857C
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