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ABSTRACT

The effect of introducing a minera filler (CaCO,) on acommercia epoxy
resin (DGEBA) cured with high molecular weight acid copolymers, on the
kinetics properties has been studied by using differential scanning
calorimetry (DSC).Thekinetics propertieswere determined at different content
of CaCQ,in the systems. The enthalpy of the reaction (AH), the gel
temperature (Tg), the temperature at the maximum peak (Tmax) and the
temperature at the final conversion (T,) were obtained from DSC curves
whichwerealso used for kinetic cal culations. The activation energy of cross
linking reactionswas calculated by the Freeman — Carrol relation. Only modest
effectshas been observed on Tg and Tmax parametersto 80-90% by weight
of CaCO,, whereas, an important decrease of T, is observed from 10 % of
CaCO, content. The effect of the calcium carbonate on curing parametersis
very low to 50 % of CaCO, content, above this amount, the heat of curing
(AH) decreased wheress, the activation energy (E) and the reaction order (n)
increased. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Minerd fillershavedwaysplayed animportant role
inthefield of the plasticsindustry. They are generdly
added to plasticsin order to reducetheir production
costswhileupgrading their properties. Minerd fillers
are defined as fillers with low aspect ratios
(approximately equal to ondl. Amongst minerd fillers,
calcium carbonate CaCQO, is particularly popular
additives because of itsexcellent combination of low
cost, high brightness, and the ability to beused at high
loadings? for many applicationd®7. Itisclean, white

filler and thusleadsitsalf well to pigmentationin any
direction. Calcium carbonate CaCO, isavailableglobdly
inavariety of particle sizesand purities and may be
used with or without organic coating. Itissuppliedin
fiveforms. water-ground, dry-ground, precipitated and
surface-treated. For thisreason, calcium carbonate has
amarked influence on the mechanical and rheologica
propertiesof composites®2,

In previous studies**1", the cure kinetics of an
epoxy resin DGEBA cured by acid copolymers:. poly
(acrylic acid-co-styrene) (PAAS) at different content
of styreneand poly(maleic anhydride-alt-styrene) used


mailto:mouzali@hotmail.com

40 Curing kinetics of an epoxy-acid copolymer systems

RRPL, 2(1) 2011

Full Paper ==

as adhesives or composites have been studied. The
carboxylic acid groupsin acid copolymersare ableto
react with the oxirane groups of the epoxy resin. The
oxiranering opening, of theepoxy resn by thehydrogen
of carboxylic groups, leadsto reactionswhich create
cross linked network between the macromol ecular
chains, insolublein the usual solvents. Thereleased
hydroxyl groupsduring the crosslinking reaction confer
adhesive propertiesto theformed products. Polymers
and copolymerswith high molecular weight wereused
ashardenersin order to creste an el evated numbers of
links. Severd acid motiveswerelinked with the epoxy
functionsleadingto acrosslinked spatia structurewith
relevant properties.

In these studies, the state of curewas assessed as
the residual heat of reaction and was varied by
controlling both thetime and temperature of the cure.
Thedegreeof crosslinkingincreaseswhiletheresidua
heat of reaction decreases with the time and
temperature. Additionally, the activation energy and
order of thereaction increaseswith extend of cure. The
variation of the heat of curing with the percent of acid
content was demonstrated. The systems show an
elevated heet of curing, leading to good reectivity, which
isindicated by the decreasing of the activation energy.

Theobjective of thisstudy isto anaysethe effect
on thekinetics properties by theintroducing mineral
filler (CaCO,) onthesesystems.

Theory

For thermosetswhich follow nth order kinetics, the
rate of conversion do/dt, isproportiond tothefraction
of unreacted reactive. This can be expressed in the
classicd expressionas.
dov/dt = k(1-o)" @
where a is the fractiona conversion of reactants
consumed after timet, nisthereaction order andk is
the specificrate constant.

Cure reaction that are auto catalyzed can be
described by arelation such as:
dov/dt =k o™ (1-at)" @
wheremisapartia reaction order.

Theauto catalyzed systemsare characterized by
the formation of some intermediate species, which
markedly accd eratesthecrosslinking reaction. Different
methodsare established resulting to DSC studieswhich

permit theeva uation of kinetic parameters.

In this study, the reaction is supposed to be
following nth order kinetics. The Freeman-Carrol
relation*® isapplicableto many epoxy curereactions
and offersarapid and ssmplecal culation method. The
activation energy and reaction order were cal cul ated
fromthisrdation:

ALndH/dt _ = E/RAVT
ALn(AH-H)  ALn(AH-H) @
Where, dH/dt = heat flow, generated in the curing
reaction; AH =isthetotal heat of curing; n=reaction
order; E = the activation energy; R = constant
(8.314J.mole’K?); T = absolute temperature
Onassumingthat the hardening reectionin thiscase
proceeds in accordance with the Arrhenius law, the
relationship (3) may be represented by astraight line
described by the equation:

Y =mx-c
Where, m=E/Rand c=n. Fromthed opeof thestraight

line, theactivation energy was cal cul ated, theintercept
c giventhereaction order.

EXPERIMENTAL

Materials

Theepoxy resnwasacommercid DGEBA (Dow
chemica company; DER332) with an equival ent epoxy
of 174g. Hardenersare polymer poly(acrylicacid) PAA,
copolymers poly(acrylic acid-co- styrene) (PAASX) at
different contentsof styreneand poly(maleicanhydride-
at-styrene) (PAMS).

Polymer and copolymerswere synthesized by free
radical polymerizationin solution and characterized by
UV Spectroscopy to determinethe composition, i.e.,
the real percent of styrene and acrylic acid in the
synthesis products, (TABLE 1), and by GPC to
determine the molecular wei ghts of the synthesized
products(TABLE 2).

TABLE 1: Acid motive content in PAASX copolymers

Polymer references % of acid
PAASL 8.9
PAAS2 29.5
PAAS3 63.2
PAASA 79.6
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TABLE2: Mn,Mp, I p of synthesized products

Copolymers Mn g/mol Mp g/mol Ip
PAMS 60 400 91 800 152
PAAS1 122 600 260 000 212
PAAS2 142 500 259 400 1.82
PAAS3 146 700 292 500 1.99
PAASA 134 600 212 500 1.58
PAA 83 300 116 200 1.39

Preparation and sampling

Resin and copolymersweredissolvedin2ml of an
usual polar solvent, tetrahydrofuran (THF), mixed at
equimolecular acid/epoxy proportion, inthe presence
of atertiary amine. The gppropriate content of CaCO,
(10to0 100%) isadded. Themixturewasstirred at room
temperature until aclear homogeneous solution was
obtained. Samples were dried and enclosed in
aluminium pansfor DSC analysisandintroducedina
ventilated dryer.

Apparatus

The UV measurements were performed in THF
solution in the range of 200-300 nm wavelengths.
Molecular weights, in equivalent of standard PS, were
determined by GPC in THF solution using pstyrogel
columnsand adifferentia refractometer detection.

Cdorimetric measurementswereperformedwitha
DSC 930 DUPONT instrument equipped with a
differentia scanning calorimeter model 912 withtwo
cellsconnected to an IBM 2100 microprocessor .The
ca orimeter was previoudly calibrated with anindium
standard. The sampleweightswere 10mg. Thesample
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wasintroduced inthe DSC, equilibrated at 25°C and

then scanned at aheating rate of 10°C/min from 25°C

to 250°C.Heating rate has an effect on the curing

parameters®¥. For the studied systems amaximum of

theheat of thereactionisobtained for aheating rate of

10°c/ mn. The cure of an epoxy resin is an exothermic

process, and the heat evolved can be detected

quantitatively by the DSC, thus giving ameasurement

of the heat amount of reaction.

RESULTSAND DISCUSSION

Thetotal heat of curing (AH,), thegel temperature
Tg, the maximum temperature Tm and the final
temperature T, areobtained from DSC curveswhichare
dsousadfor kineticcdculations. Wegiveasanexample
thefigure1 whichrepresentstheexothermsof PAAS3/
DGEBA-CaCO,, used tomeasurethetwo parameters,
thepartia heat of cure (H) andthe heet flow at thetimet,
dH/dt measured by the di placement of thecureexotherm
fromthebasdineat any time. A minimum of tenvauesof
H and dH/dt weretabul ated for each exotherm.

By plotting Aln dH/dt/Aln (AH-H) against A(L/T)/
In (AH-H), we obtained thevalue of E/Rwhichisthe
slope of the straight line; the reaction order nisthe
intersept of thiscurvewithY axis.

TABLES3and 4 givethegd temperatureTg, the
maximumtemperature Tm, thefind temperature T, the
enthal py of curing ?H, the activation energy Eaand the
reactionorder nof PAAS / DGEBA, PAMS/DGEBA
and PAA/DGEBA systemsat different content of CaCO,,

TABLE3: T, T, . T,AH of PAASY DGEBA-CaCO, and PAMS DGEBA- CaCO,systems,

% T T max Tf AH % T T max Tf AH
YSOM  caco, O (0 €O @ ¥ caco, (O (O () (g
0 10892 13631 208 6273 0 11285 13617 230 19363
10 10904 13653 170 61.36 10 11288 13626 175 190.24
20 10977 13653 170 60.21 20 11345 13633 175 18847
30 11030 13671 170 58.68 30 11377 13646 175 182.47
PAASL/ 40 11087 13682 170 5687 paasy 40 11392 13655 175 178.63
DGEBA/ 50 1104 13693 170 5426 DGEBA/ 50 11458 13673 175 169.50
CaCO;, 60 1119 13685 165 50.13 CaCOs 60 11478 13703 165 159.35
70 11187 13685 160 45.13 70 11530 137.88 165 140.68
80 11194 13735 160 37.32 80 11636 13855 165 120.14
90 11551 13802 160 30.25 90 11836 13938 165  99.80
100 11586 13884 160 22.06 100 11911 14039 165 69.90

ey, Research & Reotews On

Polymer



42 Curing kinetics of an epoxy-acid copolymer systems RRPL, 2(1) 2011
Full Paper ==
% T Tmax Tf AH % T Tmax Tf AH
Y¥em  coco, Q) (O co g Y™ caco, Q) O ¢ (g
0 9519 121.81 222 127.77 0 143.05 16153 255 210.13
10 9520 122.09 175 126.80 10 143.13 16185 210 204.2
20 95.26 12249 160 124.50 20 14357 16198 210 199.8
30 9540 122.84 160 12250 30 14436 16211 210 194.83
PAAS2/ 40 95,52 12339 160 119.68 pAA/ 40 14498 16244 200 190.76
DGEBA/ 50 95.88 12426 150 113.39 DGEBA/ 50 14538 162.73 200 180.95
CaCO; 60 96.13 12490 150 99.75 CaCO; 60 146.45 16284 200 170.19
70 97.01 12619 150 85.56 70 146.82 163.13 190 150.40
80 97.28 127.01 150 70.73 80 147.18 163.18 190 131.10
90 99.35 12933 150 58.86 90 149.11 16439 180 111.13
100 10058 130.73 150 43.04 100 151.77 16486 170 87.45
0 10825 13192 231 167.05 0 9316 12520 207 196.80
10 10845 13215 170 165.46 10 9556 12524 160 194.83
20 108.74 13265 170 163.46 20 96.75 12556 160 190.76
30 108.85 13273 160 157.42 30 98.76 12564 160 183.95
PAAS3/ 40 109.13 133.09 150 15263 PAMY 40 98.92 12564 160 177.10
DGEBA/ 50 109.77 13321 150 146.48 DGEBA/ 50 102.75 12564 160 170.19
CaCOs 60 110.01 13366 150 138.64 CaCO; 60 108.63 12583 150 160.40
70 1115 13471 150 124.01 70 109.61 12699 150 144.48
80 11398 13501 150 10441 80 110.28 12829 150 122.13
90 11458 13590 150 84.52 90 11043 12946 150 97.45
100 11533 136.76 150 52.26 100 111.32 13007 150 66.94
TABLE 4: Activation ener gy and reaction or der of PAASX/DGEBA-CaCO,and PAM SDGEBA/CaCO,
System % CaCOs; E (kJ/mole) n System % CaCO; E (kJ/mole) n
0 161.01 2.22 0 151.36 211
10 161.35 2.26 10 152.05 2.16
20 162.18 231 20 153.28 2.21
30 163.06 2.35 30 154.16 2.30
40 163.86 241 40 155.29 2.37
(P:'gég:/DGEBA/ 50 165.82 2.48 (P:'gég:' /DGEBA/ 50 157.25 2.48
60 167.95 2.59 60 159.22 2.59
70 170.52 2.68 70 162.08 2.68
80 173.02 2.77 80 165.70 2.77
90 175.52 2.86 90 169.46 2.86
100 176.90 2.99 100 175.10 2.99
0 148.10 2.00 0 188.94 2.52
10 148.97 2.08 10 190.06 2.60
20 149.68 212 20 191.01 2.67
30 150.52 2.21 30 192.82 2.75
40 151.86 2.29 40 194.54 2.81
(P:'QCAS?’Z/ DGEBA/ 50 153.53 242 (P:'QCA(/DSGEBA/ 50 196.42 2.90
60 155.12 2.57 60 199.09 3.09
70 158.63 2.70 70 201.94 3.28
80 161.85 2.87 80 206.28 3.47
90 166.82 3.15 90 213.26 3.76
100 174.43 3.38 100 221.04 3.99
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System % CaCO3; E (kd/mole) n System % CaCO; E (kd/mole) n
0 111.77 1.99 0 120.30 1.90
10 112.08 201 10 121.18 1.96
20 113.15 2.10 20 122.43 2.01
30 114.16 2.23 30 123.64 212
40 11554 2.35 40 125.57 2.23
CP:';CA(f /DGEBA/ 50 1175 2.46 (P:';C'\:AO?DGEBA/ 50 127.82 2.35
60 119.59 261 60 130.79 2.46
70 122.68 279 70 135.56 2.61
80 126.28 2.99 80 141.07 2.79
0 130.62 3.17 90 147.54 2.99
100 137.86 334 100 153.07 3.17

Variation of thecharacteristicsTg, T,and T __

PAAS1/DGEBA/CaCO, systems: the Tg
temperatureincreasesfrom 108.92°C (0% of CaCO,)
until reaching gradually 115.86°C with 100% of CaCO,,

Tmax increasesfrom 136.31°C (0% of CaCO,) to
138.84 °C with 100% of CaCO, Thisdifference of the
increasing of thetwo temperatures, gel temperature Tg
and temperatureat the maximum of thepesk Tm, shows
thehigher reactivity of thesystem beforethegel point.

However the final temperature, T,, decreases
considerably from 208°C at 0% to 160 °C of 100 %
of CaCQ0, showing that the additive contributeto | ower
the global heat of the reaction . PAAS2/DGEBA-
CaCO, the Tg temperatureincreases from 95°C until
reaching gradually 100.58°C with 100% of CaCO,,
Tmax increasesfrom 121.81 °C to 124.02 °C of 100%
of CaCO,. Tf decreases considerably by 222°Cto 150
°C at 100 % of CaCO,.

PAAS3/DGEBA - CaCQO, the Tg temperature
increases 108.25°C until reaching gradually a value of
115.33 °C with 100% of CaCO,. Tmax increases by
131.92 °C with 136.76 °C to 100 % of CaCO,. T,
decreases abruptly from 231°C to 150 °C of 100 % of
CaCQ,.

PAASA/DGEBA-CaCO3; the Tg temperature
increases 112.85°C until reaching gradually a value of
119.11 °C with 100% of CaCO,. Tmax increasesfrom
136.17 °C to 140.39 °C at 100 % of CaCO,. T,
decreases abruptly by 230.57°C to 165 °C of100 %
of CaCO,.

PAMS/DGEBA - CaCQ,; the Tg temperature
gradually increases 93.16°C until reaching a value of
111.32 °C with 100% of CaCO,. Tmax increases by

125.20 °C t0130.07 °C at 100 % of CaCO,. T,
decreases abruptly by 230.57°C to 150 °C at 100 %
of CaCQ,.

PAA/DGEBA - CaCQ, ; the Tg temperature
increasesfrom 143.05°C until reaching gradually a value
of 151.77°C with 100% of CaCO,. Tmax increases
by 161.53 °C to 164.86 °C at 100 % of CaCO,. T,
decreases abruptly from 255°C to 170°C at 100 % of
CaCO3. We observe that for al systems Tg, Tmax
and Tf evolvein the sameway. The percentage of acid
groupsin the copolymers seemshave not asignificant
effect with the addition of CaCO, . The effect of the
CaCO, ontheparameters Tgand Tmax isquite marked
only from 80-90% of CaCO,, whileitismuchimportant
onthetemperature T, withfina conversionA notable
decreasing of Tf isyet observed at 10 % of CaCQO,,

Variation of theenthalpy of reaction

PAASL/DGEBA - CaCO, theenthal py of reaction,
AH, decreases slowly from 62.73 J/gto 54.16 J/g with
50% of CaCO, then quickly to 22.06 J/g with 100%
of CaCQO,.

PAAS2/DGEBA - CaCO,: AH decreases slowly
from 127.77J/gto 113.39Jg with 50% of CaCO,then
quickly to 43.04 J/g with 100% of CaCO.,.

PAAS3/DGEBA - CaCO,: AH decreases slowly
from 167.05J/gto 146.48 J/g with 50% of CaCO, then
quickly to 52.26 Jg with 100% of CaCO,.

PAAS4/DGEBA - CaCO, : AH decreases slowly
from 193.63¥/gto 178.63Jgwith 40% of CaCO, then
quickly t069.9 J/g with 100% of CaCQ,.

PAMS/DGEBA — CaCO,: AH decreases slowly
from 196.8 J/gto 170.19J/g with 50% of CaCQO, then
quickly to 66.94J/gwith 100% of CaCQO.,,
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PAA/DGEBA - CaCO, : AH decreases slowly
from 210.13 J/g to 180.95 J/g with 50% of CaCQO,
then quickly to 87.45 J/g with 100% of CaCO..

We observe that for all the studied systems the
enthal py of reaction decreaseswith the percentage of
CaCQ,. For dl systems, only modest effectshasbeen
observed on Tg et Tmax parametersto 80-90% wt of
CaCO,, whereas, an important decrease of T, is
observed from 10 % of CaCO, content.

Thefigure 1 representsthevariation of theenthapy
according to % of CaCO, introduced into the
formulation for the PAAS/DGEBA - CaCO, system,
taking astypicd of the other formulations.

%0 ; %o 150 200 a0
Teamperature (°C)
Figurel: DSC exothermsat different % of CaCO, for the
PAAS/DGEBA/CaCO,

Thecurvespresent two distinct phases. Inthefirst
phase which is up to 50%, the enthalpy of reaction
decreasesdlightly, then during the second phase beyond
the 50%, the decreasing becomesfaster. The effect of
theintroduction of the CaCO, on the enthal py isweak
inthefirst phase, beyond that, the system becomesless
reactive. Asthe CaCO, percent increases, it formsa
continuousglassy phasewould hamper themobility of
thesystem. Therefore, the curing reactioniscontrolled
by diffusion effect of functiond groupsthroughthecross
linked spatia structureformed, resultinginadecrease
of the heat of reaction asitisshowninfigure2.

Thisphenomenon iscomforted by the activation
energy behaviour. The activation energy increases
modestly with the percent of acid content in the
copolymer/ DGEBA systemsand then levelled, (see
typical figure?2).

Thelow vaueof activation energy indicatesahigh
reactivity. The important presence of CaCO,in the

Hatof faction (ig)
g

T T T
0 10 20 30 40 50 60 70 20 90 100
CatDs ()

Figure2: Heat of reactionf(% CaCO,) inthePAAS/DGEBA
system

140

135
13

125
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Actiration energy (kl/male)

15

110

NN
CaCOe (%)

Figure 3 : Activation energy f(% CaCO,) in the PAAS/

DGEBA sysem

systemsgeneratesasteric hamper of reactive groups
which aretrapped. This contributes both to reducing
their reactivity. Higher activation energy isnecessary to
relaxing polymer chainsleading tother reacting.

Thereaction order increasesd owly with the percent
of CaCO, content in the systems to 40% and then
levelled. Thiscomfortsthat themechanism of hardening
becomes more complex.

CONCLUSION

Theeffect onintroducingaminera filler on cure
kinetics of high molecular weight poly-(acrylic acid-
styrene) at different contents of styrene and a poly-
(maleic anhydride-alt-styrene) used as hardener for a
commercid epoxy resn (DGEBA) sysemswerestudied
by DSC technique. The exploitation of the obtained
thermograms, madeit possibleto determine various
parameters; enthal py of reaction AH, the temperature
at thegdl point Tg, and thetemperature (Tf) withfina
conversion aswel asthetemperatureat the maximum
of the peak Tmax. Only modest effects has been
observed on Tg and Tmax parametersto 80-90% of
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CaCO,, whereas, an important decrease of Tf is
observed from 10 % of CaCO, content.

Theeffect of introducing the carbonatecalciumon
the heat of curing (AH) isvery low up to 50%, above
thisamount, theva uesof the heet of reaction decreases.
The activation energy increasess owly with the percent
of CaCQO, content in the systems to 40% and then
levelled. Thereaction order increases slowly with the
percent of CaCO, content inthe systemsto 40% and
thenlevdled. Thereactivity of dl sudied sysemsshould
depend ontheacid functions present inthe polymer vis
a vis the epoxy groups of DGEBA. The decreasing on
thereaction entha py in away moremarked from 50%
inCaCO, showsthat apart of thesitesisnot accessible
during hardening the phase. The particles of CaCO,
contributeto reducethediffusion of thereactive.

S0, according to our results, the content of CaCO,
should not exceed the40%levdl.

Inaforthcoming work wewill study, by FT-IR, the
resdua functionsand the effect of the characteristics
(dze, porosity, specific surface) of the particlesonthe
reectivity.
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