Kinetics of a Sterically Hindered Amine-Cured Epoxy

Resin System

LEONARD BUCKLEY

Naval Air Decelopment Center
Warminster, Pennsylvania 16974

and

DAVID ROYLANCE

Mussachusetts Institute of Technology
Cambridee, Massachusetts 02139

Fouricr trunsform infrared spectroscopy (FT-IR) and tor-
sjonal hraid analvsis (TBA) were used to study the reaction of
an eposy resin system cared with a sterically hindered amine.
Lsothermad torsional braid aralysis shawed the apparentactiva-
tion energy to be approxinately 42 kJ/mol. The reaction kine-
tics were also considered from the unreacted freshlv mixed
condition and 2 partially reacted TB-staged™ condition using
infrared spectroscopy. The B-staged condition is nnreactive
and stable at roon: tenperature due to the guenching of the
primary amine reaction by the glassy stracture and the sterie
Appurent activa-
49.4

life at ronm

hindrance of the secondary imine reaction,
ton cuergies for these twa conditions were fonnd ta be
LEmod and 49.0 Kol respectivels . The
temperature of the Bestaged vesin sy stemis predicted Lo Lo at
Jeast three months hasod on extrapolation of the experimental

storaye

Lincetic data.

INTRODUCTION
A current problem with resin systems used in

continuons-fiher reinforced compositesis their stor-
age capability. Onee the vesin is mined | it mast he used
immediately or stored at Tow temperatures in the form
of a prepregs Prepregs most topically he stored at
= 1S7C (07 and at this temperatire they are estimnated
to remain stable for approsintely sis months. The
jdeal sustem fron a storage peint of view would be a
prepred which s stable at voom temperatare fn the
B-stage and vet which retains it tack and dvape. Cor-
rently no sueh suslent eaists
Howeversaresin sustem does existCwhich s stable at
room temperatine i the Bestage inacghassy condition
Iy consists of dieliy -

ne tack or drapes This system Fio

1,(!\] ether of ])lxpln nol-A cDow 3320 and ])ul\"l\t n,\l
cther of orthoeresol forms t|(|( Iivde novolae Ciba-Geoicg \
1299 hardencd with 2.5-dimethn L 2.5 hevne diamming
NI AY Rinde and covworkers oD have
DGEBADMIDA to be stabie in the
temperadure,
primary anine hvdrogens react to form a linear poiy -

\‘l(‘\\ll
B-stave al reom
Upon mining al taom temperatione. the
mer, The secondary amine hvdrozens do nat react
room temperature hecause the ~are much Tess reactive
due to the sterie hindranee of the nearby methyd
groups. The polymer does not forma thre e-dimensional
structure until the secondary amine hvdrogens react
upon additional heating. This results in snftmung and
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slight flow of the resinas it is being advanced to the fully
cured state,

The epoxv-cresal-novaluk vesin (1299) was added to
improve clevated temperature mechanical properties
by increasing the erosslink density of the fullv cured
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system. Due to its functionality of greater than two
(average functionality is reported to be 5.4) it is possible
to develop some crosslinking with only the primary
amine hvdrogens reacting. However, the possibility of
network formation at room temperature is considered
low due to the relatively small amount of 1299 used in
the formulation (14 mol percent). Previous work has
shown the basic mechanism of linear polymer formation
at room temperature to be retained (2).

When an epoxy cures, two principal structural transi-
tions mayv occur: g(-lation and vitrification. Gelation cor-
responds to the transition from lncar and branched
molecules to a network structure of mathematically
infinite molecular weight. Vitrification involves a transi-
tion from the liquid or rubbery state into the glassy state
as a consequence of an increase in molecular \\'cight
before gv]uti(m or an increase in crosslink (](-nsity after
g(-]uti()n. As l()ngas the extent of cure remains below the
gel point, the material is fusible and imay be suitable for
use as a prepreg matrix. Once the gel pointis exceeded
no further processing is possible.

Several authors have found that the only significant
reaction of an epoxy and an amine in the absence of an
accelerator is that of the amine hydrogens (3-5). The
reaction seems to be more complicated when an
accelerator is used; etherification reactions may (-mnpli-
cate the simple amine addition scheme. Also, reactions
such as oligomerization involving the hyvdroxyl and
epoxy scem to be possible even in the absence of an
accelerator (3).

The amine-curing reaction of epoxy resins is astal Iy
catalvzed by hvdroxyl groups (6). This h\(lm\\l-
(aml\ zed reaction is reported to be first order in cach
reactant and third order overall (7). However. the
integer-order of an cpoxy curing reaction may be an
overshmplification. Abalofia (8) has found the order to
vary over non-integer values using DSC analvsis,
Therefore simple ! -(n(l(r kinetics with the tempera-
ture dependent rate constant given by an Arrhenius
expression may he too simplified to express the entire
cure reaction J(lvqlml( Iv. The presentwork investigates
the reaction kineties without attempting to determine
the reaction order.

The storage capability of the B-staged resin svstem
can be assessed by examining the kineties of the curing
reaction. Many authors han e used infrared spectroscopy
to study the curing hehavior of cposies (9-13). Signal-
to-noise and resolution considerations limit rapidhy
scanning the entire spectrum with a (lis‘pvrsi\'v instru-
ment, and prevent the application of conventional in-
frared spectroscopy to the study of reactions with short
half tives. With rapid-scanning Fourter transform infra-
red spectroscopy (FT-IR) the time factor limitations
have been reduced and reactions with short half lives
are now amcenable to spectroscopic investigation (1-4).
FT-1R is fast. which permits routine application of sig-
nal averaging techniques to develop high quality
spectra, and has extensive data handling capabilities,
which allow dircet manipulation of the spectra. If a
reactant or product exhibits an absorption free of spec-
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tral interference, the absorbance versus time plot rep-
resents a kinetic profile of this reaction specics.

The epoxide group shows three characteristic infra-
red absorption bands. The region of the first band is
small at about 1250 cin™". The regions of the two other
bands are broader, the position of the maximum de-
pending on the structure of the epoxide. These absorp-
tion bands appear between 930 and 860 cm™! (usually at
915 em™) and between 865 and 785 cm™! (generally 830
em™Y). The extent of reaction can be followed by
measuring the decrease in the epoxy ring absorbance as
the cure proceeds.

Torsional braid analvsis (TBA) provides a mechanical
means of investigating the curing behavior of the epoxy
which compliments the FT-IR technique. In this work
both FTIR and TBA techniques were used to study the
cure kinetics of the 332/1299/DMHDA resin system.,

MATERIALS

The epoxy resin system studied consists of a stoi-
chiometric mix of 2/3 DGEBA (Dow 332), 1/3 Novolak
(Ciba 1299). and DMHDA as shownin Fig. 1. The 1299
resin is a solid Novolak and may be mixed with the 332
resin by heating. The liguid 332 resin acts as a solvent
for the solid 1299 resin. Upon cooling a very viscous
homogeneous resin mixture is obtained. The T, of the
fu“\ cured resin svstem is 144 C as determined l)\
dynamic mechanical analvsis using the DuPont 1090
DMA instrument. (The T, was taken as the intersection
between the horizontal and \vltl(-ul portions of the
modulus-temperature curve.) The curing agent
(DMHDA) is slightly volatile at thv higher cure tem-
peratures. All of the components are commercially
available.

RESULTS AND DISCUSSION
Differential Scanning Calorimetry (DSC) )

A DSC scan to 200 C at 2 C/min of a freshly mixed
sample of the resin system is shown in Fig. 2a. The two
exothermic peaks represent the primary and sccondary
amine reactions. Another DSC scan is shown in Fig. 2h
for the same resin system of a specimen which was kept
at room temperature Tong enongh to solidift (approvi-
mately 45 hours). This B-staged condition is not fully
cured as evidenced by the single broader exotherm
shown in the figure. The endothermie peak represents a
melt from the salid state which then allows the reaction
to procee . This solid-state melt may be due to some
ervstalline melting of the lincar polvmer or segregated
unrcacted constituents. Due to this hehavior the I\m('
tics of the curing reaction were investigated from hoth
freshiv miixed and B-staged starting conditions.

Dyvnamic Mechanical Analysis

Conventional torsional pendulum analvsis (TPA) was
used to study the isothermal cure hehavior of composite
specimens which were prepared by impregnating
graphite cloth (AS fiber: cight-harness weave) with the
resin system and zl”m\'ing the laminate to B-stage at
room temperature. In this experiment the temperature
was kept constant and the modulus and log decrement
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Fi. 2. DSC plots of 3320299/DMUDA in the freshly mixed (a)
and B-stagcd oh) condition.
were manitored as a function of time. After softening,
the cure proceeded normally but enly the final portion
of the stiffness and damping plots were shservable. The
sensitivity of this instrument was not adeqguate to ob-
serve the total cure. and the time to gelation was not
estimable, TPA did not vield useful kinetie data. buta
similar technique. torsional braid analvsis (TBA) was
attempted and proved to be more seasitive,
[sothermal TBA runs were made of the resin svstem
at uppm\inmt(-ly I Hz using an avtomated apparatus in
ahelivm atmosphere. The specimens were prepared by
impregnating a glass bradd with a resin sotution in 25
pereent methylene chloride. The methvlene chloride
was removed as the spee imen was heated to the star ting
temperatire. The core of the freshiv mixed resin was

monitored by observing the torsional rigidity and
damping as a function of time at several constant tem-
Gillham et al.

113-17 for a complete deseription of torsional braid

peratures. The reader s referred to
;l!l‘ll.\\i\ and its use in mapping the transformations of
‘ thermosetting systems.

The isothermal TBA ran at 100°C s shown in Fie. 3.
At thisv enre temperature and also at 90°C well defined
(The
total cure time was approximately 24 hours.) At the
higher cure temperatures no gel peaks were observed.
pe wh aps due toloss of the volatile curing agent. The fivst
significant deercase in the damping plot was theme

"l‘f'l“()!l and vitrification l)(“.lk\' were obtained.

used to determine the apparent gel point.

Assuming Arrhenius kinetics. the time, . to reach a
given degree of conversion can be written:
(E./RT), 1)

t =t,exp
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Fig. 3. Lsothermal TBA plot of 3320 299DMHDA for 100°C,

where ¢, is a constant, E, is the apparent activation
energy. R is the universal gas constant, and T is the
absolute temperature. An Arrhenius plot (assuining the
conversion at the gel point is a constant) is shown in
Fig. 4 using the time to gelation at different cure tem-
peratures. The apparent activation energy from the
slope of the curve is 42 kJ/mol.

If the reaction mechanism remains the same at all
temperatures, the conversion at the gel point is a con-
stant and can be caleulated (18). Using a statistical cal-
culation for the three components, the gel point is
found to be at 78 pereent extent of reaction (19). How-
ever this assumes equal reactivity of all functional
groups. which is not true for the present system, The
primary amines react initially to form a lincar polvmer
with a few scattered crosstinks due to the 1299 resin,
This reaction procecds at room temperature until
quenched by vitrification. The reaction of the secondary
amines 1‘('quir<'s clevated temperatures and converts
The
polvmer must be fusible and partially soluble to allow
some flow if it is to be a useful prepreg resin. Fifty
pereent extent of reaction is estimated to be the
maximum processing limit for B-staging. assnming that

the lincar polyvmer into a crosstinked network,

after this point the primary reaction has completed and
the secondary {crosslinking) reaction is dominant.

4 —
—— 3 B
c
E
-~
B2t
<
|_
O i - i H 1
2.4 25 26 2.7
/T (°K) x10°

Fig. 4. Arvhenius plot of Lsgacithm time to gelation ve ssus recip-
rocal tenperature frone FECresults.
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Fourier Transform Infrared Spectroscopy (FT-IR)

B-stag('d sp(-cim('ns were heated in a vacuum oven at
various temperatures and for various times. Potassium
bromide (KBr) pellets were made and infrared spectra
from 3800 to 450 em™" were collected using a Fourier
Transform Spectrometer (Digilab FTS-10M). Spectral
resolution was 4 em™! and averaged over 120 scans.

In addition, thin films of the B-staged and freshly
mixed resin were sandwiched between two KBr salt
plates. The salt plates were mounted in a temperature-
controlled cell holder with a thermocouple inserted in
a drilled cavity between the plates, Infrared spectra
from 3800 to 430 ¢m ™' were recorded at one-minute
intervals during the cure. This was repeated for several
temperatures and for the freshlv mixed condition. All
spectra were taken in a uitrogen dlmnsph( re.

A ratio indicating unreacted epoxide groups relative
to the starting condition can be found by normalizing
the size of the epoxide peak (915 em™) of cach scan to
the aromatic peak (1310 em™) of cach scan and then
dividing by the similarly normalized spectra of the
starting condition.

f\‘ll.'..\’ f\l.'.ln.rvf

Agslt) = re— (2)
Aitos Aursret
An) = fraction unreacted epoxide at time !
Awae = specimen absorbance at 915 em™! at time ¢
Ao = specimen absorbance at 1310 em™"at time !
Aoisper = initial absorbance at 915 ¢m™!

Ao = initial absorbance at 1310 ¢ ™!

An example of these speetrais shown in Fig. 5. The
absorbancesat 915 cin ™ Tversus time at various tempera-
tures were plotted from the two starting conditions and
are s’h()\\'n in Figs, 6 and 7.

In Fig. 7 (B-staged starting condition) the 100°C plot
is seen to reach 45 pereent absorbance at 915 em ™ in
fowr hours. The reaction at this temperature is very slow
but still continues at a finite rate as evidenced by the
torsional braid analvsis. The TBA run at 100°C showed
the reaction to continue for appm\mmt( I\ 24 hours (sce
Fiv. 3). The lower reaction rate at 100°C is believed to
he (]m' to vitrification and quenching of the resin svs-
tem.

The 123 Cand 130 Cran (Fie. 7Y show the extent of
reaction to approach ST and 77 pereent respectively in
less than two hours, The 125 C ran. betow the
maxivim T, of the fully cured sustem o-8E O proceeds
tow significant extent of reaction before it vitvifies. The
150 C rmis above the mavimum T, and does not vitrify
at this temperature.

AMITTC e, Tyvthe care temperature s significant!y
above the maximum T, The reaction initiallv proceceds
very rapidiv but then seems to slow down ina relatively
Jort time, This mav be due to the reactants de m.u]mﬂ
thermally at this clevated te mperature, or extensive
chain (mss]lnl\mg and re-vitrification.

In Fig. 6 the epoxide absorbances versus time are
plotted fm the freshlvmixed condition at three temper-
atures. The reactions follow the same pattern of the
B-staged condition but at a slightly faster rate. This is
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Amine-Cured Epoxy Resin System
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Fie 6. Absorhance at 915 cme eersas time plot for the froshiy
mived condition.

most likehe due to greater mobility of the reactants in
the liguid state.

Arrhenius plnt.\’ of |«>g;ll’it|\rl1i(' time to Y percent
conversion (31 pereent absorbance at 915 em ™" versus
reciprocal temperature are shown in Fig. S. As men-
tioned carlier. this conversion is believed to be the
maximum at which the resin is still fusible and soluble.
The activation energies caleulated from the slopes of
the plots of Fig. § are similar (49.4 and 49.0 kJ/mol).
These values agree with the work by Rinde et al. (7) in
which the activation energies of the primary and sec-
ondary curing processes were found to be identical.
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Fig. S \rrhenius plot of logarithu time to 49 perveent coneer-
sicni versus reciprocal temperature from FE-IR results.

Thev are also in reasonable agreeme nt with the activa-
tion cnergy found by tm.smndl hraid analvsis
($2/Kk]/mol),

In this work the B-staged starting condition (Fig, 7)
initiallv shows approximately 28 percent conversion.
This was alter several davs at room temperature in
which the resin vitrified. I3 strapolation of the data in
Fig. S toroom tenperature vields athree month time to
449 peveent conversion. The data for Fig, 8 are for the
rubbery or softened state after heating the B-staged
resin, Gillham (16 has found the reaction rate to be
slower in the (']us\'\ (\'ih'iﬁ('(l state. Therefore. three
months most likelv represents amuch shorter time to 49
pereent conversion than what ocenrs in the glassy state
at room temperature.

CONCLUSIONS

The results of this study show the apparent activation
energies for the curing reactions to be similar. regard-
less of the initial condition. Using FT-IR they were
found to be 494 Kj/mob (freshiv imixed) and 49, ()H/nm]
(B-staged). Using TBA it was 42 K/mol (freshly mixed).
The nature of DMHDAL which causes partial cure at
room temperature by forming a glassy linear polvimer.
makes the cure rather complicated. Vitrification at room
temperature hinders the primary reaction. The see-
()ndar_\' reaction r('quir(‘s elevated temperatures due to
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the sterie hindrance of the methyl groups. Softening,
flow, and re-vitrification occurs as the resin is cured
from the B-stage.

The prmmr\ reaction continues to increase the
molecular weight of the system at room temperature
until most of the primary amine hvdrogens have re-
acted. The storage life therefore is the time to comple-
tion of the primary reaction which was found to he at
least three months using the experimental kinetic data.
As previously mentioned this extrapolation is based on a
rubbery state after softening the B-staged resin with
additional heating. (The ¢xtrapolation to room tempera-
ture used kineties based on a rubbery condition.) The
reaction rate is likelv to be slower in the glassy state at
room temperature and therefore the actual storage life
will be Jonger. To determine the actual storage tife the
reaction after B-staging must be monitored at room
temperature for ]()ng time p(‘ri()(ls.

A glassy prepreg pateh with a storage life of three
months is still not adequate for field level repair of
advanced composites. The material deplovment time
alone may be three months, Thus, a storage life of at
Teast one vear is preferred.

Rinde etal. (17) has re ported that DGEBA/DMHDA
does not cross-link for up to one vear if protected from
moisture. Moisture plasticizes the resin allowing a fast-
er reaction rate through increased mobility of the re-
actants. This mav be applied to the present system if
moisture absorption can he prevented. The problem
with this solution is that the best moistare barrier mate-
rial available is reportedly good for two weeks in a
marine environment. More rescarch and development
is needed in this arca of stable prepreg matrix materials.
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