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Relaxation in partially cured samples of an epoxy resin and of the same
resin modified with a carboxyl-terminated rubber
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Abstract

This study examines the relaxation process at different temperatures in partially cured samples of an epoxy resin and of the same resin
modified with 11.1% carboxyl-terminated butadiene acrylonitrile copolymer (CTBN). A differential scanning calorimeter (DSC) was used,
which enabled the relaxation enthalpy, the glass transition temperat)@n( the relaxation peak temperature to be found. CTBN modifies
the cure reaction and the relaxation process of the epoxy resin. The study of the relaxation process has a practical interest in addition to a
theoretical one. It is known that, with these thermosets, a fully cured sample cannot be obtained at the first step. The introduction of an
elastomeric modifier is a normal way of increasing the toughness of these materifi9 Elsevier Science Ltd. All rights reserved.
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1. Introduction of Fig. 1); the temperature of the middle point (F) of this
transition is theTy of the sample [1]. Subtracting both
When an epoxy resin is isothermally cured, its molecular curves we obtain the enthalpy relaxation (on the left the
weight and its glass transition temperatufg) (ncrease asa  area is negative and on the right it is positive).
result of an increase in the crosslink density of the material. Fig. 2 shows sample enthalpy versus temperature, on
When the resin’'d y reaches the curing temperature, it vitri-  integration of the heat flow of both curves over time. The
fies. This process involves a physical transformation from a curve CXD corresponds to the first scan and the curve EFD
liquid or rubbery state to a glassy state. As this is not a stateto the second one (in the opposite direction EFD represents
of equilibrium, structural relaxation (physical aging) occurs. the sample quenching made after the first scan). The
This is characterized by the decrease in some propertiesdifference between the enthalpies of points E and C is the
(volume, enthalpy [1], toughness [2]) with time. Densifica- relaxation enthalpy (in the first scan the sample absorbs
tion (volume reduction) is a consequence of slow diffusion energy and then the enthalpy of E is greater than that of
of segments within the polymer network [3]. C). The slope of the second scan changes at point F, whose
If a vitrified sample of the resin is quenched in a DSC temperature i, The inflection point of the first scan (X) is
(differential scanning calorimeter) and heated at a certain the maximum shown in Fig. 1. If the curve DF (correspond-
rate, it reaches an endothermic peak superimposed on théng to the rubbery or liquid state of the sample) is extended
glass transition, associated with the structural relaxation to the left, the temperature at the intersection with the curve
process in the sample. Fig. 1 shows the heating process ofCD (corresponding to the glassy state of the sample) is the
the sample (curve CXD): the maximum is point X, whose fictive temperature T;) of the sample [4]. ThisT; is a
temperature is represented & When the endothermic  hypothetical temperature at which the structure of the glassy
peak has passed (point D), the process is stopped. Thestate is in equilibrium with the structure of the liquid or
sample is then quenched another time and heated at theubbery state [5,6].
same rate as before. This time, the endothermic peak does The enthalpies of the glassy statég( and the liquid or
not appear and we only see the glass transition (dashed lineubbery stateH,) are the same af:

Hgr = Hyt (1)
* Corresponding author. Tel.: +34-93-4016531. At constant pressure the difference between the enthalpies

0032-3861/99/%$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
PIl: S0032-3861(98)00467-4



2822

T T T

J.M. Morancho, J.M. Salla/Polymer 40 (1999) 2821-2828

DSC scans ig = dT/dt:

dH dt dH 1
CPET AT d e ®)
Replacing this expression in Eq. (4):
Ty T,
dHg 1 dH 1
T Tt
As ¢ is constant, rearranging this equation:
Tt
dH
¢-(Hip — Hyy) = ng+j ot o7 @
T

Fig. 1. Endothermic heat flow versus temperature for the first and second The integral of the first DSC scan in Fig. 1 between the

DSC scans of a sample with a structural relaxation.

of the glassy state at the temperatufigsand T, (T; is
smaller thanT;) can be expressed as:

Tt

Hgf —_ Hgl = J
Ty

)

whereCp is the heat capacity at constant pressure.

Likewise, the difference between the enthalpies of the
liquid or rubbery state at the temperatuiigsandT; (T, is
greater tharTy) can be expressed as:

Hiz—Hif = JCPI dr 3)
Ts

Adding Egs. (2) and (3) and applying Eq. (1):
Te

Hi —Hgi = Jcpg dT + JCP, dT (4)

If the heat capacity at a constant pressi@e £ dH/dT) is
multiplied and divided by f and as the heating rate in the

Ah

rel

o o T

Fig. 2. Enthalpy—temperature diagram of the scans shown in Fig. 1 [2].

temperature3,; andT,, as¢ = dT/dt, can be expressed as:

Tz

Har- [m¢¢mrga ©
T
Comparing Eqs. (7) and (8):
I,

dH 5 0T= g dT + J o 9)

T

Using this expression, we can fifg

In partially cured samples with physical aging, the con-
version degree, the fictive temperature, the glass transition
temperaturey) and the endothermic peak temperatdrg) (
increase with curing time. The endothermic peak temper-
ature is the highest one and the difference betwigamdT,
increases with curing time. Fig. 11 shows these character-
istics, with the isothermal cure at 8D of the epoxy resin
studied. The conversion degre®) (ncreases, although the
system has vitrified (see Fig. 12) because the densification
(volume reduction) of the structure may facilitate further
chemical reactions between the remaining unreacted
components [3].

DiBenedetto
curve

///A\
/

Fig. 3. Enthalpy-temperature diagram showing the increase of enthalpy
relaxation with time.



J.M. Morancho, J.M. Salla/Polymer 40 (1999) 2821-2828 2823

Relaxation enthalpy also increases with curing time. This the higher ones. If the times are sufficiently high, the relaxa-
can be seen in Fig. 3, which shows the enthalpy of the tion enthalpy increases when the curing temperature
system versus the temperature. After the different compo- decreases [1].
nents of the epoxy resin are mixed (point A), they beginto  This is described in Fig. 4, in which the system enthalpy
react, losing heat and so decreasing in energy; if the reactionversus temperature is shown. If the system is cured.at
takes place at a constant temperatdrg,(the system fol-  when it arrives at B (where it finds the DiBenedetto curve),
lows the trajectory AB. In BT 4is equal toT . and the system it vitrifies and physical aging begins. If the curing time is
vitrifies (if T, is lower than the maximum glass transition sufficiently long, the system is fully cured and reaches equi-
temperature] o). If the sample is then cooled, it will follow  librium (the equilibrium states are represented by the dashed
the curve BB; if the sample is heated as soon as it arrives at line of Fig. 4). Then, the relaxation enthalpy is the differ-
B,, it will then follow the curve BB, and at B the heat ence in enthalpy between R and S (R is above the heating
capacity of the systemCp = dH/dT) will change, which and cooling curve of the completely cured sample). If the
signifies glass transition. cure is made at a temperatufg’ greater thanT,, then

If, on arrival at B, the system is maintained at the same the system vitrifies at B If the time is sufficiently long
temperature, the reaction between the different componentsand the system reaches equilibrium, then the relaxation
of the resin continues (chemical aging) and relaxation or enthalpy is the difference in enthalpy betweehaRd S.
physical aging occurs. This phenomenon causes a heafThis difference is smaller than that found when the cure
loss, which is additional to the loss in the chemical reaction. temperature wag..

If, after a certain curing time, the system arrives atL andthe  The objective of this paper is to study the relaxation
sample is cooled until C and the same process shown inprocess at different temperatures in partially cured samples
Fig. 1 is followed, the difference between the enthalpies of an epoxy resin and of the same resin modified with 11.1%
of points K and L will be the relaxation enthalpy in the carboxyl-terminated butadiene acrylonitrile copolymer
system (see Fig. 2); in the first scan the system absorbs(CTBN). Apart from the theoretical interest of this phenom-
heat (endothermic process) and then its energy increasesenon, there is a practical purpose in understanding changes
for which reason the enthalpy at point K is greater than at in the properties of these materials when they are not com-
L. To represent this process, we have taken into account thepletely cured [1,2]. An elastomeric modifier is introduced
relative positions off, Ty, Tp and the DiBenedetto curve into an epoxy resin to increase the toughness of these
found with the experimental results shown in Fig. 13. materials [9—11].

The DiBenedetto curve relates tfig and the conversion
degree &) of a thermoset when it is not vitrified.

DiBenedetto [7], as cited by Nielsen [8], characterized the 2. Experimental procedures
influence of crosslinks on thg, by:

2.1. Materials
( £y FX>
X Ix)
T —Tg0: &m Fm (10) For this study, we used the following commercial pro-
Tgo 1-(1- o ducts: DGEBA (Ciba-Geigy GY250), an aromatic aminic
m o hardener (Ciba-Geigy HY830) and a carboxyl-terminated

butadiene acrylonitrile copolymer (BF Goodrich HYCAR
whereT, is the glass transition temperature of the uncross- CTBN1300X31).
linked polymer as reference,/e, is the ratio of the lattice
energies of crosslinked and uncrosslinked monomer units
andF,/Fn, is their mobility ratio atT,.

If the system had been longer at the same temperature
and, on reaching 1, had been cooled until'‘Gand then the B
same process as before had taken place, there would have /
been a greater difference between the enthalpies at points K
and L' than at K and L. The relaxation enthalpy increases
with time, which is due to the increase of the difference
betweenTy andT; with time [2]. RLAT

The relaxation enthalpy depends on the curing temper- / o/
ature. When the aging time (the time elapsed after the Equilibrium curve
system has vitrified) is small, the higher temperatures ’
(always lower tharT¢..) have a greater relaxation enthalpy.
But, as the curing time increases, the values of the relaxation Tl Tn T

enthalpy at higher temperatures ten_d to b_e_5t3b|e; while atrig. 4. Enthalpy—temperature diagram that shows the effect of temperature
lower temperatures the values continue rising and surpassn the relaxation enthalpy.

DiBenedetto
curve
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2.2. Techniques
50°C
A Mettler TA4000 DSC (differential scanning
calorimeter) was used.

2.3. Experimental process

Stoichiometric proportions of DGEBA and the hardener 0%
were mixed to make the neat epoxy resin; the mixture was
then stirred vigorously by hand at room temperature for W 8o°c
2 min. We then put 10 mg of the sample in sealed alumi-

nium pans and cured them at a specific temperature for
different curing times. Then the sample was quenched to 50 70 90 110 130 150
. . . Temperature (°C)
—120°C and was immediately scanned at a heating rate of
10°C/min to 300C. If a relaxation peak appeared, the Fig. 6. Dynamic scans at 10/min after the epoxy resin was cured for
experiment was stopped again-at20°C and the dynamic 1016 h at the temperatures indicated.
scan was repeated.
The same operation was used to prepare samples of epoxyppears. The temperature and the size of this peak increase
resin with 11.1% CTBN, with the difference that this with curing time.
elastomer was added when DGEBA and the hardener had Fig. 6 shows dynamic scans at®@@min of epoxy resin
already been mixed. cured for 1016 h at different temperatures. The peak size
decreases when the curing temperature rises, while the peak
temperature increases with the curing temperature.
3. Results and discussion Fig. 7 shows the inter-dependence of relaxation enthalpy
and the curing time. At 9C the system vitrifies quicker
We studied the effect of temperature on the relaxation of than at other temperatures (see Fig. 10). AQGthe system
partially cured samples of the epoxy resin and of the samereaches equilibrium in less time and at the longest curing

mw
a
S|
S|

©
o
O

resin modified with 11.1% CTBN. times has a lower relaxation enthalpy than at other
temperatures. As was commented in the introduction, the
3.1. Epoxy resin relaxation enthalpy decreases when the curing temperature

increases if the curing time is long.

Fig. 5 shows the dynamic scans after the epoxy resin was Fig. 8 shows relaxation enthalpy versus aging time.
cured isothermally at BC for the times indicated. If the  Aging time is the time that the system is relaxed, equivalent
curing time is 8.33 h or less, only the glass transition, whose to the difference between the curing and the vitrification
temperature increases with curing time, occurs; it can alsotimes. When aging time is low, relaxation enthalpy
be seen that the change in the heat capacity at the glassncreases with curing temperature, because the rate of the
transition decreases when the curing time increases. Formelaxation process is greater at high temperatures. But as at
curing times equal to or greater than 12.5 h, an endothermichigher temperatures the system tends to reach equilibrium
relaxation peak superimposed over the glass transition

2.5
\%\-{317 h
—\\’\’;,67 h <201
5h <
\\\\’\\\i}ih 2
12.5 h ~ i
\R\\\/wmj h _31 S
40 h 2
" 104 h SW'O ]
=
270 h 5
30.5 B
1016 h 0.0 e
0.1 1 10, 100 1000
: - Curing time (h)

60 -30 0 30 60 90 120
Temperature (°C)
Fig. 7. Relaxation enthalpy versus curing time for the epoxy resin at

Fig. 5. Dynamic scans at 10/min of the epoxy resin after it was cured  different temperatures: 30 (O), 60°C (), 70°C (X), 8C°C (A) and
isothermally at 58C for the times indicated. 90°C (@).



J.M. Morancho, J.M. Salla/Polymer 40 (1999) 2821-2828 2825

2.5 120

N
o
1

80

)
!

40+

Relaxation enthalpy (kJ/ee)
T, (°C)

o
w
o
W
o
o
1

0.0 T T T —40 T T T T T T T
0 30 60 90 120 0.1 1 100 1000

10
Aging time (h) Curing time (h)

Fig. 8. Relaxation enthalpy versus aging time for the epoxy resin at Fig. 10. Glass transition temperatuil) versus curing time for the epoxy
different temperatures: 80 (O), 60°C (), 70°C (X), 8C°C (A) and resin at different temperatures:"&)(O), 60°C (), 70°C (X), 8C°C (A) and
90°C (@). 90°C (@).

quickly, the relationship changes (Fig. 8 shows the aging temperature was found with Eq. (9). When the system is
time only up to 120 h, so that the relaxation process can benot vitrified, thenT; is equal toT [2].
better appreciated). Fig. 11 plots the three temperatures mentioned against the
Fig. 9 shows the relaxation peak temperature versus thecuring time. Before the system relaxes the fictive temper-
curing time at different temperatures. The peak temperatureature is equal tdy and so only the cross symbol represent-
increases with curing time and temperature. At low curing ing T4 is shown. When the system has vitrified and
temperatures, the variation in peak temperature is biggerrelaxation appears, its temperatuiie)(is greater tharil;
than at high temperatures when the aging time is short. If andT,. T;is the lowest and increases with time very slowly.
it is long the variation in the peak temperature with the The difference betweef; andT; increases with time.
logarithm of time is practically linear and does not differ Fig. 12 plots the three temperatures mentioned before
very much between the different temperatures. versus the conversion degra€).(This is defined by:
Fig. 10 shows the dependence betw&g(obtained in the Ah
second dynamic scan if a relaxation peak appeared ina= A_ht
the first one) and the curing time at different temperatures. T
The dashed curve represents the vitrification timg T, whereAh is the heat lost from the beginning of the reaction
values increase with time and temperature. After vitrifica- until a determined time andh; is the total heat reaction,
tion the variation ofTy with time is smaller (the reaction  which comes from a dynamic scan of a sample recently
proceeds more slowly). preparedAh is the difference betweeth; and the residual
Now, we are going to compare the valueslef Ty andT; heat Ah,es [2,12] which is obtained in the dynamic scan
for epoxy resin isothermally cured at ®0 The fictive made after the isothermal cure (in the second one, if in

(11)
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Fig. 9. Relaxation peak temperature versus curing time for the epoxy resin
at different temperatures: 80 (O), 60°C (J), 70°C (X), 8C°C (A) and 90C Fig. 11. Fictive Q), glass transition X) and relaxation peak[)
(@). temperatures versus curing time for the epoxy resin &50
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100 From this equation, the value of the system enthalpy is:
H=H,— a-Aht (14)

Fig. 13 shows this enthalpy versus the temperature. We have
taken a reference value of 0 fbk,, and then foix = 1 (the

resin completely curedd = — Ahy. The continuous curve

is derived from the DiBenedetto equation (Eg. (10)). As in
Fig. 12, T4 is coincident with the DiBenedetto curve before
the system vitrifies; when the system vitrifies, the values of
T, are below this curve, the valuesf are above it, thd;
values are lower thafiy and the difference between these
last two temperatures increases as the system enthalpy

Temperature (°C)

T oL o7 oe o5 1o decreases. The Fig. 13 diagrams were the basis for the
& positions of the curves in Fig. 3.
Fig. 12. Glass transition X), fictive (O) and relaxation peak[{)
temperatures versus the conversion degsddf the epoxy resin at 5C. 3.2. Epoxy resin with 11.1% CTBN

the first a relaxation peak appeared). From Eq. (11): Now, we will study the influence of CTBN on the relaxa-

= Ahy — Ahyes 1_ Ahyes (12) tion process of epoxy resin. This modifier accelerates the
N Ah Ahy reaction of epoxy resin because it has carboxylic groups that

The continuous curve is derived from the DiBenedetto equa- ;acmtate thtﬁ ope.tn}pg ?.f thet.epoxyl/e?rlczup Igf the retﬁm, anq S0
tion (Eg. (10)). The values af,/e, andF,/F, were found ecrtgaseCTst:c rinca |onh|me [h' ,h .]' d_#rlng " fe curlngt
in an earlier study [13] and are 0.64 and 0.43, respectively. reaction Orms a pnase which 1s difierent from nea

The three temperatures increase with conversion degree.eDoxy resin, and increases its toughness [9-11]. CTBN

When the system is not vitrified the valuesTf coincide dissolyes a part of the plasticizer (di(putyl)phthalate) that
with the continuous curve, but if the resin is relaxing the c??rt]ams the harl]rdenter 9f the epoxy restlr?. This 'causfgthe
values ofT are below this curve (the DiBenedetto equation Of the epo>§y phase to _mc_re??);@Tﬁ@cd( the {na;x;[]num o

is only valid when the system is not vitrified). The relaxation Oh € ner;:l ertJr?xy resin 15 dif ?jn 'thalf 10/e§Tp§'>\<ly_
peak temperature is above the continuous cufy& smal- phase when the resin is modiied wi 70 1S

ler thanT, and the difference between these temperatures 112.'4)0 1[}15]' h th lationship bet laxati
increases with conversion degree. '9. shows the relationship between - refaxation

Ah, corresponds to the difference between the initial fg:zal_:?geantd.f%:?gg tt'lrrnnee. d;:r'zaegthglpi/héngr?gstzi] V\gtg
enthalpy of the systemH() and what it contains at this tl i V'.t”.]l. tl tl I SEs tﬁ = cu pera-
later stage (as the system loses enekyybecomes bigger ure rises (vitrification times are lower than in epoxy resin,

thanH). From Eq. (11): due to the acgeleratlng effect of CTBN, as explf':uned above)
and so the higher temperatures show relaxation at shorter
oo Ah  Ho—H (13)  curing times. The higher temperatures reach equilibrium
Ahy Ahyg more quickly. If the curing time is long (about 1000 h),
2.0
0
GEE
—30- ?
B E 1.0 4
3 -60 5
05 -
-90- K
0.0 |
-120 ; r . T : ‘ 0.1 1 10 100 1000
-40 -20 O 20 40 60 80 100 Curing time (h)

Temperature (°C)
Fig. 14. Relaxation enthalpy versus curing time for the epoxy resin
Fig. 13. Enthalpy versus glass transitiof)(fictive (O) and relaxation peak modified with 11.1% CTBN at different temperatures:*G60(O), 60°C
(O) temperatures for the epoxy resin af60 (O), 70°C (X), 8C°C (A) and 90C (@).
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Fi_g. 15. Relaxation enth_alpy versus aging time for the epoxy resin modified Fig. 17. Epoxy phas@&, versus curing time for the epoxy resin modified
with 11.1% CTBN at different temperatures:°&0(0), 60°C (), 70°C with 11.1% CTBN at different temperatures:°80(0), 60°C (), 70°C
(X), 8C°C (a) and 90C (®). (X), 80°C (A) and 90C (®).

the relaxation enthalpy decreases when the curing temper- Fig. 16 shows the relationship between the relaxation

ature increases, but in this system the enthalpies°at &6d peak temperature and the curing time for different

70°C are greater than at 8D. More time is required for this ~ temperatures. As occurred with the neat epoxy resin, this

temperature to reach a relaxation enthalpy point higher thanpeak temperature increases with curing time and

60°C and 70C. In the epoxy resin, at the same time, there temperature.

were bigger differences between the relaxation enthalpies at  Fig. 17 plots the relationship between fhgof the epoxy

these temperatures and the lower temperatures had greatgshase and the curing time. Thig, increases with curing

enthalpies. This is surely due to the fact that The of the time and temperature. The dashed curve represents the

epoxy resin is lower than that of the epoxy resin modified vitrification times (). After vitrification, the reaction rate

with CTBN. The time taken to reach equilibrium decreases decreases and the valuesTgfchange more slowly.

when the difference betweeh,.. and the cure temperature

does.

Fig. 15 plots relaxation enthalpy against aging time. 4. Conclusions

When aging time is short, the enthalpy increases with curing

temperature, as happened with the neat epoxy resin. Here This study of the physical aging of partially cured

aging time is only shown up to a value of 120 h, but at 165 h, samples of an epoxy resin and of the same resin modified

the 60C and 70C isotherms intersect. The 8Disotherm is with an elastomer has shown the important changes in these

always below the 6@ and 70C isotherms, as in Fig. 14. materials over time, due to the effects of the residual cure
and of the formation of an elastomeric second phase (in the
resin which contains the elastomeric modifier) in structural

130 relaxation.
DSC has enabled, from experimental results, the glass

transition temperatureT(), the fictive temperatureTg),

the relaxation peak temperaturgp) and the relaxation

enthalpy to be found. Knowing the values of these proper-

/// ties means that the magnitudes of the structural relaxation in
90+ these materials can be quantified and compared.
// In the samples studied, the relaxation peak temperature

110+

and enthalpy increase with curing time. At longer curing
times, the relaxation enthalpy of the two systems studied
decreases as the curing temperature rises, although for the
resin modified with 11.1% CTBN a longer curing time is
5001 T T T 00 needed for this phenomenon to occur, because CTBN
Curing time (h) increases th&,. and consequently, the difference between
Fig. 16. Relaxation peak temperature versus curing time for the epoxy resin this temperature and the curing temperature. CTBN also

modified with 11.1% CTBN at different temperatures°G@q0), 66°C (), modifies T_g and the relaxation peak temperature of the
70°C (x), 80°C (4) and 90C (). epoxy resin.

704

Relaxation peak temperature (°C)

T
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