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ABSTRACT

The room temperature density (pr7) of a difunctional aromatic epoxy
resin cured with a tetrafunctional aromatic amine passes through a maximum
value with increasing conversion. For a given cooling rate cure results in a
unique value of ppy for each conversion as Tong as the material does not
vitrify on cure. The occurrernce of vitrification during cure eliminates the
one-to-one relationship because of the non-equilibrium nature of the glass
transition region and of the glassy state. In the glass transition region
there is competition between physical aging which increases the density'énd
chemical aging which decreases pry. Prolonged isothermal cure and physical
aging to well beyond vitrification result in limiting values of pry which
decrease with increasing temperature of cure. The maximum in pgpT Vs. con-
version relationship is discussed in terms of the effects of shrinkage due to
cure, the ccrresponding non-1inear increase in the glass transition tem-
perature with increasing conversion, and longer relaxation times in the
glass transition region with increasing crosslink density. Other factors

which affect room temperature density are discussed.
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\ INTRODUCTION

recent studies on the cure and properties of difunctional [1-3] and
trifunctional [3] aromati. epoxy resins cured with tetrafunctional aromatic
diamines showed that, at room temperature (RT), the shear modulus and density
{prT) decreased and the equilibrium level of water absorbed increased with
increasing conversion. The common underlying reason for these phenomena in
terms of free volume 1is not at all obvious. In principle, increased extent of
cure will increase molecular weight and crosslinking, which remove free ends
and restrain thermal motions. The specific volume, which is the sum of‘freé
volume and occupied volume [4], is therefore expected to decrease with
increased exteni of cure. However, the anomalous behavicr of the material
properties at room temperature suggesis a more complicated situation [1-3].
In commercial practice this anomaly can result in a net expansion at room tem-
perature when a reactive material which has been set at RT is post-cured at
elevated temperatures and cooled to RT. Depending on the application, this
can be either deleterious or advantageous.

Other studies on difunctional epoxy systems also have shown a lower

density at room temperature to be associated with a higher glass transition

temperature (Tg) [5-8] and a higher temperature of cure (T.) {9].

Nevertheless, apparently conflicting results exist in the literature. For

st s ."
a0

[

example, the room temperature density of a tetrafunctional epoxy system

.
[

<

decreased on postcure [10], whereas in another report [11] the pgpy of the

same, but epoxy-rich, system increased with increasing Tg. )
In this work, the room temperature density of a difunctional epoxy .-

monomer cured with a tetrafunctional aromatic diamine was studied as a func-
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tion of both time and temperature of cure, and rate of cooling, in order to

obtain more information on the anomalous behavior of cured thermosetting
resins at room temperature. Tg is used as a measure of conversion. A pre-

2

Timinary report has been published [12]. .

EXPERIMENTAL
Materials & Specimen Preparation
The difunctional epoxy monomer employed was a diglycidyl ether of
bisphenol A (DGEBA) (DER 331, Dow Chemical Co.) cured with a tetrafunctiona1_
aromatic diamine, trimethylene glycol di-p-aminobenzoate ("TMAB", Po1a;cbre
740M, Polaroid Corp.}) [3,12-16]. The chemical formulae of the reactants are

shown in Figure 1. The materials were reacted stoichicmetrically, one epoxy

group with one amine hydrogen, according to their respective equivalent

s weights: DER 331, 190 gm/eq; TMAB, 78.5 gm/eq.

.

‘\

> .

f} The difunctional epoxy monomer (a viscous liquid at 25°C) and curing
-t

agent (m.p. 125°C) were heated separately in beakers to 140°C. The epoxy

monomer was added to the curing agent, and the mixture was stirred mechani-

& &
- Ay Ty
i

N

‘iﬁg cally for 10 min at 140°C before being poured into aluminum dishes (each con-
Eﬁ: tained ~ 5 gm of the resin). These were stored in a dessicator in a freezer
;{;ﬁ until needed (for making castings). About 10 gm of the resin mixture was
aigi dissolved in methyl ethyl ketone (1 gm solid/1 ml solvent) for use in tor-
;ff sional braid analysis (TBA) [17].
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Cure Procedure

The procedure for obtaining disc-shaped cast specimens (average diameter
~ 5 mm; average thickness ~ 1 mm; average weight ~ 25 mg) from a mold follows.
Before cure, a sample of the formulation in its aluminum dish was degassed at
110°C for 30 min (~ 1 torr). The degassed molten mixture was used to fill a
multicavity aluminum mold (at 110°C) that was Tined with an aluminum foil.
The hot aluminum mold was then placed inside a copper block (~ 5 in. diameter)
which had been preheated to the temperature of cure in a convection oven, All
isothermal curing was conducted under a flowing atmosphere of nitrogen. -
Measurements of the time of cure started when the mold was placed in the oven.

The aluminum foil was easily peeled off the cured specimens at RT.

Cooling Procedure

Two methods of cooling the oven-cured castings were used in this study.
(a) For "slow-cool", specimens were allowed to cool freely inside the copper
block to room temperature. The temperature change was monitored on a strip-
chart recorder. Over the range of glass transition temperatures of interest,
the cooling rate was different (but reproducible) from the various isothermal

cure temperatures. It varied between 0.4°C/min at T, = 180°C *o 0.1°C/min at

To. = 100°C. However, for each isothermal temperature of cure, the rate of
subsequent cooling varied less than 0.04°C/min over the range of glass tran-
sition temperatures being measured. This minimized the effect of different
cooling rates at different Tgs which, with cooling rates increasing with

increasing Tq, would have otherwise caused the density to decrease with

increasing Tg, as has been suggested [18]. (b) For "fast-cool”, specimens
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were taken out of the cure oven, copper block and the aluminum mold, and were

allowed to cool rapidly in air to room temperature (initial rate >> 1°C/min).

Density Measurements

The densities of the oven-cured specimens at 24.95°C (RT) were measured
using a density gradient column [ASTM D1505 (19)] which had been prepared from
toluene and carbon tetrachloride. The column was calibrated with density
floats of 1.2045, 1.2106, 1.2196 and 1.2245 gm/m1. The sensitivity of the
column was maintained at + 0.0005 gm/ml-cm. Such sensitivity was needed to
measure the change in RT density versus prehistory. The temperature of‘the'
density column was maintained at 24.95 + 0.05°C using circulating water.

Prior to density measurements, specimens were examined between a pair of
polarizers under a microscope. A1l the specimens used in this study were free
from visible voids or bubbles that could affect the macroscopic density of the
material.

Density measurements commenced within 5 minutes after isothermal cure
and cooling to room temperature. Twc to four specimens with the same pre-
history were dropped into the density column and readings were taken after 20
minutes (at which time the location of each specimen had remained fairly
constant for about 10 minutes). Reproducibility of density was + 0.0001 g/ml.

Since nc two specimens had identical! dimensions, no effect of specimen size on

density was observed.

Tg Measurements
The glass transition temperatures of oven-cured and cooled disc-shaped

cast specimens were measured in sealed sample pans using a differential




scanning calorimeter (Perkin-Elmer DSC-4) at 10°C/min under a helium

atmosphere during the first heating scan. [Temperature ca’libration involved
locating the melting point of a fresh Indium standard (156.6°C).] Tg was
measured in the DSC curve as the point of intersection of the extrapolated
baseline at the low temperature end and the tangent to the curve at the
inflection point. Heats of reaction of unreacted and partially cured speci-
mens were obtained from temperature scans from 10 to 350°C at 10°C/min (with

subtraction of baselines) [16].

Torsional Braid Analysis (TBA)

Specimens, prepared by dipping heat-cleaned glass braids in the solution
of reactants, were inserted in the apparatus which had been pre-set at the
temperature of cure. Helium was used as the atmosphere. The times to gela-
tion and vitrification were assigned from the maxima in logarithmic decrement
vs. iscthermal cure time plots, and used to construct an isothermal time-
temperature-transformation (T7T) cure diagram, as shown in Figure 2. Two

important temperatures were identified on the diagram: g4e1Tg and T The

g
temperature ¢o1Tg is defined as the isothermal cure temperature at which gela-
tion and vitrification coincide (on a macroscopic scale); it was found to be
approximately 67°C from the extrapolation of logarithmic times to gelation and
vitrification vs. 1/T. (K) plots [2,16]. Transition temperatures after
isothermal cure were identified from the maxima in logarithmic decrement vs.

temperature plots at scan rates of 1.5°C/min. Tg,J the maximum glass tran-

sition temperature obtained by isothermal cure, was ~170°C (~ 1 Hz) [15].

Materials cured above Tgo will not vitrify during isothermal cure. Using the

e dbdie e
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TTT diagram as a framework, isothermal cure paths were designed to study the
effect of cure on material properties at room temperature.

The epoxy system had been studied using the TBA dynamic mechanical tech-
nique for a preliminary report [15]. The automated TBA torsion pehdu]um

system is available from Plastics Analysis Instruments, Inc.

RESULTS AND DISCUSSION

Dynamic Mechanical Measurements

A TBA dynamic mechanical spectrum of the material during isothermal cure
at 100°C for 168 hours is shown 1in Figure 3. From the times to the maxima in
the logarithmic decremenrt vs. log time plot, the times to gelation (tge1 ~
401 min) and vitrification (tyit ~ 729 min) are conveniently assigned. Cure
proceeds beynnd the assigned time to vitrification to eventually form a glass.
A more appropriate time indicator for the formation of glassy-state material
in principle is that at which the relative rigidity and mechanical damping
"start” to level off. However, since the modulus and mechanical damping
continuously change in the glassy state, an arbitrary and less reproducible
index than the maximum in the logarithmic decrement would need to be
selected.

The temperature scan for the material after cure at 100°C for 168 hours,
and after cooling to -170°C, is shown in Figure 4. The scan from -170 to
240°C yields a T4 value of 130.2°C (~ 0.7 Hz). It can be observed that the
location of the maximum in the logarithmic decrement is closer to the high

temperature end of the transition region, and that the width of the glass
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transition region (ATg) is about 40°C (as demarcated by the arrows in Fig. 4).
It is therefore not unusual that the Tg, as measured in this fashion after
Tong cure times at To (<< Tg,), is higher than T. by about 30°C. It follows
that the material is in the glassy-state at T, when Tg > Te + 30°C. It has
been shown that ATg of the present system, which depends on the chemical and
physical state of the material, is between 33 and 50°C [16]. However, for the
purposes of discussion, the measured Tg is considered to be in the middle of
the glass transition region and the cured material is considered to be a

glassy solid when Tg > T + 25°C.

Tg vs. Time and Temperature of Isothermal Cure

Figure & 1is an example of a DSC thermogram of two specimens cured to
different extents. The top curve is typical of all fast-cooled specimens
which did not vitrify during cure, i.e., Tg < T.. The bottom curve, which
exhibits an endothermic enthalpy relaxation immediately above the assigned Tq.
is typical of ail slow-cooled, and also of fast-cooled specimens which had
vitrified during cure. On heating through its glass transition temperature,
an amorphous polymer regains the extra enthalpy that it has given up on aging
in the glass transition region and in the glassy state and thus, an enthalpy
relaxation is observed [20,21]. The methodology used to measure Tg results in
the Tg appearing to increase with physical aging. Studies on various epoxy
systems [10,22,23] have indicated that the enthalpy relaxation can be quan-
titatively related to the time of sub—Tg annealing.

Figure 6 is a plot of Tg vs. log time of cure obtained using DSC. For

clarity, only the data at two temperatures of cure (100 and 180°C) are shown.
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~ The top two curves are for T. = 180°C and the bottom two curves for T. =

100°C. It can be seen that the glass transition temperature of a slow-cooled

;iis specimen is greater than or equal to that of a fast-cooled specimen. This can
;3;3 be accounted for in terms of: (1) when the Ty of the material is ‘lower than
5;3; Te, more cure can occur during cooling for the slow-cooled specimen than for
%é% the fast-cooled specimen, and therefore, Tgs are higher for the former; and
F:% (2) increased physical annealing on slow-cooling apparently yields higher

(;11 glass transition temperatures [10,22-24]. When the material had vitrified

o

during cure, as indicated by Tg being greater than T., its Tg is almost inde-

::;» pendent of the cooling rate since chemical and physical aging rates are very
;:; slow in the glassy state.

%E;j A summary of the Ty vs. time of cure data for fast-cooled specimens at
:%;j different isothermal cure temperatures (100 to 180°C5 is given in Figure 7.

;M; The Tg vs. time curves have been time-shifted using appropriate shift factors,
[

%:2 A, such that the da*ta fall on a master curve at the lower temperature end.

SN

%:: This is based on the assumption that the cure reaction is under only kinetic
;21_ control at low Tgs (i.e., 17w conversions where Ty << Tc) and that Ty is then
;z; a direct measure of conversion. Deviations from the composite curve occur
;SEE when Tq 2 T for cure temperatures of 100 and 120°C. This is indicative of
5%2 diffusion-controlled processes. Similar results have been obtained based on
:ES; conversion vs. time of cure at different isothermal cure temperatures

o

ii; (25,26]. The shift factors obey an Arrhenius relationship as is shown in

O Figure 8. An activation energy of approximately 15 kcal/mole is obtained from
:;3 the slope of the straight line (the apparent activation energy obtained from

x

ot
« a0t
. 5
PR

the times to gelation using TBA was approximately 14 kcal/mole [16]).
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Density at RT vs. Time and Temperature of Isothermal Cure

Figure 9a has plots of Tg (from DSC measurements) and density at RT vs.
log time for isothermal cure at 80°C afier cooling at the two rates. Similar
results from To = 100 to 180°C are shown in Figures 9b-9f. The glass tran-
sition temperature is used as an index of the progress of cure. At T. = 80°C,
the RT density of both fast- and slow-cooled specimens was found to increase
gradually with time of cure and appeared to level off when the material was in
the glassy state at the temperature of cure (i.e., after Tg > Tc + 25°C). The
initial increase in ppy is the expected consequence of densification due to .
reaction in the liquid and rubbery states. Before the material had reached
the glassy state during cure, the RT density of the fast-cooled specimens was
lower than that of the slow-cooled specimens, for the same time of isothermal
cure. This is again due to: (1) increased cure during slow-cooling resuiting
in further densification, and (2) increased physical annealing on slow-cooling
yielding a highef density [10). The latter is a manifestation of rate depen-
dence in the glass transition region. However, after the material had formed
& glass during isothermal cure, the values of RT density (and Tg) were
approximately independent of the cooling rate. This is because the material
was a glass at T. and was cooled in the glassy state where the relaxation
rates are low. It also follows that the coefficient of thermal expansion in
the glassy state of the epoxy system is approximately independent of the
cooling rate.

At T. = 100°C (Fig. 9b), the RT density of fast-cooled specimens was

also found to increase with cure. However, after an initial approximately

constant level, the RT density of slow-cooled specimens decreased with
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" increasing cure: this is the principal anomaly. Two effects that can lead to
{
‘Q- lower RT densities with increasing conversion (i.e., Tg) are invoked. First,
A on cooling, the materials have diminished opportunities to contract in the
ﬁ;f: liquid or rubbery state and so contraction occurs mostly in the glassy state
\

==t with a lower coefficient of thermal contraction. This, in conjunction with
[ the non-linear increase of Tg with conversion, can explain the anomaly (see
b

later). Second, materials with a higher crosslink density, and thus with a

\
s higher Tg, may relax less completely than less crosslinked materials towards
K.
»". equilibrium on cooling through the glass transition region to RT. After
§ » - .
D
.i? isothermal vitrification, physical annealing occurs at the temperature of

®

o cure. Eventually both the fast- and slow-cooled specimens then had approxima-
'iﬁ tely the same density at RT, which again reflects that both materials effec-
I ‘».' A
& ‘--’ .
Lo tively had the same thermal history.

- The trend of decreasing density at RT with increasing time of cuire (and
:iﬁ Tg) is observed for both fast- and slow-cooled specimens at higher T.s, as

R

shown in Figures 9c ~ 9f.

RN

" As can be seen from Figures 9a - 9d, for cure temperatures at which

;Eg isothermal vitrification can occur (i.e., T < Tgm), the RT density appears to
125 reach a 1imiting value which decreases with increasing values of T.. The

);: limit is plausible as further shrinkage due to cure and physical densification
‘%; in the glassy state is restricted at Tong times due to Tow mobility in the

éi: polymeric glass. Materials would be expected to have a higher specific

'}i- volume on cooling to RT when cured at a higher temperature if the thermal

-i; expansion of the reacting resin is more dominant than the shrinkage due to

h s -

;ﬁf cure [9]. However, when the material is "fully" reacted by curing above its

b ..
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Tg,, its density at RT is independent of T. for a given cooling rate (see Fig.
- 11). This argues against the pertinence of thermal motion in controlling the
| b& density of the present system at the temperature of cure. In the absence of
sy vitrification, it is the conversion that controls the density.

e At T, = 180°C (Fig. 9f), the reaction rate was so fast that high conver-
{0 sions were reached prior to measuring Tg, which therefore did not appear to

>
. change significantly. Similarly, no significant change in RT densities was

:‘i observed. When the material is cured above its Tgocos it does not vitrify

;EEE during cure and subsequent cooling from T, occurs through the rubbery-qu,
Zﬁ:ﬁ glassy states. Again, the transition from the rubbery to the glassy state is
E}: highly rate dependent which leads to the physical parameters in the glassy

;5;3 state being dependent on the rate of cooling, as shown in Figures 9e and 9f.
N .

’:ik

Density at RT vs. Tg

[
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Pl ol o Yy

Figure 10 is a summary of the RT density of slow-cooled specimens vs.

l\ ls

(Tg - RT) at different isothermal cure temperatures (66.7 to 200°C). The

ASYAS

temperature gc1Tg is used as a demarcation: materials to the left of the

A

q}g dashed line have not gelled during cure, whereas those to the right have. (As
AV
Lo
AT . . . .
N a caveat, ge]Tg' which is a macroscopic parameter, is intended only as a
B
® qualitative indicator for the microscopic gelation process.) It can be seen
4"- ".[“
i}i that ppy increases with Ty prior to gelation, reaches a maximum value after
.':f_
S . . .
:::, gelation, and begins to decrease with further cure. It has been reported
sl
AL
) earlier that the density (at 25°C) of a DGEBA epoxy resin cured with phthalic
gk «_%
-~'-‘. . . . . 3 -
:nﬁu acid anhydride increased with time of cure at a single cure temperature,
@tx reached a maximum value in the vicinity of the gel point, and then decreased
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on further cure [9]. The general shape of a "master" curve is evident in
Figure 10 which in effect shows the maximum in the one-to-one relationship
between ppt and conversion in the absence of vitrification on cure. It is
difficult experimentally to obtain the complete curve based on one’éure tem-
perature as the reaction rate is too fast at high Tes and isothermal vitrifi-
cation limits the extent of cure at low T.s. Perturbations occur when Tg 2 T¢
(as indicated by the arrows in Figure 10). The vitrification process is
accompanied by an increase in density due to physical aging whict competes
with the decrease in RT density due to chemical aging (cure). Vitrificg@ion
nullifies the unique relationship between prt and conversion. The same value
of Tg, as measured by DSC, can then arise from different combinations of con-
version and extent of physical annealing.

As indicated by the enthalpy relaxation measured during DSC studies
(Fig. 3), physical annealing occurs in the gliass transition region and in the
glassy state. However, even at T. it cannot reverse the trend of decreasing
pRT With increasing conversion.

The Timiting RT density, that corresponds to the highest Tg attained
after long times (~ 2 weeks) at each T. vs. T., for slow-cooled specimens is
shown in Figure 11. From T. = 66.7 to 140°C, the relationship appears to be
linear. The materials are at different chemical and physical states when
vitrified at different T.s. When the material is fully cured at T, 2 Tgw
(i.e., without vitrifying), its RT density (Fig. 11) and Tg (Fig. 10) for a
given cooling rate appear to be independent of T., thus reflecting the same
chemical and physical state. Control and variation of density at room tem-

perature by appropriate cure conditions is of importance in commercial appli-
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. cations requiring dimensional stability. When Tg is high the limiting room
!}h. temperature density will be stable if the cooling rate is very slow.

o~

g :j A similar trend of decreasing RT density with increasing Tg beyondlge1a—
: S tion is observed for the fast-cooled specimens (Fig. 12) for different

}: : isothermal cure temperatures (80 to 180°C). Comparison of Figures 10 and 12
DA

;;: shows that the RT density, and its behavior with respect to conversion, are
AN

fjﬁ dependent upon the cooling rate through the glass transition when the material
iﬁb has not vitrified during cure. Scrutiny of the literature reveals that the
tg%- rate of cooling is not always reported (or measured). This information is
LS o
’%? particularly important where quenching is employed to study, on a time basis,
::: the effect of cure on material properties, such that, further cure on cooling
E;E has been minimized.

o

Volume-Temperature Relationship of Amorphous Polymers

s

& f‘ The specific volume (V)-temperature (T) relationship for an amorphous
R~
:\ﬁ: polymer is shown schematically in Figure 13. The following parameters can be

defined from the slopes of the V vs. T curves:

O3

PASd

N

o Eg = [V(Te) - V(Tg)1/(Te - Tg) (1)
(AN

Eg = [V(Tg) - V(RT)]/(Tg - RT) (2)
<

Efi where V(T.) = specific volume at temperature of cure
e

- Tc = temperature of cure

o V(Tg) = specific volume at Tg

iﬁ{ V(RT) = specific volume at RT

N

- The V vs. T curves at different degrees of cure will be parallel to one another
®
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?u" (below and above the glass transition temperature, respectively) for materials
: L in which the expansion coefficients in the rubbery and glassy states do not

by
;:f: change with cure [7,9,16].

N
L .. s
,:§ Combining eqs. (1) and (2) and rearranging, gives the specific volume at
t

-

) RT
g Yal
oY

n:\‘
::,: V(RT) = V(T.) - Eg(Te - Tg) - Eg(Tg - RT) (3)
[ The anomalous V(RT) vs. Ty behavior observed is represented schematically in

N
R
’{{? Figure 14. The anomaly corresponds to a positive slope of V(Tg) vVs. Tg relative
SN -

Lo,

N to Eg (Fig. 14, dashed line) [3,7]. Assuming the constancy of Ep and Eg versus
o

,;gi conversion, which appears to be valid for the present [16] and other epoxy

‘u,’,\

LS. . . .

:;: systems [7,9), eq. (3) can be differentiated with respect to the extent of cure,

AN '
s ’
) p
-
:;:; dV(RT)/dp = dV(T.)/dp + (Ep - Eg)dTg/dp (4)
[\
o . . . : . .
"ag As shrinkage is usually associated with the cure of epoxies, dV(T.)/dp is

)

AN negative. dTg/dp and (Ep - Eg) are always positive. Therefore, according to

)

:i:- eq. (4), the specific volume at RT can either decrease, remain unchanged or
L

A increase with cure depending on the relative magnitudes of dV(T.)/dp and (Ep -
o

;:?: EgldTg/dp.

.\ -.

e Cure of difunctional epoxy resins with methylene dianiline and

o

l-.‘r.

S~ 4,4'-diamino diphenyl sulfone (DDS) has shown (using volume dilatometry) that
:ij the total shrinkage due to full cure was less than 10 percent when measured at
:{j: the temperatures of cure [6]. It has been suggested that most of this shrinkage
1SRN
‘ \-..v
-;'- arises from the better packing of network chains due to their higher connec-
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tivity [27]. However, it has also been suggested that the rigidity of the net-
work chains prevents the free volume from collapsing as much as would be
expected during cure at high conversions [7]. (It is difficult to quantify free
volume [28,29].) Although the magnitude of dV(T.)/dp is small, it 9s comparable
to that of (Eyp - Eg)dTg/dp (see below).

The glass transition temperature is an important parameter as a material
can contract on cooling in the rubbery state only when its Tg is less than the
temperature of cure. As the Tg increases wWith cure, the contraction in the
rubbery state is diminished. Accordingly, materials with a higher Tg assume
more contraction in the glassy state but with a lower thermal coefficient than
that in the rubbery state.

Figure 15 shows data for Tg vs. conversion for the fast-cooled specimens.
The degree of cure was obtained from the residual exotherm of a partially cured
specimen in comparison with the total heat of reaction of an unreacted sample,
as measured by DSC at 10°C/min. It is apparent the glass transition temperature
increases more rapidly with increasing conversion for epoxies after the gelation
point [11, 13, 30-32]. This can be explained for the present system in terms of
the concentration of trifunctional and tetrafunctional crosslinking units which
1s calculated, using a recursive theory [33], as a function of extent of cure
and shown in Figure 16 [33]. After the chemical gelation point [34] [see

eq. (5) with f = 4],

p = —1 0.5 (5)

9l " . (£-2)7%

it appears that the glass transition temperature, which reflects the long range

mobility of network chains, is influenced especially by the rnncer+ration of the
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i) highest crossiinked units in the network. This consequence has been predicted
i
'¢‘¢ in terms of free volume arguments for polymer networks [35].
Pogts
~“‘ . . . .y s
}Q; These results emphasize the merit of using the glass transition tem-
!.\
’f3§ perature as a measure of the extent of reaction [15]. Tg, as a parameter by
vy
!:2= itself, is easily and accurately measured, and renders itself particularly
"
o
K :xj informative in the later stages of cure (e.g., conversion > 90%), whereas con-
A
Sa
S ventional techniques such as FTIR and DSC are less sensitive at high conversion
. for measuring the change in degree of cure with time (see later). However, it
N
o . . . L.
i is again noted that Tg, depending on how it is measured, can be affected by phy-
D -
N _
:.“U sical as well as chemical aging.
®
e In the following calculation, the comparable magnitude of the terms,
’i=; dV(Tc)/dp and (Eg-Eg)dTg/dp, in eq. (4) is demonstrated with relevant data in
'i“: the literature. Average numerical values of dTg/dp are calculated before and
) 5& after gelation.
2
ﬁkﬂ For the present system, before gelation,
.;§
{ dTg/dp = (ge1Tg - Tgo)/(Pge1 - 0) = (67 - 13)/(0.577 - 0) = 93.6 K (6)
r:: where Tgo = Tg of the unreacted resin = 13°C (as measured by DBSC at 10°C/min
Mo [16]). Thus,
®
Sy A 3
N (Eg - Eg)dTg/dp = (3.3 x 1074)(93.6) = 0.03 cm®/gm (7
o
-
o
S After gelation,
.. - -
b

dTg/dp = (Tg% - ge1Tg)/(1 - pge1) = (170 - 67)/(1 - 0.577) = 243.5 K (8)
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(Eg - Eg)dTg/dp = (3.3 x 1074)(243.5) = 0.08 cm3/gm (9)

The total volume shrinkage due to complete cure for a DGEBA cured with DDS,

which has a similar molecular weight between crosslinks as the present system,

is about 8% [6,36]. Thus,

~3 av(T )
iiz "—EEE"I = 0.08 V(T.) ~ 0.07 cm3/gm. (10)
For DGEBA systems with lower crosslink densities, the total shrinkage is smaller
.%55 as the number of covalent bonds formed per unit volume is smaller [36]: fhich
EE; results in a lower numerical value of dV(T.)/dp.
;: Therefore, in the later stages of cure, it appears that the effect of
355 increase 1in Tg due to increased extent of cure can bgcome more dominant than the
\; effect of cure shrinkage. Consequently, according to eq. (4}, the specific
' volume at RT can increase with increasing Tq as the shrinkage at T, is smaller
. %ﬁ than the loss of contraction on cooling in the rubbery state due to a higher Tg.
: A merit of using eq. (4) in elucidating the anomaly lies in its ability
to predict a maximum in RT density with increasing conversion in the vicinity
i’
E&S of gelation. In previous studies, the following free volume arguments have been
;g; employed in different contexts to explain the inverse relationship between RT
:i} density and Tg: (1) the higher its Tg, the further from equilibrium the
;;é material is at RT, and thus, more free volume at RT [2,37]; (2) the decrease in
;5; free volume (and occupied volume) at T, is less than expected due to steric hin-
Egj derence [3,7], and (3) a higher crosslink density leads to a lower molecular
.:E? mobility (which is not compensated by the higher value of the glass transition
SARS
;2;5 temperature) and thus to a reduced kinetic ability to closely pack durirg
<.
,.Ei
=
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cooling to RT [38]. The mechanism of attaining the "extra" free volume is dif-
ferent in each of the above arguments. Nevertheless, the outcome is the same,
namely, a larger RT free volume being associated with a higher glass transition !

temperature and a positive slope of V(Tg) Vs, Tg relative to that of the glassy |
state (dashed line in Fig. 14}).

As a caveat, it is noted that a macroscopic density technique does not
measure the free volume directly. However, a free volume consideration can be
shown to be consistent in the following manner. Accordingly, the increase in
free volume at RT,AV¢(RT), due to increased conversion, can be equated tq the

increase in total volume at RT {i.e., approximately 0.5%, as in Fig. 10)
AV§(RT) = 0,005V(RT) (11)

The free volume at Tg is considered to ke about 2.5% of the total volume [4].
Therefore V¢(RT) = 0.025V(RT). Thus from eq. (11), the fractional free volume

increase at RT caused by increasing conversion is approximately
AV¢ (RT)/V¢(RT) = [0.005V(RT)]/[0.025V(RT)] =~ 0.2 (12)

After postcure, the RT moduli of many epoxy systems [2,3,13,16,39] have been
found to decrease by the same maghitude. This suggests that the modulus is
inversely related to the free volume [38]. A similar increase in the

equilibrium level of water absorbed at RT was also found for epoxy systems [3].

Non-Equilibrium Nature of the Glassy State
The volume-temperature relationship depicted in eq. (3) does not expli-

citly take into account the non-equilibrium nature of materials below their
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glass transitions. Amorphous materials in the glassy state can be considered to
be supercooled liquids or supercooled rubbers whose volume and enthalpy are in
excess when compared to the "equilibrium glass'". The approach towards
equilibrium by cooling thirough the glass transition region, in principle, can
only be attained by an infinitely slow rate.

As shown in Figure 10, the density at RT decreases with increasing Tg
after the gelation point. The parameter, (Tg - RT), can be considered as an
index of departure from equilibrium at RT. In general, the higher the glass
transition temperature, the further away is from the equilibrium state at RT.

[2,37].

@

v e
w7l

The slow approach to eguilibrium, which can be measured ir DSC studies in

n A
F;
"a'y

x
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terms of enthalpy relaxation (Fig. 3), 1is observed in all slow-cooled, as well

)
DA

]

as fast-cooled specimens which have vitrified during cure. This implies that
physical densification can occur either isothermally, as the glass transition
region rises slowly through the temperature of reaction, or by slow-cooling
through the glass transition region. Earlier studies on the stress relaxation
of crossiinked rubber [40] showed that the relaxation times were strongly depen-
dent on the crosslink density. The immediate effect is that, given the same

rate of cooling, the degree of relaxation through the glass transition region

’

@ s
A -

will be different for materials crosslinked to different extents. It follows

X
r
DY
7 a4 a

that although a material with shorter relaxation times on cooling through the

S

S

glass transition region will be denser at RT than that of a material with longer

e

relaxation times, at RT the former will densify (i.e., physically age) more

slowly than the latter. Therefore, it is important to understand the rela-
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times for epoxies with different degrees of cure [6,36]. Consequently, the key

. issue that needs tc be addressed is whether the "anomaly" that is observed is

due entirely to the non-equilibrium behavior of the material below its glass

transition temperature. In other words, can the trend of decreasing density

- £t

with increasing conversion (Tg) be reversed by physical annealing? Or does the

7’

5
o

change in chemical structure per se (e.g., crosslink density) result in more

y
R

7~

free volume in the glassy state. If the non-linear increase in Tg with conver-
sion after the gel point (Fig. 15) is itself the consequence of longer relaxa-

tion times being associated with a higher crosslink density, then the two ways

- of explaining the anomaly will have been unified.

'g;: In the literature [10,20,22,23,29], sub-Tg annealing studies usually
igff involve the initial quenching of materials from an equilibrium state (T 2 Tg +
'iii 25°C) to a non-equilibrium state (e.g., T < Tg - 25°¢). The material

:,; properties in the glassy state are then measured as a fur..tion of isothermal
';E; annealing time. The quenching process inevitably causes extra free volume

R

:i; to be entrapped in the polymer network. The subsequent densification

) i; process involves the gradual decrease of free volume towards the equilibrium
1

';EE value. Therefore, the thermal prehistory of an amorphous glass is a pertinent
:E: factor in determining the initial mobility of the molecular segments, and

:ﬂ. subsequently, the rate of the annealing process.

is% To study the physical aging of a fully cured material is straight for-
:ﬁ;j ward; however, the same cannot be said for a partially cured material. The
;{j latter is complicated in the present system by chemical aging that can occur
;;i during the slow cooling (or heating) through the glass transition. Therefore,
;ii the following preliminary discussion deals with fully reacted materials.
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Physical Aging Studies

A "fully" cured material (Tg = 165°C), cured at 80°C for 24 hr, was
quenched in nitrogen from 220°C at approximately 55.6°C/min (100°F/min) to 139°C
and was annealed in nitrogen at 139°C for different times. After specific times
of annealing, the aged material was '"fast-cooled" in air to room temperature and
its density at RT was measured. The change in RT density with time of annealing
1s depicted in Figure 17. It can be seen that the densification process at
139°C s quite rapid in the early stages. The density seems to reach an asymp-
totic value after 24 hours. The density at long times is about that of the same
material when cooled slowly to RT (~ 0.4°C/min) from above TgQ (Fig. 9f) This
suggests that the RT density obtained by the slow-cool process is close to the
upper boundary of the material. When the annealed material was rejuvenated by
heating to 220°C and quenched in nitrogen to RT (> 50°C/min), the density at RT
was approximately the same as the preaged and guenched material (¢ 0.0001
gm/m1). This demonstrates the thermo-reversibility of the physical process.

Also shown in Figure 17 is the RT density vs. time profile of a fully
cured material with a different cure history (cured at 169°C for 64 hr) that was
quenched from 220°C at 100°F,/min to 36°C and annealed at 36°C, before being
cocled slowly to RT. Apparently, the molecular mobility of the polymer network
is low at the annealing temperature and only an uncertain change in the
macroscopic density at RT is observed. However, more obvious changes have been
observed by dynamic mechanical measurements [16] which are more sensitive to
molecular processes than the present density column method.

Currently, the effects of different thermal prehistories and annealing

“w

-
‘
-

temperatures on the dynamic mechanical properties are being investigated [16].
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N CONCLUSIONS
(o
25: The RT density and Tg of a diglycidyl ether of bisphenol A cured with a
o
: § tetrafunctional aromatic diamine has been investigated as a functipn of time
;‘ and temperature of isothermal cure, and cooling rate.
;S The room temperature density passes through a maximum value with
;:E increasing conversion when cure is performed at elevated temperatures., For
9 prescribed cooling rates, cure results in a unique value of pgy for a given con-
{:3 version as long as the material does not vitrify on cure. The occurrence of
L vitrification during cure eliminates the one-to-one relationship because of bhy-
; sical aging in the glass transition region. Prolonged isothermal cure to well
}?i beyond vitrification results in limiting values of ppy which decrease with
:i_ increasing temperature of cure. The maximum in the ppT vs. conversion rela-

tionship 15 discussed in terms of: (1) competition between shrinkage due to

L)
» _x_ &
P

isothermal cure, and loss of contraction on cooling in the rubbery state due to

>
A

L the non-linearly increasing values of Tg, and (?) physical annealing in the
¥ -"

4 . .

J glass transition region being more efficient for materials with lower values of

a

s

o Tg-

v "-

- The effect of annealing on the RT density of fully cured materials has

alsc been considered. However, it is not conclusive as to whether physical

- annealing can eventually reverse the trend of decreasing RT density with
Q}: increasing conversion. Complications include the relaxation times being much
_i.

[ J longer than the time scale being studied, and the spectrum of relaxation times
f{ being dependent on the molecular structure {e.g., crosslink density).
s,
Q}: It 1s pertinent to study the effect of crosslink density, annealing tem-
° peratures and thermal prehistories on the annealing process before volume-
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temperature relationships in the glassy state of thermosetting systems can be

fully understood.
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FIGURE CAPTIONS

Fig. 1 Chemical formulae of the difunctional epoxy (DER331)/tetrafunctional
aromatic amine (TMAB) system.

Fig. 2 Time-temperature-transformation (TTT) cure diagram for D.ER 331/TMAB:
([J) gelation (experimental); (‘) vitrification (experimental).
Tgm, is the maximum value of Tg (~ 170°C) obtained by isothermal
cure. ge1Tg is the cure temperature (~ 67°C) at which gelation and
vitrification occur simultaneously. Data were obtained using TBA.

Fig. 3 Dynamic mechanical spectrum {(TBA) of DER 331/TMAB during isothermal

:'(,‘ -

cure at 100°C for 168 hours: ([J) relative rigidity, and (’)

LRI

logarithmic decrement.

Fig. 4 Dynamic mechanical spectrum (TBA) of DER 331/TMAB versus temperature
after cure at 100°C for 168 hours: ([J) relative rigidity, and (.)
logarithmic decrement. Arrows indicate the limits of the glass
transition. Scanning rate: +1.5°C/min in dry helium.

Fig. & Differential scanning calorimetry (DSC) traces of fast-cooled

(dashed l1ine) and slow-cooled (solid line) specimens during the

b W S
»
P

first heating scan. Heating rate: 10°C/min. The procedure for

LA

N
[N

assigning values to the glass transition temperature is indicated.

Fig. 6 Tg vs. log time of cure: ([]) slow-cooled from 180°C; (’) fast-

cooled from 180°C; (@) slow-cooled from 100°C and (o) fast-cooled
from 100°C. Tg was determined using DSC.
Fig. 1 Tg vs. log (shifted) time of cure for fast-cooled specimens at dif-

ferent isothermal cure temperatures: ([J) 100°C; (’) 120°C; ()
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Ny
; \ 1480°C; () 165°C, and () 180°C. Tg was determined using DSC.
;\}\ Fig. 8 Arrhenius analysis of the shift factors used in Figure 7.
"_n"
':; Fig. 9 Tg and density at RT vs. log time for isothermal cure at various
AT

C ot

:;- temperatures: (a) 80°C; (b) 100°C; (c) 120°C; (d) 140°C; (e) 165°C
\
"‘ﬁ and (f) 180°C. ([5)) slow-cooled specimens, and (@) fast-cooled
134
4,
D specimens. Tg was determined using DSC.
D) ‘,\

y

Fig. 10 RT density of slow-cooled specimens vs. (Tg - RT) for different

:.:‘_ isothermal cure temperatures: (/\) 66.7°C; (A) 80°C; ([J) 100°C;
<o

A or, o, o, o o

e (€) 120°C; (M) 140°C; (E3) 165°C; (4p) 180°C, and ([J) 200°C.
’:" Arrows indicate the vitrification points where Tg = Te- gellg

e (dashed 1ine) is used as a demarcation between ungelled and gelled
o .

I specimens.

By Fig. 11. Limiting RT density for slow-cooled specimens vs. T..

f:ﬁ Fig. 12. RT density of fast-cooled specimens vs. (Tg - RT) for different

Exi isothermal cure temperatures: () 80°C; ([J) 100°C; () 120°C;
‘,':51 (H) 140°Cc; () 165°C, and (4p) 180°C. Arrows indicate the

3:;§ vitrification points where Tg = Te. ge1Tg (dashed 1ine) 1is used

’Eg as a demarcation between ungelled and gelled specimens.

‘:F: Fig. 13. Schematic specific volume(V)-temperature(T) diagram for amorphous
L:E: glassy polymers.

CS:: Fig. 14. Schematic specific volume(V)-temperature(T) diagram of epoxies cured
i&j to different extents (1 < 2 < 3) at T.. Note the anomalous behavior
iiﬁ' of increasing volume at RT with increasing Tg when Tg >> RT. V(Tg)
‘EZE vs. Tg for Tg >> RT is represented by the dashed line [3,7].

TQET Fig. 15. Tg vs. conversion at various Tcs using DSC: (A) 66.7°C;
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(@) 80°C; ([O) 100°C; (€) 120°C; (M) 140°C; (X) 165°C, and

(+) 180°C.

Population density of crosslinked units vs. extent of cure; ([J)
P(X3,4), is the probability that three of the four br'ancheé of
the crosslinking units are connected; (‘) P(X4’4), is the probabi
1ity that all four of the branches are connected, and (J}) [X], is
the total crosslink density, i.e., the sum of P(X3,4) and P(Xg,4).

Density at RT vs. time of annealing at two annealing temperatures:

([3) 139°c, and (@) 36°C.
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. TTT Cure Diagram
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Figure

Isothermal Cure at 100°C
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Figure 9a

Isothermal Cure at 80°C
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Figure 9b
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Figure 9c

Isothermal Cure at 120°C
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) Isothermal Cure at 140°C
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Isothermal Cure at 165°C
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Figure 9f
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Limiting RT Density vs. Tc
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Figure 13

V-T Relationship of Amorphous Polymers
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Figure 14

Effect of Cure on V-T Behavior
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Figure 16

!
Population Density of Branched Points
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Pigure 17

| Effect of Annealing on RT Density
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