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ABSTRACT: Stoichiometry and cure temperature were evaluated for epoxy systems based on the diglycidyl ethers of bisphenol-A and

bisphenol-F and cured with 3,30- or 4,40-diaminodiphenylsulfone. The materials were formulated as stoichiometric benchmarks and

with an excess of epoxide and cured in two steps (125�C/200�C) or one step (180�C). Dynamic mechanical analysis and free volume

testing indicated decreased crosslink density and increased chain packing in the excess-epoxy materials, as well as a narrowing gap in

properties between 33- and 44-cured networks with excess epoxy. The narrowing gap was less pronounced in materials cured at

180�C. The excess-epoxy materials were more resistant to water ingress, exhibiting reduced equilibrium water uptake. The excess-

epoxy materials were also more resistant to methyl ethyl ketone ingress, which occurred at a slower rate in most excess-epoxy materi-

als. The improvement in fluid resistance was attributed to enhanced chain packing in the materials with lower crosslink densities.
VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 264–276, 2013
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INTRODUCTION

Glassy polymer matrix chemistry is an important area of

research for advancing fiber-reinforced composite performance.

Critical composite properties such as thermal stability, fluid sen-

sitivity, interfacial properties, and deformation characteristics

are matrix-dominant. Amine-cured epoxy polymers continue to

play a major role in advanced composites due to their high

strength, good corrosion resistance, and low shrinkage.

Epoxies formulated with a 1 : 1 ratio of epoxide to amine active

hydrogen are considered ‘‘stoichiometric’’ networks. Because ep-

oxy–amine crosslinking is an AA–BB step-growth polymerization,

complete conversion is only achieved with 1 : 1 stoichiometry.2

However, the matrix materials for aerospace-grade epoxies are

generally formulated with an excess of epoxy to improve process-

ability and enhance certain properties such as impact strength.3.

In theory, any deviation from 1 : 1 stoichiometry results in a

decrease in crosslink density and an increase in molecular weight

between crosslinks and dangling chain ends. This theory has

been validated experimentally by several researchers, who meas-

ured decreased crosslink density for off-stoichiometry epoxies.4,5

In addition to reducing crosslink density, excess epoxy has been

shown to alter network architecture by increasing etherification.

Etherification occurs when a hydroxyl group reacts with an

oxirane ring, creating an ether-based crosslink (as shown in

Scheme 1). Etherification has a higher activation energy than

epoxy–amine reactions, and therefore, etherification is not con-

sidered a competitive reaction unless high temperature and an

excess of epoxy are present. The effects of etherification and

other stoichiometry-related chemical and architectural varia-

tions on fluid resistance are not well understood.

Fluid sensitivity is a critical area of research in epoxy network

science, because a high-performance composite structure, such

as an aircraft, will be exposed to a number of aggressive fluids

during its service life. Examples of aggressive fluids include

water, methyl ethyl ketone (MEK), jet fuel, and hydraulic fluids.

Exposure to these fluids can precipitate a decrease in key

mechanical properties of the matrix.6–8 Fluid resistance and per-

formance confidence could be improved if the relationships

between stoichiometry, network architecture, and solvent sus-

ceptibility were fully resolved.

Reports of transport kinetics of small molecules through linear

polymer glasses have proliferated in the past 30 years. Diffusion

of water through polymeric glasses has been extensively studied

and shown to follow classic Fickian behavior, in which uptake

rate depends on concentration gradient.9,10 Fickian diffusion is

described by the following equation:

@u=@t ¼ Dð@2u=@x2Þ
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where u is the moisture concentration, t is the time, D is the

diffusivity, and x is the position.11

Moisture diffusion in epoxies has traditionally been analyzed

from a chemical affinity perspective, in which water ingress was

considered primarily in terms of polarity and hydrogen bonding

in the material.12,13 Recently, researchers have also studied the

link between free volume characteristics and water uptake in

epoxies.14–17 Several authors have observed that equilibrium

water uptake and water diffusivity decrease with a large excess

of epoxide in diglycidyl ether of bisphenol-A (DGEBA)-based

systems.5,18–20 VanLandingham et al. attributed the improve-

ment in water resistance to a two-phase morphology that

inhibits water diffusion.19,21 Research by Halary5 and Wu

et al.20 posited that decreased crosslink density and improved

chain packing are responsible for reduced water uptake observed

for excess-epoxy materials. This conclusion is consistent with

results from other epoxy research, which suggested that

decreased crosslink density in excess-epoxy materials results in

lower free volume for those epoxies.4,22

Reports on the diffusion of organic solvents through glassy

polymers are less common.

Transport of organic solvents through polymer glasses has been

shown to follow non-Fickian kinetics; specifically, Case II diffu-

sion is observed.23 Case II diffusion is defined by linear mass

uptake over time due to a constantly moving well-defined flow

front, with an unperturbed region of material in the center of

the sample persisting until equilibrium. Free volume arguments

have been used to successfully explain and predict organic

solvent ingress in epoxies.16,17,24 To the best of our knowledge,

no studies have been conducted examining organic solvent

diffusion through off-stoichiometry epoxy networks.

The present research evaluates water and organic solvent ingress

in a series of aerospace epoxies formulated with a stoichiometric

excess of epoxide. Because small excesses of epoxide are often

used in industrial processing of epoxy–amine networks, the

epoxide excess in this study was limited to 25% in order to pro-

vide relevance to real-world conditions. Network architectures

were characterized via cure studies, free volume measurements,

and dynamic mechanical analysis (DMA), and fluid ingress

patterns were correlated to architectural variations.

EXPERIMENTAL

Materials

The following materials were used as received: diglycidyl ether of

bisphenol-F (DGEBF, EPON862, EEW ¼ 169, Momentive Spe-

cialty Chemicals, Inc., Houston, TX), DGEBA (EPON825, EEW

¼ 177.5, Momentive), 3,30-diaminodiphenylsulfone (33DDS,

Royce International, East Rutherford, NJ, >99% pure, 4 lm par-

ticle size), 4,40-diaminodiphenylsulfone (44DDS, Royce Chemical

Corp., >99% pure, 4 lm particle size). Their structures are

shown in non-chain-extended form in Scheme 2. Water and

MEK were high pressure liquid chromatography (HPLC) grade,

supplied by Fisher and used as received for fluid uptake studies.

Formulations

Epoxies were formulated with a 1.25 : 1 molar excess of epoxide

to amine active hydrogen. Benchmark epoxies were also made

with 1 : 1 stoichiometry. The epoxies were formulated using

DGEBA and DGEBF and cured with 33DDS and 44DDS. In a

typical reaction, 100.0 g (0.296 mol) DGEBF was charged to a

500 mL Erlenmeyer flask equipped with a vacuum fitting and

magnetic stirring device. The epoxide blend was heated to

100�C, and 36.73 g (0.148 mol) 33DDS was added over a 10

min period. Pressure was slowly decreased to �10�3 torr, and

temperature was increased to 120�C. The mixture was stirred

until the amine fully dissolved. At that point, the clear solution

was poured into preheated (100�C) silicone test coupon molds

of various dimensions. Samples were cured using a two-step

prescription (5 h at 125�C and 2 h at 200–225�C) or a one-step

prescription (3 h at 180�C). The benchmark and excess-epoxy

samples are listed in Table I.

Characterization

Near-Infrared Spectroscopy. The consumption of epoxide

groups was followed using near-infrared (IR) spectroscopy in

transmission mode. Spectra were recorded using a Thermo Sci-

entific Nicolet 6700 FT-IR in the range of 4000–8000 cm�1. A

white light source was used in conjunction with a KBr beam

splitter and a deuterated triglycine sulfate (DTGS) detector KBr

detector. Samples were prepared by placing uncured resin

between glass slides separated by a 0.8 mm Teflon spacer. The

reaction progressed in a Simplex Scientific Heating Cell accord-

ing to a designated curing prescription. Thirty-two scans at 4

Scheme 1. Ether crosslinking reaction for epoxy.

Scheme 2. Epoxy and curative monomers.
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cm�1 resolution were acquired every 15 min during cure. Epox-

ide concentration was determined from the peak at 4525 cm�1

using the following form of the Beer–Lambert law:

A ¼ ecl

where A is the total absorbance, e is the molar absorptivity of

the functional group in mol kg�1 cm�1, c is the concentration

of the functional group in kg mol�1, and l is the path length

(sample thickness) in cm.25

Dynamic Mechanical Analysis. Dynamic mechanical proper-

ties, including storage modulus (E0) and thermomechanical Tg,

were measured with a Thermal Analysis Q800 DMA in tensile

mode with a strain amplitude of 0.05% and a frequency of 1

Hz. Temperature was ramped from 50�C to 300�C at a rate of

3�C/min. Crosslink densities were calculated from the rubbery

plateau values of E0 at Tg þ40�C, according to the classical

theory of rubber elasticity:

m ¼ E=ð3RTÞ

where m is crosslink density in mol m�3, E is E0 at Tg þ40 K, R

is 8.314 J mol�1 K�1, and T is Tg þ40 K.26

Positron Annihilation Lifetime Spectroscopy. Positron

annihilation lifetime spectroscopy (PALS) was performed on

benchmark and excess-epoxy materials cured at 125�C/200�C.

Samples for PALS analysis were cast as circular disks with aver-

age diameters in the range of 9.5–9.9 mm and thicknesses of

�1–2 mm. Two identical pieces of epoxy sandwiched a 5 lCi
22Na positron source that was sealed between two sheets of 13

lm thick kapton (kapton stops �5% of the positrons but pro-

duces no positronium signal). After wrapping in aluminum foil,

this two-sided sample-source arrangement was placed in a small

vacuum canister (pumped to �10�2 torr by a mechanical rotary

pump). This evacuated source chamber was located between the

fast plastic gamma detectors of a typical PALS spectrometer

with time resolution of 280 ps. A lifetime spectrum with 4–5

million events was acquired in about 20 h. Standard discrete

lifetime fitting showed that only one positronium lifetime in the

range 1.6–1.8 ns was required for adequate fitting, and the rela-

tive intensity of this positronium component was �20% for all

the samples. The fitted positronium lifetime for each sample

was then converted to an average spherical free volume using

the well-known Tao–Eldrup model.27,28

Fluid Uptake. Fluid uptake studies were conducted using water

and MEK. Rectangular epoxy samples having mass of approxi-

mately 300 mg and thickness of 1.5 mm were conditioned in a

vacuum oven for 12 h at 100�C prior to measuring initial

weights. Dry polymer samples were placed in 20 mL scintilla-

tion vials containing �15–18 mL of fluid. The vials were sealed

and stored at 25�C in a Fisher Scientific Model 146E incubator.

To measure fluid uptake, samples were periodically removed

from solution, patted dry, and weighed to the nearest 0.1 mg.

Percent change in mass for each sample was calculated as

follows:

% Change in Mass ¼ 100 � ðmw �miÞ=mi

where mw is the wet mass, and mi is the initial mass. Four

samples were averaged to give each data point.

The Fickian diffusion coefficient (diffusivity, D), which repre-

sents a normalized diffusion rate, was calculated from the water

uptake curves. At short times diffusivity can be approximated as

follows:29

Mt=Minf ¼ ð4=LÞ � ðDt=pÞ1=2

where Mt is the water absorption at time t, Minf is the equilib-

rium water absorption, and L is half the sample thickness in cm

(to account for diffusion from both sides), and D is the diffu-

sivity in cm2 s�1. Diffusivities were calculated from the slopes

of the linear regression best-fit lines of plots of Mt/Minf vs. t1/2.

RESULTS AND DISCUSSION

The network architecture and fluid resistance of benchmark and

excess-epoxy networks were evaluated as a function of chemical

composition and cure prescription. Difunctional epoxide mono-

mers (DGEBA and DGEBF) were mixed with aromatic amines

(33DDS and 44DDS) and cured with two-step (125�C/200�C)

and one-step (180�C) curing prescriptions. The thermoset net-

works were formulated as stoichiometric benchmarks or with

an excess of epoxy.

Excess-epoxy networks were predicted to have different network

architectures than their stoichiometric analogues, due to their

divergence from the ‘‘ideal’’ step-growth thermoset. This diver-

gence could be evidenced by a decrease in crosslink density and

an increase in molecular weight between crosslinks (Mc). The

increased presence of dangling chain ends may also affect struc-

ture–property relationships in the networks. Excess-epoxy treat-

ments can further alter network architecture by increasing the

probability of etherification. Etherification is non-negligible

when excess epoxy is present at high temperatures.30 Etherifica-

tion increases crosslink density, but the ether-based crosslink is

chemically different from the amine-based crosslink that devel-

ops from epoxy–amine reactions. In addition to the effect on

network backbone, the number of hydroxyl groups differs for

the two crosslink structures. Every epoxy–amine reaction gener-

ates a new hydroxyl group, whereas the overall number of

Table I. Epoxy Formulations

Sample name
Epoxide
(mol)

Curative
(mol)

Epoxide
(g)

Curative
(g)

DGEBF-33 0.296 0.148 100.00 36.73

DGEBF-44 0.296 0.148 100.00 36.73

DGEBA-33 0.282 0.141 100.00 34.97

DGEBA-44 0.282 0.141 100.00 34.97

DGEBFXS-33 0.370 0.148 125.00 36.73

DGEBFXS-44 0.370 0.148 125.00 36.73

DGEBAXS-33 0.352 0.141 125.00 34.97

DGEBAXS-44 0.352 0.141 125.00 34.97
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hydroxyls does not change when an etherification reaction

occurs. Hydroxyl groups have been associated with increased

water ingress due to their ability to hydrogen bond with the

water molecule.19,22

Architectures of the cured networks were probed via DMA and

mechanical testing. Free volume hole sizes (Vh) were deter-

mined using PALS. The network was studied through its devel-

opment using near-IR spectroscopy. The fluid sensitivity of the

epoxies was evaluated with MEK and water, and the fluid

ingress properties of the materials were correlated to their net-

work architectures.

IR Cure Profiles

The extent of etherification was ascertained using near-IR spec-

troscopy using the peak at 4525 cm�1, which is associated with

the epoxide group. Residual epoxide would be expected for a

system in which only epoxy–amine reactions occurred, due to

the stoichiometric excess of epoxy. Conversely, a final epoxy

concentration below the level predicted by stoichiometry would

indicate that etherification reactions occurred. The evolution of

the epoxy peak throughout the cure cycle is shown in Figure 1

(two-step cure) and Figure 2 (one-step cure). For most systems,

the epoxide peak was reduced to nearly zero by the end of cur-

ing. The disappearance of the epoxide peak qualitatively demon-

strated etherification for all excess-epoxy materials.

For quantitative evaluation of epoxide concentration ([epox]),

the Beer–Lambert Law was employed. Initial [epox] was calcu-

lated from epoxide concentration in the neat resin and adjusted

for the proportion of resin the epoxy–amine mixture. Projected

final [epox] was calculated based on reaction stoichiometry,

assuming no etherification reactions. Final [epox] was calculated

from the 4525 cm�1 peak in the final scan of the cure process.

The results of these calculations are listed in Tables II (two-step

cure) and III (one-step cure).

All of the excess-epoxy materials except DGEBAXS-44 exhibited

a lower final [epox] than predicted by the stoichiometric rela-

tionship, indicating that etherification reactions occurred. Ether-

ification was more prominent in the epoxies cured at 125�C/

200�C. The increased etherification with that cure prescription

may be attributed to the postcure step at 200�C, because etheri-

fication is more favorable at higher temperatures. The network

architecture of the etherified epoxies was presumed to be

slightly different from the architecture of benchmark materials,

as discussed above.7 The impact of etherification was considered

in the interpretation of PALS, DMA, and fluid uptake results.

PALS Results

Hole sizes of the benchmark and excess-epoxy materials sub-

jected to a two-step cure are listed in Table IV. The benchmark

epoxies exhibited a distribution of hole sizes from 67 to 82 Å3.

In the excess-epoxy materials, hole sizes in DGEBAXS-33 and

DGEBFXS-33 decreased slightly and hole sizes in DGEBAXS-44

and DGEBFXS-44 decreased significantly. Overall, the effect of

the excess epoxy on hole size was to reduce all Vhs and to

Figure 1. Near-IR peak at 4525 cm�1 for epoxies subjected to two-step cure (125�C/200�C): (a) DGEBAXS-44, (b) DGEBAXS-33, (c) DGEBFXS-44, and

(d) DGEBFXS-33. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reduce Vh difference between 33DDS- and 44DDS-cured

epoxies.

The decrease in Vh for all materials may have been due to

increased Mc and enhanced chain packing, which could result in

smaller hole sizes. The reduced difference in Vh between 33-

and 44-cured epoxies suggested increased architectural similarity

for the excess-epoxy networks. The difference in Vh between

DGEBA-33 and DGEBA-44 (or DGEBF-33 and DGEBF-44) has

been attributed to the differences in chain packing efficiency

induced by the two isomeric DDS crosslinkers.16,31 When excess

epoxy was used, the DDS segments became a comparatively

smaller fraction of the overall network. The epoxide contributed

comparatively more of the total network segments in the excess-

epoxy materials. Thus, the network architectures of those mate-

rials were more similar when the same epoxy resin was used,

despite the different amine curatives. Further similarity in the

networks may have been induced by etherification, which was

more favored under excess-epoxy conditions. The ether crosslink

was structurally the same whether 33DDS or 44DDS was used.

Therefore, networks with more etherification were more similar

regardless of amine isomer. The similarity in network architec-

tures for excess-epoxy materials was confirmed by DMA and

fluid uptake results.

DMA Results

Glass transition temperatures (Tg) and crosslink densities (m)

were determined from DMA. DMA curves for the epoxies cured

at 125C�/200�C are shown in Figure 3. Two changes in Tg

trends were noted. First, a Tg decrease of 15–40�C was recorded

for the excess-epoxy materials, compared to benchmarks. Sec-

ond, the Tg difference between epoxies cured with 33DDS and

Figure 2. Near-IR peak at 4525 cm�1 for epoxies subjected to one-step cure (180�C): (a) DGEBAXS-44, (b) DGEBAXS-33, (c) DGEBFXS-44, and (d)

DGEBFXS-33. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Near-IR Epoxide Concentrations in Epoxies Subjected to

Two-Step Cure (1258C/2008C)

System
Initial [epox]
(mol kg�1)

Proj. final [epox]
(mol kg�1)

Final [epox]
(mol kg�1)

DGEBAXS-44 4.40 0.88 1.03

DGEBAXS-33 4.40 0.88 0.00

DGEBFXS-44 4.57 0.91 0.39

DGEBFXS-33 4.57 0.91 0.00

Table III. Near-IR Epoxide Concentrations in Epoxies Subjected to

One-Step Cure (1808C)

System
Initial [epox]
(mol kg�1)

Proj. final [epox]
(mol kg�1)

Final [epox]
(mol kg�1)

DGEBAXS-44 4.40 0.88 0.93

DGEBAXS-33 4.40 0.88 0.00

DGEBFXS-44 4.57 0.91 0.41

DGEBFXS-33 4.57 0.91 0.77
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44DDS narrowed when excess epoxy was used. The Tg difference

between DGEBA-33 and DGEBA-44 decreased from 40�C for

the stoichiometric materials to 7�C in the excess-epoxy materi-

als (DGEBAXS-33 and DGEBAXS-44). Likewise, the Tg difference

between DGEBF-33 and DGEBF-44 decreased from 22�C for

the benchmark networks to 2�C for the excess-epoxy systems

(DGEBFXS-33 and DGEBFXS-44).

The overall drop in Tg can be attributed to the decrease in

crosslink density and increase in Mc expected to accompany

excess-epoxy formulation. Chain motions were less hindered in

the materials with lower crosslink density, enabling the onset of

long-range coordinated molecular motion at lower

temperatures.

The narrowing gap between Tgs of 33DDS- and 44DDS-cured

epoxies mirrors that seen in PALS results. The increased congru-

ency of the excess-epoxy networks was attributed to the

relatively higher fraction of epoxy resin and increased role of

etherification in those systems.

The decrease in Tg with stoichiometric variation was also

observed for the epoxides cured at 180�C (Figure 4). Tg

decreased in the excess-epoxy formulations compared to the

benchmark materials, due to decreased crosslink density. How-

ever, the Tg difference between 33- and 44-cured epoxies did

not decrease in the excess-epoxy materials, because the Tg differ-

ence was already small in the benchmark epoxies cured at

180�C. According to research by Jackson, when DGEBF or

DGEBA were cured at 125�C/200�C, different network architec-

tures were developed with 33DDS and 44DDS curatives due to

differences in network growth kinetics. However, when the same

epoxies were cured at 180�C, network growth kinetics were sim-

ilar.32 Therefore, architectures of the cured networks were simi-

lar regardless of curatives, and this similarity was maintained in

the excess-epoxy formulations.

The tan d curves for all DGEBA-based epoxies are shown in

Figure 5. The tan d curves for excess-epoxy DGEBA formula-

tions were similar, regardless of cure temperature or curative.

The average Tg of these materials was 158 6 5�C, compared to

190 6 20�C for the benchmark DGEBA epoxies. The same

trend was present for the DGEBF-based epoxies, shown in

Figure 6. The average Tg of the excess-epoxy DGEBF materials

was 139 6 3�C, compared to 164 6 11�C for the benchmark

DGEBF networks. The convergence of tan d curves suggests that

Table IV. PALS for Epoxies Cured at 1258C and Postcured at 2008C

Epoxy system Vh (Å3) Epoxy system Vh (Å3)

DGEBF-33 67 DGEBFXS-33 64

DGEBF-44 76 DGEBFXS-44 64

DGEBA-33 77 DGEBAXS-33 76

DGEBA-44 82 DGEBAXS-44 73

Figure 3. E0 and tan d vs. temperature for (a) DBEGA epoxies and (b) DGEBF epoxies subjected to two-step cure (125�C/200�C).
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the excess-epoxy networks represent a ‘‘limiting case’’ in

architecture and free volume. This limit is established since

chain packing cannot be enhanced indefinitely, and the

excess-epoxy networks reached the maximum packing

efficiency achievable in this family of networks. Excess-epoxy

networks cured with different DDS isomers and at different

temperatures exhibited the same Tg, because their network

architectures had adopted the minimum accessible free volume

configuration.

The crosslink densities of the epoxies were calculated using the

rubbery plateau values of the storage moduli. For all formula-

tions and cure conditions, crosslink density decreased when

excess epoxy was used (Figure 7). This result was consistent

with expectations. In a step-growth network, crosslink density is

predicted to decrease when the mixture deviates from 1 : 1 stoi-

chiometry, because the reactive group in excess cannot complete

crosslinking reactions. Differences in crosslink density between

different epoxy formulations also narrowed in the excess-epoxy

Figure 4. E0 and tan d vs. temperature for (a) DBEGA epoxies and (b) DGEBF epoxies subjected to one-step cure (180�C).

Figure 5. Tan d vs. temperature for all DGEBA-based epoxies. Figure 6. Tan d vs. temperature for all DGEBF-based epoxies.
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formulations. The crosslink densities of the benchmark epoxies

varied widely, but the crosslink densities of the excess-epoxy

networks were similar across curatives and cure conditions.

The crosslink density values for DGEBF-33 epoxies lend support

to the ‘‘limiting case’’ argument developed from tan d curves.

Very little change in crosslink density between the excess-epoxy

and 1 : 1 formulations was observed for DGEBF-33 for either

cure prescriptions. The theory of DGEBF-33 as a limiting case

was further substantiated by water and MEK uptake

experiments.

Water Uptake Results

Water uptake in the epoxies proceeded according to Fickian dif-

fusion kinetics. For the DGEBA-based materials cured at 125�C/

200�C, lower equilibrium uptake was observed for the excess-

epoxy samples [Figure 8(a)]. Equilibrium uptake has previously

been correlated to fractional free volume (FFV).14,19 Therefore,

the decrease in equilibrium uptake for the excess-epoxy materi-

als suggests a decrease in FFV. FFV likely decreased in those for-

mulations due to enhanced packing of longer, more flexible

chain segments. The difference in equilibrium uptake between

33- and 44-cured DGEBA also diminished in the excess-epoxy

formulation. The gap decreased from 1.13% for the benchmark

epoxies (DGEBA-33 and DGEBA-44) to 0.25% for the excess-

epoxy materials (DGEBAXS-33 and DGEBAXS-44). This data

was in good agreement with PALS, Tg, and crosslink density in-

formation, which suggested that free volume decreased in the

excess-epoxy networks and that the network architectures of 33-

and 44-cured DGEBA were more similar in the excess-epoxy

formulations.

Slightly different trends were observed for the DGEBF-based

epoxies cured at 125�C/200�C [(Figure 8(b)]. Equilibrium water

uptake decreased for the DGEBFXS-44 epoxy as compared to

the benchmark material (DGEBF-44). However, uptake in the

DGEBFXS-33 epoxy was unchanged compared to DGEBF-33.

This data supports the claim that the DGEBF-33DDS bench-

mark represents the lowest FFV achievable by the epoxies under

consideration. DGEBFXS-33 did not have substantially lower

uptake than DGEBF-33, because the stoichiometric epoxy had

already reached maximum packing efficiency and minimum

hole size achievable in this family of epoxies. The equilibrium

uptake values for all excess-epoxy materials were similar,

because they encountered the same limit in packing efficiency.

Trends in water uptake for the materials cured at 180�C were

consistent with trends observed for these materials via DMA

Figure 7. Crosslink densities for (a) epoxies cured at 125�C/200�C and (b) epoxies cured at 180�C.

Figure 8. Water uptake vs. time for (a) DGEBA and (b) DGEBF epoxies subjected to two-step cure (125C�/200�C).
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(Figure 9). The equilibrium uptake was slightly reduced in the

excess-epoxy materials as compared to the stoichiometric

benchmarks. The equilibrium uptake difference between

DGEBA-33 and DGEBA-44 (or DGEBF-33 and DGEBF-44) was

narrow in the benchmark materials. The difference, already

small, did not decrease substantially with excess-epoxy treat-

ment. Overall, equilibrium uptake for both DGEBA- and

DGEBF-based epoxies cured at 180�C was lower than uptake

for the same epoxies cured at 125�C/200�C. The lower FFV and

Vh of the benchmark epoxies cured at 180�C has already been

reported and attributed to enhanced chain packing in the lin-

ear-type network growth regime.32

Changes in water diffusivity were not as extreme as changes in

equilibrium uptake. Diffusivities were calculated from the slope

of the best-fit line of Mt/Minf vs. t1/2 (Figures 10 and 11), and

the values are compared in Figure 12. For most of the materials

cured at 125�C/200�C, diffusivities were slightly higher for the

excess-epoxy materials. This increase could be due to the lower

crosslink densities in those materials, which might hasten water

diffusion. For the materials cured at 180�C, diffusivities were

slightly lower in the excess-epoxy materials. The 180�C epoxies

exhibited less etherification than the 125�C/200�C epoxies, and

therefore, they were assumed to have a greater number of

unreacted epoxides present in the network as dangling chain

ends. The dangling ends may have improved packing efficiency

by functioning as antiplasticizers, thereby decreasing D in spite

of the lower crosslink density.

In other epoxy systems, an exponential correlation has been

noted between diffusivity and Vh.
17 The D–Vh correlation did

not have the same slope for the excess-epoxy materials, as

illustrated in Figure 13. Diffusivities were higher in the excess-

epoxy materials than in stoichiometric epoxies with similar hole

sizes. The increased diffusivities may be due to the lower cross-

link density, which could facilitate moisture transport through

the material. Etherification crosslinks may also be responsible

for the increased diffusivities for excess-epoxy materials. Etheri-

fication does not generate a new hydroxyl group. Hydroxyl

groups may slow diffusion by forming hydrogen bonds with

ingressing water molecules. Therefore, a material with a lower

hydroxyl concentration may exhibit an increased rate of water

diffusion. However, hydroxyl content may have an opposite

effect on equilibrium uptake, with equilibrium uptake increas-

ing with hydroxyl content due to affinity between hydroxyls and

water.

Figure 9. Water uptake vs. time for (a) DGEBA and (b) DGEBF epoxies subjected to one-step cure (180�C).

Figure 10. Mt/Minf vs. time t1/2 for (a) DGEBA and (b) DGEBF epoxies subjected to two-step cure (125�C/200�C).

ARTICLE

272 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39140 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


MEK Uptake Results

MEK uptake was substantially slowed in most excess-epoxy mate-

rials, as compared to their stoichiometric analogues. MEK uptake

in the excess-epoxy materials cured at 125�C/200�C followed the

same general trends as water uptake in those materials. Previous

research indicated that uptake rate is higher in DGEBA epoxies

than in DGEBF epoxies due to larger hole sizes in the DGEBA

materials.16 For the DGEBA-based epoxies, uptake rate decreased

in the excess-epoxy specimens [Figure 14(a)]. For the DGEBF-

based epoxies, uptake rate decreased to approximately the rate of

the DGEBF-33 epoxy [Figure 14(b)]. For both epoxies, the differ-

ence in uptake rate between 33- and 44-cured epoxy was consid-

erably reduced in the excess-epoxy materials.

MEK uptake trends for DGEBA-based epoxies cured at 180�C fol-

lowed the patterns established by preceding results. MEK uptake

rate decreased for the excess-epoxy materials [Figure 15(a)], due

to enhanced chain packing in those networks. The gap between

DGEBA-33 and DGEBA-44 did not change substantially with

excess-epoxy formulation (DGEBAXS-33 and DGEBAXS-44); the

same trend was seen in DMA results for those materials.

MEK uptake trends were less straightforward for the DGEBF

materials cured at 180�C. In those materials, MEK uptake rate

was near-identical for benchmark and excess-epoxy materials

until �2000 h [Figure 15(b)]. At that time, the uptake curve

exhibited a change in slope at �2000 h that is uncharacteristic

of Case II diffusion, and MEK uptake rate became faster for the

excess-epoxy materials. The change in diffusion characteristics

may be due to the Tg of the DGEBFXS networks. Those net-

works had the lowest Tgs of any material in this experiment. As

a solvent plasticizes the network during Case II diffusion, the Tg

of the plasticized region drops considerably.33 A network with a

lower initial Tg will have a lower plasticized Tg. Because the ini-

tial Tg of the glassy DGEBFXS networks was low, the Tg onset

for plasticized region may have been below 25�C (the tempera-

ture at which fluid absorption was conducted). Thus, the diffu-

sion of MEK in DGEBFXS-33 and DGEBFXS-44 may have shifted

from solvent diffusion through a glassy material (pure Case II

kinetics) into a regime involving diffusion through rubbery and

glassy phases (Case II and Fickian kinetics). A shift in diffusion

kinetics near Tg has been demonstrated for other polymer sys-

tems.34,35 After 2000 h, the rubbery region was large enough to

influence overall kinetics. Because diffusion through a rubbery

material is more facile than diffusion through a glass, MEK

uptake rate rose at that point.

Figure 11. Mt/Minf vs. time t1/2 for (a) DGEBA and (b) DGEBF epoxies subjected to one-step cure (180�C).

Figure 12. Diffusivity values for (a) epoxies cured at 125�C/200�C and (b) epoxies cured at 180�C.
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Overall, the MEK uptake patterns support the hypothesis that

DGEBF-33 represents a ‘‘lower limit’’ for free volume properties

and fluid ingress in the epoxy systems under consideration. In

some samples, MEK uptake rate was reduced to nearly the level

exhibited by DGEBF-33, but no epoxy had slower MEK uptake

than that sample. It appears that the DGEBF-33 network

assumed the most efficient chain packing achievable in epoxies

based on diglycidyl bisphenol ethers and DDS curatives. Other

networks came close to this degree of packing efficiency as a

result of different stoichiometric and cure conditions, but they

but did not exceed it.

CONCLUSIONS

DGEBA and DGEBF were cured with 33DDS and 44DDS in

formulations using 1 : 1 and excess-epoxy stoichiometries. Cur-

ing was conducted in a two-step (125�C/200�C) or one-step

(180�C) process. Cure kinetics were followed via near-IR spec-

troscopy. IR results indicated that etherification occurred in all sys-

tems. Etherification was more prevalent in epoxies cured at 125�C/

Figure 13. D vs. Vh for epoxies subjected to a two-step cure (125�C/

200�C).

Figure 14. MEK uptake vs. time for (a) DGEBA and (b) DGEBF epoxies subjected to two-step cure (125�C/200�C).

Figure 15. MEK uptake vs. time for (a) DGEBA and (b) DGEBF epoxies subjected to one-step cure (180�C).

ARTICLE

274 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39140 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


200�C due to the high temperature of the postcure. Crosslink den-

sity was calculated from the rubbery storage modulus. Crosslink

density was reduced in the excess-epoxy formulations, as expected

from classical understanding of step-growth networks. The com-

peting effects of etherification, decreased crosslink density, and

increased chain packing were responsible for variations in proper-

ties exhibited by the materials in this experiment.

Hole sizes were smaller overall for the excess-epoxy materials,

and the difference in Vh between 33- and 44-cured materials

was reduced. The increasing similarity in the excess-epoxy net-

works was attributed to increased contributions from etherifica-

tion crosslinks and the relatively higher fraction of epoxy resin

(compared to DDS) in the formulations. The same trend was

noted in Tg measurements: Tg decreased in the excess-epoxy

materials and the Tg gap between 33- and 44-cured materials

narrowed, as compared to stoichiometric benchmarks. The

effect on Tg gap was less pronounced in epoxies cured at 180�C,

because those networks were already more similar due to simi-

larities in growth kinetics.

Excess-epoxy treatment improved the fluid resistance of the

epoxies under consideration. Equilibrium water uptake

decreased by as much as 1.7 percentage points in some samples.

The reduction in water uptake was attributed to a decrease in

FFV, probably due to enhanced chain packing. The gap in equi-

librium uptake for 33- and 44-cured materials narrowed, con-

sistent with the narrowing gap in Vh and Tg.

MEK uptake rate decreased for the excess-epoxy formulations.

The measured uptake rates were in line with expectations based

on enhanced chain packing and etherification, as seen in the

water uptake results. Anomalous results were recorded for the

DGEBFXS materials, which exhibited a change in diffusion

mechanism and an increase in uptake rate as compared to

benchmark materials. The change was attributed to the onset of

rubbery diffusion in the plasticized region of those networks.

DMA, water uptake and MEK uptake data all provided support

for the hypothesis that DGEBF-33 represents a lower limit of free

volume achievable in the epoxy systems under consideration. Tg,

water uptake rater, water diffusivity, and MEK uptake could not

be substantially reduced below the threshold set by DGEBF-33.

The analysis of excess-epoxy materials indicated that the excess-

epoxy approach is a viable avenue for improving the fluid resist-

ance of these thermosets. Chain packing and etherification affect

network architecture in ways that limit fluid diffusion. However,

these architectural changes also resulted in losses in Tg that may

not be acceptable in some applications.
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