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ABSTRACT: Amine-cured epoxy resins are prepared containing an aliphatic phospho-
nate additive which aids in the processing of the epoxy by reducing the viscosity of the
resin mixture. The additive also acts as an antiplasticizer in the cured epoxy by
increasing the modulus and yield strength under uniaxial tension and compression.
Additionally, phosphonates are known to behave as flame retardants and dimethyl
methyl phosphonate (DMMP) demonstrates a reduction in the rate of thermal degra-
dation and the heat-release rate upon pyrolysis. Addition of the antiplasticizer reduces
the T, and suppressed B-relaxations, while effectively increasing the density of the
material. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84: 302-309, 2002; DOI 10.1002/app.

10329
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INTRODUCTION

Additives and modifiers are a powerful tool for
tailoring the physical and mechanical properties
of polymers. Utilizing additives can allow a poly-
meric material to cover a broad range of applica-
tions that might otherwise be inaccessible. In-
creasingly, additives with selected structures are
introduced to impart specific changes into the
polymeric matrix. However, such modifications
rarely occur without causing adverse effects on
other properties. Employing a single additive to
achieve a number of property enhancements may
minimize the detrimental effects that occur when
using a plethora of efficient modifiers. In the
present study, dimethyl methyl phosphonate
(DMMP) is considered for its ability to enhance
the final mechanical and thermal properties of a
crosslinked epoxy resin when used principally as
a diluent during thermoset formulation.
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Diluents are commonly used to reduce the
resin viscosity in highly filled composites and
laminates. However, removal of the diluent fol-
lowing processing is often difficult, if not impos-
sible. The trapped diluent then acts to decrease
the properties of the polymer matrix by depress-
ing the glass transition temperature and lowering
the mechanical strength and stiffness. These ef-
fects are inconsequential only if a plasticized
polymer is the desired final product, as is the case
in many PVC applications. For epoxy resins, the
thermal stability and mechanical integrity are
the desired characteristics and plasticizers
should only be used if they do not significantly
interfere with the final properties.

Thermosets are commonly used as matrix ma-
terials for filled composites. In such applications,
filler material is introduced to impart enhanced
properties. It has been well established, however,
that the compressive strength of such composites
is governed by the mechanical properties of the
matrix material. For fiber-reinforced composites,
failure occurs through a microbuckling mecha-
nism dictated by the shear modulus of the ma-
trix.»? In particulate-filled composites, compres-
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sive failure is shear-dominated, suggesting that
the yield strength of the matrix is of critical im-
portance.® In both cases, the interfacial adhesion
between matrix and filler is also important. To
enhance the compressive or flexural performance
of filled composites, either or both of these limi-
tations must be addressed.

One class of additives known to enhance the
mechanical properties of thermosets, as well as
the processibility of the resin, is known as anti-
plasticizers.*® These additives act to lower the
glass transition of a polymer while increasing the
modulus and yield strength properties. As al-
ready well known in thermoplastic polymers such
as polycarbonate® and PVC,” antiplasticization
has also been demonstrated in cured epoxy resins
with a variety of additives.®® In the current in-
vestigation, a new, aliphatic antiplasticizer is
considered as to its effects on the mechanical and
physical properties, including the modulus and
yield strength, in an epoxy thermoset. An amine-
cured epoxy material is fully characterized, with
particular emphasis on its processibility and
flame-retardation characteristics.

EXPERIMENTAL

The crosslinked network investigated herein is a
reactive product of a high-purity diglycidyl ether
of bisphenol A (EPON 825 from Shell, Houston,
TX) cured with an aliphatic diamine curing agent
(Huntsman D230, Salt Lake City, UT). The net-
work was modified with dimethyl methyl phos-
phonate (DMMP) obtained from Aldrich Chemical
and used as received. The additive, DMMP, was
mixed with the epoxy prepolymer resin at various
concentrations and combined with a stoichiomet-
ric amount of the curing agent. This mixture was
degassed under a vacuum for a period of 15 min
and poured into appropriate molds to form 3-mm-
thick plaques and 8-mm-diameter tubes. All sam-
ples were cured for 3 h at 75°C, followed by an
additional 3 h at 125°C for postcure. At these
conditions, the epoxide is fully reacted, as verified
using Fourier transform infrared spectroscopy
(FTIR).

Rheological measurements of the viscosity of
the epoxy prepolymer were preformed on an RSI
ARES rheometer using a Couette geometry. Vis-
cosity measurements were made at room temper-
ature and 50°C to simulate typical processing
temperatures. The thermal properties of the
cured resins were investigated using both differ-

ential scanning calorimetry (DSC) and dynamic
mechanical thermal analysis (DMTA). The scan-
ning rate was 10°C/min for DSC and 5°C/min for
DMTA at 1 Hz while imposing a 0.05% dynamic
strain. Densities were measured using a buoy-
ancy method at room temperature in degassed,
deionized water (ASTM D792).

Mechanical measurements of the modulus and
strength were conducted both in tension and com-
pression and samples were prepared according to
ASTM D638 and ASTM D695, respectively. Com-
pact tension specimens for fracture toughness
were cut to ASTM D5045 and precracked by tap-
ping a fresh razor blade. All samples were tested
on an Instron 1123 machine. Tension and com-
pression samples were loaded at a constant cross-
head speed of 2 mm/min. Compact tension speci-
mens were loaded at 10 mm/min to minimize
plasticization in front of the crack tip. Extensom-
eters were used where appropriate for measure-
ments of the strain.

Thermal degradation measurements were
made employing thermogravimetric analysis
(TGA) on a TA 2050 at a heating rate of 40°C/min
from ambient temperatures to 800°C. Samples
were run under a nitrogen purge, although no
significant differences were apparent in the char
yield and degradation rate when the samples
were run in air. Measurements of the heat-re-
lease capacity and total heat released upon deg-
radation were made on a Federal Aviation Ad-
ministration (FAA) pyrolysis—combustion flow
calorimeter (PCFC) which was developed to mon-
itor the flammability of polymers on milligram
quantities.'® A sample is flashed (5°C/s) to
1200°C, and the pyrolysis gases are oxidized un-
der an Oy/N, atmosphere. The rate of O, con-
sumption under these conditions can be moni-
tored and related to the heat-release rate. This
technique has been shown to correlate well with
larger-scale flammability tests such as the OSU
fire calorimeter and cone calorimetry.!!

DISCUSSION

Viscosity

One goal of the current study is to determine the
effectiveness of DMMP on the processability of an
epoxy resin. The EPON 825 used is a low molec-
ular weight difunctional epoxy of moderate vis-
cosity. Most commercial epoxies, however, are of
varying degrees of viscosity, affecting their ease of
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processibility. The viscosity of the modified resins
was measured at room temperature as well as at
an elevated (50°C) temperature as these temper-
atures are commonly used in commercial curing
applications. Elevated temperatures are often
used to achieve a significant reduction in the vis-
cosity to aid in the ease of processing. As seen in
Figure 1, the viscosity of the epoxy is greatly
reduced upon addition of a small amount of the
DMMP additive and follows in an exponential
decay with an increasing concentration of the ad-
ditive. At room temperature, with 20 phr DMMP,
the viscosity of the epoxy is on the order of the
undiluted epoxy at 50°C. The higher concentra-
tions see an even more significant reduction at
elevated temperatures. It is well known that such
a reduction in viscosity is important to the pro-
cessing of filled composite materials. The viscos-
ity measurements were fitted using an additive
viscosity equation:

Inn=flnn,+(1-fHlnn, (1)

where f is the weight fraction of the additive in
epoxy; m,, the viscosity of the additive; and 7,, the
viscosity of the epoxy prepolymer under the test
conditions.

The absence of a chemical bond between the
additive and the polymer was determined
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Figure 1 Viscosity of epoxy prepolymer is signifi-
cantly decreased with the addition of the DMMP di-
luent. The points were fitted with an empirical additive
viscosity equation.
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Figure 2 Apparent densification of the epoxy net-
work with increasing DMMP concentration. Dashed
line represents the rule of mixtures for the density.

through elemental analysis of phosphorus in the
network following a high-vacuum, high-tempera-
ture (200°C) extraction. These conditions, which
are above both the glass transition temperature of
the polymer and the boiling point of the additive,
result in a 50—-100% reduction of the additive
concentration within the polymer, depending on
the extraction time. The absence of chemistry be-
tween the additive and the polymer network in-
dicates that additional crosslinking is not occur-
ring upon the addition of DMMP. Any physical
and mechanical changes to the polymer, there-
fore, can be attributed to the physical interactions
of the additive with the polymer backbone only.

Density

A common observation of antiplasticized poly-
mers is the apparent negative volume of mixing
between the polymer and the additive.'?'3 This
effect is manifested through densification, or a
reduction of the free volume, of the polymer in a
manner unrelated to the additive densities of the
two constituents (Fig. 2).1%15 Since the additives
are not reactive with the polymer matrix, the
reduction in the free volume implies an interac-
tion between the polymer and the additive which
leads to a tight packing of the additive within the
matrix.'®

The reduction in the free volume is also accom-
panied by a suppression of the B-relaxation of the
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Figure 3 Losstangent (tan 6) at 1 Hz versus temperature with DMMP concentration.

epoxy network. It has been shown that the B-re-
laxation consists of local motions at low temper-
atures and cooperative motions acting in the
high-temperature portion of the relaxation.!”!®
Antiplasticizers, including the DMMP investi-
gated here, reduce or eliminate the high-temper-
ature portion of this relaxation peak correspond-
ing to cooperative mobility (Fig. 3). Dynamic me-
chanical investigations together with NMR
studies of antiplasticized resins have demon-
strated that the presence of an antiplasticizer
decreases the mobility of hydroxypropyl ether
groups.'® Phosphonates such as DMMP are hy-
drogen-bonding acceptors, and as the hydroxyl
moieties are hydrogen-bond donors, it is likely
that they provide the strong interaction previ-
ously reported necessary for antiplasticization.
The increase in the mechanical properties
through antiplasticization is often accompanied
by a decrease in the glass transition temperature
of the matrix material. As seen in Table I, the

Table I T, with DMMP

DMMP (phr)
Measurement 0 5 10 15 20
DSC (°C) 91 86 78 70 63
DMTA (°C) 101 96 97 90 82

glass transition of the epoxy is depressed upon
addition of DMMP. Using DSC, only a single tran-
sition temperature is observed, indicating a ho-
mogeneous material. Dynamic testing of the
DMMP antiplasticized networks, however, sug-
gests an apparent phase separation at high con-
centrations of the additive via the evolution of a
large shoulder in the a-relaxation of the 20 phr
DMMP formulation (Fig. 3). It is important to
note that the cured material did not at any point
exhibit macroscopic evidence of phase separation.
The observed phase separation, coupled with the
decrease in the glass transition temperature, may
explain the large decrease in the mechanical
properties at DMMP concentrations greater than
10 phr.

Mechanical Properties

Mechanical properties of the antiplasticized
amine-cured epoxy networks were characterized
both under static uniaxial tension and compres-
sion (Figs. 4 and 5). Under optimal concentra-
tions, those resulting in the greatest enhance-
ment of material properties, both the tensile mod-
ulus and yield strength increase 12% over those
of the unmodified epoxy. The compressive modu-
lus improves 17%, while the compressive yield
stress increases by 15% over the unmodified
resin. Under both loading conditions, the greatest
enhancements in the mechanical properties occur
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Figure 4 Static moduli with concentration of forti-
fier: (@) tensile modulus; (O) compressive modulus.

at a concentration of 10 phr DMMP within the
resin. The yield strain is also affected by the pres-
ence of the antiplasticizer. At 10 phr DMMP, for
example, the average strain at yield in tension
and compression is reduced by 9.4 and 13.8%,
respectively.

The effects of DMMP on the Young’s modulus,
E (Fig. 4), and yield strength, o, (Fig. 5), hint at
the presence of a critical concentration of the ad-
ditive above which the antiplasticizer ceases to
fortify the network. Further addition of the anti-
plasticizer above 20 phr reduces the modulus and
strength of the material until it can be said that
the network is plasticized (its strength, stiffness,
and 7, are all below that of the unmodified sam-
ple). This concentration threshold was previously
reported for PVC and is a characteristic of small
molecule antiplasticizers.?’

Previous discussions of antiplasticization in
the literature have focused on the ability of the
fortifier to reduce or eliminate cooperative mo-
tions (as evidenced in the B-relaxation) and there-
fore lead to an increase in the strength and stiff-
ness characteristics. Previously in this discus-
sion, it was demonstrated that DMMP exhibits
this retardation effect. However, it is important to
correlate the eventual reduction in mechanical
properties with the dynamic mechanical mea-
surements and reduction of the free volume, as
well as the glass transition temperature. Both
Figures 2 and 3 illustrate that the free volume

and the B-relaxation peak decrease with the for-
tifier concentration. The modulus and strength
should therefore reflect this trend through a con-
tinuous increase in these properties. However,
the glass transition temperature of the network is
also systematically reduced with the fortifier con-
centration. It may be that the optimal additive
concentration arises due to a balance between the
detrimental decrease in T, and an advantageous
reduction in sub-T, mobility.

The effect of DMMP on the fracture toughness
was also investigated. An increase in the strength
and stiffness of a material through the addition of
an additive is often accompanied by a decrease in
the fracture toughness. In other words, the mate-
rial is effectively embrittled. It is, however, im-
portant to note that fortification of the network
with DMMP was not accompanied by a transition
from ductile to brittle failure under the applied
test conditions. A yield point, defined through a
zero-slope condition, is present in all materials
tested in tension for all additive concentrations.
Cohesive zone models that have been successfully
used to describe the fracture behavior of thermo-
sets show an increase in apparent toughness due
to localized yielding at the crack tip.?! The size of
the yielded zone at the tip, however, is inversely
proportional to the modulus and yield stress:

Moy —— T
' ' ® Tension
: : ©  Compression |1
100 4. . e i : 4
: Q o -]
e : .
—_ 90 A D P ~
© b §
o
= I
b>- r : : P
80 - e B . B -
Lo : °
. :
: L4
70 ® . e o s P
60 1 ; e ; b
0 5 10 15 20
phr DMMP

Figure 5 Yield strengths of epoxy with concentration
of fortifier: (@) tensile yield strength; (O) compressive
yield strength. Note that all samples failed in the neg-
ative slope regime after yielding.
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where p is the crack tip radius. This radius can be
approximated to be proportional to the crack
opening displacement, §,. The crack blunting
model predicts that with decreasing strength the
material is allowed to yield in front of the crack
tip, changing the radius of curvature and increas-
ing the fracture toughness. This inverse relation-
ship between strength and toughness is well
known, especially in rubber-modified systems. As
can be seen in Figure 6, the initial trend is as
predicted by eq. (2). Both the stress intensity fac-
tor, Ki., and energy release rate, G, , were re-
duced with increasing E and o, of the matrix. The
energy release rate can be related to K;, through
eq. (3):

Ki(1 -2
GIC=¥ (3)

where v is the experimentally determined Pois-
son’s ratio. The reduction in fracture toughness
is, therefore, more pronounced in Gy, due to the
corresponding increase in the modulus, E, upon
addition of DMMP. The Poisson’s ratio, v, re-
mains virtually unchanged with the DMMP con-
centration.

At higher fortifier concentrations, however, the
fracture toughness remains depressed, even
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Figure 6 Changes in fracture toughness with in-
creasing concentration of the additive. Reported are
both the stress intensity factor (K;-) and energy release
rate (Gyc).
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Figure 7 (Top) TGA decomposition curve and (bot-
tom) rate of degradation plot versus temperature. Ar-
rows indicate increasing concentration of the additive.

though the tensile yield strength has been re-
duced. This is contrary to the response predicted
above. Upon closer inspection, it appears that
only the initial introduction of the fortifier is nec-
essary to reduce the fracture toughness. At 5 phr
DMMP and above, the fracture toughness re-
mains statistically equivalent, whereas the ten-
sile properties change dramatically.

Flame Retardation

Organophosphorous materials, such as the
DMMP currently being studied, are well known to
act as flame retardants. Thus, it is interesting to
investigate the potential of DMMP to also reduce
the flammability of the epoxy network. Recently,
organophosphorous additives and curing agents
for epoxies were reported which reduce the flam-
mability of epoxy resins.?®?? Presently, flame-re-
tardant epoxy resins are based on brominated or
chlorinated components which produce toxic
gases and corrosive fumes upon degradation. Or-
ganophosphorous flame retardants, however, pro-
duce less toxic gas and smoke than do these ha-
logenated products and are seen as possible re-
placements.

A good initial measure for the flame-retarding
potential of an additive is the thermal degrada-
tion of the polymer as measured by TGA. These
traces provide information on the thermal stabil-
ity and degradability of the polymer with increas-
ing temperature. In Figure 7, TGA curves of the
epoxy network with increasing concentrations of
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Table II Combustion Calorimetry of DMMP
Flame Retarded Epoxy

Rapid Heat Total
Weight Release Heat Char

DMMP Loss Temp. Capacity Released Yield
(phr) °C) (J/g - K) (kJ/g) (%)
0 385 1063 27.2 3.1
5 370 469 25.4 4.6
10 357 371 23.8 4.5
15 350 365 23.7 6.0
20 347 382 23.7 5.2

the DMMP additive illustrate the changes in the
flammability. Although the onset of degradation
is decreased with the addition of the small molec-
ular additive, the rate of degradation is likewise
reduced. The degradation rate is a measure of
how quickly the polymer pyrolyzes as the temper-
ature is increased and is a good relative compar-
ison of the flammability. By adding a small con-
centration of DMMP, this rate of degradation is
significantly (up to 54%) diminished. The reduc-
tion in the onset of degradation is a result of the
additive being unbound to the polymer backbone.
DMMP has a boiling point of 181°C and evapo-
rates as the temperature increases. Analysis of
the volatiles produced below 300°C using a GC-
mass spectrometer revealed that DMMP is the
major component of the weight loss at this tem-
perature. The reduction in the rate of degradation
and the lack of considerable char formation indi-
cates that DMMP acts as a gas-phase flame re-
tardant, slowing the pyrolysis of the epoxy net-
work.

The flammability of DMMP-containing epoxy
was also investigated using a PCFC microcalo-
rimeter. This method measures that amount of
oxygen consumed during pyrolysis and provides a
quantitative evaluation of the heat released upon
incineration. The results of this evaluation are
found in Table II. The total heat released is un-
changed by the addition of the additive, indicat-
ing that the mechanism for degradation is un-
changed through the addition of DMMP. The lack
of additional char formation is also an indication
of this. However, the heat-release capacity is re-
duced in a manner similar to the rate of degrada-
tion seen in the TGA, from a peak of 1063 to 365
J g 1K' at 15 phr DMMP (65%).

It should be noted, however, that the formula-
tion being investigated here is not ideal for flame-

retardant applications since the curing agent
used is an aliphatic diamine with little inherent
thermal stability. A stiffer curing agent with a
higher aromatic content, such as 4,4'-diaminodi-
phenylmethane (DDM), would be better suited for
exhibiting improved flammability characteris-
tics.2* Such formulations would yield significantly
higher char upon degradation, further reducing
the total heat released.

CONCLUSIONS

A new additive was investigated for implementa-
tion in amine-cured epoxies. The additive, a
small, flexible phosphonate, provides a large de-
crease in the viscosity of the prepolymer during
initial processing. The viscosity was found to de-
crease by an order of magnitude at 20 wt % addi-
tive concentrations both at room temperature and
elevated temperatures.

In addition to the viscosity reduction, the ad-
ditive was found to act as a molecular fortifier at
low concentrations within the amine-cured epoxy
network. Enhancements in the compressive and
tensile modulus (17 and 12% respectively) and
yield strength (15 and 12%) were found, with an
additive concentration of 10 phr providing the
greatest increases. These observations can be ex-
plained in terms of the antiplasticization behav-
ior, including a decrease in free volume and sup-
pression of sub-T', cooperative motions within the
polymer. However, this behavior was observed
with a flexible additive, discounting the need for
a highly rigid additive for antiplasticization.?®
Rather, it is the additive—polymer interactions
which dictate the degree of fortification.?®

The flame retardancy of the additive within an
epoxy network was also investigated. The addi-
tive demonstrated a reduction in the degradation
rate and heat-release capacity of the polymer,
although char formation and total heat released
were not affected. These observation lead to the
conclusion that DMMP is an effective molecular
fortifier for amine-cured epoxy resins with the
potential also as an additive for reducing the
flammability of epoxy.

The authors would like to acknowledge the helpful
suggestions of Dr. Richard Lyon and the financial sup-
port of the Federal Aviation Administration. The au-
thors would also like to thank Huiqing Zhang for her
help with the PCFC microcalorimeter data.
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