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ABSTRACT: In this study, phenol-formaldehyde resins catalyzed with sodium hydrox-
ide, triethylamine, and ammonium hydroxide were investigated and characterized in
terms of their degradation behavior, flammability, mechanical properties, and chemical
structure. All three resins displayed similar degradative mechanisms, and their deg-
radation behavior was broken down into three distinct stages. These stages were
attributed to the evolution of water, the volatilization of species loosely bound to the
phenolic backbone, and bulk degradation of the phenolic matrix. Flammability studies
were also performed on glass fiber laminates manufactured from these resins. The
sodium-hydroxide- and ammonium-hydroxide-catalyzed resins were found relatively
inflammable, while the triethylamine-catalyzed laminates burned readily. The me-
chanical properties of the resins were found to be similar or higher than the mechanical
properties of other untoughened epoxies or thermosetting resins. The various chemical
properties responsible for these behaviors are discussed and analyzed in terms of the
catalyst basicity, solubility, and boiling point. © 1999 John Wiley & Sons, Inc. J Appl Polym

Sci 73: 505-514, 1999
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INTRODUCTION

Phenolic resins have been a staple product of the
synthetic polymer industry for the past 90 years.!
These resins have been used extensively in the
production of molded plastics, wood products, and
aerospace components.? In constructing aero-
space components, the most important use of phe-
nolic resins is in the manufacturing of high-per-
formance composites.

In the production of composites, both acid-(no-
volak)- and base-(resole)-catalyzed phenolic ma-
terials are used. Phenolic resins and powders
have found diverse applications in filament wind-
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ing, sheet molding compounds, honeycomb struc-
tures, prepregs, and resin transfer molding.® In
these applications, phenolic resins are used as
matrices to protect and reinforce the fibers con-
tained within the composite structure. Phenolics
have found wide utilization in these fields due to
their high strength retention at elevated temper-
atures and low fire, smoke, and toxicity proper-
ties. However, the use of phenolics has histori-
cally also been limited due to a lack of under-
standing regarding their mechanical properties
and fracture mechanics, as well as health con-
cerns.*®

Although a great deal of work has been done
specifically in the fields of kinetic characteriza-
tion,®” reaction modeling,®~'° flammability,**~'3
thermal analysis,'* !¢ degradation,’”?° mechan-
ical performance,*?! and chemical analysis,?%23
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complete investigations of these phenolic resole
materials from synthesis to final performance
have been limited. In this study, phenol-formal-
dehyde model resins catalyzed with sodium hy-
droxide, triethylamine, and ammonium hydrox-
ide were synthesized and characterized in terms
of their degradation behavior, flammability,
chemical structures, and mechanical properties
in both neat resins and fiber-reinforced compos-
ites. Ultimately, this work can be used to develop
a fundamental understanding of the complex de-
sign decisions in developing phenolic resins for
composite structures.

EXPERIMENTAL PROCEDURE

Resin Synthesis and Processing

The phenolic resins studied in this article were
synthesized using phenol, formaldehyde, and one
of three basic catalysts. The phenol (99%+), form-
aldehyde (37% formaldehyde in water with 7—8%
methyl alcohol), triethylamine (TEA) (99%+),
aqueous ammonium hydroxide (28% NH;), and
sodium hydroxide (98.6%) used were obtained
from Aldrich Chemicals. The resole phenol—form-
aldehyde resins investigated were prepared with
a catalyst-to-formaldehyde-to-phenol molar ratio
of 0.2 to 1.5 to 1.0, respectively.

In synthesizing each resin, phenol crystals
were dissolved in formaldehyde at room temper-
ature. One of the three catalysts was then added
to the solution of phenol formaldehyde. The phe-
nol formaldehyde solution was charged into a
three-neck flask equipped with a reflux condenser
and mixed. The phenol formaldehyde solution
was stirred and heated to 80°C. The solution was
held at 80°C for 60 min. Following the 80°C hold,
the phenol-formaldehyde resin was cooled to
room temperature and placed in a vacuum oven
at 50°C with an absolute pressure of 4.8 kPa for
8 h to remove any water present in the resins.

Neat resin plaques and laminates were fabri-
cated in an autoclave. During processing, the au-
toclave temperature was ramped at 2.7°C/min
from 27 to 150°C, held for 2 h, ramped to 177°C at
2.7°C/min, held for 2 h, then ramped back down to
27°C at 2.7°C/min. The total compaction pressure
used during cure was 1.4 MPa, and a nitrogen
atmosphere was employed in all cure cycles. All
plaques and laminates were postcured at 130°C
for 4 h at a pressure of 4.8 kPa.

Chemical Analysis

Chemical analysis was performed on neat resin
plaques using gas chromatography—mass spec-
troscopy (GS—-MS) after thermal desorption. This
analysis was performed on a Scientific Instru-
ments short path thermal desorber accessory unit
TD-1 interfaced into a Varian 3400 capillary gas
chromatographer. Specimens were heated at a
rate of 2°C/min to 400°C. The GC analysis was
coupled with a Finnigan MAT 90/95 high-resolu-
tion magnetic sector mass spectrometer, which
scanned from 10 to 450 amu at a rate of 1 s per
decade.

Thermal Analysis

High-resolution thermal gravimetric analysis
(TGA) was performed with a TA Instruments
2950 Hi-Res® TGA interfaced to a TA 3100 Ther-
mal Analyst System. Hi-Res® TGA specimens
were ramped at 5°C/min to 1000°C in both air and
nitrogen environments at a level seven resolution.

Flammability

All flammability specimens were manufactured
with four plies of 7781 style fiberglass fabric with
a soft A1100 finish. All laminate specimens had a
resin content of 39-40%.

In determining the flammability properties of
aerospace materials, flame spread, heat release,
and smoke evolution are critical properties for
evaluation. Measurements for flame spread were
done in accordance with Boeing Specification
Standard (BSS) 7230.2* Specimens measuring 7.6
by 30.5 cm were conditioned in a chamber at 21°C
with 50% relative humidity for 48 h, then placed
vertically in a test cabinet. The specimens were
mounted such that the bottom edge of the speci-
men was 1.9 cm above the top of the burner ori-
fice, and the tip of the flame was in contact with
the specimen throughout the course of the test. At
the beginning of the test, a Bunsen burner with a
flame temperature of no less than 843°C was
placed under the specimen. After 60 s, the flame
was removed from the specimen. The burn length,
or flame spread, and the time for the specimen to
self-extinguish was recorded. Six specimens were
tested for every value and standard deviation re-
ported.

Heat release tests were conducted in an Ohio
State University (OSU) calorimeter. Specimens
measuring 15.0 by 15.0 cm were conditioned in a
chamber at 21°C with 50% relative humidity for



CHARACTERIZATION OF PHENOLIC RESOLE RESINS 507

48 h. Following the conditioning, the backs of the
specimens were wrapped in aluminum foil and
placed in the calorimeter. The specimens were
held in this chamber for 60 s with the radiation
doors closed before being inserted into the main
chamber of the OSU calorimeter. During the final
20 s of the 60 s hold, the thermopile readings were
collected and averaged for the thermopile base-
line. The specimen was then inserted into the
main OSU chamber where a radiant heat flux of
3.50 W/cm? was impinged upon the center of the
face of the sample. The specimen was held in the
chamber for 5 min. From the OSU heat release
test, the maximum heat release and total heat
release in the first two min of the test were re-
ported. Each heat release value and standard de-
viation reported represents the average of six
tests, and all tests were performed in accordance
with BSS 7322.%°

Smoke evolution from the phenolic laminates
was determined using a National Bureau of Stan-
dards (NBS) smoke density chamber. Specimens
measuring 7.5 by 7.5 cm were conditioned in a
chamber at 21°C with 50% relative humidity for
48 h. Following the conditioning, the backs of the
specimens were wrapped in aluminum foil and
placed in the smoke chamber. The specimen was
then pushed in front of a furnace with a radiant
heat flux of 2.50 W/cm?. The percentage of light
transmission through the chamber was measured
with a microphotometer and recorded for 5 min.
Each smoke density value and standard deviation
reported represents the average of six tests, and
all tests were performed in accordance with BSS
7238.%6

Mechanical Testing

Specimens for measuring the critical stress inten-
sity factor K;- and the critical plane—strain en-
ergy release rate G;- were prepared from 5.1
square cm neat resin plaques. Compact tension
specimens were prepared and tested in accor-
dance with ASTM method D5045. Each specimen
was sawed with a fresh razor to provide a sharp
crack tip before testing. The compact tension
specimens were pulled apart in tension in an In-
stron 4505 mechanical tester at a rate of 0.10
cm/min until failure. Each critical stress intensity
factor and standard deviation reported represents
the average of seven tests.

Laminates were also fabricated to measure the
interlaminar critical plane—strain and plane-
shear energy release rates (G;- and Gy;, respec-

tively). The laminates were 18 plies thick and
33-cm long and had a 5.1-cm crack started in the
midplane of the sample. The laminates were cut
into 1.3-cm wide samples for testing. The critical
plane-strain energy release rate was measured
using the double cantilever beam (DCB) method.?”
Each specimen was precracked in the mechanical
tester to provide a sharp crack tip before testing.
The fracture specimen was pulled apart at 2.5
cm/min until a displacement of 6.3 cm was
reached. Each G;- value and standard deviation
reported represents the average of four tests.

The critical plane—shear energy release rate
was measured using the end notch flexure (ENF)
test.2” The same laminate preparation was used
for the DCB specimens. A three-point bending
apparatus with stationary posts was used to cre-
ate shear fracture down the midplane of the spec-
imen. The crack front was set 2.5 cm from the
stationary post, and the loading point was set 5.1
cm from the post. A displacement rate of 0.25
cm/min was used to load the specimen in flexure
until the crack propagated. An optical microscope
fixture was used to locate the crack front, and the
specimen was then moved back to the 2.5-cm sta-
tionary post. This was repeated until the speci-
men was cracked down its entire length. Each
Gc value and standard deviation reported rep-
resents the average of six tests.

RESULTS AND DISCUSSION

TGA Analysis

Initial characterization of the different phenol—
formaldehyde resins was conducted through high-
resolution TGA analysis on neat resin plaques.
The Hi-Res® TGA analysis of the three resins is
shown in Figures 1 through 3. In Figure 1, the
percentage of weight retained is plotted against
temperature. In this figure, it can be seen that the
TEA-catalyzed resin began to dramatically lose
weight near 300°C and only retained 40% of its
original weight at 1000°C. The resins catalyzed
with sodium hydroxide and ammonium hydroxide
retained approximately 70% their original weight
at 1000°C.

In Figure 2, the degradation of the NH; resin
in both air and nitrogen is presented. The degra-
dation behavior of the NHj resin in air and nitro-
gen is indistinguishable until 450°C. At 450°C,
the ammonia-catalyzed resin undergoes a more
vigorous oxidation and completely burns in air.
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Figure 1 Hi-Res® TGA thermal curve of NaOH-,
NH;-, and TEA-catalyzed phenolic resins in nitrogen.

(Comparable behavior was observed in all resins.)
The similar degradation behavior and peak tem-
peratures in air and nitrogen indicate that degra-
dation pathways in the phenolic resins are the
same in nitrogen and oxygen, as shown earlier by
Conley.'??%2% The similar mechanisms of degra-
dation permit the correlation of different charac-
terization techniques in a variety of environ-
ments.

In Figure 3, the derivative of the weight loss
with respect to temperature is plotted. Each resin
displayed three distinct weight loss regions. In
Table I, the mass spectra peaks of the phenolic
resins catalyzed with TEA, NaOH, and NH; are
correlated with the TGA transitions shown in Fig-
ure 3.
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Figure 2 Hi-Res® TGA thermal curve of NH;-cata-
lyzed phenolic resins in air and nitrogen.

1 T ,l
: I
G 0.8- ,'|
2 i\
5061 |\
[ I
= A N\
N VAN \_\_TEA+O.40ffﬁet_,
2 0.4"_ T -
g NH_+0.2 Offset
3 0.2 i
4 ’\
| AL R o T
0 T T T I T T T | T T T I T |—T'| T T I.-
0 200 400 600 800 1000

Temperature (°C)

Figure 3 The derivative of weight with respect to
temperature of a Hi-Res® TGA for NaOH, NH,, and
TEA phenolic resins in nitrogen.

TEA Chemical Analysis

For the TEA-catalyzed resin, the first weight loss
transition ranged from 23 to 200°C. This transi-
tion represents water (m/e = 18) trapped in the
matrix, as shown in Table I. Water is trapped in
the matrix during the initial cure of the resin.
During postcure, some of this water is removed.
This transition represents the 6 wt % water that
could not be removed due to continued crosslink-
ing and diffusion limitations.

The second TEA transition represents a partial
degradation of the phenolic backbone with the
evolution of phenol (m/e = 94) from the matrix.
The gases evolved in this transition are almost
entirely phenol. The main mass to charge ratios
for phenol are 94, 66, 65, 39, and 40 with inten-
sities of 100, 29, 23, 20, and 13, respectively.
These peaks and intensities closely match the
analysis of the second TEA TGA transition. The
phenol evolved in this transition represents phe-
nol that is lightly bound to the backbone of the
resin. This phenol is not free phenol due to the
relatively high temperatures (260-300°C) of this
transition.

The third triethylamine transition, which
starts near 300°C, consists mainly of methyl phe-
nol (m/e = 107), water, phenol, phenol fragments
(mle = 39, 66, 27), and methyl phenol fragments
(m/e = 77 and 51). The evolution of methyl phe-
nol in this transition represents the bulk degra-
dation of the phenolic matrix. The 121 m/e molec-
ular ion is attributed to dimethyl phenol. This
third mass loss accounts for 45 wt % of the TEA
specimen.
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Table I Eight Peak Mass Spectra of Phenolic TGA Transitions as Determined through GC-MS

Analysis
Neat Transition 1 Transition 2 Transition 3
Resin

Plaque Peak mle Intensity Peak mle Intensity Peak mle Intensity
TEA 1 18 100 1 94 100 1 107 100
TEA 2 17 28 2 66 32 2 18 58
TEA 3 16 3 3 39 30 3 39/94 56
TEA 4 44 <1 4 65 26 4 77 36
TEA 5 — — 5 107 12 5 66/27 28
TEA 6 — — 6 38 10 6 108 27
TEA 7 — — 7 40 9 7 51/200 22
TEA 8 — — 8 213/63 8 8 121 12
NH, 1 18 100 1 94 100 1 107 100
NH, 2 17 28 2 39 33 2 94 70
NH, 3 16 3 3 66 30 3 18 52
NH, 4 44 <1 4 65 22 4 39/108 36
NH, 5 — — 5 40/39 10 5 200 30
NH, 6 — — 6 107 9 6 77 23
NH, 7 — — 7 55 8 7 65/51 18
NH, 8 — — 8 200 7 8 121 16
NaOH 1 18 100 1 30 100 1 107 100
NaOH 2 17 28 2 44 34 2 122 82
NaOH 3 16 3 3 58 25 3 39 42
NaOH 4 28 <1 4 42 16 4 94/121 39
NaOH 5 — — 5 45 15 5 91 37
NaOH 6 — — 6 93 12 6 50 26
NaOH 7 — — 7 29 10 7 66 22
NaOH 8 — — 8 18 9 8 135 14

NH; Chemical Analysis

The first weight loss seen in the TGA is again the
result of water loss. In this region of the TGA
thermal curve, only 5 wt % is lost from the sam-
ple. The second NH; transition is very similar in
composition and weight percent to the evolved
gases from the second TGA transition of the TEA
resin. This transition is ascribed to phenol evolu-
tion from the plaque.

The last transition accounts for a 20% weight
loss from the sample. The mass spectrum analysis
of this material again closely corresponds to the
third transition seen in the TEA specimen, but
there are two main differences between the TEA
transition and the NH;-catalyzed TGA transition.
The intensity of the dimethyl phenol ion is larger
in the NH3 specimen that in the TEA specimen.
This indicates that the NH; resin catalyzed con-
tains slightly more dimethyl phenol linkages. The
second main difference is the temperature and
the quantity of mass represented by the third
transition. In the TEA specimen, the bulk of the

third transition takes place before the beginning
of the second transition in the other two resins
and represents approximately twice the weight
loss. The bulk of the third transition in the TEA-
catalyzed resin occurs 175°C before bulk degra-
dation of the resin catalyzed with NHg. This dif-
ference can also be attributed to the degree of
crosslinking. In the NH; resin system, the phenol
chains are more tightly bound to the main back-
bone of the resin, thus requiring more thermal
energy to break the bonds and liberate the phe-
nol.

NaOH Chemical Analysis

The first TGA transition of the sodium-hydroxide-
catalyzed resin is again a result of water being
liberated from the neat resin plaque. The libera-
tion of water accounts for a 4% weight loss from
the sample.

The next TGA transition is attributed to form-
aldehyde (m/e = 30) evolution. Molecular ion 44
is attributed to formaldehyde fragments of mass
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Table II Summary of Phenolic Flammability Results

Phenolic Resin Burn Length

Maximum Smoke Density

OSU Rate of Heat

Catalyst (cm) after 4 min (Ds) Release (RHR)*
TEA 94 + 15 23,5+ 2.1 Peak RHR: 110.0 = 5.3
2-min total: 95.0 = 5.1
NH, 46 *0.5 119+ 25 Peak RHR: 24.1 + 3.4
2-min total: 26.3 = 2.8
NaOH 2.3 0.3 0.3 =0.1 Peak RHR: 52.6 += 1.5

2-min total: 19.0 = 3.5

22 min total has units of kW min~! m~2 and peak RHR has units of kW/m?2.

14 (CH,) recombining with formaldehyde to pro-
duce ethanal (CH;CHO). Mass fragment 58 is a
result of another formaldehyde of mass 14 com-
bining with ethanal in the ionization chamber to
produce propanal (CH;CH,CHO). The evolved
formaldehyde is most likely from hydroxymethyl
termination of crosslinked phenol molecules. This
lightly bound hydroxymethyl species only ac-
counts for 5% by weight of the matrix. This is not
believed to be free formaldehyde because of the
high temperature of this transition (350 to
400°C). Any free formaldehyde (normal boiling
point = —19°C) would have evolved before or with
any water present in the system.

In the last transition observed for the phenolic
resin catalyzed with NaOH, bulk degradation of
the phenolic matrix and backbone takes place. In
this transition, the evolution of methyl phenol,
dimethyl phenol, and trimethyl phenol (m/e
= 135) can be observed. Mass 91 can be attrib-
uted to dehydroxylation of methyl phenol to give
methyl benzene, and all other peaks can be at-
tributed to fragmentation of phenol or methyl
phenol. The relative abundance of mono, di-, and
trisubstituted phenol ions indicates that the
cured sodium-hydroxide-catalyzed resin is a very
highly crosslinked structure. From a comparison
of the Table I, it can be concluded that that the
NaOH resin system is more crosslinked than the
other phenolic resins synthesized in this study
due to the presence of these ions.

Flammability

In an effort to further characterize the various
phenolic resins, a series of flammability experi-
ments was performed. In all experiments, the
NaOH- and NHj-catalyzed resin displayed the
best flammability properties, while the TEA resin
displayed the worst properties. In terms of burn

length, the TEA resin burned twice a far as NH,
resin, which burned twice as far as the NaOH
resin, as shown in Table II. All of the resins were
selfextinguishing after the flame was removed
from the specimen. The amount of smoke released
from the specimens followed the same general
trend as the burn length. A great deal of smoke
evolved off of the TEA sample within the first 4
min of applying heat (23.5 Ds), while the amount
of smoke released from the NaOH resin was
scarcely detectable (0.3 Ds). In the OSU chamber,
similar results were witnessed.

In Figure 4, the OSU heat release curves for
the NaOH-, NH;-, and TEA-catalyzed resins are
presented. The TEA-catalyzed laminate was
found to burn very quickly and release a great
deal of heat. Due to the extensive and rapid re-
lease of heat, the TEA laminate failed to meet the
FAA 65 : 65 heat release requirements for aero-
space interior materials. The 65 : 65 rule states
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Figure 4 OSU heat release curves for NaOH-, NH;-,
and TEA-catalyzed phenolic resins.
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Table III Summary of Mechanical Testing Results on Phenolic Laminates and Neat Resin Plaques

Laminates Neat Resin Plaques
Phenolic Resin
Catalyst G;c (J/m?) Grc (J/m?) K, (MPa m'?) G;c (J/m?)
TEA 196 = 24 1355 * 163 0.61 = 0.07 4.3+ 1.7
NH, 823 * 52 2040 = 250 1.05 = 0.10 12.2 £ 2.3
NaOH 194 + 28 874 * 115 0.69 = 0.05 6.0 = 2.3

that the peak rate of heat release must be less
than 65 kW/m?, and the total amount of heat
released after the first 2 min must be less than 65
kW min ! m~2. Although the TEA resin exceeded
these limits, results from the NaOH and NHjg
resins were found to be below these limits. The
rapid heat release from the TEA specimen in Fig-
ure 4 may be the result of phenol evolving and
burning in the OSU chamber. The release of phe-
nol and methyl phenol (40 to 50% by weight) from
the specimen during the second and third TGA
transitions is responsible for the large exotherm
shown in Figure 4. The NH;-catalyzed resin has
also been shown to release phenol and methyl
phenol during degradation, but less phenol and
methyl phenol are evolved from this resin system
(20% by weight evolved). The ammonia-catalyzed
resin also degrades at a higher temperature. With
the higher degradation temperature, the phenol
and methyl phenol require a longer time to evolve
from the laminate. The longer evolution time in
the NH; prevents the methyl phenol from being
completely liberated shortly after heating. The
OSU curve of NH; presented in Figure 4 repre-
sents the slow burning of phenol and methyl phe-
nol over an extended period of time, while the
TEA laminate represents the almost immediate
combustion of the same products.

In the NaOH-catalyzed resin, an exotherm can
be seen 100 s after the specimen is heated. This
exotherm is ascribed to the release of formalde-
hyde from the sample. Although the NH;- and
NaOH-catalyzed resins lose approximately the
same weight percent from 500 to 1000°C, the
combustion of the evolved gases is extremely dif-
ferent. The enthalpy of combustion for formalde-
hyde is a factor of 1.7 times greater than the
enthalpy of combustion of phenol. It is this high
heat content of formaldehyde, which is responsi-
ble for the heat release differences between
NaOH- and NHj-catalyzed resins, depicted in
Figure 4 and Table II.

Mechanical Properties

Mechanical testing was conducted on laminates
and neat resin plaques. The results of the me-
chanical tests are summarized in Table III. The
mechanical properties of the phenolic resins in-
vestigated were found to be on the same order or
higher than the mechanical properties of other
untoughened epoxies and thermosetting resins,
which have average K;~ and G~ values near 0.6
MPa m'? and 200 J/m?, respectively.?’ The am-
monia-catalyzed resin had the highest mechani-
cal properties of all the resins synthesized. The
plane—strain (G;-) and plane—shear (G;;¢) en-
ergy release rates and the critical stress intensity
factor (K;.) of the NHg phenolic resin were two to
four times greater than the TEA- and NaOH-
catalyzed resins. These differences in fracture en-
ergy and toughness are a result of the different
mechanisms of crack propagation through the
materials. During fracture, the crack growth of
the NH;-catalyzed samples was observed to be
partially stable after crack initiation. In Figure
5(A), an optical photomicrograph of the interlami-
nar fracture path for the NH;-catalyzed resin is
shown. In this figure, the effects of partially sta-
ble crack growth through the laminate can be
observed. In partially stable crack propagation, a
plastic deformation zone is created in the crack
tip. The plastic deformation zone distributes the
stresses in the crack tip to the fiber tows or other
tougheners in the matrix. The fiber tows or tough-
eners then cavitate, or debond, to relieve these
stresses.®! The distribution of stresses through
cavitation of the fiber tow, as depicted in Figure 5,
is responsible for the high fracture energy of the
NH; resin.

Unlike the NHs-catalyzed resin, the crack
propagation through the NaOH resin was noticed
to be fully unstable after crack initiation. In Fig-
ure 5(B), the interlaminar fracture path of lami-
nates manufactured from this resin system is
shown. In this resin, the unstable crack growth
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Figure 5 Optical photomicrographs of the plane
strain (G,.) fracture path for (A) NH,-, (B) NaOH, and
(C) TEA-catalyzed phenolic laminates at 25X magnifi-
cation.

did not involve a plastic deformation zone, and
the high stresses created in the crack tip during
crack propagation could not be delocalized. When
the crack tip encountered a fiber tow, the matrix
fractured and the crack propagated through, or
around, the fiber tow without debonding or cavi-
tating the fiber tow. This behavior is responsible
for the low fracture energy and toughness of the
NaOH resin.

It has been shown from Table I that the NaOH
resin is more crosslinked than the other resins
synthesized in this study. The high degree of
crosslinking in the NaOH-catalyzed resin re-
sulted in a very brittle matrix. The NaOH resin
was cured for 2 h at 150°C, followed by another
2 h cure at 177°C. It is at these cure temperatures
where most of the dimethyl phenol and trimethyl
phenol bonds are formed. When these bonds are
formed, the crosslinked structure is in its most
relaxed state. As the material cools, residual ther-
mal stresses accumulate in the cured matrix.
When a crack is initiated and propagated through
the matrix, the resin cannot deform or distribute
the stress due to the high concentration of ther-
mal stresses. The inability of the resin to accom-
modate the stresses at the crack tip makes the
material brittle and is ultimately responsible for
the low fracture energy and toughness of the
resin.

The NaOH- and TEA-catalyzed resins dis-
played similar toughness and fracture energies,
even though the TEA has less crosslinks than the
NaOH resin. With fewer crosslinks, it is expected
that a laminate or neat resin plaque manufac-
tured from the TEA would be more ductile and,
therefore, have a higher toughness than the other
resins studied. Along with being less crosslinked,
the TEA specimens are also highly voided. Voids
decrease the mechanical properties of composite
matrices, but can also increase the toughness and
fracture energy of the composite in tensile mode.
Voids can increase the toughness of a material by
delocalizing the stresses in the crack tip through-
out the void. However, this phenomenon was not
observed in the TEA resin. The differences in
toughness and fracture energies between the
other resins and the TEA are attributed to the
shape of the void. The voids in the TEA matrix are
oblong-shaped with sharp corners, as shown in
Figure 6. When the crack tip encounters a void,
the stresses at the crack tip are not evenly dis-
tributed around the entire void, as would be seen
with a spherical void. Instead, the stresses in the
crack tip are redirected and concentrated in the
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Figure 6 Optical photomicrograph of TEA-catalyzed
phenolic laminate voids at 200X magnification.

sharp corner of the void. The stresses in the crack
tip are not relieved by the void, and the crack
continues to propagate.

The high concentration of voids in the matrix
allowed the crack to transfer from one void to
another.?2 In Figure 5(C), it can be seen that the
crack propagated exclusively through the flaws
(voids) in the matrix. The crack propagated
through the voids because they provide the path
of least resistance through the composite. By not
transferring the crack stresses to the fiber tows in
the laminates, the matrix was not able to delocal-
ize the stresses in the crack tip.

Ultimately, the differences in the thermal and
mechanical properties of the three resins can be
linked to chemical differences of the catalysts
during phenol-formaldehyde addition and con-
densation. Sodium hydroxide (pK, = 0) is a
strong base. In degassing the NaOH-catalyzed
resin, all of the sodium hydroxide remains in the
resin due to the high boiling point of NaOH (nor-
mal boiling point = 1390°C). The high concentra-
tion of hydroxide ions in the final resin catalyzes
the condensation reaction of the phenolic resin
and is responsible for the high degree of crosslink-
ing observed in this resin.?

Ammonia (pK, = 4.75) is a weaker base than
NaOH. In the NHj-catalyzed resin, there is a
smaller concentration of free hydroxide ions in
the initial reaction mixture. In degassing the
NHj-catalyzed resin, a large concentration of cat-
alyst is volatilized due to the high vapor pressure
of the NH; (normal boiling point = —33°C). This
results in a much smaller concentration of cata-

lyst in the resin during the cure. Both the lower
basicity and high vapor pressure of the NH; con-
tribute to a lower degree of crosslinking in the
NHj-catalyzed resin when compared to the
NaOH-catalyzed resin.

In the case of the triethylamine-catalyzed res-
ins, additional factors influence the final chemical
structure of the plaques or laminates. The basic-
ity of TEA is similar to that of NH3 (pK, = 3.35),
but the solubility of TEA is considerably lower
than either NaOH or NH;, which are completely
soluble in water. In 80°C water, a maximum 1.2 g
of TEA can dissolve in 100 g of water. Conse-
quently, there is a low concentration of hydroxide
ions in the TEA-catalyzed aqueous mixture. This
lower concentration produces a smaller number of
di- and trisubstituted phenol species during the
condensation reaction, as is shown by the missing
trimethyl phenol peak in the mass spectra. The
lightly crosslinked TEA resin system is a result of
catalyst solubility and the hydroxide ion concen-
tration.

CONCLUSIONS

In this study, three different resole phenolic res-
ins were characterized from synthesis to degrada-
tion. The effects of sodium hydroxide, triethyl-
amine, and ammonia catalysis on the fracture
toughness, flammability, chemical structure, and
degradative properties of phenolic resins were in-
vestigated. All three resins displayed similar deg-
radative mechanisms; and during degradation,
each resin exhibited three distinct weight loss
regions. The first weight loss region was due to
the evolution of water. The second degradation
was attributed to the volatilization of species
loosely bound to the phenolic backbone, and the
final region represented the bulk degradation of
the phenolic matrix. Flammability studies were
also performed on laminates manufactured from
these resins. The NaOH- and NHj-catalyzed res-
ins were found to be relatively inflammable, while
the TEA laminates burned readily. Lastly, me-
chanical tests measuring the plane-strain and
plane—shear energy release rates and the critical
stress intensity factor were performed on the neat
resin plaques and laminates. The mechanical
properties of the phenolic resins investigated
were found to be on the same order or higher than
the mechanical properties of other untoughened
epoxies or thermosetting resins. The various
chemistries that exhibited the properties dis-
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cussed were understood in terms of catalyst ba-
sicity, solubility, and boiling point. From this
study, it can be concluded that the thermal deg-
radation, flammability, and mechanical perfor-
mance of phenolic resole resins is strongly depen-
dent on the nature of the catalyst used in their
synthesis.

The authors express their appreciation to Boeing Ma-
terials Technology and the Boeing/Steiner Professor-
ship.
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