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Research conducted over the past 8 years on the curing and bonding characteristics
of phenol-formaldehyde (PF) resin is summarized and interpreted. PF resins exposed to
controlled temperature and relative humidity (RH) conditions exhibit faster cure rates
with increases in RH. Chemical cure (exothermic activity measured by a differential
scanning calorimeter), however, develops at a slower rate than mechanical cure (derived
from stiffness measurements of a dynamic mechanical analyzer). Bond strength devel-
opment (shown by lap shear tests of flake pairs) also lags behind mechanical cure but
shows a peak rate at some optimum RH. Investigations have shown that boards can have
maximum bending and internal bond strengths even though cure levels and flake pair
bond strengths are relatively low. Conversely, boards with only marginal properties can
result even at high levels of resin cure and flake bond strength. We believe the cured resin
is substantially weakened by moisture, thus lowering its ability to counteract the internal
forces. Extended press times are required to eliminate excess moisture and produce
boards with adequate strength. Recommendations for future research are given.

The economic well-being of indus-
tries producing commodity products such
as particleboard (PB), medium density
fiberboard (MDF), and oriented strand-
board (OSB) depends predominantly on
production rate. A few seconds shaved off
a press cycle can notably increase yearly
profits. Press times have been reduced in
the past two decades by increasing resin
cure rates. Greater reductions have been
made possible with the introduction of
steam injection pressing (SIP) techniques
that reduce the amount of time necessary
to bring the core of the boards to resin-
curing temperatures.

The SIP process works well with
urea-formaldehyde (UF) and isocyanate
resins; however, erratic results have been
observed with phenol-formaldehyde
(PF) resin (8). This paper presents new
considerations for shortening press times
of phenolic resin-wood composites
bonded under conditions of high mois-
ture and/or temperatures, such as those
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encountered in steam injection
mat moisture pressing.

B A C K G R O U N D

or high

Early SIP research indicated that con-
sistent reductions in press times were
possible when phenolic resin was used to
bond ring-flaked Douglas-fir (7). How-
ever, research using phenolic resin to
bond disk flakes of southern pine, aspen,
and oak was not as encouraging. In these
boards, physical properties were often
marginal or substandard at short press
times (10,12,21).

Several explanations have been of-
fered for the poor performance of pheno-
lic resin in some flakeboards. One expla-
nation is that the resin seems to move
excessively into the wood, or “wash-in.”
Flakes in conventional boards show char-
acteristic dark resin spots on the surface.
Conversely, flakes from SIP boards that
seem to have experienced severe wash-in
show no spots and, instead, have a sur-
face that is light pink or rose colored. In
severe cases, the flake surface appears
colorless or glassy.

A second explanation attributes poor
performance to migration of the phenolic
resin to the edge of the board, or “wash
out.” Wash-out is often evident in SIP
OSB, where the steam, diverted in long
paths around relatively large flakes, de-
posits dark-colored resin globules near
the edge of the boards.

Phenolics consistently form good
bonds in an SIP environment when the
board furnish is fiber, as demonstrated by
a commercial plant that produced thick
SIP southern pine MDF (1). We specu-
late that the positive performance of phe-
nolics with fiber furnish was due in part
to reduced wash-in. Resin migrating
through or past a single fiber would still
be available for bonding. Precautions
must be taken, however, to prevent wash-
out with SIP fiberboard. Screen cauls
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must be used to deflect the steam and
reduce its velocity. This prevents the for-
mation of low-strength areas directly in
line with the steam entry points.

A third explanation for the poor per-
formance of phenolic resin in SIP flake-
board is that resin cure is retarded by the
high moisture environment. Premature
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release of platen pressure results in de-
laminated or “blown” boards. In an early
publication, Heebink (14) pointed out
that pressing restraint cannot be released
until after bond strength is adequate to
withstand the internal forces created by
the steam environment and internal
stresses developed during compaction of

the wood. The constraints of bond
strength development and reduction of
vapor pressure are well known to indus-
trial operators attempting to reduce con-
ventional press times. Higher platen tem-
peratures promote resin cure but may
actually increase required press times by
increasing vapor pressure. Most indus-
trial plant managers have experimented
with press “breathing” cycles, in which
the board is vented during the press cycle
to reduce moisture content (MC) and in-
ternal pressures. These breathing sched-
ules are generally very restricted in order
to avoid disrupting bond formation dur-
ing the critical stage of resin cure.

Changes in process operating condi-
tions based on any of these three explana-
tions have not assured consistent press
times. Extended press times are often the
only recourse to cope with operating
problems that arc not understood. Pheno-
lic-bonded board properties eventually
improve if the board is held in the press
for an extended period following steam
injection (12). This indicates that the
resin is not destroyed or lost upon steam
injection.

R E C E N T  I N V E S T I G A T I O N S

To clarify the relations among resin
cure, resin/wood bonding, processing
variables, and board properties, we con-
ducted basic experiments to determine
the critical parameters affecting rapid
cure of phenolic resins. These investiga-
tions began at the Forest Products Labo-
ratory in 1986. Information from early
studies, performed under conditions of
controlled temperature and humidity,
was later used to study the same proc-
esses under dynamic press conditions. In
the early studies (3,6,11,19,24), methods
using dynamic mechanical analysis
(DMA) were developed to monitor
changes in the stiffness-related resin
properties (mechanical cure). These
studies and others (23) also used differ-
ential scanning calorimetry (DSC) tech-
niques to monitor the heat of polymeriza-
tion (chemical cure).

Resin samples supported on an inert
substance were partially cured (pre-
cured), for various periods of time, under
controlled temperatures and humidities
and then analyzed by DMA and DSC
(Fig. 1). Thus, the measurements repre-
sent residual cure remaining in the pre-
cured samples. The effect of precure ex-
posure time was expressed as percentage
of cure by comparing the data to those
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from samples with no precure exposure.
Given that bond strength may not be syn-
onymous with resin cure, methods were
also developed to determine the develop-
ment rate of bond strength using flake
lap-shear specimens bonded for various
durations at controlled temperatures and
humidities (9,25). The investigations
showed that chemical cure generally fol-
lowed the same pattern as mechanical
cure but developed at a slower rate (Fig.
2). Bond strength was found to also lag
behind mechanical cure, but developed
very quickly once measurable strengths
could be detected.

Unexpectedly, the research (9)
showed that as the environmental relative
humidity (RH) increased from 0 to 91
percent, both the chemical (Fig. 3) and
mechanical cure rates of dry phenolic
resins increased. We think that up to a
certain RH, moisture penetrates the resin,
enhancing molecular mobility, thereby
increasing its polymerization rate. This
positive effect of humidity on resin cure
diminished as the temperature increased.
Conversely, excessive moisture, as con-
tained in a water-solubilized resin (24),
retards chemical cure (Fig. 4). In this
case, we presume the water separates the
resin molecules, retarding the rate of re-
action in a manner noted earlier by Chow
(2). We also found that bond strength
between flakes develops most rapidly at
an optimum humidity (9). Bond strength
increased more rapidly at 41 percent RH
than at either 0 or 91 percent RH.

In the final phase of this study, the
curing and bonding of resin and flake
samples that had been embedded in a
flakeboard were correlated to the board’s
internal bond (IB) and bending modulus
of rupture (MOR) properties (5,26). The
samples, quickly retrieved from boards
that had been pressed for various periods,
were equilibrated at controlled RH prior
to testing. Surprisingly, we found that
boards made with high moisture levels
(conventional boards made at 12% MC
and SIP boards made with 20 sec. of
steaming) possessed only marginal board
properties even though resin mechanical
cure and individual flake-pair bonding
levels were high (for example, Fig. 5).
Equally surprising, we found that maxi-
mum board properties could be obtained
in boards pressed at low moisture levels
(conventional boards at 7% MC and SIP
boards using 10 sec. of steaming) even
though individual flake-pair bond
strength was quite low (Fig. 6). To our

knowledge, this is the first direct evi-
dence indicating that delamination and
reduced board properties cannot always
be attributed to inadequate resin curing
and bonding, and that high initial board
strength is not always dependent on com-
plete resin cure.

D I S C U S S I O N

Although reduction of board vapor
pressure is a contributing factor control-
ling minimum press opening time, it ap-
parently is not always the major factor.
Much shorter SIP press times can be ob-
tained with isocyanate resin than with
phenolic resin. We hypothesize that the
problem with the phenolics is related to

their weaker tensile strength at the ele-
vated moisture and temperature condi-
tions present in the board prior to press
opening.

Research has shown (12) that al-
though isocyanate-bonded SIP boards
experienced increasing out-of-press
springback with decreasing press times,
IB values of conditioned samples were
the same for all boards. This indicates
that both the resin and the flake bonds in
the isocyanate boards were strong
enough to withstand internal stresses
even when the board experienced signifi-
cant springback. Phenolic-bonded
boards pressed in the same manner de-
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laminated or were characterized by low
IB values. Assuming that the resin was
fully cured and that bonds were fully
formed, as the results reported herein in-
dicate, the lower strength of phenolic
boards (12) must be a result of damage to
the resin and/or flake bonds occurring at
the time of pressure release.

Because an isocyanate-bonded board
appears to maintain its integrity at shorter
press times better than the phenolic-
bonded board, we must assume that un-
der the same conditions, isocyanate resin

7 0

is not plasticized to the same extent as
phenolic resin. Two factors increase MC
within the phenolic resin when compared
to isocyanate resin. First, isocyanate resin
consumes some water in most of its cur-
ing reactions, whereas phenolic resin ac-
tually produces water during its curing
reaction. Second, the resole phenolic res-
ins contain sodium hydroxide, which has
a strong affinity for water. Isocyanate
resin is probably more like UF resin,
which picks up little moisture once it is
cured.

High moisture and temperature likely
reduce the glass transition temperature
(Tg) of the wood and/or cured phenolic
resin to a level at which corresponding
strengths of these board components are
insufficient to resist the vapor pressure
and internal stresses. Kelley et al. (18)
showed by torsional braid analysis that
the stiffness of well-cured resole-based
resin decreases between 10 to 30 percent
when the temperature increases from 25°
to 220°C. Moisture has a greater effect on
modulus than does temperature. Irle and
Bolton (16) showed by tensile tests that
the stiffness of a well-cured resole-based
resin decreases by as much as 60 percent
when moisture increases from dry to
saturated. We hypothesize that the major
factor reducing cured resin strength is
moisture. For our high-moisture boards,
press times had to be increased to pro-
duce boards with maximum strength,
even though the resin was fully cured
(Fig. 5). Our research indicates that any
negative effects of temperature increase
are more than offset by decreasing mois-
ture.

High heat and moisture also directly
reduce the strength of the wood. The stor-
age modulus of aspen flakes at 4 percent
MC was reduced approximately 10 per-
cent when the temperature was increased
from ambient to 100°C (17). Flakes at 15
percent MC exhibited about 45 percent
reduction with the same temperature in-
crease. Besides plasticizing the wood,
these conditions tend to hydrolyze the
hemicellulose and amorphous cellulose
in the cell walls. Troughton and Rozon
(22) found that 10 minutes of saturated
steaming reduced by 75 percent the ulti-
mate parallel-to-the-grain tensile
strength of Douglas-fir and white spruce
flakes. Considering that hemicellulose
makes up a greater proportion of hard-
woods than of softwoods, high-moisture
pressing may be more problematic for
hardwoods than for softwoods. We meas-
ured the pH of condensate coming out of
SIP aspen boards to be about pH 3. This
acidity could both accelerate hydrolysis
and interfere with the curing of alkaline
phenolic resins.

Aside from the effects of moisture
weakening the resin and wood, moisture
may also directly affect the strength of
the bonds. For example, water forms
very strong hydrogen bonds and may dis-
rupt hydrogen bonds between (or form
preferentially with) resin components.
Wash-in and wash-out are concepts that
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also apply to bond strength. Lengthening
press time could not improve board
strength if the resin had been removed
from the critical bond sites. However, the
wash-in and wash-out phenomena are
difficult to consistently relate to board
strength. Geimer et al. (12) reported
highest IB strength of phenolic-bonded
flakeboards when the steam-injection pe-
riod was the longest and was timed to get
a major portion of the steam into the
board at an early stage of the press cycle,
prior to press closure. Although the cycle
afforded maximum internal board tem-
peratures, it also provided conditions fa-
vorable to wash-in and wash-out. To pre-
vent or abate wash-in and wash-out
problems, resin manufacturers and re-
searchers have experimented with pow-
dered resin or high-viscosity liquid resin.
Other methods under investigation in-
clude the use of an in-press, carbon diox-
ide gas treatment to increase phenolic
resin viscosity and use of an in-press,
methylformate gas treatment to hasten
the cure (13,15,20). Both of these gas
treatments show some potential in devel-
opment of higher phenolic-bonded board
strengths at shorter press times.

The observation that partial resin cure
can still yield high-strength boards (Fig.
6) may be economically important to the
industrial flakeboard industry. Because
the same board strength was attained
with the partially or with the fully cured
resin, we might expect a reduction in
required resin content if all the resin were
fully cured. Board strength may be more
closely related to the number of bonding
sites rather than the strength of the bond
or the interconnecting resin.

From a technological standpoint,
resin manufacturers may want to cons-
ider 1) the relative long-term durability
of cured and partially cured resin under
harsh environmental and high-stress con-
ditions; and 2) the fact that resin strength
is more important under hot, moist con-
ditions than it is under ambient condi-
tions.

C O N C L U D I N G  R E M A R K S

Methods have been developed to de-
termine the response of phenol-formal-
dehyde resin cure to changes in RH, MC,
and temperature. The studies show that
chemical cure (exothermic activity as
measured with a DSC) generally devel-
ops at a slower rate than mechanical cure
(related to stiffness and measured with a
DMA). Both cure rates increase with in-

creasing RH and temperature. However,
excess MC in the resin can retard cure.
Lap shear bond strength measured on
flake pairs also responds favorably to
temperature but develops most rapidly at
some optimum RH.

The development of mechanical resin
cure and flake-pair bond strength has
been measured in pressed boards and
correlated to final board strength. Boards
can have high bending and IB strengths
at low levels of resin cure and flake-pair
bond strength if the mat moisture and
vapor pressures are low. Conversely, we
have shown that delamination or low-
strength boards may result at high levels
of resin cure and bond strength develop-
ment if mat moisture and vapor pressures
are high. Consequently, we believe that
in many flakeboard operations using phe-
nolic resin, the major factor limiting press
opening is the low strength of the cured
resin rather than the extent of resin cure or
bonding. These findings lead us to believe
there are several new perspectives for fur-
ther research. Some of these considerations
are outlined in the following.

1. Long-term experience with dry
lap-shear plywood specimens has shown
that the degree of wood failure is a much
better indicator of durability than is the
level of shear strength. A question arises
as to the durability of the flakeboards
made with low MC. These boards exhib-
ited maximum IB and bending strengths
despite the fact that mechanical resin
cure was only 70 percent and individual
flake-pair bond values were quite low.

2. Procedural techniques leave some
questions regarding how much chemical
cure lags behind mechanical cure. The
degree of mechanical cure was deter-
mined using a maximum DMA tempera-
ture of 150°C. Chemical cure, however,
was determined using maximum DSC
temperatures of 200°C. Since DSC cure
continues to increase with increasing
temperatures, the percentage chemical
cure based on measurements to 200°C
will be lower than if maximum tempera-
ture was limited to 150°C.

3. More information on bond strength
development could be obtained if testing
techniques were modified to permit ob-
servation of higher adhesive strengths.
With the lap-shear specimen used in
these studies, maximum measurable
bond strength was limited by wood fail-
ure, and peaked at 65 to 80 kg. A sym-
metrical double lap shear specimen in-

creases the measurable range of bond
strength to between 90 and 120 kg but
presents difficulties in the lay-up tech-
niques.

4. In addition to reducing vapor pres-
sure, the inclusion of breathing cycles, vac-
uum exhaust, or gas injection cooling
and/or drying in the SIP press schedule
could all have the potential of increasing
resin strength by reducing cured resin MC.

5. Techniques using in-press gas in-
jection to control pH could enhance resin
cure and reduce wood deterioration.

6. Continuous presses offer the possi-
bility of introducing “in-line” heating
and cooling stages. Information on time-
dependent relationships between tem-
perature, moisture levels, and cured resin
strengths would be useful in the design of
this press type.

7. The economics and technical feasi-
bility of drying the furnish to a low mois-
ture level, perhaps primarily in the core
of the board, could be investigated.

8. Research has shown that the dura-
bility of cured urea resin may be en-
hanced by reducing its brittleness (4).
Synthetic modifications aimed at en-
hancing the wet strength of cured pheno-
lic resin by decreasing its plasticity
should not unduly modify its durability
characteristics.

FOREST PRODUCTS JOURNAL V O L. 46, NO. 11/12 71



7 2 NOVEMBER/DECEMBER 1996


