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Summary
The curing processes and thermal properties of resol-type phenol-urea-formaldehyde c<x:ondensed
resins. which were prepared by alkaline treatmentS of the cocondensed resins once synthesized from
UF-concentrate and phenol. were investigated by tmional braid analysis. The resol-type coco'*nsed
resins displayed almost the same curing behaviors and heat-resistance as a commercial resol. Their
~t activation energies detennined by measuring temperature dependence of gel time were almost
identical with that of resol. and quite different from that of UF resin. Their 'plywcxxl adhesive
performances were evaluated with a cyclic 4-hour boil test and a 72 hour boil test. The plywcxxl test
results passed the requirements for the JAS special grade StJUctural plywcxxl.

(Resin II) and resol-type resins (Resin 11-2) were pepared accord-
ing to the new metbOO (Tomita ~t al. 199.5). However. the UF-
concentrates used in this snM1y were synthesized only under acidic
conditions. The final molar ratio (F/U/P) and pH of Resin 11-2
were varied as noted in each figure and table.

Introduction

The successful synthesis of cocondensed resins by
reacting a mixture of methylolphenols and urea has
been reported (Tomita and Hse 1992, 1993). These
resins were named "Resin 1". Further, a new method
to synthesize phenol-urea-fonnaldehyde cocondens-
ed resins (Resin II) has been developed (Tomita et
al. 1995). The new method of Resin II was derived
from reacting so-called UF-concentrate with phenol,
and is quite different from that of Resin I. Moreover,
it was found that this new cocondensed resin can be
converted into a resol-type resin (Resin 11-2) by a
simple alkaline treatment. Since these cocondensed
resins seem to cure like resols, an investigation on
their curing behaviors and thennal properties were
attempted by torsional braid analysis method (TBA).
Further their practical performances as wood ad-
hesives were evaluated by accelerated aging tests of
plywood. The accelerating aging tests included ply-
wood shear strength and estimated wood failure
evaluations.

Torsional braid analysis (TBA) of rrsin curing proc~ss

Torsional braid analysis was carried out with a free torsional
pendulum ~tus (RESCA Co. lid.). The liquid samples of the
cocondensed resins, resols. UF resin, and blended resin of resol
and UF resin were separately brushed onto a glass braid after
adding curing agent or adjusting pH at target levels. respectively.
The amount of each dried resin on the braid was geMrally
6O-90mg. TBA measurements were started immediately after
immersing the resins onto the glass braids. The rare of elevation
of temperature was 3 OOmin. Results were plotted in the terms of
logarithmic decrement, aT'and relative rigidity. GI/Go = (Po/Pt)\
where Po is frequency interval at the staning of _rement
(aroond 20°C) and PI is thai at temperature of t °C. Samples and
curing conditions for dynamic mechanical measurements of each
curing process are cited in every figure.

Torsional braid aIUIlysis of ,h~nnal propeni~s of cllrrd rrs;ns

The resol.type cocondensed resins were cured on a glass braid at
ISOOC for 3Omin. The amounts of these resins on the glass braid
were also 6O-90mg in dried weight. The measurements were
performed under the same conditions as the previous section, and
samples aOO curing conditions are shown in every figure.

M~as"nm~nl of g~lal;on ,~

Resin samples (about 20g) were put into test tubes after adjusting
pH and maintained in a constant tem~ oil-bath with stirring.
A glass rOO was used as a probe. detennining the resin viscosity
by pulling straiaht upward from the resin mass. As the resin
sample became viscous. a resin $(ring line was formed when the
glass rOO moved upward. The gel time was determined as the time
when the solidified resin string line was broken. Gel testings were
done between I30OC and 190°C at 10°C intervals.

Experimental
Materials
Commercial urea-fonnaJdehyde resin (UP ~sin. U-310) aIKi ~
(PL-266) we~ supplied from Mitsuitoatsu Chemical Co. A
blended ~sin was prepired by mixing the UF resin with resol
(SfYSO. w/w).

P~parotion of cocondensed ~sins

The cocondensed resin (Resin I) was pJep8red with the molar ratio
of F/U/P = 3.5/1/1 according to the previously published work
(Tomita and Hse 1993). The UF-concentrate. cocondensed resins
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Preparation and adhesive testing of plywood

Three-ply lauan plywoods (size 30 x 3Ocm) were prepared using
rotary veneers of 1.7 mm thickness. The preparation conditions
were as follows unless otherwise stated in tables and figures:
closed assembly time. IS-30min: spread rate (double glue line).
3{}-34 g/(30cm x 30cm): press pressure. 10 kgf/cm2 (0.98 MPa);
press time. 5 min. Hot-press temperature was varied as noted in
tables and figures. Coconut shell powder was added by 10PHR
(10 parts per hundred parts of resin) as a filler. Specimens were
prepared according to JIS (Japan Industrial Standard) K6802. Two
types of accelerating tests were performed as well as a normal dry
shear test. One accelerating aging test is a cyclic boil test (soaking
in boiling water for 4 h; drying at 6(}°C for 20 h; soaking in boiling
water for 4h; cooling and testing in the wet state) and the other
test is a 72-hour boil test (soaking in boiling water for 72 h:
cooling and testing in the wet state). The tensile shear strengths
of the adhesive bondline were measured with a Tensilon testing
machine (Toyo Baldwin Co. Ltd.) under a crosshead speed of
10mm/min. Each value of bondline strength and wood failure in
the figures and tables is an average of twelve test specimens. Fig. 1. Torsional braid analysis on curing reaction of various

resins. (I) commercial resol; (2) cocondensed resins (Resin I) at
pH 3.0; (3) blend of resol and UF resin with ammonium chloride;
(4) commercial UF resin with ammonium chloride.

Results and Discussion

Analysis of curing processes and thermal properties
of resol-type cocondensed resins
The curing process of the cocondensed resin (Resin I)
synthesized from methylolphenols and urea was com-
pared with a commercial resol, a commercial UF
resin, and a blended resin of resol and UF resin by the
torsional braid analysis method (TBA). This method
is well known for discriminating the dynamic mech-
anical variation of curing processes for thermo-setting
resins as the function of time or temperature. The
changes of relative rigidities (Gt/Go) of four resins
are compared in Figure 1. The curing process of a
commercial resol is well demonstrated by a remark-
able increase of relative rigidity. Both gelation and
curing process involving removal of water were com-
pleted until the relative rigidity began to drop slightly.
This dropping was considered to be due to shrinkage
of cured resins.

The curing process of UF resin catalyzed with
ammonium chloride shows that the curing reaction
began to take place at 80 DC and almost finished at
135 DC (Fig. 1). After completion of curing. it began
to decompose at about 200 DC as indicated by the
remarkable dropping of the relative rigidity.

0 90 180 270 360

TEMPERATURE. "C

Fig. 2. Tonional braid analysis on the curing reaction of the

resol-type cocondensed resin at pH 9.S (Resin 11-2. F/U/P = 3/1/1).

The blended resin of resol and UP resin with am-
monium chloride showed a quite different curing
process from resol itself or UF resin itself (Fig. I).
On the other hand, the chemically cocondensed resin
(Resin I) followed almost the same curing process as
resol itself except for the curing beginning at the
lower temperature of 80°C. Also, the relative rigidity
of the cocondensed resin did not decrease obviously
after completing the curing reaction (Fig. I). There-
fore, it is concluded that the cocondensed resin has
as high a heat-resistance as the resol.

The resol-type cocondensed resin (Resin 11-2) also
exhibited quite similar curing process and heat-resist-
ance to resol as shown in Figure 2. It should be noted
that a great difference could be observed in the
thermal properties between two kinds of cocondensed
resins (Resin I and Resin 11-2) and the blended resin
of resol and UF resin with ammonium chloride.

Figure 3 shows the results of dynamic mechanical
measurements of resol-type cocondensed resins syn-
thesized with different molar ratio (F/U/P) after cur-
ing at the alkaline condition of pH 10.0. The resin
prepared with F/U/P = 3/1/2 showed a remarkable
drop of relative rigidity at about 160°C, caused by a
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Table 1. Comparison of apparent activation energies of gelation
among UF resin. PF resins. and reso-type cocondensed resin

Resin type Reaction pH Apparent activation

energy. Ea (kcal/mol)

11.1
11.1

9.6
10.0
11.1

32.9
24.5

24.1
23.9
22.8

UF resin
PF resin

Cocondensed resin

ratios were considered to be desirable to obtain the
effects of cocondensation.

Apparent activation energy of gelation

Arrhenius plots of gelation time were compared at
various pHs for cocondensed resins with the molar
ratio of F/U/P = 3.5/1/1, and those for UF resin and
resol at pH 11.1. Apparent activation energies calcu-
lated for three kinds of resin are summarized in
Table I. A great difference between UF resin and
resol due to the difference of reactivity between the
two types of condensation was recognized. On the
other hand, the resol-type cocondensed resin had
similar values of apparent activation energy com-
posed of the resoI, and its pH dependency was quite
low. Therefore, it can be concluded that the gela-
tion or curing of the resol-type cocondensed resin
was dominated by the self-condensations between
phenolic nuclei through the formation of methylene
linkages.

Fig. 3. Effects of the synthetic molar ratio (F/U/P) on dynamic
mechanical property for resol-type cocondensed resins cured under
pH 10.0 at 150°C for 30 min.
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Adhesive performance of resol-type cocondensed
resin
The resol-type cocondensed resins seem to have
practical application for wood adhesives since it
can be cured like industrial resols. Their adhesive
qualities were evaluated according to a JAS plywood
test. The preliminary results of plywood tests are
summarized and compared with a commercial resol
as shown in Table 2, where the effects of the syn-
thetic molar ratio and hot press temperature were
mainly investigated as variables. The resins syn-
thesized with the lower molar ratio of F/U/P = 3/1/1
generally had a poor water-resistance in both of a
4-hour cyclic boil test and a 72-hour boil test, but it
had good adhesive strengths in a normal dry shear
test. This result is likely caused by a low cross-link-
ing density. On the other hand, the resin synthesized
with F/U/P = 4/1/1 displayed a high water-resistance
after soaking in boiling water for 72 hour and passed
the JAS requirement (7 kgf/cm~) for the special grade
of structural plywood. However, the effect of hot-
press temperature was obvious, and a low tempera-
ture of 130°C did not give a high water-resistance
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F1g. 4. Effects of the synthetic molar ratio (F/U/P) on dynamic
mechanical propeny for resol-rype cocondensed resin cured under
pH 10.0 at 150°C for 30min.

lower cross-linking density due to a shortage of
formaldehyde at preparation. A similar dropping of
relative rigidity at about 200°C was observed for the
resin with F/UIP = 3/1/0.5. This phenomenon would
result from a low heat-resistance due to the self-
condensed networks of UF resin, because the amount
of phenol incorporated into the cocondensed resin
was low.
Figure 4 shows the effects of formaldehyde amount
on thermal properties of cured resins, when the
molar ratios of urea to phenol were kept constant at
UIP = 1/1. It was observed that two resins having
F/UIP = 2/1/1 and 2.5/1/1 displayed a low heat-
resistance. On the other hand, the three resins of
F/UIP = 3/1/1, 3.5/1/1, and 4/1/1 showed a high
heat-resistance like resol. Therefore, these molar
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Table 2. Results of plywood shear tests for resoi-type phenol-urea-fonnaldehyde cocoodensed resins

Resin code Molar ratio
(F/U/P)

Hot press temp.
(OC)

,
Plywood shear strength kgf/cm-(w.f.. %)Solid content

(%)
Viscosity
(P) Dry shear Two 4-h boil 72-h boil

ResoI 46.0 44.3 130
150

130
ISO
ISO

130
ISO

130
ISO
ISO

130
ISO

16.9 (3S)
18.2 (8.1)

6.6 (S)
13.0 (2.1)
13.2(2.1)

8.7 (0)
12.9 (10)

S.3 (0)
12.8 (20)
IS.S (2.1)

11.4 (IS)
13..1 (8S)

3. 3/1/1 ~I 3.6

12.7
12.4

0
1.6
6.6

0
5.3

0
4.9:
9.6

0
10.8

3-1.
3-1 3/1/1 S3.G 9.4

4-1 4/1/1 49.2 2.4

4-1.

4-2

12.21
14.34

0
0
0

0
0

0
0
8.6

0
10.6.

4/1/1 ss.o 110.3

Note: All resins were added by 10 PHR (10 pans per hundred parts of resin) coconut shell powder except for the resin 3-1. and 4-1.
by 20 PHR.

after soaking in boiling water. This result may be due
to a low resin pH (below 10.0), compared to the resol
pH of 10.6. It is well known for resol that a weak
akaline condition requires a longer curing time to
attain a satisfactory adhesive strength. Therefore,
further investigation by changing the synthetic molar
ratio and alkaline conditions may improve the adhe-
sion properties.

molar ratio and curing temperature while curing pH
was maintained at 10.0. The results are shown in
Table 3, where the effects of changes of the molar
ratio on adhesive strengths were not obvious in a
normal test. On the other hand, it was clearly ob-
served that adhesive strengths in a 72-hour boil test
were dependent on the molar ratio, and that the
molar ratios between 3.5/1/1 and 4.5/1/1 were desir-
able to pass the JAS minimum shear strength value.
Simultaneously, a higher plywood curing tempera-
ture than 150 DC was required to pass the standard
value. These results were identical with those ob-
tained in the preliminary test as shown in Table 2.

Effects of molar ratio, curing temperature
and pH on adhesive performance

Adhesive strengths of a normal dry shear test and a
72-hour boil test were investigated by changing the

Table 3. Curing effects of various hot-~ss temperature and the
synthetic molar ratio of resol-type cocondensed resin at pH 10 on
plywood strength

Table 4. Effects of curing pH and hot-press temperature on ply-
wood strength test of resol-type cocondensed resin of F/U/P =
3.5/1/1

Molar ratio
(F/U/P)

Hot-press temp.
°C

72-h boil 72-h boil

3/1/1 130
140
ISO
160

130
140
ISO
160

130
140
ISO
160

130
140
ISO
160

10.2
14.2
16.4
15.7 t

8.8
13.91
16.91
18.21

12.2
15.71
15.4 t
15.7 t

11.3
13.0
17.9 t
19.0 t

0
0
4.6

10.0

0
0
1.5

11.4

0
5.0
1.1
9.1

0
0
1.1

10.4

10.2 130
140
150

130
140
150

130
140
150

130
140
150

130
140
ISO

10-'
13.7
IS.8

12.6
14.2
16.7

14.6
IS.74
17.61

14.91
15.61
17.41

16.81
17.41
19.6,

0
0
4.2

0
0
7.1

1.6
6.1
7.6

5.1
6.3
7.5

6.8
7.1
8.7

10..5
33/1/1

U;02

4/1/1

11.5

4.5/1/1
11.9
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(SO)
(SO)

(0)
(0)

(0)

(5)
(0)

(3S)

:55)
:70)

(5)

(10)

(0)
(5)
(0)

[70)

(0)
[35)
[20)
[85)

(5)
[60)
[20)
[40)

(0)
(0)

(30)
(65)

(0)
(0)
(0)

(4S)

(0)
(0)
(0)

(3S)

(0)
(0)

(10)
(20)

(0)
(0)
(0)

(40)

(0)
(0)
(0)

(0)
(0)
(0)

(5)
(10)
(.IS)

(IS)
(30)
(25)

(SO)
(45)
(75)

(0)
(0)
(0)

(0)
(0)
(0)

(0)
(0)
(0)

(0)
(0)
(0)

(0)
(0)
(0)



M. Ohyama et al.: Phenol-Urea-Fonnaldehyde Cocondensed Resins 91.
The effects of curing pH on both adhesive strengths
were determined at three levels of curing temperature
while keeping a constant molar ratio of F/U/P =
3.5/1/1. The normal dry shear tests displayed the pH
dependence on adhesive strength at every curing'
temperature as shown in Table 4. Further it was
found that the pH dependence became obvious as the
curing temperature was lowered. The 72-hours boil
tests also displayed the same pH dependence in Table
4. It can be concluded that the curing temperature is
the most important among these three factors to
obtain a high adhesive strength in a 72-hours boil
test.

tions. In a previous work, Tomita et al. ( 1995)
pointed out that the resins synthesized from the
UF-concentrate prepared under alkaline conditions
were abundant in the formation of cocondensed
methylene linkages. Therefore. further investigations
on the resol-type cocondensed resins synthesized
from the UF-concentrates. which are prepared under
alkaline conditions. will be encouraged to improve
the practical performances.
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Conclusion

The resol-type cocondensed resins displayed almost
the same curing behaviors and heat-resistance as a
commercial resol. It was found that a high heat-
resistance can be attained by the resins synthesized
with the molar ratio between F/U/P = 3.0/1/1 and
4.0/1/1. A great difference could be recognized in
thermal properties between the cocondensed resins
and the blended resin of resin and resol.

Apparent activation energies of gelation were deter-
mined as 23-24kcal/mol for the pH between 9.6 and
11.1. These values were almost identical with that of
resol, and quite different from that of UF resin.

The cocondensed resins synthesized with the molar
ratio of above F/U/P = 3.5/1/1 have a high water-
resistance after soaking in boiling water for 72 hour,
and pass a JAS minimum shear strength value for the
special grade structural plywood. However, it was
concluded that the rather high curing temperature
above 150°C is necessary to pass the standard value.

The resol-type cocondensed resins used in this paper
were synthesized only from the UP-concentrates
which were prepared under strongly acidic condi-
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