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ABSTRACT: The thermal properties of isocyanate (IC) resins prepared with a small
amount of polyether polyols and water were investigated using dynamic mechanical
analysis (DMA). The bond strengths of 3-ply plywoods glued with these polyol-contain-
ing IC resins were also measured. The thermal stability was dramatically improved by
addition of dipropylene glycol-type polyols with molecular weights of 400 and 1000. In
addition, the bond strengths in a dry condition and after aging at 250°C for 10 min
exhibited high values compared with that of an IC resin cured with water alone.
However, addition of the same polyol type with a molecular weight of 3000 resulted in
low heat stability and low bond strength. In the case of glycerin-type polyol with a
molecular weight of 400, good thermal stability and slightly higher bond strength were
obtained. When bisphenol A and pentaerythritol-type polyols were used, not much
improvement in thermal stability was achieved. The bond strengths were similar or
inferior to that of an IC resin cured with water only. © 1999 John Wiley & Sons, Inc. J Appl
Polym Sci 74: 1807–1814, 1999
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INTRODUCTION

Over the past few years, there has been increas-
ing concern over the formaldehyde emission from
wood products utilizing formaldehyde-based resin
adhesives. As one of the ways to overcome the
above problem, the utilization of isocyanate (IC)
resin adhesives has increased. Especially, poly-

meric diphenylmethane diisocyanate (P-MDI) has
been commonly used as isocyanate adhesives for
wood.1–6 A previous paper7 described the thermal
properties of an IC resin cured with water using
an aqueous emulsion-type polymeric diphenyl-
methane diisocyanate (E-MDI). The IC resin
cured only with water exhibited lower thermal
properties than those of the cured phenol formal-
dehyde (PF) resin. Heat treatments at high tem-
peratures were not very effective for improving
the heat resistance. On the other hand, isocya-
nates are reacted with polyols in the syntheses of
urethane and urethane–urea polymers. There-
fore, many types of polymers can be manufac-
tured according to different formulations of iso-
cyanates and polyols. In this paper, the effects of
different polyether polyols on the thermal proper-
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ties and bond strengths of an IC resin were inves-
tigated.

EXPERIMENTAL

Materials

The E-MDI used in this study was the same as
that described in our previous paper.7 Six types of
propylene oxide-based polyether polyols were
supplied by Mitsui Chemical Inc. (Kanagawa, Ja-

pan). The properties and chemical structures of
these polyols are shown in Table I and Figure 1,
respectively. The functional group number of
dipropylene glycol-type polyols was kept constant
with varied molecular weights. For the other
polyols with varied chemical structures and func-
tional group number, the molecular weight was
maintained at about 400. To cure the resin, these
polyols were added at an NCO/OH ratio of 25, and
water was added to obtain a final NCO/OH ratio
of 0.5. For a control, only water was added at an

Table I Properties of Polyols

Polyols Constituent
No. Functional

Group
Molecular
Weighta OH Value

Viscosity at 25°C
(Pa S)

Diol400 DPGb1POb 2 400 280 0.08
Diol1000 DPG1 PO 2 1000 112 0.15
Diol3000 DPG1 PO 2 3000 37.4 0.57
KB280 Bispb1 PO 2 380 293 90.0
MN400 Glyb1 PO 3 400 420 0.70
PE600 PEb1 PO 4 370 600 7.70

a Theoretical value.
b DPG: dipropylene glycol; PO: propylene oxide; Bisp: bisphenol A; Gly: glycerin; PE: pentaerythritol.

Figure 1 Chemical structures of polyols.
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NCO/OH ratio of 0.5. The mixtures of resin and
additives were blended by stirring. The detailed
formulation of the resins are shown in Table II.
Resol PF resin was also used as described in the
previous paper.7

Dynamic Mechanical Analysis (DMA)

The DMA was carried out using a RHEO VIBRON
DDV-25FP instrument, with the scanning tem-
perature ranging from ambient temperature to
360°C. The heating rate and frequency were 6°C/
min and 10 Hz, respectively. The specimens for
DMA were prepared in a similar manner as de-
scribed in the previous paper.7 The resins were
cured at 40°C for 24 h in an oven.

Fourier Transform Infrared Spectroscopy (FTIR)

The specimens were removed from the dynamic
mechanical measurement apparatus immediately
after the temperature reached the IR measure-
ment points. The specimens were then cooled and
cut into two. The inner portion of the middle of
the specimens were scraped off using a pair of
tweezers. All infrared absorbance spectra were
obtained with a Nihon Bunko FTIR 7000 spec-
trometer using the KBr pellet technique.

Bond Strength Measurement

Three-ply plywoods (size 25 3 25 cm) were pre-
pared using rotary-peeled Apitong (Dipterocarpus
grandiflorus Blco.) veneers of 1.6 mm thickness.
The oven-dried density of the veneers was 0.66
g/cm3. E-MDI and polyol, as well as water,
blended under the same conditions as described
above, were used as the IC resin adhesives. The
IC and PF resin adhesives were applied to the
core veneer at a spread rate of 160 g/m2. Hot-
pressing temperatures adopted for the IC and PF

resin adhesives were 140 and 160°C, respectively.
The assembled 3-ply plywood was hot-pressed for
5 min under a press pressure of 0.98 MPa. Test
specimens were prepared according to the Japa-
nese Industrial Standard (JIS) K6851. Heat-ag-
ing of the specimens at 250°C for 10 min, as well
as under normal dry conditions, was performed.
The tensile shear strengths of the adhesive bonds
were measured under a crosshead speed of 2 mm/
min. A total of 10 test specimens were used for
each fabricating condition. The average value,
standard deviation, and wood failure were calcu-
lated for each condition.

RESULTS AND DISCUSSION

Effect of Molecular Weight of Dipropylene Glycol-
type Polyols on Thermal Properties

Figure 2 shows the dynamic mechanical proper-
ties of the IC resin cured by the addition of water
and Diol400. The value of storage modulus (E9)
decreased gradually with increasing tempera-
ture, up to about 285°C, and then decreased rap-
idly. In the previous paper,7 the IC resin cured
with only water showed a rapid decrease of E9 due
to the degradation above 220°C. Therefore, the
thermal stability of the IC resin was improved
dramatically by the addition of a small amount of
dipropylene glycol-type polyether polyol with a
molecular weight of 400. The tan d showed small
and broad transitions at about 100, 200, and
260°C, respectively. In addition, a sharp peak was
also observed at about 314°C. The low intensity
transition between 50 and 150°C has been attrib-
uted to the breakdown of hydrogen bonding be-
tween polyurea groups and the ether oxygen of
the polyol in copolyureas and polyurethane–u-
rea.8–10 Therefore, a transition could have oc-

Table II Preparation of IC Resins

Resin E-MDI (g) Polyol (g) Water (g) Polyol Content (wt %)a

IC 100 0 12.63 0
IC 1 Diol400 100 5.61 12.38 4.8
IC 1 Diol1000 100 14.03 12.38 11.1
IC 1 Diol3000 100 42.02 12.38 27.2
IC 1 KB280 100 5.36 12.38 4.6
IC 1 MN400 100 3.74 12.38 3.2
IC 1 PE600 100 2.62 12.38 2.3

a Polyol content (wt %) 5 polyol/(E-MDI 1 polyol 1 water) 3 100.
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curred at around 100°C in the Diol400 containing
the IC resin. Considering the dynamic mechani-
cal properties of the IC resin cured only with
water,7 the transition at 200°C could be due to the
rearrangement of urea groups. In addition, the
transitions at 260 and 314°C in the Diol400 con-
taining IC resin would be due to degradation re-
actions.

To investigate the change in chemical struc-
ture of the IC resin cured with water and Diol400
during DMA measurement, IR spectra were ob-
tained at 10, 285, and 360°C. The results are
shown in Figure 3. The IR spectrum recorded a
strong peak of 2276 cm21 at 10°C, showing that
the IC resin contained a considerable amount of
unreacted isocyanate groups. The absorption
bands at 3340 cm21, attributed to hydrogen-
bonded N—H groups, and at 1669 cm21, attrib-
uted to disordered urea carbonyl groups,11,12 were
clearly identified at 10°C. The addition of Diol400
is expected to produce urethane linkages, indi-
cated as a peak of the urethane carbonyl group,
which are detected at around 1700–1730 cm21.13

However, in this study, the above mentioned ab-
sorption band was not shown clearly and only
appeared as a shoulder at 1669 cm21. The shoul-
der was a little higher compared to the IC resin
cured with only water.7 The reason seems to be
that the amount of polyol added to the resin was
very little. During the DMA measurement, the
peak of 2276 cm21 decreased with increasing tem-
perature. Although the peak of 2100 cm21 attrib-
uted to carbodiimide was observed at 290°C in the

water-cured IC resin,7 the peak did not appear in
the Diol400-added IC resin. On the other hand,
the peak of 1669 cm21 was observed clearly up to
285°C, then decreased with increasing tempera-
ture. This tendency was similar to that of the
water-cured IC resin.7

Figure 4 shows the dynamic mechanical prop-
erties of the IC resin cured by the addition of
water and Diol1000 with a molecular weight of
1000. The thermal stability of the IC resin was

Figure 2 Dynamic mechanical properties of IC resin
cured by adding water and Diol400. Arrows indicate IR
measurement points.

Figure 3 Infrared spectra changes of IC resin cured
by adding water and Diol400 during DMA measure-
ment.

Figure 4 Dynamic mechanical properties of IC resin
cured by adding water and Diol1000.
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also improved dramatically. The value of E9 de-
creased gradually with increasing temperature
up to about 285°C and then decreased rapidly.
The tan d transition was only observed at around
90 and 325°C. The IR spectra of the Diol1000-
added IC resin at 10°C was also similar to that of
the Diol400-added IC resin, as shown in Figure 2.
Generally, the reactions of water and polyol with
IC resins lead to the formations of urea and ure-
thane bonds, respectively. The thermal stability
of urethane bonds is a little inferior to that of urea
bonds.14 It is well known that the polyol with a
molecular weight between 500 and 5000 imparts
a flexibility to the resin. Therefore, the thermal
stability of the IC resin is believed to decrease
with increasing polyol content. However, the op-
posite tendency was recognized in this study.

When water and Diol3000 with a molecular
weight of 3000 were added to the resin, the dy-
namic mechanical properties were different from
those with Diol400 and -1000 added. The result is
shown in Figure 5. The E9 exhibited a nonliner
behavior and decreased rapidly at above 250°C,
that is, the thermal stability seemed to be re-
duced by the addition of Diol3000. The tan d had
a broader transition over the temperature range
of 50–250°C. This might be due to the marked
breakdown of hydrogen bonding between poly-
urea groups and ether oxygens of polyol with in-
creasing polyol content.8 To investigate the
change of the chemical structure during the DMA
measurement, infrared spectra were obtained at

10, 255, and 360°C. The results are shown in
Figure 6. Like the spectra of Diol400 in Figure 3,
the bands of N—H groups at 3346 cm21 and un-
reacted isocyanate groups at 2278cm21 were ob-
served at 10°C. The absorption bands at about
2870 cm21, regarded as CH2 stretching, and
about 1091 cm21, regarded as C—O—C15,16, ap-
peared clearly. These spectra were ascribed to the
polyol structure of Diol3000. In addition, the
small peak at 1711 cm21, regarded as hydrogen-
bonded urethane carbonyl groups,17,18 was ob-
served, that is, the absorption peaks due to the
additional polyol could be detected. The peaks of
isocyanate and urethane carbonyl groups de-
creased at high temperature. In contrast, the
peak of C—O—C was observed clearly at high
temperature. This could be due to the presence of
residual ether groups of polyol, as the ether
groups are markedly heat stable in polyure-
thanes.19,20

Effects of Polyol Chemical Structures on
Thermal Properties

Based on the above results, the addition of a small
amount of dipropylene glycol-type polyol with a
relatively low molecular weight was effective to
improve the thermal stability of the IC resin. In
this part, the effects of other polyols with a mo-
lecular weight of 370–400 on the thermal prop-
erties were investigated at the same NCO/OH

Figure 6 Infrared spectra changes of IC resin cured
by adding water and Diol3000 during DMA measure-
ment.

Figure 5 Dynamic mechanical properties of IC resin
cured by adding water and Diol3000. Arrows indicate
IR measurement points.
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ratio. Figure 7 shows the dynamic mechanical
properties of the IC resin cured with water and (a)
KB280, (b) MN400, and (c) PE600 additions, re-
spectively. In the case of KB280, E9 decreased
gradually when the temperature increased up to
180°C. A small sudden dip was observed at about
200°C, after which E9 decreased rapidly. This be-
havior was similar to that of the IC resin cured

with only water.7 The tan d showed transition
points at around 90, 200, and 300°C. Generally,
the thermal stability of the polymer would be
improved by the introduction of a rigid structure
such as an aromatic ring. However, the addition
of KB280 with an aromatic structure was not
effective for improving the thermal stability of the
IC resin in this study. In the case of MN400, good
thermal stability was observed up to about 300°C.
It is clear that the addition of glycerin-type polyol
could also improve the thermal stability of the IC
resin. On the other hand, the E9 of PE600 de-
creased gradually until 280°C. The tan d transi-
tion was observed at about 200 and 300°C. Al-
though PE600 had a pentaerythritol structure
with four hydroxyl groups, the resultant thermal
stability seemed to be inferior to that of MN400.
The infrared spectra of these polyol-containing IC
resins were also measured. Similar to the case of
Diol400, the peak of the urethane carbonyl groups
was barely detectable. The above results show
that the functionality and chemical structures of
polyol had an effect on the thermal stability of the
IC resin.

Bond Strength of Polyol-added IC Resins

Figure 8 shows the dry bond strengths of 3-ply
plywoods glued with the polyol-added IC resins.
The dry bond strength of the PF resin is also
shown for comparison with those of the IC resins.
The average bond strengths of only-water-added
IC and PF resins were 2.17 and 2.68 MPa, respec-
tively. In the case of the Diol400- and -1000-con-
taining IC resins, the average bond strength re-
corded was 2.56 MPa, similar to that of the PF
resin. The bond strength therefore increased by
18% compared with that of the only-water-added
IC resin. These differences were also statistically
significant at the 95% significance level. Milota
and Wilson21 reported on the effect of various
polyols on the performances of particleboard
glued with P-MDI resins. The addition of poly-
ethylene glycol with a molecular weight of 1000
was found to result in a higher internal bond
compared to that of neat P-MDI.

In contrast, the bond strength and the percent-
age of wood failure of the Diol3000-added IC resin
were 1.98 MPa and 100%, respectively. Consider-
ing the percentage of wood failure, the Diol3000-
added IC resin was considered to have good ad-
hesiveness. However, high polyol content in the
resin could result in a high flexibility and energy-
absorbing capacity of the resin. Consequently, a

Figure 7 Dynamic mechanical properties of IC resin
cured by adding water and (a) KB280, (b) MN400, and
(c) PE600.
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relatively low bond strength was recorded. In the
case of the MN400-added resin, the bond strength
was improved, but to a lesser extent. When the
KB280- and PE600-added resins were used, the
bond strengths were similar to that of the only-
water-added IC resin.

Figure 9 shows the bond strengths after heat
aging at 250°C for 10 min. In the case of the
only-water-added IC and PF resins, the average
values were 1.51 and 1.80 MPa, respectively. The
bond strengths decreased by about 30% compared
to the unaged specimens. Although the heat aging
caused the bond strengths of Diol400 and -1000 to
decrease, their bond strengths after heat aging
were higher than that of the only-water-added IC
resin after heat aging, by more than 15%. The

MN400-added resin was also more resistant to
heat aging compared to only-water-added IC
resin. In the case of Diol3000, KB280, and PE600,
the bond strengths after heat aging were similar
or inferior to that of the only-water-added IC
resin. The cause and mechanism of the good ther-
mal stability and high bond strength of IC resins
by the addition of some kinds of polyols will be
discussed in the next report.

CONCLUSIONS

The effects of polyether polyols on the thermal
properties of the IC resin were investigated at a
NCO/OH ratio of 25. When the dipropylene glycol-

Figure 8 Dry bond strengths of some polyol-added IC resins. The numbers in the
parentheses show the average values of the percentage of wood failure.

Figure 9 Bond strengths of some polyol-added IC resins after heat aging at 250°C for
10 min. The numbers in the parentheses show the average values of the percentage of
wood failure.
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type polyether polyols with relatively low molec-
ular weight (Diol400 and -1000) were added to the
IC resin in addition to water, the E9 decreased
gradually until about 280°C, followed by a rapid
drop. Compared to the resin cured with only wa-
ter, the thermal stability was dramatically im-
proved. When the polyol with molecular weight of
3000 (Diol3000) was added to the IC resin, the
thermal stability decreased. The addition of the
glycerin-type polyol with a molecular weight of
400 (MN400) resulted in good thermal stability of
the resin. When the bisphenol A- and pentaeryth-
ritol-type polyols (KB280 and PE600) were used,
the improvement of the thermal stability was not
so significant.

The bond strengths of 3-ply plywoods glued
with the Diol400- and -1000-added IC resins
showed higher values compared to that of the
only-water-added IC resin, both before and after
heat aging. The bond strengths were also similar
to that of the PF resin. When the other polyol-
added IC resins were used, the bond strengths
were similar or inferior to that of the only-water-
added IC resin.
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