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Abstract  The thermal properties of isocyanate (IC) resin 
cured with water were studied using dynamic mechanical 
analysis (DMA) and Fourier transform infrared spectros- 
copy. The thermal properties of cured phenol formaldehyde 
(PF) resin were also studied for comparison purposes. The 
DMA specimens were prepared using a unique technique. 
The relation between the mechanical and chemical changes 
of the resin during DMA was clarified. The cured PF resin 
had better thermal stability than the IC resin cured with 
water. The improvement of thermal stability in cured IC 
resin by heat treatment was considered to be less effective. 
The effect of the heating rate on the mechanical properties 
was also investigated. The apparent activation energy in the 
thermal degradation of cured IC resin was calculated based 
on the results obtained. 
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Introduction 

Formaldehyde emission from wood products utilizing form- 
aldehyde resin adhesives has become a public concern. 
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Consequently, instead of formaldehyde resin adhesives, 
the utilization of isocyanate (IC) resin adhesives has in- 
creased• When IC resins are used as a binder for wood 
materials, the resins are believed to react with wood compo- 
nents and water. 1'2 However, if water is present in the wood 
materials, IC resins would react with the water in prefer- 
ence to the wood components. 3 Therefore the IC resin- 
water reaction is considered one of the most important 
reactions when bonding wood composite materials with IC 
resins. 

The durability of wood composite products has become a 
topic of interest in recent years• The durability of adhesive 
is of great importance, as it determines the durability of 
resin-bonded wood-based products. Generally, the thermal 
properties of adhesives are thought to have a significant 
influence on durability. Several analytical methods, such as 
infrared spectroscopy (IR), dynamic mechanical analysis 
(DMA), differential scanning calorimetry (DSC), and 
thermogravimetric analysis (TGA), have been used to in- 
vestigate the thermal properties of the adhesives• In par- 
ticular, DMA is useful for investigating the mechanical 
properties of the adhesives and significantly reflects the 
bonding performance. Only a few studies have been con- 
ducted on the mechanical properties of IC resin cured with 
water. 4 This could be attributed to the fact that the type of 
IC resin normally used for wood composite materials is 
polymeric diphenylmethane diisocyanate (PMDI), which is 
a hydrophobic resin• Furthermore, the IC resin cured with 
water is brittle, making preparation of the specimen for 
DMA difficult. An aqueous emulsion-type polymeric 
diphenylmethane diisocyanate (EMDI) has been devel- 
oped recently. 5-7 

In the present study the specimens of IC resin cured with 
water for DMA were prepared using a unique preparation 
technique with EMDI. The thermal properties of IC resin 
cured with water were determined using DMA and Fourier 
transform infrared spectroscopy (FT-IR). The thermal 
properties of cured PF resin were also studied for compari- 
son with those of the cured IC resin• The effect of heat 
treatment and the apparent activation energy in the thermal 
degradation were investigated as well. 



Table 1. Properties of IC resin 

Molecular weight (Mw) 
Viscosity (25°C, Pa • S) 
Specific gravity (25°C) 
NCO (%) 

360-400 
0.1-1.0 

1.23-1.25 
29-30 

Table 2. Properties of PF resin 

F/P ratio 
pH (25°C) 
Viscosity (25°C, Pa. S) 
Specific gravity (25°C) 
Gelation time (min) (boiling water) 
Nonvolatile component (%) (135°C, lh) 
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2.0 
11.2 
0.8 
1.2 

28.5 
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Fig. 1. Preparation of samples for DMA measurement, a Cured IC resin, b Cured PF resin 

Materials and methods 
Materials 

The E M D I  used in this study was supplied by Mitsui 
Chemical (Yokohama,  Japan). This IC resin is distributed 
under the trade name UR-4000. The properties of the IC 
resin are shown in Table 1. To cure the IC resin, water was 
added at an N C O / O H  ratio of 0.5 and stirred well. The resol 
phenol-formaldehyde (PF) resin used in this study was 
obtained from the same company. The properties of the PF 
resin are shown in Table 2. 

Measurement  of dynamic mechanical properties 

The D M A  was carried out with a Rheo  Vibron DDV-25FP 
instrument, and the scanning temperature ranged from 
ambient temperature to 360°C. Heating rates were varied 
from 1 ° to 9°C/min. The oscillation frequency was 10Hz, 
and the data were recorded at 5°C intervals. 

Preparation of specimens 

When preparing the specimens for DMA,  resin is usually 
poured into a molding frame and cured. For water-added 
IC and resol PF resins, it is difficult to prepare the speci- 
mens using the above method because of the formation of 
cracks in brittle cured resins. Therefore for IC resin filter 
papers were used to prepare the specimen, as shown in Fig. 

la. The filter papers were placed in a molding frame prior to 
pouring the resin. After  the resin was poured, more filter 
papers were placed on the resin to prevent formation of 
cracks. The IC resin was cured at 40°C for 24h in an oven. 
The specimens with filter papers were then removed from 
the molding frame, and the filter papers were sanded out 
using a belt sander. The specimens obtained were about 70 
× 9 × 2mm. 

In the case of resol PF resin, the specimens were pre- 
pared as follows: PF resin was first freeze-dried and pul- 
verized to less than 100 mesh. About  4g water was poured 
in each molding frame, as shown in Fig. lb, followed 
by about 5g powdered PF resin. The PF resin was cured 
at 80°C for 24h in an oven. The cured PF resin obtained 
was sanded using a belt sander and was further heated at 
160°C for 30min to attain complete cure. The speci- 
mens obtained were about 65 × 9 × 2mm. The apparent  
average densities of cured IC and PF resins were 0.85 and 
1.25, respectively. 

Fourier transform infrared spectroscopy 

The specimens were removed from the dynamic mechanical 
measurement  apparatus right after the temperature 
reached the IR  measurement  points. The specimens were 
then cooled and cut into two. The inside of the middle of the 
specimens were scraped off using a pair of tweezers. 
A l l  infrared absorbance spectra were obtained with a 
Nihon Bunko FT-IR 7000 spectrometer using the KBr pel- 
let technique. 
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Fig. 2. Dynamic mechanical properties of cured IC resin observed at 
6°C/min and 10Hz. Arrows indicate IR measurement points. Open 
circles, E' ; open squares, E"; filled triangles, tan d 
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Fig. 3. Infrared spectra changes of cured IC resin during DMA mea- 
surement from 10 ° to 220°C 

Results and discussion 

Thermal properties of cured IC resin 

Figure 2 shows the dynamic mechanical properties of cured 
IC resin observed at 6°C/rain. The value for the storage 
modulus (E ' )  decreased gradually with increasing tempera- 
ture up to about 180°C. A sudden dip was observed at about 
200°C, after which there was a rapid decrease, followed by 
a temporary increase from 300°C to 325°C. Tan 6 had peaks 
at 200°C, 267°C, and 335°C. To investigate the change in 
chemical structure of cured IC resin during the measure- 
ment, infrared spectra were observed at several tempera- 
tures (Fig. 2). Figs. 3 and 4 show the IR  spectral changes of 
cured IC resin from 10°C to 220°C and from 290°C to 360°C 
during the measurement,  respectively. Numerous studies 
have reported IR  measurement  of polyurethanes and 
polyureas. 8-23 According to these works, the bands of pri- 
mary interest are 3200-3500cm -~ for the N H stretching 
region, 2270-2280cm < for isocyanate absorbance, and 
1600-1800cm -~ for the C = O stretching region. 

In Fig. 3 the infrared spectrum recorded a strong peak of 
2276 cm -1 at 10°C, showing that IC resin cured with water at 
40°C for 24h may contain a considerable amount of 
unreacted isocyanate groups. In addition, the absorption 
bands at 3340cm 1 attributed to hydrogen bonded N H 
groups, and at 1661cm 1 attributed to disordered urea car- 
bonyl groups, 11a6 were clearly identified. The isocyanate ab- 
sorption band decreased slightly with increasing heating 
temperature. The absorption band at about 2100cm -~ ap- 
peared as a shoulder to the isocyanate absorption band 
at 220°C. This absorption band was assigned to the 
carbodiimide ( N = C = N ) based on the condensation 
of two NCO groups. 9'2° When the heating temperature was 

increased, the absorption band at 3340cm 1 shifted toward 
the higher frequency of 3400 cm 1. In polyurethane ureas, as 
the temperature is increased the average strength of the 
hydrogen bonds decreases, which is observed as a shift in the 
IR  absorbance peak to a higher frequency. 1<22 This occur- 
rence could be due to dissociation of the hydrogen bonding. 
The absorption band at 1707cm i increased gradually, as 
indicated by a shoulder to the band at 1661cm 1. The band 
was observed clearly at 220°C. The absorption band at 1690- 
1710 c m  -1  is generally assigned to urethane or urea carbonyl 
groups, but the detail assignment is still not clear. In this 
study, because IC resin reacted only with water, the result- 
ant structures formed were mainly urea. 

Merten et al. 2° reported that the biuret group was formed 
when heated at 200°C for 5min, which was observed as an 
IR  absorbance peak at 1695-1724cm -1. The absorption 
band at 1705 cm < in 2-methylpentane-l ,5-diphenylurea ex- 
posed to temperatures above 160°C was regarded as the 
formation of monourea.  ~6 Luo et al. 24 reported that the or- 
dered urea hydrogen bonds formed at 130°C-220°C in seg- 
mented polyurethane urea. Although clear assignment of 
the absorption band at 1707cm -1 is difficult, it is thought to 
be due to the segmental motion of IC resin polymer derived 
from the rearrangement of urea groups. 

In Fig. 4 the absorption band of the IC group is seen to 
diminish with increasing heating temperature. The absorp- 
tion band at about 1700cm 1 as a shoulder of 1665cm -1 was 
not observed at 290°C. The bands at about 1661 and 
2100cm 1 were missing in the temperature range 325°C - 
360°C. Therefore degradation of the main chain of IC resin 
polymer would take place in this temperature range. 

Based on the above results, the dynamic mechanical be- 
havior of cured IC resin in Fig. 2 was analyzed. From room 
temperature to about 200°C the chemical structure of cured 
IC resin was rather stable, except for some dissociation in 



I -N=C=N- C=OA 
NCO [ /  

i i 

4000 3000 2000 1500 1000 500 
Wavenumber (cm -1) 

Fig. 4. Infrared spectra changes of cured IC resin during DMA mea- 
surement from 290 ° to 360°C 

hydrogen bonding. Urea groups are considered to contrib- 
ute to hydrogen bonding in two different directions simulta- 
neously, as each C = O group is balanced by two NH groups 
in the urea configurationY When the IC resin was heated to 
200°C, segmental motion of the IC resin polymer took 
place. The temporary recovery of E '  at about 220°C was 
thought to form a more stable structure because of rear- 
rangement of urea groups. Thereafter the rapid decrease of 
E'  with increasing temperature can be accounted for by the 
onset of a degradation reaction, such as formation of 
carbodiimide. Using torsional braid analysis (TBA), 
Furusho et al. 26~s observed that the relative shear modulus 
of several thermoplastic polymers increased temporally 
at a higher temperature. This behavior was attributable to 
the formation of the cross-linked structure, the cyclic 
compound, and the C C double bond during the decom- 
position reaction. These formations were confirmed in 
polyureas. 29 Therefore the temporary increase of E '  at 
325°C was thought to be due to the occurrence of the above 
chemical reactions. 

Thermal properties of cured PF resin 

The thermal properties of cured PF resin were studied for 
comparison with those of cured IC resin. The result is 
shown in Fig. 5. The cured PF resin at room temperature 
had high rigidity. The E '  value decreased gradually when 
the temperature was increased to about 160°C because of 
thermal softening. It fell sharply from 2.6 to 1.6GPa at 
about 180°C, probably caused by the recommencement of 
segmental motion. Thereafter the E'  increased slightly with 
increasing temperature. The tan 6 had a broad peak from 
190°C to 360°C, whereas the cured PF resin appeared to 
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Fig. 6. Effect of heat treatment of the mechanical properties of cured 
IC resin; Circles, 160°C for 10min; squares 200°C 10min; triangles; 
300°C for 10min 

take place after curing in this temperature range. Generally, 
when the heating temperature is increased above the curing 
temperature, the reaction of the cross-linked polymer con- 
tinues to take place. When measuring the modulus as a 
function of temperature, the modulus decreases when the 
curing temperature is approached. If further reaction takes 
place, the modulus soon starts to increase, rather than 
decrease, as the temperature is raised] °'31 Consequently, it 
can be deduced that the cured PF resin has better thermal 
stability than the cured IC resin. 

Effect of heat treatment 

To improve the thermal stability, the cured IC resin was 
further treated by heating. Fig. 6 shows the dynamic me- 



2 0 8  

Eu 
e- 

1 °C/min 

0 400 

2 "C/min 

, i , , , , 

1 O0 200 300 

¢-- 

4--J 
2 °C/min J , ~ , ' = ~ k  

i i 

0 100 200 300 400 

Temperature (°C) 
Fig. 7. Heating-rate dependence for the mechanical properties of IC 
resin 

chanical proper t ies  of cured IC resins t rea ted  at 160 °, 200 °, 
and 300°C for 10min. For  the resin t rea ted  at 160°C for 
10min, the behaviors  of E '  and tan d exhibi ted a t rend  
similar to that  of the unt rea ted  cured IC resin, as shown in 
Fig. 2. Because the hydrogen-bonded  urea  structure has 
good thermal  stabili ty 22 this heat  t rea tment  seemed insuffi- 
cient to allow the segmental  motion.  In the case of treat-  
ment  at 200°C for 10min, the decrease in E '  was not  
observed at about  200°C, and tan 6 also did not  register  a 
peak  at this temperature .  The heat  t rea tment  at 200°C 
probably  provided  enough thermal  energy to allow the im- 
proved order ing of the molecular  structure. 16'~4 The behav- 
ior of E '  and tan d at t empera tures  >200°C was similar to 
that  of the unt rea ted  IC resin. When  the resin was t rea ted  at 
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300°C for 10min, the E '  at room tempera tu re  indicated 
a low value. To investigate the chemical  structure of 
the t rea ted  IC resin the IR  spectra were obtained,  based 
on which the d isappearance  of the isocyanate group and 
appearance  of the carbodi imide  were observed.  Conse-  
quently, the low E '  value could be a t t r ibuted  to consider-  
able decomposi t ion  during the t reatment .  When  the t rea ted  
resin was hea ted  to >300°C, the E' value decreased rapidly 
owing to fur ther  decomposi t ion.  Based  on the above results, 
improvement  of the thermal  stability by heat  t r ea tment  was 
considered less effective. Fur ther  s tudy is necessary to iden- 
tify a more  effective method  for improving the thermal  
stabili ty of cured IC resin. 

Dependence  of mechanical  proper t ies  on heating rate 

Figure  7 shows the dependence  of the mechanical  proper-  
ties of cured IC resin on the heat ing rate. When  the tem- 
pera ture  was raised at a rate  of 1°C/rain, the E '  value 
decreased slightly until about  280°C; It then d ipped sharply 
at about  300°C. The  tan d recorded  a b road  peak  at around 
200°C, followed by two peaks  at about  270°C and 300°C. 
When  hea ted  at 2°C/min, a slight decrease  in E '  was ob- 
served at about  200°C, with a t empora ry  increase at about  
300°C. Three  tan 6 peaks  were clearly observed at 
about  200°C, 270°C, and 310°C. The  behaviors  of E '  and tan 
6 at the 3 ° and 9°C/min rates were similar to those seen at 
2°C/min. 

Furusho et a lY repor ted  that  mechanical  behavior  due 
to physical  processes such as melt ing and glass t ransi t ion 
was scarcely affected by the heat ing rate,  whereas the 
chemorheological  behavior  due to chemical  processes such 
as decomposi t ion  was shifted to a h igher - tempera ture  re- 



gion with increasing heat ing rate.  Based  on the logari thmic 
decrement  curves measured  at several  heat ing rates, the 
apparen t  act ivation energy during thermal  degradat ion  of 
polymers  was calculated. 2s 

In the present  study it was observed that  the tan 6 peaks  
at about  200°C, indicat ing that  segmenta l  mot ion  and 270°C 
were scarcely affected by the heat ing rate.  Within this re- 
gion, the degrada t ion  reaction,  such as format ion  of 
carbodi imide,  was observed,  as discussed above. F r o m  the 
above discussion, it can be concluded that  this mechanical  
change was affected significantly by the physical  process 
ra ther  than by the chemical  process.  On the other  hand,  the 
tan 6 peak  at >300°C was shifted to higher t empera tures  
with the increasing heat ing rate.  In this region considerable  
degrada t ion  react ions are considered to have taken place, 
as ment ioned  above. The apparen t  act ivat ion energy of the 
thermal  degrada t ion  of cured IC resin was calculated based 
on the above report .  28 Figure  8 shows the relat ion be tween 
the logar i thm of the heat ing rate  and the reciprocal  of the 
t empera tu re  of the max imum tan 6 peak.  The apparen t  
activation energy obta ined  from the slope of the line was 
62.7kJ/mol, a value similar to that  for polyurea,  repor ted  in 
a previous paper ,  z9 

Conclusions 

The thermal  proper t ies  of IC resin cured with water  were 
s tudied using D M A  and FT-IR.  When  the cured IC resin 
was hea ted  to 200°C, a sudden decrease  in E '  der ived from 
the segmental  mot ion  was observed.  The  t empora ry  recov- 
ery of E '  at about  220°C could be caused by format ion  of 
the more  stable structure. Thereaf te r  E '  rapidly decreased 
with increasing tempera ture .  Cured  IC resin exhibi ted 
lower thermal  stabili ty than cured PF resin. The improve-  
ment  in thermal  stabili ty by hea t  t r ea tment  was thus consid- 
ered to be less effective for IC resin. The effect of the 
heat ing rate  on the mechanical  proper t ies  was also investi- 
gated. Based on the results obta ined,  when the heating 
t empera tu re  was >300°C significant degradat ion  react ions 
could have taken  place. The  apparen t  activation energy at 
>300°C was 62.7kJ/mol. 
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