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SYNOPSIS 

Urea-formaldehyde (UF) resins are susceptible to stress rupture and hydrolytic degradation, 
particularly under cyclic moisture or warm, humid conditions. Modification of UF resins 
with flexible di- and trifunctional amines reduces this problem. Differential scanning cal- 
orimetry (DSC) and dynamic mechanical analysis (DMA) were used to study the thermal 
behavior of modified and unmodified adhesives to identify the physical and morphological 
factors responsible for the improved performance. A UF resin modified by incorporating 
urea-capped poly(propy1eneoxidetriamine) during resin synthesis exhibited a higher cure 
rate and greater cure exotherm than the unmodified resin. Resins cured with a hexameth- 
ylenediamine hydrochloride curing agent had slower cure rates than those cured with NH,Cl. 
DMA behavior indicated that modified adhesives were more fully cured and had a more 
homogeneous crosslink density than unmodified adhesives. DMA behavior changed with 
storage of specimens a t  23°C and 50% relative humidity, after previous heating for ap- 
proximately 20 min at  105°C to 110°C. The initial changes were postulated to occur because 
of physical aging (increase in density) and continued cure. These were followed by physical 
breakdown (microcracking) and possibly cure reversion. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

The use of urea-formaldehyde (UF) -bonded wood 
products is normally confined to interior, nonstruc- 
tural applications because UF resins are susceptible 
to stress rupture and/or hydrolytic degradation un- 
der cyclic moisture or warm, humid environments. 
The sensitivity of UF-bonded wood products to hy- 
drolysis or stress rupture of bonds is attributable to 
a number of underlying structural factors, which in- 
clude the following: 

1. The presence of hydrolytically sensitive 
bonds both within the resin and between the 
resin and wood 

2. Strong interchain bonding due to the highly 
polar nature of the urea linkages, which can 
promote brittleness, insolubility, and even 
crystallinity 

3. Low crosslink density resulting from low 

Journ;il u l  Applied I’olymer Science, Vul. SU, 16U9-1700 (1995) 
0: 1995 .John Wiley & Sons, Inc. CCC 002 1 -899S/95/101689- 12 

reactivity of secondary amides, which in- 
creases sensitivity to losses in crosslink den- 
sity in stress-bearing applications 

4. Inherent rotational stiffness of the urea 
structure, which creates a brittle polymer. 

In addition, there is increasing evidence indicating 
( 1 ) that the conventional concept of a three-dimen- 
sional, infinite network in a crosslinked thermoset 
may not always apply to UF resins,1’2 and ( 2 )  that 
the rigidity of cured UF resins detracts from the 
load-bearing ability of UF-bonded wood  product^.^.^ 
All of these factors suggest that the durability and 
stability of UF-bonded wood products can be en- 
hanced by modifying the resin structure to produce 
a more flexible cured adhesive. Our approach to 
meeting this requirement involves incorporating 
flexible di- and trifunctional amines into the resin 
structure either as urea-capped derivatives during 
synthesis, as their amine hydrochloride salts used 
as curing agents, or both. 

The effectiveness of this approach in enhancing 
the resistance of UF-bonded solid wood joints and 
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particle board to cyclic stress and moist heat aging 
was reported earlier.5-8 The objective of the present 
study was to clarify the physical and morphological 
factors responsible for the improved performance 
with modified adhesives by using differential scan- 
ning calorimetry (DSC) to determine relative cure 
reaction rates and dynamic mechanical analysis 
(DMA) to determine the changes in storage and loss 
moduli during cure. 

EXPERIMENTAL METHODS 

Materials and Synthesis 

The chemicals employed are described in Table I. 
As in previous reports, code names are used. For 
example, hexamethylenediamine is HMDA; purified 
bis (hexamethylene) triamine is BHMTA; and crude 
BHMTA is C-BHMTA (Table I ) .  For urea-capped 
amines, the final A in the code name is replaced by 
U. For example, HMDA becomes HMDU, and C- 
BHMTA becomes C-BHMTU. The hydrochloride 
salts of the amines are designated, for example, as 
HMDA * 2HC1 and TEATA - 3HC1. The word resin 
refers to uncured polymer, while the word adhesive 
refers to the resin with a curing agent. 

Hydrochloride Derivatives of Amines 

The synthesis of the hydrochloride derivatives of 
amines was reported previ~usly.~ 

Resins 

The urea derivatives of amines (urea-capped 
amines) were made in the presence of the total urea 
to be used in a particular resin synthesis. All labo- 
ratory resins were synthesized by adding the urea 

Table I Experimental Materials 

(or the combined urea and urea-capped amine) in 
two steps. The first step yielded an effective form- 
aldehyde to urea mole ratio ( F / U )  of 2.0, and the 
second step yielded a final effective F / U  ratio of 
either 1.6 or 1.4. Procedures for making the urea- 
capped amines and synthesis and characterization 
of resins were reported earlier.5-7 A commercial resin 
of F / U  1.6 (Neste Resins Springfield, OR) was used 
in some of the DMA experiments. 

Differential Scanning Calorimetry 

Five grams of resin solution were weighed accurately 
into a beaker, 0.25 g of curing agent (5  wt  % of 
resin) was added, and sample was mixed vigorously 
for 3 to 5 min. Six to ten milligrams of the mixture 
were placed a Perkin-Elmer DSC large-volume cap- 
sule, and the capsule was sealed hermetically. DSC 
thermograms were run immediately with a Perkin- 
Elmer DSC-2 at heating rates of 10, 20, 40, or 80 
K/min over a temperature range of 300 to 450 K. 

Dynamic Mechanical Analysis 

Ten grams of resin and 0.5 g of curing agent were 
weighed accurately and mixed thoroughly in a 
beaker. The adhesive was transferred to a Petri dish, 
and strips (0.2 mm X 12 mm X 70 mm) of glass cloth 
(Whatman GF/C microfibre filter) were weighed 
and thoroughly soaked in the adhesive. The adhe- 
sive-soaked strips were laid flat on a clean glass 
plate, and the excess adhesive was squeezed out by 
slowly moving a teflon-coated roller over the entire 
length of the strips. This produced strips of uniform 
thickness. The strips were carefully removed from 
the glass plate and suspended for 3 h with metal 
clips in a forced draft oven at  30°C to remove excess 
moisture and preclude bubble formation during oven 

Material Source 

Hexamethylenediamine DuPoint Petrochemicals 

Bishexamethy Ienetriamine DuPont Petrochemicals 
(HMDA) Wilmington, DE 

(BHMTA) 

Poly(propy1enedioxide) triamine Texaco Chemical Company 
(PPOTA, Jeffamine T-403) Bellaire, TX 

Ammonium chloride Aldrich Chemical Company 
Milwaukee, WI 

Remarks 

Anhydrous white solid, melting point 41°C 

Brown viscous liquid with boiling point 
249°C at 13.33 kPa and vapor pressure 
0.93 kPa at 180°C 

25"C, total amine 6.4 meq/g, molecular 
weight about 440 

119 to 121°C 

Pale yellow liquid, viscosity 0.07 Pa-s at 

Moist white crystals, 97'36, melting point 
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heating. The partially dried strips were sandwiched 
between two teflon sheets, which were, in turn, 
placed between two cauls. A 2-kg weight was placed 
on the cauls, and the entire assembly was placed in 
an oven at  105 to 110°C for 10 min. The resultant, 
flat, bubble-free, partially cured resin strips were 
removed from the caul assembly and cured further 
for 10 min in the oven at 105 to 110°C. Each strip 
was reweighed, placed in a paper envelope, and 
stored at 23°C and 50% relative humidity (RH) until 
DMA tests were run. 

Strips prepared as just described had a resin 
loading of about 0.230 g. Their weights did not 
change with storage, indicating no change in mois- 
ture content. Three DMA specimens of approximate 
dimensions 11.00 X 0.40 X 12.00 mm were obtained 
from each strip. Initially, DMA runs were performed 
after 2 to 3 weeks of storage. Subsequently, however, 
the effects on DMA behavior of storage times from 
1 to 69 days were investigated. After all DMA scans, 
the specimens were examined visually and under an 
optical microscope for evidence of changes in phys- 
ical structure. 

DMA scans used a DuPont Instrument 983 DMA 
unit, connected to a 9900 computer/thermal ana- 
lyzer. Scans were performed at resonance frequen- 
cies with a peak-to-peak amplitude of 0.10 mm and 
a heating rate of 2"C/min. Duplicate tests were run 
for each adhesive, and no significant differences were 
observed between duplicates. 

All DMA measurements were made on samples 
that had already been cured in an oven at  105 to 
110°C for a total of 20 min. This treatment was at 
the approximate temperature used for pressing solid 
wood joints and particle boards with these adhesives, 
but a t  times that were about twice as long.'-' 

RESULTS AND DISCUSSION 

Differential Scanning Calorimetry 

Figures 1 and 2 are DSC thermograms for various 
adhesive systems at F / U  1.4. An Arrhenius plot of 
heating rate ( p )  versus the reciprocal of the absolute 
peak exotherm temperature, Tp,  for various adhe- 
sives is shown in Figure 3. The apparent activation 
energies, E,, were calculated from the following 
relationshipg: 

C-BHMTA - 2  HCL 

PFOT A - 3 HC 1 

T E A T A  - 3 H C I  

HMDA - 2HCL 

t 1 I L 1 

O 340 360 380 400 420 4LO 

T e m p e r a t u r e  ( K )  

Figure 1 DSC thermograms for the unmodified control 
resin cured with different curing agents at a heating rate 
of BO"C/min. 

Using the apparent activation energies and apparent 
frequency factors determined from the Arrhenius 
plots, the rate constants for the cure reactions at  
120°C were estimated for various adhesives. Values 
of these parameters are shown in Table 11. 

Cure rates were faster for adhesives cured with 
NH4C1 than for adhesives cured with HMDA - 2HC1, 
and faster for PPOTU-modified adhesives than for 
the control adhesive. These differences were clearly 
due to differences among the apparent frequency 
factors. The greater apparent frequency factor with 
NH4Cl compared to HMDA - 2HC1 probably reflects 
a higher catalytic hydrogen ion concentration with 
NH4C1. The greater apparent frequency factor with 
PPOTU-modified adhesive compared to control ad- 
hesive may be the result of the greater flexibility 
imparted by PPOTU. More flexible polymer chains 
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C-BHMTA- 2 K l  

PPOTA -3HCI 

TEATA.3HCl 

HYDA * 2  HCI 

- C-BHMTA-2KI 

- PPOTA -3HCI 

TEATA.3HCl 

HYDA * 2  HCI 

9 0 3 4 0 ~ 3 m * Q ) u D u o  

Tenp.ratun (K) 

Figure 2 DSC thermograms for the PPOTU-modified 
resin cured with different curing agents at  a heating rate 
of 20DC/min. 

may also permit a greater extent of reaction, thereby 
accounting for the greater cure exotherm heat of the 
PPOTU adhesive compared to that of the control 
adhesive (Fig. 4).  

Dynamic Mechanical Analysis 

Figures 5 through 7 present the storage modulus ( E ' )  
and loss modulus ( E " )  spectra from approximately 
25 to 200°C for several adhesives after they had al- 
ready been exposed to oven heating at  105 to 110°C 
plus storage at  23"C/50% relative humidity for 14 
to 21 days. Figure 5 compares the effects of Neste 
(unmodified) resin cured with four different curing 
agents. We note several distinctive features of these 
data. 

1. The low-temperature (below 100°C) storage 
modulus of the oven-heated Neste commer- 
cial resin with NH4Cl curing agent was clearly 
higher than those of the Neste resin with 
the hydrochloride salts of amines as curing 
agents (Fig. 5) or those of the PPOTU- or 
C-BHMTU-modified resins with NH4C1 
as curing agent (Fig. 6) .  Similarly, with 
HMDA - 2HC1 as curing agent, the low-tem- 
perature storage modulus of the Neste resin 
was above those of the PPOTU- and C -  
BHMTU-modified resins (Fig. 7) .  Such re- 
ductions in stiffness for the modified adhe- 
sives could partially account for their im- 
proved performance in solid wood joints and 
particle board. 

2. The storage modulus spectra for all of the 
Neste adhesives, whether cured with NH&l 
or amine hydrochloride (Fig. 5 ) , are more 
complex than those for adhesives made with 
modified resins (Figs. 6 and 7) .  The Neste 
adhesives show a rapid drop in E' above 
120°C to a minimum at about 155°C or 
higher, a subsequent rise, and a second drop 
at temperatures about 165°C or higher. The 
temperatures at which these changes oc- 
curred were all greater for Neste/amine hy- 
drochloride adhesives than for the Neste/ 
ammonium chloride adhesive (Fig. 5). 

3. The greater complexity of the storage mod- 
ulus for the Neste adhesives is paralleled 
by a greater complexity in their loss mod- 
ulus spectra. The loss modulus of the 

4.5 

4.0 

3.5 
% 
C - 

3 . 0  

2.5 
Cont rol/HM DA -2HCl 
Control/NHhCl 

PPOTA/ N H ~ C  L 
PPOTA/ HMDA-2HCl A 

2 0 1  I I I 1 1 
23  2 4  25 2 6  2 7  28 

(K-') 
f P 

Figure 3 Arrhenius plot for unmodified (control) and 
PPOTU-modified resins cured with either NH,Cl or 
HMDA - 2HC1. 
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500 

Table I1 Kinetic Parameters from DSC Measurements 

- n - 

Apparent Activation Energy Apparent Frequency Factor, Cure Rate a t  120°C, 
Resin" Curing Agent E, (kcal/mol) A (min-') k120 (min-') 

Control NH&l 

PPOTU NH,Cl 
HMDA * 2HC1 

HMDA. 2HC1 

16.7 
16.5 
17.0 
16.9 

2.64 X 10" 
1.31 X 10" 
5.88 X 10" 
2.92 X 10" 

143 
88 

202 
120 

'F/U = 1.4. 

Neste/NH,Cl adhesive is especially com- 
plex. I t  appears to have overlapping peaks 
between 120 and 155°C and between 170 
and 190°C; the most intense peak appears 
a t  155"C, which is approximately the po- 
sition of the minimum in the storage mod- 
ulus of that material. 

4. In strong contrast to the Neste systems, the 
storage and loss modulus spectra of the ad- 
hesives made from PPOTU- and C-BHMTU- 
modified resins (Figs. 6 and 7)  exhibit only 
a single peak in the region studied. The tem- 
peratures of the storage modulus drop and 
loss modulus peak are higher than those for 
the first drop in storage modulus for the Neste 
adhesives when comparisons are made with 
identical curing agents. 

Thus, there are major differences between the dy- 
namic mechanical behavior of adhesives made from 
unmodified Neste resin and from the amine-modi- 
fied resins, and also between Neste/NH4C1 and 

30 I I I I I I 

o Control/ NH4Cl - 0 Control/HMDA-2HCI e 
d 

Y 

c 
m W 
x 

5 
W 'PL--==--;--1 

01 I I I I I I 1 
10 20 30 40 50 60 70 80 

Heating rate ("C/min) 

Figure 4 Exotherm heats during DSC cure of control 
resin and PPOTU-modified resin cured with either NH,Cl 
or HMDA 2HC1. 

Nestelamine hydrochloride adhesives. We provide 
a rationale for the observed behavior in the following 
discussion. 

According to current  view^,'^-'^ two molecular 
phenomena occur as most liquid thermosetting 
polymers cure. The first is gelation, which corre- 
sponds to incipient formation of an infinite network. 
The second is vitrification, which occurs when the 

4 -  

3 -  

2 -  

1 -  

r 

- Nesta/ NH&l 

-,-.Neste/ HMDA-2HCI 

\ 

0 1  I " ' I ' I " I 
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d 

w 
2 00 

100 

40 80 120 160 200 

TQmperat urQ ( O C  1 

Figure 5 Storage modulus, E' (top), and loss modulus, 
E" (bottom), for the unmodified Neste resin previously 
oven cured with different curing agents (F/U = 1.6). 
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Temperature ( O C  1 
Figure 6 Storage modulus, E' (top), and loss modulus, 
E" (bottom), for the unmodified Neste and the PPOTU- 
and C-BHMTU-modified resins previously oven cured 
with NH4CI (F/U = 1.6). 

glass transition temperature (T,) of the reacting 
mixture rises to the cure temperature. A t  gelation, 
resin fluidity decreases substantially. However, 
conversion is far from complete, and the reaction 
rate is still kinetically controlled. With continued 
cure, the T, reaches the cure temperature, and vit- 
rification occurs. At that point, the reaction rate be- 
comes diffusion controlled and is drastically reduced. 
If the temperature is later raised above the initial 
cure temperature, the material softens and the cure 
rate again accelerates until the T, increases to that 
new cure temperature. 

Before examining the DMA results in this light, 
however, we need to consider whether the observed 
drops in storage modulus and the accompanying 
peaks in loss modulus were indeed due to devitrifi- 
cation at a glass transition or whether they were 
caused by physical or chemical degradation of the 
adhesives. The following points are relevant: 

1. The relatively high contents of acidic curing 
agents employed here would certainly foster 
resin hydrolysis. However, the moisture con- 
tent of the DMA specimens undoubtedly was 
very low by the time the specimens exhibited 
any drop in storage modulus. 

2. It is extremely unlikely that degradation 
(thermal or hydrolytic) could have caused the 
drops in storage modulus in those cases in 
which the drop was immediately succeeded 
by a modulus rise due to further cure (i.e., 
the Neste adhesives in Fig. 5). It is very dif- 
ficult to conceive of a mechanism whereby 
additional cure could or should follow deg- 
radation, especially within a thin specimen 
exposed to inert gas flow such that low-mo- 
lecular-weight degradation products would 
readily be lost. This argument, of course, does 

120 160 200 LO 80 

_ _ _  PPOTU/HWDA2HCl 
C-BHMTU/HMDA?HCl 

n 400 

300 
Y 

100 

~- 
01 I ' I * 1 '  1 '  ' 

40 80 120 160 200 

Tomporaturo ( OC 1 

Figure 7 Storage modulus, E' (top), and loss modulus, 
E" (bottom), for the unmodified Neste and the PPOTU- 
and C-BHMTU-modified resins previously oven cured 
with HMDA - 2HC1 (F/U = 1.6). 
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Table 111 Estimated Glass transitions of Adhesives Before DMA Scan 

Estimated Glass Transition ("C) 

Resin 
From Inflection in First 

Curing Agent From First Loss Modulus Peak Storage Modulus Drop 

Neste NH,Cl 
PPOTA * 3HC1 
HMDA - 2HC1 
C-BHMTA * 2HCl 

PPOTU NH,Cl 

C-BHMTA NH,Cl 
HMDA - 2HC1 

HMDA - 2HC1 

not apply to the second storage modulus drop 
for the Neste resins (Fig. 5) or to the modified 
resins (Figs. 6 and 7), in which no rise in 
storage modulus was seen after the initial 
drop. 

3. After the scan in Figure 5, the Neste adhesive 
specimens, particularly the Neste/NH4C1, 
were visibly degraded (bubbles, cracks, dark 
brown coloration) and were very weak and 
friable when probed with a pointed tool. The 
post-DMA specimens of the modified adhe- 
sives (Figs. 6 and 7) were much lighter in color 
and did not contain bubbles or cracks; how- 
ever, they were noticeably weaker than pre- 
DMA counterparts when probed with the 
pointed tool. 

We suggest, therefore, that during oven heating, 
the glass transition temperature of the unmodified 
adhesive rose quickly to the oven temperature; that 
is, vitrification occurred at  a point a t  which the ad- 
hesives were not completely cured. In subsequent 
DMA scans, the Neste adhesives exhibited an initial 
drop in storage modulus at  the Tg achieved in the 
total pre-DMA history (e.g., approximately 150°C 
for the Neste/NH4C1 adhesive; Fig. 5). This soft- 
ening allowed further cure to take place, as evidenced 
by the rise in storage modulus (e.g., at 150 to 160°C 
for the Neste/NH,Cl adhesive), leading to further 
vitrification and ultimately to a second storage 
modulus drop above 170°C. Whether those second, 
high-temperature drops in storage modulus with the 
Neste adhesives were due to exceeding a second Tg 
or to sample degradation cannot be stated with cer- 
tainty, although the specimens were clearly degraded 
at  termination of the scans. Possibly, the high-tem- 
perature drops in storage modulus reflected the ini- 

154 
171 
169 
162 
160 
176 
158 
173 

144 
173 
162 
160 
165 
177 
168 
185 

tiation of a glass transition, which was followed by 
degradation as the samples approached 200°C. 

In contrast to the Neste adhesives, each of the 
urea-capped amine adhesives in Figures 6 and 7 ex- 
hibited only a single drop in storage modulus and 
no subsequent rise due to additional cure. Therefore, 
we must accept the possibility that those drops were 
not due solely to exceeding the transition attained 
in the pre-DMA treatment but that they were at  
least partially due to resin degradation. However, in 
view of the absence of obvious degradation-as 
judged by the post-DMA inspection, we assume that 
the storage modulus drops and accompanying loss 
modulus peaks of these materials do indeed reflect 
the glass transitions attained in the pre-DMA treat- 
ment, with the possibility of some contribution from 
degradation at the final temperatures. Accepting this 
interpretation, we are led to suggest further that the 
absence of additional cure within the softened ad- 
hesives argues for their having achieved essentially 
complete cure during their pre-DMA history. 

Adopting this interpretation of the observed 
DMA behavior, it is of interest to compare the T i s  
resulting from the pre-DMA treatment of the var- 
ious adhesives. Because the complexity of some of 
the spectra make it difficult to select Tg values un- 
equivocally, we used two criteria for that selection: 
the lowest temperature loss modulus peak and the 
inflection point of the lowest temperature storage 
modulus drop (Table 111). Although the T i s  from 
the two procedures differ significantly in some cases, 
the relative values within each procedure suffice to 
illustrate some interesting patterns. We note first 
that all the T i s  are well above the oven-heating 
temperature (105 to llO"C), indicating that consid- 
erable cure must have occurred within the glassy 
materials after removal of the specimens from the 
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400 

300 

200 

100 

oven. (Additional evidence for this postoven cure is 
given in the later discussion of aging.) Second, we 
note that for all three resins, the Tg with NH4Cl as 
curing agent is below those with the amine hydro- 
chloride salts as curing agents; moreover, with a 
particular curing agent the Tg with the Neste resin 
is generally below those with urea-capped amine 
resins. At  the same degree cure, we would expect 
the modified adhesives to be more flexible and ex- 
hibit lower glass transitions. Therefore, we take this 
contradiction as additional evidence that unmodified 
Neste resin vitrified more rapidly during the oven 
heating and consequently was unable to achieve as 
complete a cure as the modified systems. 

A lower degree of crosslinking in the pre-DMA 
Neste/NH4C1 system is also indicated by the greater 
amount of relaxation processes associated with the 
intense loss modulus peak (Fig. 5). Furthermore, the 
lower initial storage modulus of the PPOTU- and 
C-BHMTU-modified adhesives relative to the un- 
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Figure 8 Effect of aging time a t  25°C and 50% RH on 
the DMA spectrum of the unmodified control resin pre- 
viously oven cured with NH,CI (F/U = 1.6). 
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Figure 9 Effect of aging time at 25°C and 50% RH on 
the DMA spectrum of the unmodified control resin pre- 
viously oven cured with HMDA.2HCI (F/U = 1.4). 

modified/NH,Cl adhesive (Figs. 6 and 7) means that 
the modified adhesives have more molecular flexi- 
bility after vitrification. 

DSC data are consistent with the preceding ar- 
guments. For example, the calculated reaction rates 
at 120°C were less with HMDA * 2HC1 curing agent 
than with NH4Cl curing agent (Table 11). In addi- 
tion, DSC measurements also indicated that the 
PPOTU-modified resin reacted faster than the lab- 
oratory-synthesized unmodified resin (Table 11). We 
rationalize this ability of the modified adhesives to 
achieve full cure during their pre-DMA history on 
the basis that the urea-capped amine moieties in- 
terfere with hydrogen bonding between polymer 
chains and provide greater flexibility, thus slowing 
the increase in the Tg during cure. 

Finally, we speculate on the reasons for the com- 
plex loss modulus peaks of the Neste adhesives (Fig. 
5). For a long time, the concept of an infinitely large 
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Figure 10 Effect of aging time a t  25°C and 50% RH 
on the DMA spectrum of PPOTU-modified resin previ- 
ously oven cured with HMDA.2HCI (F/U = 1.4). 

molecule with a homogeneously crosslinked network 
has been used to describe the morphology of cross- 
linked thermosets. However, the presence of in- 
homogeneities in the crosslink density has been 
documented by electron micro~copy,'"'~ thermo- 
mechanical measurements,'8 and swelling experi- 
ments.'"-'' Today, it is generally recognized that 
morphology of thermosets is more properly described 
in terms of a two-phase system of higher crosslinked 
regions immersed in a less crosslinked matrix. Ex- 
tending this view to the present systems, we suggest, 
for example, that the complex loss modulus peak at 
approximately 155°C for the Neste/ammonium 
chloride adhesive is due to the presence of regions 
having different crosslink densities and Tg's after 
oven heating. Additional cure in the DMA above 
those glass temperatures perpetuates this morpho- 
logical inhomogeneity, producing the overlapping 
loss modulus peaks at approximately 170 to 190°C. 

Perhaps the simpler loss modulus spectra of the ad- 
hesives with urea-capped amines (Figs. 6 and 7) de- 
rives from the greater flexibility of these polymer 
chains, which permits more random crosslinking and 
delays freezing-in of configurations, leading ulti- 
mately to cured adhesives with a more homogeneous 
morphology. 

Effect of Storage Time on D M A  Behavior 
of Precured Adhesives 

The DMA tests just discussed were conducted two 
to three weeks after the specimens were heated in 
an oven. Although no changes were observed in the 
weight of the specimens during storage at  23°C and 
50% RH, we felt it necessary to verify that the ob- 
served differences in DMA spectra did not arise from 
small differences in storage times. Therefore, a 
number of DMA specimens were prepared with the 
unmodified Neste/NH4C1 adhesive at F/U 1.6. An- 
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Figure 11 Effect of aging time at 25°C and 50% RH 
on the DMA spectrum of C-BHMTU-modified resin pre- 
viously oven cured with HMDA- 2HC1 (F/U = 1.4). 
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other series was prepared with laboratory-synthe- 
sized unmodified and modified resins at F/U 1.4 with 
HMDA - 2HC1 as the curing agent. DMA scans were 
run after different storage times at 23°C and 50% 
RH. Prior to storage, all specimens were cured in 
an oven at 105 to 110°C for 20 min, approximately 
twice the normal cure time used in our wood-bonding 
 experiment^.^." 

Marked changes occurred in the DMA spectra of 
some adhesives during the storage period of 1 day 
to nearly 10 weeks (Figs. 8-11). In general, during 
early storage both the low-temperature storage 
modulus and Tg increased, while both parameters 
decreased during later storage periods. These 
changes were particularly noticeable for the Neste/ 
NH,CI adhesive. The loss modulus for this system 
exhibited multiple peaks whose intensities decreased 
while their complexity increased with increasing ag- 
ing times (Fig. 8). Only slight changes occurred in 
the location and intensity of the peaks in the loss 
modulus of the PPOTU-modified adhesive. The loss 
modulus peak for the C-BHMTU-modified adhesive 
(Fig. 11) was broad, with a small shoulder at 130°C. 
With longer aging, the peak size decreased substan- 
tially and shifted to a higher temperature, and the 
shoulder disappeared. 

We believe the early increases in low-temperature 
storage modulus and Tg are due to one or both of 
two processes. The first is continued cure in the 
glassy state (chemical aging); the large changes 

shown for Neste/NH,Cl and the small changes for 
PPOTU/HMDA - 2HC1 are consistent with the rel- 
ative degrees of cure achieved by these two systems 
during oven heating, as discussed in the previous 
section. The second process which may contribute 
to the early DMA changes is often referred to as 
physical aging. Here, initially produced glassy poly- 
mer is in a low-density state (solid line, Fig. 12) 
caused by the freezing-in of nonequilibrium confor- 
mations as the material is cooled below its Tg.I4 The 
drive toward thermodynamic equilibrium (dashed 

0 Control/NHiCL 
PPOTU/NH&CI 

" I * " "  

0 20 40  60 80 100 
Cure time (day ) 

.- 
0 2 r. 6 8 lo 

VPSD-1 (cycle 1 
Figure 13 Interrelationship between cured adhesive 
modulus (top), internal stress developed during cure 
(middle), and the cyclic soak-dry stress resistance of UF- 
bonded solid wood joints (bottom). 
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line, Fig. 12) leads to time-dependent increases in 
density and m o d u l u ~ . ' ~ ~ ~ ~ * ~ ~  In UF systems, an in- 
crease in equilibrium conformations and density 
could also enable more hydrogen bonding, which, in 
turn, could increase Tg. 

We believe further that the later decreases in 
storage modulus and Tg are also due to one or both 
of two processes, different from but related to the 
aforementioned. In this case, the first process is the 
well-established reversion of UF cure brought about 
by acidic curing agents; this could account for re- 
ductions in both storage modulus and Tg. However, 
we observe that this is more probable under humid 
conditions. The second process is microcracking 
within the adhesive or at the adhesive/glass cloth 
interface as a result of internal stresses induced by 
the increase in modulus and the shrinkage during 
cure and early storage. The greater the inhomoge- 
neity in the crosslink density, the greater would be 
the magnitude of the internal stress and hence the 
adhesive's tendency to fragment. Extensive frag- 
mentation is common in unmodified UF adhesives 
after prolonged ambient aging. During cure, the in- 
ternal stress-time curve for unmodified/NH4C1 ad- 
hesive film goes through a maximum at the point a t  
which fragmentation of the film occurred.* Micro- 
scopic examination of unused DMA specimen re- 
vealed the presence of microcracks, especially with 
unmodified adhesives. Microcracking could cause 
apparent loss of stiffness but no reduction in Tg 
These changes in DMA behavior should have had 
only minor influence on the DMA data discussed 
earlier (Figs. 5 to 7) because those experiments were 
all performed within 14 to 21 days after the oven 
treatment, a period of relatively small change. 

As we reported previously, modified adhesives 
generate less internal stress during cure and are 
more resistant to cyclic soak-dry stress than un- 
modified adhesives5 It is evident from the present 
study that the improved performance of joints 
bonded with modified adhesives is a result of mor- 
phological changes in cured adhesive and the asso- 
ciated changes in properties (e.g., modulus and in- 
ternal stress; Fig. 13). 

CONCLUSION 

The overall conclusion emerging from the observed 
thermal and dynamic mechanical behavior of un- 
modified and amine-modified UF adhesives is that 
adhesive structure and cure rate and resulting mor- 
phology of the cured state have a profound influence 

on the properties of the cured system. The unmod- 
ified resin, with its inherent stiff structure and strong 
tendency to form hydrogen bonds between chains, 
undergoes early vitrification during cure, thereby 
preventing full cure. The resulting partially cured 
adhesive has low fracture toughness and is internally 
stressed; it is therefore susceptible to physical 
breakdown (microcracking) . 

Curing unmodified resins with amine hydrochlo- 
rides, such as HMDA - 2HC1, has several conse- 
quences: lower cure rate, delayed vitrification, in- 
creased extent of cure (conversion), more uniform 
crosslink density, and reduced cure-shrinkage stress. 
Therefore, the cured adhesive is inherently tougher 
and more durable than the unmodified UF adhesive. 

Structural modification via incorporation of urea- 
capped flexible amines may or may not reduce the 
cure rate. However, modification apparently does 
interfere with hydrogen bonding and produces 
enough molecular flexibility to delay vitrification 
and promote improved cure and improved proper- 
ties. 

The original hypothesis of this study stated that 
the stability of UF-bonded wood products can be 
enhanced by modifying the resin structure to incor- 
porate flexible comonomers into the polymer chains 
and to produce a more efficiently cured network with 
greater flexibility and greater ability to  respond re- 
versibly to applied stresses. The results reported here 
support that hypothesis. 
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