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Abstract
In this study, the effect of the molecular weight (MW) of urea–formaldehyde 
(UF) resins on their cure kinetics, interphase, penetration into wood, and adhesion 
strength was evaluated for the first time, to understand their contribution to cohe-
sion and adhesion in bonding wood. UF resins with two final formaldehyde-to-urea 
(F/U) molar ratios (1.0 and 1.2) were prepared as low-viscosity resin (LVR) and 
as high-viscosity resin (HVR) through viscosity control. Five LVR/HVR blending 
ratios (100:0, 75:25, 50:50, 25:75, and 0:100) were used to obtain UF resins with 
different MW distributions and average MWs and, hence, different viscosities for the 
two molar ratios. As the viscosity during the condensation phase increased, the MW 
increased while the gelation time and the low molecular weight fraction decreased. 
The resins with F/U molar ratio of 1.2 had higher MW and activation energy than 
those with F/U molar ratio of 1.0. Isoconversional analysis showed that the 1.0 F/U 
molar ratio resin went through a multiple-step process in their curing mechanism, 
unlike the 1.2  F/U molar ratio resin, whose cohesion during bond formation was 
likely affected by the higher F content. As the MW increased, the resins with 1.0 and 
1.2 F/U molar ratios exhibited the highest maximum storage modulus (E′max), great-
est depth of resin penetration, thinnest bond-line, and highest adhesive strength at 
apparent weight-averaged Mw of 2000–2400 g/mol for the 1.0 F/U molar ratio resins 
(according to mixing ratios LVR/HVR = 50:50 and 25:75) and 3500–4500 g/mol for 
the 1.2 F/U molar ratio resins (again according to mixing ratios LVR/HVR = 50:50 
and 25:75). These results suggest that the MW of UF resins has a big impact on cure 
kinetics that contributes to their cohesion behavior, while it also affects E′max, the 
depth of resin penetration, and the bond-line thickness, which all contribute to their 
adhesion behavior.
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Introduction

Urea–formaldehyde (UF) resins, a type of formaldehyde-based thermosetting 
polymer, are widely used as adhesives in the manufacture of wood-based com-
posite panels such as plywood, particleboards, and medium-density fiber boards. 
UF resins have the advantages of fast curing, clear adhesive lines, relatively low 
cost, and short press time (Meyer et  al. 1980; Dunky 1998; Park et  al. 2006a). 
UF resins are usually synthesized in a two-step process of hydroxymethylation 
and condensation reaction. The hydroxymethylation is an addition reaction car-
ried out under neutral, weak and even strong acid or under alkaline conditions, 
in which urea reacts with formaldehyde to form hydroxymethyl ureas (mono-, 
di-, or tri-hydroxymethyl urea); the condensation takes place between hydroxy-
methyl groups under acidic pH conditions (Hse et al. 1994; Gu et al. 1995; Park 
et  al. 2006b; Ferra et  al. 2012). This reaction yields methylene ether bridges 
 (CH2–O–CH2) or methylene bridges (–CH2–), or both (Dunky 1998). The for-
mation of the various hydroxymethyl species depends mostly on the formalde-
hyde-to-urea (F/U) molar ratio, and high F/U molar ratio increases the tendency 
to form highly hydroxymethylated species (de Jong and de Jonge 1952; de Jong 
et al. 1953).

In general, the most important factor in resin synthesis is the F/U molar ratio. 
This ratio influences, partly together with other parameters, the content of free 
formaldehyde, resin viscosity, cure time, and relative molecular weight (MW). In 
addition, the F/U molar ratio and MW of a UF resin are related to the adhesive 
strength (Dunky 1998).

Many studies have been conducted to understand the impact of MW on various 
formaldehyde-based resin properties such as curing kinetics, adhesion, and resin 
penetration (Wilson and Krahmer 1978; Johnson and Kamke 1992; Fan et  al. 
2006; Gavrilovic-Grmusa et al. 2010a, b, 2012; Jeremejeff 2012; Nuryawan et al. 
2014a, 2014b; Jeong and Park 2016). In particular, Wilson and Krahmer (1978) 
studied the effect of MW distribution on the internal bond (IB) strength of phe-
nol–formaldehyde (PF) resin-bonded particleboards. They reported that higher-
MW resins yielded higher IB values. The low IB of particleboards produced from 
low MW PF resins was attributed to over-penetration. In a more recent study, Fan 
et al. (2006) reported that the thermal curing behavior of UF resins is affected by 
the F/U molar ratio. Moreover, Nuryawan et al. (2014a) noted that the presence 
of a larger number of hydroxymethyl groups in a UF resin with a high F/U molar 
ratio caused higher heat release by the exothermic curing reaction: When the F/U 
molar ratio was 1.0–1.4, the exothermic peak temperature did not change much, 
but it rapidly decreased when the F/U molar ratio was increased to 1.6, indicat-
ing that the lower F/U mole resin exhibited lower reactivity (in terms of a longer 
gelation time of the resin) than the higher F/U molar ratio resin.

In addition, several studies showed that the MW and molecular weight dis-
tribution (MWD) of UF resin adhesives affect their adhesion to other materials 
(Jeremejeff 2012; Jeong and Park 2016). It was reported that the resin penetration 
into wood is correlated with the MWD of PF resins (Johnson and Kamke 1992). 
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The penetration of UF resins with different degrees of condensation into various 
wood species, including hardwood of different densities and softwood, was inves-
tigated by Gavrilovic-Grmusa et  al. (2010a, b, 2012). In order to obtain good 
adhesion, the fraction of the resin with low molecular weight (LMW) should 
infiltrate into the wood cell walls, while the high molecular weight (HMW) frac-
tion should remain in the bond-line between two wood adherends (Nuryawan 
et al. 2014b). The study reported here focused on the effect of MW of UF resins 
on properties such as viscosity, cure kinetics, resin penetration, and adhesion of 
UF resins in bonding wood.

Materials and methods

Materials

The urea granules (99%) and formalin (37%) used for the synthesis of the UF resin 
adhesives in this work were of technical grade from Daejung Chemical, Seoul, 
Korea. Aqueous solutions of formic acid (20 wt%) and sodium hydroxide (20 wt%) 
were added to adjust the pH during the resin synthesis process. An aqueous solution 
of ammonium chloride (20 wt%) was used as hardener. High-purity (≥ 99.9%) N,N-
dimethyl formamide (DMF) and dimethylsulfoxide (DMSO), both of high-perfor-
mance liquid chromatography (HPLC) grade, were purchased from Sigma-Aldrich, 
USA, and used without further treatment.

Methods

Synthesis of UF resins

UF resins with final F/U molar ratios of 1.0 and 1.2 and different viscosities were 
prepared in the laboratory from mixtures of separately synthesized LVR and HVR 
UF resins at these final molar ratios: This was done via a conventional alkaline acid 
two-step reaction with the second batch of urea being added still during the acidic 
step (Park and Jeong 2011). Formalin was placed in a reactor equipped with a man-
tle heater. The first portion of urea, yielding F/U = 2.0, was added to the formalin in 
the reactor under stirring and heating to 40 °C. The pH of the mixture was adjusted 
to 7.8–8.0 by adding the necessary amount of sodium hydroxide solution (20 wt%). 
The reactor was then heated to 90 °C and maintained at that temperature for 60 min. 
The temperature was then decreased to 80 °C. When the temperature reached 83 °C 
during cooling, formic acid solution (20 wt%) was added to adjust the pH to 4.6 for 
the acidic condensation reaction. After further cooling, the temperature was main-
tained at 80 °C for the viscosity measurements to follow the condensation reaction. 
For the LVR resins, the target viscosity was set between the “D” and “E” scale, as 
measured by a bubble viscometer (VG-9100 Gardner-Holdt viscometer, Gardco, 
Pompano Beach, FL, USA). After reaching the target viscosity, the second urea was 
added to the reactor to adjust the F/U molar ratio to 1.0 or 1.2, respectively, and the 
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temperature was kept at 60 °C for 20 min. It was observed that the reaction (60 °C, 
20 min) during the dissolution of the second urea did not cause strong condensation 
because the urea itself was slightly alkaline and the reaction condition was mild. 
After this holding step and the complete dissolution of urea, the UF resin was cooled 
to room temperature and the pH was adjusted to 8.0 to terminate the condensation 
reaction. For the HVR UF resins, the target viscosity was adjusted between the “S” 
and “T” scale using the same bubble viscometer. For each of the two molar ratios, 
the LVR and the HVR resins were mixed together at blending ratios (LVR/HVR) of 
100:0, 75:25, 50:50, 25:75, and 0:100 to prepare samples of different viscosities at 
the two final molar ratios.

Properties of UF resins

The viscosity of all resins (five resins for each of the two molar ratios) was measured 
with a cone-plate viscometer (DV−II+, Brookfield, Middleboro, MA, USA), using 
spindle No. 2 at 25 °C and 60 rpm. The non-volatile solids content of each sample 
was calculated by comparing the corresponding masses before and after drying in 
the oven for 3 h at 105 °C. The gelation time of these resins was measured by adding 
3%  NH4Cl calculated as solid based on the resin solids (added in form of a 20 wt% 
solution), using a gel time meter (Sunshine Instruments 22A Gel Time Meter, Davis 
Calibration LLC, Vernon Hills, IL, USA) at 100 °C.

MW measurements of UF resins

A gel permeation chromatography (GPC) system (YL9100, Younglin, Gyeonggi-
do, Korea) equipped with a refractive index (RI) detector was used to measure 
the apparent MW of the resins. The columns used were KD 801, 802, and 806 M 
(SHODEX, Showa Denko K.K., Tokyo, Japan) with MW exclusion limits of 2500, 
5000, and 20 × 106 g/mol, respectively. The GPC measurements were carried out at 
column and detector temperatures of 50 °C and a flow rate of 0.5 mL/min (Jeong 
and Park 2017). The universal calibration was performed using polyethylene glycol 
(PEG) standards of MW between 106 and 25,200 Da from Polymer Standards Ser-
vice GmbH, Mainz, Germany. HPLC-grade DMF (99.8% purity) was used as the 
mobile phase. The UF resin samples were dissolved in a mixture of 10% DMSO and 
90% DMF, yielding a 1% solution and kept in an oven at 50 °C for 3 h in order to 
achieve complete dissolution with all resin samples; then the selected sample solu-
tion was introduced via the injection loop of the GPC through a 0. 45-μm filter. The 
number-averaged molecular weight (Mn), weight-averaged molecular weight (Mw), 
polydispersity index (polydispersity), and the proportions of LMW and HMW frac-
tions were calculated using the YL-Clarity chromatography software (Younglin, 
Gyeonggi-do, Korea).

Chemical curing kinetics of UF resins

A differential scanning calorimeter (DSC, 25, TA Instruments, New Castle, DE, 
USA) was used to characterize the curing kinetics of the UF resins. About 5 g of 
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each resin sample was mixed with 3%  NH4Cl (added in form of a 20  wt% solu-
tion) based on the resin solid content prior to scanning. High pressure pans were 
used in order to suppress the evaporation of water during the DSC run (no endother-
mic peak influencing or suppressing the exothermic hardening reaction peak). All 
samples (5 mg) were scanned at four different heating rates (2.5, 5, 10, and 20 °C/
min) in the temperature range of 30–200 °C under a flow of nitrogen gas at 50 mL/
min. All thermograms of the UF resins were analyzed using commercial software 
(TRIOS software, v4.3.0, TA Instruments, New Castle, DE, USA) to obtain the peak 
temperature under the exothermic curve.

Interphase adhesion in UF resin–wood composites

Each UF resin was used to bond two thin red pine (Pinus densiflora) strips, with 
a glue spread of 125  g/m2, to prepare a specimen measuring 100 × 8 × 0.2  mm 
(length × width × thickness) for evaluation by a dynamic mechanical analysis (DMA) 
(Q800, TA Instruments, New Castle, DE, USA) in the dual cantilever mode. All 
specimens were pre-cured in an oven at 50 °C for 5 min prior to the DMA analy-
sis. The storage modulus (E′) of each specimen was determined at a frequency of 
1 Hz, strain level of 0.005%, and heating rate of 5 °C/min in the scanning range of 
30–300 °C.

Measurement of resin penetration and bond‑line thickness

Sample preparation. Two-ply parallel plywood was prepared using radiata pine 
(Pinus radiata D. Don) veneer (2 mm thick). Based on the non-volatile resin sol-
ids content, each UF resin was mixed with 3  wt% of  NH4Cl added in form of a 
20 wt% solution. Additionally, 10% wheat flour (based on liquid resin) was mixed 
into the adhesives. This adhesive mix was then applied onto one of the two veneers 
at a spread of 170 g/m2 using a rubber roller. The two-ply veneers were cold-pressed 
under a specific pressure of 0.78 MPa for 20 min and then hot-pressed at 120 °C 
under the same pressure for 4 min.

Examination with confocal laser scanning microscope (CLSM). The term “inter-
phase region” is used in this study to denote the zone of resin penetration and the 
“interface” as two-dimensional contact zone between resin molecules and the wood 
surface on microscopic level, as reported by Gavrilović-Grmuša et al. (2012). The 
bond-line is the adhesive region between the two pieces of joint parallel veneers. 
Cross-sectional slides (thickness 70 μm) were prepared for microscope examination 
by cutting using a sliding microtome (Yamato Kohki, Asaka, Japan). The samples 
were then stained with 0.05% aqueous toluidine blue O and mounted in air-free 
water on a glass slide prior to examination (Nuryawan et al. 2014b). Imaging was 
undertaken in the fluorescence mode at two excitation wavelengths of 488 nm and 
555 nm with a confocal laser scanning microscope (CLSM; LSM700, Carl Zeiss, 
Jena, Germany) (Nuryawan et al. 2014b).

Examination under a light microscope (LM). The cross sections for examina-
tion under a light microscope (LM) were prepared by the same method as the 
CLSM cross sections according to Nuryawan et al. (2014b). Using an LM (Model 
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U-MDOB, Olympus Optical Co, Ltd., Tokyo, Japan), the LM images were 
digitally taken at 20 different sections to obtain 20 image replications for each 
experimental unit. Two images were acquired for each sample using a camera 
(PL-A662, Pixelink (Navitar, Ottawa, Ontario, Canada). Furthermore, the resin 
penetration depth and bond-line thickness were defined from the remaining trac-
heids without resin in the lumen by marking a clear boundary. The average depth 
of resin penetration was then determined by measuring the distance between 
the geometrical center line of the bond-line and the tracheids penetrated by the 
resin. Similarly, the average bond-line thickness was determined as the distance 
between the interfaces of two veneers (geometrical contact zone between resin 
layer and wood surface), not including individual filled tracheids further away 
from the bond-line. The depth of resin penetration and bond-line thickness were 
measured using both the CLSM and the LM images. Image processing software 
(IMT solution v.22.5, Vancouver, British Columbia, Canada) was used to obtain 
an average value and the standard deviation for the images.

Measurement of tensile shear strength of plywood

Three-ply perpendicular plywood was prepared using the same adhesive, glue 
spread, and pressing conditions as those used for the two-ply parallel plywood. 
The tensile shear strength of the plywood was determined according to a stand-
ard procedure (KS F 3101, Korean Standard Association 2016). Nine specimens 
(25 × 80 × 6  mm) were tested for the measurements, using the peak load deter-
mined at a crosshead speed of 2 mm/min in a universal testing machine (H50KS, 
Hounsfield, Redhill, England).

Table 1  Properties of UF resins prepared with two F/U mole ratios and five LVR/HVR blending ratios

F/U mole ratio LVR/HVR 
blending ratio

pH Viscosity 
(mPa s)

Non-volatile solids 
content (wt%)

Gelation time (s)

1.0 100:0 7.9 104 57.1 ± 0.1 210 ± 2
75:25 7.9 128 57.2 ± 0.1 185 ± 1
50:50 8.0 167 57.2 ± 0.1 175 ± 2
25:75 8.0 268 57.3 ± 0.1 167 ± 1
0:100 8.0 344 57.3 ± 0.1 161 ± 1

1.2 100:0 7.5 112 55.7 ± 0.1 141 ± 1
75:25 7.8 136 55.8 ± 0.2 138 ± 2
50:50 8.1 156 55.9 ± 0.1 129 ± 1
25:75 8.4 203 55.8 ± 0.1 115 ± 2
0:100 8.7 311 55.8 ± 0.1 105 ± 1
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Results and discussion

The properties of the UF resins prepared using five LVR/HVR blending ratios are 
presented in Table  1. The resin pH was not much different between the groups 
of resins with the two different F/U molar ratios, but the resins with F/U molar 
ratio of 1.0 had higher non-volatile solids content than resins with F/U molar 
ratio of 1.2 due to the higher amount of second urea added in order to decrease 
the final molar ratio to 1.0. This increase in measured solid content is in line 
with the expected higher solid content when calculated according to the recipe. 
As expected, the relationship between the blending ratio (LVR/HVR) of the UF 
resins and their viscosity was quite linear: The viscosity increased as LVR/HVR 
decreased. The gelation times of the resins with F/U molar ratio of 1.0 expectedly 
were much longer than those of the resins with F/U molar ratio of 1.2. Higher 
LVR/HVR blending ratio means higher proportion of high molar masses, the 
gelation time decreased for both F/U molar ratios.

Figure  1 shows the GPC chromatograms of the UF resins with the two F/U 
molar ratios and the three LVR/HVR blending ratios. The 1.0  F/U molar ratio 
resins showed four peaks, while the 1.2  F/U molar ratio resins displayed only 
two peaks, indicating that the 1.0 F/U resins were composed of a large portion 
of smaller molecular species than those of the 1.2  F/U molar ratio resins. The 
values of Mn, Mw, and polydispersity of two F/U molar ratio UF resins at the 
five LVR/HVR blending ratios are presented in Fig. 2. Mn, Mw, and polydisper-
sity increased as the blending ratio decreased, meaning an increase of the HVR 
proportion. However, Mn, Mw, and polydispersity of the 1.2 F/U resin are higher 
than those of the 1.0 F/U resin; this could be related to the higher molar ratio and 
greater increase in MW during the acidic condensation phase. As expected, the 
resins with the larger MW had higher viscosity, which is in good agreement with 
the reported results for PF resin (Park et al. 1998).

Figure  3 compares the peak area portions of the various GPC peaks of the 
UF resins prepared with five LVR/HVR blending ratios. Peak 1 was stated as 
“low molecular weight portion” (LMW), whereas the other peaks were seen as 
“high molecular weight portion” (HMW). The reason for the LMW fraction of 
the 1.0 F/U resins being much greater than that of the 1.2 F/U resins is due to 
the higher addition of the second urea in order to reduce the molar ratio. How-
ever, the HMW fraction of the 1.2 F/U resins was much higher than that of the 
1.0 F/U resins. This could be due to the less amount of the second urea added to 
the 1.2 F/U resin and higher reactivity in the condensation phase after the addi-
tion of the second portion of urea.

In order to compare the thermal curing behavior, Fig. 4 shows the DSC curves 
of the various UF resins investigated (two molar ratios and five LVR/HVR blend-
ing ratios) at 5 °C/min heating rate. Figure 5 shows the activation energy (Ea) of 
the resins. Both Kissinger and isoconversional methods were employed herein to 
determine Ea of the UF resins with 1.0 and 1.2 F/U molar ratio. The Kissinger 
method is easier and faster in estimating Ea and produces a single Ea value for 
any process regardless of its actual kinetic complexity (Vyazovkin et  al. 2011). 
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However, it is applicable only to processes that occur under linear heating rate 
conditions. The isoconversional method is recommended compared to the calcu-
lation by the Kissinger method and is also considered more reliable and accurate. 
It was proved that the isoconversional method produced better linear equations 
than the Kissinger method (Starink 2003; Vyazovkin 2000, 2001). The 1.2 F/U 
molar ratio resin was found to have higher Ea values than the 1.0 F/U molar ratio 

Fig. 1  GPC chromatograms of UF resins prepared with five LVR/HVR blending ratios: a 1.0 F/U mole 
ratio resin; b 1.2 F/U mole ratio resin
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resin. The lowest Ea values of the two resins were at the calculated Mw = 2400 and 
2800 g/mol, respectively. It is expected that MW will be related to cure speed and 
cure kinetics. Ea, an energy barrier between the initial and final states of the reac-
tion, is an important index in the cure kinetics and is generally used to describe 
the effect of the temperature on any reaction, such as on the cure reaction (Stefke 
and Dunky 2006; Park and Kim 2008).

Figure 6 displays the changes in Eα values of the UF resins prepared with two 
F/U molar ratios and five LVR/HVR blending ratios, using the isoconversional 
method. This method yields Eα values as a function of the degree of conversion 
(α) to understand the entire curing process in different steps. Thus, a change in Eα 
could provide information on the curing process, during which a transition from 
a chemical-controlled reaction to a diffusion-controlled reaction could occur as α 

Fig. 2  Apparent Mn, Mw, and PDI calculated from GPC of UF resins prepared with five LVR/HVR 
blending ratios: a 1.0 F/U mole ratio resin; b 1.2 F/U mole ratio resin
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increases (Samaržija-Janovic et al. 2011). As shown in Fig. 6, the Eα values of the 
two groups of UF resins were in the estimated range of Eα values predicted by the 
Kissinger method. The 1.0 F/U resins exhibited Ea values with greater deviation 
at α = 0.5 as the blending ratio increased. On the contrary, no significant change 
in Eα values was found for the 1.2 F/U resins as α increased. The greater devia-
tion of Eα among the 1.0 F/U HVR resins was probably due to the fact that the 
curing reaction proceeded, the mobility of molecules was greatly reduced and 
the curing reactions became diffusion-controlled. Nevertheless, all Eα values of 

Fig. 3  Peak area proportion of two UF resin series prepared with five LVR/HVR blending ratios: a 
1.0 F/U mole ratio resin; b 1.2 F/U mole ratio resin
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the 1.2 F/U resins decreased as a function of α, indicating that the 1.2 F/U res-
ins followed chemical-controlled reaction. The standard deviation of Eα values 
obtained from the 1.0 F/U UF resins can be affected by many factors such as the 
crystalline or nodular structure of the resin. The 1.0  F/U UF resins had higher 
crystallinity than UF resins with higher F/U molar ratios (Park and Causin 2013). 
Moreover, the occurrence of simultaneous reactions between various molecular 
species with their own constant activation energies could also contribute to the 
variation (Wisanrakkit and Gillham 1990). All in all, the combined effect of these 
parameters can account for a larger standard deviation of the Eα values among the 
1.0 F/U UF resins.

Fig. 4  Typical DSC curves of UF resins with five LVR/HVR blending ratio at 5 °C/min heating rate: a 
resins with F/U mole ratio of 1.0; b resins with F/U mole ratio of 1.2
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Figure 7 displays typical DMA curves of two F/U molar ratios of UF resin–wood 
composites with the five LVR/HVR blending ratios. The changes in the maxi-
mum storage modulus (E′max) and the minimum storage modulus (E′min) of the UF 
resin–wood composites as functions of the LVR/HVR blending ratio (expressed as 
Mw of the respective UF resin) are shown in Fig. 8. E′ first decreases to E′min and 
then increases to E′max as the temperature increases. With higher Mw both increases, 
E′ increases to a maximum and then decreases again (Fig. 8). The 1.0 and 1.2 F/U 
resins had the highest E′max at Mw of 2000–2400 g/mol for the 1.0 F/U resins and 
3500–4500 g/mol for the 1.2 F/U resins, respectively; this indicates that both LMW 
and HMW species together gave the best results. The results indicate that E′max 
tended to decrease again after the maximum, and E′max of the UF resin-bonded wood 
composites can be adopted as a parameter for estimating the interphase adhesive in 
the bond-line. As reported by Ellis (1993), a mixture of low and high MW species 
in PF resins provides a strong adhesion bond in wood. The penetration of LMW 
species into wood could make a strong interphase to give strong adhesion strength, 
while the HMW species remaining in the bond-line gave strong cohesive strength. 
Thus, a proper combination of LMW and HWM species can provide strong adhe-
sion as well as good cohesion behavior within the bond-line, resulting in a greater 
E′max by DMA.

DMA work on PF resin-bonded wood composites with PF resins of high and low 
MW suggested micrometer-scale penetration of LMW molecules in the wood, while 
the HMW PF resin phase is separated from the wood polymers (Laborie et al. 2006). 
As a comparison, earlier DMA work on neat amino resin showed that the results 
of E′ can be used for evaluation of the rigidity of the resin network (He and Riedl 
2003). A lower E′max of a UF resin with a lower F/U molar ratio is reported to result 
in a resin adhesive with lower cohesion strength when the F/U molar ratio decreased 
(Park and Kim 2008).

Fig. 5  Change in activation energy (Ea) as a function of the weight-averaged molecular weight (Mw) of 
UF resins prepared with five LVR/HVR blending ratios



677

1 3

Wood Science and Technology (2019) 53:665–685 

Figure 9 shows CLSM micro-photographs resin penetration into the veneers of 
the prepared plywood on both sides of the bond-line using the microtomed sec-
tions. Figure 10 presents the depth of UF resin penetration as a function of Mw for 
the resins with the two F/U molar ratios. The 1.0 and 1.2 F/U resins exhibited the 
maximum resin penetration at Mw of 2400 and 3500 g/mol, respectively, which is a 
similar range to the one for the maximum in E′max. A similar trend of UF resin pen-
etration was observed in both LM and CLSM analysis. The highest depth of resin 
penetration was found at the highest E′max because it resulted in a broad interphase 
of wood and resin. It can be argued that LMW species in the adhesive penetrate 
preferably and further into wood tissues, contributing to the interfacial adhesion in 
the interphase, while those of HMW preferably remain in the bond-line and con-
tribute to the cohesive behavior (Gavrilovic-Grmuša et  al. 2010a, b, 2012, 2016). 

Fig. 6  Change in Eα as a function of α for UF resins prepared with five LVR/HVR blending ratios: a 
1.0 F/U mole ratio resin; b 1.2 F/U mole ratio resin
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Tarkow et al. (1966) reported that the critical Mw of PEG for penetration into the 
softwood tissues was 3000 g/mol.

However, factors such as molecular cross-linking during resin curing also have 
a decisive role in the adhesion performance. Park et  al. (2006b) reported that UF 
resins with F/U molar ratio of 1.6 had a smaller resin penetration depth than that of 
the UF resin with F/U molar ratio of 1.0. The effect of the LVR/HVR blending ratio 
(expressed as Mw of the mix) on the bond-line thickness is presented in Fig. 11. The 
bond-line was considerably thinner for the 1.0 F/U resins than the 1.2 F/U resins. 

Fig. 7  Typical DMA curves of UF resin–wood composites prepared with five LVR/HVR blending ratios. 
a 1.0 F/U mole ratio resin; b 1.2 F/U mole ratio resin
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Moreover, the 1.0 and the 1.2 F/U resins had the thinnest bond-line at Mw of 2400 
and 3500 g/mol, respectively, which suggests that the bond-line thickness was likely 
affected by the Mw of the resins and their depth of penetration. A higher resin pen-
etration resulted in a thin bond-line, but a lower penetration depth, hence, gave a 
thicker bond-line. It was reported that the penetration depth is inversely proportional 
to the bond-line thickness in plywood (Hse 1971). Furthermore, Gavrilović-Grmuša 
et al. (2012) explained that LMW resins are preferentially absorbed into the porous 
wood, while the HMW components remain on the wood surface. In other words, 
HMW molecules preferentially remain on the wood surface and build the thick 
bond-line, which is consistent with the current results.

Figure  12 shows the tensile shear strength and wood failure of plywood as a 
function of Mw of the UF resins based on the various LVR/HVR blending ratios. 

Fig. 8  Changes in E′max and E′min as functions of Mw of UF resin–wood composites prepared with five 
LVR/HVR blending ratios: a 1.0 F/U mole ratio resin; b 1.2 F/U mole ratio resin
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Both 1.0 and 1.2 F/U molar ratio resins had the highest strength at Mw of 2400 and 
3500 g/mol, respectively. In addition, the high wood failure made it difficult to sup-
port tensile shear strengths, because the results might be influenced by the wood 
substance rather than by the cohesive behavior of the resins.

However, it can be concluded that in general, molecules of different sizes play 
different roles in adhesion. LMW molecules are better for wetting the surfaces of 
wood, while HMW molecules can become entangled among each other. Through 
entanglement and further chemical cross-linking of already bigger molecules high 
cohesive strength can be achieved. Cohesion is the ability of the same or similar 
molecules to create internal strength and stiffness and is formed during curing and/
or solidification; adhesion is the ability of different molecules to bond together, such 
as adhesive molecules and wood surface molecules due to secondary forces. By 
combining good cohesion with adhesion, the adhesive can adhere well to the sur-
face of a substrate, and at the same time have sufficient strength in the adhesive line 
(Kumar et al. 2007). Nearn (1974) reported that cell-wall infiltration of a resin can 
be adjusted by controlling the MW distribution of the resin; however, no measure-
ments concerning possible cell-wall infiltration have been performed in this work 
reported here.

Wood failure of 1.0 and 1.2  F/U molar ratio resins in Fig.  12 also showed 
similar changes to the tensile shear strength increasing to a maximum and then 
decreasing again with higher proportion of HVR. Usually higher wood fail-
ures give higher shear strength but limiting the maximum shear strength by the 
strength of the wood material as such. However, in the work reported here, the 
wood failure was in all cases at least at 85% up to nearly 100%; with this high 
percentage, no clear connection between shear strength and wood failure can 
be expected within this small range of remaining cohesive failure of the resin. 
Therefore, the highest wood failure was not exactly consistent with the highest 

Fig. 9  Typical images of CLSM 
for UF resin penetration in the 
bond-line, showing UF resins 
in green and wood in red (color 
figure online)
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tensile shear strength as a function of the Mw (reflecting the LWR/HWR blending 
ratios) of the two F/U molar ratios of resins. Various factors such as wood cell 
type, wood surface quality, chemical composition might have additional influence 
on this behavior.

Conclusions

The effects of MW of UF resins on the viscosity, curing kinetic, interphase, resin 
penetration, and bond-line thickness were closely related to their behavior as 
adhesive.

Fig. 10  Penetration depths of two UF resins as functions of Mw using LM and CLSM: a 1.0 F/U mole 
ratio resin; b 1.2 F/U mole ratio resin
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1. UF resins with two formaldehyde-to-urea (F/U) molar ratios (1.0 and 1.2) were 
prepared as low-viscosity resin (LVR) and high-viscosity resin (HVR), show-
ing higher MW and higher final viscosity due to the different target viscosities 
during the resin cooks. Five LVR/HVR resin blending ratios of 100:0, 75:25, 
50:50, 25:75, and 0:100 were selected to obtain UF resins with different molecular 
weight distributions (different proportion of lower and higher molecular weights) 
and viscosities at both molar ratios. Regardless of the F/U molar ratio of UF 
resins, as the viscosity increased, MW and final viscosity of the mixes increased 
with higher proportions of HVR, while the gelation time decreased. The 1.2 F/U 
molar ratio UF resins had higher MW than those of 1.0 F/U molar ratio UF resins.

Fig. 11  Bond-line thickness of the two groups of UF resins as a function of Mw

Fig. 12  Tensile shear strength and wood failure of plywood bonded with UF resins with different F/U 
mole ratios
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2. According to the Kissinger method, the 1.2 F/U molar ratio UF resins had higher 
Ea values than the 1.0 F/U molar ratio resins. The 1.0 and 1.2 F/U molar ratio 
resins had the lowest Ea values at Mw of 2400 and 2800 g/mol, respectively. The 
results showed that Eα values of the 1.0 F/U molar ratio resins exhibited greater 
deviation at α = 0.5 as the blending ratio increased, while no significant change in 
Eα values was found for the 1.2 F/U molar ratio resins as α increased. Therefore, 
the 1.0 and the 1.2 F/U molar ratio resins showed diffusion-controlled reaction 
and chemical-controlled reaction, respectively.

3. The highest E′max of UF resin–wood composite was found at 2000–2400 g/mol 
for the 1.0 F/U resins and 3500–4500 g/mol for the 1.2 F/U molar ratio resins, 
respectively. It is suggested that this is based on the formation of a broad inter-
phase due to the higher resin penetration and the following thinner bond-line.

4. Microscope analysis confirmed that the bond-line thickness was likely affected 
by Mw of the resins and their penetration depth, and the highest UF resin penetra-
tion was related to the lowest bond-line thickness. In addition, the tensile shear 
strengths of the 1.2 F/U molar ratio resins were higher than those of the 1.0 F/U 
molar ratio resins.

5. For both F/U molar ratio resin series, the presence of certain LMR and HMR 
proportions resulted in the highest E′max, maximum depth of resin penetration, 
thinnest bond-line, and highest shear strength.

6. For the first time, this study reports, in an integrated approach, the impact of MW 
of UF resins (as the consequence of the various LWR/HWR blending ratios) on 
the cohesion and adhesion in bonding wood by analyzing their curing kinet-
ics, interphase, resin penetration, and bond-line thickness, as well as adhesion 
strength.
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