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ABSTRACT 

Urea-formaldehyde (UF) resin is widely used as an adhesive for the manufacture of a range of wood and fiber based 
products. Although the microstructure of this resin has been examined at high resolution by field-emission scanning 
electron microscopy and atomic force microscopy, transmission electron microscopy (TEM) has thus far not been used, 
perhaps because of difficulties in ultrathin sectioning this resin in cured (polymerized) state. In the technical note pre- 
sented here, a novel sample preparation method is described which enabled us to examine the microstructural morpho- 
logy of UF resin by transmission electron microscopy in ultrathin sections, revealing the presence of spherical particles 
within the resin. Our initial attempt to ultrathin section the resin directly was not successful as it was too brittle to trim 
blocks for sectioning. Then, we developed a sample preparation technique that involved impregnation of Pinus radiata 
wood tissues with the UF resin, and then embedding of resin impregnated wood tissues with Spurr’s low viscosity em- 
bedding medium, which has been widely employed in plant and wood ultrastructure work. The TEM images illustrated 
and the information on the microstructural morphology of the UF resin presented are based on this novel sample prepa- 
ration approach. 
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1. Introduction 

Urea-formaldehyde (UF) is an aminoplastic thermo- 
setting resin that forms from chemical reaction between 
urea and formaldehyde. Under certain temperature and 
pH conditions the liquid UF resin polymerizes (cures) 
through condensation and cross-linking reactions. UF 
resin has been widely used industrially as an adhesive in 
the manufacture of a range of wood and fiber based 
products, such as plywood, particleboards and medium 
density fiberboards, because of its high reactivity, fast 
curing rate, light and clear appearance in manufactured 
products and low purchase and application costs amongst 
its many desirable properties and advantages. However, 
there are some important issues related to its use that 
must be addressed to make UF resin also environ-  

mentally acceptable, such as formaldehyde emission 
during the service life of wood based products made 
using this resin. Because of its hydrolytic sensitivity to 
moisture [1], the products made from UF resin are 
generally used in indoor applications, and formaldehyde 
emission over the time from UF resin adhesive based 
products in built environments is a health hazard. This 
has prompted serious efforts at research and development 
to minimize formaldehyde release without compromising 
on the desirable properties of UF resin adhesive [1-3]. 
Achieving this goal will require a thorough unders- 
tanding of the chemical and structural features of UF 
resin in the liquid state, during curing and in the cured 
state. Such features can inform about the adhesion 
quality of UF resin, which can be monitored in relation to 
any parameter changes related to resin preparation, such 
as the proportion of formaldehyde to urea (FU mole *Corresponding author. 
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ratio), the type and level of hardener (accelerator), cure 
temperature and pH conditions, that can be varied to 
reduce formaldehyde emission from UF resin adhesive in 
use. 

Polymer micro- and nano-scale structural characteri- 
zation requires use of high resolution imaging tools and 
techniques, and scanning and transmission electron 
microscopes (SEM and TEM) have been widely used to 
examine microstructural features of a wide range of 
polymers individually and in combinations, including the 
polymers which serve as wood adhesives [1,4-11]. In 
anticipation to develop formulations and processes to 
minimize formaldehyde emission from UF resin, the 
micromorphology of this resin has been investigated by 
SEM in relation to different proportions of formaldehyde 
and urea (FU mole ratio) in the urea-formaldehyde mix 
and the effect of factors, such as hydrolytic reactions 
under acidic and moisture conditions [12], known to be 
responsible for formaldehyde emission from cured UF 
resin [1]. 

The susceptibility of UF resin to hydrolytic degrada- 
tion is thought to be related to its chemical structure and 
degree of cross linking, and in this regard micro- and 
nano-textures may serve as a useful signature for assess- 
ing the extent of degradation from the factors that can 
induce chemical and physical changes in the cured UF 
resin. TEM is a powerful tool to examine micro- and 
nano-textures of polymeric materials. However, to date 
TEM has not been used to investigate the microstructural 
features of UF resin, possibly because of technical diffi- 
culties with sample preparation and ultrathin sectioning. 
We report here a novel sample preparation method that 
enabled us to obtain ultrathin sections of UF resin and 
examine its micromorphological features with TEM.  

2. Materials and Methods 

UF resin is sensitive to exposure to moisture or water and 
may undergo hydrolysis. UF resin also becomes hard and 
extremely brittle after cure. Therefore, in preparing 
samples for TEM observation attention was given to 
avoid contact of samples with water, particularly prior to 
embedding in the polymeric embedding medium. For 
these reasons and the fact that UF resin proved to be an 
extremely difficult polymer for preparing ultrathin 
sections, the methods are described here in much greater 
detail than the description published for routine sample 
preparation for TEM. 

2.1. Preparation of UF Resin 

Urea and formaldehyde (37%) were mixed in proportions 
suitable to prepare UF resins containing low (FU mole 
ratio 1.2) and high (FU mole ratio 1.4) proportions of 

formaldehyde (F) to urea (U) in the resin mix. Resin 
preparation and curing methods were adapted from [1]. 
Initially, films (ca 1.2 mm thick) were prepared by pour- 
ing liquid UF resin, containing 0.1% ammonium chloride 
(NH4Cl) as hardener (accelerator), into aluminum dishes 
and then curing at 50˚C for 24 hours, expecting that it 
would be possible to obtain ultrathin sections directly 
from the resin films without the need for embedding in 
an embedding medium. However, UF resins of both FU 
mole ratios were too brittle to prepare blocks and ultra- 
thin section. It was also not possible to infiltrate and em- 
bed cured films in Spurr’s resin [13], a low viscosity 
embedding medium widely used to embed “difficult” 
samples, such as plant and wood tissues, because of the 
highly compact nature of the UF resin in films. 

A method was developed to fill the lumens of wood 
tissues with liquid UF resin and subsequently cure it, 
hoping that it may be possible to ultrathin section the 
resin contained within the confines of wood cell walls. 
This method worked and is described here in detail. The 
approach taken was similar to that used to prepare ply- 
wood products by gluing several veneers in cross orient- 
tations of their wood grain (long direction of major wood 
tissues), except that we used only two veneer pieces 
(each ca 2 mm thick) and glued them with UF resin ad- 
hesive (UF resin), keeping the direction of wood grain of 
paired veneers same for ease in obtaining sections with a 
sliding microtome. 

2.2. Gluing Paired Veneers and Sectioning 

Liquid UF resin adhesive, containing 0.1% NH4CL as 
hardener, was uniformly spread over one surface of a 
Pinus radiata (radiata pine) veneer piece and then a 
matching veneer piece was placed over the UF resin 
adhesive keeping the orientation of the wood grain of the 
two veneer pieces same. The paired veneers were then 
clamped at either end to apply pressure to spread the 
resin adhesive uniformly over contact surfaces on the 
veneers, and the set was kept at room temperature for 24 
hours to allow the liquid resin adhesive to penetrate into 
wood cells from the adhesive bond line. Subsequently, 
the resin adhesive was cured at 60˚C in an oven for 24 
hours, and then the paired veneer set was prepared for 
sectioning by cutting into small rectangular pieces. 

To avoid direct contact of UF resin adhesive with 
water, the veneer pieces were sectioned dry (without 
softening the wood with water) on a sliding microtome in 
the long direction of wood grain to obtain about 90 µm 
thick sections. The sections were placed between two 
glass slides, clamped on either end to prevent the 
sections from curling and stored at room temperature 
until sample processing for TEM observation.  
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2.3. Resin Infiltration and Embedding 

Prior to infiltration and embedding in Spurr’s resin, the 
sections were placed in 100% acetone in plastic vials for 
15 minutes. The sections were then infiltrated with the 
spurr’s resin mix by gradually increasing the concentra- 
tion of the resin to 50% in acetone over a 2-hour period. 
Caps were then removed from the vials to allow the ace- 
tone to evaporate overnight. The vials were placed under 
vacuum for 5 - 6 hours to remove any remaining traces of 
acetone and to facilitate resin infiltration into veneer sec- 
tions. Subsequently, two changes of fresh resin were 
made over a period of 48 hours, with vacuum applied 
after each change. To embed the samples, fresh resin was 
poured into the slots of an embedding mould, and the 
sections were then placed (one section per slot) and al- 
lowed to sink to the bottom. The mould was placed in an 
oven set at 65˚C for 1 hour, and then taken out to remove 
any air bubbles that had surfaced as well as to reposition 
the sections (if they had moved) correctly to obtain 
transverse sections through wood tissues (Figure 1). At 
this point in time the resin had turned sufficiently viscous 
to hold the sections in place after repositioning. The tim- 
ing was critical, as even 20 - 30 minutes of delay can 
render the resin too viscous to move sections without 
introducing air bubbles, which can become permanently 
trapped within the resin. The mould was placed back in 
the oven and kept for additional 20 hours to ensure com- 
plete polymerization of the embedding medium. 

2.4. Block Trimming, Ultrathin Sectioning,  
Staining and Imaging with TEM 

The resin blocks were placed under a light microscope on  
 

 

Figure 1. SEM micrograph of UF resin adhesive line (ar- 
rows) between paired wood veneer pieces. The vertical dou- 
ble headed arrow indicates the direction of wood grain and 
the horizontal double headed arrow indicates the direction in 
which ultrathin sections were cut. The region of wood tissues 
similar to that shown in the inset was trimmed for ultrathin 
sectioning. This region contains UF resin adhesive filled 
cells (arrows) in contact with and close vicinity to the adhe- 
sive line. Bar in Figure 1 = 250 µm; Bar in inset = 100 µm. 

a glass slide for locating the UF resin adhesive bond line 
and selecting blocks where one end of the section was 
positioned closest to the conical tip of the block. The 
adhesive line was readily distinguishable from wood tis- 
sues, which facilitated selection of the sample region for 
trimming to obtain a block face suitable for smoothening 
with a glass knife. Final trimming was done to reduce the 
size of the block face to contain 6 - 8 wood cells, in- 
cluding those that were in contact with or near the adhe- 
sive line and were filled with UF resin adhesive. The 
blocks were sectioned with a diamond knife on an ultra- 
microtome to obtain 80 - 90 nm thick sections (it was not 
possible to cut any thinner sections without considerable 
distortion because of the extreme hardness of UF resin 
adhesive containing wood tissues). The sections were 
stained for 7 minutes with either 2% aqueous uranyl ace- 
tate or 2% uranyl acetate prepared in 50% ethanol. 
Aqueous uranyl acetate was slightly superior to alcoholic 
uranyl acetate in improving the contrast of UF resin mi- 
crostructure, and therefore the images illustrated are 
based only on staining with aqueous uranyl acetate. Al- 
though the exact mechanism of uranyl acetate staining 
still remains unclear, it has been suggested that this re- 
agent reacts with amino group, and this was the basis for 
selection of uranyl acetate for staining ultrathin sections, 
as UF resin is an aminoplastic resin. The sections were 
viewed with H-7100 Hitachi TEM operating at 75 kV. 

2.5. Sample Preparation and Imaging with SEM 

Micromorphological features of UF resin are also being 
investigated using SEM. However, here the sample 
preparation is only briefly described as SEM observation 
was not the main focus of the work reported, and the 
images illustrated (Figure 1) are only to show the adhe- 
sive line between the veneers and adhesive penetration 
into wood tissues. 

Sections cut from UF resin adhesive glued veneers on 
a sliding microtome were mounted on SEM stubs using a 
carbon adhesive tape, coated with Osmium [14] and ex- 
amined with S-4800 Hitachi FE-SEM at 5 kV. 

3. Results and Discussion 

The results presented are based on a novel sample 
preparation technique developed for TEM examination 
of ultrathin sections of UF resin. Although TEM has 
been widely used to examine ultrathin sections from a 
range of polymeric materials without embedding or after 
embedding in an embedding medium [5,9,15], UF resin 
has not been previously examined by TEM. This may be 
because UF resin becomes very hard and brittle upon 
curing. Although it has been possible to obtain ultrathin 
sections directly from polymeric materials in several 
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TEM studies without the need for embedding them in an 
embedding medium [16-18], our initial attempt to trim 
pieces of thin UF resin films prepared for ultrathin 
sectioning was not successful, as the film was very brittle 
and turned powdery at the surface during trimming with 
a blade. Embedding UF resin films in Spurr’s resin for 
ultrathin sectioning also did not work, as the films were 
compact and un-penetrable by Spurr’s resin. The exact 
reason for resin compactness is not known; we assume 
that the release of water as a byproduct of reaction of 
urea with formaldehyde and its escape during resin 
curing may be responsible, as the resin is known to 
shrink greatly due to loss of water. 

Knowing that it has been possible to obtain ultrathin 
sections from Spurr’s resin embedded wood tissues in 
contact with polyvinyl acetate (PVA) glue line in PVA 
bonded P. radiata boards [5], we prepared samples 
where pairs of small sheets of P. radiata wood veneers 
were glued with UF resin adhesive, as described in the 
materials and methods section (Figure 1). This approach 
worked, and it was possible to obtain ultrathin sections of 
Spurr’s resin embedded wood cells that were in contact 
with or in vicinity to the adhesive line and were filled 
with UF resin adhesive (Figure 1 inset). The reason why 
this method worked may be that UF resin contained 
within cell lumens is not likely to shrink much (if any) 
because the resin is physically constrained by the en- 
closing cell wall. Indications are that low molecular 
weight resins, including UF resin [19], can penetrate into 
wood and fiber cell walls. It is thus expected that the 
continuity of UF resin adhesive across cell lumen-cell 
wall will restrain the resin adhesive contained in the cell 
lumen from shrinking within the confines of the cell wall 
during curing. This could explain why it was possible to 
obtain ultrathin sections through UF resin adhesive mass 
contained within cell lumens, as Spurr’s resin would not 
only have penetrated cell walls but also the resin adhe- 
sive contained in cell lumens. 

There are no previous reports of TEM studies of UF 
resin, and the novel sample preparation method devel- 
oped is enabling us to undertake a TEM imaging based 
comparison of the microstructure of UF resins differing 
in the proportions of formaldehyde to urea (FU mole 
ratios) and also curing methods, such as the level of 
hardener used to accelerate the curing process. Here we 
illustrate images from TEM examination of ultrathin sec- 
tions cut through UF resin adhesive contained within the 
lumens of cells located close to and in contact with the 
adhesive line (Figure 1). 

We are investigating the microstructure of UF resin of 
a range of FU mole ratios cured using different levels of 
the hardener (NH4Cl), but the illustrations presented are 
of the UF resin of only two FU mole ratios, selected to 

represent a low (FU mole ratio 1.2) and a high (FU mole 
ratio 1.4) mole ratio, that differ greatly in their micro- 
morphological features. In the image depicted in Figure 
2, from a section taken through 1.2 FU mole ratio resin, 
spherical particles that have positively reacted with 
uranyl acetate and vary greatly in their size densely fill 
the lumen of the wood cell sectioned. In the higher mag- 
nification view of the boxed region in Figure 2 presented 
in Figure 3, several particles appear to be in close con- 
tact with each other, arranged linearly and in other for- 
mations, and indications are that they may be coalescing. 
In the image depicted in Figure 4 from a section taken 
through 1.4 FU mole ratio resin, spherical particles are 
also present; however, the particles are more uniform in 
their size and shape and far fewer in number compared to 
the 1.2 mole ratio resin. The particles have a similar mor- 
phology to the structures visualized in a few previous 
studies of UF resin employing SEM and described as 
spherical structures [1,4]. Our observations confirm the 
presence of such structures in UF resin by TEM, and 
support the proposed colloidal characteristics of this resin 
[20,21]. 

During curing, UF resin undergoes cross-linking reac- 
tions, and it is considered that higher mole ratio resins 
are more highly cross linked than lower mole ratio resins. 
The exact relationship of spherical particles to changes 
occurring at the molecular level during curing of differ- 
ent mole ratio UF resins is not fully understood. Presence 
of greater number of spherical particles in the 1.2 mole 
ratio UF resin than in 1.4 mole ratio resin suggests that 
there may be a link. Lower mole ratio UF resins are con- 
sidered to be less cross linked than higher mole ratio UF 
resins, and this may be relevant in this regard. Our cur- 
rent work employing FE-SEM in combination with TEM 
to characterize the micromorphologies of liquid and  
 

 

Figure 2. TEM micrograph of part of a cell containing UF 
resin adhesive (FU mole ratio 1.2) filled with different size 
spherical particles (arrowheads). The arrow indicates cell 
wall. The boxed region is shown at high magnification in 
Figure 3. Bar = 2.5 µm. 

Copyright © 2013 SciRes.                                                                                  MR 



Short Communication—A Novel Sample Preparation Method That Enables Ultrathin  
Sectioning of Urea-Formaldehyde Resin for Imaging by Transmission Electron Microscopy 

5

 

Figure 3. Higher magnification view of the boxed region in 
Figure 2. Linearly aligned particles (dotted lines) and the 
groups of particles shown at the arrowheads appear to be 
coalescing. Bar = 1 µm. 
 

 

Figure 4. TEM micrograph of UF resin adhesive (FU mole 
ratio 1.4) containing spherical particles (arrowheads). Par- 
ticles are more uniform in the size and morphology and are 
fewer in number than in 1.2 mole ratio resin adhesive 
(compare with Figure 3). Bar = 1 µm. 
 
cured UF resins of different mole ratios and planned 
work involving high resolution chemical and physical 
characterization to understand the nano-architecture and 
molecular changes underlying the transformation of liq- 
uid to cured state UF resins may shed some light on the 
organization and functional relevance of the particulate 
phase of UF resin. In this regard, presence of greater 
amount of ordered crystallites in cured lower FU mole 

ratio UF resins than in higher mole ratio UF resins is of 
interest [22]. 

In conclusion, the novel sample preparation technique 
described made it possible to ultrathin section and exam- 
ine for the first time cured UF resins by TEM, which will 
no doubt prove to be an important high resolution tool, 
filling the much needed gap in structural characterization 
in this area of work, that may be useful in developing 
formulations and processes to minimize formaldehyde 
emission from the UF resin in use as wood adhesive.   
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