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PENETRATION OF UREA-FORMALDEHYDE ADHESIVES IN
WOOQOD TISSUE
PART I: RADIAL PENETRATION OF UF ADHESIVES INTO
BEECH

Abstract: Adhesive penetration plays an important role in wood adhesion, since
wood is a porous material. The degree of penetration mostly depends on the wood
factors, resin type and formulation and processing parameters. Tangentially cut
5 mm thick beech wood (Fagus moesiaca) plies, 100 mm long (parallel to grain)
and 30 mm wide, were prepared for this study. The urea-formaldehyde (UF) adhe-
sive was applied to the surface of one ply. Two plies were assembled into sample
so that the grains of two plies were parallel. Samples were pressed in a hydraulic
press at 120°C and 0,7 MPa for 15 min. Microtome test-specimens were cut of each
sample. 20 pm thick microtomes were cut by sliding microtome apparatus, expos-
ing a bondline with a cross-sectional surface. The lack of more exhausting research
on the penetration of urea-formaldehyde adhesives in wood is evident. Since urea-
formaldehyde (UF) glue resins were the most important type of adhesives in the
wood industry in the last 60 years (Dunky, 2000), the objective of this research
was microscopic detection of UF adhesive penetration in wood tissue. Four types
of UF resins with different levels of polycondensation were used in this research.
Safranin was added in resins, since epi-fluorescence microscope was used in this
research for measuring the adhesive penetration.
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MNEHETPAIIMJA YPEA-®OPMAJIAEXUJIHOI' AAXE3UBA ¥ TKUBO
JAPBETA

AEO I: PAINJAJIHA NIEHETPALIUJA YO AAXE3UBA Y IPBO BYKBE
U3Boa: Ilenerparuja anxe3nBa MMa 3HaYajHy yJIOTY y aJXe3Hju JpBETa, MOLITO
je apBo mopo3Hu Matepujai. CTeneH MeHeTpannje HajBUIIe 3aBUCH O (akTopa
JpBETa, BPCTE M PELENType aJxe3uBa U IMapamerapa IpecoBama. 3a 0BO UCTpa-
JKUBambe MPHUIIPEMJbEHE Cy TAaHTEHIMjaJIHO pe3aHe Jamdune (0ouHuie) 6ykoBor
npeeta (Fagus moesiaca) nebspune 5 mm, ayxure 100 mm (mapajienHo ca Bia-
KHMMa) U mwupuHe 30 mm. Ypea-dopMaiiexuIHi aJXe3UB je HaHElIeH Ha ITOBpP-
LIMHY jeJHe MIo4HLe. J[Be qanryuie cy Clien/beHe y y30paK Tako Ja cy UM mapa-
JIeJIHA JIPBHA BJIAKHA. Y30pIM Cy MPECOBAHU y XHUJPAyJIH4HOj mpecu 15 min Ha
temreparypu ox 120°C m mpurucky on 0,7 MPa. Ilompeuynnm MHKpPOTOMCKH
npemnapaty, aedspuHe 20 um ucedenu cy Ha kiausehem mukporomy. EBunentan
je HemocTaTak MCLUPIHUJUX MCTPaXKHBama MeHeTpanuje ypeadopMaiexJHIX
(Y®) anxe3uBa y apso. Ilomrto cy Yd-cmore HajBakHUja BpCTa aAXe3UBa y JIp-
BHOj HHAYCTPHjU y Iocaeamux 60 roqnHa, Ik OBOT HCTPAXKUBAKbA j€ MUKPOCKO-
TIcKo ofpehuBame YD-aaxe3nBHe IeHEeTpanrje y TKUBO JpBeTa. Y CBPXY OBOT HC-
TpakuBama kopuirhere cy yetupu YP-cMoIIe pa3IuuuTor CTeNneHa HoJIUKOHIeH-
3anuje. Y Be3uBa je no7at cadpaHUH MOIITO je 3a MEPEHE NyOUHE MEeHEeTpaluje
ajixe3uBa KopuinheH enu-QryopeceHTHE MUKPOCKOII.

KibyuyHe peun: neserpamnuja, O0yKoBO ApBO, IPUTHCAK, CTEIICH MOJIUKOHACH3AIIH-

je, YO®-anxes3us, GayopecrieHTHa MUKPOCKOTIHja

1. INTRODUCTION

The use of polymeric resins to bond wood components has played a vital role in the
development and growth of the forest products industry. Adhesives are indispensable for
the process of manufacturing wood products. However, on an equivalent weight basis, ad-
hesives are very expensive compared to wood, and therefore their use must be judiciously
controlled (Kamke, Lee, 2007).

Since wood is a porous material, adhesive penetration plays an important role in
wood adhesion. To facilitate adequate mechanical interlocking, the adhesives must have
penetrated into the wood before it is cured (Wang, Yan, 2005). The degree of penetra-
tion depends on the wood factors (e.g. species, cutting direction: tangential, radial and
longitudinal, earlywood and latewood, heartwood and sapwood, surface energy), resin
type and formulation (e.g. molecular weight distribution, solid content, addition of fill-
ers and other additives, surface tension of the liquid phase of the adhesive), process-
ing parameters (e.g. open assembly time, pressing time, temperature and consolidation
pressure).

Adhesive penetration into wood may be categorized into gross penetration (mi-
crometer level penetration) and cell-wall penetration (nanometer level penetration). The
former results from the flow of liquid resin into the porous structure of wood, mostly fill-
ing cell lumens. The latter occurs when resin diffuses into the cell wall or flows into micro
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fissures. Gross penetration has been defined as a motion of adhesive from the external
surface into the capillary structure of wood and encapsulating fractures and surface de-
bris caused by processing (Marra, 1992). Gross penetration is due mainly to hydrody-
namic flow and capillary action. Hydrodynamic flow is initiated by an external compres-
sion force, usually as a result of a clamp or a press employed to mate the wood surface to
be bonded. Flow then proceeds into the interconnected network of lumens and pits, with
flow moving primarily in the path of least resistance.

There are many techniques that have been successfully employed to study ad-
hesive penetration in wood, such as transmitted end reflected microscopy, fluorescence
microscopy, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Fluorescence microscopy was found superior to other optical techniques for ap-
plications where there is poor color contrast in the interphase region (Furuno, Saiki,
1988, Brady, Kamke, 1988). An epi-fluorescence microscope is equipped with a three-
component optical filter set. A high intensity, broadbend light source produces a wide
spectrum of wavelength (Kamke, Lee, 2007).

Based on literature review, the lack of more exhausting research in the penetration
of urea-formaldehyde adhesives in wood tissue is evident. It is particularly true having
in mind many variable factors mentioned above. Since urea-formaldehyde (UF) glue res-
ins were the most important type of adhesives in the wood industry in the last 60 years,
especially for the production of wood based panels, gluing of furniture elements and ve-
neering (Dunky, 2000), the objective of this research was microscopic detection of urea-
formaldehyde adhesive penetration in wood tissue.

2. EXPERIMENTAL

2.1. Materials

a) Samples and preparation of microtome sections

Tangentially cut 5 mm thick beech wood (Fagus moesiaca) plies, 100 mm long
(parallel to grain) and 30 mm wide, were prepared for radial penetration. Before bonding,
the wood plies were conditioned in standard climate conditions (=20+2°C and ¢p=65+5%)
and their moisture contents (MC) were 10%. The urea-formaldehyde (UF) adhesive was
applied to the surface of one ply. Two plies (with and without adhesive) were assembled
into sample so that the grains of two plies were parallel. Samples were pressed in a hy-
draulic press at 120°C and 0,7 MPa for 15 min.

After hot pressing, bonded samples were conditioned again in standard climate
conditions. Three microtome test-specimens from different locations of each sample were
prepared. Several 20 um thick microtome sections were cut of each test-specimen, by slid-
ing microtome apparatus, exposing a bondline with a cross-sectional surface.

41



Ivana Gavrilovi¢-Grmusa, Jovan Miljkovié, Milanka Diporovi¢-Mom¢ilovié, Gordana Radosevié

b) Urea-formaldehyde (UF) resins

Four types of UF resins with different levels of polycondensation produced in Du-
kol - Ostrava, Czech Republic, were used. Levels of polycondensation were in progress
from resin UF I (the lowest) to UF III (the highest). The resin UF IV had an equal degree
of polycondensation as resin UF III, but urea was added in the end of production UF IV
in order to obtain commercial adhesive in E1 class. The resins UF I, UF II and UF III had
a molar ratio of formaldehyde (Fd) vs. urea (U) 2.0, while the resin UF IV had this Fd vs
U ratio of 1.45.

These UF resins were prepared by addition of 10% wheat flour and 0,05% safranin.
The addition of ammonium sulphate catalyser for UF I and UF IV was 0,5% and for UF
1T and UF III was 0,3%. All ingredients were added on dry weight base.

Table 1. The characteristics of resins and prepared adhesives UF I, UF II, UF III and UF IV
Tadena 1. CojcTBa KynoBHux u npunpemibernx Besusa UF I, UF 11, UF 11l u UF IV

Property
CaojcTBO
Dry matter | Brookfield viscosity | Gel time
Cajgp:xaj cyse | Buckosurer no Bpeme
cyncTaHue Bpykduany JKeJIupamba
% mPa s
Serbian standard JUS
SRPS JUS H.K8.023 JUS H.K8.022 HKS.025
Resin 53.66 218 58
Kymnosno Be3uBo
Url P d adhesi
repared adhesives
[IpunpemsbeHO BE3UBO >4.43 45 5
Resin 53.65 281 59
Kynosno Be3uso
UFII -
5 Prepared adhesives 5430 745 60
22 IIpunpemsbeHo BE3UBO
= =
5 -
- Resin 53.83 555 58
KynosHo Be3nBo
UF 111 -
Prepared adhesives 5456 1644 59
[TpunpemsbeHO BE3UBO ’
Resin 65.65 2052 59
KymnoBHo Be3nBo
UF IV s L adhosi
repared adhesives
[IpunpemspeHO BE3NBO 479 460 ol

The same dry content and gel time of prepared adhesives, were essential for the
purpose of clear understanding and comparison of their penetration into wood tissue.
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Therefore, the gel time was adjusted by addition of different quantity of catalyser, while
dry content was adjusted by addition of water (into UF IV only).

Prepared UF adhesives were applied on the surface of one ply at a loading level
0f 200 g'm—2.

Table 1 shows the characteristics of both UF resins and prepared adhesives.

2.2 Methods

The interphase region of the adhesive bond is defined as the volume containing
both wood cells and adhesive (Brady, Kamke, 1988). The size of the interphase region
is determined by the depth of penetration of the adhesive. The average penetration (AP)
was calculated as the mean value of penetration depth measured on the 25 positions along
1400 um of bondline for each microtome slide section. The filled interphase region (FIR)
was expressed as the percentage of the ratio of the area covered by adhesive vs. total in-
terphase region (including the unfilled lumen area).

Epi-fluorescence microscope (LEICA DM LS) was used in this research for mea-
suring the adhesive penetration. The optical filter set used consisted of a 450 nm excitation
filter, 510 nm dichromatic mirror and a 515 nm emission filter. The image analysis system
included a colour video camera (LEICA DC 300), a Pentium personal computer, image
processing and analysis software (IM1000) and a LG high resolution image monitor.

2. RESULTS AND DISCUSSION

In this research dry matter and gel time of prepared adhesives, as well as loading
level and press factors (press time, temperature, and pressure) were constant.

The average depth of radial penetration as a function of different degree of poly-
condensation of UF adhesives was presented in Figure 1.

Degree of polycondensation increases from UF I (the lowest) to UF III (the high-
est). Indirect measure for degree of polycondensation was shown as a Brookfield viscosity
(mPa) in Table 1. Viscosity of prepared adhesives rises from 545 mPa UF I, to 745 mPa
UF II, and successively to 1644 mPa UF III. The higher the degree of polycondensation,
the larger the molecules of prepared polymer adhesive. Hence, the penetration depends
on the ratio of an average anatomical vessel (lumen) diameters vs. the average size of
polymer molecules. For the purpose of gross penetration measurement, depth of penetra-
tion might be correlated to the viscosity. It is evident from Fig. 1 that depth of penetration
decreases with the raise of viscosity i.e. with the raise of degree of polycondensation and
molecular size. However, prepared adhesive UF IV was diluted having the lowest viscos-
ity of 460 mPa and consequently high penetration depth again. This adhesive thus does
not follow the decreasing trend.
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Figure 1. The average penetration depth as a function of viscosity (different degree of polycon-
densation) of UF adhesives

Cauxa 1. [Ipocedna nyOuHa meHeTpannje y 3aBUCHOCTH OJf BUCKO3HUTETA (Pa3IMUUTOT CTEICHA
rnonukoHAeH3anuje) Yd-aaxe3npa

The photomicrographs (Figure 2 and Figure 3) confirmed the mentioned state-
ments. Thereafter, it might be observed that the adhesive fills the lumens of vessels. The
percentage of vessels at the bondline, directly influences the depth of penetration. Since,
beech is a diffuse porous species, the distribution of vessels was uniform within annual
rings. It was noticed that penetration of adhesive into ray cells is omitted, presumably
because of presented cells content in their lumens. The effect of adhesive penetration
could be expressed by partly filled or fully filled anatomical vessels of wood tissues in
interphase region.

Mechanical elements of anatomic structure are not convenient for the penetration

of adhesives. This is probably because they have thick cell walls and small lumens. The
narrow pits contribute to this effect.

The percentage filled interphase region as a function of different degree of poly-
condensation of UF adhesives was illustrated in Figure 4.

The filled interphase region, as well as the depth of penetration, correlated to the
viscosity. It is evident from Fig. 4 that filled interphase region decreases with the raise of
viscosity, i.e. with the raise of the degree of polycondensation and molecular size. On the
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Photomicrograph of UF I with safra- Figure 3. Photomicrograph of UF II with Safra-
nin bondline, using epi-fluorescence nin bondline, using epi-fluorescence

Muxkpodororpaduja nunuje nembe- Cuauka 3. Mukpodororpaduja nuHuje senbe-
wa UF [ ca cadppanunom, momohy
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Figure 4. The percentage filled interphase region as a function of viscosity (different degree of
polycondensation) of UF adhesives
Cuinka 4. CTereH HCIy lbeHOCTH 30HE JICIIbCHba Yy 3aBUCHOCTH 01 BUCKO3UTETa (Pa3IHUUTOr CTe-
HeHa MOJIUKOHAeH3auje) YPD-anxe3nBa
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contrary of dept of penetration, in the case of prepared adhesive UF 1V, filled interphase
region follows the decreasing trend. This is probably because there were filled vessels
with adhesive far from bondline, which enlarged the interphase region. It was noticed
during the measurement of penetration depth of prepared UF IV adhesive.

4. CONCLUSION

Depth of adhesive penetration is very variable in beech wood tissue. The effect of
adhesive penetration could be expressed by partly filled or full filled anatomic vessels in
interphase region. For instance, adhesive penetration into lumens of ray cells was inhib-
ited by their cell content. Thus, filled interphase region gives an additional information
on penetration character.

Depth of radial penetration of prepared urea-formaldehyde adhesives of different
viscosity in the beech wood tissue, decreases with raising adhesive viscosity (degree of
polycondensation). For each viscosity raise of 10 mPa, the depth of penetration decreases
averagely for 1,54 um. Similarly, the percentage of filled interphase region mostly follows
the depth of penetration. For each viscosity raise of 10 mPa, the percentage of filled inter-
phase region decreases averagely by 0,156%.

The above mentioned relations, as well as the new relations, will be the objective
of further research and evaluation.

Epi-fluorescence microscope supplied with appropriate computer program for cal-
culation of depth of penetration and percentage of filled interphase region, presents a prop-
er technique for the diagnostic of phenomenon of adhesive penetration in this research.

Acknowledgement: The research presented in this paper was financed by the Ministry of Science and Tech-
nological Development, Project “Wood biomass as a resource of sustainable development
of Serbia* 20070-TP.
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Wpana 'aBpunosuh-I'pmyma

JoBan MuspkoBuh

Munanka bunoposuh-Momunnosuh
l'opnana Pagomesuh

HNEHETPAIINJA YPEA®OPMAJIAEXUJHOI AIXE3UBA Y TKUBO JIPBETA
JEO I: PAINJAJTHA IEHETPAIIMJA Y®-AJIXE3UBA Y IPBO BYKBE

Pesume

JyOuna panujanHe neHeTpanyje NpUIpeMIbeHUX ypea-GpopMalaexuJHuX aaxe3nuBa pa-
3IMYUTHX BUCKO3UTETA y TKHBO OyKOBOT ApBETa ONaja ca MOpPAacTOM BHCKO3UTETA (CTENeHaA I10-
nukoHaeH3anuje). [lenerpamnuja 3aBucu o 0qHOCA MPOCEYHUX MPEYHUKA Tpaxeja U MpoceyHe Be-
JIMYUHE MOJICKYJIa IOJIMMeEpa.

Edekar nenerpanuje aaxe3uBa MoXe ce M3pa3sUTH JEIMMUYHO M NMOTHYHO MCITYHEHHM
Tpaxejama JPBHOT TKMBA y 30HH JeIJbemha. Nenujcku caapikaj y JyMEeHHMa Tpaka JIMTHyMa CII-
peuaBa meHeTpalujy aaxe3usa y mHux. Enu-diayopecienTHa MUKpOCcKonuja je oaroapajyha re-
XHHKa 33 IjarHOCTUKY (heHOMEHa MeHeTpaIije aXxe31Ba.

JyOuHa neHeTpaluje ajxe31Ba je BeoMa BaprujabuiIHa Ko JPBHOT TKMBa OyKBe, Ma HCIy-
HCHOCT 30He JICNJbeba Aaje JoJaTHe HeonxoqHe nH(popMallije 3a orieHy neHerpaiuje. Ha ocHoBy
pesyJiTaTta U3 OBOT Pajia, MOJKE CE 3aKJbYYMTH J1a HCITYyBEHOCT 30HE JICTIJbEeba Ol1a/ia ca MopacToM
BHCKO3UTETA aJIXC3MBa.

CTeneH UCTTYBEHOCTH 30HE JIETJhCha YIITABHOM MPaTH AyOHHY TICHETpallyje.
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