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Abstract: Penetration is the ability of the adhesive to move into the voids on the
substrate surface or into the substrate itself. Wood’s cellular nature allows signifi-
cant penetration of the adhesive into the substrate. Objective of this work was the
evaluation of the penetration and hence the distribution of urea-formaldehyde (UF)
resins by means of microscopic detection of the penetration of such UF adhesives
into the wood tissue. Tangentially cut 5 mm thick silver fir (Abies alba Mill.) plies,
100 mm long (parallel to the grain) and 30 mm width, were prepared for this study.
Four types of UF resins with different degree of condensation were investigated
in this research. Safranin was added to the resins and epi-fluorescence microscope
was used for measuring the adhesive penetration. The UF adhesive mixes, con-
sisting of the various resins, extender and hardener were applied to the surface of
one ply. Two plies, one with applied adhesive mix and one without adhesive mix,
were assembled with parallel grain direction. Samples were pressed in a hydrau-
lic press at 120°C and 1.0 MPa for 15 minutes. Test-specimens of 20 um thickness
were cut of each sample using a sliding microtome apparatus, exposing a bondline
on a cross-sectional surface. The results show a significant correlation between the
penetration behaviour and the degree of condensation (molecular sizes, viscosity)
of the resins. The higher the degree of condensation, the lower the possibility for
penetration, expresses as average penetration (AP) and as portion of filled tracheids
on the whole cross section of interphase (filled interphase region FIR).
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NEHETPAIINJA YPEA-®OPMAJIIEXUIHOI' AAXE3UBA ¥ TKHUBO
JAPBETA
Heo I1: Pagujanna nenerpanuja Y@ aaxe3usa y ApBo jese

M3Bon: Ienerpanuja npencraBba CIOCOOHOCT aaXe3uBa Ja yJa3u y Npa3HUHE
Ha TOBPIIMHU JPBETa WM y caMo JapBo. Rennjcka npupona apeera omoryhasa
3Ha4ajHy MEHEeTpauujy aJxe3uBa y TKUBO JpBeTa. [IpenMer oBOr HCTpaKHuBamba
je TIpoIieHa MeHeTpanuje, a MoToM U JUCTpudynuje ypea-popmanaexunnux (YD)
CMOJIa MHKPOCKOIICKOM JIeTEKIINjOM IIeHeTpannje onropapajyhnx YO agxesusa y
TKUBO ApBeTa. TaHTeHIMjaIHO pe3aHe namryuie (0oyHuIe) ApBeTa OOUYHE jeie
(Abies alba Mill.) nebsmpune 5 mm, xysxunre 100 mm (mapajieiHo ca BIaKHHUMa) U
mupuHe 30 MM npunpemMsbeHe Cy 3a 0BO UCTPaKUBambE. Y CBPXY OBOT HCTPAXKHBa-
Ba Kopumhere cy yetupu Y@ cMole pa3IHuuTor CTeNeHa MOJuKOHAeH3anuje. Y
BE3MBa je NoAaT capaHUH IOLITO je 3a Mepemke NyOrnHE MEeHeTpannje aaxe3nBa
kopuheH enu-(IyopeceHTHN MUKPOCKoI. Y® ajxe3uBH, cacTaBJLEHU Of pas3-
JUYHUTUX CMOJIA, Ty HUOLA ¥ KaTaIM3aTopa, HAaHEIICHH Cy Ha IOBPIIMHY je/IHE I1JI0-
yuie. [IBe gamrduiie, jesiHa ca u jefHa 6e3 ajxe3uBa, Cy CIEMJbEHE Y y30paK TaKo
J1a Cy UM T1apaliesiHa IpBHa BJIaKHa. Y30pIH Cy IIPECOBaHH Y XHPAYJIHIHOj IPECH
15 min ua temneparypu on 120°C u nputucky ox 1,0 MPa. Tlonpeunun MUKpO-
TOMCKH Tpernapartu, aedsprae 20 WM MCceYeHn cy U3 CBAKOT y30pKa Ha Kiau3ehem
MHKpOTOMY. Pe3ylitartu nokasyjy 3Ha4ajHy 3aBHCHOCT U3Mel)y neHerparuje u cre-
NeHa KOHJIeH3anHuje (BeTMINHe MOJIeKyJIa, BICcKo3uTeTa) cmoue. IlITo je Behu cre-
MeH KOHJIeH3allHje, Mama je MOryhHOCT 3a MeHeTpalujy, M3pakeHa Kao Mpoced-
Ha nererparyja (I1I1) u kao yaeo UCymEeHUX Tpaxeuaa y OJHOCY Ha 1ely 30HY
JIeTJbeba (UCIIYBEHOCT 30HE JICTIIbEHA).
Kibyune peun: nenerpanuja, oonuna jena (Abies alba Mill.), crenen kouaeH3a-

nuje, ypea-popmangexugau (Y®) anxesus, QryopecueHTHa

MHKPOCKOIIH]a

1. INTRODUCTION

Penetration is the ability of the adhesive to move into the lumens and cell walls.
The filling of the lumens has long been one measure of penetration, but penetration can al-
so involve the movement of the adhesive into the cell wall. Although it is generally known
that proper penetration is important to strong bonds, it is not clear whether penetration
into the lumens or the cell walls is more critical. Marra (1992) referred to penetration as
a process of fluid movement. Mechanical interlocking, covalent bonding and secondary
interactions have all been proposed as significant mechanisms (Marra, 1992, Wang,
Yan, 2005). However, in each case adhesive penetration, and the associated intimate
contact with internal surface, will play an important role. The penetration of adhesives
into wood is most often examined at the cellular level. Some lumens have openings on
the surface as a result of slope of grain so that the adhesive can flow into the lumen; this
is more likely with larger diameter cells in softwood.

Factors that influence the filling of the lumens can be classified into those that are:
— Wood-related, such as diameter of the lumen and exposure on the wood surface;
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— Adhesive-related, such as its viscosity and surface energys;
— Process-related, such as assembly time, temperature, pressure, moisture level.

In most bonding applications, adhesive penetration into the adherend does not
occur to any great degree, but it is very important for wood. The proper degree of pen-
etration influences both the formulation of the adhesive and the bonding conditions. The
proper balance needs to be obtained in that poor bonds will result from either under- or
over-penetration. In under-penetration, the adhesive is not able to move into the wood
enough to give a strong wood-adhesive interaction. In contrast, with over-penetration
so much of the adhesive moves into the wood that insufficient adhesive remains in the
bondline to bridge between the wood surfaces, resulting in a starved joint. To solve these
problems, the viscosity and composition of the adhesive can be adjusted (Frihart, 2005).

Though a large amount of information on resin penetration has been collected over
the years using various techniques, the location of the penetrated resin under influence of
resins with different levels of polycondensation is still largely unclear.

Former results concerning the penetration of urea-formaldehyde (UF) resins were
reported by Scheikl and Dunky (1996, 1998), Brady and Kamke (1988) or others.

Despite of these existing results and experience, the lack of more exhausting re-
search on the penetration of UF resins and adhesive mixes with different levels of poly-
condensation into wood tissue is evident and needs more attention, since these adhesive
resins were the most important type of adhesives in the wood industry last 60 years
Miljkovié, 1993, Dunky, 2000).

Lumen penetration can be successfully examined by epi-fluorescence microscopy
which is equipped with a three-component optical filter set. A high intensity, broadbend
light source produces a wide spectrum of wavelength (Furuno, Saiki, 1988, Kamke,
Lee, 2007). Typically, this type of technique involved adding a fluorescent marker into
resin to make it visible.

Providing previously, the objective of this study was the evaluation of the penetra-
tion and hence the distribution of UF resins with different levels of polycondensation by
means of microscopic detection of the penetration of such UF adhesives into the wood
tissue.

2. EXPERIMENTAL

2.1. Materials

a) Samples and preparation of microtome sections

Tangentially cutted 5 mm thick silver fir wood (Abies alba Mill.) plies, 100 mm
long (parallel to grain) and 30 mm width, were prepared for radial penetration. In order
to have statistically representative results, silver fir plies were randomly selected. Before
bonding, the wood plies were conditioned in standard climate conditions (7=20+£2°C and
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0=65+5%) causing moisture contents (MC) of 10%. The urea-formaldehyde (UF) adhe-
sive was applied to the surface of one ply. Two plies (with and without adhesive) were as-
sembled with parallel grain directions of two plies. Samples were pressed in a hydraulic
press at 120°C and 1.0 MPa for 15 minutes.

After hot pressing, bonded samples were conditioned again in standard climate
conditions. 20-pm-thick microtome test specimens were prepared from different loca-
tions of each sample by a sliding microtome apparatus, exposing a bondline with a cross-
sectional surface.

b) Urea-formaldehyde (UF) resins

Four types of laboratory UF resins with different degrees of condensation were
provided for the investigations described here by DUKOL Ostrava, s r.o. (Ostrava, Czech
Republic). The different degrees in condensation (DOC) were in progress from resin UF |
(lowest DOC) to UF III (highest DOC). Resin UF 1V had an equal degree of condensation
as resin UF III, but urea was added at the end of the condensation step. The resins UF I,
UF II and UF III had a molar ratio formaldehyde to urea (F/U) of 2.0, while for resin UF
IV the molar ratio was F/U=1.45.

The resin mixes used in these investigations here and applied onto the various
wood surfaces were prepared by addition of 10 mass % of wheat flour as extender and 0,05
mass % of safranin as marker (based on solid resin). The addition of ammonium sulphate
as hardener was 0.5% for UF I and UF IV and 0.3% for UF II and UF III, both values ex-
pressed as solid ammonium sulphate on dry weight base.

Table 1. Characteristics of the resins and the prepared adhesive mixes UF I, UF II, UF III, and
UF IV
Tadena 1. CBojcTBa KyNOBHUX U MpUIipeMsbeHUX Be3uBa YO [, YO I, YO [1T u YO IV

Value
Unit g §_ Bpeanocr
“ Property o = UF I UF 11 UF 111 UF IV
Ne X Jen. c =
CBojcTBO S =
Mepe| &= &
© | A| B |A|B|A|B|A|B
Dry content o n v a n o v o
. o JUS NG < o ) 0 o) o SN
1 Canpxaj cyBe % o < s < oS < - <
H.K8.023| & S bS] N ey ln o )
CyIICTaHIIe
Brookfield vis-
cosity (20°C) Jus % v — v " 3 a o
2 BuckoszuTrer 1o mPa HXKS8.022| o @ & & A = :“ ¥
Bpyxdunny (20°C)
3 Gel time s JUS ) o o o ) o o —
Bpewme xenupama HK8.025 i i © - - - -

Legend: A - resin, B - prepared adhesive mixes
Jlerenaa: A - KyrnoBHO BE€3MBO, B - mpunpeMbeHO BE3UBO
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For the experiments the same dry content and the same gel time of the prepared
adhesive mixes were adjusted; this fact looked essential for the purpose of clear under-
standing and comparison of the penetration of the various adhesive mixes into wood tis-
sue. The gel time was uniformed by addition of different quantity of the hardener, while
the dry content was adjusted by addition of water (into UF IV only).

The prepared UF adhesive mixes were applied on the surface of one ply at a load-
ing level of 200 g-m2.

Table 1 shows the characteristics of both, the UF resins and the prepared adhesive
mixes.

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 this interphase re-
gion was determined by measuring the depth of penetration of the adhesive. The aver-
age penetration (AP) was calculated as the mean value of individual penetration depths
measured at 45 positions along the length (1,400 pm) of the bond line for each microtome
slide section. The filled interphase region (FIR) was expressed as percentage of the ratio
of the area covered by adhesive based on the total interphase region (including the un-
filled lumen area).

Epi-fluorescence microscope (LEICA DM-LS) was used in this research for adhe-
sive penetration measurement. The used set of optical filters consisted of 450 nm excita-
tion filter, 510 nm dichromatic mirror, and a 515 nm emission filter. The image analysis
system included a colour video camera (LEICA DC-300) and the image processor with
analysis software (IM1000 by LEICA Microsystems, Heerbrugg, Switzerland).

3. RESULTS AND DISCUSSION

A silver fir structure representing the prosenchyma or fluid-conducting tissue
which consists of the longitudinal tracheids, which make up the bulk of the structure
(about 93%), and the parenchyma which includes mostly the ray parenchyma. The lumens
of longitudinal tracheids are large enough to provide a good pathway for liquid-phase
resin flow.

In this research dry content and gel time of the prepared adhesive mixes as well as
loading level and press factors (press time, temperature, and pressure) were held constant.

The average depth of radial penetration as a function of viscosity (different degree
of condensation) of the investigated UF adhesives is presented in Figure 1.

The degree of condensation increases from UF I (lowest degree) to UF III (high-
est degree). An indirect measure for this degree of condensation is shown as Brook-
field viscosity (mPa) in Table 1. The viscosity of the prepared adhesive mixes rises from
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Figure 1. Average penetration depth (AP) as a function of viscosity (different degree of condensa-
tion) of the used UF adhesive

Cunka 1. ITpoceyna nyOuHa neHETpalyje y 3aBUCHOCTH O] BUCKO3UTETA (Pa3IMYUTOr CTEICHA
koHaeH3anuje) YO agxeznBa

545 mPa for UF I to 745 mPa for UF II
and successively to 1,644 mPa for UF
III. The higher the degree of condensa-
tion, the larger molecules are present in
the resin and hence in the prepared ad-
hesive mixes. The low molecular weight
molecules of the adhesive should have
penetrated deeper into the wood lumens,
while high molecular weight molecules,
or occlusions in the pits or lumens, may
inhibit flow. Since it can be assumed that
the penetration depends on the ratio of

fihe average ana;[lomlcal trachgd (lfumeI’l) Figure2. Photomicrograph of UF I (with Safra-
1ameters vs. the average Size Ol resin nin) bond line, using epi-ﬂuorescence

mOI_eCUIeSa the measured d‘?PthS of pene- Cumka 2. Mukpodororpaduja tuHHIje TeMbeba
tration can be correlated with the viscos- UF 1 ca cadpaunnom, nomohy emu-
ity of the resin. It is evident from Fig. 1 (IyopeceHTHOT MUKPOCKONA

Tracheids only partly Tracheids filled
filled withyresin with resin
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Unfilled
vessels

Adhesive penetration
into latewood %

Bond line

/

Adhesive penetration

into earlywood 100 ym
Figure 3. Photomicrograph of UF I11 (with Safra- Figure 4. Photomicrograph of UF II (with Safra-
nin) bond line, using epi-fluorescence. nin) bond line, using epi-fluorescence
Canka 3. Mukpodororpaduja nunuje nensbe- Canka 4. MukpodoTorpaduja nuHuje Jernsbe-
wa UF III ca cappanunom, momohy wa UF II ca cadppanunom, momohy
enu-(IyopecleHTHOT MUKPOCKOTa enu-(IyopecueHTHOI MUKPOCKONa

that the depth of penetration decreases with the increase of the viscosity, i.e. with higher
degree of condensation and higher molecular sizes. It maybe speculated that the high
molecular weight molecules of the adhesive induces pit aspiration, which occurs in soft-
woods because of theirs pits structure. This could be caused by capillary forses due to
very small openings in the torus, which are generally invisible, but could exist as tortu-
ous paths between the randomly oriented microfibrils of the torus. Since the openings
are smaller than those in the margo, the resulting capillary force is greater and the dished
torus aspirated pit.

The photomicrographs (Fig. 2 and Fig. 3) confirm the above mentioned results and
show that the adhesive mixes fill the lumens of the tracheids.

Earlywood and latewood tracheids (with avarage diameter roughly from 40-60 pm
in earliwood and approximately half that size in latewood) are long, imperforated, narrow
cells with tapered ends along the radial surfaces for a considerable portion of their lengths
where they are in contact with other tracheids. Most of the intertracheid bordered pit pairs
are situated along these tapered portions. Interconnecting pits are often adequate to per-
mit resin flow, although the pit openings are very small in diameter compared with the lu-
mens. The thickness of the pit membrane is an important dimension affecting flow resis-
tance and the interpretation of flow data. Also there are half-bordered pit pairs permitting
flow to adjacent ray parenchyma cells. Most of the radial penetration of adhesives is prob-
ably through the ray cells and between the longitudinal tracheids and rays (Siau, 1984).

The photomicrograph (Fig. 4) shows greater penetration into earlywood than into
latewood cells. It was expected since earlywood is generally of much lower density than
latewood. The lumens are much larger and the cell-wall layers much thinner in early-
wood. The radial diameter of tracheids is greatest in the earlywood, with the latewood

39



Gavrilovi¢-Grmusa 1., Miljkovi¢ J., Diporovi¢-Mom¢ilovi¢ M., Radosevi¢ G.

%
60
UF1

- 545, 53 UF II
=2 1,644, 41
= 32 () 1S e P —— e
£E UFIV ¢
&5 460, 36
9 3
EeiE- — — — — — — — — — — — — — — — — — — — —
= 5
§g

o

'-5520“—————————_5—2 ——————————
= E »=3.0-10""-x"-0.082-x+87.934
== R2=1

- — — — — — - — — — — — — - — — - — — — —

0 mPa

0 250 500 750 1,000 1,250 1,500 1,750
Viscosity
Buckosurer

Figure 5. Percentage of filled interphase region (FIR) as a function of the viscosity (different de-
gree of condensation) of the used UF adhesive

Camnka S. [IponeHTyaHa NCITYHEHOCT 30HE JICTIUbEha Y 3aBUCHOCTH O] BUCKO3HTETA (pa3IHdu-
TOT CTeleHa NONHKOoH IeH3annje) YO anxe3usa

having thicker-walled and narrow cells. There are smaller and fewer pits in latewood tra-
cheids than in earlywood. The number of pits per tracheids varies from 50-300 in early-
wood, while fewer in latewood.

The measured AP depth was nearly triple less into latewood; for UF I adhesive was
89,16 um and for UF II was 64,07 um.

The percentage of filled interphase region as a function of viscosity (different de-
gree of condensation) of the used UF resins is illustrated in Figure 5.

The filled interphase region as well as the depth of penetration show a strict cor-
relation to the degree of condensation and hence the viscosity of the investigated resins
(Fig. 5). The filled interphase region decreases with increased viscosity, i.e. with a higher
degree of condensation and higher molecular size.

Adhesive UF IV shows a different behaviour; FIR and AP are low (Fig. 1 and
Fig. 5) since it differs in its composition from the other three adhesives. After dilution
the viscosity of the adhesive mix based on resin UF IV was the lowest one in the row
(460 mPa) although its degree of condensation is similar to resin UF III. Due to these dif-
ferences a direct comparison of the results is not possible.
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4. CONCLUSION

Epi-fluorescence microscopic was shown as a suitable technique for the determi-
nation of adhesive penetration into wood substance.

The depth of average radial penetration (AP) of urea formaldehyde (UF) adhesive
mixes of different viscosity into fir tissue decreases with increasing of UF viscosity (de-
gree of polycondensation). Penetration depends on the ratio of the average anatomical
tracheid diameters vs. the average size of the adhesive molecules. It might be speculated
that high molecular weight molecules of the adhesive induces pit aspiration. This was
caused by capillary forses due to very small openings in the torus.

The average penetration (AP) depth was nearly triple less into latewood, since the
latewood had thicker-wall and narrow cells with smaller and fewer pits of tracheids than
earlywood.

The effect of adhesive penetration was expressed by the portion of partly or fully
filled anatomical cells of wood tissues in the interphase region. On the basis of the results
of this study, it might be concluded that the filled interphase region (FIR) also decreases
with increase of adhesive viscosity. For the three analysed adhesives (UF I to UF I11) AP
and FIR show a clear correlation, whereas adhesive UF IV showed low AP and FIR be-
cause of its different composition from the other three adhesives.

Acknowledgement: The research presented in this paper was financed by the Ministry of Science and Tech-
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WBana aspunosuh-I'pmyma

JoBan MuspkoBuh

Munanka bunoposuh-Momunnosunh
T'opnana Pagomesuh

MMEHETPAIIMJA YPEA-®OPMAJIAEXUIHOI' AIXE3UBA Y TKUBO JIPBETA
Heo I1: Panujanna nenerpauuja Y® aaxe3uBa y ApBo jese

Pesume

Enu-dnopecueHTHH MEKPOCKOI ce TIOKa3ao 1a je oarosapajyha rexnuka 3a onpehusame
NIeHEeTpallKje aJXe3UBa y IPBHO TKUBO.

[Ipoceuna nyOuHa pagujanHe neHeTpanuje ypeadhopManIexXuIHUX aaXxe3uBa pa3sIuduTe
BUCKO3HUTETA Y TKHBO jeJIe Olaja ca MOpacTOM BUCKO3HUTETa (Pa3IMYUTH CTEICH KOHICH3AIH]je).
Tlenerpanuja 3aBHCH O OAHOCA NMPEYHHKA TPAaXEHJa Ka0 AaHATOMCKUX €JIEMEHATa M Cpelibe
BEJIMYMHE MOJIEKYJIa afxe3nuBa. MoxKe ce MPeANOCTaBUTH J1a MOJICKYJIM aJXe3MBa BEJIMKE Mace
M3a3UBajy acUpannjy jaMuna 300r KanuIapHUX CHJIa KOje CE jaBJbajy YCIIea BeoMa MaluX OTBOPa
Ha TIopycy.

IMpoceuna nyOuHa neHeTparuje Ouia je IpuOIMIKHO TPH MyTa Mama y KACHOM JIPBETY
3aTO IITO Cy Tpaxeuj]e KAaCHOI JpBeTa 3a/1e0JballiX 3UI0Ba M YCKHX JIyMEHa ca MHOTO Mame
jaMHMIa IPOCTOT THUIA Y OJHOCY Ha PaHO JIPBO.

Edexar anxe3nBHe neHeTpaLMje je U3paxeH Kao yJ1e0 IeTUMUYHO U ITOTITYHO UCITY Bb€HHUX
aHATOMCKHX eJIEeMEeHATa JIPBHOT TKHBA Y 30HU JIETJbeba. Ha 0OCHOBY pe3yJiTaTa OBOT HCTPa)KMBakba
MOJE C€ 3aKJbyUUTH J1a UCILYyHCHOCT 30HE JIeIJbeha Takohe onaja ca nosehameM BUCKO3UTETA
aJIxe3uBa, JI0K je anxe3uB Y@ IV, 300r mwerose pasnnuute Hopmynaiuje y 0HOCY Ha 0CTaa TPH
a/IXe3UBa, MOKAa3MBA0 HMUKE BPEAHOCTH IIPOCEYHE MIEHETPALIUje U UCITY ’beHOCTH 30HE JICTI/beHba.
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