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ABSTRACT

In order to study the internal bond strength of end grain to longitudinal grain joint three 
layered internal bond specimens of Norway spruce wood (Picea abies Karst.) bonded with one-
component polyurethane (PUR), melamine-urea-formaldehyde (MUF) or phenol-resorcinol-
formaldehyde (PRF) adhesive, respectively, were prepared. By varying the grain orientation of 
the middle layer from 0° (parallel to grain of the surface layers) to 90° (perpendicular to grain 
of the surface layers) in incremental steps of 10° the eff ect of grain direction was investigated. In 
general, no explicit tendency was observed for the internal bond strength in dependence of the 
grain orientation. However, with increasing angle between the grain directions of the middle and 
the surface layers increasing penetration depth of the adhesive along the grain was observed in the 
earlywood. Increased penetration of adhesives into the wood structure can be explained by the 
fact that a high number of cell lumens are opened during the sawing process which facilitates the 
penetration of the adhesive into the wood tissue. 
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INTRODUCTION

In the last decades the economical as well as ecological importance of engineered wood 
products (EWPs) increased rapidly. For the design of novel EWPs alternative bond line formation 
strategies are required leading to materials with high mechanical stability and durability. Th us, a 
better understanding of the mechanisms of bond formation and bond line mechanics is crucial. 
Diff erent parameters, such as chemical and physico-chemical properties of adhesives, wettability 
of the wood surface, penetration behaviour of adhesives into cellular and intercellular cavities 
or diff usion of adhesives into the wood cell wall play important roles for bond line formation 
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(Vick 1999, Konnerth et al. 2006). Additionally, process parameters such as specifi c glue spread, 
applied pressure as well as surface properties infl uenced by machining processes including surface 
cleanliness, structural damage, surface roughness etc. may have major eff ects on the resulting 
bonding (Habenicht 2002). 

Th e commonly applied adhesive bonding between two wooden parts connected by their radial 
or tangential surfaces, respectively, have been extensively studied. In contrast, only a few studies 
dealt with end grain to end grain joints. Th e bond strength of such butt joints was found to be 
primarily infl uenced by the surface roughness and the porosity of the wood as well as the viscosity 
and the penetration depth of the adhesive (Marian et al. 1958, Bassett 1960, Schaeff er and Gillespie 
1970, Sasaki et al. 1973, Nordström 1995). 

Following up our latest studies, in which we investigated end grain to end grain joints with 
respect to their mechanical stability regarding shear strength (Follrich et al. 2007) as well as 
tensile strength (Follrich et al. 2007), in the present study we studied the internal bond strength 
of three layered wooden specimens (Fig. 1). Th ree diff erent adhesive systems, i.e. a one-component 
polyurethane (PUR), a melamine-urea-formaldehyde (MUF) and a phenol-resorcinol-formaldehyde 
(PRF) adhesive have been used for the fabrication of the specimens. According to the fi ndings of 
Świetliczny (1980) who investigated butt end joints 25 years ago, only low internal bond strength 
was expected for the three layered specimens examined in the present study, especially for a 90° 
grain orientation of the middle layer, which corresponds to an end grain to fl at grain joint. 

Fig. 1: Three layered sample – 

a) the grain orientation (α) of the middle layer was varied between 0° and 90° in 

incremental steps of 10° 

b) geometry of the spruce wood internal bond sample with reduced mid section bonded to 

two beech support blocks
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MATERIAL AND METHODS

Preparation of test specimens
Flawless spruce boards (Picea abies Karst.) with regular annual rings and a density in the range 

of 464 ± 35 kg/m³, with a moisture content of 12 %, were used to produce the three layered internal 
bond specimens. For the two longitudinally oriented outer layers boards were machine-planed to a 
thickness of 5 mm and sawn into pieces of 220 mm length and 90 mm width. For the middle layers 
small strips with a thickness of 5 mm were cut off  machine-planed spruce boards (cross section = 
110 mm x 30 mm). Th e grain orientation (α) of the middle layer varied from 0° (longitudinal grain) 
to 90° (end grain) in incremental steps of 10° (Fig. 1a). 

Th e two outer layers (longitudinally oriented) and the middle layer (with varying grain 
orientation) were adhesively bonded (Fig. 1a). Th ree diff erent types of adhesives were used for 
producing the specimens, i.e. a one-component polyurethane adhesive (PUR, Purbond HB 110, 
Collano, Sempach, Switzerland), a melamine-urea-formaldehyde adhesive (MUF, Prefere 4535, 
Dynea, Norway), and a phenol-resorcinol-formaldehyde adhesive (PRF, Aerodux 185 Aerodux 185 
Friebe, Mannheim, Germany). Th e adhesive assemblies were prepared with a spreading quantity of 
250 g/m² (PUR) and 400 g/m² (MUF and PRF). Th e adhesive joints were cured at a temperature 
of 20°C and a pressure of 0.7 MPa. A ratio of 5:1 (w/w) of resin and hardener was chosen for MUF 
as well as for PRF. Following the instructions of the manufacturers a pressing time of 180 min 
was used for the PUR adhesive, 270 min for the MUF system, and 420 min for the PRF adhesive, 
respectively. At last, the 15 mm thick cured adhesive assemblies were cut to the fi nal geometry 
employing a circular saw resulting in a width of 25 mm. 

A groove (depth = 2 mm, width = 25 mm) was cut into beech support blocks measuring 25 x 35 
mm in cross section. Using a melamine-urea-formaldehyde adhesive (MUF, Prefere 4535, Dynea, 
Norway) the spruce wood adhesive assemblies described above were glued to the beech support 
blocks. Subsequently, the strips were cut into pieces of 25 mm length. Finally, a reduced mid section 
was millcut into the samples (Fig. 1b), resulting in a sample cross section of 15 x 20 mm (length x 
width) in the region of the bond line. In total, 450 samples, i.e. fi fteen samples per grain orientation 
and type of adhesive were produced. All samples were stored at 20°C and 65% relative humidity 
until equilibrium moisture content was reached. 

Mechanical testing
Th e utilised internal bond test roughly followed the OENORM EN 319: 1993 10 01 (1993). 

Th e mechanical tests were performed on a Zwick/Roell Z100 universal testing machine equipped 
with a 2.5 kN load cell. Internal bond specimens were tested to failure at a cross-head speed of 0.5 
mm/min and internal bond strength was calculated by dividing the maximum load by the bond 
line area. 

For the individual groups of samples the average values as well as the standard deviation were 
calculated and compared by two-way ANOVA. 

After material testing, fracture surfaces of the samples were visually inspected and the 
proportion of wood failure was estimated. Small pieces with an intact glue line were cut from tested 
samples. One side and one cross section of the pieces was sanded (grit 800) and observed with an 
incident light microscope (Axioplan 2, Zeiss, 100x magnifi cation). Images were taken with a CCD 
camera (Axiocam, Zeiss) attached to the microscope and bond line thickness and penetration depth 
was measured by means of an image analysis software (Axiovision AC V4.2, Zeiss). 
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RESULTS AND DISCUSSION

In Fig. 2, the average internal bond strength values (n = 15) of the three diff erent adhesives, 
i.e. PUR, PRF and MUF are plotted against grain orientation of the middle layer with respect to 
the two longitudinally oriented outer blocks. In general, a dependence between grain orientation 
and measured internal bond strength was not pronounced as determined by two-way ANOVA. Th e 
mean internal bond strength values calculated for all fi fteen samples bonded with one adhesive did 
not diff er notably from each other (3.40 ± 0.27 MPa for PUR bonded samples, 3.43 ± 0.49 MPa for 
PRF and 3.46 ± 0.28 MPa for MUF joints). Statistically, signifi cant infl uence on the bond strength 
could not be determined for the variation in grain angle. Furthermore, there were no interactions 
between adhesive and grain orientation. Th e outer layers mainly failed in tension perpendicular 
to grain (see high proportion of wood failure in Fig. 4). Th erefore, the null hypothesis that the 
diff erent adhesives diff er signifi cantly from each other has to be disclaimed. 

Fig. 2: Average internal bond strength of specimens bonded with various adhesives plotted against the 

grain orientation of the middle layer (0° denotes a longitudinal, 90° an end grain joint). The error bars 

represent standard deviation (SD). Fifteen samples (n=15) were tested for each adhesive and grain 

orientation 

 
Based on former studies that investigated bond strength of butt end joints (Marian et 

al. 1958, Bassett 1960, Schaeff er and Gillespie 1970, Sasaki et al. 1973, Suchsland 1957, 
Suchsland 1958, Świetliczny 1980) only low mechanical stability was expected for the three 
layered specimens examined in our study. Th e general observation of these authors was the 
enhanced penetration of the adhesive into the micro pores of the wood substrate with increasing 
damage of the wood cells and hence augmented surface roughness. Since wood machining 
perpendicular to grain leads to increased surface roughness and cell damage, they concluded 
that enhanced penetration of the adhesive into the wood tissue occurs at higher grain angles. 
As a consequence, less adhesive is present at the surface leading to a starving of the bond line 
and hence insuffi  cient bonding. To prevent starving of the bond lines the authors suggested an 
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increase of the specifi c glue spread (Follrich 2006). Simultaneously, the authors claimed the 
importance of the mechanical interlocking of the wood pieces that are to be jointed, which is 
enforced with increasing penetration of the adhesive and which thus provides an essential part 
of the bond strength for an end grain joint (Suchsland 1958, Bröker and Korte 1994). 

Tab. 1: Average internal bond strength and standard deviation (SD) obtained for the test specimen 

bonded with different adhesives in dependence of the grain direction of the core layer (n=15 for each grain 

angle). Underlined values do not differ significantly from each other (p ≤ 0.05)

 Concerning the requirements of high mechanical stability of a fl at grain to end grain adhesive 
joint, some critical factors infl uence the bond line fi rmness, for instance wettability of the wood 
surface, adhesive and cohesive strength of the bond line, surface structure, i.e. roughness of 
early- and latewood after machining, as well as penetration of the adhesive into the wood tissue. 
Additionally, the viscosity of the adhesive plays a major role in end grain bond line formation since it 
strongly infl uences the penetration behaviour. If the viscosity is too low, the adhesive may penetrate 
completely into the cell cavities by capillary forces, which leads to a weakened joint due to lack of 
adhesive in the bonding line as reported by Suchsland (1958) and Świetliczny (1980). However, the 
adhesives used in our study are characterized by high viscosity, which causes a reduced penetration 
into the wood tissue resulting in a bond line thickness of approx. 61 μm for MUF, 84 μm for PUR 
and 113 μm for PRF. Th e diff erence between earlier studies (Świetliczny 1980) and our present 
results may partly be explained by higher adhesion and bonding strength of modern adhesives. 

Viscosity of the adhesive is not the only parameter infl uencing the penetration depth of 
the resin into the wood structure (Brady and Kamke 1988). Th e viscosity of the three adhesives 
used in our studies lay in the range of 3000 to 4500 mPas for MUF and PUR, respectively, 

Grain angle MUF PUR PRF

(°) mean (SD) (MPa) mean (SD) (MPa) mean (SD) (MPa)

0 3.00 (± 0.38) 3.26 (± 0.26) 3.12 (± 0.32)

10 3.65 (± 0.44) 3.73 (± 0.73) 3.47 (± 0.54)

20 3.38 (± 0.55) 3.65 (± 0.56) 3.32 (± 0.60)

30 3.17 (± 0.48) 3.73 (± 0.22) 3.86 (± 0.65)

40 3.56 (± 0.45) 3.09 (± 0.43) 2.77 (± 0.27)

50 3.54 (± 0.41) 3.21 (± 0.52) 3.04 (± 0.36)

60 3.88 (± 0.37) 3.27 (± 0.40) 3.12 (± 0.34)

70 3.36 (± 0.34) 3.31 (± 0.59) 4.01 (± 0.35)

80 3.82 (± 0.47) 3.68 (± 0.47) 4.33 (± 0.61)

90 3.24 (± 0.34) 3.03 (± 0.82) 3.28 (± 0.29)
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and about 9000 mPas for PRF. Very contrary to theoretical considerations according to 
which MUF and PUR should penetrate more easily and hence deeper into the wood surface 
than PRF, penetration depth was always highest with the latter adhesive. However, another 
parameter showing major eff ect on the penetration depth of the three adhesives was the grain 
orientation. For instance, a penetration depth of approx. 1400 μm was observed for PRF joints 
at 10° grain orientation, whereas at 90° the resin penetrated only approx. 550 μm into the 
earlywood tracheids along the grain of the middle layer. MUF and PUR adhesives roughly 
showed the same trend, but penetration depth was lower than outlined above. From Figure 
3, the penetration behaviour of the PRF adhesive is visible, revealing that the earlywood 
tracheids are mostly fi lled while on the other hand, no penetrated resin was found in the 
latewood tracheids. 

Fig. 3: Micrograph of phenol-resorcinol-formaldehyde adhesive (PRF) penetrating into the 

longitudinal surface layer (A) near the bonding line and earlywood tissue of the core (B) of a test 

specimens with middle layer grain orientation of 30°. The cell lumens of the latewood tissue (C) are 

mostly free of penetrated adhesive 

 
In agreement with fi ndings of Świetliczny (1980) and Nordström and Marelius (1994) an 

increased number of damaged cells was found on the machined surface with increasing grain angle. 
Earlywood tracheids were partly pulled out and defi brillated during the cutting process, whereas 
latewood tracheids were clearly cut off . Stehr et al. (1999) as well as Moura and Hernández (2005) 
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postulated a reinforcement of damaged cells by the penetrated resin. However, the occurrence of 
a good mechanical interlocking in our samples was also derived from the fact that the internal 
bond strength was not predominantly determined by collapse of the bond line but at least in equal 
shares by wood failure. In this special case of test arrangement wood failure was determined by the 
strength perpendicular to grain of the outer layers so that wood failure occurred mainly in these 
outer layers. In Figure 4, the average wood failure of the tested specimens bonded with the three 
adhesives PUR, PRF and MUF is plotted against the corresponding grain orientation. In most 
cases, the mean contribution of wood failure to the overall breakage of the test specimens amounted 
for 40-80% without signifi cant dependence on the grain orientation. 

Fig. 4: Average wood failure calculated for the specimens bonded with various adhesives in dependence 

of the grain orientation of the middle layer (0° denotes a longitudinal, 90° an end grain joint) 

CONCLUSION

It could be shown that internal bond strength of the end grain to fl at grain joint tested in the 
present study was not signifi cantly lower than that measured at any of the other grain orientations 
studied including the fl at grain to fl at grain joint. Furthermore, with the employed adhesive 
systems, i.e. one-component polyurethane, melamine-urea-formaldehyde and phenol-resorcinol-
formaldehyde the internal bond strength of the test specimens was not primarily limited by the 
strength of the bond line, but in many cases by wood failure of the longitudinally oriented outer 
layers. Th is fact confi rmed the good mechanical interlocking of the middle layer with the other two 
layers in our test arrangement. 

ACKNOWLEDGMENT

Th e authors gratefully acknowledge the fi nancial support by the Competence Centre for 
Wood Composites and Wood Chemistry.

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90

Grainangle (°)

W
o
o
d
fa
ilu
re
(%
)

PUR PRF MUF

WR_3_2007 05_Follrich.indd   55WR_3_2007 05_Follrich.indd   55 9/24/07   1:17:12 PM9/24/07   1:17:12 PM



56

REFERENCES

1. Bassett, K.H., 1960: Strength of glued end joints. Forest Products Journal 10: 579-585 
2. Brady, D.E., Kamke, F.A., 1988: Effects of hot-pressing parameters on resin penetration. 

Forest Products Journal 38: 63-68 
3. Follrich, J., Teischinger, A., Gindl, W., Müller, U., 2007: Effect of grain angle on shear 

strength of glued end grain to f lat grain joints of defect-free softwood timber. Wood Science 
and Technology: available online DOI 10.1007/s00226-007-0136-7 

4. Follrich, J., Teischinger, A., Gindl, W., Müller, U., 2007: Tensile strength of softwood butt 
end joints. Part 1: Effect of grain angle on adhesive bond strength. Wood Materials Science 
& Engineering: submitted 

5. Habenicht, G., 2002: Kleben – Grundlagen, Technologien, Anwendungen. 4. Auflage. 
Springer Verlag Berlin, Heidelberg, New York 

6. Kollmann, F., 1951: Technologie des Holzes und der Holzwerkstoffe 2. Auflage. Springer 
Verlag, Berlin, Heidelberg, New York 

7. Konnerth, J., Valla, A., Gindl, W., Müller, U., 2006: Measurement of strain in timber 
finger joints. Wood Science and Technology 40: 631-636 

8. Marian, J.E., Stumbo, D.A., Maxey, C.W., 1958: Glue joint strength. Forest Products 
Journal 8: 345-351 

9. Moura, L.F., Hernández, R.E., 2005: Evaluation of varnish coating performance for two 
surfacing methods on sugar maple wood. Wood and Fiber Science 37: 355-366 

10. Nordström, J.-E.P., Marelius, S.M., 1994: End grain glue joint strength Part 1: 
Compression shear strength of end grain butt joints using polyvinylacetate (PVAc), 
phenolresorcinolformaldehyde (PRF) and ureaformaldehyde (UF) adhesives. Holz als Roh- 
und Werkstoff 52: 376 

11. OENORM EN 319:1993 10 01 (1993): Particleboards and fibreboards – Determination of 
tensile strength perpendicular to the plane of the board 

12. Sasaki, H., McArthur, E., Gottstein, J.W., 1973: Maximum strength of end-grain to end-
grain butt joints. Forest Products Journal 23: 48-54 

13. Schaeffer, R.E., Gillespie, R.H., 1970: Improving end to end grain butt joint gluing of 
white pine. Forest Products Journal 20: 39-43 

14. Stehr, M., Seltman, J., Johansson, I., 1999: Laser ablation of machined wood surfaces. 
1. Effect on end-grain gluing of Pine (Pinus silvestris L.) and Spruce (Picea abies Karst.). 
Holzforschung 53: 93-103 

15. Suchsland, K., 1957: Einf luß der Oberf lächenrauhigkeit auf die Festigkeit einer 
Leimverbindung am Beispiel einer Holzverleimung. Holz als Roh- und Werkstoff 15: 385-
390 

16. Suchsland, O., 1958: Über das Eindringen des Leimes bei der Holzverleimung auf die 
Bedeutung der Eindringtiefe für die Fugenfestigkeit. Holz als Roh- und Werkstoff 16: 101-
108 

17. Świetliczny, M., 1980: Über den Einfluß der Neigung der Holzfasern auf die Festigkeit der 
Klebfuge. Holztechnologie 21: 83-87 

18. Vick, C.B., 1999: Adhesive Bonding of Wood Materials. In: Wood Handbook – Wood as 
an Engineering Material, Chapter 9, pp 1-25. Forest Products Laboratory 

WR_3_2007 05_Follrich.indd   56WR_3_2007 05_Follrich.indd   56 9/24/07   1:17:13 PM9/24/07   1:17:13 PM



57

Jürgen Follrich
Wood Kplus – Competence Center for Wood Composites and Wood Chemistry, 

Linz Austria
Peter Jordan Strasse 82

A-1190 Vienna
Austria

E-mail: j.follrich@kplus-wood.at
Phone: +43 (0)1/47654-4265

Fax: +43 (0)1/47654-4295

Ulrich Müller
Wood Kplus – Competence Center for Wood Composites and Wood Chemistry, 

Linz Austria
Peter Jordan Strasse 82

A-1190 Vienna
Austria

Phone: +43 (0)1/47654-4265
Fax: +43 (0)1/47654-4295

Alfred Teischinger
Institute of Wood Science and Technology

Department of Material Sciences and Process Engineering
BOKU – University of Natural Resources and Applied Life Sciences

Vienna
Peter Jordan Strasse 82

A-1190 Vienna
Austria

WR_3_2007 05_Follrich.indd   57WR_3_2007 05_Follrich.indd   57 9/24/07   1:17:13 PM9/24/07   1:17:13 PM



58

WR_3_2007 05_Follrich.indd   58WR_3_2007 05_Follrich.indd   58 9/24/07   1:17:13 PM9/24/07   1:17:13 PM


