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Abstract. The influence of viscoelastic thermal compression (VTC) of wood on bonding performance
was studied. Mode-II (shear mode) fracture of the bonded interphase was performed using the over-
notched and end-notched flexure methods. The study examined four groups of specimens; a control and
VTC specimens with three different degrees of densification (63, 98, and 132%). The specimens were
bonded with phenol-formaldehyde (PF) adhesive. Prior to fracture testing, the bonded interphase was
examined and the effective penetration (EP) of PF into the capillary structure of wood was measured. The
results showed that EP was greatest in the control wood specimens, but in the case of the VTC specimens
decreased with increasing degree of densification. The mode-II fracture performance of the VTC wood
specimens with PF differed from the control wood specimens. In the control specimens, the mode-II crack
propagation occurred in the interphase, while in the VTC specimens the crack diverted away from the
interphase into the VTC wood. A hypothesis of relative shear resistance was used to explain the bonding
performance of the control and VTC specimens.

Keywords: Densification, VTC, bond line, mode-II fracture toughness, over-notched flexure, end-
notched flexure.

INTRODUCTION

The densification process, termed viscoelastic
thermal compression (VTC), increases the den-

sity of wood by means of mechanical compres-
sion perpendicular to the longitudinal direction.
The VTC process softens the wood above the
glass transition temperature, using heat and
steam prior to compression. The moisture con-
tent of the wood is transient during the compres-
sion, thus inducing a mechano-sorption effect
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and further softening the wood (Kamke 2004;
Kamke and Sizemore 2005). Because of hydro,
thermal, and mechanical treatments in the VTC
process, the morphology and chemical compo-
sition of the wood surface are changed. There-
fore, adhesion (ie mechanical interlocking,
physical forces of attraction, and covalent
chemical bonds) between wood surface and ad-
hesive is expected to be altered depending on the
parameters of the VTC densification process.

Increased density, and consequently decreased
porosity, of the VTC wood affects adhesive flow
and penetration. The void volume of the VTC
wood can be drastically decreased depending on
the degree of densification. The depth and direc-
tion that an adhesive flows in the VTC wood
will therefore be much different than in normal
wood. Exposure of wood to high temperatures
during VTC processing can reduce the surface
wettability of the VTC wood. Wettability of
wood that is exposed to high temperature or heat
treated is decreased (Sernek et al 2004; Petris-
sans et al 2003; Follrich et al 2006; Jennings et
al 2006; Gérardin et al 2007). The heat-treated
wood becomes hydrophobic, less polar, and
rather repellent to water, which may impede ad-
equate wetting of the surface with waterborne
adhesives.

Almost any material can be bonded using cur-
rent technology. Research shows that densified
wood can be bonded using a polymeric diphe-
nylmethane diisocyanate adhesive and phenol-
formaldehyde (PF) film adhesive, as was dem-
onstrated by mode-I fracture testing (Jennings et
al 2005). However, information on bonding per-
formance of densified wood using other adhe-
sive systems is lacking. Therefore, the aim of
our research was to investigate PF bond perfor-
mance of VTC wood through use of fracture
toughness testing.

Fracture mechanics concepts are effectively
used to simulate the actual fracture response of
adhesively bonded structures. Interlaminar frac-
ture toughness can be measured in various frac-
ture modes. The most commonly used is mode-I
fracture testing (Schmidt 1998; Gagliano and

Frazier 2001; Sernek et al 2004; Jennings et al
2005), where a double-cantilever beam (DCB)
specimen is loaded in tension perpendicular to
the bonded interface. However, it was shown
that in adhesively bonded joints, mode II, in-
plane shear mode fracture, is also a major con-
tributor to crack propagation (Wang and Qiao
2003). The initiation of cracks in mode-II frac-
ture is produced by relative horizontal displace-
ment of the bonded surfaces of the specimen.
The subsequent rotation and opening of these
cracks (which produce the fracture surfaces) are
not considered in the data analysis (Davies et al
1998).

The following six test configurations are avail-
able for measuring mode-II fracture toughness:
end-notched flexure (ENF), stabilized ENF
(SENF), end-loaded split (ELS), four-point
bending ENF (4ENF), over-notched flexure
(ONF), and tapered ENF (TENF) coupons
(Szekrenyes 2005). All of these specimens have
advantages and disadvantages in terms of crack
stability and test performance (Szekrenyes and
Uj 2005).

The ENF specimen is the most widely used ge-
ometry for evaluation of mode-II fracture tough-
ness (Cantwell 1997; Yang and Sun 2000;
Yoshihara and Ohta 2000; Szekrenyes and Uj
2005; Kusaka et al 2006). It is essentially a
three-point bending beam with a midplane initial
crack of a desired length at one end. The ENF
specimen is suitable only for determination of
the initiation fracture toughness, since the crack
growth is unstable. The ONF specimen seems to
be the simplest alternative, because stable crack
propagation is guaranteed at any crack length
(Szekrenyes 2005).

Interlaminar fracture toughness of laminated
composites is normally expressed in terms of
critical fracture toughness Gc [N/m]. The critical
fracture toughness or critical strain energy re-
lease rate is the value of the energy required to
create two new surfaces at the onset of crack
propagation. When fracture toughness G reaches
the critical value, ie G � GC, crack initiation or
propagation occurs. The fracture toughness can
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be calculated in many ways. A common ap-
proach is the compliance calibration method,
which assumes linear elastic behavior. Using the
compliance method, the fracture toughness can
be determined as a function of specimen geom-
etry, loading, and crack extension. In this study,
the fracture toughness was found by analyzing
the structure, and resolving crack-tip normal
forces and bending moments (Nairn 2006).

Since VTC wood is expected to be used as a
laminated structural material, the design of safe
and efficient structures requires a thorough
knowledge of adhesive bond performance of
VTC wood. In view of the fact that structural
material is frequently exposed to bending mo-
ments (where fracture often propagates by in-
plane shear mode), the objective of this research
was to examine interlaminar fracture toughness
of the VTC wood specimens bonded with a PF
adhesive under mode II. Proper measurement of
the mode-II fracture toughness is inherently dif-
ficult in laminated wood composites. In the
present study, the ONF and ENF specimen ge-
ometries were used to test the interlaminar frac-
ture toughness of bonded wood. Penetration of
the PF adhesive into the capillary structure of
wood was also determined.

MATERIALS AND METHODS

Material Preparation

Low-density hybrid poplar (Populus deltoides ×
Populus trichocarpa) from a plantation in north-
west Oregon was used in the study. Due to the
low density and broad annual rings of hybrid
poplar, specimens with mixed radial and tangen-
tial orientation were prepared for each degree of
densification, and for the control (undensified)
specimens. The specimens were 56 mm wide
and 170 mm long. The initial thickness of the
specimens varied, depending on the intended
level of densification to be achieved by the VTC
process. Specimens with three different initial
thicknesses (4, 5, and 6 mm) were compressed to
the same target thickness of 2.5 mm. Thus, three
different degrees of densification (63, 98, and
132%) were created (Table 1). The specimens

were densified with the VTC process described
by Kutnar et al (2008). This multistep process
first exposed the wood to 175°C saturated steam
and then to dry heat up to 200°C for a total time
of 15 min. Aluminium foil was used during the
VTC process to protect the surfaces of the speci-
mens from contamination. After the VTC pro-
cess had been performed, the surfaces of the
specimens designed for bonding were protected
against exposure to light and air.

Bonding of control and VTC specimens. The
specimens were bonded with liquid PF adhesive
supplied by Georgia–Pacific Resins, Inc with
viscosity 330 mPa � s. This is a commercial
product designed for the face layer of oriented
strandboard. After conditioning to equilibrium at
20°C and 65% RH, the control samples had a
moisture content (MC) of 12%, whereas the
VTC specimens had 7% MC.

The fracture tests were conducted in shear par-
allel to the grain. For majority of the specimens,
the grain angle between the bonding surface and
the longitudinal fiber axis was small (less than
10°). It has been demonstrated previously that
the grain orientation is critical in mode-I fracture
testing (Ebewele et al 1979; Jennings et al
2005). However, due to the broad annual rings
and small dimensions of the VTC specimens, it
was not possible to prepare specimens with pre-
cisely controlled grain angles.

Characterization of a Bond Line

A cross-sectional view of the PF adhesive bond
line of the control and the VTC wood specimens
was made with a fluorescence microscope (Ni-
kon Eclipse E-400) and a color CCD camera

TABLE 1. Characteristics of the VTC and control speci-
mens (Kutnar et al 2007).

Initial
thickness

(mm)
Initial density at

MC�0% (kg/m3)

Density after
compression at

MC�0% (kg/m3)
Degree of

densification (%)

4 339 552 63
5 341 676 98
6 340 792 132
6 (control) 331 331 0
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(Roper Scientific Diagnostic Equipment). The
effective penetration (EP) of the adhesive into
the capillary structure of wood was determined
according to Sernek et al (1999). The analyzed
surface was located in the middle of the length
of the bonded specimens that were bonded in a
hot press at 150°C at 700 kPa for 6 min. The
adhesive coverage on each bonded surface was
155 g/m2. An abrasive method was used to pre-
pare the cross-sectional surface of the specimens
prior to measurements. This method enabled mi-
croscopic examination of the VTC wood bond
line in the completely deformed state– in densi-
fied, undisturbed form. Furthermore, the method
enabled the comparison of the EP in the control
and VTC specimens. Namely, common prepara-
tion for microscopic examination causes differ-
ent swelling of the control and VTC specimens
from water soaking. Therefore, specimens were
soaked in the embedding medium, linseed oil
(Watco Danish Oil, polymerized, Missouri), un-
der a vacuum, and cured in an oven at 103°C.
Embedded specimens were polished with abra-
sive diamond disks having grit ratings of 600,
1200, and 3000. An abrasive sequence was used
to obtain a surface desirable for microscopic
analysis. The purpose of the oil was to prevent
dust from blocking the lumens.

UV fluorescence permitted digital images to be
captured with good color contrast between PF
and wood. Manual thresholding by color using
an image analysis program (ImageJ 2007) was
then used to determine EP of the PF adhesive in
the control and in the VTC wood specimens with
16 replicate measurements in each tested group
of specimens. The threshold was set for each
individual image as the value that would segre-
gate the majority of the adhesive from the wood
background. This was a subjective process but
consistent for all test specimens. Additionally,
the location of the PF adhesive in the cellular
structure of the control and VTC wood speci-
mens was determined. The surfaces prepared
with the abrasive method could not be used for
this examination, because many of the cell lu-
mens were completely collapsed, making iden-
tification of cellular structure impossible. Thus,

thin sections cut with a sliding microtome from
water-soaked specimens were stained with an
aqueous solution of 0.5% safranin, and then
mounted on glass slides with glycerine. In these
slide specimens, there was significant swelling
of the wood structure.

Preparation of Fracture Specimens

For the ONF and ENF fracture tests, six-layer
beams with the PF adhesive bond line in the
center of the beam were formed. Composite
beams were fabricated because it is difficult to
induce failure by shear when conducting bend-
ing tests using specimens with a rectangular
cross-section. The reason is that the tensile or
compression strength of outer lamina can be
reached before the ultimate shear strength of the
adhesive bond (Yoshihara and Furushima 2003);
therefore deep composite beams were prepared.
In narrow and deep beams, the bending perfor-
mance of the composite test specimens is in-
creased and the shear strength of the adhesive
bond in the middle of the specimen is likely to
be exceeded. The beam used for the bond per-
formance of the VTC wood is shown in Fig 1.
The two central layers were the VTC wood of
the same degree of densification, between which
the PF adhesive interphase was examined. The
VTC wood layers were followed by the control
(undensified) wood. The outer layers were again
VTC wood of the same degree of densification
as the central layers. Thus, these beams were
symmetrical, and the sublaminates in arms 1 and
2 of the beam were symmetrical as well. For
testing the bond performance of the control
wood, the central layers were control wood,
whereas the outer layers were made of the VTC
wood with a 132% degree of densification. This
produced unsymmetrical arms 1 and 2 in speci-
mens for testing the PF adhesive bond perfor-
mance of the control wood (Fig 2). Hence the
calculations of fracture toughness of the control
wood were corrected.

A precrack in the ONF and ENF specimens was
formed during bonding by inserting a teflon film
into the first 55 mm of the interface. The bonded
specimens were 15 mm wide, 22 mm thick, and
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145 mm long. The composite specimens for the
fracture tests (Figs 1 and 2) had adhesive cov-
erage of 155 g/m2 on each bonded surface and
were pressed in a hot press at 150°C and 700 kPa
for 30 min. After hot-pressing, the beams were
cooled to room temperature and cut into two
specimens; for the ONF and ENF tests. Out of
the bonded specimens, two 4-mm-wide speci-

mens were cut from the middle, and the lateral
edges were discarded. Prior to fracture testing,
the specimens were conditioned in a controlled
environment room at 65% RH and 20°C until
constant weight was obtained.

ONF and ENF experimental procedure. The
specimen and loading points for the ONF and

FIGURE 1. Geometrical configuration of the ONF and ENF specimens for testing the PF adhesive bond performance of the
VTC wood (diagonal pattern: VTC wood of the same degree of densification; dotted pattern: control). The upper arrow
indicates load point.

FIGURE 2. Geometrical configuration of the ONF and ENF specimens for testing the PF adhesive bond performance of the
control (diagonal pattern: VTC wood with 132% degree of densification; dotted pattern: control). The upper arrow indicates
load point.
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ENF tests are illustrated in Figs 1 and 2. Fracture
testing was performed using a standard three-
point flexure fixture and a universal testing ma-
chine (Sintech 1/G). The specimens were loaded
with a crosshead speed of 1 mm/min. The full-
span length l was 120 mm for the ONF and ENF
tests. The position of the external load d was 40
mm for the ONF test and 60 mm for the ENF
(Figs 1 and 2). The specimens were positioned
in the fixture to achieve an initial crack length,
a0, of 45 mm. For the ONF test, the interlaminar
fracture toughness GIIc was determined in 2-mm
increments of the crack length. Due to stability
problems, crack propagation in the ENF tests
could not be controlled.

During crack propagation in mode II, a matrix of
microcracks forms ahead of the crack tip, which
eventually coalesces. Therefore, definition of the
true crack length was difficult. In this study it
was determined using Digital Image Correlation
(DIC), which is an optical method to measure
deformation on an object’s surface. A detailed
description of DIC is provided by Hung and Vo-
loshin (2003). Briefly, DIC compares two im-

ages acquired at different states –before and af-
ter deformation. These images are digitized and
stored in a computer for analysis. The method
tracks the two-dimensional displacement of
identifiable features within a subset of the area
of interest. The displacement data are then
matched to the loading data. To create a charac-
teristic pattern on the specimen surface, the
specimens were coated with white paint fol-
lowed by a random speckled pattern of black
paint.

An example of the measurement of the crack
length is presented in Fig 3. For every position
of the crack tip, the applied load was known;
hence GIIc could be calculated. During mode-II
tests, images of the beams under load were cap-
tured every 4 s. Acquired images were then ana-
lyzed by DIC. Various trial and error methods
provided an idea of the best pixel resolution,
outer limits of included angle between the cam-
eras, lighting conditions, and adequacy of the
speckle pattern. All these parameters are subjec-
tive or qualitative in nature and most of them are

FIGURE 3. Measurement of the crack length by DIC. Two-dimensional strain measurements are superimposed over the test
specimen. The ending of dark region surrounded by the white halo represents the crack tip. (a: crack initiation; b: crack
length 47 mm; c: crack length 50 mm; d: crack length 52 mm).
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interrelated, hence a generalized relationship
could not be established.

Calculations of interlaminar fracture tough-
ness GIIc. The fracture toughness was calculated
by analyzing the structure, resolving crack-tip
normal forces and bending moments, and using
the general energy release rate analysis in Nairn
(2006). The research done by Nairn (2006) ex-
tended the methods for calculating energy re-
lease rate in cracked laminates to account for
heterogeneous laminates. Because the fracture
test specimens of the present study were hetero-
geneous, containing control and VTC wood, the
general method was needed to determine energy
release rate. The calculations assumed the adhe-
sive layers were thin and well bonded (prior to
fracture). In other words, the beam analysis was
for the wood layers and did not explicitly in-
clude a finite-thickness adhesive layer. The gen-
eral expression for GII for the cracked multilay-
ered structures used was:

GII = 1�2B × �Ck1M1
2 + Ck2M2

2 − Ck3M3
2� (1)

where M1, M2, and M3 are crack-tip moments in
arms 1, 2, and 3 (Fig 1 and 2), respectively, Ck1,
Ck2, and Ck3 are curvature compliances of each
arm, and B is specimen width. For ONF speci-
mens, the moments are given by:

M1 = M2 = �Pa�l − d��2l� − �P�a − d��2� (2)

M3 = M1 + M2 = �d�−a + l�P��l (3)

where a is the crack length, P is the applied load,
l is the span length, and d is the position of the
applied load.

The curvature compliances for the arms of the
VTC testing specimen were determined by a
laminated beam analysis (Nairn 2006):

Ck1 = Ck2

= 12R�3��BE1t1
3�1 + 2R��3 + 6� + 4�2���

(4)

Ck3 = 3R�3��2BE1t1
3�1 + 3�1 + R��

+ �3 + 9R��2 + 8R�3�� (5)

where R � E1/E2, � � t1/t2, and E1 and E2 are
the moduli of the examined VTC wood and of

the control wood, respectively; t1 is thickness of
the VTC wood; t2 is thickness of the control
wood in the beam.

The E1 and E2 values were obtained by static
three-point bending tests prior to the preparation
of the fracture test specimens. For all the speci-
mens, the test span was 100 mm, the load was
applied at the midpoint in 3-point bending, and
the loading rate was 3 mm/min.

For the control wood specimens (unsymmetrical
arms 1 and 2 in Fig 2), the curvature compli-
ances are:

Ck1
�c� = Ck2

�c�

= 12R�3�1 + � + R����BE1t1
3�1 + 4�1 + R��

+ 6�1 + 3R��2 + 4�1 + 7R��3

+ �1 + 14R + R2�4��� (6)

Ck3
�c� = 3R�3��2BE1t1

3�1 + 3�1 + R��

+ �3 + 9R��2 + �1 + 7R��3�� (7)

The calculations for the ENF specimens (beam
loaded in the middle of the span) are similar.
The only difference is that the crack-tip mo-
ments changed to:

M1 = M2 = a�1 − d�P�2l (8)

M3 = a�1 − d�P�l (9)

RESULTS AND DISCUSSION

The PF Adhesive Bond Line

Adhesive penetration can be defined as the spa-
tial distance from the interface of the adjoining
substrate (Sernek et al 1999). There are different
ways of quantifying the adhesive penetration.
The EP is calculated as the total area of the
adhesive detected in the interphase region of the
bond line divided by the width of the observed
bond line. For this study, the width of the bond
line was the width of the digital images analyzed
by ImageJ (1.6 mm). Statistical analysis (Excel
Anova: Single Factor) indicated significant dif-
ferences between the EP of PF adhesive into
the control specimens and the VTC specimens
of different degrees of densification (p-value
1.12 × 10−16). The EP was the greatest in the
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control wood specimens. In the case of the VTC
specimens, EP decreased with the increasing
densification (Fig 4). However, the multiple
comparison procedure using Fisher’s least sig-
nificant difference (LSD) determined which
means were significantly different from others
(Table 2). The EP in the VTC specimens with
63% densification was not significantly different
from the EP in VTC specimens with 98% den-
sification; and the EP in VTC specimens with
98% densification was not significantly different
from the EP in VTC specimens with 132% den-
sification.

Besides this difference in the EP, it was found
that the location of the PF adhesive in the cel-
lular structure of control and VTC specimens
differed (Fig 5). In the control wood, the adhe-

sive was almost exclusively found in vessel lu-
mens, while in the VTC wood the adhesive was
also detected in the fiber and ray lumens. These
results are due to the changed porosity of wood
as a consequence of densification. Since the ves-
sel lumen volume decreases with increasing de-
gree of densification, the adhesive penetrates
into other lumens. The flow of the adhesive fol-
lows the direction of least resistance.

It should be also mentioned that because of re-
duced porosity (and assumed lower permeabil-
ity) of VTC wood surface, more adhesive
squeezed out of the bond line during pressing, in
comparison with control wood specimens. This
fact is probably reflected in the results of the EP
study (Fig 4).

Modulus of Elasticity

To determine the values of E1 and E2 in Eqs 4,
5, 6, and 7, MOE of the control and VTC wood
specimens was measured by static three-point
bending tests prior to the preparation of the frac-
ture test specimens. Values used in calculations
are presented in Table 3. As expected, MOE
increased with increasing densification of wood.

Over-notched Flexure

It was found that the ONF geometry was suitable
for investigating the crack propagation in the
bonded control and the VTC wood specimens,
although it was not possible to achieve long
crack lengths. This limitation was due to the
necessary high loads for continued crack propa-
gation, which caused tensile failure in the outer
layer of the beam.

Figure 6 shows the relationship between the
crack length a and the mode-II interlaminar frac-
ture toughness GIIc for the ONF specimens.
Each curve represents an average value of seven
measurements. Because of the small amount of
crack propagation that was possible (7 mm), the
toughness did not reach a steady-state value. We
regarded the curves as the initial portions of
toughness resistance curves (“R curves”) and
compared toughness by shifts of those curves.

FIGURE 4. The effective penetration of PF adhesive into the
control and VTC wood specimens of different degrees of
densification.

TABLE 2. Multiple range test with 95% LSD of the EP in
the control and VTC wood.

Count Mean [�m]

VTC 132% 16 23.5
VTC 98% 16 30.1
VTC 63% 16 40.8
Control 16 95.6

Contrast Difference +/− Limits

Control-VTC 63% *54.8 12.9
Control-VTC 98% *65.6 12.9
Control-VTC 132% *72.1 12.9
VTC 63%-VTC 98% 10.7 12.9
VTC 63%-VTC 132% *17.3 12.9
VTC 98%-VTC 132% 6.5 12.9

* denotes a statistically significant difference
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The average GIIc was the lowest for the bonded
control specimens. Mode-II crack initiation
toughness was the highest for the VTC wood
specimens with 98% densification. The GIIc may
have reached a plateau in the bonded control
wood of about 0.38 kN/m. For the VTC speci-
mens, GIIc continued to increase with crack
length. This increase occurred because the crack
propagated from the interface into the wood tis-
sue of the VTC wood specimens, whereas in the
control wood specimen, the crack initiated in the

interface and propagated within the interphase.
It should also be noted that as the crack propa-
gated, the difference between GIIc of the control

FIGURE 5. The PF adhesive penetration in the control and the VTC wood specimens of different degrees of densification.

TABLE 3. Modulus of elasticity of the control and VTC
wood specimens (standard deviations in parentheses).

Degree of
densification E (GPa)

0% (control) 8.7 (0.59)
63% 11.2 (2.27)
98% 16.0 (2.39)
132% 19.9 (3.41)

FIGURE 6. The relationship between the crack length a and
the mode II interlaminar fracture toughness GIIc for the
ONF specimens with the different degrees of densification.

WOOD AND FIBER SCIENCE, JULY 2008, V. 40(3)370



and VTC wood specimens became significantly
different (Table 4) at the 95% confidence level.

End–notched Flexure

Determination of the GIIc by the ENF test was
influenced by crack stability problems. Since the
crack propagation was accelerating and deceler-
ating, and in some cases arresting, it was impos-
sible to control the crack increments. Because of
this unstable or stick-slip growth, different
propagation points were determined for each
specimen. The resulting GIIc for four VTC speci-
mens with 132% degree of densification is pre-
sented in Fig 7 as an example of problems with
the ENF geometry. Two specimens reached pla-
teaus similar in magnitude to the ONF results;
two specimens did not reach a plateau. Also, in
all control and VTC specimens, the crack initi-
ated in the interface and then propagated into the
wood.

Another problem within the ENF method was

that lower GIIc values at crack initiation were
observed, compared with the ONF method,
again due to instability of the ENF geometry.
Because of fast crack propagation at the begin-
ning of crack growth, it was difficult to deter-
mine the correct point of initiation. Szekrenyes
(2005) also observed a significantly lower GIIc

of crack initiation obtained by the ENF method
in comparison with the ONF method for glass/
polyester specimens.

Other researchers (Yoshihara and Ohta 2000;
Yang and Sun 2000; Yoshihara 2003) have
found that the initial crack length-to-span ratio
of the ENF specimen controls the manner in
which the delamination crack extends. Cantwell
(1997) studied the effect of varying crosshead
displacement rate on the value of GIIc obtained
by ENF specimens. The study concluded that
GIIc tends to increase with increasing crosshead
displacement rate before reaching a plateau at
high rates. The same results were obtained by
Kusaka et al (2006); the mode-II interlaminar
fracture toughness of the Zanchor reinforced
composites increased with the increasing load-
ing rate with ENF specimens. Therefore, we
concluded that the ENF test used in the present
study was not suitable for investigating crack
initiation and crack propagation in laminated
wood structures.

CONCLUSIONS

The results of this study established that wood
densification with the VTC process did not de-
grade the ability of the surface of VTC samples
to properly bond with PF adhesive. The mode-II
adhesive fracture toughness of VTC wood was
superior to that of the untreated wood. The re-

TABLE 4. Average values of GIIc for the ONF specimens at different crack lengths and p-values .

Degree of
densification

45 mm 47 mm 50 mm 52 mm

Average GII
[kN/m] p-value

Average GII
[kN/m] p-value

Average GII
[kN/m] p-value

Average GII
[kN/m] p-value

0% (control) 0.214 0.0511 0.312 0.0398 0.385 0.0042 0.380 0.0041
63% 0.295 0.433 0.456 0.632
98% 0.491 0.636 0.806 1.006
132% 0.414 0.573 0.769 0.986

FIGURE 7. The relationship between the crack length a and
the mode II interlaminar fracture toughness GIIc for the ENF
specimens with the degree of densification 132%.
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duced effective penetration of the PF adhesive
into the VTC wood was not crucial for the ad-
hesion.

The effective penetration of the PF adhesive was
greatest in the case of the control wood, and for
VTC wood it decreased with increasing degrees
of densification. Microscopic examination of the
bonded interphase showed that the location of
the adhesive changed with the degree of densi-
fication as a consequence of the closed structure
of the densified specimens. The adhesive fol-
lowed the path of least resistance. Because of the
collapsed vessels in the VTC wood specimens,
the adhesive entered the lumens of fibers and
rays.

The average fracture toughness was the lowest
for the bonded control specimens and increased
for the VTC wood specimens. For the control
specimens, the crack propagated within the in-
terphase and the toughness remained low. For
the VTC specimens, the crack propagated from
the interphase into the VTC wood and the tough-
ness increased with crack length. Mode-II crack
propagation in fibrous materials will follow a
path close to the fiber direction, but with the
lowest shear resistance (or mode-II toughness).
In control specimens, that path was within the
interphase. In the VTC specimens, the path was
in the VTC wood, which apparently improved
shear resistance compared with the control wood
interphase. The fact that the crack remained in
the interphase in control wood may imply that
the greater adhesive penetration had depleted the
interface of adhesive and limited its toughness.
The toughness of control wood specimens is
probably limited by the low toughness of the
control wood itself. In contrast, more adhesive
remained at the interface in VTC specimens.
The additional adhesive probably sufficiently
improved the local toughness that the crack di-
verted away from the interphase into the VTC
wood. Despite the diversion, the toughness was
higher because of the improved shear resistance
of VTC wood.

Grain orientation may need to be considered,
since in mode I, grain orientation significantly

influences fracture toughness. Since reorienta-
tion of grain direction alters shear properties, it
is likely that grain orientation will also affect
mode-II crack growth along the path of lowest
shear resistance. It is possible that samples with
constant grain orientation would reach a plateau
toughness leading to a single material parameter
characterizing mode-II toughness.

The results showed that the concept of fracture
mechanics can be applied to the bonded VTC
wood system. The results revealed that the ONF
specimen geometry can be used to discern dif-
ferences in bond performance of VTC wood,
however, further research is needed. The effects
of surface properties, grain orientation, and
specimen geometry should be studied. More-
over, the influence of testing parameters on the
mode-II fracture toughness has to be investi-
gated. While the ONF specimen geometry seems
to be a promising method for mode II fracture
testing of adhesively bonded wood specimens,
the ENF geometry is less useful due to crack
stability problems.
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