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SUMMARY

Beech (Fagus sylvatica L.) veneers were treated with: two formulations based on N-methylol-melamine
(NMM): 1) NMM solution (NMM-1, 10% solid content), 2) fatty acid modified NMM dispersions containing
paraffin (with an aluminum salt as catalyst, mNMM-2, 5% solid content); and 3) alkyl ketene dimer dispersions
(AKD, 1% solid content). Five treated veneers were glued with a phenol formaldehyde adhesive to produce
plywood in two different processes. In the first process, the impregnated veneers were cured before gluing and
pressing. In the second process, the curing of the impregnated veneers and the pressing to make plywood were
combined in one step. Plywood produced from water-treated veneers served as controls. Bonding quality of the
plywood was performed following the standard EN 314-1 (2004) with three pre-treatments prior to the test.The
results showed that regardless of the plywood production process and pre-treatment, the plywood treated with
NMM-1 resulted in increased shear strength (up to 28.5%) in comparison to the controls, whereas the
treatments with mNMM-2 and AKD diminished the shear strength of the plywood to different extents. The
cohesive wood failure of the control plywood varied from 50 to 100%, while this percentage of the treated
plywood was much lower, between 0 and 40% in both process 1 and process 2. Nevertheless, the plywood of
both processes (except mNMM-2 treated plywood in process 1) reached the requirements for the plywood used
in non-covered exterior conditions according to the EN 314-2 (1993). Statistical analyses indicated that
plywood produced in process 2 induced comparable or higher shear strength than that in process 1, the curing
before gluing application resulting in negative effects on bonding quality is also discussed. The number of
delaminated plywood specimens after the soaking/drying cycles was in agreement with the bonding quality.
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I. INTRODUCTION

Many efforts have been undertaken in order
to improve the dimensional stability of wood
as well as its decay and weathering resistance
and thereby to prolong the service life in
outdoor application (Hill 2006).
chemicals have been well established with
regard to solid wood modification. Wood
treated with melamine-based compounds
brought about remarkable improvements for
solid wood, such as enhanced water repellence
and dimensional stability (Inoue et al 1993),
increased hardness, modulus of elasticity and
bending strength (Inoue et a/ 1993, Deka and
Saikia 2000, Gindl et al 2004). In addition,
water-based melamine treated wood indicated
the potential to increase resistance against
wood destroying fungi (Rapp and Peek 1996,
Lukowsky et al 1999) and photochemical
wood degradation caused by weathering (Rapp
and Peek 1999). Alkyl ketene dimer (AKD) is
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widely used in the paper industry as an internal
sizing agent. The hydrophobic effect of AKD
is attributed to an esterification with hydroxyl
groups of wood fibers and subsequent
orientation of hydrocarbon chains (Isogai and
Taniguchi 1992, Hubbe 2006). Thus, the
application of AKD to wood and wood-based
panels is expected to result in an increased
dimensional stability; however, there have
been only few studies using AKD for wood
modification.

Beech (Fagus sylvatica 1.)is one of the
most important wood species used in veneer
industry in Europe. It is easily treatable;
nevertheless, its low durability limits the area
of application. Modification of plywood is
supposed to improve many properties such as
dimensional stability, resistance to
biodegradation and UV radiation, and strength
properties of the plywood.

Like with other wood-based panels,
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properties of plywood rely on the adhesive
bond formed between the veneers. Hence,
improving the bonding quality plays an
important role in the development of higher
performing materials. Adhesive properties,
wood veneers, working conditions and process
parameters are the main factors affecting the
bonding quality and the performance of
plywood (Dunky 2003). In this study, the
factors related to the veneer material and
adhesive properties were fixed; however,
working conditions and process parameters
(impregnation, pre-drying, curing, gluing, hot
press) could affect the performance of
plywood. Therefore, the objective of this work
is to investigate the influence of two different
processes (with and without curing before
gluing) on bonding quality of the treated beech

plywood.
II. MATERIALS AND METHODS
2.1. Chemicals

N-methylol-melamine ~ (NMM-1)  was
Madurit MW 840/75 WA (Inecos Melamines,
Frankfurt/Main, Germany). The dynamic
viscosity of the formulation was 430 mPa s,
the density 1,256 g ml"and the pH-value 9.3
(all wvalues at 25°C). NMM-1 is partly
methylolated (with residual amino groups of
the melamine) and partly methylated; the
behaviour of NMM-1, hence, is rather
hydrophobic, but still with the possibility of
hardening.

The fatty acid modified N-methylol
melamine formulation containing paraffin
(mNMM-2) was Phobotex VFN (Ciba, Basel,
Switzerland). It is a white emulsion with a pH-
value of 5.3 and a specific gravity of 0.991 g
ml" at 25°C. Due to the modification with
fatty acid and the addition of paraffin, the
substance shows predominately hydrophobic
character. An aluminum salt solution (Catalyst
RB, Ciba, Basel, Switzerland) was used as a
catalyst for the curing of Phobotex VFN.

Alkyl ketene dimer (AKD), a chemical of
paper industry, was Basoplast 4118 MC
(BASF, Germany). It is a white emulsionwith
pH value of 3.5 — 4.5 and viscosity of max 100
mPas (20°C).

Phenol formaldehyde resin Prefere 4976
and hardener Prefere 5909 (Dynea, Erkner,
Germany) was used as shown in the technical
data sheet for the bonding of veneers.

2.2. Plywood production

Rotary cut beech (Fagus sylvatica L.)
veneers with the dimension of 1.5 x 400 x 400
mm® (thickness x width x length) were
impregnated in an autoclave under vacuum
(60mbar) for 30 min and subsequently under
pressure (12 bar) for 2 h with the following
solutions: 1) N-methylol-melamine (NMM)
solution (NMM-1, 10% solid content), 2) fatty
acid modified NMM dispersions containing
paraffin (mNMM-2, 5% solid content) with an
aluminium salt as catalyst (1.7%), and 3) alkyl
ketene dimer dispersions (AKD, 1% solid
content). Water impregnated veneers were
used for control plywood. The impregnated
veneers were pre-dried in an oven at 40°C for
24h to a moisture content of 3-8% prior to the
following processes:

Process 1: Pre-dried veneers were cured in a
hot press of 130°C, 5 min and pressure 1
N mm™. Moisture content of the veneers after
curing in the hot press was too low for gluing
application; therefore, the veneers were room-
conditioned for 4 days until the moisture
content of the veneers was between 3 and 8%.
An amount of 160 g m™ PF glue (Prefere 4976,
Dynea, Norway) was applied per veneer using
a roller. Afterwards, 5-layer-plywood was
produced in a hot press (130°C) at 1.5 N mm™~
(10 min pressing time).

Process 2: The steps were the same as in
process 1, but the curing of veneers and the hot
pressing (to make plywood) were combined in
one step.
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The prepared plywood was
conditioned for 3 days before cutting to
different sizes for bonding quality tests.

2.3. Bonding quality test

The bonding quality of the plywood was
determined according to the EN 314-1 (2004).
Twelve plywood specimens of 7.5 x 25 x 100

Iy

room-

—>|b,}e

mm® (thickness x width x length) from each
treatment were prepared. Each specimen was
cut so that the grain direction of the layer
between the glue lines wunder test is
perpendicular to the length of the specimen

(Fig. 1).
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Figure 1.Bonding quality test specimen of 5 layer-plywood (Image based on the EN 314-1)

Where:

b;: shear width of test specimen (25 + 0.5)
mm;

b,: saw cut width from 2.5 to 4 mm;

1;: shear length (25 £ 0.5) mm;

1,: distance between two clamps 50 mm.

Prior to the test, the plywood specimens
were pre-treated as follows: 1) immersion for
24h in water at 20°C, 2) immersion for 4h in
boiling water, drying for 16-20h at 60°C,
immersion for 4h in boiling water, and then
cooling in water at 20°C for at least lh, 3)
immersion for 72h in boiling water, and
cooling in water at 20°C for at least 1h.

As soon as the pre-treatments were fulfilled,
the shear strength were determined using a
universal testing machine Zwick/Z010 (Zwick,
Ulm, Germany) and Equation 1:

F
ﬂ_gxq

Where:

fv: shear strength of each test specimen (N

(Equation 1)
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mm?);
F: the failing force of the test specimen (N);
1;: the length of the shear area (mm);
bi: the width of the shear area (mm).

In addition, the cohesive wood failure of the
separated plywood specimens was evaluated
according to the reference illustrations in the
standard EN 314-1 (2004) with an accuracy of
5%. Based on the mean values of shear
strength and the mean values of cohesive wood
failure, bonding quality of the plywood was
classified as required in the EN 314-2 (1993).

2.4. Delamination test

The delamination test was conducted as
follows: ten plywood specimens of 7.5 x 50 x
50 mm?’ (thickness x width x length) from each
treatment the
soaking/drying cycles. Each cycle consisted of
6 steps: 1) submersion in water 24 h; 2) water
soaking under vacuum (60 mbar) 1h , and
storing under water 20 h; 3) air-drying 24h; 4)
oven-drying 50°C, 24h; 5) oven-drying 80°C,
24h; 6) oven-drying 103°C, 24h and cooling

were oven-dried before
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to room temperature over silica gel in a
desiccator. The cycle was repeated 6 times.
The delaminated specimens were counted after
each cycle.

2.5. Statistical analysis

Statistical analysis was applied to compare
the shear strength of the plywood produced
from process 1 (two step method) and process
2 (one step method). Since the data were not
normally distributed, the results were analysed
by a non-parametric method. The comparison
between two means was conducted by Mann-
Whitney-U test with the confident level of
95% (Hill and Lewicki 2007).

II1. RESULTS AND DISCUSSION
3.1. Weight percent gain

The weight percent gain (WPG) of the veneers
treated with 10% NMM-1 was 10.4 + 1.0%; that
of veneers treated with 5% mNMM-2 was 4.6 +
0.2% and with 1% AKD was 1+ 0.15%.
3.2. Bonding quality

A phenolic adhesive can produce better
water and weathering resistant glue lines than
the other synthetic adhesives because of the

resistance to hydrolysis of the C-C bonds
between the aromatic nuclei and the methylene
bridges, therefore it is suitable for exterior
products (Dunky, 2003). In this study, the
phenolic glue had a recommended pressing
time of 5.4 min for 5 layer-plywood with the
veneer thickness of 1.5 mm and pressing
130°C  (Dynea, 2003).
However, a longer pressing time (10 min) for
both processes was employed to avoid factors
which could lessen the bonding quality and to
ensure enough curing time for the veneers in
process 2.

temperature  of

As observed in Fig. 2, regardless of the
plywood production process and pre-treatment,
the plywood treated with NMM-1 solution
resulted in increasing of shear strength,
whereas the plywood treated with mNMM-2
and AKD dispersions diminished shear
strength of the plywood as compared to the
control plywood. Nevertheless,
values of shear strength were higher than 1 N
mm~ in all cases (except mNMM-2 treated
plywood in process 1).

the mean
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Figure 2. Shear strength of the control and treated plywood, process 1 (A) and process 2 (B)

The failure of the test plywood specimens
occurred in the wood parts or in the glue lines
between the saw cuts (within the shear test
area) for both processes, hence the results of
these shear tests were accepted according to
the requirements of the standard EN 314-1.

The mean values of cohesive wood failure
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were shown in Table 1, in fact, the percentage
of cohesive wood failure in the -control
plywood varied from 50 to 100%, while this
percentage of the treated plywood was lower
(0-40%) in both process 1 and process 2.
According to the standard EN 314-2, the shear
test of plywood-class 3 (for non-cover exterior
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use) needs to undergo the three pre-treatments.
Each glue line of these three pre-treatments
must satisfy two criteria about mean shear
strength and mean cohesive wood failure; if
the mean shear strength is higher than 1 N mm’
2, there is no requirement of mean cohesive

wood failure. As consequence, the plywood of
both processes (except mNMM-2 treated
plywood in process 1) passed the requirements
of the plywood used in non-covered exterior
condition.

Table 1. Mean values of cohesive wood failure of the control and treated plywood [%]

Mean values of cohesive wood failure [%]

Treatment Pre-treatment 1 Pre-treatment 2 Pre-treatment 3

C 65.6 67.0 75.5

C, 58.0 57.2 60.0

M, 15.0 26.0 24.4

M, 14.5 25.6 31.1

Vi 2.5 2.9 9.4

V, 13.1 16.1 10.6

A 83 11.1 21.7

A, 4.5 9.3 14.5
Where:

C,: Control plywood—process 1
C,: Control plywood—process 2
Vi: mNMM-2 treated plywood—process 1
V,: mNMM-2 treated plywood—process 2

Mann-Whitney-U  test indicated that
plywood made in process 2 induced
comparable or higher shear strength than in

M;: NMM-1 treated plywood—process 1

M,: NMM-1 treated plywood—process 2
A,: AKD treated plywood—process 1
A,: AKD treated plywood—process 2

process 1 (Table 2), so the curing before gluing
application could result in negative effects on
bonding quality.

Table 2.Shear strength comparisons between process 1 and process 2 (Mann-Whitney-U test)

Pre-treatment 1

Pre-treatment 2

Pre-treatment 3

C1:C2 C1:C2 C]< CZ
M; =M, M; =M, M, =M,
Vi<V, Vi<V, Vi<V,
A=A, A<A, A<A;
Chemical modification, which replaces the untreated wood structure (Rowell 1995).

polar hydroxyl groups of wood with more non-
polar groups, is supposed to reduce adhesion
by making the wood surface less polar and less
porous, resulting in poorer adhesive wetting
and less bonding possibilities (hydrogen
bonding, van derWaals interactions) between
the two surfaces (Hunt et al. 2007; Kamke and
Lee 2007). In addition, the more polar the
adhesive at the same molecular structure and
molar masses, the better is the penetration into

146

The PF adhesive may penetrate into the cell
lumens and cell walls of wood and thus enlarge
the bonding interface.

Irrespective of the pre-treatment or plywood
making process, NMM-1 treated plywood
always displayed increasing mean values of
shear strength and reduction of cohesive wood
failure as compared to those of the control
plywood. This implies that the veneers were
strengthened due to the partial incorporation
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and polymerization of NMM-1 molecules into
the wood structure whereas the surface energy
and wettability of the veneer surface were
reduced. Curing prior to gluing (in process 1)
compared to gluing without pre-curing (in
process 2) did not bring about any significant
difference of bonding quality in case of NMM-
1 treated plywood (Table 1&2). The treatment
of wood with NMM-1 might reduce the
surface energy and restrain the penetration of
the PF adhesive into the wood pores. On the
other hand, NMM-1 possesses N-methylol and
amine groups which can potentially react with
PF to form covalent bonds; NMM, however, is
unlikely to be covalently bonded to the wood
surface. NMM-1 might also dimensionally
stabilise the wood surface under wet conditions
suggested for priming with
hydroxymethylated resorcinol (Son and
Gardner 2004; Gardner et al. 2006), and thus
increase the wet shear strength.

In contrast to NMM-1 treatment, the
treatments with mNMM-2 and AKD induced
clear reduction in both shear strength and
cohesive wood failure. Moreover, the shear
strength of the treated plywood produced in
process 2 was remarkably diminished as
compared to that in process 1. The previous
pressing (curing of veneers in process 1) was
reported to cause loss of surface energy and
reduce permeability (Christiansen 1990,
Christiansen 1991), as a result the penetration
of resin into the veneers was decreased.
Therefore, the shear strength reduction can be
explained by the fact that, after the curing in
process 1, the veneers were more hydrophobic
and displayed reduced permeability, less
wettable surfaces, resulting in less efficiency in
gluability of the treated veneers. mNMM-2
mostly acts as a hydrophobation agent because
of its content of fatty acids and paraffin. It does
not penetrate deeply into the wood and mainly
concentrates at the surface due to relatively
large diameters of the dispersion particles. It is

as it was

assumed that it reduces both the surface energy
and the adhesive penetration to a greater extent
than NMM-1. The possibility of covalent
bonding of the fatty acid modified NMM
(mNMM-2) with the PF resin is also less than
with NMM-1
concentration and the substitution of the
component with fatty
moieties.The weak bonding strength of cured
veneers was confirmed in the study of
Hundhausen (2009) who wused AKD
blended/impregnated wood chips for urea-
formaldehyde bonded particleboards. The
results revealed that AKD imparted more
reduction in gluability when wood chips were
cured prior to pressing.

because of the lower

melamine acid

The investigation into bonding quality of N-
methylol melamine treated wood has not yet
been reported in the literature. In a comparable
work on beech plywood treated withl,3-
dimethylol-4,5-dihydroxyethyleneurea
(DMDHEU), the control plywood presented
significantly higher shear strength (1.4 times)
and higher percentage of cohesive wood failure
than the treated plywood (Dieste et al. 2009).
Vick and Rowell (1990) also found a reduction
in bonding strength of acetylated yellow poplar
veneers glued with a PF resin when compared
to the controls. Lowering wettability and
permeability due to the
hydroxyl groups of cell wall polymers by
acetyl groups was assumed to be the main
reason for the poor performance of phenolic
resins on acetylated wood. The treatments with
N-methylol melamine compounds and AKD
are not expected to reduce the number of
hydroxyl groups in modified wood; however,
the bonding quality was affected, especially
the reduction in cohesive wood failure which is
attributed to low wettabilty and low
permeability of the treated veneers.

substitution of

3.3.Delamination after soaking/drying cycles
Soaking and drying cycles caused
swelling/shrinking stress for the plywood
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specimens. As a result, the bonding strength
was reduced, and the specimens started
delaminating during the cyclic test. The results
showed that the quantity of delaminated
plywood specimens during the cycles is in
accordance with the bonding quality. There
was insignificant change in bonding strength of
NMM-1 treated plywood between process 1

and process 2. As a consequence, the numbers
of delaminated specimens were similar in both
processes; furthermore, the higher bonding
strength of NMM-1 treated plywood in
comparison to the controls, mNMM-2 and
AKD treatments confirmed by no
delaminated specimens after 6 cycles of
soaking and drying (Fig. 3).
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Figure 3. Quantity of delaminated specimens of the control and treated plywood, process 1 (A) and
process 2 (B)

The mNMM-2 treated plywood specimens
in process 1 were collapsed all after the cycle 2
because of the weak bonding strength, but in
the process 2, only 2 of 10 specimens were
delaminated after the last cycle. The same
phenomenon occurred in the AKD treated
plywood, 8 of 10 plywood specimens in
process 1 were delaminated after 6 cycles
whereas the delamination of the plywood
specimens in process 2 proceeded in a later
cycle (Fig. 3).

IV. CONCLUSIONS

The beech plywood treated with two N-
methylol melamine formulations and AKD
dispersions at different solid contents exhibited
bonding quality above the requirements of
plywood used in non-covered
conditions (except mNMM-2 in process 1).
Due to hydrophobation
permeability of the cured veneers in process 1,
the plywood produced in process 2 (combined
curing and pressing) showed higher bonding
quality this was confirmed by higher shear
strength and lower numbers of delaminated

exterior

and reduced
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specimens over the soaking/drying cycles.
Hence, process 2 did not only impart higher

performance  properties, but is  also
economically favourable due to lower
energyinput.
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ANH HUONG CUA QUA TRINH PONG RAN SO BO CHAT BIEN
TINHTRONG VAN MONG PEN CHAT LUQNG DAN DIiNH CUA VAN DAN

Trinh Hién Mai
Truong Dai hoc Lam nghiép

TOM TAT

Van mong gb Beech (Fagus sylvatica L.) duge xt Iy bién tinh voi: hai hdn hop ciia N-methylol-melamine
(NMM): 1) dung dich NMM (NMM- 1, ham luong rin 10%), 2) dung dich NMM bién tinh véi axit béo, c6 chira
paraffin (mMNMM-2, ham lugng rin 5%); va 3) dung dich alkyl ketene dimer (AKD, ham lugng ran 1%). Van
mong sau khi xtr Iy bién tinh dwoc trang keo phenol formaldehyde dé san xuét van dan theo hai quy trinh khac
nhau. Trong quy trinh thir nhit, van méng sau khi ngdm tdm hoa chat bién tinh duoc dong rin so bé (curing)
truge khi trang keo va €p nhiét. Trong quy trinh thir hai, qua trinh “curing” van mong sau khi ngdm tdm v6i hoa
chat duoc két hop véi qua trinh ép nhiét. Van dan san xudt tir van mong gd Beech ngim trong nudc (thay vi
ngam tam véi dung dich hoa chat) dugc sir dung lam véan ddi ching, Chit lugng dan dinh cia van dan bién tinh
va van dan déi ching dugc kiém tra theo tiéu chuén chau Au EN 314-1 (2004) véi cac bude tién xir Iy trude khi
klem tra cuong do6 kéo truot mang keo.Két qua cho thay, trong ci hai quy trinh san xuét van dan va cac budc
tién xir Iy trude khi kiém tra, van dan bién tinh v6i NMM-1 ludn cé cudng d6 kéo trugt cao hon van dan dbi
chung (dén 28.5%), trong khi bién tinh v6i mNMM-2 and AKD lam giam cuong do kéo truot cua van dan toi
cac mirc d¢ khac nhau. Ty 1& pha huy soi g0 ciia van dan ddi chimg thay dbi tir 50 dén 100%, trong khi ty 18 nay
clia van dan bién tinh thap hon nhiéu, tir 0 dén 40%. Tuy nhién, van dan san xuat theo ca hai quy trinh (ngoai
trir van dan bién tinh voi mNMMS-2 trong quy trinh 2) déu dap tmg dugc cac yéu cau dbi véi van dan sir dung
trong diéu kién ngoai troi khong c6 mai che theo tiéu chuan EN 314-2 (1993). Phan tich théng ké da chi ra ring
van dan san xuét theo quy trinh thir hai c6 cuong do kéo truot mang keo tuong duong hodc cao hon so vdi van
dan san xuét theo quy trinh thir nhit, qua trinh déng rin so bd ctia héa chit bién tinh trudce khi trang keo co
nhitng anh huéng khong tdt t6i chét lwong mang keo s& dugc thao luan. S lwgng miu van dan bi bong tich sau
céc chu ki ngdm nuée/sdy khé phit hop voi két qua nghién ctru vé chit lugng dan dinh theo EN 314.

Tir khéa: AKD, chit lrgng dan dinh, gd Beech, N-methylol melamine, van dan, vin méng.
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