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ABSTRACT

An optimum adhesive penetration is needed to provide satisfactory bonding strength at the veneer-veneer
interface. The effect of veneer density and glue spreading rate on the phenol formaldehyde adhesive penetra-
tion plot profile was determined. An X-ray apparatus was used to visualize the adhesive penetration of the ply-
wood. The heartwood and sapwood veneer of Cryptomeria japonica with low, medium, and high veneer densi-
ties were made into plywood. The glue spreading rate was applied from 75 g/m? to 225 g/m? for the heartwood
plywood and up to 300 g/m? for the sapwood plywood (plus 75 g/m? at every level of glue spreading rate). An
X-ray apparatus with a low tube voltage successfully visualized the adhesive penetration plot profile. Based on
the half-width calculation, the adhesive penetration depth ranged from 0,3 - 0,9 mm. The mean half-width was
0,5 mm. The adhesive concentration increased with increasing glue spreading rate. In contrast, it also showed
that using different veneer densities and increasing glue spreading rates does not affect the half-width value as
the adhesive penetrates deeper.

Keywords: Adhesive penetration, phenol-formaldehyde, spreading rate, veneer density, X-ray
densitometry.

INTRODUCTION

Plywood is a wood product that made from wood veneers glued together with their grains in a
perpendicular direction. The important thing of the quality and durability of plywood depends on the adhesive
used in manufacturing (Asif 2009). Phenol formaldehyde (PF) is one of the most common moisture-durable
adhesives used in plywood. Phenol formaldehyde adhesives are usually used in plywood manufacturing for
structural applications in exterior conditions (Kurt 2010, Kurt and Cil 2012). The flow of PF adhesive into
the wood cellular structure and infiltration into the cell walls create the wood adhesive interphase (Jakes et al.
2015). The pressure applied on the PF adhesive will affect the adhesive penetration (Cognard 2005).

It is important to investigate the adhesive penetration through the adhesive interphase on plywood. Tanaka
(2018) developed a geometrical model of wood cells and adhesive penetration at the veneer-veneer interface of
plywood. Adhesive penetration is categorized into four scales of penetration, namely, macroscopic penetration,
microscopic penetration, nanoscale penetration, and angstrom-scale penetration (Laborie 2002). The depth
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of adhesive penetration is influenced by adhesive parameters (viscosity), substrate parameters (grain angle;
earlywood or latewood), and processing parameters (bonding pressure; open time) (White 1975). Optimum
adhesive penetration information is important of the efficiency in using the adhesive (Kurt and Cil 2012).

X-rays can be used to investigate adhesive penetration until microscopic penetration. Since the last centu-
ry, X-ray has been used for wood inspection (Worschitz 1932, Fisher and Tasker 1940, Tomazello et al. 2008)
consequently, considering the X-ray apparatus as a potential tool for quantitative analysis. Based on research
conducted by Tanaka and Shida (2012), the X-ray apparatus can be used to quantitatively measure the mois-
ture content distribution in plywood. However, limitation of knowledge regarding the quantitative analysis
of adhesive penetration in plywood requires further research. In a study by Ferrtikasari et al. (2019), it was
stated that the qualitative analysis of the X-ray computed tomography image can clearly show the penetration
of PF adhesive into lathe check on plywood at a glue spreading rate of 225 g/m? and elucidate the relationship
between increasing glue spreading rate of plywood and its thermal conductivity (Ferrtikasari e al. 2019). Re-
search conducted by Tanaka ez al. (2015) stated that the PF adhesive in wood can be visualized clearly because
the mass attenuation coefficient is different between wood and PF. Thus, the PF adhesive visible to visualize in
the wood using X-rays (Tanaka et al. 2015).

This study focused to understand PF adhesive penetration size which define as half-width. The effect of
increasing glue spreading rate, different wood veneer density, and wood part (heartwood and sapwood part) on
the half-width size were investigated. The method to calculate half-width was developed. Other following def
ImageJ inition to avoid confusion is term peak-height as PF adhesive concentration.

MATERIALS AND METHODS
Materials

Five-ply sugi (Cryptomeria japonica) plywood was made from low-, medium-, and high-density heart-
wood with density values of 0,281-0,309 g/cm?; 0,319-0,343 g/cm® and 0,346-0,372 g/cm?, respectively. The
medium-density sugi sapwood plywood was made with range of density at 0,320-0,340 g/cm’. PF adhesive
with solid content 48 % was used in this study. Heartwood plywood was made using three glue spreading rates:
75 g, 150 g and 225 g. Sapwood plywood was made using four glue spreading rates: 75 g, 150 g, 225 g and 300
g Plywood manufacturing was performed by cold-pressing and hot-pressing at 1 MPa for 20 min (Ferrtikasari
et al. 2019) (The properties of the X-ray plywood sample are shown in Table 1. Samples for X-ray assessment
were cut with dimension 10 mm x 100 mm x plywood thickness for all plywood.

Table 1: The dimensions and densities of the X-ray plywood samples.

Veneer's Dimension (mm) Plywood
Veneer type density Spreading Weight () density
goup | rate(2md) [—— = - (g/em’)
Low 10,03 17,51 100,42 6,11 0.351
Medium 75 259 17.74 9828 6,54 0.400
High 10,22 17,89 100,62 7,75 0.421
Low 9,38 16,39 100,00 5,92 0.381
Heartwood Medium 150 10,39 17.13 100,68 7,92 0.442
High 10,63 17.41 100,34 7.89 0.425
Low 10,33 15,58 100,33 6,92 0,428
Medium 215 10,06 16,59 100,80 7453 0.443
High 10,23 16,75 100,73 8,36 0.484
75 9,33 18.08 100,51 5,77 0.340
150 10,77 17.66 100,48 6,73 0.352
Sapwood Medium 225 10,13 17.48 100,47 6,61 0.372
300 10,25 1690 100,30 6,52 0.375
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X-ray scanning of plywood

An X-ray apparatus, SR-1010 (Softex Co., Ltd., Ebina, Japan) equipped with a digital X-ray sensor (NX-
04H, Softex Co., Ltd.), was used. The sample was scanned on a bondline section with 21,5 kV tube voltage, 3
mA tube current, exposure time of 50 s, and a 416-mm-thick polytetrafluoroethylene (PTFE) filter. A schematic
of the X-ray photography set-up is shown in Figure 1.

X-Ray

———— ——DPTFE filter

N

o "PMMA Blocks

Plywood sample

Figure 1: Schematic of the X-ray photography condition.

The X-ray image of the plywood sample was divided into seven lines using ImageJ 1.48v software to
obtain seven plot profiles. The gray value of the poly (methyl methaceylate) (PMMA) block area was used to
obtain the equation for the PMMA-equivalent thickness (Figure 2). This equation was used to convert the gray
values of the plot profiles. The converted plot profile was calculated using a certain mechanism to obtain the
adhesive penetration and adhesive concentration in plywood.
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Figure 2: Equation of the PMMA -equivalent thickness.
Statistical analysis

The effects of the glue spreading rate and veneer density on the half-width were analyzed using two-way
analysis of variance (ANOVA).
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RESULTS AND DISCUSSION
X-ray image of adhesive penetration in sugi plywood

Adhesive penetration was successfully visualized using an X-ray apparatus. Figure 3a clearly shows the
plywood X-ray image. The X-ray setting is one of the determinants in the clear and successful visualization of
X-ray images. In this study, the low X-ray tube voltage in the X-ray setting was used to visualize the adhesive
penetration in heartwood and sapwood plywood with low, medium, and high veneer densities using various
levels of glue spreading rates (75 g/m?, 150 g/m?, 225 g/m? and 300 g/m?).

The seven-plot profile from seven representative lines on each X-ray image was obtained using Image].
The peak that represented the glue line was pointed out, and the rest were the latewood peaks (Figure 3a). The
adhesive that penetrated the lathe check area was estimated to make the glue line peak broader than the glue
line, which has no lathe check penetration (Figure 3b). However, the adhesive inside the lathe check has its
own peak, which was not part of the general glue line peak.
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Figure 3: (a) X-ray image of high-density heartwood plywood plot profile with 225 g/m? glue spreading rate
with seven adhesive plot profile with the black arrow pointed on the adhesive peak; (b) Lathe check gray
value peak pointed by red arrow which separated for adhesive peak.

1

PF adhesive penetration in sugi plywood

The seven-plot profile was converted into a PMMA-equivalent thickness value. This was done in order to
understand the penetration of the adhesive in the plywood and the concentration of the adhesive in relation to
the glue spreading rate. An example of a successful converted plot profile is shown in Figure 4.
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Figure 4: The plot profile of line 6 in high density heartwood plywood with 225 g/cm? glue spreading rate
that successfully converted using PMMA equation from PMMA calibration curved.

After converting the plot profile, the mechanism for calculating the penetration depth of the glue was de-
veloped in this study and is shown in Figure 5.
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Figure 5: The mechanism of calculated the peak height and half-width.

The base point of the peak should be determined based on the horizontal inequality position of the base
point. After the peak height was obtained, the height of the graph was divided by two, which was the way to
obtain the middle line of the graph. Then, the length of the middle line of the graph, which is defined as the
half-width occurred. The half-width of the peak was considered as the adhesive penetration depth. The peak
height was considered as the adhesive concentration. The half-width and peak-height were obtained from the
calculation of the glue line peak (Figure 6). The half-width (adhesive penetration) value obtained from various
glue spreading rate and veneer density was investigated to see the relations between them (Figure 7).
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Figure 6: Seven points of peak height and half-width of low, medium, and high veneer density heartwood
plywood with 75, 150, 225 g/m? glue spreading rate; and medium veneer density sapwood plywood with 75,
150, 225, and 300 g/m? glue spreading rate.
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Figure 7: PF adhesive half-width of (a) low density heartwood plywood, (b) medium density heartwood
plywood, (c) high density heartwood plywood, and (d) medium density sapwood plywood.
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The half-width was within the range of 0,3 mm to 0,9 mm and was approximately 0,5 mm on average,
regardless of the glue spreading rate or veneer density. This finding is similar to that reported by Modzel et al.
2011 that the penetration depth of the adhesive in the oak, Douglas-fir, and poplar were 400 um, 100 pm, and
400 pm, respectively (Modzel ef al. 2011). These results support the idea that glue penetration into the veneer
in plywood manufacturing is constant, regardless of the glue spreading rate, veneer density, or the wood spe-
cies of the veneer. The smallest half-width value (= 0,3 mm) occurred near the boundary between earlywood
and latewood (Figure 8), suggesting that the existence of latewood in the veneer might limit the adhesive
penetration. This limitation may lead to the consistency of the average half-width value without regard to the
glue spreading rate or veneer density.
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Figure 8: The X-ray image and its plot profile which indicates the smallest half-width value (0,3 mm).
(a) A plot profile of medium veneer density of sapwood plywood with 150 g/m? glue spreading rate and
(b) its X-ray image, and (c) a plot profile of high veneer density of heartwood plywood with 75 g/m? glue
spreading rate and (d) its X-ray image.

)
2 s . ' gs .
3 . = §
: 5 - . '
= . L] - .
4 { . ;
v g . gs
o . M o
J g
24 ’ = 4 : '
=2 = L]
; :
8 8
g 3
2 70

=z [ n 7% 13 225 )

Glue spreading rate (g/cm?) (3) Glue spreading rate (@/cm’) (b)

2 9 '
|47 . A ] !
7 . : k !
A - i . ;
1, . !
-% ® L : l
Y - .
',- | : - L]
g . 2 » . ]
L, - $
g i
& -]
5 <
z0

7 13 18 )

Glue spreading rate (g/cm?)
Glue spreading rate (g/cm?) (C) (d)

Figure 9: PF adhesive peak height of (a) low density heartwood plywood, (b) medium density heartwood
plywood, (c) high density heartwood plywood, and (d) medium density sapwood plywood.
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The adhesive concentration (peak height) increased along with increasing the glue spreading rate. The
peak height of the heartwood plywood with low, medium, and high veneer densities showed the same trend
(Figure 9a, Figure 9b and Figure 9c). The peak height increased with increasing glue spreading rate. In
addition, regarding the sapwood-veneer plywood, the maximum peak height was obtained at the maximum
spreading rate of 300 g/m? (Figure 9d). These results indicate that the concentration of the adhesive at the
bondline is increased by increasing adhesive spreading rate.

The statistical analysis using two-way ANOVA method did not reveal any significant effect of glue
spreading rate, veneer density, or their interactions on the half-width value (Table 2).

Table 2: Results of the two-way ANOVA of veneer density and glue spreading rate in relation with PF
adhesive penetration (half-width) on Sugi heartwood plywood.

Variation Sum of Degree Mean of ¥
of F value critical
factor squares | o dom Squares (5%)
g eneer 1 .009294 2 0,004647136 | 0511127732 | < | 3.18
ensity
Sprfa‘"‘tgmg 0.002184 2 0,001091854 | 0120090442 | < | 3.18

Interaction | 0,086737 4 0,021684153 | 2,384989672 | < 2,56

Residue | 0,463688 51 0,009091927

Total 0,561903 59

CONCLUSIONS

We successfully evaluated the concentration profile of sugi plywood with a low X-ray tube voltage. The
PF adhesive penetration in the sugi plywood had values of 0,3-0,9 mm, with an average of 0,5 mm. In this
experiment, using sugi plywood, it was shown that the existence of latewood might limit the PF adhesive
penetration. On the other hand, the PF adhesive concentration in the glue line increases with increasing veneer
density and glue spreading rate. Findings from this study would be useful in the analysis of a plywood’s quality
and durability.
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