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ABSTRACT

The paper is focused on the impact of perforations on 3D-formability of two-layer
birch veneer materials. Two-layer material consisted of one perforated and one solid veneer.
The veneers were glued together with low density polyethylene film. The grain of veneers
in the board ran at a 90 degree angle to each other. VVeneer perforation was done using CO>
laser. Several perforation varieties were designed taking into account the shape of
perforation, the direction of perforations with respect to the wood fibres and spacing between
the perforations. 3D formability was determined by pressing a ball punch into the hole in the
matrix and evaluated according to the detected deepening. The results indicate a negative
impact of the perforations on 3D formability when compared to non-perforated material,
only the variety with “I” shape perforations oriented parallel to wood fibres approached the
non-perforated material. Lightening of the material was the secondary benefit of the
perforations.
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INTRODUCTION

Veneer-based layered materials were created to change the unwanted properties of
native wood. Layering and bonding of veneers create composite materials with various
properties and a wide range of applications. Considerable attention is paid to modification
both laminated veneer materials and modification of the veneer itself. Some progress has
been made in increasing of 3D formability of veneers by modification of them: WAGENFUHR
et al. (2006), ROSENTHAL (2009), BUcHELT et al. (2010), HEROLD and PFRIEM (2013),
SLABEJOVA and SMIDRIAKOVA (2013, 2014), FEKIAC et al. (2015), FEKIAC et al. (2016),
SLABEJOVA et al. (2017), GAFF et al. (2017). One of the most effective ways to modify veneer
for 3D forming is based on targeted disruption of its integrity by cutting and subsequent
joining by hot melt fibre (NAvI and SANDBERG 2012, KRENZ 2013).

Cutting the material to increase its formability is practically used in production of
furniture and decorative items. Two principles to disrupt material integrity are known:
mechanically using a cutting tool or using a concentrated energy (laser). Mechanical cutting
of flat materials into a certain depth to achieve a desired bend radius is commonly used
technology. The cutting is not observable in the final product at all. At present, materials
modified by disruption of their integrity into their full thickness (perforated materials) are
commercially available. The perforations are aesthetically pleasing and also provide
excellent sound absorption at all frequencies (DUKTA, s. a.).
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Laser technology is largely used for decorative finishing of wood and wood based
materials. The dominant application for decorative purposes is engraving the surfaces. The
incising (perforating) is also a significant application.

Laser incision is applied successfully in production of so-called “living hinge
materials”. These are perforated flat materials with a specific pattern of perforations that
allow the material to be bend without breaking. A typical example is a book cover made
from plywood modified by perforations (Fig. 1). To improve design of the “living hinge
materials”, FENNER (2011) proposed a mathematical model that allowed to reduce the
number of trials and errors when designing. It made it possible to create “living hinge
materials” fatigue-resistant so they can be used not only for static bends, but also for moving
parts of objects.

Fig. 1 Living hinge in book cover made from plywood (LASERCUTCRAFT, S. a.).

The method of incision materials to change their formability can also be applied for
spatial forming. The principle of incision is based on creation of two-side perforated grid
which allows the material to be bend three-dimensionally. When laser incision, different
shapes of perforations are designed (Fig. 2).

Fig. 2 Perforations used to increase material formability; they also fulfill an aesthetic function
(OBRARY, s. @.).

An indisputable advantage of the perforated materials is the reduced weight. Recent
interest in reduction the weight of materials is confirmed by the research on properties of
lightweight wood materials DUDAS and VILHANOVA (2013), VILHANOVA and GABORIK
(2018), BARBU et al. (2010), EBNER and PETUTSCHNIGG (2005), MEDRI et al. (2015) and
other authors.

An important factor affecting the properties of layered materials is the adhesive
applied. The most commonly used adhesives for production of layered veneer materials are
urea-formaldehyde and phenol-formaldehyde adhesives. Nowadays, when there are
increased requirements for the ecological and hygienic safety of products and materials, it is
necessary to reduce emissions resulting from applied formaldehyde containing adhesives.
One of the possibilities to reduce the emissions from materials and finished products is
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modification of the formaldehyde based adhesives. This issue was dealt by LyuTyy et al.
(2017), MATYASOVSKY et al. (2014), RUZIAK et al. (2017), SMIDRIAKOVA et al. (2012).
Another possibility to reduce formaldehyde emissions is replacing the formaldehyde based
adhesives with the adhesives formaldehyde free. At present, also PVAC adhesives are used
for production of materials or for finishing materials e.g. veneering. Successful replacement
of the formaldehyde based adhesive was reported by SoNG et al. (2017). They used a
polypropylene foil (PP) as the adhesive for gluing plywood. KAJAKsS et al. (2012) used a
polyethylene foil (PE). The properties of plywood glued with PE foils was also reported by
BEKHTA and SEDLIACIK (2019), CHANG et al. (2017), IBRAGIMOV et al. (2017), KARRI et al.
(2018), FANG, et al. (2013).

The aim of the paper is to evaluate 3D formability of partially perforated materials.
The tested materials were veneer based, two layered, with cross layering, glued with
polyethylene foils.

MATERIAL AND METHODS

Based on results of veneer formability published by FEKIAC et al. (2015), sliced veneer
of birch (Betula Pendula Roth) was chosen to prepare two-layer material. The thickness of
the veneer was 0.58 + 0.04 mm and the average humidity of 8.5 + 0.5%. Formats of 90 x
195 mm were cut using CO: laser; a half of the formats having wood fibres in direction
identical to the longer format size and the other half to the shorter format size. A half of the
veneer formats was modified by targeted perforations using CO- laser. The violation of the
integrity of the veneer by perforations could increase the deformability of wood.

For the experiments, the perforations in the shape of letter “I* (line length of 10 mm)
and the letter “S” (dimensions of 10 x 5 mm) were designed. The cutting width was 0.5 mm.
Three variants of the arrangement of perforations, with respect to wood fibres in the veneer,
were designed — parallel to the fibres (marking “P”), perpendicular to the fibres (“K”) and
mixed arrangement of both directions (“M”). For each arrangement, two spacing intervals
between perforations were designed: 2 mm and 5 mm. The designed perforation variants are
shown in Fig. 3.

IK2 IM2 IPS IKS IMS

Direction of wood fibers

Fig. 3 Variants of perforation on test specimens with respect to wood fibres in veneers; where: | —
perforations in shape of letter “I“, S — perforations in shape of letter “S*, P — direction of perforations
parallel to wood fibres, K — direction of perforations perpendicular to wood fibres, M — mixed
arrangement with respect to wood fibres, 2 — spacing between perforations of 2 mm, 5 — spacing between
perforations of 5 mm.

57



Marking perforation variants as well as marking the test specimens was a combination
of letters and a number: the shape of perforation, arrangement of the perforations, spacing
between perforations.

The two-layer material for the experimental testing was made from two veneer sheets
by cross-laminating. In the glued file, one veneer was modified by perforations and the other
was solid (non-perforated). To join the two veneers, low density polyethylene (LDPE) foil
with the thickness of 0.12 mm was applied; the dosage was 100 g.m™. The created assembly
was pressed in a heated hydraulic press (FONTIINE TP 400) under pressing conditions:
temperature 150 °C, pressure 1.8 MPa, time 4 minutes. Under the same conditions, the
reference material (reference sample) made from solid (non-perforated) veneers was pressed.
According to the above mentioned technology, two-layer materials with an average
thickness of 1.02 mm and the surface dimensions of 90 x 195 mm were made. After 7 days
of conditioning, the weight of each perforated and solid (non-perforated) material was
measured using laboratory balance of accuracy of 0.001g. Subsequently, from the prepared
materials, test specimens of circular shape with a diameter of 60 mm were cut using a punch
(Fig. 3). Nine test specimens were prepared for each variant of perforated material and also
for the reference material.

The 3D formability testing was carried out on the principle of pushing the test
specimen using a ball punch into a hole in a matrix. The ball with a diameter of 40 mm was
moving at speed of 3 mm.min while the circumference of the test specimen was hold.
Holding the test specimen prevented curling on perimeter of the test specimen; but at the
same time, the specimen could move freely between the matrix and the holder. The testing
was proposed and presented in detail by ZEMIAR and FEKIAC (2014). It is schematically
shown in Fig. 4.
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Fig. 4 The testing of 3D formability of veneers using a ball punch — with the specimen hold; where: 1 —
test specimen @ 60 mm, 2 — ball punch, 3 — matrix, 4 — holder, 5 — spacer, F — forming force (loading).

The testing of 3D formability was performed using the test machine LabTest 4.050.
The specimens were loaded in two ways with respect to the perforated surface: the perforated
surface of the test specimen was loaded by the ball punch (Fig. 5a), or the solid surface was
loaded (Fig. 5b).

During the 3D formability testing, the monitored parameters were: the deepening
(hmax) and the forming force (F); they were directly recorded by the test machine through
integrated sensors. Based on the mentioned parameters, the 3D formability was evaluated.

The main indicator to assess 3D formability was maximal deepening measured (hmax),
i.e. deepening at the moment of failure of the test specimen.
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Fig. 5 Test specimens loaded during the 3D formability testing: a) on perforated surface, b) on solid
surface (non-perforated); where: hmax — maximum deepening at the moment of failure of the specimen,
1 — perforated veneer, 2 — solid veneer, 3 — matrix, 4 — holder, F — forming force (loading).

hmax

The additional indicator of 3D formability was the force required to change the shape
of the test specimen by per unit of deepening (Fn). The force per unit of deepening (Fn)
was calculated as a ratio of the force measured at the moment of failure of the test specimen
(Fmax) and the associated deepening (hmax) according to the relation (1):

Fmax
Fp=5 " 1)
Where: Fn — force per unit of deepening [N.mm™],

Fmax —the force measured at the moment of failure of the test specimen [N],
hmax — maximum deepening [mm].

The lightening of the material (weight loss) was also monitored; lightening is a result
of perforating and is related indirectly to 3D formability. To compare the impact of the
variants of perforation on the lightening of the material, percentage of weight reduction was
calculated according to the relation (2):

A, =100 — 222100 )
Myef
Where: Am— lightening of the material [%],
Mepert — Weight of the perforated material [g],
mret — Weight of the solid (non-perforated) material [g].

RESULTS AND DISCUSSION

The maximum deepening and forces per unit of deepening were evaluated using the
program STATISTICA 12 by multi-factor analysis of variance and the Duncan test. Based
on significance level (p), the impact of variants of perforation on 3D formability of the tested
two-layer materials was assessed. The effect of perforations on 3D formability was evaluated
in view of the shape of perforation, arrangement of perforations with respect to direction of
wood fibres in the veneer, spacing between perforations, and direction of loading.

Influence of load direction

The analyses showed that the change in deepening was not significant under loading both
the solid and perforated surface for any variant of perforation. This is demonstrated by the
Duncan test. The significance level “p " exceeded the standard significance level of 0.05 for
each perforation variant.

When designing the perforations, we assumed that the perforation in veneer would
allow the material to deform more, without observable breaching. If the perforated veneer in
material was on the side loaded by pressure of the punch (Fig. 5a), the perforations would
allow the material to be compressed more, without breaching. Conversely, if the perforated
veneer was on the opposite side (Fig. 5b), even a slight widening of the perforations would
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allow the material to become more deformable. The results indicate that 3D formability was
not affected by the positioning of the perforated veneer significantly.

The comparison of measured values of maximum deepening (hmax) depending on the
variants of perforation and direction of loading is shown in Fig. 6. The analysis did not
confirm better 3D formability of one-side perforated veneer material.

Vertical columns indicate 95% confidence intervals
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Fig. 6 Deepening (hmax) at loading on solid surface and perforated surfaces; note: I and S — material
with perforations in the shape of the letters “I* or “S%; 2 and 5 — spacing between perforations (mm).

Influence of perforation shape
When evaluating the impact of the shape of perforations on 3D formability, no significant
difference between perforations “I” and “S” (except for the perforations parallel to wood
fibres) was shown. What was confirmed by Duncan's test.

From the view point of the shape of perforations, it can be stated that the perforations
do not affect the 3D formability significantly. However, also other factors must be
considered.

Influence of direction of perforations with respect to wood fibres
Comparing the perforation variants in terms direction of perforations, the most noticeable
difference in 3D formability was shown in the variants with perforations of “I”.

When comparing the variants with parallel direction of perforations with the variants
with perpendicular direction (IP2 with IK2; IP5 with 1K5), under load on the perforated
surface, the 3D formability of the material with perpendicular perforations was lower by 40
% to 52 %. Under load on the solid surface, the 3D formability of the material with
perpendicular perforations was lower by 29 % to 37 %.

The variants with mixed arrangement of perforations (IM2 and IM5), when compared
with the parallel arrangement, showed a reduced 3D formability by an average of 35 % under
load on the solid surface and by 49 % under load on the perforated surface.

If taking into account the perforation direction, no significant difference was shown
between the perforations “S”, except for case (SK2 a SM2 under load on the solid surface).
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The difference between the perforation variants “S” varied from 3 to 22 % depending on
their direction.

In general, the highest 3D formability was measured for the variants with perforations
parallel to wood fibres, lower 3D formability for perforations perpendicular to fibres, and
the lowest one for mixed arrangement.

Better 3D formability of the tested materials with perforations parallel to wood fibres
can be explained by the fact that these perforations disturb the integrity of the fibres less
(less amount of cross-cut fibres) and so weaken the veneer less. This was also confirmed by
the measured forces required for 3D forming (Fig. 7). The lowest forces were measured for
the variants where the perforations had cut the wood fibres (the arrangement perpendicular
to the fibres and the mixed arrangement). The cross-cutting of wood fibres can be a reason
why there was no significant difference in 3D formability in “S” perforations (depending on
direction of the perforations).

Influence of spacing

The 3D formability tended to increase with increasing spacing between perforations in cases
of perforations along the fibers or the mixed arrangement with respect to wood fibres. The
3D formability was in the interval from 1% under load on the perforated surface (variant
IM5) to 29.7 % under load on the solid surface (variant SM5).

An opposite tendency was recorded if direction of the perforations was perpendicular
to wood fibres; the material with “I” perforations and the spacing of 5 mm (variant IK5)
showed smaller deepening (3D formability) by 5.2 % under load on the solid surface than
the variant IK2. Under load on the perforated surface, the deepening was lower by 21.1 %.

A possible cause for reduction in 3D formability can be in the perforations themselves
as they affect the size of the cross-sectional area of the material and impair the integrity of
the material.

Comparison with reference (non-perforated) material

A comparison of deepening measured for perforated two-layer materials with the deepening
measured for the reference (non-perforated) material is shown in Fig. 6. The reference
specimens reached the deepening of 5.79 mm on average. The range of confidence intervals
for the reference specimens is shown by the distance between a pair of pink dashed lines. As
can be seen, the perforated test specimens of all the designed perforation variants showed a
smaller deepening than the reference specimens. The deepening the most similar to the
reference was measured for the specimens with “I” perforations parallel to wood fibres,
under load on the perforated surface. The reduction in deepening was by 6.3 % on average
(deepening of 5.43 mm) for spacing of 2 mm and by 8.1 % for 5 mm spacing (deepening of
5.32 mm). Under the load on the solid surface, the reduction in 3D formability for the same
perforation variant was by 16.9 % for spacing of 2 mm (deepening of 4.81 mm) and by 10.8
% for 5 mm spacing (deepening of 5.17 mm). It can be stated that the expected increasing in
3D formability due to the perforations has not been confirmed.

Force per unit of deepening

The additional indicator of 3D formability was the force per unit of deepening. When
evaluating the impact of loading on the solid or the perforated surfaces, the analysis did not
confirm significant differences in force per unit of deepening. Evaluation of the measured
force per unit of deepening for the individual perforation variants is shown in Fig. 7.

In terms of force per unit of deepening required for 3D forming, the designed
perforation variants were positive. When compared to the reference (solid, non-perforated)
material, for all the perforated materials, a lower force per unit of deepening was required
(ranging from 18.5 % for IP5 to 78.3 % for IK2). The confidence interval of the reference
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specimens is defined by the distance between the pink dashed lines (Fig. 7). The average
force per unit of deepening for the reference specimens was 71.92 N-mm,

If compared to the reference (non-perforated) material, the most significant decrease
in force per unit of deepening was recorded at the perforated variant IK2. If the perforated
surface was loaded, the force of 15.7 N-mm-! was needed:; if the solid surface was loaded,
the force was 15.6 N-mm~L. On the other hand, the smallest decrease in the force per unit of
deepening was recorded at the variants with “I”” perforations parallel to wood fibres. If the
perforated surface was loaded, the decrease was by 34 % (force 47.4 N-mmt) for 2 mm
spacing and by 21.2 % (force 56.7 N-mm™?) for 5 mm spacing. If the solid surface was
loaded, the decrease was by 34.3 % (force 47.3 N-mm™) for 2 mm spacing and by 18.5 %
(force 58.6 N-mm~1) for 5 mm spacing. The significance of difference between directions of
the perforations in the designed variants, what was confirmed by Duncan's test.

The significant difference in the force per unit of deepening was shown between the
perforation shapes only if the perforations were parallel and perpendicular to wood fibres

Fig. 7 shows that the force per unit of deepening required for 3D forming of perforation
variants with spacing 2 mm was lower by 6.8 % to 34.4 % if compared to 5 mm spacing.

Vertical columns indicate 95% confidence intervals

F, [N.mm™]

0
Spacing [mm]: 2 5 2 5 2 5 2 5
Perforation shape: | S | S
Loaded surface: Perforated Solid

Direction of perforatons: & parallel to wood fibers - perpendicular to wood fibers ¢~ mixed arrangement

Fig. 7 Force per unit of deepening at loading on solid and perforated surfaces; note: | and S — materials
with perforations in the shape of the letters “I* or “S*; 2 and 5 — spacing between perforations (mm).

Lightening of material

Another change in the material properties due to the perforation was lightening of the
material (weight reduction). Depending on designed perforation variant, different percentage
of lightening was achieved (Table 1). No significant weight loss was achieved. The greatest
lightening was found for “I”” perforations with 2 mm spacing (5.8 %). This was expected,
since the mentioned variants have the greatest number of perforations per unit area. If the
orientation was perpendicular to wood fibres (variant 1K2), the cutting of summer (denser)
wood was more frequent which also affected the weight reduction. The slightest lightening
was recorded for the materials with “I” perforations with 5 mm spacing (lightening of 1.5 %).

62



This was also expected, since there were the least number of perforations per unit area (least
of all designed variants).

The best formable perforated material “IP2” reached the second largest lightening of
5.1 %, which makes the two-layer material with IP2 perforations very interesting.

Tab. 1 Percentage of lightening of the materials depending on perforation variant.

Perforation variant
IP2 | IK2 | IM2 | IP5 | IK5 | IM5 | SP2 | SK2 | SM2 | SP5 | SK5 | SM5
5.1 | 5.8 3.3 20 | 1.7 1.5 34 3.8 3.3 2.3 2.2 2.1

Lightening
[%]

CONCLUSIONS

The paper is focused on changes in 3D formability of two-layer cross-layered material
made from veneers if one of the veneers was perforated. Lightening of the material was also
interesting as a secondary benefit of the perforating. Based on the experimental results, the
following conclusions can be stated:

1. The 3D formability of the materials with perforations in the shape of the letter “I”
oriented in direction parallel to wood fibres (perforation variants IP2 and IP5), was
the most similar to the material with no perforation.

2. The best 3D formability was recorded for the materials with perforations oriented
parallel to wood fibres, followed by the materials with perforations perpendicular to
fibres and then materials with mixed arrangements of the perforations.

3. Almost all the designed perforation variants showed better 3D formability at 5 mm
spacing if compared to 2 mm spacing (by 1 % to 29.7%).

4. No effect of the shape of perforations on 3D formability was shown (excluding the
perforations parallel to wood fibres.

5. If compared with the reference (solid, non-perforated) material, none of the designed
perforated materials showed increased 3D formability.

6. The force recalculated per unit of deepening was lower for all the designed
perforation variants (from 18.5 % to 78.3 %) if compared to the force per unit of
deepening for the reference (solid non-perforated) material.

7. In terms of lightening of material, the perforation variant with “I” perforations
perpendicular to wood fibres and spacing of 2 mm was the most significant; the
material lightening was 5.8 %.
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