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Abstract: Bent wood has the advantages of visually appealing and ergonomic shapes and the
disadvantage of processing failure. Understanding how water and temperature influence wood
bending is critical to avoid processing failure. Compared with softwood, saturated hardwood has
been seldom reported in terms of bending performance at various temperature levels. In this paper,
white birch and ash wood were studied in bending using a universal testing machine and a program-
controlled water bath. White birch wood exhibited lower proportional limit stress, smaller modulus
of elasticity (MOE), and lower failure stress, but higher proportional strain and failure strain than
ash wood. At 20 °C, bending of air-dried wood on the tangential direction exhibited much smaller
mechanical variation than that on the radial direction. The proportional limit stress, MOE, and
failure stress of water-saturated wood were much smaller than those of air-dried wood, while failure
strain was much higher. Evidenced by the almost constant proportional limit strain, plastic bending
deformation of water-saturated wood happened to a great extent. As the temperature elevated at
20-100 °C, MOE, proportional limit stress, and failure stress of water-saturated wood decreased while
proportional limit strain, failure strain, and wood toughness increased. Variation in proportional
limit strain resulting from temperature change was ignorable, evidencing that elevated temperature
enhanced wood plastic deformation. Furthermore, white birch wood was more susceptible to
temperature over 40 °C than ash wood in terms of toughness. Under water-saturated condition, both
species exhibited excellent bending performance at relatively high temperature.

Keywords: wood bending; water saturated; temperature elevation; plastic deformation

1. Introduction

Wood as a renewable biomaterial displays both typical elasticity and plasticity [1].
Wood viscoelasticity is the basis for wood processing techniques such as wood bending,
plasticization, and compression. Investigation of wood viscoelasticity is critical for wood
application. When wood is used as a structural component, it is susceptible to viscoelastic
behavior over time due to changes in temperature, moisture content, or loading, resulting
in significant deformation accumulation or even eventual failure [2]. Temperature and
water/moisture are important variables determining wood mechanical properties [3-8].
Hydrothermal treatment had been widely used as an important procedure in conventional
bentwood production. In the hydrothermal treatment of wood, wood is softened, and
water plays the role of a plasticizer to wet and swell hemicellulose, lignin, and the non-
crystal region of cellulose in wood, providing more free space for molecules mobility.
Heat was transferred from outside to the wood interior, which provides sufficient energy
for molecules mobility. When wood is bent, moisture can act as a lubricant between
microfibrils, allowing for some sliding between microfibrils, which favors bending. If
moisture is lost, the friction between microfibrils increases, and the softening point of
lignin increases, resulting in increased wood stiffness and strength, but deteriorated wood
bending performance [9].

lida [7] investigated the bending properties of 24 wood species. It was found that
elevated temperature and increased moisture content (MC) substantially reduced wood
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modulus of rupture (MOR). When MOR of air-dried wood at 20 °C was set as 1.00, it
became 0.52 at 20 °C in a water-saturated state. It further reduced to 0.09 at 100 °C in a
water-saturated state. Wood deformation at the failure point sharply increased as a result
of elevated temperature or increased MC. If the failure strain of air-dried wood was 1.00, it
became 1.33 for softwood and 1.81 for hardwood at 20 °C in a water-saturated state. At
100 °C in a water-saturated state, the average failure strain was 4.00. Li [10] studied poplar
wood bending properties by selecting wood with 12%-13% MC, water-saturated wood after
soaking in water at 20 °C for 24 h, and fireproof boards as the raw materials. The results
showed that at the same temperature, the MOE and MOR values of the selected three wood
materials were in the following order: wood with 12%-13% MC > fireproof poplar wood
board > water-saturated poplar wood. Temperature elevation in the range of 20-120 °C
resulted in a decrease in MOE or MOR regardless of the selected raw materials, while that
in the range of 120-180 °C led to an increase in MOE and MOR. In terms of wood toughness
coefficient (Zb), Zb of water-saturated wood sharply increased with temperature elevation,
while wood with MC of 12%-13% and fireproof poplar wood stayed almost constant even
though the temperature was elevated. In the bending of small-diameter wood softened by
boiling in water, the optimal conditions were as follows: original MC of 25%, boiling time
15 min and temperature of 80 °C [11]. When compressing water-saturated wood, higher
temperatures led to lower MOE values, lower yield stress, and lower compression recovery
rates. Under the identical compressing condition, the pressure required for water-saturated
wood compression and the final compressing ratio after set recovery were both much less
than that for air-dried wood [12].

In spite of the above studies, the dependence of wood bending properties on water and
temperature, especially in a water-saturated state, has yet to be clarified. In the reported
investigations on the dependence of water-saturated wood on temperature, softwood rather
than hardwood was generally selected due to the higher lignin contents in the former than
the later, resulting in easier softening in the former than the later. Studies on air-dried
hardwood and water-saturated hardwood in terms of bending performance have been
seldom reported and have been conducted in a narrow temperature range. This study aims
at clarifying the bending performance of two typical hardwood species (birch wood and
ash wood) under air-dried and water-saturated states at 20 °C, and under water-saturated
states at 20-100 °C as well.

2. Materials and Methods
2.1. Materials

White birch (Betula platyphylla Suk.) and ash (Fraxinus mandshurica Rupr.) wood at
the age of 20 years were selected as the raw materials. The density of air-dried birch (MC
10.5%) and ash (11.2%) wood were 0.674 g/cm?® and 0.607 g/cm?, respectively. The average
growth ring width of birch and ash wood was 2.342 mm and 0.872 mm, respectively.

2.2. Methods
2.2.1. Wood Specimens Preparation

Wood specimens in this study were sampled as Figure 1 illustrates. Both birch wood
and ash sapwood were first processed into lumber (as shown in Figure 1A). Then the
lumber was further processed into clear specimens (Figure 1D) with the dimensions of
120 mm (L) x 15 mm (R) x 4 mm (T) and 120 mm (L) x 15 mm (T) x 4 mm (R). To reduce
the mechanical variation resulting from sampling, a continuous sampling method was
employed: each test was replicated with four specimens that were sampled from the same
longitudinal position (Figure 1A,B) at the same length. Specimens for the tests at various
temperature levels were sampled from the same cross-section at different lengths (C).
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Figure 1. Wood sampling for specimens ((A): wood lumber; (B): wood strip with the size of 485 mm
(L) x 15 mm (R) x 14 mm (T) or 485 mm (L) x 15 mm (T) x 14 mm (R); (C): wood strips with the
size of 485 mm (L) x 15 mm (R) x 4 mm (T) or 485 mm (L) x 15 mm (T) x 4 mm (R); (D): wood
specimen with the size of 120 mm (L) x 15 mm (R) x 4 mm (T) or 120 mm (L) x 15 mm (T) x 4 mm
(R); L: longitudinal direction; T: tangential direction; R: radial direction; T (R): tangential or radial

direction; R (T): radial or tangential direction).

2.2.2. Wood Specimens Pretreatment

To eliminate the internal stress in the specimens and ensure that the initial mechanical
states of all specimens were consistent, all specimens were oven dried at 103 °C before con-
ditioning in a climate chamber at 20 °C and 65% relevant humidity (RH). After conditioning,
the average MC of birch and ash radial specimens was 10.4% and 10.5%, respectively, while
that for tangential specimens was 10.5%, and 10.3%, respectively. Eighteen of specimens
from each type of specimen for each direction were used directly for bending properties
tests, to ultimately determine the mechanical variation in the tangential and radial direc-
tions. After the tests, as expected, it was found that loading in the tangential direction
(radial specimens) demonstrated much smaller mechanical variation. Thus, radial speci-
mens were used for subsequent experiments, and before the experiments, they were soaked
until they sank in distilled water at room temperature (Figure 2). Wood specimens at this
point were considered to be water saturated. Rapid measurements of mass and dimensions
were performed on these specimens. These sets of specimens were further used for tests of
wood bending properties at 20-100 °C. The average MC of water-saturated birch and ash
wood specimens was 104.8% and 132.7%, respectively.
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Figure 2. Water-saturated wood specimens ((left): white birch wood; (right): ash wood).

2.2.3. Wood Bending Tests

Three-point bending tests were employed using a universal testing machine (Instron
5582, Norwood, MA, USA), with a span set at 80 mm and a loading head with a semi-
circular radius of 5 mm. The tests on air-dried specimens were carried out indoors at
20 °C. Four replicates were determined as per GB1929-2009 [13] according to the variation
coefficient determined by pre-tests.

The equipment used for testing water-saturated specimens is shown in Figure 3. Water
temperature was controlled by a water bath (Eyela NTB-221, Tokyo Rikakikai Co., Ltd.,
Tokyo, Japan). When the temperature reached the set level, one specimen was loaded
between the supports and the loading head, fully immersed in water. After stabilizing
the temperature for 15 min to achieve equilibrium [14], the bending test was started at
the loading rate of 3 mm/min until failure. The tests were carried out at five temperature
levels: 20 °C, 40 °C, 60 °C, 80 °C, and 100 °C. MOE, MOR, failure strain, proportional limit
stress, and proportional limit strain were generated directly from the INSTRON software
(Bluehill 2, Version 2.17) installed on the machine after each test.

oooo
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Figure 3. Apparatus for testing the bending mechanical properties of water-saturated wood.

3. Results and Discussion
3.1. Wood Bending Properties

Aiming at investigating the influence of tangential and radial loading on wood bending
properties, air-dried radial and tangential specimens were tested. Stress—strain profiles of
the air-dried birch and ash wood are shown Figures 4 and 5, respectively. For air-dried
birch wood, average MOE and failure strain in the tangential direction were 13.90 GPa
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and 1.65%, respectively, while in the radial direction, they were 15.92 GPa and 1.81%,
respectively. As for air-dried ash wood, MOE and failure strain in the tangential direction
were 7.78 GPa and 1.90%, respectively, while in the radial direction, they were 8.59 GPa and
1.93%, respectively. It was accordingly demonstrated that compared with the tangential
loading, bending MOE of birch and ash wood in the radial direction was smaller, while the
failure strain of air-dried wood in the radial direction was greater than that in the tangential
direction. Furthermore, air-dried white birch wood demonstrated much higher MOE than
air-dried ash wood, regardless of the loading direction. While in contrast, the failure strain
of the arid white wood was relatively lower than that of the ash wood without respect to
the loading directions.
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Figure 4. Stress—strain profiles of air-dried birch wood ((left): tangential loading; (right): radial
loading; each profile with one specific color means one test).
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Figure 5. Stress—strain profiles of air-dried ash wood ((left): tangential loading; (right): radial loading;
each profile with one specific color means one test).

Table 1 shows the coefficients of variation in air-dried wood bending mechanical prop-
erties at 20 °C. Regardless of air-dried birch wood or air-dried ash wood, the coefficients of
variation of any mechanical index in the tangential loading direction was much smaller
than that obtained in the radial loading direction. This is because under the radial loading,
the earlywood and latewood in the loading direction are arranged in series, resulting in sig-
nificant differences in the proportion of early and latewood in terms of the thickness (4 mm)
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among the specimens, and the outside layer can be either earlywood or latewood, which
leads to significant mechanical variation. However, when loaded tangentially, the loading
direction is parallel to the tangential direction of the growth rings, and the proportions of
early and latewood contained within the specimens with 15 mm width were almost equal,
resulting in smaller mechanical variation. Therefore, to minimize the mechanical variation
resulting from the loading directions, tangential loading was applied in the subsequent
study on water-saturated wood specimens.

Table 1. Variation coefficient in the bending properties of air-dried wood at 20 °C.

Species

Loading

Direction MOE Stress Limit Strain Limit

Coefficient of Variation

Proportional Proportional

Failure Stress Failure Strain
O'max E€max
Op p

White birch

Tangential 0.037 0.042 0.035 0.062 0.079

Radial

0.092 0.151 0.097 0.267 0.107

Ash

Tangential 0.077 0.129 0.072 0.114 0.070

Radial

0.184 0.212 0.137 0.148 0.086

3.2. Bending Performance of Air-Dried Wood and Water-Saturated Wood

Table 2 compares the bending performance of air-dried wood and water-saturated
wood at 20 °C when tangential loading was applied. The MOE, proportional limit stress,
and failure stress of water-saturated wood were highly significantly smaller than those
of air-dried wood. The elastic modulus of birch and ash wood specimens in the water-
saturated state was only 0.484 and 0.474 times of that in the air-dried state, and the pro-
portional limit stress was only 0.45 and 0.50 times of that in the air-dried state. Similarly;,
the failure stress was also only 0.438 and 0.475 times of that in the air-dried state, repre-
senting a reduction by more than one half. However, the variation in proportional limit
strain between the water-saturated and air-dried states was not significant. The variation
in failure strain was larger, with the failure strain of birch and ash wood in the water-
saturated state being 1.478 and 1.272 times of that in the air-dried state, indicating that
moisture can significantly increase the plastic deformation of wood. This was resulting
from the moisture-induced wood swelling and the breaking of the hydrogen bonds between
cellulose, as well as the significant slippage of cellulose fibers [15].

Table 2. Comparison of mechanical properties between air-dried wood and water-saturated wood at 20 °C.

Species

Conditions

(20°Q)

Ratio *

Proportional Failure Stress Proportional Failure Strain

MOE .. .. .
o Limit Stress Op Omax Limit Strain €p €max

White birch

Air-dried state 1.00 1.000 1.000 1.000 1.000
Water-saturated state  0.484 (0.028) 0.451 (0.035) 0.438 (0.007) 0.905 (0.124) 1.272 (0.019)

Ash

Air-dried state 1.00 1.000 1.000 1.000 1.000
Water-saturated state  0.474 (0.052) 0.497 (0.02) 0.475 (0.009) 1.051 (0.163) 1.478 (0.162)

Note: Ratio * means the ratio of the specific mechanical index at water-saturated state to that of the air-dried
condition at 20 °C; values in parentheses indicate standard deviation.

3.3. Bending Performance of Water-Saturated Wood at 20-100 °C
3.3.1. Bending Stress

Figure 6 shows the bending stress—strain profiles of air-dried wood and water-saturated
wood at 20-100 °C. At 20 °C, the proportional limit stress of water-saturated birch speci-
mens was greater than that of water-saturated ash wood, and the proportional limit stress
of both water-saturated specimens decreased with the elevated temperature (Figure 7). This
is attributed to the decrease in hydrogen bonding between cellulose and water molecules



Forests 2024, 15, 1077

7 of 11

resulting from the temperature elevation, which enhanced the swelling effect of water
on the linear cellulose chains in the non-crystal region, and therefore, the force required
for the stretching and shrinking of the curled portions within the non-crystalline region
was reduced, resulting in a decrease in the proportional limit stress of water-saturated
specimens [16]. ANOVA analysis indicated that at 20 °C, 40 °C, 60 °C, and 80 °C the
proportional limit stresses of water-saturated birch specimens were significantly different,
while the proportional limit stress variations of water-saturated birch wood between 80 °C
and 100 °C was insignificant, as well as that of water-saturated ash wood between 40 °C
and 60 °C and between 80 °C and 100 °C. This suggests that the proportional limit stress
of water-saturated birch wood was more susceptible to temperature changes compared to
water-saturated ash wood. This is because the crystallinity of cellulose in birch wood is
lower than that in ash wood, making the water-saturated birch specimens with more curled
portions in the non-crystalline region of cellulose more prone to stretching and shrinking
when temperatures are elevated, eventually resulting in more significant changes in the
proportional limit stress [15].

140 T 140

20° PR
20°C at air dried 20 Catardrics
state s s
120 + y 120 + 2 at water
20°Cat water r saturated state
. saturated state B ——— 40°C at water
— 40°C at water o
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@ 80 + saturated state % 80 + — 80°C at water
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Figure 6. Bending stress—strain profiles of air-dried and water-saturated wood at 20-100 °C ((left):
white birch wood; (right): ash wood).

70.0 70.0 1

60.0 + . .
OWhite birch BAsh

OWhite birch BAsh

1t stress (MPa)

Failure stress (MPa)

=

2
g
)

[y

20°C  40°C_ 60°C  80°C  100°C 40°C_ 60°C  80°C  100°C
Tempemmre Telnperatlu‘e
Figure 7. Proportional limit stress and proportional limit strain of water-saturated wood at various
temperature levels.

The influence of temperature on the failure stress of water-saturated specimens is also
illustrated in Figure 7. The failure stress of water-saturated birch wood was higher than that
of water-saturated ash wood. The failure stress of both wood species at water-saturated
state changed substantially with temperature. As a result of temperature elevation from
20 °C to 100 °C, the failure stress of both water-saturated birch wood and ash wood
decreased. ANOVA results indicated that failure stress variations of water-saturated
birch wood were significant between 20 °C, 40 °C, 60 °C, and 80 °C, while they were not
significant between 80 °C and 100 °C. For water-saturated ash wood, the variation of failure
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stress was not significant between 40 °C and 60 °C, and between 60 °C and 80 °C, while
they were significant for all other pairs of different temperatures in the temperature range
of 20-100 °C. The high sensitivity of failure stress to temperature in water saturated state is
because as the temperature increases, lignin softens [17], and the failure mode of the wood
interior switches from cell wall rupture to delamination of the intercellular layers in wood
cell walls with higher lignin content [7]. This eventually leads to a significant decrease in
the failure stress of wood.

3.3.2. Bending Strain

The proportional limit strain of water-saturated birch wood was consistently lower
than that of ash wood at the same temperatures (Figure 8). The proportional limit strain
of both water saturated wood specimens decreased as a result of temperature elevation
in the range of 20-100 °C. However, ANOVA analysis indicated that the variations in the
proportional limit strain of water-saturated wood at various temperatures were insignifi-
cant, suggesting that the elastic deformation of wood remained relatively stable. This is
because at 20-100 °C wood microfibrils did not soften but remained in the glassy state,
which helped maintain wood in a relatively stable elastic deformation state.

5.0 5 5.0 7
45 3 45 3 OWhite birch BAsh
<4073 OWhite birch B Ash 403 3.7
2551 o
£201 2
£ E [N
15 %
£10% 06 06 06 (506

05 1057 .4 405 _ 0.50.

S IrRg ¥ v [ B r@

11 =7k T e | 0! I
PR R

20°C  40°C  60°C  80°C  100°C 40°C  60°C  80°C  100°C
Temperature Temperature

Figure 8. Proportional limit strain and failure strain of water-saturated wood.

In contrast, both water-saturated birch wood and water-saturated ash wood displayed
higher failure strain when temperatures elevated in the range of 20-100 °C (Figure 8).
As temperature elevated, water-saturated wood swelled, which resulted in changes in
molecular spacing due to molecular vibration and thus the decreased cohesion forces and
increased slip of cellulose molecules. This eventually led to increased plastic deforma-
tion [14]. Water-saturated birch wood displayed much higher bending failure strains than
water-saturated ash wood at 20-100 °C. Variations in the failure strain of water-saturated
birch wood at 20 °C and 80 °C, and also at 20 °C and 100 °C, were significant, while the
variations at any other pair of temperature points were not significant. For water-saturated
ash wood, significant variations in failure strain were observed when temperature elevated
from 20 °C to levels higher than 60 °C. Failure strain variations between 40 °C and 100 °C
were also statistically significant. This suggests that in a water-saturated state, ash wood
was more susceptible to temperature change than birch wood in terms of failure strain,
possibly due to the difference in chemical components. Higher lignin content generally
contributes to a greater decrease in cohesion forces and an easier slip of cellulose molecules
in ash wood when temperatures elevate.

3.3.3. MOE

When temperatures elevated in the range of 20-100 °C, the MOE of water-saturated
wood decreased, regardless of whether it was white birch or ash wood (Figure 9). Water-
saturated white birch wood exhibited higher MOE than that of ash wood. In particular,
the MOE of water-saturated white birch wood decreased almost linearly with temperature
elevation. This is because the hemicellulose and lignin in water-saturated specimens un-
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dergo a glass transition at the investigated temperature range. Moreover, hydrogen bonds
within the cellulose, hemicellulose, and lignin complexes were disrupted, which weakens
the intermolecular binding forces. Consequently, molecules underwent more movement
and wood cell walls softened, which significantly decreased wood MOE. Conversely, the
MOE of water-saturated ash wood remained relatively stable when temperatures increased
from 40 °C to 60 °C, and from 80 °C to 100 °C. Variations in the MOE of water-saturated
birch wood specimens were significant at all temperature pairs except that between 20 °C
and 40 °C. However, for water-saturated ash wood, MOE variations between 40 °C and
60 °C, between 60 °C and 80 °C, and between 80 °C and 100 °C were not significant. This
suggests that at 20 °C to 100 °C, the MOE of water-saturated white birch specimens is more
susceptible to temperature than that of water-saturated ash wood.

8.0 1
7.0 -— 00 White birch
6.0 é_ 5'9. A Ash wood
=50 1
401
| ]
53.0 1 23
20 3
10
0.0 1
40°C 60°C 80°C 100°C

Temperature
Figure 9. MOE of water-saturated wood at 20-100 °C.

3.3.4. Toughness

Toughness coefficient (calculated from Equation (1)) was used to characterize the
relationship between strain and stress in the plastic region of wood. Both white birch
wood and ash wood underwent significant changes due to the temperature elevation in the
range of 20-100 °C in a water-saturated state. The toughness coefficient of water-saturated
wood increased as a result of temperature elevation (Figure 10). This is because higher
temperatures led to bigger strains in the plastic region of water-saturated wood, while the
failure stress and proportional limit stress decreased. Water-saturated birch wood was
more susceptible to temperature effects than ash wood in terms of its toughness coefficient.

Failure strain — Proportional limit strain
Failure stress — Proportional limit stress

Toughness coef ficient (Zb) = 1)

i
W
o

=]
%)
N
!
T
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e o ©°
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. . .
T T T
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S
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Temperature (°C)

Figure 10. Toughness coefficient of water-saturated wood.
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4. Conclusions

Compared with ash wood, white birch wood exhibited lower proportional limit stress,
smaller MOE, and lower failure stress, but higher proportional strain and failure strain than
ash wood. At 20 °C, the bending of air-dried wood in the tangential direction exhibited
much smaller mechanical variations than that in the radial direction. The proportional
limit stress, MOE, and failure stress of water-saturated wood were much smaller than
those of air-dried wood, while failure strain was much higher. Evidenced by the almost
constant proportional limit strain, plastic bending deformation of water-saturated wood
happened to a great extent. As the temperature elevated in the range of 20-100 °C, the
MOE, proportional limit stress, and failure stress of water-saturated wood decreased while
the proportional limit strain, failure strain, and wood toughness increased. Variation in
proportional limit strain resulting from temperature change was ignorable, evidencing that
elevated temperature enhanced wood plastic deformation. Furthermore, white birch wood
was more susceptible to temperatures over 40 °C than ash wood in terms of toughness.
Both species exhibited excellent bending performance at high temperatures in a water
saturated state.
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