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Delayed Elastic Strain and Set-recovery Evaluation in
High-pressure Densified Hybrid Poplar Wood — New
Assessment Considerations
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The deformation behavior of high-pressure (HP)-treated hybrid poplar
wood, the subsequent swelling, and the equilibrium moisture content
properties of HP-densified wood were evaluated using a modified delayed
strain/set-recovery method of cyclic humidification-dehumidification at
different relative humidity (RH) conditions. The HP treatment resulted in
significant compression (densification) of the wood under different
treatment conditions. For treated wood samples, the value of delayed
elastic strain was relatively small when stored at 20 °C and 65% RH, which
indicated that HP-densified wood possessed dimensional stability. The
HP-compressed poplar yielded lower equilibrium moisture content than
the control at low RH, while major increases were observed at high RH
above 76%. Marginal of thickness swelling was observed under the cyclic
humidification-dehumidification method in the low RH range while
significant swelling occurred at high RH. Conventional methods would only
show results that were appropriate for storage at high RH environments.
The RH threshold for set-recovery of HP-compressed wood was between
33% and 54% for optimal use, and the extent of set-recovery increased
rapidly when RH was between 85% and 95%. Such differences could not
be recognized with the conventional methods. In addition, the prolonged
holding time significantly decreased the RH threshold value (P < 0.05).
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INTRODUCTION

High-density wood is an important structural and decorative material that is widely
used for many common applications. More importantly, wood is the only renewable and
sustainable material among four major building materials: steel, cement, lumber, and
plastic. In recent years, wood-based products have become increasingly popular because
of their high strength-to-weight ratio, comfortable texture, aesthetic grain appearance
patterns, as well as environmental and ecological characteristics. However, due to its slow
and long growing period, the supply of such high-density wood is very limited, which leads
to increased demand for these products in the market. Although still considered to be
insufficient to fully meet the market demand, there is an abundant supply of soft and low
density wood that can be grown more rapidly should the need arise. Their main
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disadvantage is that they are soft and have poor mechanical strength. To improve their
density and mechanical strength, various densification methods have been developed (Navi
and Heger 2004; Kutnar et al. 2009; Fang et al. 2012; Gao et al. 2016; Yu et al. 2017).
Among these, the eco-friendly high-pressure (HP) densification method seems to be a more
promising option. HP treatment is a non-thermal food processing method. Our research
team applied this technology into wood modification and have obtained many research
achievements recently. The HP densification method does not require long processing time
and can achieve better effect compared with traditional thermal wet compression
techniques. (Zhu et al. 2017; Yu et al. 2017, 2018; Li et al. 2018).

Wood is a viscoelastic material and the deformation (strain) induced by
compression (stress) of wood can result in one or more of the following three strains: plastic
strain, elastic strain, or delayed elastic strain (Blomberg 2005). During compression, the
elastic strain energy is stored in the microfibril matrix, causing an internal stress, which
bounces back upon the stress release, making the densified wood revert partially or fully
to its original state. For truly elastic material under stress, the elastic strain disappears once
the pressure is released, and the material regains its shape immediately after the stress
release. However, the delayed elastic strain is a slow recovery process either fully or
partially depending on the recovery time and condition after the stress release. The plastic
strain of densified wood is considered metastable. Without any post-treatment, such
deformation stays relatively stable (plastic), except when the densified wood is wet,
exposed to a high humidity environment, or heated. The delayed elastic strain is an
important indicator of the dimensional stability of densified wood and is a parameter
needed for its successful use in many applications (Blomberg et al. 2006; Laine et al. 2016).
Dimension instability is an obvious critical problem for the usability of densified wood
products. Many post compression treatments have been developed for the densified wood
to completely resist changes from the plastic deformation in harsh environments (Navi and
Heger 2004; Laine et al. 2016). These additional treatments require time, energy, and cost,
and result in low productivity and limited industrialization of compression technologies.

However, not all wood products are required to be placed in severe environments
causing dimensional instability (e.g., placing in rain, soaking in water, or used in very high
relative humidity environmental conditions). The standards for measuring set-recovery of
compressed wood products have not been developed based on the real end-use conditions.
The common techniques make use of water-soaking, soaking-drying cycles, and soaking
in hot water (Laine et al. 2013a). These measuring methods do not provide data that are
appropriate for many realistic end-use conditions for densified wood. For example, indoor
wooden products are stored in a moderate relative humidity (RH) environment, and
therefore they do not need to possess high dimension stabilities as needed in a wet area or
those used in water-soaking tests. These indoor wood products are perhaps cycled through
mild humidification-drying cycles at comfort zone RH conditions (25 to 45%).
Dimensional stability for such applications should be based on tests that expose the wood
to such conditions rather than wetting. Therefore, testing conditions need to be modified
for such applications to provide better set-recovery parameters.

The objective of this study was to develop a method for the delayed elastic strain
and set-recovery of HP-densified poplar wood at different RH environments under a cyclic
humidification-dehumidification process. Furthermore, this work studies the influence of
HP process parameters (compression pressure and pressure holding time) on the
dimensional stability of HP-densified wood under such conditions.
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EXPERIMENTAL

Materials

The wood material used for the study was hybrid poplar (Populus x Euramericana
Neva.), obtained from a plantation forest in Henan Province, China. Prior to experiments,
cut samples of wood with the dimensions of 180 x 80 x 30 mm? (longitudinal x tangential
x radial) were sawn from these poplar boards, and they were conditioned using climate
regulating equipment (HWS-280; Ningbo Jiangnan Instrument Plant, Ningbo, China) at 20
‘C and 65% RH for slow air drying and equilibration. The moisture content and density of
the hybrid poplar specimens were 11.8 + 1% and 0.376 + 0.031 g/cm?, respectively.

Methods
HP densification treatment

The HP treatment was performed in a laboratory-scale HP equipment (UHPF-750;
Baotou Kefa High Pressure Technology Co., Baotou, China) with a maximum volume of
5 L and 600 MPa pressure limit. The average pressure increase rate was approximately 100
MPa/60s and depressurization rate was approximately 100 MPa/s. For every 100 MPa rise
in pressure, the temperature increased by 3 C

The poplar samples were fixed by steel plates on both sides to obtain uniform
compression and vacuum-packaged using a vacuum packaging machine (Shanghai Yute
Packaging Machinery Manufacturing Co., Ltd., Shanghai, China) to prevent the contact
between water and wood. The packaged samples were placed in the HP chamber for HP
treatment.

Different HP treatment pressure level (50, 100, 150, and 200 MPa) and pressure
holding time (0, 30, 60, and 300 s) were employed in this study. 0 s holding time
represented a pressure pulse: immediately pressure release after the target pressure was
reached. The untreated sample (without HP treatment) was the control group. All
experiments were repeated three times.

Compression ratio test

The compression ratio (CR) of the wood sample in the thickness direction was
measured using Eq. 1, where T, and T are the thickness of specimens (mm) before and
immediately after densification, respectively:
Lo=Te v 100 1)

Compression ratio (%) = -
Delayed elastic strain

Wood samples were conditioned at 20 °C and 65% RH after the HP densification
treatment. Thicknesses were recorded at 0, 1, 24, 48, 72, 96, 120, 144, and 168 h. Delayed
elastic strain (DES) was calculated using Eq. 2, where Tq is the thickness (mm) at different
times.

Delayed elastic strain (%) = % x 100 2)
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Equilibrium moisture content

Saturated inorganic salt solutions were used to maintain different constant
equilibrium relative humidity (Yu et al. 2015). Climate chambers with selected RH 33.1,
54.4, 68.3, 75.5, 85.1, and 94.6% were maintained using specific saturated inorganic salt
solutions, as indicated in (Table 1) in a closed environment at 20 °C. The apparatus
regulating RH is illustrated in Fig. 1 in which a welded wire mesh basket was suspended
from the middle of the plug in a hermetically sealed glass jar and then placed in a
temperature-controlled incubator to reach equilibrium conditions.

Table 1. Equilibrium Relative Humidity Values Provided by Different Saturated
Salt Solutions at 20 °C

MgCl2 Mg(NOs)2 CuCl NaCl KCl KNO3z
20°C 33.1% 54.4% 68.3% 75.5% 85.1% 94.6%

A rubber plug

A welded wire mesh basket

A hermetically sealed jar

———— Saturated inorganic salt solution

o J/

Fig. 1. Appafatus for determining the equilibrium moisture content of poplar wood samples

First, poplar specimens were placed in a drying oven (103 + 2 °C) for 12 h until
they reached a constant weight (oven drying). During the adsorption experiment, the oven-
dry poplar specimens were placed in a welded wire mesh basket (as shown in Fig. 1). A
static gravimetric method was used in this study to determine equilibrium moisture content
(EMC) of poplar wood samples according to Eq. 3. Samples were weighed every two days
until the change in mass was negligible (less than 0.0050 g),

m

Equilibrium moisture content (%) = =—"% x 100 (3)

mo

where here mo is the oven-dry mass (g) of poplar sample and mz is the mass (g) of polar
sample that reached equilibrium humid condition.

Thickness swelling

For this test, the dimensional change of HP-treated wood was evaluated under the
six different RH conditions (Table 1). Test samples prepared for HP densification were cut
into 10 x 10 x 10 mm?3 size and placed in the oven at 103 °C oven for 12 h until poplar
specimens reached oven-dry condition, and then placed in one of the six different RH
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conditions of 33% to 95% until consistent thickness. Then, wood specimens were again
oven dried again at 103 °C for 12 h for the irreversible swelling test. The thickness swelling
efficiency was calculated according Eq. 4,
Thickness swelling efficiency (%) = tlt;t" x 100 4
0
where t, and t; are the thicknesses (mm) in oven-dried condition before and after the
humidify-condition test

Irreversible swelling

Irreversible swelling, as proposed by Gabrielli and Kamke (2010), is an important
indicator to measure dimensional stability of wood. It was obtained as in the preceding
section and calculated according to Eq. 5,

Irreversible swelling (%) = Yop1=Vobo ¢ 1 (5)
Vs—Vobo
where Vopo is the original volume (mm?) in oven-dried condition after HP treatment, Vs is
the volume (mm?) after the humidify-condition test described in thickness swelling test,
and Vop is the volume (mm?) in oven-dried condition after the humidity condition test.

Statistical Analysis

Statistical differences among all tested wood specimens were analyzed using SPSS
(version 20.0, IBM Corporation, Armonk, NY, USA) following the one-way analysis of
variance (One-way ANOVA). Duncan's multiple range tests at a significance level of 0.05
were conducted. Results were presented as the mean values with standard deviations (SD).
Different letters were used to indicate significance of differences, and the significance level
was marked according to alphabetical order. Graphic presentations were obtained using the
Origin 8.0 (Origin Lab, USA).

RESULTS AND DISCUSSION

Effect of HP on Compression Ratio

As expected, HP densification resulted in varied size reductions in poplar wood
samples as influenced by the severity of the HP treatment (Fig. 2). The reduction in the
thickness of the wood was represented by the CR with a higher compression ratio
indicating higher compaction, greater reduction in volume, and reduced thickness. As
shown in Fig. 2, poplar wood specimens clearly demonstrated that HP treatment resulted
in an increase in CR with pressure. The majority of compression deformation (CR > 50%)
occurred at even the lowest treatment pressure level used (50 MPa), and only small
increments in compression deformation resulted at higher pressures (100 to 200 MPa).
Similar results were found in earlier studies (Trenard 1977; Blomberg and Persson 2004).
Ahmed et al. (2013) reported that the compression deformation of wood was affected by
its anatomical features. A thinner cell wall (or a larger cell lumen of wood) resulted in
larger deformation. The vessels of hybrid poplar, with a relatively thin cell wall and large
cell lumen, could therefore be easily collapsed, even at low pressure levels. That is why
the major compaction occurred below 50 MPa with little improvement thereafter at higher
pressures. Liu et al. (1995) also found a similar stress-strain relationship in the large
transverse compression deformation test. They stated that the stress-strain relationship of
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wood changes after the cell cavity is collapsed (the critical point of cell wall densification),
and that the stress required for the same strain increases exponentially. Zhang et al. (2010a)
pointed out that the compression deformation of wood is determined by the change in its
molecular distance when the poplar sample is compacted into a substantive substance.
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Fig. 2. CR of HP-treated poplar under various conditions; the error bars indicate the standard
deviation and different letters above the columns indicate significant differences (P < 0.05)

Furthermore, in addition to the influence of pressure level, CR also increased
slightly with the holding time at each pressure level. Although there was no significant
difference between holding times of 0 to 60 s, the intensification of compaction became
significant and clearly noticeable once the 300 s holding time treatment was included in
the group. This may be related to the viscoelastic properties of solid materials, and the
prolonged holding time resulting in the creep effect of wood under continued exposure to
constant external pressure (Kutnar and Kamke 2012).

Effect of HP Densification on Delayed Elastic Strain

Results of DES of poplar samples treated under various conditions are shown in
Fig. 3. Wood is a type of viscoelastic material, and therefore the cell deformations caused
by the densification can result in internal stresses stored in the microfibril matrix, which
might lead to the partial spring-back of densified wood after the pressure release. A
previous study (Yu et al. 2017) also demonstrated that thickness of the densified woods
changed with storage time. In addition, there was no significant difference (P > 0.05) in the
DES among HP-densified specimens (except 50 MPa, 30 s), which indicated that the
holding time and pressure level had no effect on the DES of compressed wood, when
determined at 20 °C and 65% RH. All the subsequent experiments were conducted after
the DES swelling test.
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Fig. 3. DES of poplar treated under various conditions; the error bars indicate the standard
deviation and different letters above the columns indicate significant differences (P < 0.05)

Effect of HP Densification on Equilibrium Moisture Content

Figure 4 shows the EMC of HP-treated and untreated poplar at 20 °C as related to
storage at different RH ranging from 33% to 95%. The EMC of densified samples changed
with RH, and all EMC-RH (moisture sorption isotherm, MSI) curves of test samples were
in-line with the typical MSI of wood. In the RH range of 33% to 68%, EMC of poplar
specimens of HP-treated wood at different pressure levels increased linearly with
increasing RH, while beyond 65%, the extent of EMC appeared to increase more
exponentially as previously observed by Ding et al. (2015).

At the same environmental RH, the difference in EMC of poplar samples treated at
different pressure levels was small. The EMC’s value of densified samples fluctuated
within a small range of 4.86 to 5.94% (33% RH), 8.19 to 9.12% (54% RH), 10.39 to
11.42% (68% RH), 13.11 to 14.47% (76% RH), 15.61 to 17.26% (85% RH), and 21.22 to
24.58% (95% RH). There was no patterned change among different HP treatments, which
indicated that pressure or holding time had little effect on the EMC of poplar. The
difference in EMC’s value above may have been due to normal variability associated with
in poplar.
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Fig. 4. EMC of poplar treated under various conditions; letters on the picture indicate holding
time: a (0 s), b (30 s), ¢ (60 s), and d (300 s)

Figure 4(d) reveals that during storage at RH ranging between 33% and 68%, the
control wood samples yielded a higher EMC than all HP-treated samples. However, there
were no significant differences between EMCs of untreated and HP-treated samples (p >
0.05) when the RH was above 76%. This may have been related to the swelling
characteristics of wood material. The authors’ previous studies have shown that at an
environmental RH from 33.1% to 75.5% the HP-treated Paulownia wood samples had
comparatively lower EMC values than the control samples (Yu et al. 2018; Jiang et al.
2018). This is consistent with the present study. Compared with 0, 30, and 60 s HP holding
time, the longer holding time (300 s) treatment resulted in denser wood. High
environmental RH resulted in volume expansion of the poplar specimens, particularly
denser HP-treated samples. The HP-treated samples had a small amount of expansion at
lower environmental RH, and their structures were still denser, which impeded the
penetration of water molecules. However, at higher environmental RH, the volume of HP-
densified wood almost recovered to the pre-compression state, so that more voids and
channels for water in and out appeared inside.

HP Densification and Its Effect on Thickness Swelling Efficiency

Below the fiber saturation point, changes in the moisture content of wood resulted
in deformations, such as shrinkage or swelling. The thickness swelling efficiency (TSE) is
used to analyze the progress of swelling as compared to the thickness in the oven-dry state
(before moisture absorption/soaking test), and is an important indicator of the dimensional
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stability of wood during variations in storage RH. The TSE of HP-treated and untreated
poplar at different RH (33 to 95.5%) are shown in Table 1. The TSE of the control sample
increased with an increase in RH, which was due to the normal water absorption/swelling
characteristic of wood. The wood continued to adsorb water when RH increased. Because
water molecules are attracted by the hydrophilic groups of cellulose and hemicellulose to
form hydrogen bonds, the spacing of cellulose molecules is enlarged and causes the cell
wall expansion.

Compared with the control, HP-treated samples had a significant influence on the
dimensional stability of the poplar. The TSE values in the thickness direction increased
from 1.38% (control) to 6.06 to 7.73% at 33% RH, 2.02% to 13.3 to 16.8% at 54% RH,
1.74% to 18.5 to 24.3% at 68% RH, 2.33% to 26.7 to 36.8% at 76% RH, 3.40% to 37.6 to
45.4% at 85% RH, and form 4.47% to 57.4 to 83.5% at 95% RH after HP densification
treatment. In addition, the difference between control and HP-treated samples enlarged
with an increase in RH, and the maximum difference value reached 79% at 95% RH. The
shrinkage and expansion properties of wood are related to its cell walls. The natural
swelling of wood after compression treatment has been observed in previous study
(Mantanis et al. 1994). Skyba et al. (2009) reported that densified wood usually reverts to
the uncompressed condition at high RH, which results in a higher TSE change than in the
control. As shown in Table 2, the change in the TSE of HP-densified poplar was more
complex. There were no clear patterns in the TSE among all HP-treated poplars stored at
RH 33% and 54%, while there were no significant differences at higher RH, except for 50
MPa-0 s, 50 MPa-30 s, and 100 MPa-0 s. The phenomenon above may have been caused
by the following factors. The shape of densified wood is usually distorted after swelling or
shrinking, which affects the consistency and accuracy of data measurement (Laine et al.
2013). It was demonstrated that natural pozzolans can be used for stabilization of marl soil
due to their similar structure and the increase in the contents of volcanic ash decrease the
expansion and ductility of marl soil (Bahadori et al. 2018, 2019a,b). This provides research
reference for the following studies on wood shrinkage and swelling. When storage RH is
low, the expansion of the HP-treated sample is small, which leads to larger relative errors
that mask the changing tendency of TSE with pressure or holding time. In addition, the
densified wood usually reverts to original shape at high RH, which cause high irreversible
deformation that can be much larger than the natural swelling of wood caused by moisture
absorption. Therefore, the results above only showed the HP-compressed poplar underwent
obvious deformation recovery at 68% RH.

Between the first and second humidify-dry cycle, there were no significant
differences in the trend for TSE, although they increased gradually with increasing RH.
For example, with 100 MPa-60 s the increases in TSE were 0.37, 0.76, 3.84, 4.52,
7.01, and 6.73%, respectively, after repeated humidity cycles at 33, 54, 68, 76, 85,
and 95% RH. While with 150 MPa-0 s they were -0.46, 1.25, 3.80, 3.94, 6.74, and 7.36%,
respectively. The results show that the TSE of HP-treated poplar generally increased after
repeated humidity cycles, but the trend was clear only at high RH levels. Similar results
were reported by Laine et al. (2013b), who stated that the phenomenon is caused by the
set-recovery.
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Table 2. Thickness Swelling Efficiency of Poplar Subjected to Different HP
Treatments Under Different RH Conditions

Samples 3:;1'_'% 544% RH | 68.3% RH | 75.5% RH | 85.1% RH | 94.6% RH
1.38 2.02 + 174 + 233+ 3.40 + o
Control ! 0.17¢ 0.47¢ 0.46°¢ 0.52¢ 1.01° 4.47+0.86
> 0.64 + 129+ 1.82 % 2.54 + 3.09 + 4.09 + 0.65¢
0.10¢ 0.37¢ 0.29° 0.42¢ 0.70° T
6.43 + 14.70 = 19.80 26.7 + 38.30 +
50 MPa- 1 0.31abc 0.423bcd 0.462 0.70¢ 2.662 574 +4.46¢
Os > 597+ 15.77 23.80 + 31.00 £ 44.60 65.00 +
0.42° 0.783bc 0.392 1.13« 2.488 5.82¢
1 6.06 + 15.78 + 18.45 + 26.77 + 37.60 £ 56.93 +
50 MPa- 0.4630¢ 0.9630° 4.49° 4.12¢ 1.532 4.59¢
30s > 559 + 17.20 + 22.75 + 28.83 44.52 + 64.73 £
0.24b¢ 1.32abc 5.492 4.20¢ 1.692 4.81°
1 7.00 £ 16.83 24.27 + 32.25+% 41.98 78.98 +
50 MPa- 1.21° 0.512 1.212 7.553b¢ 1.278 4.293bc
60 s > 6.16 + 17.69 + 28.73 34.57 + 47.75 + 85.46 +
1.433bc 0.53abc 1.552 7.33abcd 2.582 4.10%
1 6.25 + 14.04 + 21.56 + 32.78 + 43.52 + 71.08 +
50 MPa- 0.39b¢ 1.47bcd 4.823 5.03abc 4.272 5.493abcd
300 s > 6.72 + 17.19 25.99 + 36.78 + 53.74 + 82.36 +
0.25abc 1.813kc 4.812 5.67abc 3.522 4.85%
1 6.81 + 14.12 + 21.34 + 29.56 + 43.08 + 65.62 +
100 0.483c 0.110bcd 3.02% 3.13v¢ 4.342 14.82¢
MPa-0 s > 6.39 £ 15.37 + 25.66 + 31.90 49.65 * 7253 +
0.713bc 0.34b¢ 3.962 3.54pbcd 5.082 17.24¢d
1 773 % 16.28 + 23.89 + 33.07 £ 39.22 83.52 +
100 0.522 1.932b 1.992 1.97abe 9.452 2.642
MPa-30 s > 7.37 + 16.92 + 28.56 + 36.18 £ 44.53 89.78 +
0.68% 2.173bc 2.622 2.503¢ 10.972 2.23%
1 6.09 £ 15.90 + 23.37 + 34.45+ 38.53 % 68.48 +
100 0.57¢ 1.593c 0.56 2.88% 6.532 13.10bcd
MPa-60 s 2 6.46 + 16.65 + 27.20 + 38.97 + 45.54 + 75.21 +
0.362b¢ 1.303c¢ 0.872 3.31a 7.762 13.28abc
100 1 6.16 + 13.27 20.73 33.00 + 45.29 + 65.47 +
MPa-300 0.303bc 1.00¢ 0.773 0.79abc 1.002 4.46%
S 2 6.62 + 16.44 + 24.83 + 37.72 54.60 + 7541 +
0.91abc 1.543bc 0.992 1.083bc 2.362 5.42abc
1 7.07 £ 1553 + 22.08 + 3281+ 44.83 78.73 £
150 0.36%¢ 1.243bcd 3.58% 3.06%0¢ 4.292 2.03a0c
MPa-0 s 5 6.61 £ 16.78 = 25.89 36.74 £ 51.57 + 86.08 +
0.60%c 1.88abc 4.232 3.33ac 4.162 2.11ab
1 6.53 £ 16.62 19.88 + 3215+ 4541 + 81.42
150 1.6630¢ 1.923 2.13% 0.832c 11.622 7.373b
MPa-30 s 5 6.98 £ 18.24 22.96 3451+ 53.19 89.14 +
1.473bc 2.483b 2,912 0.843bcd 13.092 8.72%
1 7.54 + 16.28 + 19.88 + 36.83 45.26 + 76.08 +
150 0.223b 0.682 2.82a 2.092 1.532 7.363b¢
MPa-60 s > 7.02 + 17.76 = 2431 + 40.24 + 51.70 + 83.98 +
0.443 0.438abc 3.032 2.242 1.432 8.102b
1 6.53 + 14.95 + 2155+ 34.49 + 44.89 + 68.75
0.73abc 1.603bcd 2.88a 3.243 2.642 11.273bcd
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MPlaS-gOO > 7.52 18.84 + 26.88 + 38.87 + 51.98 + 81.47 +
S 0.832 1.902 3.722 3.80% 3.312 11.812

1 7.06 + 15.98 + 23.03 + 3581+ 45.34 + 71.37 +

200 0.53akc 2.67% 1.332b 3.09% 4.822 8.623bcd
MPa-0 s > 6.30 £ 17.32 + 27.47 + 39.60 5150 + 78.35 +
0.3930c 3.2630° 1.622 2.012 5.132 10.373bc

1 6.68 14.71 19.76 + 32.18 43.75 75.41 +

200 0.53akc 0.553bcd 1.1820 2.543bc 6.442 8.6730c
MPa-30 s > 6.06 + 16.20 + 23.16 + 37.13 % 49.42 + 83.01+
0.483c 0.993bc 1.11@ 3.65%¢ 7.508 10.042°

1 6.55 + 13.99 + 20.24 + 32.08 £ 39.69 71.23 +

200 0.81abc 0.80¢bed 5.032° 6.0720¢ 7.172 4.952bcd
MPa-60 s > 6.22 + 14.85 + 23.94 + 35.12 + 45.13 + 79.35
0.332bc 0.81¢ 5.752 6.223bcd 8.412 5.88ab¢

200 1 6.07 + 13.43 21.56 + 34.65 + 42.35 + 70.91
MPa-300 0.63¢ 0.82¢« 1.55% 2.50% 2.892 7.463bcd
s > 6.71 + 16.44 + 25.90 + 39.63 + 51.12 + 83.53
0.852abc 1.203c 1.972 3.082 4.442 8.82ab

The compressed wood begins to recover when the environmental RH exceeds a
certain value, and then the resulting irreversible deformation leads to an increase in TSE
after next dry-humidify cycle. Therefore, a clear increase in the set-recovery value can be
considered as the RH threshold after which set-recovery starts to manifest itself (Laine et
al. 2013). According to the TSE results, the RH threshold for HP-densified samples appears
to be between 33 and 54%. Again, conducting these experiments in a traditional way will
only lead to the high humidity results and the useful information at the lower RH will be
lost.

Effect of High Pressure Densification Treatment on Irreversible Swelling
The irreversible swelling (IS) is an important indicator to measure dimensional
stability of wood, and to analyze the permanent deformation during the humidification-
dehumidification cycle. Table 2 shows the irreversible swelling of poplar following various
HP treatments. As expected, the IS of HP-treated poplar was similar to the TSE discussed
above, which increased with enhancing RH. Irreversible swelling of all HP-densified wood
samples varied irregularly within the range of 4.75 to 16.4% at 33% RH, while no clear
trends were found between the first and second humid-dry cycle. The results indicated that
the IS of compressed wood at 33% RH may have been due to possible measurement
uncertainty errors. However, the IS of treated samples were clearly observed (15 to 85%)
at > 54% RH. Therefore, the RH threshold for HP-compressed poplar was between 33 and
54%, which was different from other previous studies that reported the RH threshold of
hot-pressed densified wood was between 65 and 75% RH (Laine et al. 2013). It should be
noted that high temperatures can damage the hydroxyl groups of wood polymers, which
can cause its hygroscopic properties to decrease and result in an increase in the RH
threshold of compressed wood. In the hot-pressing treatment, the samples needed to be
treated at a high temperature for several hours, while wood is compressed by HP
technology at room temperature, which is consistent with the conclusion of Laine et al.
(2013). In addition, the extent of IS increased rapidly when the RH exceeded the threshold
value. The IS value for 50 MPa-30 s was 22.5%, 27.4%, 33.3%, 40.9%, and 61.0%, after
the first dry-humid cycle test at 54%, 68%, 76%, 85%, and 95% RH, respectively. Finally,
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the set-recovery of HP-densified poplar increased quickly at extremely high levels (38 to
85%) when RH was between 85% and 95%, which is highly undesirable.

Comparing the samples treated at the same pressure, it was found that the pressure
holding time also affected the IS of compressed wood at the same RH between 54 and 95%
(Table 3). The IS value of poplar samples with 300 s holding time was much more than
those of the other treatment group, while no obvious difference in the IS values were with
shorter holding times between 0 and 60 s. The increased holding time during HP treatment
resulted in a decrease in the RH threshold. Additionally, the IS value of all treated
specimens significantly increased when the environmental RH increased to 85% to 95%,
regardless of holding time. This could mean that the RH threshold for controlling the extent
of set-recovery was not affected by the holding time.

Furthermore, the IS value of all densified wood samples were increased after
repeated dry-humid cycles at 54 to 95% RH. However, a previous study (Yu et al. 2017)
showed that the densified poplar samples usually increased slightly after HP treatment in
air-dry condition, and then the thickness became stable at the end of the TS test. The
difference between two phenomena may have been related to the change of hydrogen
bonding during the dry-humid cycle test. The water molecules that were adsorbed by wood
directly combined with the hydroxyl groups of wood’s cellulose and hemicellulose to form
hydrogen bonds, thus generating swelling stress in the interior of wood. When the effect
of swelling stress reached a certain level, the metastable state of compressed wood was
destroyed, resulting in permanent deformation (Blomberg and Persson 2007). Therefore,
the set-recovery appeared to be significantly higher after the second dry-humid cycle test
that yielded one more moisture absorption and expansion process. In addition, the effect of
wood’s mechano-sorptive creep can also explain the phenomenon above. The natural
swelling deformation of wood increases abnormally under load when its moisture content
is increased with environmental RH (Navi et al. 2002; Saifouni et al. 2016). Laine et al.
(2013) reported that a swelling stress formed in the interior of the cell wall when the
compressed wood absorbed moisture, which is similar with wood subjected to an external
load, resulting in a simple effect of mechano-sorptive creep. Additionally, Zhang (2010Db)
studied the mechano-sorptive creep of wood under different load conditions. The creep of
wood formed when wood that was subjected to external load absorbed moisture from the
outside, but the creep could not fully recover under no load during the desorption process.
It is expected that partial creep deformation will remain. Thus, the IS value continued to
enhance after each dry-humidity cycle test.
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Table 3. Irreversible Swelling of Poplar Treated by Different High Pressure
Treatments Under Different RH Conditions

Samples 33.1% RH | 54.4% RH | 68.3% RH | 75.5% RH | 85.1% RH | 94.6% RH
11.60 24.90 £ 27.90 £ 30.00 £ 40.10 = 57.30 £
50 MPa-0 5.15 1.78 2.21 1.11 0.24 2.65
S 12.39 3359 + 37.63 £ 43.03 £ 50.19 £ 66.44
6.90 0.84 1.38 0.97 1.15 241
11.29 24.09 £ 30.79 £ 32.02 £ 39.97 £ 60.81
50 MPa- 7.18 1.08 0.60 3.17 1.55 4.02
30s 11.03 £ 32.70 £ 39.49 £ 4481 51.27 £ 67.60 =
1.50 0.62 1.03 1.05 2.65 1.58
522 2253+ 27.36 £ 33.27 40.90 61.04 =
50 MPa- 5.70 8.51 3.15 1.26 2.23 1.33
60 s 574 31.68 £ 36.35+ 4492 + 50.26 = 64.04 =
2.45 3.37 3.44 2.37 2.89 3.21
13.66 £ 26.40 = 33.87 43.79 + 56.30 = 67.98 =
50 MPa- 2.54 211 0.85 0.51 3.44 4.27
300 s 21.46 £ 37.08 £ 43.57 53.78 £ 56.62 £ 66.37 £
1.93 0.22 1.89 1.15 1.04 2.07
843 £ 19.75 2847 £ 2951 + 40.92 55.36 £
100 MPa- 2.80 3.44 3.74 4.68 1.48 2.84
Os 10.07 £ 3148 £ 39.11 + 41.99 5141+ 61.30 £
2.89 291 2.89 3.26 1.51 0.82
8.98 £ 20.87 £ 30.09 £ 31.69 37.62 £ 5753
100 MPa- 1.82 241 3.73 5.39 1.97 2.51
30s 15.71 30.44 £ 38.35 ¢ 42.72 + 48.09 + 63.36 =
2.45 1.99 2.79 4.38 1.79 1.93
10.96 £ 22.74 + 2553 + 39.88 + 41.58 + 56.34
100 MPa- 3.91 2.79 2.46 3.18 3.23 2.10
60 s 22.28 £ 32.20 £ 37.33 % 49.11 + 53.40 = 62.13 =
7.63 3.38 1.95 2.77 2.83 3.06
8.28 £ 24.70 £ 32.04 £ 4255 + 48.67 55.70 =
100 MPa- 2.32 6.02 1.76 1.76 3.60 1.45
300 s 15.70 £ 33.99 £ 41.03 = 5217 £ 51.80 £ 62.53 £
1.68 4.98 2.61 0.83 2.01 4.85
475 % 21.30 £ 23.70 £ 35.60 £ 38.86 £ 56.80 £
150 MPa- 4.33 1.55 6.06 4.87 1.39 2.96
Os 5.99 £ 29.26 £ 35.73 ¢ 44,13 49.02 = 63.69
4.82 2.51 3.51 5.34 1.28 3.21
12.54 + 16.86 £ 1961+ 30.58 + 42.09 + 56.05 *
150 MPa- 1.20 0.95 5.56 1.48 3.76 0.62
30s 24.09 £ 28.00 £ 29.45 £ 41.14 + 54.89 + 62.20 =
2.16 1.00 7.89 0.71 4.97 1.68
578 £ 23.46 £ 25.04 £ 34.74 37.04 £ 55.30 £
150 MPa- 1.56 1.46 4.24 0.30 0.99 2.33
60 s 9.92 + 31.96 = 35,53+ 46.37 48.16 + 61.28
3.73 1.41 3.67 1.27 1.05 2.05
16.44 2941 + 40.06 43.73 £ 45.54 + 63.38 £
150 MPa- 0.32 0.62 5.49 2.56 3.09 3.36
300 s 34.23 36.66 £ 44.01 53.53 60.24 61.57 £
2.38 1.93 1.71 1.76 3.12 1.21
200 MPa- 4.64 21.88 £ 27.71 £ 38.33 ¢ 36.76 £ 52.97 £
Os 1.66 3.01 2.96 1.72 1.94 3.67
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> 532 % 30.01 37.40 46.53 £ 42.18 = 60.53
1.52 3.56 1.92 1.69 9.27 3.40
1 9.62 + 18.22 + 2299 + 42.01 + 35.67 58.19 +
200 MPa- 2.62 1.98 3.95 3.17 1.23 1.64
30s 2 12.77 26.28 + 32.22 45.72 + 47.67 + 64.31 +
3.42 1.36 4.93 1.92 2.52 0.99
1 9.42 + 2581+ 2312 + 33.60 £ 33.92 + 56.84 +
200 MPa- 4.43 1.39 1.65 2.01 5.40 1.57
60 s > 534 % 30.70 £ 32.98 + 43.77 46.10 = 60.95 +
3.93 3.10 3.20 2.55 4.72 2.11
1 9.80 2435+ 35.27 + 44.19 50.85 + 64.94 +
200 MPa- 2.08 1.76 2.39 1.30 5.57 1.76
300 s > 13.43 34.33 42.16 + 52.73 5343 + 62.81 +
3.07 0.80 2.12 0.32 1.84 1.44

CONCLUSIONS

Compression recovery (CR) and delayed elastic strain (DES) of high pressure (HP)
densified wood were studied. The subsequent equilibrium moisture content and swelling
properties were evaluated at different relative humidity (RH) conditions.

1. The HP treatment substantially decreased the volume of poplar samples at selected
conditions, and the compression ratio for all sample types was higher than 50%. The CR
increased rapidly with pressure up to 50 MPa and then stabilized with increasing pressure.
The 100 MPa treatment provided an important turning point tendency. In addition,
prolonged holding time (300 s) also improved the effect of densification of poplar.

2. The results of DES indicated that there was partial reverting of the deformation of
compressed poplar wood after HP treatment at all researched conditions, while there were
no significant differences in the final DES. The EMC results demonstrated that moisture
content isotherms of wood were not influenced by HP treatment. The TSE of poplar was
enhanced after HP treatment at all RH conditions. The HP-treated poplar was stable at RH
between 33 and 54%, while the extent of set-recovery appeared to increase rapidly at RH
values higher than 85%. In addition, the RH threshold of samples decreased significantly
with a holding time of 30 s, which may have been required for creating stronger bonding
to resist RH dependent swelling.

3. The results under the employed methodology also indicated the set-recovery was
minimal in the lower range of the RH employed for storage indicating such HP-treated
wood would perform well under normal indoor RH conditions employed at comfort levels.
The traditional methods indicated the contrary because they only subject the wood to high
humidity conditions.
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