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Abstract

Birch and spruce samples were scanned using X-ray computed tomography (CT) to
determine changes in the density and density profile caused by thermo-hydro treat-
ment (THT). Small-dimension wood blocks were subjected to treatment at three dif-
ferent temperatures (160 °C, 170 °C and 180 °C) for 1 h and scanned before and
after treatment. Identical acquisition and analysis procedures were used to evalu-
ate the changes in approximate mean density and radial density profile of oven-
dried untreated and treated material. The X-ray CT scans enabled measuring of the
changes in wood density after THT. The results confirm that there were similar ten-
dencies in the total density decrease with increasing temperature. However, varia-
tions in density changes between the earlywood (EW) and latewood (LW) of birch
and spruce were found. A correlation of the radial density profiles of treated ver-
sus untreated specimens showed a similar density decrease in EW and LW in birch
wood and inconsistent reductions in spruce wood.
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Introduction

Wood density, a measure of the total amount of cell wall material available per
volume unit, is known to influence physical, mechanical and durability proper-
ties of wood. These relationships have been well studied, with density having a
positive influence on mechanical properties (bending strength, hardness, impact
bending strength) and swelling behavior and having less impact on resistance to
decay (Gilmore et al. 1959; Mantanis et al. 1994; Wong et al. 1983; Guilley et al.
2004; Izekor et al. 2010).

During thermal treatment, wood cell wall components undergo chemical trans-
formations through autocatalytic reactions induced by heat, pressure and steam
(Dietrichs et al. 1978; Grinins et al. 2013), which result in the simultaneous
reduction in volume (shrinkage) and cell wall matter (mass loss). These irrevers-
ible transformations alter the properties of wood, and the main drawback of the
thermal treatment is the reduction in mechanical properties. The magnitude of
such decreases differs from process to process; Yildiz et al. (2006) and Boon-
stra et al. (2007) showed that the density of wood treated by the French method
(rectified wood) between 200 and 260 °C decreased by approximately 15% for
spruce wood compared with 8.5% for Norway spruce heat-treated according to
the Plato process at 165 °C. Because of these disadvantages, thermally treated
wood is mainly used for outdoor applications (e.g., decking, cladding and garden
furniture) or in construction projects with low loading forces.

Rathgeber et al. (2006) found a high correlation between density and the ear-
lywood (EW) and latewood (LW) proportions in the growth rings of softwoods,
and they showed that from the beginning of a growth ring to the end, the wood
density (WD) has an S-shaped profile, which was attributed to the cell wall pro-
portion (CWP) or the volume of wood cell wall matter. Wood density increases
primarily because of cell wall thickening in tangential and radial directions as
well as cell size reductions in the radial direction. Niemz (1993) published work
that confirmed that the physical and mechanical properties of LW of softwood
are 1.5-2 times higher than those of EW, which might be explained by intra-tree-
ring wood density variations and fiber anatomical characteristics (Rathgeber et al.
2006).

Hence, it is crucial to accurately evaluate changes in the density and density
profile within a growth ring of wood caused by heat treatments to better under-
stand the behavior of wood that is subjected to different treatment temperatures.
Because the proportion of wood cell wall matter in LW plays such a significant
role in the mechanical properties, it is important to assess whether the LW and
EW show a similar or different decrease in density.

Shchupakivskyy et al. (2014) performed initial evaluations of the influence of
treatment temperature on changes in density within a growth ring using a high-
frequency densitometer. They found that as the treatment temperature increased,
the EW experienced a decrease in density that was twofold to threefold larger than
in the LW treated at 220 °C. However, the authors indicated that the measurement
accuracy required improvement because differences of approximately 18% were
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observed between the high-frequency and gravimetric methods. Similar findings
were found by Hamada et al. (2017). They evaluated the thermal stability of ear-
lywood (EW) and latewood (LW) in heartwood (HW) and sapwood (SP) growth
rings of European oak tree in terms of mass losses. They found that EW had
around 12% more mass losses compared with LW and explained this difference
in mass loss by the higher ratio of cellulose in LW due to the thicker secondary
cell wall layer. Other advanced techniques have been successfully demonstrated
that could efficiently reveal the density distribution in wood. X-ray computed
tomography (CT) is able to evaluate the density of different types of materials,
including wood and wood products (Mull 1984; Lindgren 1991; Freyburger et al.
2009), and identify changes in the density and density profile after different treat-
ments, such as the surface densification of wood (Rautkari et al. 2010) after treat-
ment with thermosetting resins (Kliippel and Mai 2013). Additionally, Meincken
and du Plessis (2013) were among the first to report changes in the density of
degraded wood caused by different temperatures by using X-ray CT.

The aim of this study was to assess changes in the density profile and density of
wood after thermo-hydro treatment (THT) using different treatment temperatures.
To determine the accuracy of the X-ray CT method, the density values obtained by
X-ray CT were compared with gravimetrically measured density. Then, changes in
the density profile of birch and spruce wood treated with THT at three different tem-
peratures were determined.

Materials and methods
Sample description

Silver birch (Betula pendula) and Norway spruce (Picea abies) were used to assess
the impact of THT temperature on wood density WD and the radial density profile.
Two groups of samples were prepared, with the first group tested using gravimetric
measurements and the second group tested with X-ray CT (Fig. 1). To increase the
accuracy of the tests, the same specimen was scanned before and after treatment.
The wood blocks were oven-dried and stored in a desiccator to achieve identical
conditions prior to scanning. Prior to the treatments, all the specimens were placed
in a sample holder and scanned. After scanning of the untreated samples, each group
of specimens was subjected to the THT at 160 °C, 170 °C and 180 °C.

Additionally, high-resolution X-ray CT scans were performed to clearly illustrate
shrinkage of the wood tissue after THT.

Treatment

The THTs were conducted in a pilot-scale 560L stainless steel autoclave produced
by WTT, Denmark, and all treatment steps were performed according to the proce-
dure described in Biziks et al. (2015). The mass loss (ML) of the THT specimens
was calculated as my (%)= 100(m,—m,)/m (Eq. 1), where m; is the ML caused by
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Untreated spruce and birch wood specimens
with dimensions (6 x 6 x 18) mm®

Gravimetrical X-ray CT
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Fig. 1 Flowchart of gravimetrical measurements and X-ray CT for estimating the changes in density and
density profiles of wood samples before and after THT

the THT, and m, and m, are the oven-dried masses of the specimens before and after
THT, respectively. One sample per treatment was used during the measurement.

Gravimetrical method

Gravimetric density is defined as the oven-dried weight over the oven-dried volume
of the specimen. The weight of the oven-dried specimens was determined with a
laboratory balance (precision of 0.0001 g), and the volumes were obtained manually
with calipers and by image processing on the reconstructed X-ray CT volumes. The
changes in density after THT were calculated according to (Eq. x) Ap (%)= ((pyy—
ptr)/putr)) x100: Pur= ((mdry/vdry)ur.r (Eq X) and Pu= ((mdry/vdry)tr (Eq X)’ where Putr
is the density of untreated specimen, py, is the density of specimen after THT, m,, is
oven-dry mass of the specimens and Vj,, is oven-dry volume of the specimens.

X-ray CT scanning for density measurements

Oven-dried untreated and THT-treated specimens were subjected to identical acqui-
sition and analysis procedures. All of the specimens were scanned using the Nanow-
ood scanner at the Center for X-ray Tomography at Ghent University (UGCT; http://
www.ugct.ugent.be). Details of the scanner can be found in Dierick et al. (2014).
This flexible, state-of-the-art scanner is controlled using in-house developed soft-
ware with a generic interface (Dierick et al. 2010). The samples were mounted in a
dedicated sample holder and scanned using a helical trajectory. The data were recon-
structed with the Octopus software package (Vlassenbroeck et al. 2007), a tomogra-
phy reconstruction package for parallel, cone-beam and helical geometry. The scans
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had an approximate voxel pitch of 25 pm. The reconstructed images of the samples
before and after THT were visualized using the Octopus Analysis package (www.
xre.be, previously known as Morpho+ (Brabant et al. 2011). Conversion of gray-
scale values to actual densities was done according to the procedure described in De
Ridder et al. (2011).

High-resolution X-ray CT scanning

Birch and spruce wood samples were prepared from larger blocks and subdi-
vided using a scalpel into needle-shaped specimens measuring approximately
0.4%0.4x6 mm>. Specimens were oven-dried and stored in a desiccator to avoid
volume fluctuations caused by moisture absorption. The same specimens were
scanned before and after the THT regime at 160 °C. All wood pieces were scanned
at an average voltage of 55 kV, a target current of 160 pA and an exposure time of
1500 ms per image, resulting in an approximate scan time of 45—-60 min per object.
Reconstruction was also performed with Octopus, with ca. 20 min per scan. All
specimens were filtered by the phase contrast method in Octopus (De Witte et al.
2009; Boone et al. 2009). The resulting high-resolution scans had an approximate
voxel pitch of 0.8—1.2 pm (some samples were scanned at 0.8 pum resolution and oth-
ers at 1.2 um) with 2'¢ grayscale levels, which were used to obtain high-resolution
3D images. Reconstructed images of the samples before and after THT were visu-
alized by Octopus Analysis (www.xre.be; previously known as Morpho+; Brabant
et al. 2011) and rendered 3D images by means of VGStudio MAX. A 3D rendering
of the X-ray volumes of specimens before and after treatment was produced, to illus-
trate the alteration of microstructure of wood caused by THT (shrinkage).

Results
Gravimetric method versus X-ray CT method

The densities were calculated from the manually measured mass and volume meas-
ured by X-ray CT and compared with the mean densities obtained by X-ray CT. A
linear relationship was observed for the untreated and treated samples between the
two measurements of wood density (WD) with a correlation coefficient of 0.943,
which demonstrated the accuracy of the X-ray CT measurements (Fig. 2). The den-
sities calculated from X-ray scans overestimated the gravimetric density by 4% and
0.5% on average for untreated and treated samples, respectively. This increase in
results can be explained by the more precise identification of the volume by X-ray
CT compared with manually taken measurements. During the measurements with
caliper, the surface roughness of the sample is not taken into consideration; there-
fore, in such a way, higher values in volume are achieved, which leads to decreases
in density detected by gravimetrical method, which is more correct than the manual
measurements.
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Reduction in density caused by THT

The impact of treatment temperature on the density of birch and spruce is shown
in Fig. 3. After treatment at 160 °C, the ML of birch wood was approximately
30% higher than that of spruce. Nevertheless, the spruce samples presented a sig-
nificantly higher decrease in density (nearly 1.5 times) compared with birch wood,
which can be explained by differences between wood species with respect to their
different shrinkage. The ML and decreased volume and density of birch and spruce
blocks caused by various treatment temperatures are listed in Table 1. The decrease
in density at 170 °C was approximately 1.5-3 times larger than that after treatment
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Table 1 Relationship between the decrease in density of birch and spruce caused by different treatment
temperatures and estimated by both gravimetric analysis and X-ray CT

Wood species  Treatment tem- Mass loss (%)  Decrease in volume Decrease in density (%)
perature (°C) (%)

Caliper X-ray CT  Gravimetrical =~ X-ray CT

Spruce 160 42 0.4 1.8 3.8 4.8
170 7.9 0.4 1.6 7.5 7.7
180 11.0 33 52 8.0 9.0
Birch 160 5.8 5.5 3.7 0.4 2.7
170 13.3 7.8 7.5 59 7.7
180 18.4 9.9 11.0 9.4 11.5

at 160 °C. Regardless of the wood species, wood samples that were subjected to the
highest temperature (180 °C) achieved the largest decrease in density.

The results obtained from both measurement methods (gravimetric and X-ray
CT) clearly confirm that increases in treatment temperature lead to decreases in
density because of the greater mass loss relative to the shrinkage. However, density
changes after treatment were different between the wood species; at 160 °C, birch
showed a lower density change than spruce (—2.7% against 4.8%, respectively),
while at 170 °C, the changes in the two species are the same and at 180 °C, birch
showed higher density change than spruce (— 11.5% against —9.0%, respectively).
The magnitude and physical reasons of the decrease in density can be explained
by the different chemical composition and amount of wood components within the
cell wall. According to Altgen et al. (2016), the majority of native extractives are
removed from wood at comparably low treatment temperature ranges, between 100
and 140 °C, when performing the thermal modification process at elevated pressure.
This causes a loss in dry wood mass, even if no degradation of cell wall constituents
takes place. The higher decreases in density of spruce compared with birch at an
early stage of treatment (< 160 °C) might be explained by the fact that spruce con-
tains more extractives and less hemicelluloses compared with birch, which resulted
in higher mass loss but lower shrinkage compared with birch. With increasing modi-
fication temperature above 160 °C, hemicelluloses and amorphous parts of the cel-
lulose are also affected by the more severe thermal decomposition in the cell wall,
which afterward leads to cell wall shrinkage. Birch contains more hemicelluloses
(Iess thermally stable component in the cell wall) compared with spruce (Gonzélez-
Pefia et al. 2009), and therefore, it might be reasonable that spruce showed a lower
decrease in density compared with birch at a treatment temperature of 180 °C.

Density profile of untreated samples

The density profile along the radial direction of a given sub-volume was compared
before and after THT. In Fig. 4, the black curves correspond to density profiles of
the region of interest (ROI—4 x 5 x 20 mm>—R x Tg X L directions, respectively) in
the untreated wood. The data show that the WD varied from 250 to 1010 kg/m?
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Fig.4 Impact of treatment temperature on the radial density profiles of birch (a—c) and spruce (d—f)
treated at 160, 170 and 180 °C. *Slice thickness is 25 um
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for spruce and from 440 to 790 kg/m? for birch within the same annual ring. Stef-
fenrem et al. (2014) confirmed that the precise minimum and maximum values are
more affected by the treatment of wood with narrow growth rings. Similarly, precise
estimation of the minimum and maximum values in the radial density profile could
be influenced by large differences in density between EW and LW, the presence of
sharp borders between EW and LW, displacement (deflection, flouting) of growth
rings along the longitudinal direction, as well as scanning resolution.

The graphs in Fig. 4a, d show rather distinct profiles between both wood spe-
cies, due to different porosities, which indicates a non-equal distribution of wood
cell wall matter within the same growth ring closely associated with distinctness in
anatomical structure. Such fluctuations in the number, lumen size, wall thickness
and cell type are presented in the WD profiles.

The spruce profiles were more predictable and fairly similar compared with the
birch samples and exhibited an S-shaped profile. Averaged over the entire spruce
data set, the WD in the EW within the annual ring was 260 + 30 kg/m°>. Thereafter,
the WD slightly increased with increasing distance from the growth ring boundary,
and at a relative distance of approximately 60—70% of the total growth ring width,
WD increased more rapidly until the end of the growth ring, where the current
results show the same tendency as reported by Cuny et al. (2014). The WD of the
LW was 940+ 160 kg/m3, which was 3-3.5 times higher than that of the EW. As
shown in Fig. 5a, a cross section of spruce wood consisted primarily of one type
of cell: vertically oriented rectangular tracheids. Good correlations were observed
between the WD profile and porosity within the annual ring of spruce samples.
Sedighi-Gilani et al. (2014) found that the porosity of LW (27%) is approximately
three times lower than that of EW (76%). The increased WD and porosity are thus
primarily caused by cell wall thickening as well as by cell size reductions in the
radial direction. Similarly, certain density profiles of spruce within the growth ring
have two distinct peaks, known as “false rings” and related to climate and soil condi-
tions (amount of precipitation and soil water reserves). Fritts (2001) and Bouriaud
et al. (2005) confirmed that the formation of LW-like cells can be triggered within
EW during drought seasons, whereas EW-like cells may emerge in response to rain-
fall after the seasonal drought in late summer or early autumn and interrupt the for-
mation of LW.

Compared with spruce, the transition periodicity from EW to LW in radial WD
profiles in birch samples is less pronounced, and it was difficult to distinguish
LW from EW. These differences might have been caused by several substantial
differences in anatomical features. As shown in Fig. 5a, the anatomical structure
of birch consists of various fibrous elements, with axial or vertical elements rep-
resented by vessels and libriform fibers, and radial or horizontal elements repre-
sented by ray parenchyma cells. Compared with spruce, birch has vessels, cells
with large lumens and thin cell walls, explaining the lower amount of cell wall
material. Birch is a semi-diffuse-porous wood species, and seasonal changes have
little effect on the vessels. The vessels change slightly in size or distribution from
EW to LW, and the average lumen diameter is approximately 50 +20 um. There-
fore, abrupt changes within one growth ring from EW to LW were not observed.
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Fig.5 Shrinkage of a birch and b spruce samples after THT at 160 °C. Untreated samples are gray, and
treated samples are dark gray

The porosity of EW is approximately 25% higher than that of LW, with values
of 64% and 48%, respectively. As previously mentioned, porosity is well corre-
lated with density, and the average density of LW was 780 +40 kg/m?, which was
30% higher compared with that of EW. Hence, large reductions in density did not
occur within the growth rings in birch as was observed for spruce.
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Changes in density profile induced by THT

The relationship between the radial density profiles of both wood species and one-
stage heat treatment processing parameters is shown in Fig. 4a, d. A slightly decreas-
ing trend in the density profile occurred after treatment at 160 °C, and the curves of
the treated samples have the same shape as those of untreated samples. As expected,
with increasing treatment temperature, the WD profiles decrease with a maximum
difference between the untreated and treated woods at 180 °C. The observed changes
in radial density caused by the thermal treatment temperature can be explained by
the higher shrinkage compared with weight loss.

From earlier results, most of the mass loss can be attributed to hemicelluloses
and extractives, which have the highest susceptibility to thermal decomposition.
During treatment, hemicellulose autohydrolysis (dehydration) occurred, and low
molecular weight compounds (acetic acid, furfural and water) evaporated and were
thus removed from the cell wall during the cooling stage, which resulted in mass
loss. Simultaneously, the free space between macromolecular constituents gradually
decreased, and the matrix was rearranged, and as the distance between the macro-
molecules decreased, single cell walls were reduced in size. 3D renderings of the
X-ray volumes of birch (Fig. 5a) and spruce (Fig. 5b) before and after treatment
clearly illustrate this shrinkage; however, large alterations in the microstructure of
the wood tissue after THT did not occur.

Due to the presence of latewood in spruce, the wood density profile was corrected
according to the shrinkage of spruce wood at the treatment temperatures applied. As
LW contains more wood matter, it has higher shrinkage values compared with EW.
Therefore, the peaks of WD of treated spruce are shifted to the left. To avoid this
drawback, the profiles were linearly interpolated to have equal lengths. The expan-
sion coefficient for treated spruce latewood at 160, 170 and 180 °C is 2, 5 and 9%
and for early wood 0.1, 0.3 and 0.5%, respectively.

Changes in density of EW and LW by THT

As previously mentioned, changes in EW and LW caused by THT are difficult to
observe; therefore, the distances between the density profiles of untreated versus
treated samples were plotted (Fig. 6a, b) to differentiate between the density changes
in EW and LW within the growth ring caused by the thermal treatment. Therefore,
to assess whether the EW has similar or different decreases in density compared
with LW, the difference between the density profiles of untreated and treated sam-
ples was calculated and plotted as linear regression lines. Different alterations of
microstructure of EW and LW caused by THT could be explained by distances
between radial density profiles of untreated and treated samples, or by linear regres-
sion plots. Decreases or increases in distance between radial density profiles of
untreated and treated samples (non-parallel linear regression lines) give evidence of
different impacts of THT on the EW and LW. Figure 6a, b clearly confirms that
a decrease in EW and LW density profiles did not differ for birch treated at the
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Fig.6 Impact of treatment temperature on the distances between radial density profiles of untreated and
treated a birch and b spruce specimens compared by linear regression

given temperatures, as proven by the parallel trend of the regression lines. How-
ever, the lines are not parallel for spruce. With increasing treatment temperature,
the lower density values (EW) are reduced to a lesser degree compared with LW.
These changes in the density profiles can be attributed to the difference in volumet-
ric change in growth rings during thermal treatment. Quirk (1984) observed that
the Douglas-fir EW lumen expanded and the LW lumen contracted during drying.
Hence, with the evaporation of water and low molecular weight products from the
tracheid material, the cell walls shrink and the lumen can shrink, expand or remain
constant (Pang 2002) because of differences in the cell structure (shape and thick-
ness) and microfibril angles. Nevertheless, with increasing treatment temperature,
the woody matter decreases, and irreversible changes occur.

Conclusion

The use of X-ray CT coupled with image analysis provided an accurate method for
studying changes in wood tissue caused by THT. The results show that with increas-
ing treatment temperature, the density profiles decrease regardless of the wood
species. Differences were observed between birch and spruce with respect to den-
sity changes in the EW and LW after THT, which clearly indicates that increased
temperature has a specific effect on the density profile of spruce within the annual
ring. Consequently, thermal behavior of wood species with defined arrangement of
fibers within the growth ring (LW and EW) is subject to displacements of wood
tissue, which differs in LW and EW. While previous density profile measurements
have only been taken for non-treated wood, the work presented here shows that it is
becoming possible to observe changes in density profiles induced by THT or due to
other treatment processes using X-ray CT scanning.
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