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ABSTRACT

Thermal-hydro-mechanical (THM) densification treatments were performed on Populus spp. (poplar),
Picea abies (spruce), and Fagus sylvatica (beech). Prior to THM treatment, a low-molecular weight resin
was impregnated into the wood structure. Densification results, mechanical characteristics (modulus
of elasticity, rupture, and hardness), and set-recovery were assessed. All wood species were exposed to
the same THM treatment and the specific anatomy, density, and physical behaviors yielded results
specific to wood species making comparisons between species difficult. However, the mechanical
performance of all samples was largely dictated by the specimens’ surface density as seen in the
density profiles. Spruce specimens had high levels of set-recovery after the THM treatment, which
is believed to be caused by pit aspiration from kiln drying, limiting impregnation of the resin. The
THM treatment used in this study was successfully applied to poplar, spruce, and beech. The resin
impregnation combined with THM treatment led to densified wood with improved mechanical
properties. The improvements were the greatest in poplar, including the largest reduction in set-
recovery, which was the objective of this study. When comparing mechanical properties to
commercially available structural wood-composites the results from this study indicate that resin
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impregnated THM treated wood could be used in this application.

Introduction

Consumers and policy makers are requesting and promoting
the use of natural, sustainable materials to lower our depen-
dence upon fossil-based materials, reduce environmental
impacts, support local and rural communities, and improve
the overall environment in which humans live. Wood is one
of these materials, which is a high-performance, multi-hier-
archical, cellular composite. Its mechanical capabilities rival
those of our most high-tech composites with the ability to
transport water and nutrients from ground level to the tops
of trees, withstand high winds and loading levels, and seques-
ter carbon and produce oxygen. While a tree is still living, all
these features perform when wood tissue is in a high-moist-
ure content state to its benefit. However, when humans
would like to use wood for high-performance applications,
the relationship with water is still there and must be con-
sidered. Wood modification techniques have been used to
help valorize under-utilized wood materials and increase
their performance with respect to durability, mechanical
characteristics, and new forms and functions desired by con-
sumers and designers alike (Sandberg et al. 2017).

One group of modifications is thermal-hydro-mechanical
(THM) treatments. THM densification uses only heat, water,
and mechanical force to compress and densify the wood
material. This results in increased density, hardness, abrasion
resistance, and some strength properties. During the THM
densification process, wood is softened and compressed,

resulting in densification without fracturing the cell walls.
Compression takes place in a hot press between 120°C to
180°C, in which heat is transferred to the material’s interior
through contact with heated plates, dielectric heating, or
similar (Navi and Sandberg 2012). There have been many
examples of wood compression techniques through the last
century. The first patents for compressed wood are found in
the United States: Sears (1900); Walch and Watts (1923); Ole-
sheimer (1929); Brossman (1931); Esselen (1934); and Olson
(1934) (Kollmann et al. 1975). The first compressed solid
wood in Europe was made in 1930 under the trade name “Lig-
nostone” in Germany, and this type of technology still exists in
Switzerland.

Only a few wood densification applications have been
industrialized to some extent. The reasons for this include
unsolved problems at the laboratory scale, scale-up issues,
and an inadequate consideration of plasticization or stability
of the products. The main challenge associated with this
type of densification is the fixation of the compressive defor-
mation when the densified wood is exposed to moisture.
Studies found that wood with the highest degree of com-
pression shows the highest potential for compression defor-
mation recovery, i.e. set-recovery (Blomberg et al. 2006,
Kutnar et al. 2009). The set-recovery effect occurs because
internal stresses introduced during compression are relieved
when the wood is exposed to moisture (Morsing 2000). Com-
pression-recovery behavior of wood can be attributed to a
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combination of its cellular structure and properties of the cell
wall polymers (Wolcott and Shutler 2003).

Several approaches to fixing set-recovery of densified
wood are viable, including impregnation with a synthetic
resin, mechanical fixation, or THM treatments at high temp-
erature and moisture (Navi and Heger 2004). Historically,
impregnation of densified wood with low-molecular weight
resins has found success in improving the properties of
wood and was even used to make aircraft components
during the Second World War (Hill 2006). The most success
has been found with aqueous, phenol-based resins that are
impregnated via vacuum treatment into the wood structure
followed by densification. This method has been found to
be successful in reducing the set-recovery of densified
wood (Stamm and Seborg 1941, 1942, 1955, Stamm 1959,
Hill 2006, Gabrielli and Kamke 2008, 2010).

The objective of this study was to couple a low-molecular
weight phenol resin with THM treatments to reduce set-recov-
ery in solid wood of some common wood species. The resin
and process used in this paper is part of a pending patent
(Kantner et al. 2019).

Materials and methods
Wood specimens

Wood specimens used for THM treatment were produced
using three species: poplar (Populus spp.), spruce (Picea
abies), and beech (Fagus sylvatica). Quartersawn specimens
were selected and milled to the nominal dimensions of
300 mm in length (L) and 50 mm in width (W). Thicknesses
(T) of the specimens were 6, 10, and 15 mm to observe the
effect of densification ratio. Before further treatment, speci-
mens were conditioned at 20°C and 65% relative humidity.
In total, 90 specimens were prepared, 30 for each species
and 10 for each thickness.

Resin impregnation

An aqueous, low-molecular weight, phenol-formaldehyde
resin was supplied by Metadynea Austria GmbH (Krems an
der Donau, Austria). A 30% solids content solution was pre-
pared by mixing with water. After conditioning, wood speci-
mens were submerged in the resin solution and vacuum
impregnated at 0.001 bar for 30 min. After impregnation,
excess resin was wiped from the specimens and they were
dried overnight in ambient conditions. Specimens were
then dried at 60°C in an oven for 24 h. Weight percent gain
(WPG) was calculated using the weight of the specimen
before impregnation and the weight of the specimen after
impregnation and drying.

THM treatment

After drying, impregnated specimens were densified in a
hydraulic, 30-ton capacity Langzauner “Perfect” LZT-UK-30-L
model hot press (Lambrechten, Austria) equipped with a
water-cooling system. To achieve three target thicknesses,
steel hard stops with thicknesses of 2, 5, and 7 mm were

used, based on the original thickness of wood specimens
(Figure 1). Two specimens of the same thickness were
pressed simultaneously as a batch. Upper and lower platens
were pre-heated to 170°C. Using the pressing parameters pre-
sented in Table 1, the press was closed and when the target
thickness was reached, the compressed specimens were
held at 170°C for 2 min. After this time, both upper and
lower platen temperature was increased to 200°C. Immedi-
ately upon reaching 200°C, both platens were cooled to 60°
C, and the pressure was released.

Density of specimens

To assess the level of densification achieved, dimensions and
weight of specimens were measured before and after treat-
ment. The densification ratio was calculated using the com-
pressed density divided by the initial oven-dry density of
the specimens.

The density profile throughout the thickness of specimens
was also measured. Treated and un-treated control specimens
were prepared for analysis with dimensions of 50 mm x
40 mm X 6 mm, 10 mm, and 15 mm. Density profile measure-
ments were performed using a GreCon, Type DA-X X-ray den-
sitometer (Alfeld, Germany).

Mechanical testing

Three-point flexure tests based on ASTM D198 (2008) were
used to measure modulus of elasticity (MOE) and modulus
of rupture (MOR). All specimens were cut to a width of
20 mm, but length varied depending upon the original thick-
ness. Due to varying thicknesses of specimens, reaction points
were adjusted to maintain span to depth ratios greater than
20. Specimens with an initial thickness of 15 mm were cut
to a length of 170, 10 mm specimens were cut to 110, and
6 mm specimens were cut to 70 mm. Test speed of
2.5 mm min~" was used.

The hardness of the specimens was assessed based on the
hardness modulus test found in ASTM D1037 (1999). As rec-
ommended, specimens with thicknesses less than 6 mm
should have an extra specimen below them as a backing
material; therefore, specimens compressed to 2 mm were
bonded together to achieve a 6 mm thick test specimen.
The same for specimens compressed to 5 mm by bonding
two specimens together. For specimens compressed to
7 mm, no additional backing material was added. Specimens
were bonded together using PVA adhesive to avoid slippage
during the test. A loading rate of 6 mm min~" was used. From
this test, hardness modulus was derived from the straight-line
portion of the load penetration curve and an equivalent Janka
hardness value was obtained by dividing the hardness
modulus value by the factor 5.4. This factor is based on imper-
ial units and all necessary conversions were made to calculate
the equivalent Janka hardness in newtons.

Set-recovery

Set-recovery test specimens were prepared with dimensions
of 20 mm x 20 mm. There were 10 specimens for each
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Figure 1. Poplar specimens prepared for flexure tests. (A) un-densified 15 mm thickness, (B) densified to 7 mm, (C) densified to 5 mm, and (D) densified to 2 mm.

Table 1. Pressing parameters for densification.

Parameter Value
Upper platen temp. (°C) 170
Lower platen temp. (°C) 170
Closing rate (mm s™") 10
Closing pressure (MPa) 10
Heated holding time (s) 120
Heat treatment upper platen temp. (°C) 200
Heat treatment lower platen temp. (°C) 200
Upper platen cooling temp. (°C) 60
Lower platen cooling temp. (°C) 60

species/initial thickness combination, for a total of 99 speci-
mens. Set-recovery test cycles consisted of oven drying the
specimens at 103°C, followed by submersion in water (room
temperature or boiling) for 24 h, and oven drying at 103°C
after soaking. Specimen thickness in the direction of com-
pression was measured before and after submersion for
every cycle. In total, four cycles were completed. Set-recovery
was calculated using the following expression:

Set-recovery = (ts — tc)/t.

where ts is oven-dry thickness after soaking and tc is oven-dry
compressed thickness.

Results
Density

A micrograph of an impregnated spruce specimen with a
target initial thickness of 6 mm can be seen in Figure 2. The
compression applied during the THM process deforms the
cells without visible fracture of the cell walls. Longitudinal
tracheids collapse and flatten in the direction of compression.
Resin present in the cell wall lumens appears lighter than the
wood cell wall. The middle lamella can also be seen as lighter
material between wood cells.

Densification results are presented in Table 2. Specimens
with larger initial thicknesses had lower densification ratios
for poplar and spruce. Beech specimens, regardless of initial
thickness, had similar compressed densities and densification
ratios. During the treatment of beech specimens, it was visibly
seen that the press was unable to reach the target thickness.
An excess of vapor pressure coupled with higher initial den-
sities found in beech specimens could be one cause for this
and could be overcome with a larger press capacity.

Figure 2. Micrograph of impregnated, densified spruce with a 2 mm target
thickness. (A) Penetrated phenol resin present in lumens and (B) collapsed
tracheids.

Figure 3 shows the density profiles of THM densified speci-
mens and a non-densified control group. Control specimens,
consisting of non-densified poplar and beech wood, exhibited
almost uniform density throughout their thickness. This was
expected since the difference in density between earlywood
and latewood is small. On the other hand, the zigzag shape
seen in spruce control specimens is due to larger differences
between earlywood and latewood densities.

The density profile of THM treated beech specimens for all
thicknesses was uniform due to an even distribution of
vessels. Poplar and spruce specimens had density profiles
with slightly higher face densities than the core for all thick-
nesses. This profile is targeted for wood-based composite
panels like particleboard. Variations of temperature and MC
inside the specimens during the THM process were not
measured in this study, however, due to different initial thick-
nesses MC and temperature distribution prior to final com-
pression thickness must have varied as well. Thinner wood
specimens would lose moisture more rapidly and approach
a more uniform distribution than thick ones; therefore, it
was assumed that MC was nearly equal throughout the thick-
ness in 6 mm thick specimens prior to final compression thick-
ness. Based on the same assumption, it was concluded that
for 10 and 15 mm thick specimens the MC was not consistent
throughout the thickness. Impacted by these MC gradients,
the local compression behavior with respect to thickness
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Table 2. THM and resin treatment data for beech, poplar, and spruce specimens.

Initial thickness Initial density Compressed thickness Compressed density Densification
Species (mm) (gem™3) (mm) (gem™) ratio Weight per cent gain
Beech 6 0.72 (+ 0.04) 3.96 (+0.45) 1.18 (+ 0.07) 1.64 (+ 0.16) 13.28(+5.83)
10 0.71 (£ 0.01) 6.47 (+0.35) 1.15 (+ 0.13) 1.62 (+ 0.19) 6.54(+£3.45)
15 0.72 (+ 0.01) 9.11 (+0.64) 1.18 (+ 0.08) 1.63 (£ 0.11) 12.67(+4.55)
Poplar 6 0.34 (+ 0.03) 1.95 (+0.04) 1.14 (+ 0.07) 3.34 (£ 0.33) 16.56(+18.10)
10 0.33 (+ 0.05) 4.79 (£0.03) 0.76 (+ 0.07) 2.34 (£ 0.16) 22.03(+15.56)
15 0.31 (+ 0.04) 7.77 (£0.03) 0.66 (+ 0.04) 2.14 (£ 0.17) 19.46(+12.19)
Spruce 6 0.42 (+ 0.02) 2.05 (+0.06) 1.18 (+ 0.04) 2.84 (+ 0.08) 2.01(£1.56)
10 0.42 (+ 0.03) 4.77 (£0.04) 0.83 (£ 0.05) 1.99 (+ 0.02) 0.25(£1.22)
15 0.42 (+ 0.07) 7.79 (£0.05) 0.71 (£ 0.04) 1.72 (£ 0.18) 0.55(+0.80)
Note: Values are means +1 standard deviation.
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Figure 3. Mean density profiles of beech (first row), poplar (second row), and spruce (third row) specimens.

direction would also be non-uniform. Furthermore, the initial
thickness of the specimen appears to have influenced the
profile of the temperature and MC gradients.

Mechanical testing

Results from mechanical testing are summarized in Table 3.
Reference, un-treated values are from Meier (2020). As
expected, higher density THM specimens resulted in higher
MOE values with one exception in beech. In THM treated
beech specimens, the highest MOE and MOR values were

determined for specimens with a 10 mm initial thickness.
The data from beech specimens do not follow the same
trends as those in poplar and spruce, which can be attributed
to the incomplete THM treatment.

MOE and MOR of THM treated poplar specimens were
highest in specimens with an initial thickness of 6 mm. Speci-
mens with initial thicknesses of 10 and 15 mm had small
differences within MOE and MOR. The reason for this is associ-
ated with the density profile. As seen in Figure 3, density on
the surface of both groups of specimens was approximately
the same (~900 kg m™). As with any beam in bending, the

Table 3. Mechanical test data of impregnated, THM treated specimens (mean values + 1 standard deviation), and reference values.

Species Initial thickness (mm) MOE (GPa) MOR (MPa) MOH (MPa) Equ. Janka (N)
Beech 6 18.1 (£ 2.3) 2493 (+ 31.2) 4079 (£ 113.9) 48,733.6
10 26.2 (+ 3.4) 288.1 (+ 30.8) 251.8 (+ 88.30) 30,083.6
15 16.6 (+ 2.4) 2213 (£ 21.0) 475.7 (£ 114.2) 56,833.9
Ref 14.31 110.1 - 6460
Poplar 6 224 (+2.2) 265.8 (£ 21.5) 564.0 (+ 125.3) 67,383.5
10 13.6 (£ 3.0) 142.8 (£ 14.4) 111.2 (+ 30.80) 13,285.5
15 10.6 (+ 2.4) 117.1 (+ 19.6) 114.2 (£ 28.10) 13,644.0
Ref 7.21 63.7 - 2020
Spruce 6 245 (+ 4.6) 267.3 (+ 36.9) 548.9 (+ 63.80) 65,579.4
10 17.2 (£ 3.4) 184.1 (£ 33.9) 158.8 (+ 25.40) 18,9725
15 14.8 (£ 2.1) 153.2 (£ 16.9) 142.1 (£ 27.70) 16,977.3
Ref 9.7 63 - 1680
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Figure 4. Set-recovery of THM-treated specimens grouped by initial thickness.

upper and lower surface undergoes the highest levels of com-
pression and tension, largely dictating their performance.

MOE and MOR values of THM treated spruce specimens also
increased with increasing density of the specimens. As with
poplar, MOE and MOR values for specimens with initial thick-
nesses of 10 and 15 mm were not significantly different, due
to similar surface densities (~1000 kg m™>) (Figure 3).

Specimens tested in this study had MOE values compar-
able to and exceeding values of some commercially available
structural engineered wood products (EWPs) like LVL
(13.8 GPa), PSL (13.8 GPa), and LSL (10.3 GPa) (Kutnar et al.
2008). Performance in these EWPs is modified and dictated
by the species of solid wood used in their construction.
With the THM treatment and impregnation applied in this
study, the wood itself was being modified rather than the
form it was engineered into. In this way, THM treated speci-
mens have the potential for use in structural EWPs.

Hardness

MOH values can be seen in Table 3. The highest MOH values
were found in THM poplar specimens with a 6 mm initial

Table 4. Set-recovery after four wetting-drying cycles (mean values +1 standard
deviation).

Initial thickness Room temp set-recovery  Boil set-recovery

Species (mm) (%) (%)
Beech 6 4.90 (+5.80) 4.30 (+7.30)
10 10.9 (+£6.50) 8.80 (+5.20)
15 1.90 (£7.20) 6.80 (+8.00)
Poplar 6 19.3 (£18.4) 29.3 (+£32.1)
10 8.20 (+£10.0) 16.1 (£11.6)
15 5.70 (+9.50) 8.00 (+13.8)
Spruce 6 55.5 (+18.5) 47.1 (£15.1)
10 38.4 (+20.5) 34.5 (£15.5)
15 36.7 (+18.9) 35.7 (15.4)

thickness, which also had the highest density after com-
pression. MOH of spruce specimens with an initial thickness
of 6 mm was similar to MOH of poplar specimens of the
same initial thickness, although the compressed density was
lower. MOH of beech specimens was the lowest for specimens
with an initial 10 mm thickness. Density profiles of these
specimens were not significantly different than specimens
with 6 and 15 mm initial thicknesses. As the difference is
not significant, results could be due to the variability of
THM beech specimens. Furthermore, MOH of poplar and
spruce specimens with 10 and 15 mm initial thicknesses was
significantly lower and did not differ among these groups.
Equivalent Janka hardness values (Table 3) range from
13,300 N (poplar, 10 mm initial thickness) to 67,400 N
(poplar, 6 mm). All species and thicknesses had relatively
high values compared to those of reference, non-treated
wood. These high hardness levels present a possibility for
use in engineered wood flooring or laminates in furniture.

Set-recovery

For all specimens, the majority of set-recovery occurred
immediately after the first wetting-drying cycle (Figure 4).
Subsequent cycles added little to the overall set-recovery
measured. The highest levels of set-recovery were found in
spruce specimens. The low levels of resin penetration that
were achieved in spruce specimens (Table 2) are assumed
to be caused by the wood being kiln dried. Kiln drying is
known to cause pit aspiration in the wood cells, leading to
more difficult resin penetration and higher set-recovery due
to lower amounts of penetrated resin (Table 2).

During the room temperature set-recovery test, beech and
poplar specimens with initial thicknesses of 10 and 15 mm
had less than 16% set-recovery. Only in poplar specimens with
an initial thickness of 6 mm was set-recovery relatively high
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for both room temperature and boiling tests at 19% and
29%, respectively (Table 4). As poplar specimens with an
initial thickness of 6 mm had the highest densification ratio, it
is foreseeable that they would also have a greater potential for
set-recovery. The lowest set-recovery was measured in beech
specimens. Beech specimens with initial thicknesses of 6 and
15 mm had room temperature set-recovery of less than 5%
while specimens with an initial thickness of 10 mm had a
set-recovery of 11%. Moisture content and temperature gradi-
ents during the THM treatment led to a density profile with
high-density surface layers and lower density core layers.
When specimens were exposed to set-recovery tests using
boiling water, poplar had higher mean values, with large stan-
dard deviations. Spruce specimens also had relatively high
mean values with large standard deviations. Beech specimens
were easily impregnated and had the lowest set-recovery
values which were similar to room temperature values despite
the intense test conditions.

By using the phenol resin in this study, great improve-
ments in set-recovery were achieved in both poplar and
beech specimens. For comparison, non-impregnated,
densified wood specimens undergoing thermal modification
can have set-recovery values greater than 60% (Rautkari et al.
2010, Laine et al. 2016, Gao et al. 2019), while non-thermally
modified specimens can completely revert to their original
dimensions.

Conclusions

Based on results from this study, it was seen that impreg-
nation with phenol resin can significantly reduce the set-
recovery of compressed deformation. Impregnation of
spruce specimens proved to be difficult due to pit aspiration
and had relatively high levels of set-recovery. Beech speci-
mens did not achieve the target thicknesses using THM treat-
ment due to higher initial densities, resin uptake, and high
internal vapor pressure. Not reaching the target thickness
made the results difficult to interpret and direct comparisons
were not possible with poplar and spruce specimens. Poplar
and spruce specimens had similar mechanical values, which
were largely dictated by specimens’ surface density rather
than the species. Spruce specimens had high levels of set-
recovery caused by low levels of impregnated resin. Based
on the THM treatment used in this study, poplar specimens
performed the best in terms of set-recovery improvement,
mechanical performance, and predictability of the specimens.
These improvements show great potential in THM treatments
combined with resins for reducing set-recovery. To realize this
potential, future work is needed to optimize THM treatment
parameters, tailoring them to specific wood species and the
geometric dimensions of the specimens to account for moist-
ure and temperature gradients.
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