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ABSTRACT

In this study, the cell-wall microstructure and anti-swelling effectiveness (ASE) of heat-treated larch wood were
evaluated and the correlation between them was analyzed. For this purpose, some larch lumbers were heat-treated for
12, 18, and 24 hours at temperatures of 190°C and 220°C. By observing the scanning electron microscopy cross-sectional
image of the heat-treated larch, it was confirmed that the shape of heat-treated wood cell changed, the cut-section
of the wood cell wall was rough, and the intercellular space has become wide as the intercellular bonds had broken
because of heat-treatment. In addition, the evaluation of the swelling for each treatment condition revealed that, as
the heat-treatment temperature and duration increased, the amount of absorbed water and swelling decreased and the
ASE increased. The decrease in the amount of absorbed water is thought to be affected by the chemical change in
the cell wall by heat-treatment. On the contrary, the decrease in the swelling and the increase in the ASE are thought
to be due to a combination of chemical changes and physical changes such as structural changes in the cell wall.

Keywords: heat-treatment, cell wall microstructure, anti-swelling effectiveness, amount of absorbed water, dimensional
stability

1. INTRODUCTION

As a result of an increasing interest in the environ-
ment, such as climate change and certified emission
reduction (CER), both in Korea and around the world,
the attention and demand for wood, which is an eco-
friendly and sustainable material, are increasing as
well. Unlike other materials, wood has higher specific
strength, is easy to process (including cutting and
bonding), and acts as an insulator against electricity,

sound, and heat. However, wood has its weakness in

that it changes in size and/or decays when exposed
to humid conditions. Because wood is a hygroscopic
material, it always contains some moisture in its natu-
ral state. The moisture in the wood affects its proper-
ties; in particular, itis directly involved in the dimen-
sional change of wood. In other words, when the
amount of moisture in the wood increases, the wood
swells, and when it decreases, the wood shrinks. This
change in the dimension of wood serves as a dis-
advantagethat hampers the structural stability of the

wood in use. Therefore, there have been a variety of
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studies to reduce these dimension changes of wood in
accordance with its moisture content.

Heat-treatment of wood is a process that involves
applying heat ranging 160-260°C to improve its phys-
ico-mechanical properties and resistance against wood
rot fungi (Militz, 2002; Park et al, 2014). Various
heat-treatment methods have been studied and their ef-
fects have been evaluated (mainly in Europe) because
of the advantages of improved durability in an envi-
ronmentally friendly method. Numerous studies have
reported that heat-treatedwood has enhanced hydro-
phobicity, which leads to improved dimensional stabil-
ity, darkened surface color, and increased decay resist-
ance against various fungi, bacteria, and insects. (Cho
et al., 2015; Esteves et al., 2008; Kang ef al., 2018;
2019; Kim, 2016; Kim and Kim, 2019; Kim et al.,
2018; Lee and Lee, 2018; Park et al., 2012; 2014;
2015; 2016; 2018; Repellin and Guyonnet, 2005; Yoon
et al., 2008; 2009). These characteristic changes en-
able the application of heat-treated wood for different
uses that require dimensional stability or biological
durability such as outdoor furniture, fences, columns,
cabinet, window frame, doors, decks, exterior, and
floors (Boonstra er al., 1998; Esteves and Pereira,
2009; Kim, 2016).

The changes in wood properties due to heat-treat-
ment depend on the temperature, duration, and heat-
transfer media of heat-treatment (Kim, 2016). Specifi-
cally, as the heat-treatmenttemperature and duration
are increased, the effect of heat-treatment improves.
However, the relationship between the temperature or
duration and the effect of heat-treatment is not linear;
this makes it exceedingly difficult to identify heat-
treatment conditions (temperature, duration, etc.) that
result in specific material properties. Accordingly, a
lot of time and energy is used in the process of identi-
fying the suitable heat-treatment conditions to achieve
properties that meet the purposes of using heat-treated

wood. To this end, this study aimed for presenting the

measurements of swelling and anti-swelling effective-
ness (ASE) in larch wood, which accounts for the ma-
jority of artificial coniferous forests in Korea, as basic
database. In addition, this study attempted to analyze
the causes of the changes in swellings by heat-treatment
through observation of the cell-wall microstructure. To
achieve this, changes in the cell-wall microstructure
of larch wood heat-treated at 190°C and 220°C for 12,
18, and 24 hours were observed through scanning
electron microscopy (SEM), and the amount of ab-
sorbed water, swelling, and ASE of the heat-treated

wood were measured.

2. MATERIALS and METHODS

2.1. Materials

For this study, the lumber of larch wood (Larix
kaempferi) that was sawn and dried in the Jungbu
Lumber Distribution Center (Yeoju-si, Gyeonggi-do)
of the National Forestry Cooperative Federation was
purchased. The dimensions of the larch lumber were
50 mm (thickness; radial direction) x 150 mm (width;
tangential direction) x 2,400 mm (length; longitudinal

direction).

2.2. Heat—treatment of wood

As shown in Fig. 1, depending on the heat-treatment
duration, 2,400-mm long larch lumber was divided and
cut into four sets: non-treated, 12-hour heat-treatment,
18-hour heat-treatment, and 24-hour heat-treatment.
During heat-treatment performed by putting the other
threesets excluding the non-treated set into the reactor,
the experiment was conducted in a method such that
each set was taken out from the reactor in accordance
with the heat-treatment duration. The heat-treatment
temperature was set to two conditions of 190°C and
220°C, and 12 lumbers were used for each heat-treat-

ment temperature.
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non-treatment heat-treatment

Fig. 1. Four sets of larch lumber for heat-treatment.

2.3. Evaluation of changes in cell—wall
microstructure

Changes in the cell-wall microstructure of wood by
heat-treatment were evaluated. Some cubical speci-
mens with a side length of 5 mm were made to avoid
any knots or cracks from the middle of the lumber.
The specimens were softened and oven-dried to re-
move moisture. Then, the specimens were coated with
gold and their cell-wall microstructures were observed
through 20-kV SEM (SEMCOX EM-30, COXEM,

Korea).

2.4, Evaluation of anti—swelling
effectiveness

The ASE of the heat-treated larch wood was meas-
ured according to the ASTM D4446 “Anti-Swelling
Effectiveness of Water-Repellent Formulations and
Differential Swelling of Non-treatedWood When Ex-
posed to Liquid Water Environments.” However, be-
cause ASTM D4446 is for determining the ASE for
different coating applications on wood specimens, the
coating applications were replaced with heat-treatment
conditions for this study. The specimen was made in
the dimensions of 127 mm (length; tangential direc-
tion) x 38 mm (width; radial direction) X 6 mm (thick-
ness; longitudinal direction) from the middle of the
lumber and ten specimens were used for each heat-
treatment condition. The specimens were humidified
in a room at a constant temperature of 23+2°C and
a relative humidity of 50+5% until they reached the

Fig. 2. Experiment for the anti-swelling effectiveness.

constant weight. The humidified specimen was im-
mersed in distilled water for 30 minutes to absorb wa-
ter and swell as shown in Fig. 2. The weight change
in the specimen before and after immersion was meas-
ured to determine the amount of water absorbed by
the specimen, and the tangential length of the speci-
men before and after immersion was measured using
a swellometer to determine the swelling (/). In addi-
tion, the ASE was calculated using Equation (1) with
swelling measurements of non-treated and heat-treated
larch wood in each condition to quantify the effects

of heat-treatment on the changes in wood dimensions.

/B n ﬂ )
ASE(%) :fo 100 )
where, (3, indicates tangential swelling (mm) of
non-treated wood, and 3, indicates tangential swelling

(mm) of heat-treated wood.

3. RESULTS and DISCUSSION

3.1. Heat—treatment of Wood

Figs. 3 and 4 show the graphs of temperature
changes for the surface and core of the wood during
heat-treatment at 190°C and 220°C, respectively. At
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Fig. 3. Change in wood temperature during the heat-
treatment at 190°C.
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Fig. 4. Change in wood temperature during the heat-
treatment at 220°C.

the 6-hours into the process at both temperature con-
ditions, the temperature on the surface and in the core
reached the target temperature of 190°C and 220°C,
and the temperature remained constant until the end
of the process. The temperature difference between the

surface and core did not vary significantly; thus, it is

0K AL 10fs

(A) Non-treated

2.

dfum

(B) Heat-treated at 190°C

thought that the effect of heat-treatment would be sim-
ilar for all the wood specimens. The moisture content

was 0% at the end of heat-treatment.

3.2. Evaluation of changes in cell—wall
microstructure

Fig. 5 shows the 1,000-magnified cross-sectional
SEM images of the non-treatedand heat-treated larch
wood at 190°C and 220°C. For non-treated wood, the
thick S2 layer in the cell wall was cut smoothly, while
the ones in heat-treated wood specimens were cut
roughly. Moreover, the cells were deformed out of the
original shapes with breakages and dents, and the in-
tercellular spaces were widened as though the cells
were disconnected. These tendencies were more re-
markable in the larch wood that was heat-treated at
220°C than in those heat-treated at 190°C. It is known
that heat-treatment of wood results in the decom-
position of hemicellulose, which is one of the major
elements of cell walls,and the mass decreases as
heat-treatment is continued (Kim, 2016; Park et al.,
2017; Welzbacher et al., 2009). This pyrolysis of the
major element of wood cell walls weakens the cell
walls, causing rough cutting surfaces. Moreover, as
hemicellulose is decomposed, the number of hydroxyl
groups decreases. Accordingly, it is considered that the
hydrogen bonds between cells weakened, disconnect-
ing cells from each other, eventually widening the in-

tercellular spaces.

(C) Heat-treated at 220°C

Fig. 5. SEM images of cross-section for the treated larch wood (%1,000).
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3.3. Evaluation of anti—swelling
effectiveness

Fig. 6 shows the results for the amount of absorbed
water, swelling, and ASE measurements for different
heat-treatment conditions. Table 1 shows moisture
content of specimens before and after immersion. Both
amount of absorbed water and swelling measurements
tended to decrease as the heat-treatment temperature
and duration increased. In heat-treated wood, the num-
ber of hydroxyl groups decreased, increasing the hy-
drophobicity (Esteves and Pereira, 2009; Kim, 2016;
Park et al., 2014; 2015; 2016). Therefore, it seemed
that as heat-treatment continued, the increasing hydro-

phobicity reduced the amount of absorbed water,

- - N N
o (5] o (5
L L L )

Amount of absorbed water (g)
| Swelling (mm)
o
o

which in turn decreased the swelling.

However, although the amount of absorbed water
showed a tendency to decrease continuously as heat-
treatment continued, the swelling did not. The amount
of absorbed water was largely affected by the chemical
changes in wood caused by heat-treatment, while
swelling was affected by the chemical changes as well
as by physical changes such as the cell-wall micro-
structure. When wood is heat-treated, the amorphous
regions of cellulose (where the moisture can penetrate
into and cause swelling) decompose (Esteves and
Pereira, 2009; Kim, 2016). Furthermore, if moisture
penetrates the gaps (that have been widened due to
heat-treatment) between the cells, the cell walls do not

swell. This indicates that swelling is influenced by a
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Fig. 6. Absorbed water, swelling, and anti-swelling efficiency (ASE) depending

on the treatments.

Table 1. Changes and difference in moisture contents of specimen before and after swelling experiment

Heat-treatment

Non- 190°C 220°C
treatment
12 hour 18 hour 24 hour 12 hour 18 hour 24 hour
Before 8.5 % 73 % 7.0 % 6.6 % 6.5 % 5.6 % 51 %
After 24.6 % 229 % 19.6 % 15.8 % 17.6 % 14.7 % 139 %
Difference 16.1 % 15.6 % 12.6 % 9.2 % 11.1 % 9.1 % 8.8 %
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combination of chemical changes such as an increase
in hydrophobicity due to reduction in the number of
hydroxyl groups and physical changes such as changed
cell-wall microstructure.

The ASE showed similar tendencies with swelling.
At 190°C heat-treatment, the ASE was similar for 12-
hour (11.5) and 18-hour (12.9) heat-treatments; at
220°C heat-treatment, it was similar for 18-hour (43.4)
and 24-hour (42.6) heat-treatments. Moreover, the ASE
was similar for 24-hour heat-treatment at 190°C (31.8)
and 12-hour at 220°C (31.0). The effect of heat-treat-
ment increases both when the heat-treatment duration
is increased while keeping the temperature constant
and when the heat-treatment temperature is increased
while keeping the duration constant. In other words,
similar properties can be observed in case of heat-treat-
mentat lower temperatures for a longer duration and
in case of heat-treatmentat higher temperatures for a
shorter duration. Yang et al. (2018) applied the con-
cept of heat-treatment degree to explain this, and Chung
et al. (2019) conducted a study to quantify the heat-
treatment degree in a cumulative function. In this re-
gard, heat-treatment at 190°C for 24 hours and the one
at 220°C for 12 hours would have similar heat-treat-

ment degree.

4., CONCLUSION

In this study, the cell-wall microstructure and ASE
of heat-treated larch wood were evaluated, and the
causes of change in the swelling with heat-treatment
were anlayzed through changes in the cell-wall micro-
structure. As heat-treatment decomposed major ele-
ment of cell walls, including hemicelluloses, cell walls
wereweakened and cut roughly, resulting in failure to
maintain their original shapes. In addition, the cells
were detached from each other, which widened their
intercellular spaces. These phenomena became more

severe when the wood was heat-treated at higher tem-

peratures. As the heat-treatment temperature and dura-
tion was increased, the amount of absorbed water and
swelling decreased. However, the reduction in the
amount of absorbed water was not proportional to the
decrease in swelling because the decomposition of the
major chemical element due to heat-treatment was not
proportional to temperature or duration of heat-treat-
ment. Moreover, there were additional effects such as
the absorbed water was not bound within the cell walls
but penetrated the widened gaps between the cells,
failing to contribute to the swelling. Overall, the ef-
fects of decreased swelling and improved dimensional
stability were considered to be associated with the in-
crease in hydrophobicity and intercellular space due

to decomposition of the cell-wall element.
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e GheA o U-FaE-S ASTM D4446 "Anti-Swelling Effectiveness of Water-Repellent Formulations and
Differential Swelling of Untreated Wood When Exposed to Liquid Water Environments ol w2} 2435}%ich thil, ASTM
DU FAL S AR £ Aol THE TRl Tt FH|R B AT = A ol FxelE Agsa
ok A2 9 FA wAf o do| WEker shuolA o] 127 mm (FAHE) x F 38 mm (PAPLE) x F7 6 mm
AFEHYA AFHS A 2082 10704 Azekglch A2 AR ES 2342°C, AHiEe 50£5%¢1 2354 llA]
ol mE w7 2GETh 24H ARHY A4 A AR 2olE swellometer o] §3to] SHFHAL, S50l
304 B A AIXL 3 ARHEY HANRF o] MIkE S48t0] WagE Akl en], BA WilkE SAste R ST
Airstaich(Fig. 2). E3E, @A 7 HAY A4 WSt mAe FFE AFH LR Hrlelr| fjste] FAYAY Bagat
2zpe] 204 AR FASA) BEFL ol83te] Al (1)o] uhet PHLAKASES AXSI

5" - /8},,

ASE(%) = B—X 100 1)

A71A, B, FARAL] JAYE BEFHmm), 5, = A HAYY HEFHmm)yE v

oy ofN I

OEJ

3. Znt A uH

3.1 24 4492

Fig. 33} Fig. 4% 217} 190°C8} 220°Col 4 A elshs 5t 2] Eol(Surface)7h 5 44(Core)®] 2= WskS Lpehyl
adzole). £ A4 BE o] A A oF 647k tol BA| Ewlat FAN LE7} 242 BE 220 190°Ce
220°Co) ERBGOm, o5 o] FREE AWM S AAH O BAY FHT} S Abole] L Ho]7}
a7 9] whel] BA) A A o] AAA GXe] Al SAE AOR AZSAT AXe FRY APl RE
BAlo] 42 0%aAc

3.2, Al2¥ mAlHtx W3} H7}

Fig. 5= 717} A2, 190°C 2] 9 220°C AT i
9] A%, Al o] FAL S2350] wjisA AdE vhHo|
Aol el A2 Fej7t ANAY A 1A= 5 o BT
% M2 =(intercellular space)2] 7|7} A%le= EQIg 4= Stk o]t @A 190°Col A DA 2]gt JrddollA e} 220°C
oA dAF SHEolA o FEHAA Uittt 55 GAestH AEHe 328 FE2 SR AT Tl FafE,
GA 27} HaEe) ueba] AedahrE AXE Aoz d#A QrHKim, 2016; Park ef al., 2017; Welzbacher et al., 2009).

lo

s
aA

=
—

10008} Seigk SEM olm|x] Apzlolch. Fxje))
Al ALA AR S FAT 4 ook B,
wiao] AR, Ao} A Aole] Agte] Fojl

o [

i)
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o
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ol BA Al F8 o] Fisf Aufz AlaHo] ofsftle] whet AlazHo] AWA Adtd o Helrk E3h s
2o A7} A FuAER A0 Slo| =R 59| 7} Atk oo whet A|Ee} Al Ato]of =AAglo] ofsfA|H
A Al ZE Aol FolAlaL, A Al A7)t S71E AR Azt

33 ¥BEaE& H7t

Fig. 62 dA ] 2700 2 $8 F453 Yo% 9 FYEES 573 208 vephdl efzo]a, Table 12 34|
T AR kg HBe} 1 2 3 T 9Ae 2&7t $7FE 18 94
AlZte] AojAE fadste S Bk Aol go) S slol=84d A9 47} faste] agido] F1ith
(Esteves and Pereira, 2009; Kim, 2016; Park et al., 2014; 2015; 2016). =, X &|7} AYPLD4E L4Ado] F71sho| w2t
TR FHE Ao Hi, 8 Fagol dadel wet Bay w3 daske Ao AE Atk

SHARE i Fp A Atto] SRl wheh YRSl sl AEe YA, B2 YAsAl dashA] ook
ot R FgS A o3t 529 sk E4 wstel 2A FFs et shAR WEE GA o gt sekE
E4 ofet Alzyel Lz Wstel e BE|d B4 BistE dFS g 4 ok EAE A R0
&3t Bt BeEs AER QA0 Ao B rh(Esteves and Pereira, 2009; Kim, 2016). E3F, ¢t SEM

U X & Faf TRk vpel Zo] Aol ofsf Holxl A2 F= WE 4ol JFSH HH, AlxzEo] BgE A @A Ak
Z, BEEE Al o3t stolEEA AFY ol WE Ao FUHeF B2 Seh B4 WIHERE ofu g} Az E 9|
T2 WSkt T2 Al B4 M3t EPHoR gFs vXe AoR AzEct

3 ST AR A3E HoTh 190°C 200 M = 12411 F¢F GA gt A(11.5)2F 18A17t F<t A4 gt
Z12.9)A FABHAl B7 = S, 220°C 2 A= 18A1ZF 5t DA 2|3k A (43.4)2 24417t F<F HA 2]t ZA(42.6)00 A
FAFHAl H7EE] AT Boldt & 190°C 2ol A 24A17F 59 EA et AB1.8)Tt 220°C 2 ol|A 12417t ¢t EX gt
ZABLOYONA FH-FaE] FARH B7HE STt Aolth FA ol o3t 549 24 Wdle T2 koA EAYT w=
AlZto] AojASE, 22 AR ¢ AT e 7t S7HdeE HEkEo] AXA Hrh thA] Wela] A2ofx FAZE
T ATt A9t 2204 dARE St A sk Aol AR 240 HEE 4 Qloh Yang 5(2018)2 o
A7) 98 A Ee S A8s5ien, Chung 5(2019) EAZ=E 229 A7 w4 2 AFdlshs

S 3% vh Qlck o] HH o= KOS w, 190°C 1ol A] 24417 59F A 2]’ 74-9-9F 220°C 271004 12A17F FAfe]gt
S PBERE S Qo] fARE dAeE gk 7HE Aolet AZtE

e

o,
HE njn o
ox
et
=]
o
=
Y
i
jifle]
4 e
ot
o
o )
Ho J
ot
t

QAR o] Al viAl 2ot PYEaEE st Aol ARt BEF Heke] ddE AlEY

TE IR AT EA2lo] o HAe] AEHE Hshs F8 Aol dEsiEl ueh Az o] oFsfxHA A

FHE FAISHA 3t Fon, Ao} A= Aole] Ajto] Fojfol whef Al=3t=5o] oAl 3

B2 2EoA SAES W o HsHA et @A 2] 29k Akl SRkl uhet 2 St

WEF2 gashs FTE Bk spAWL o2 34T dast W& dae s e 2SR dElyth ole G2

U2 ofeta] R Falrh EAE &= Em AN vlEEhA] ¢F7] el ALR AZtEnh E3 FE o] Ml

At oL, A 2of el ot Al W 3502 HAFSHHA gol BolshA] Kk FeAdd avE S JoR

Az =, dARlol A WEe] e W A gAY A ke A2y AR 8ol wE Ao Skt
AlZ 359 S71o e FFd AL Az
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