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ABSTRACT

This study aims to evaluate applicability for the continuous drying process using saturated and superheated steam
for large-square timber. During drying of the boxed heart square timber, changes in moisture content were examined
through the slices of the surface, inner and core layers. The results showed that there was a large moisture content
difference between the surface and inner layers during saturated steam drying and between the inner and core layers
during superheated steam drying. However, despite the moisture content difference between the layers, no surface check
occurred, and an internal check occurred only near the pith or juvenile parts of the wood. The maximum value of
the drying stress of the dried larch boxed heart square timber, calculated from the elastic strain of the slice and the
tangential elastic modulus of the larch, was 1.30 MPa. The tangential tensile strength of the larch was estimated at
5.21 MPa under temperature and moisture content conditions when drying stress was at a maximum. That is, in the
continuous drying process, the saturated and superheated steam did not generate a check in the surface because the
drying stress of the wood did not exceed the tangential tensile strength. In further studies, the superheated steam drying
conditions will need to be relaxed to suppress the occurrence of internal checks. Such studies would make the continuous
drying process using saturated and superheated steam available for the drying of large-square timber.

Keywords: drying stress, elastic strain, boxed heart timber, slice test, saturated and superheated steam drying,
surface check

of domestic timber, which are mostly small and/or

1. INTRODUCTION

medium size of wood and very likely to contain pith

As there is an increasing interest in the construction
and use of hanok, and an emerging issue involving
the repair and restoration of wooden cultural assets,
there is an increasing demand for large-square timber.
However, since large-square timber has a long moisture

movement distance, and due to the low-grade structure

or juvenile wood, checks are likely to occur during
drying. Since checks greatly affect the stability of
buildings, it is very important to dry the wood so that
checks do not occur. Kiln-drying method, which is the
most commonly used commercially, is not appropriate

for drying large-square timber quickly without the
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occurrence of drying defects such as checks. Studies
have therefore been conducted to reduce the defects
that show up in drying large-square timber using various
drying techniques. However, in case of natural drying,
it takes too long to dry (Jung et al., 2003), and in
the case of high temperature drying, a complete
prevention of internal checks is difficult (Lee et al.,
2013; 2016b; 2016¢). In addition, high frequency
drying or microwave drying has disadvantages, since
they do not guarantee the safety of the user (Jung
et al., 2002; 2004; Lee and Kim, 2009). In addition
to drying techniques, studies have been conducted on
methods of transforming the timber such as incising
or center-boring treatments, but they are not desirable
because of the cost associated with further processing
(Lee et al., 2012; Lee et al., 2016a; 2016b; Pang et
al., 2017). In order to improve on the existing techniques
and/or come up with a new drying technique that can
overcome these drawbacks, theoretical and experimental
studies are being conducted to predict and control
moisture transfer and changes in drying stress
distribution in the wood (Kang et al., 2006; Park et
al., 2014; 2017a; 2017b; Chang et al., 2017; Kim et
al., 2017; Amer et al., 2019; Han et al., 2019a; 2019b).

In this study, we tried to evaluate the possibility of
drying large-square timber without occurring checks

using the drying method in which saturated steam and

Z*ﬂvﬁ

superheated steam were continuously applied. Saturated
steam is in an equilibrium with no apparent change
because the number of molecules evaporating equals
the number of gas molecules entering a liquid or solid
form (Fig. 1H). Since saturated steam has 100% relative
humidity (RH), the equilibrium moisture content (EMC)
of wood undergoing saturated steam becomes the fiber
saturation point (FSP), and shrinking occurs when the
moisture content decreases below the FSP. Also, as
shown in Fig. 2, the EMC and FSP of wood are known
to be lower at high temperature than at room temperature
(Kang et al., 2008). That is, when wood is dried in
high-temperature saturated steam, the wood surface
dries only up to the FSP of the moisture content that
is lower than the FSP at room temperature, thus leading
to no shrinkage. As the free water inside the wood
moves to the surface, the differences in moisture content
between the wood surface and the interior are expected
to be reduced during the early drying. Therefore, in
this study, the larch boxed heart square timber was
dried using high-temperature saturated steam while
keeping a small moisture content difference between
the surface and inner layers, followed by rapid drying
using superheated steam, which we called a continuous
drying process using saturated and superheated steam.
During the drying process, 3 mm thick slices were taken

from the surface, inner and core layers of the larch

T<0C T=0C > T=0C

Solid (ice)

0C<T<100C T=100T

Liquid (water)

T=100T T=100T 100C <T

Gas (vapor)

Fig. 1. Phase change of water with temperature change (Ro, 2008).
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Fig. 2. Equilibrium moisture content of wood versus

relative humidity at some temperatures according to

the Hailwood-Horrobin equation.

boxed heart square timber in drying and were used
to measure changes in the moisture content and the
elastic strain and quantitatively evaluate drying stress

of the square timber.

2. MATERIALS and METHODS

2.1. Continuous drying process using
saturated and superheated steam
for larch boxed heart square timber

Out of the larch with width and thickness of 10 cm
respectively, the middle 2 m of the wood with a length
of 2.7 m was used as specimens for drying, while 2
cm on both sides was used as specimens for measuring
initial moisture content (Fig. 3).

Continuous drying process for the larch boxed heart
square timber was first carried out with saturated steam
with a temperature of 100°C and atmospheric pressure
(0.1 MPa) for 24 hours to remove free water in the
wood. Then it was immediately followed by drying
for 42 hours using superheated steam with a temperature
of 220°C at the pressure of 0.5 MPa. Superheated steam
drying was divided into 40 hours of a temperature rise
period in which the superheated steam temperature was
gradually increased and 2 hours of a concentrated heat

treatment period in which the superheated steam

Longitudinal direction (2.7m)

Radial direction
(10cm)

/Tangential direction
(10cm)

Drying specimen (2m)
Specimens to measure IMC (2cm)

Removed (33cm)

Fig. 3. Preparation of the specimen for the continuous
drying process using saturated and superheated steam.

temperature was maintained at the highest point. After
66 hours of saturated and superheated steam drying,
the dried larch boxed heart square timber was slowly
cooled in the reactor for 12 hours to prevent checks.
Thus, the whole continuous drying process using
saturated and superheated steam took a total of 78 hours.
Temperatures were measured on the wood center and
the steam inside the reactor using a temperature sensor
(K-type thermocouple, Fluke, WA, USA) attached to

the wood dryer, and stored on a connected computer.

2.2. Preparation of slices for drying stress
analysis

Since the continuous drying process is carried out
in a closed reactor, it is impossible to continue to
measure the changes in drying stress using a single
wood specimen during the drying process. Therefore,
after larch timbers with similar initial moisture content
were dried under the same conditions until the set time,
drying stress was measured. As for the measurement
time point, four measurement time points (6 hours, 12
hours, 18 hours, 24 hours after the start of drying) were
set in 6-hour units in the saturated steam drying section
of 24 hours. In the 42 hour superheated steam drying
section, there were five measurement points set,
including 4 time points (10 hours, 34 hours, 44 hours,
54 hours, 64 hours after the start of drying) in 10-hour
units for 40 hours and a time point at the end of

superheated steam (66 hours after the start of drying).
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Fig. 4. Preparation of the specimens to measure average moisture content and to analyze drying stress in
the square timber during the continuous drying process using saturated and superheated steam.

Thus along with the time point at the end of all drying
processes (78 hours after the start of drying), there was
a total of 10 measurement time points.

Fig. 4 shows the method of making slices for the
analysis of the changes in drying stress inside the wood
during the continuous drying process using saturated
and superheated steam. After drying the 2 m-long larch
boxed heart square timber up to the set time, three
specimens of 2 cm thickness were cut from the center
of the wood that had no defects such as knots or checks.
Specimens A and C were selected for the measurement
of the average moisture content of the whole square
timber, which was supposed to the average moisture
content of the two specimens. Specimen B was used
to measure the drying stress using slice method. Three
slice specimens with 3-mm thickness were cut from
specimen B shown in Fig. 4. Those were classified
into the surface layer, inner layer, and core layer from
the tangential surface furthest from the pith. Since
unlike the lumbers, the square timber is expected to
have the same water movement distance in the width
direction and the thickness direction, the moisture
content changes will be similar at the same distance
from the center of the square timber. Thus, the length
of each slice specimen was made different according
to the layers.

That is, the slice specimen was 10 cm in length for
the surface layer, 7 cm for the inner layer, and 4 cm

for the core layer.

2.3. Classification of dimensional changes
in slices and calculation of drying
stress

In the analysis for the rheological behaviour of the
wood in drying, the dimensional changes are classified
into free shrinkage, actual shrinkage, elastic deforma-
tion, visco-elastic deformation, and viscous deformation
as shown in Fig. 5 (Han, 2014), and to calculate these
five deformations dimensions of the slice were measured
in following five states: the initial length in green state
(Ly), the length of the wood shrunk due to decreased
moisture content during drying (= widthwise length of
specimen B immediately after cutting from the timber
in drying, Z,), the length (Z,) of the slice with a thick-
ness of 3 mm momentarily changed immediately after
cutting from the specimen B, the length (Z;) changed
as the stress was relaxed over time with no change

in moisture content, and the length (Z,) of the slice

P Ly initial dimension at green condition

L4: dimension before cutting

— L,: dimension after cutting

+> Lj3: dimension under creep resuming state

L4: dimension of free shrinkage at certain MC

Fig. 5. Dimensional changes of slice during the drying
process (Han, 2014).
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in which the maximum shrinkage without drying stress
is applied. In this study, in order to calculate elastic
strain for measuring the drying stress, only the width-

wise length (ZL,) of the specimen B immediately after

cutting from the square timber in drying and the width-
wise length (ZL,) of the slice with a thickness of 3

mm momentarily changed immediately after cutting
from the specimen B were measured. In addition, the

elastic strain (e,) was calculated according to Eq. (1)

(Han et al., 2017).
o = (1)

The stress generated in the wood during drying can
be calculated according to Eq. (2), based on one-
dimensional linear elasticity (Ugoleve and Skuratov,
1992).

oc=¢, o F 2)

Here, o denotes a drying stress (MPa) and E denotes
an elastic modulus (MPa). The values obtained through
the tension test were corrected according to the
temperature and moisture content of the slice during

drying and used as the modulus of elasticity.

2.4. Measurement of the tangential tensile
strength and modulus of elasticity in
larch wood

In order to measure the tangential tensile strength
and the modulus of elasticity, rectangular slices with
width of 3 cm (radial direction), thickness of 2 cm
(longitudinal direction), length of 15 cm (tangential
direction) were manufactured according to 'method of
tension test for woods in Korean standard (KS F 2207).
Then, as shown in Fig. 6, it was rounded off by a

length of 7 cm and a width of 1 ¢cm from the center

15cm
Tem Cross 2cm
section é)@}
T
Tangential &
- &
section <
3cm
k L i}
L T T 1
4cm 7cm 4cm

Fig. 6. Specimen for tension test in tangential direction.

in the longitudinal direction. The 20 specimens were
humidified in a chamber set at a temperature of 20°C
and a relative humidity of 65%. Tension test was carried
out using a universal testing machine (10-ton UTM,

Zwick, Germany) at a load rate of 3 mm/min.

3. RESULTS and DISCUSSION

3.1. Continuous drying process using
saturated and superheated steam
for the larch boxed heart square
timber

Fig. 7 shows the changes in steam inside the reactor,
the temperature inside the lumber and the pressure inside
the reactor during the 78 hours of the the continuous
drying process using saturated and superheated steam.
During 24 hours of saturated steam drying, the steam
inside the reactor had a temperature of 100-110°C and
a pressure of 0.08-0.09 MPa. Considering that the
saturation temperature of the steam at 0.08 MPa is about
93°C and the saturation temperature of the steam at
0.09 MPa is about 97°C, the temperature inside the
reactor was maintained slightly higher than the
saturation temperature during the saturation steam
drying. Right after the saturated steam drying was
completed, the heater was restarted, again raising the
temperature and pressure of the steam inside the reactor.
The temperature of the superheated steam slowly rose
to 220°C for 40 hours, which was maintained for 2
hours. At this time, the temperature inside the larch
boxed heart square timber increased with increasing

temperature of the steam and was maintained at about
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Fig. 7. Changes in steam temperature, wood temperature, and steam pressure during the
continuous drying process using saturated and superheated steam.

160°C from around 50 hours after the start of drying.
Given that the saturation temperature of the steam at
0.5 MPa is about 152°C, it seems that the period
where the temperature becomes constant is where the
free water in the center of the larch boxed heart square
timber is removed (Park er al., 2016). The internal
temperature of the square timber begins to increase again
at 60 hours, when the moisture content at the center
of the square timber has fallen below the FSP. During
the superheated steam drying, the maximum temperature
at the center the square timber was about 215°C. After
the continuous drying process using saturated and
superheated steam of 66 hours was completed, the dried
square timber was gradually cooled in the reactor, so

no checks occurred from sudden temperature change.

3.2. Changes in moisture content of larch
boxed heart square timber during
the continuous drying process

Fig. 8 shows the moisture content changes in the
slices during the continuous drying process using
saturated and superheated steam for the larch boxed

heart square timber. The surface layer was dried at a

50
S
= 40
c
Q
€ 30
o
o
L 20
2
3 10
=
0 T T v T T T
0 12 24 36 48 60 72
Time (hour)
“*AMC Surface “*Inner ®Core

Fig. 8. Changes in moisture content of the slice during
the continuous drying process using saturated and
superheated steam.

very high rate at the beginning of the drying process
and its moisture content dropped to 10% or less in
12 hours. On the other hand, the inner layer maintained
a moisture content of about 25% during saturated steam
drying, and then started to dry rapidly as the superheated
steam drying started, dropping its moisture content
down to 10% at 44 hours. The core layer maintained
a moisture content of 30% even at 44 hours, which
then rapidly dropped to about 3% at 64 hours. It is
known that the differences in moisture content between

the surface, inner and core layers are proportional to
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18 hour

78 hour

Fig. 9. Cross-sectional images at the center of the timber during the continuous drying process using saturated

and superheated steam.

their drying stress. Thus, it can be estimated that the
drying stress of the surface layer is largest between
12 and 36 hours, and the drying stress of the inner

layer is largest between 44 and 54 hours.

3.3. Evaluation of internal check
occurrences during the
continuous drying process

Fig. 9 is a cross-sectional images at the center of
the timber during the continuous drying process using
saturated and superheated steam to determine whether
internal checks occurred. During the saturated steam
drying, despite the difference in moisture content
between the surface and inner layers, no checks occurred
on the surface. Because there was no difference in
moisture content between the two layers, no checks
occurred in the inner or core layers. During the
superheated steam drying, some minor checks occurred
on the surface and inner layers, but they were only
near the pith or juvenile parts of the square timber.
Most domestic large-square timber is very likely to
contain pith or juvenile parts in the interior. Therefore,
further studies are needed to study for the determination

of the conditions under which no checks occur even

in the pith or juvenile parts during the superheated steam

drying.

3.4. Changes in elastic deformation
during the continuous drying
process

Fig. 10 shows the changes in elastic strain of the
slices during the continuous drying using saturated and
superheated steam for larch boxed heart square timber.
Elastic strain indicates the instantaneous changes in

length as soon as the stress is released immediately

0.015 -
- Shortening (tensile stress)
E 0.010 1
E
£ J
£ 0.005
f=
s 0.000
o -0.005
7]
u—“j -0.010 H

Lengthening (compressive stress)
-0.015 -
Time (hour)
Surface “*Inner & Core

Fig. 10. Changes in elastic strain of slice during the
continuous drying process using saturated and
superheated steam.
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after the slices were cut from the specimen B, and are
closely related to the drying stress that occurs in the
wood. At the beginning of saturated steam drying (6
hours after the start of drying), the surface should be
shrunk by relatively rapid drying. However, the
shrinking of the surface layer was suppressed by the
inner layer that still maintained the moisture content
above FSP, and the surface layer was under tensile
stress. At the same time, the inner and core layers were
under compressive stress due to the shrinkage that
occurred in the surface layer. As drying advanced, the
tensile stress of the surface layer and the compressive
stress of the inner and core layers decreased. At 34
hours after the start of drying, the surface layer no
longer shrank and suppressed shrinkage of the inner
layer. Thus, the inner layer was subjected to tensile
stress, whereas the surface layer was subjected to
compressive stress. For the same reason, after 44 hours
from the start of drying, as the core layer also began
to dry, the inner layer was under compressive stress
again, and the core layer was placed under tensile stress.
After the dried timbers were cooled in the reactor, all
layers tended to shrink under compressive stress, which

seems to be due to the high temperature heat treatment.

3.5. Calculation of drying stress during
the continuous drying process

Checks occur along the radial direction on the surface
or in the inner layer when the drying stress exceeds
the tangential tensile strength and the drying stress of
the slice is determined by the product of elastic
deformation and modulus of elasticity. The elastic
deformation in Fig. 10 shows that the tensile elastic
strain has a maximum value (0.0057 mm/mm) in the
surface layer at 18 hours after the start of drying. The
tangential tensile strength of the larch measured with
the tension test was 6.51 MPa, the tensile modulus of
elasticity was 304.72 MPa, and the moisture content
was about 11.74% (+ 0.20%). The strength and elastic

modulus of wood are known to vary with moisture
content and temperature (Kang et al., 2008; Zhan et
al., 2009; Chan et al., 2011). Therefore, for larch
specimens with moisture content of 11.74%, the
temperatures at which tensile strength and elastic
modulus were measured should be corrected to those
at 18 hours after the start of drying. Ostman (1985)
reported that the tensile strength and elastic modulus
of spruce with moisture content of 10% decreased to
80% and 75%, respectively, as the temperature increased
from 25°C to 90°C. In other words, at 18 hours after
the start of drying, the tangential tensile strength of
surface layer of the square timber in drying was
estimated to be 5.21 MPa, 228.54 MPa for the tensile
modulus of elasticity, and 1.30 MPa for the drying stress.
Because the drying stress on the surface layer of the
timber in drying did not exceed the tangential tensile
strength of the timber, no checks occurred on the surface

of the larch square timber.

4, CONCLUSION

In this study, to evaluate the applicability of the
continuous drying process using saturated and
superheated steam for large-square timber, larch boxed
heart square timber was put under saturated steam of
100°C at 0.1 MPa for 24 hours and superheated steam
of 220°C at 0.5 MPa for 42 hours, and under 12 hours
of cooling. The slice method was applied to
quantitatively evaluate the drying stress that occurred
in the wood during the drying process, and slices with
a thickness of 3 mm were prepared in the surface, inner
and core layers. The moisture content in the surface
layer dropped below 10% within 12 hours after the
start of drying, and the moisture content of the inner
layer tended to decrease gradually. The core layer
maintained the moisture content above FSP up to 44
hours after the start of drying, followed by sharp

decrease. Surface checks did not occur even though
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the moisture content difference of the surface layer and
the inner layer were large during saturated steam drying,
but some surface and internal checks occurred in the
pith or juvenile parts during superheated steam drying.
The elastic strain of the slices showed a maximum value
(0.0057 mm/mm) on the surface layer at 18 hours after
the start of drying, and the drying stress at that time
was estimated to be 1.30 MPa. In addition, the tangential
tensile strength of the larch wood at the conditions of
temperature and moisture content when the elastic strain
of slices had a maximum value was measured to 5.21
MPa. Therefore, because the drying stress of the surface
layer did not exceed the tangential tensile strength of
the larch wood, no surface checks occurred. However,
further studies are needed to study for the determination
of the conditions under which no checks occur even
in the pith or juvenile parts during the superheated steam
drying. It is expected then that the continuous drying
process using saturated and superheated steam will

allow for drying of larger size of the square timber.
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APPENDIX

(Korean Version)

25 : & dolde didd A9 A5 93 2a57|9k HE57IE A% AEohs 349 o8 7Fe S Bt}
S 9 A AAAE dxshe o #ES, RS B T4 SEtoli AldEs S dre HIE Sl
A} 23157] A2 Folls FHSH WS AlAA, }E57] A= Folle ST TS AteldlA d& At 27
YIRSt 7t SefolA S0 Sepg Al Eekal, v S WA gigton, YR dE2 oy v
FZol A Al geto]A0] B HEEN HASe] A W HATE T dx T 9dF AAAe A=
599 W2 130 MPao| 3L, Az S3o] Q] Al 2keof I 22A HAse Al W == 521
MPa AHeh £, 23157 9 HAF7|S A4 A= 340NN 549 A= o] A ¥ =S 235k ¥371
wof oA do] TASHA| ofgkth Y S WA AE AT BEF] A= =3 g3t 2L Ut AE T
2oh-E57] A% Az 340l i FA A=z ol§ 7k Aol 7|t

LME

L 50 ST ARG W3 Balo] ek, Hx EIHAY 2 W Bof digt ZAI7F ARSI O R YREHA
ok %A lrge-square timber)] 8.7} 71513 Sick SHAITE ek BA 4 o A2} AT 4 - $74%o] el
24k BAle] A 724 o BAlol b w4 22 Aol S A A F el wAs] 4t Bae

shef. Ao Tp mudos
olgE1L Q= @7] Az WHoRE= ddd EXE T 22 Az AT A glo] A&SH| Ax357] o). whEbA]
Tk 2% 7148 Hesjo] diehl ZAje) Az AT BAL Fo)7) S ATt 4 ERETEE
Az del= Alto]l Ui Ai(Jung et al., 2003), 112 %9 Zf-ol= Wi T S &3] 4 4 gltke ©@ilo
Ath(Lee er al.,, 2013; 2016b; 2016¢). EF, 150}k Az} wholARu} 1A% A ARGAY] P& ] HAT 4 qlrh=
o] QltkJung ef al., 2002; 2004; Lee and Kim, 2009). Az 7]&89t ofy 2} AAK(incising) A 2] L %3-(center-boring) 4] 2]
o Zro] Ago] HPE 7ot Wlo] Wigt At 3E vh glou, 271 7hao] o vl A 59 ©lo] Urk(Lee
et al., 2012; Lee et al., 2016a; 2016b; Pang et al., 2017). 0|2} 22 TS FES 4 Q= A2 AX 7|[ag Wdst
71& 71aE WA fiste] BA Yo 2k 459 oled Az Y BR9 HIFE d St Aofsly] $I3t o] &
9 A% o LEo] 3% 1 Qlt} (Kang et al., 2006; Park et al., 2014; 2017a; 2017b; Chang et al., 2017; Kim et al., 2017,
Amer et al., 2019; Han et al., 2019a; 2019b).

# AtolAe 23579 HEF7IE ALste] H8sle A% TS Sof didH 5A4E g WA glo] 12T 5 YA
o et K54 & BIRTA shsick EakEvle Fuehe waie] Dot o A Som Solek A4 #Akel 4}
Lol A udo g Halrt gle BE e 71A1E Y3tthFig. 1H). 23571 AisErt 100%0]7] ool 23157]
Yol B2}l 885 (equilibrium moisture content, EMC)-2 A1-3-323}8(fiber saturation point, FSP)o] ¥ 11, A-9- %5}
oJstR 40| Aad wj 5 W] WAt E5, Fig 29 o] d2oN= HA|9) BETeE W AFEsido] deelA Y]
BRYrEN AhEagEc B Ao dA qltkKang er al, 2008). &, iL29] L3157 WolA SA7F Axd o,
B4 2L Ao Ao st W s AR Az E o] o] HEEEA] ofa BA YR A4
L B FHoR OlESUA B4 EHT} Yol gg Aot B8 AR 27| 227} olFolAt wTE F|Tstt
olof et i Ao M= 28] E3FTE o8-St YAE AAANE THY YR Aol g Afol7t AA fAH A2
Az The, U ololx] 57| ol§elel B Axeh: EohHaF7] 4 A% 374 (continuous drying process
using saurated-superheated stcam)®] 7F5- 41 AlIIA slsick. olal, 72 F91 Sl HZAe] ERAT Ul B 4ol
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21 23437 U BAZ7|E olgd YA A% Az 33

2 Aol AHE Y5 E3k FA7} 10 omo) L, Aol7k 2.7 mel A 7heH] 2 mE Ax AW ARSI,
dz e g5 2 emt 27] Yg 338 AHeR AgSIdri(Fe )

E3157) 9 45712 ol H2) A% At B4 W) A8 AAS 913 24417F B2t 712401 MPayollA] 100°Ce]
S 2e 37| A%E ST TS, H}i olo}A] 0.5 MPa, 220°C9] & e H9%7 1—5— olﬂa}o% 42412k
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A §AEE A% GHE TR 2AE0R PRI 66417H0) ZBRTHIZY| A4 Az
R =

[

ﬂ_
}L

r&~
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A7} Y B 2710 $2ksjo] Qi L5 AHK-type themocouple, Fluke, WA, USAYS 0|-8310] 7] 541%.2]
2Eoh urgY] U 5719 LES ST, ZAHE g AR} Ik AREel AUk

2.2 A% $¥ AL 9% &eol2 YW A%

23l 39%57] A4 Ax FHL AAH WS7) WelA] AL olojx)7] thEe] AxA AW B kel 44
o5t} Az § BIBE QLA ZAS Ao| Brkssich. ueh] 27] 4g0] SARY B 2AE AHE ARV
Yo 2d02 QS A2 S S S AU 24400 T3] 42 T 640 B2 4
27 AR A% F 6A138 124178, 18417E, 2441208] A1) AHSHI, 42410] BHEZ7] A% TeIAl L 3aF7]
LES AAIS] A5 A7IE 40417 B 1042 B9IR 4] 27 AR AR F 34AZE AL SAAIZE 64X17k) A1)t
$857] A2/ B AR AR F 664129 AR)S Tstel s9 23 AHE AFsgon, wE FHo] FrE

ARz AR 3 T8AIZES] AIRDZEA] AA 378 el F 109 &4 ARS A8ttt
Fig. 4= x3}-349%57 ] A& Az 34 5 44 WRY Az $8 93t 248 g SetolA AHHE
vehd 2ot 247y AAE AR 2 m Zo9 YYE AAAAE Axg ths, Solv T} T2 Ao

ZhEEol A FA 2 emQl AlEE 37] dlojWith A AT} C AHE 24 AA Bt dE SHE AT
g9 BHato] 2 AAY Bt Fegat 2ol 7Pgskeit). B AlEE o] AHE o] 83k X 58 S-S It A
ZolA 7P W 2] AM o THEE ZHZ(surface layer), Y5-Z(inner layer), Z4Z(core layer) 0 2 1E35}0] 3 mm
A9 &etolA AIQHEE ARSI, A= B ThEA £ Wk T4 U 5 ol A7t 2ot A4 F4lE
71E0 R T2 APoAs g Bt fAH UEhE AR ddE o] &atolA AHHES] do|E Fof utd tEA
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Sefo] 2 HE o] 83 AR FQ BAIO) G ABHAo| ML Setol o M4 wstE Fie. S9F 20 AL 55 W3,
A 5 1Y, B WY, e UMY 2 A4 Yo R FEstal(Han, 2014), of TRl 7kA] WES F8t7] 9isted thal
O 7] Aol elolse] Zolg Falh grefol s AT A ArefolA 2ol S i Ao|(L O, AR Az % n
T whizol] $53 2] F e dol(= SetolA Al ARk S18) wofdl A[HO Z W e, L)), 3 mm FA¢]
Sefol& AIFHE AR A% &7hA oz HStE sEfoli AIFHY & Wk Zo|(L,y), Etela AFHY g Hat gl
ol A Alzko] Aol whel S-Eo] StEHA MPHE Lol(Ly), Ax 57 §lo] HA7 5T = e Ad #5FE
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ste] Az T A 9] F eF Aol(Ly)9F 3 mm FA9] STfoli AHHE A A5 Ao s HEhE Seto]i A[PHY
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Az % BAGA SR 22 1390 A7 wao] 7|23ko] 4] ()2} o] A 4 9lrkUgoleve and Skuratov,
1992).

et ®
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2.4 9ESAY HA B QA= # B A 53
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% 3 om (JARER), F 2 em (78R, 2ol 15 em (FAAWE) A719] A5HA AlEE AAt o, Fig. 63 2o
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3 mm/min®] 315 £ 2 3Tt
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3.1, Eot57] 9 }AF7|S o8 A4 A
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%719 oFe WekE Upehul Telsoleh. 24A1ke] EKE) AZ7h AT B WE7] R F71E 008 ~ 0.09 MPad)
QA 100-110°C2] 12 H9IE 74Tk 0.08 MPaclA] 5:%7]¢] EBR2 7} o 93°Co] L, 0.09 MPaslA] :57]9) Zahe:
©7} oF 97°CQl AL Tejsh E8EY] A%Th AT B W] WiE EakET|uTt ot B SRS SAHSS
o 4 itk Z8k57] A%7t FREL vk ololA] SIEZE AZFEHEA WS Wi 5719 Sme} gL tha) A%t
40417E B 95719 L 220°C7H) A ASIREOH, 2407 ok Sk ol Yeig A2 o] LE
95719 L A5 7 S7ASIT7E oF SOAIZES] A oF 160°CS] LEE §A|5HATE 0.5 MPaclA] 4:57]0) st
©7 oF 152°C9S Mefahe, L7 QAL TS A2 FAR) A4 AR FHoE B 5 UTHPark e
al., 2016). 2 Y- L= 60410 AROIA] ThA] F7137] Alkste, oluh B2 F4lo] A4 E3HY olste] fH4-ge
Woizl Ao 2ATT Ha%7] A7k AWEE 5 B2 S0 H LE oF 215°CHTh 66417k E)-3}e 5]
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