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ABSTRACT: We noticed the Urushi film, by which oriental lacquer wares are prepared.
The effect of water on mechanical properties of oriental lacquer film was investigated
in a tensile test and a stress relaxation test. These tests were conducted under the
various degrees of humidity. Oriental lacquer film had a tendency to became brittle
under dry condition and to toughen under wet conditions. On the other hand, the film
becomes sticky and soft under high humidity or in water. The relaxation modulus for
this film was determined under the various degrees of humidity. This behavior changed
largely depending upon humidity. Master curves on the result of stress relaxation test
were prepared by applying the rule of time—temperature superposition. The tempera-
ture dependence of shift factor on the various degrees of humidity could be represented
by the Williams—Landel-Ferry equation by changing two parameters, C; and C,.
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INTRODUCTION

Oriental lacquer, that is, urushi,’™® has been
widely utilized as the coating material from an-
cient times. This material is usually coated on
wood and widely used as lacquer wares. Lacquer
wares are not only in practical use but also in
objects of craft work. Many of the wares are nowa-
days exhibited in museums in Japan, the U.S.A.,
and Europe. In the Shosoin temple in Japan, a
great number of wares coated with oriental lac-
quer are exhibited, all having been preserved for
more than a thousand years without having lost
their original elegant beauty. Oriental lacquer is
the sap obtained from lacquer trees (Rhus vernici-
fera). The sap is called raw lacquer. The raw lac-
quer is a natural resin that consists of the main
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constituent (urushiol), a gummy substance, ni-
trogen compounds, and other volatile components.
The chemical structure of urushiol is shown Fig-
ure 1. When the raw lacquer has hardened, it has
a deep luster and exhibits excellent resistance to
weathering indoors.* It is indicated by the fact
that lacquer wares can be preserved for long time
without suffering any change in quality.’ Because
of such practical importance of oriental lacquer,
many studies have been done on the chemical
structure and reaction of urushiol, but articles on
mechanical properties of oriental lacquer film are
of a comparatively small number.5-8

In general, it is believed that oriental lacquer
film is affected by water and light.*~** However,
lacquer wares are often used in water or high hu-
midity. When lacquer wares are used under these
conditions, stress occurs between the lacquer and
adherend, that is, usually wood. This stress
makes bonding strength decrease in between the
lacquer and adherend.'*'®* As a result of this
stress, it is afraid that the lacquer is peeled off
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Figure 1 Typical chemical structure and composi-
tion of urushiol.

from adherend in an extreme case. Therefore, wa-
ter is one of the most important factor to discuss
the durability of lacquer ware.

A few studies have been carried out so far for
the effect of water on the mechanical properties of
oriental lacquer film, although it is already known
that oriental lacquer wares are largely influenced
by water. From these points of view, this subject is
very important for practical use of lacquer wares.

In this study, stress relaxation and tensile tests
were conducted under the various degrees of hu-
midity, and the effect of water on these properties
of the film was discussed in detail.

EXPERIMENTAL

We chose three different conditions on humidity,
namely, dry (20% RH), normal (60% RH), and
wet (100% RH). The stress relaxation test was
conducted under the three different conditions on
humidity.

Preparation of Lacquer Film

Oriental lacquer was obtained by evaporating wa-
ter and carrying out a sugurome process® (a

mildly oxidizing process and an enzymatically re-
acting process) with stirring the sap produced in
the Republic of China. The sugurome process was
conducted in 60 rpm for taking 60 min up to the
maximum of 45°C. The lacquer obtained thus was
spread on glass plate by using the applicator. Dry-
ing was achieved through the following three
steps at 25°C; 4 h under 60% RH, 18 h under 70%
RH, and 24 h under 80% RH. Films prepared thus
was 50 pym in thickness. These films were pre-
served in a dark place for 3 months, while they
were sufficiently hardened. These films obtained
thus were used as test pieces, after peeling out
them from the glass plates.

Tensile Test

A tensile test was carried out using a AGS-1000B
tensile tester (Simadzu Co., Ltd., Japan) with a
load cell 100 kg at the test speed of 2 mm/min.
The test was conducted under the various degrees
of humidity. Test pieces were 4 (width) X 35
(length) X 50 ym (thickness), and adopted values
are the average of 5 measurements.

The amount of water absorption at equilibrium
for oriental lacquer film is shown in Table I. This
water was evaporated at a temperature less than
100°C when measured by differential scanning
calorimetry (DSC) and is, therefore, not con-
strained.®

Stress Relaxation Test

The strain of 1.0% was given at first for the film.
Subsequently, keeping the strain constant, the
change of the stress with time was recorded for
100 h. The relaxation modulus, E(¢) was calcu-
lated according to eq. (1), where A is the cross-
sectional area of the oriental lacquer film, ¢ is the
strain, and F'(¢) is the stress.

0]
E@) = As (1)

Table I Water Absorption of Oriental Lacquer
Film at Equilibrium

Relative
Humidity (% RH) 20 40 60 80 100

Water absorption
(wt %) 0.932 150 213 3.11 5.78




50
40 k 60%RH -
# |70%RH
A0%RH. 1" _41.--1 80%RH
. "
%cg 30 15%RH : H/-TTOO%RH
~ <] H/in water
g ’ i
@ 20}
10 F /
é? //
3 /s
E
O 4 1 1 1 1 1
0 1 2 3 4 5 6
Strain, %

Figure 2 Tensile stress—strain curves of humidity.

This static experiment was conducted using a
dynamic viscoelastometer Rheovibron DDV-II-C
(Orientec Co., Ltd., Japan), though this instru-
ment was originally designed for measuring dy-
namic properties. These experiments were carried
out under a given temperature and humidity
without giving any oscillation for the sample. The
relative humidity was kept constant by supplying
humid air at the flow rate 100 mL/min into the
chamber of the viscoelastometer, even if the tem-
perature changed.

RESULTS AND DISCUSSION

Tensile Test

Tensile stress—strain curves was obtained for ori-
ental lacquer film under various conditions and
are shown in Figure 2. The relationships between
tensile properties and humidity are summarized
in Figure 3. The strain at break increased with
humidity. In general, the oriental lacquer films
become flexible by water absorption, leading to an
increase in the strain at break and an decrease
the elastic modulus.*® This will be caused by the
fact that water serves the film as a plasticizer. In
other words, this film becomes to be toughen with
absorption of water.

Relaxation Behavior

The relaxation moduli E(¢) at 60% RH were mea-
sured and are shown on the left side of Figure 4.

VISCOELASTIC PROPERTIES OF LACQUER FILM 317

The master curve under this condition was ob-
tained by applying the principle of time—tempera-
ture superposition’” when we adopted 293 K
(20°C) as a reference temperature. The result is
shown on the right side of Figure 4, where the
long-term region above the temperature of 333 K
was neglected because the chemical structure of
the film changed during the experiment. At any
rate, we can predict the relaxation modulus for a
very long or short term from this curve. In practical
use of lacquer wares, the relaxation rate is not fast
under this humidity. Relaxation modulus curves
similar to Figure 4 were obtained under dry and
wet conditions. The master curves are shown in Fig-
ure 5. From this figure, it is clear that the modulus
of this film in a wet condition decreases with time
at a high rate. The behavior in this film is similar
to highly viscous liquid. The percentage of crosslink-
ing of the film would be small as compared with
usual thermosetting polymers.

The temperature dependence of shift factor log
ar was determined experimentally under the 3 dif-
ferent conditions on humidity. Actually log a; was
determined according to the following equation:

t293

log ar = log<£> (2)

where £593 means the time when the relaxation mod-
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Figure 3 Relationship between stress—strain prop-
erties and relative humidity: (A) elastic modulus, (H)
tensile strength, and (@) strain at break.
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Figure 4 Relaxation modulus of oriental lacquer film and master curve for oriental
lacquer film at 60% RH.

1
0t
QCS 3
o
]
on
i)
-1 3
[
g
_2 J J ol L n 1 1 1 § L L A IS 1 L L
-2 0 2 4 6 8 10 12 14
logt, hr
Figure 5 Master curves for oriental lacquer film under various humidities: (- —)
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Figure 6 Temperature dependence of shift factor
when the reference temperature was fixed at 293 K
(20°C): (A) 20%, (O) 60%, and (O) 100% RH.

ulus reaches a given value at 293 K and #; is the
time at a given temperature 7'. The result is shown
in Figure 6, where the reference temperature is 293
K. These temperature dependencies of shift factor
are very similar to each other. This fact means that
the network structure of oriental lacquer film does
not change under the various degrees of humidity.
We discussed the temperature dependence of
the shift factor based on the Williams—Landel-
Ferry equation. The WLF equation is given by eq.
( 3 ) . 17
CUT = Ts) | tr

—_— 2 = 3
Co+T—-Tg ts (3)

log ar = —

where C; and C, are constants, T is the reference
temperature, and 7T is the experimental tempera-
ture. When we adopt glass transition temperature
for Tg, it is well known that C; = 17.44 and C,
=51.6."" When we adopt a temperature other
than T, as the reference one, the shift factor log
Sris given as follows.

log Sy = logt—T (4)
ls

tr s
log -~ — log =
og ~log -
 1744(T - T

516 + T — T,

17.44(Ts — T,)
51.6 + Ts — T,

(5)
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We determined the glass transition temperature
from loss modulus or thermomechanical analysis
(TMA) thermograms for the oriental lacquer film
under different conditions on humidity, where
loss modulus was determined from the loss factor
and storage modulus of this film. The glass transi-
tion temperature T, at 20% RH was 361 K, that
at 60% RH was 348 K, and that at 100% RH was
333 K. Thus, the temperature dependence of ac-
cording to eq. (5) is shown in Figure 7. As shown
by experimental points, the experimental shift
factors are very different from curves predicted
by the usual WLF equation. So we tried to change
the parameters C; and C; in eq. (3).

Equation (4) is generally rewritten as follows.
In addition, new parameters C; and Cj5 corre-
spond to C; and Cs, respectively, as follows:

_r-7) _C: T-T)
log ST + IOg Ss Ci C’

1

(6)

where log Sg is given by equation (7).

Ci(Ts - Tg)

10gSS:_
Cy+Ts— T,

= 10gi—s = Constant (7)
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Figure 7 Relationship between experimental shift
factors and curves predicted by the WLF equation in
which the usual parameters (C; = 17.44, C, = 51.6)
and different T, were used. WLF equation: ( ) Ty
=361 K, (----- )T,=3848K,and (- - -) T, = 333 K.
experimental shift factors: (A) 20%, ((0) 60%, and (O)
100% RH.
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Figure 8 —(T — T,)/(log Sy + log Ss) versus (T

— T,) plot at T's = 293 K according to eq. (6). Experi-
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where t, means the time when the relaxation mod-
ulus reaches a given value at glass transition tem-
perature T, and ¢, is the time at a given reference
temperature Ts. In other words, log Sg is the ac-
tual shift factor from T, to T's. Then the value of
log Sg at 20% RH is 9.8, that at 60% RH is 8.9,
and that at 100% RH is 7.3. The slope « and the
intercept 8 of the lines in Figure 8 can be corre-
lated with C{ and Cj, as follows.

Q
I

(8)

(9)

@)

o3

Il
QI™ Ik

The result is shown in Table II. Thus, C] and
Cj were determined so as to follow the experimen-

Table II Parameters in WLF Equation for
Oriental Lacquer Film

Relative

Humidity T, (K) (o1 C} CiCy
20% RH 361.05 13.0 1104 1435.2
60% RH 348.15 11.5 125.8 1446.7
100% RH 333.15 10.3 138.9 1430.7
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Figure 9 Relationship between experimental shift
factors and curves predicted by the WLF equation in

which one pair of modified parameters (C7 = 11.5, C5
= 125.8) was used. WLF equation: ( ) T, = 361
K, (----- )T, = 348 K, and (- — —) T, = 333 K. experi-
mental shift factors: (A) 20%, () 60%, and (O) 100%
RH.

tal points. However, as shown Figure 9, when we
adopt a fixed pair of parameters in the WLF equa-
tion, the experimental shift factors are different
from the curves predicted by the WLF equation.
Therefore, we have to choose the parameters ac-
cording to T,.

As shown in Table II, the product of C] and
C;is almost constant even if T, varied. This result
is given, as follows:

CiC4 = C1CY% = Constant (10)

Therefore, new parameters C7 and C35 for a new
(T,(=T,) can be given by the following equa-
tions.'”

1=CiCy/(Cs+ T, —T}) (11)
Cy=Cy+T,-T; (12)
So we can determine C7 and C5 from C{, C5 and

T, for the arbitrary glass transition temperature
T ;. The shift factor log St for any T, can be repre-



log ST

250 275 300 325 350 375

Temparature, K

Figure 10 Relationship between experimental shift
factors and curves predicted by the WLF equation in

n

which modified parameters C7, C3 were used. WLF
equation: ( )T, = 361K, (----- )T, = 348 K, and
(- —-) T, = 333 K. Experimental shift factors: (A)
20%, () 60%, and (O) 100% RH.

sented once C1 and Cj3 are known for a given 7.
Thus, C] and C3 are generally given as a function
of T'} in the case of oriental lacquer film.

1438

1=—F- (13)
4740 - T},

5= 4740 - T} (14)

The relationships between experimental shift fac-
tors and the curve predicted from WLF equation
using C7] and C3 are shown in Figure 10. The ex-
perimental shift factors are in good agreement
with the predicted curves. Thus, we can predict
the relaxation modulus of oriental lacquer film for
any humidities and temperatures.
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CONCLUSIONS

Oriental lacquer film has a tendency to become
brittle by water desorption and to be toughen with
absorption of water. Relaxation modulus of this
film changed largely depending upon humidity.
The temperature dependence of shift factor on the
relaxation modulus could be represented by WLF
equation, in which the parameters were modified.
In addition, we can determine the two parameters
in the WLF equation for arbitrary glass transition
temperature. Thus, the relaxation modulus of ori-
ental lacquer film can be determined for any hu-
midities and temperatures.
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