Viscoelastic Properties of Japanese Lacquer Film
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ABSTRACT: The storage modulus (E’) and loss modulus (E") of Japanese lacquer films
were measured over a temperature range of —150 to 400°C. Three relaxation processes
labeled «, B, and y were detected at 80, —60, and —140°C, and their apparent activation
energies (AE) were 63-91, 13, and 9 kcal/mol, respectively. These were attributed to the
micro-Brownian motions of polymerized urushiol, the molecular motion related to the
absorbed water, and the motions of methylene groups in the side chains, respectively.
With aging at room temperature, the location of the a peak shifted to higher temper-
ature and its AE value decreased. This result was ascribed to the autoxidative poly-
merization of urushiol. The E’ of lacquer films increased with heat treatments at 100°C
or above. When treated at temperatures below 200°C, the location of the a peak shifted
to higher temperature, with a reduction in the AE value. Heat treatments at 200°C or
above resulted in remarkable shrinkage and weight loss of films owing to the pyrolysis
of lacquer constituents. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 1727-1732, 1999
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INTRODUCTION

The sap of Japanese lacquer tree (Rhus vernici-
fela) has been widely used for the coating of ta-
bleware and artistic works in the Orient. A lot of
ancient wooden artifacts have been protected by
the indoor durability of the Japanese lacquer over
thousands of years. For its beautiful luster and
high resistance to water and chemicals, the lac-
quer is still widely preferred today as it symbol-
izes traditional Japanese beauty.! The major
component of the lacquer is urushiol. The chemi-
cal structure of urushiol and the mechanisms of
its polymerization have already been clarified.> *
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Urushiol, a mixture of 3-substituted pyrocatechol
derivatives, is usually hardened with the laccase-
catalyzed polymerization system. To date, few
studies have focused on the viscoelastic proper-
ties of dried lacquer films. In the present study,
the viscoelastic properties of Japanese lacquer
films were measured over a wide temperature
range, and the mechanical relaxation processes
detected were assigned in relation to the struc-
ture of urushiol.

It is said that insufficiently hardened Japanese
lacquer works sometimes poison the users because
of unpolymerized toxic urushiol. If it is possible to
accelerate the hardening of lacquer with minimal
degradation, the production time could be short-
ened with assured safety in utilization. In this re-
spect, the effect of heat treatment on the viscoelastic
properties of lacquer film was also investigated.
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Figure 1 Temperature dependence of storage modu-
lus (E’) and loss modulus (E”) at 11 Hz for the air-dried
Japanese lacquer films aged for 2 months at room tem-
perature.

EXPERIMENTAL

Materials

Three commercially available Japanese lacquers,
virgin (V), clear (C), and black (B), produced from
the sap of R. vernicifela harvested at Iwate (Ja-
pan) were used. The V lacquer, a neat filtered sap,
has a naturally high moisture content (MC) of
over 20% and low degree of polymerization (DP).
The C and B lacquers have lower MC of about 3%
and higher DP during the initial stirring and
heating at below 45°C%®. The B lacquer is spe-
cially colored with 1% (w/w) of iron powder. These
lacquers were applied on a Teflon plate and dried
at 20°C and 85% relative humidity (RH) for 3-10
days. This process was repeated 5 times to obtain
a film thickness of 0.23mm. The films were cut
into strips of 70 by 5 mm, and aged at room
temperature and 90% RH for 0.5, 2, 4, 6, and 12
months prior to the measurement.

Measurements

The storage modulus (E’) and loss modulus (E”) of
lacquer films were measured in the range of —150

to 400°C at frequencies of 1, 3.5, 11, and 35 Hz,
while heated at a programmed heating rate of
3°C/min by using a viscoelastometer, Orientec,
DDV-25FP. The IR spectra of the C lacquer films
were observed at 20°C by the KBr method using
an IR spectrometer, Nihon-Bunko, FT-IR 7000.
Thermogravimetric (TG) and differential scan-
ning calorimetric (DSC) analysis for the C lacquer
films were carried out under atmospheric condi-
tion, from 30 to 300°C at a heating rate of 10°C/
min using the TA instruments, TGA2050 and
DSC2910. Further, the E’ at 1 Hz of the C lacquer
films aged for two weeks was measured at 30, 50,
100, 150, 200, and 250°C for 12 h, respectively.
The IR spectra and the temperature dependence
of E' and E” for the heat-treated C lacquer films
were measured after a month of aging at room
temperature.

RESULTS AND DISCUSSION

Mechanical Relaxation Processes of Lacquer Films

Figure 1 shows the temperature dependence of E’
and E” at 11 Hz for the air-dried lacquer films
aged for 2 months. With increasing temperature,
a remarkable fall and rise of E’ were recognized
in the range 50-250°C. The increment in E’ at
above 150°C indicated the effect of postcuring by
heat. With respect to E”, three peaks were de-
tected in all of the films at about 80, —60, and
—140°C, labeled as «, B, and v, respectively. An
additional E” peak, «', was detected in the V
lacquer film at around 20°C. Figure 2 shows the
plots of logarithmic frequencies (log f) against the
reciprocals of the absolute temperatures at the E”
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Figure 2 Plots of logarithmic frequencies (log /)
against the reciprocals of absolute temperature at E”
maxima (1/T) for the «, o', B, and y processes detected
in the air-dried films: (O) clear lacquer, (@) black lac-
quer, and (A) virgin lacquer.
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Figure 3 Temperature dependence of storage modu-
lus (E’') and loss modulus (E”) at 11 Hz for the abso-
lutely dried Japanese lacquer films aged for 2 months
at room temperature.

maxima (1/7). The apparent activation energies
(AE) of a, o', B, and vy given by the plots of log f
versus 1/T were 63-91, 48, 13, and 9 kcal/mol,
respectively.

The MC of the air-dried C, B, and V lacquer
films were 0.7-1.2, 2.5-2.7, and 2.3— 2.9%, respec-
tively. These values were independent of the ag-
ing time. Figure 3 shows the temperature depen-
dence of E' and E” at 11Hz for the absolutely
dried lacquer films aged for 2 months. Both the o’
and B processes disappeared after the removal of
adsorbed water.

In the temperature region of the y process, it is
known that a relaxation process occurs due to the
presence of three units of methylene groups, and
its AE value ranges from 8 to 9 kcal/mol.® As
illustrated in Figure 4, the side chains of urushiol
include at least 7 units of methylene groups, and
the AE values of the y process were 9 kcal/mol
irrespective of lacquers and aging time. There-
fore, the y process was attributed to the motion of
methylene groups in the side chains of urushiol.

The B process disappeared when the adsorbed
water was removed. Its temperature location and
AE value were independent of lacquers and aging
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time. A similar process has been detected in a lot
of hydrophilic polymers, and is attributed to the
molecular motion related to the adsorbed wa-
ter.”~'? Thus the B process seemed to be due to the
motion related to the adsorbed water.

In the temperature region of the « process, the
E’ decreased remarkably with increasing temper-
ature, the E” had a relatively large peak, and the
maximum values of the loss tangent (E"/E’)
ranged from 0.3 to 0.5. In addition, the relatively
large values of AE suggested that the a process
was responsible for the principal dispersion of
polymerized urushiol.

The o' process was detected only in the V lac-
quer film. This process was considered to be due
to hydrophilic constituents in the lacquer because
it disappeared after drying absolutely. Japanese
lacquer contains some polysaccharides.!®* In
both the C and B lacquers, these polysaccharides
disperse and reorient around the polymerized
urushiol, and some of them react with the uru-
shiol during the initial stirring and heating.®
Therefore, the polysaccharides in the C or B film
might be tightly embedded in the polymerized
urushiol. Meanwhile, the polysaccharides in the
V lacquer are kept in a swollen state with aggre-
gated water in the early stage. Upon drying, these
polysaccharides shrink but remain mobile. Some
mobile polysaccharides thus formed might induce
the o' process when they are plasticized with
moisture.

Effects of Aging on the Viscoelastic Properties of
Lacquer Films

Figure 5 represents the temperature dependence
of E' and E” at 11 Hz for the absolutely dried C
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Figure4 Urushiol, the major constituent of Japanese
lacquer.
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Figure 5 Temperature dependence of storage modu-
lus (E') and loss modulus (E") at 11 Hz for the abso-

lutely dried Japanese lacquer films aged for indicated
durations at room temperature.
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Figure 6 Temperature locations of E” peak at 11 Hz
(T) and apparent activation energies (AE) for the «

process of Japanese lacquer films plotted against the
aging time.
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Figure 7 Changes of storage modulus (E’) at 1 Hz for
the Japanese lacquer films at indicated temperatures
with respect to the treating time.

lacquer films aged for 0.5—-12 months. The tem-
perature location of the « process apparently
shifted in the early stage. This seems to reflect
the autooxidative polymerization of urushiol mol-
ecules. The temperature locations of E” peaks at
11 Hz (T) and the AE values for the a process are
plotted against the aging time in Figure 6. In the
case of C and V lacquer films, T increased and AE
decreased with aging. The decrease of AE was
interpreted as a decrease of molecular unit due to
the crosslinking formation of urushiol molecules.
However, the AE of the V lacquer increased in the
first 4 months, then decreased. The rate of poly-
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Figure 8 TG and DSC curves of the Japanese lacquer
film.
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Figure 9 Temperature dependence of storage modu-
lus (E') at 11 Hz for the Japanese lacquer films treated
at indicated temperatures for 12 h.

merization of the V lacquer is slower in the early
stage because it has naturally low DP and high
MC. Therefore, it was speculated that the in-
crease of AE in the first 4 months was due to the
retardation of polymerization of urushiol owing to
its own characteristics.

Kumanotani® suggested that the excellent
durability of Japanese lacquer film arises from
an antioxidation structure, in which the poly-
merized urushiol is wrapped by a thin layer of
polysaccharides. This structure is formed dur-
ing the initial stirring and heating process,
called “Kurome” in Japanese. He also suggested
that the V lacquer (sap) film is more rigid and
its viscoelastic profile is less stable than other
films, because no antioxidation structure is
formed.* However, our findings indicated that the
E’ of the V lacquer film was rather low compared to
the others, and its viscoelastic profile was identical
to those of other films after a year of aging. It was
speculated that the process of oxidation in the mul-
tilayered thick films used in our experiments took
place rather slowly even though no antioxidation
structure was formed.
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Effects of Heat Treatment on the Viscoelastic
Properties of Lacquer Films

Figure 7 shows the changes of E' at 1 Hz for the
C lacquer films at the temperatures 30, 50, 100,
150, 200, and 250°C. The increase of E’ above
100°C reflected the thermal hardening of urushiol
molecules. Above 150°C, the films shrunk with
treatment duration and the degree of shrinkage
increased with increasing temperature. Figure 8
shows the TG and DSC curves of the C lacquer
film aged for 2 months.The slight endothermic
peak at around 70°C detected in the DSC curve
corresponds to the a process. The remarkable exo-
thermic peak detected in the range of 100—-200°C
was due to the oxidative polymerization of uru-
shiol. This consideration was supported by the
decreases of IR peaks at 1655 and 992 cm ™ ?, due
to the quinoid carbonyl and the conjugated triene
in the side chains, respectively. In the same tem-
perature region, a slight weight loss was recog-
nized, and an IR peak was observed at 1719 cm ™},
indicating the formation of the carbonyl groups at
higher temperature. These results suggest that
some degradation of lacquer constituents has oc-
curred. Above 200°C, remarkable weight loss and
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Figure 10 Temperature dependence of loss modulus
(E") at 11 Hz for the Japanese lacquer films treated at
indicated temperatures for 12 h.
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Figure 11 Temperature locations of E” peak at 11 Hz
(T) and apparent activation energies (AE) for the «
process of Japanese lacquer films treated at various
temperatures for 12 h plotted against the treating tem-
perature.

exothermic reaction were observed. These were
ascribed to the marked pyrolysis of lacquer con-
stituents.

Figure 9 shows the temperature dependence of
E’ at 11Hz for the C lacquer films treated at 30,
50, 100, 150, 200, 250, and 300°C for 12 h. Post-
curing was not observed in the films treated at
150°C and above. The films treated at above
200°C were too weak to be tested as they broke
during the measurements. Figure 10 shows the
temperature dependence of E” at 11 Hz for the C
lacquer films treated at various temperatures.
The « process changed remarkably with the heat
treatments while the y process remained almost
unchanged. Figure 11 represents the temperature
locations of E” peak at 11 Hz (T) and the AE
values for the a process plotted against the treat-
ing temperature. Below 200°C, the T increased
and the AE decreased as the temperature in-
creased. Above 200°C, reversed trends were ob-
served for both 7' and AE. These are probably
caused by the scissoring of main chains by the
pyrolysis process. In addition, treatments at
200°C or above seemed to damage the character-
istic deep black, beautiful luster, and flexibility of

the films. From these results, it is advisable to
treat the lacquer film at around 100°C in order to
accelerate the hardening of lacquer with minimal
degradation.

CONCLUSIONS

Three relaxation processes were detected at 80
(a), —60 (B), and —140°C (y) in three different
kinds of Japanese lacquer film. These were as-
signed to the micro-Brownian motion of lacquer
molecules, the molecular motion related to the
adsorbed water, and the motion of methylene
groups in the side chains of urushiol, respectively.
With aging at room temperature, the tempera-
ture location of the « process shifted to higher
temperatures and its apparent activation energy
decreased. These were ascribed to the oxidative
polymerization of urushiol. Meanwhile, the lac-
quer films were hardened at a temperature of
100°C or higher with advanced oxidative poly-
merization of urushiol. With heat treatment at
above 200°C, the pyrolysis of lacquer constituents
induced remarkable shrinkage and weight loss of
films.
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