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a  b  s  t  r  a  c  t

The  synthesis  of  linseed  oil  (LO)-based  waterborne  polyurethane  dispersion  (PUD)  wood  coatings  using
different  curing  processes,  as  well  as  their  coating  and  film  properties,  were  examined.  The water-
borne  prepolymer  was  synthesized  first  from  modified  linseed  oil  (MLO),  dimethylol  propionic  acid
(DMPA),  isophorone  diisocyanate  (IPDI),  hexamethylene  diisocyanate  (HDI)  and  hydroxyethyl  methacry-
late  (HEMA)  using  an  acetone  process  to  prepare  a solvent-borne  prepolymer  with  C  C  bonds  derived
from  methacrylic  acid  and  fatty  acids.  The  prepolymer  was  subsequently  neutralized  with  triethylamine
(TEA)  and  dispersed  in water.  After  removing  acetone,  PUD  was  obtained.  The  results  showed  that  the
PUD could  be  readily  synthesized  and  that  it possessed  reactive  double  bonds  derived  from  HEMA and
LO. Wood  coatings  were  formulated  by mixing  PUD  with  photoinitiator  for  UV  curing  alone  or  by mixing
PUD  with  metal  dryers  for air drying  alone  or by  combining  PUD  with  the  two  formulations  as  UV/air
and  air/UV  dual-cured  systems.  The  waterborne  wood  coatings  were  cured  through  different  curing  pro-
cesses,  as  previously  mentioned,  and  the  properties  of  the  cured  films  were  characterized.  The results
showed  that  the  durability  and  the  lightfastness  of  films  prepared  using  the  UV/air  dual-curing  process
(i.e.,  first  UV-cured,  followed  by  air  drying)  were  better  than  those  of the  coatings  cured  using  UV  alone.
Furthermore,  the  poor  adhesion  of  the  films  cured  using  UV  alone  was  significantly  improved  through
the use  of  the UV/air  dual-curing  system.  In  conclusion,  the  linseed-oil-based  waterborne  UV/air  dual-
cured  coatings  possess  the  potential  to provide  high-efficiency,  high-performance  and  environmentally
friendly  coatings  for furniture  finishing  and  it is a candidate  for the  application  of  coatings  in  the  wood
industry.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In Taiwan, most of the common solvent-borne wood coat-
ings used in the furniture industry, including nitrocellulose (NC)
lacquer, polyurethane (PU) and acrylate lacquer, contain large
volumes of volatile organic compounds (VOCs) and hazardous
air pollutants (HAPs), which are harmful to the environment
and to human health. Furthermore, the unnecessary cost of sol-
vents decreases the profits of the furniture industry. Therefore,
environmentally friendly coatings or compliant coatings, such
as high-solid-content coatings, waterborne coatings, radiation-
curable coatings and powder coatings, have been considered as
substitutes for the traditional solvent-borne coatings [1,2].

Among the compliant coatings, waterborne coatings and UV-
radiation-curable coatings are ripe for future innovations and for
the further development for the furniture industry in Taiwan. In
addition, the high cost of fuel and its depletion have significantly
increased material costs and have generated serious environmen-
tal concerns. To reduce the reliance on petrochemicals, both the
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use of renewable resources, such as natural linseed oil, to replace
petroleum derivatives for the manufacture of resins and the use of
water instead of solvents are imperative.

Compared with the traditional UV coatings, waterborne UV
coatings exhibit several benefits. For example, waterborne UV
coatings do not rely on the presence of a low-molecular-weight
monomer to maintain a low viscosity; they can be prepared using
higher-molecular-weight prepolymers and with a smaller amount
of total solids; they exhibit lower toxicity/odor and coating shrink-
age during the curing process; they are easy to clean up; and they
can be applied using conventional application equipment. How-
ever, the application of waterborne UV coatings, like the application
of traditional UV coatings, is limited to small, simple shapes, such as
table tops, doors and wood panels in flat objects, because a coated
substrate with a complicated configuration results in shadow zones
in the absence of UV radiation, which leads to incomplete curing
of the coatings. With such an applicative restriction, waterborne
UV coatings could not satisfy the requirements of the furniture
market in Taiwan in terms of the variety and quality of the prod-
ucts. In recent years, the modification of UV curing equipment for
furniture with complicated configurations has been investigated;
however, such equipment is difficult to operate for the production
of complicated objects. In addition, traditional UV coatings exhibit
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Fig. 1. Synthesis of the prepolymer and the formation of PUD coatings using different curing processes.

defects, such as cured films with non-uniform crosslinking, high
internal stress, and oxygen inhibition during the curing process
[3–5]. Therefore, the dual-cured coating system that consists of UV
curing and air drying, which enables curing of areas that UV radi-
ation cannot reach, is the key to the development of high-quality
UV wood coatings.

In this study, linseed oil, which contains unsaturated fatty
acids such as linoleic and linolenic acids, was combined with an

OH-containing methacrylate that contains acryloyl double bonds
(CH2=CHCO) to develop a waterborne polyurethane dispersion
(PUD) and to formulate a UV/air dual-cured system that could
provide rapid UV curing by free-radical polymerization via UV
radiation and slow air drying by an oxidation polymerization
process under the shadow zone that is not exposed to UV radia-
tion. Furthermore, the UV-cured films could be further enhanced
by a post-curing oxidation polymerization in this system. In
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addition, the deposition of linseed-oil-based films can be contin-
ued for a period of time and allowed to harden through oxidation
polymerization of the unsaturated fatty acids [6]. Compared to
the solvent-borne UV/polyurethane (PU) dual-cured system [7],
which is a combination of UV curing and a room-temperature cur-
ing ability from NCO groups that contains a hardener and polyol,
the waterborne UV/air dual-cured system provides a longer pot-
life for the coating, greater viscosity stability during finishing and
fewer film defects in high-moisture environments. The UV/air dual-
cured system is expected to improve the adhesion relative to that
achieved with traditional UV coatings, to enhance the application of
films on complicated three-dimensional wood products (e.g., furni-
ture) and to form a high-performance film that increases the added
value of wood furniture.

2. Experimental

2.1. Materials

Isophorone diisocyanate (IPDI), hexamethylene diisocyanate
(HDI), dimethylol propionic acid (DMPA), and triethylamine (TEA)
were obtained from Merck Chemicals, Taiwan. Linseed oil (LO),
glycerin, calcium oxide, and acetone were purchased from Union
Chemicals, Taiwan. Hydroxyethyl methacrylate (HEMA) was used
as a mono-functional monomer and was purchased from Sigma
Aldrich, USA. Co, Zr and Ca metal dryers were obtained from
Cingyi, Taiwan. Irgacure 2959 was used as a photoinitiator and was
obtained from Ciba, Germany. Dibutyltin dilaurate (DBTDL) was
supplied by An Fong, Taiwan. All of the chemicals used were of
laboratory reagent grade. Cryptomeria japonica wood panels with
dimensions of 10 cm (R) × 15 cm (L) × 1 cm (T) and a moisture con-
tent of 13.0% were used as finishing specimens. Other substrates,
such as glass panels, white card paper and Teflon panels, were used
to characterize different film properties.

2.2. Synthesis of modified linseed oil

To obtain OH groups as reactive sites, modified linseed oil (MLO)
was synthesized using a transesterification process with glycerin
(GL) and linseed oil (LO) at a molar ratio of 1.0 (GL/LO). A sim-
plified schematic that depicts this reaction is provided in step 1 of
Fig. 1. The reaction was performed in a 500 ml  four-neck glass reac-
tor equipped with a motorized stirrer, a nitrogen gas inlet tube, a
thermometer and one neck for the addition of chemicals. The LO
was initially heated to 190 ◦C within 1 hr under a nitrogen atmo-
sphere. Calcium oxide was  added as a catalyst at a weight ratio of
0.2% relative to the LO, and GL was then added dropwise. The mix-
ture was finally heated to 230 ◦C and stirred for 3 h. To increase the
yield of glycerides, the mixture was cooled to room temperature in
an ice water bath, and the glycerides were obtained. The hydroxyl
number of MLO  was measured using the acetic anhydride/pyridine
method according to ASTM D1957.

2.3. Synthesis of the prepolymer and the waterborne
polyurethane dispersion (PUD)

A mixture of 50% DMPA and 50% diisocyanate (IPDI/HDI=1/3)
in acetone at a NCO/OH molar ratio of 2.0 was added to a glass
reactor, and the reaction was performed at 50 ◦C for 3 h under a
nitrogen atmosphere. Then the calculated 50% HEMA in acetone,
equal to the half mole of the residual NCO groups, was  added and
the reaction was performed at 65 ◦C for 1 h. When the amount of
residual NCO groups reached the quarter amount of initial NCO
groups, MLO  (with a NCO/OH molar ratio of 1.2 and 50% in ace-
tone) was added dropwise to the mixture at 65 ◦C over a period of
1 hr. Finally, the mixture was maintained at 65 ◦C for 3 h and then

cooled to room temperature to obtain the prepolymer. The stir-
ring speed was maintained at 200 rpm throughout the reaction. The
schematic depicting this reaction is provided in step 2 of Fig. 1. The
solid content, NCO content, appearance, and molecular weight of
the prepolymer were characterized, and its FTIR and Raman spec-
tra were collected. Finally, the prepolymer was  neutralized with
triethylamine (TEA) at a stirring speed of 400 rpm by a dispersion
blade, and distilled water was  added until the solvent phase was
transferred to the aqueous phase (as shown in the step 3 of Fig. 1).
After the acetone was  removed, PUD was obtained, and its prop-
erties, including the solid content, appearance, viscosity, pH value
and particle size, were determined.

2.4. Preparation of dual-cured coatings

As shown in step 4 of Fig. 1, the UV/air and air/UV dual-cured
coatings were prepared by mixing PUD, the photoinitiator (Irgacure
2959, 3% of the weight of the prepolymer), and metal dryers (Co, Zr,
and Ca dryers, 0.3% of the weight of the prepolymer). The coating
cured using UV alone contained only the Irgacure 2959 photoini-
tiator, and the coating cured using air-drying alone contained only
the Co, Zr, and Ca metal dryers.

2.5. Curing processes for the coatings

The coatings were applied onto the substrates using a film appli-
cator with a wet-film thickness of 250 �m. All specimens were
placed for 10 min at room temperature and were then transferred
to a 50 ◦C oven for 5 min  to remove water. Two experiments were
performed with different coatings. In the first experiment, the spec-
imens prepared using UV/air dual-curing and UV  curing alone were
cured using UV equipment (C-SUN, Taiwan, UVC-362W) with a
high-pressure mercury lamp (120 W/cm). The radiation distance
was  10 cm,  and the conveyer speed was 8 m/min; the curing process
was  repeated 3 times, which corresponded to an irradiation time of
18 s. The films cured using air/UV dual-curing and air drying alone
were first dried at room temperature. After 12 days, the air/UV dual-
cured coating specimens were post-cured using UV radiation. The
UV curing conditions were the same as those used in the UV cur-
ing alone process. All of the film properties were measured after 30
days.

2.6. Methods

Solid content was  estimated in accordance with CNS 5133.
Viscosity was  measured in a Brookfield viscosimeter DV-E at
25 ◦C. Fourier-transform infrared spectroscopy (FTIR) analysis was
performed on a Perkin-Elmer spectrum100 spectrophotometer
equipped with a DTGS detector. Spectra were recorded with a reso-
lution of 4 cm−1 and presented as the ratio of 16 single beam scans
in a neat KBr window. Liquid samples were diluted in acetone (5%
w/w)  and applied to a KBr window, and the data were acquired
in auto-gain mode to monitor the spectral in the 4000–650 cm−1

range. The spectra of the liquid and dried film samples were
acquired using transmission and attenuated total reflectance (ATR)
spectroscopy, respectively. The molecular weight and polydispersity
of the prepolymer were obtained via gel-permeation chromatog-
raphy (GPC) on a Hitachi D2520 equipped with a Shodex column
(Showa Denko, Japan KF-802) at a tetrahydrofuran flow rate of
1 ml/min; poly-styrene standards of molecular masses 162, 578,
1080, 2450, 5050, 10100, 22000; a UV detector were used.; a UV
detector was  used. The authentic samples of di-glyceride, mono-
glyceride and linseed oil were synthesized in our laboratory by
transesterification of linseed oil with glycerin. The reaction mix-
ture was  analyzed by GPC to identify the corresponding peaks for
di-glyceride and mono-glyceride, and the peak of pure linseed oil
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was also identified. Raman measurements were performed using a
semiconductor laser source operated at 488 nm.  The scattered pho-
tons were detected by an XYZ scanning-stage system (NT-MDT);
the microscope was an inverted microscope (Nikon Eclips TE2000-
U). The particle size and the polydispersity index (PDI) of PUD were
measured using a Malvern Nano-ZS equipped with laser diffraction
and detectors (detected range 0.6 nm–6 �m).  The pH value of PUD
was measured at 25 ◦C with a pH meter using a glass reference elec-
trode, model Suntex sp-701. Film hardness was investigated using
a König hardness tester (Braive) according to DIN 53157. Tensile
strength and elongation at break of free films were evaluated on an
EZ Tester (Shimadzu Co.) with a crosshead speed of 5 mm/min. All
specimens were cut to a specified shape and size in accordance
with ASTM D638. Adhesion on wood panels was determined by the
cross-cut method according to CNS K6800 and was  divided into the
grades 10 (best), 8, 6, 4, 2, and 0 (worst). Impact resistance was deter-
mined using a Dupont Impact Tester IM-601, with a falling weight
of 300 g and an impact hammer diameter of 0.5 inches. Abrasion
resistance of the films was measured in terms of the weight loss
of 1000 circles using a Taber Model 503 Abraser; a CS-10 wheel
and a load of 500 g were used. Bending resistance of the films was
estimated in accordance with CNS 10757-K6801. Gel content was
measured using a Soxhlet extractor that contained 250 ml  of ace-
tone. The solution was siphoned 24 times in 6 h. The soaked film was
dried in an oven at 50 ◦C for 6 h, and the gel content was  calculated.
Dynamic mechanical analysis (DMA) was conducted at a frequency
of 1 Hz with a DMA8000 (Perkin Elmer, USA). The glass-transition
temperature (Tg) was determined by the Tan� curve which was
obtained by a tensile mode, at a heating rate of 2 ◦C/min from −60
to 100 ◦C under the air atmosphere. Gloss of films was detected
using a Dr. Lange Reflectometer 60◦ gloss meter. Durability of films
coated on wood panels was evaluated using hot-and-cold cycles
test, in which the specimens were first placed into a −20 ◦C refrig-
erator for 2 hr, and then transferred to a 50 ◦C oven for another
2 h. The cycle number was recorded if the film was cracked. After
ten cycles had been performed on the coated specimens, the gloss
was measured, and gloss retention was calculated. The lightfastness
of films was evaluated with a Paint Coating Fade Meter (Suga Test
Instruments, Japan) equipped with a mercury light source (H400-
F). After 100 h of exposure, the color changes of the specimens were
measured using a spectrophotometer (CM-3600d, Minolta, Osaka,
Japan) fitted with a D65 light source with a measuring angle of 10◦

and a test-window diameter of 8 mm.  The tri-stimulus values X, Y,
and Z of all specimens were obtained directly from the colorime-
ter. The CIE L*, a*, and b* color parameters were then computed,
followed by a calculation of the brightness difference (�L*), the
color difference (�E) and the yellowness difference (�YI)  directly
from the Minolta MCS  software system. Thermogravimetric analy-
sis (TGA) was performed using a Perkin-Elmer Pyris 1 system. The
films were heated from 50 to 700 ◦C at a rate of 10 ◦C/min under a
nitrogen atmosphere.

3. Results and discussion

3.1. Fundamental properties of the prepolymer

The linseed-oil-based prepolymer was synthesized using ace-
tone as a solvent. The solid content of the prepolymer was
58.6%, and its residual NCO content was 1.0%; it exhibited a
transparent yellow color. The GPC spectrum of the prepolymer
is presented in Fig. 2. The weight-average molecular weight of
428 g/mole represents the unreacted mono-glyceride, and the
molecular weights of 784 and 1070 g/mole represent the pre-
polymer derived from isocyanates that reacted with DMPA and
mono-glyceride or di-glyceride, respectively. In addition, the

Fig. 2. GPC spectrum of the linseed-oil-based prepolymer.

molecular weight of 15,900 g/mole is attributed to the thermal
polymerization (Diels–Alder reaction) product of the unsaturated
fatty acids of linseed oil that further reacted with isocyanates to
form a urethane-structured product. According to the GPC analysis,
the weight-average molecular weight, the number-average molec-
ular weight, and the polydispersity index of the prepolymer were
2943, 1074 g/mole and 2.74, respectively.

The FTIR spectra of the modified linseed oil (MLO) and prepoly-
mer  are presented in Fig. 3. Compared to the peak in the spectrum
of MLO, the peak at 3446 cm−1 in the spectrum of the prepoly-
mer, which is assigned to the OH group, was  significantly weaker,
and the spectrum contained peaks at 3340 and 1525 cm−1 assigned
to the N H stretching and bending vibrations, respectively. In
addition, the peak that represents the carbonyl (C O) group was
shifted from 1740 cm−1 in the spectrum of MLO to 1718 cm−1 in
the spectrum of the prepolymer with an increased absorbance,
which indicated the presence of the carboxyl group of DMPA.
Furthermore, the absorbance of NCO groups at 2273 cm−1 was
not observed, and peaks at 1239 cm−1 (C O stretching vibration),
1525 cm−1 (N H bending vibration), and 1041 cm−1 (C O stretch-
ing vibration), which are attributed to urethane bonds ( NHCOO )
of the prepolymer, were detected. The results indicated that the
MLO  had completely reacted with IPDI, HDI and DMPA to form
the prepolymer with urethane linkages and carboxyl groups. How-
ever, due to the overlapping absorbance of C C and C O in the
1655–1638 cm−1 range, the C C derived from HEMA or the unsat-
urated fatty acids could not be easily distinguished in the FTIR
spectra. Therefore, the Raman spectrum of the prepolymer was
obtained to observe the double bond; the results are presented in
Fig. 4.

Fig. 3. FTIR spectra of MLO  and the prepolymer.
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Fig. 4. Raman spectrum of the prepolymer.

In the Raman spectrum of the prepolymer, the peaks at 766,
1276, and 1440 cm−1 were assigned to C C stretching, CH2 out-
of-plane bending, and CH2 bending vibrations, respectively. In
addition, the peak at 1645 was attributed to the C C of the methy-
lacryloyl of HEMA [8] and the peak at 1662 cm−1 was  attributed
to the unsaturated fatty acids of linseed oil [9]. The broader peak
at 1720 cm−1 was produced by C O, the peak at 1410 cm−1 repre-
sented C-O stretching, and the broad peak at 2862–2932 cm−1 was
assigned to the C H stretching vibrations of terminal CH2 and

CH3 groups.

3.2. Fundamental properties of PUD

PUD was obtained first through neutralization of the prepoly-
mer  with TEA at a neutralization degree of 100%, and distilled water
was subsequently added under a dispersion blade with a stirring
speed of 500 rpm to form an aqueous dispersion, as shown in step
3 of Fig. 1. PUD was obtained after the solvent phase was transferred
to the aqueous phase, and the acetone was removed by distillation
under reduced pressure. The PUD had a solids content of 36.2%, a
transparent yellow appearance, a pH value of 9.14 and a viscosity
of 389 cps. The particle size distribution of the PUD, which was  ana-
lyzed using a laser-scattering particle size distribution analyzer, is
shown in Fig. 5. The results showed that the Z-average of PUD was
244.7 nm and that the polydispersion index (PDI) was 0.34. Two
particle distribution peaks, at 261 and 5001 nm, were observed,
which indicated that the PUD exhibited an inhomogeneous com-
position. As reported by Nanda [10], PUD with a lower degree
of neutralization or a lower carboxylic acid content resulted in a
larger and inhomogeneous particle-size composition. However, in
our previous report [11], we found that the waterborne castor-oil-
based PUD, which was prepared using a similar synthetic process,

Fig. 5. Particle size distribution of PUD.

exhibited a very small Z-average of 93 nm and a narrow PDI of 0.124.
Therefore, in this study, the larger particle composition of linseed-
oil-based PUD may be due to thermal polymerization during the
transesterification process and due to the formation of a higher
molecular weight of heat-bodied linseed oil.

3.3. Film properties of PUD coatings with different curing
processes

The film properties of PUD coatings prepared using different
curing processes, which are shown in step 4 of Fig. 1, are tabu-
lated in Table 1. The air/UV dual-cured coating exhibited the highest
hardness of 77 s, followed by the UV/air dual-cured coating, with a
hardness of 69 s. The dual-cured systems exhibited a higher hard-
ness than both the coating cured using UV alone. And concerning
the hardness the coating cured using air drying alone has also
superior results compared to the traditional soybean oil-based UV
coating by Chen et al. [12]. The results reflect that the structures of
the dual-cured coating films (UV/air and air/UV) possessed both
curing mechanisms of the bulk free-radical polymerization and
the oxygen-dependent oxidation polymerization during the curing
process. Stenberg [13] and Mallégol [14] have stated that air drying
results in the formation of a skin layer with a higher crosslinking
density.

In the air/UV dual-cured coatings, the first air drying proce-
dure to produce a skin layer with high crosslinking density acted
as a diffusion barrier and limited the diffusion of oxygen into the
inner layer of the film. This process was followed by rapid UV
post-curing, which was  the major curing mechanism at the inner
layer. The inner layer contained more unsaturated double bonds,
and a higher crosslinking density was  therefore obtained after UV

Table 1
Fundamental properties of PUD coating with different curing processes.

Property Curing process

UV UV/air Air/UV Air

Hardness (König, sec) 63 ± 3 69 ± 4 77 ± 2 46 ± 1
Tensile strength (kgf/cm2) 60 ± 5 81 ± 8 82 ± 1 39 ± 11
Elongation at break (%) 197 ± 14 223 ± 11 223 ± 4 256 ± 6
Impact resistance (cm) 10 15 10 20
Abrasion resistance

(mg/1000 circles)
21.8 ± 1.8 18.9 ± 0.6 20.0 ± 1.3 35.0 ± 1.8

Adhesion (grade) 4 10 10 10
Bending resistance < 2 3 8 6
Gel content (wt. %) 57.4 ± 0.6 61.1 ± 0.3 62.1 ± 0.7 59.8 ± 1.2
Glass transition point, Tg

(◦C)
40.6 45.7 36.8 35.9
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post-curing. Because of the interactions of the previously discussed
different curing mechanisms, the air/UV dual-cured films had a ver-
tical difference of crosslinking density in the films i.e. the top layer
had a higher crosslinking density and the under layer had a lower
crosslinking density; however, they also exhibited the highest film
hardness.

In the UV/air dual-cured coating, the whole body of the film
was cured by the first UV radiation treatment, and a more uniform
structure with a lower crosslinking density was obtained. The oxy-
gen subsequently diffused slowly into the inner layer of the film
and produced a film with a higher and more uniform crosslinking
density during the air-drying post-curing process. However, the
UV/air and air/UV dual-cured coatings exhibited similar crosslink-
ing densities for the whole films, the air/UV dual-cured coating
exhibited a greater difference in the crosslinking density between
the inner part and skin layer of the film. The results revealed that
the air/UV dual-cured coating exhibited higher film hardness than
did the UV/air dual-cured coating. A similar effect was  observed for
the dual-cured process in a UV/PU dual-cured coating, as previously
reported [7].

The tensile strengths of the two dual-cured coatings (UV/air
and air/UV) were similar (approximately 81–82 kgf/cm2) and were
higher than that of the coating cured using UV alone (60 kgf/cm2)
and that of the coating cured using air drying alone (39 kgf/cm2).
We attributed these results to more extensive crosslinking of the
C C bonds in the dual-cured coatings, which was in accordance
with the gel content. The coating cured by air drying alone exhibited
the greatest elongation at break (256%), followed by the coatings
cured using the UV/air and air/UV dual-curing methods (223%) and
the coating cured using UV alone (197%). Compared to the coating
cured using UV alone, the UV/air and air/UV dual-cured coatings not
only exhibited improved tensile strength but also enhanced elon-
gation at break due to the crosslinking of ductile long alkyl chains
of the unsaturated fatty acid through the air-drying process. And
compared to the UV-curable vinyl ether functionalized urethane
UV coating in the report of Kayaman-Apohan et al. [15], the dual-
cured coating in this study has a superior strength and elongation
at break. These results were also in accordance with the UV/air and
air/UV curing coatings, exhibiting the best adhesion grade of 10,
whereas that of the UV coating was only grade 4. The UV coating
exhibited the worst adhesion was due to the high internal stress
and shrinkage in a fast curing process. Compared to the tung-oil
based acrylated urethane UV coatings by Lu and Wu  [16], the dual-
cured coating has an excellent adhesion of film, and. the adhesion
of the coating cured using UV alone in this study could obviously
be improved through the use of a UV/air dual-curing method.

The coating cured using air drying alone exhibited the high-
est impact resistance of 20 cm,  which was attributed to the good
ductility of the film. However, the coating cured using air drying
alone exhibited the worst abrasion resistance, with a weight loss of
35 mg/1000 circles. Larsen-Badse [17] has stated that the abrasion
resistance is interrelated with the material’s stress–strain charac-
ter; the abrasion resistance shows a positive correlation with the
area under the stress–strain curve. As shown in Fig. 6, the UV/air
and air/UV dual-cured coatings exhibited a greater area under their
stress–strain curves, which means they possessed superior abra-
sion resistance.

The coatings cured using air drying alone and air/UV dual-curing
exhibited inferior bending resistance, only passing the no. 6 and no.
8 shafts, respectively. In the bending tests, the films cured using
air drying showed an unrecovered and irregular wrinkling mark,
which was due to the difference in crosslinking density between the
skin and the inner layer of the air-dried films. Therefore, the worst
bending resistance of the air/UV dual-cured coating may  be derived
from the greater crosslinking density of the skin layer as a result of
air oxidation polymerization and from the greater internal stress

Fig. 6. Stress-strain curves of PUD coatings prepared using different curing pro-
cesses.

of the inner layer as a result of the UV free-radical polymerization.
The coatings cured using air/UV and UV/air dual-curing methods
exhibited superior gel contents of 62.1 and 61.1%, whereas the coat-
ing cured using UV alone exhibited the lowest gel content of 57.4%.
The results indicated that the dual-cured systems, which combined
air oxidation polymerization with UV free-radical polymerization,
possessed films with a higher crosslinking density. The UV-cured
coating contained a slightly lower gel content than did the coat-
ing cured using air drying alone; however, the UV cured coating
exhibited a higher film hardness and tensile strength, which was
attributed to the superior crosslinking and homogeneous structure
of the coating cured using UV alone. This conjecture was  confirmed
by the Tg (determined by the maximum value of the tan � curves,
as shown in Fig. 7) of the coating cured using UV alone (40.6 ◦C),
which was  higher than that of the coating cured using air drying
alone (35.9 ◦C). In contrast, the UV/air dual-cured coating exhibited
a Tg of 45.7 ◦C, which was  higher than that of the air/UV dual-cured
coating, at 36.8 ◦C. These results were attributed to the post-cured
oxidation polymerization of the UV/air-curing process strength-
ening the crosslinking structure of the UV-cured film. In contrast,
the post-cured UV free-radical polymerization of the air/UV cured
process did not effectively increase the crosslinking density of the
air-dried film and, furthermore, interfered with the oxidation poly-
merization of the air-drying process. The results also showed that
the air/UV dual-cured coating and the coating cured using air dry-
ing alone exhibited similar Tg values. In addition, shoulder peaks
were observed in the tan � curves of both coatings, which indicated
that the air/UV dual-curing process resulted in a more heteroge-
neous structure of films than did the UV curing alone or the UV/air
dual-curing process.

Fig. 7. Tan curves, as determined from DMA  analysis, of PUD coatings prepared
using different curing processes.
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Table  2
The gloss, durability and lightfastness of PUD coatings prepared using different
curing processes.

Property UV UV/air Air/UV Air

60◦ Gloss (◦) 89 ± 0 84 ± 1 84 ± 1 76 ± 2
Cycle test (rounds) > 10 > 10 > 10 > 10
Gloss retention (%) 97 100 90 75
Lightfastness �L* −0.9 −0.3 −0.6 −0.4

�E  2.5 0.5 0.9 1.1
�YI  4.6 0.3 1.4 2.2

The TGA and DTG curves of PUD coatings prepared using different curing processes.

The gloss values of the PUD coatings prepared using differ-
ent curing processes are listed in Table 2. The coating prepared
using air drying alone exhibited the lowest gloss of 76◦ due to
the invisible wrinkling of the film caused by the oxidation poly-
merization of unsaturated fatty acids of the linseed oil [18]. The
other coatings exhibited a superior gloss, especially the coating
cured using UV alone, which exhibited the highest gloss of 89◦. The
results also showed that the air/UV and UV/air dual-cured coatings
exhibited better gloss compared to the coating prepared using air
drying alone because a smoother film could be obtained through
UV irradiation. All specimens also exhibited superior durability,
which means that after 10 cycles of hot-and-cold cycling tests, the
films remained intact. The UV/air dual-cured coating, in particular,
exhibited an excellent gloss retention of 100%.

The lightfastness of PUD coatings prepared using different cur-
ing processes after 100 hr of exposure to a mercury lamp is also
listed in Table 2. All of the films exhibited a slightly decreased
brightness difference (�L*) of approximately −0.9 to −0.3. The
color difference (�E) of the UV/air dual-cured coating exhibited
the lowest �E  value of 0.5, which means it exhibited the best light-
fastness among all of the coatings. All of the specimens exhibited
small yellowness index difference (�YI) values, and, as expected,
the coating cured using UV alone exhibited the highest �YI of 4.6.
Lazzari (1999) suggested that the yellowing of linseed-oil-based
films was related to the conjugated double bonds produced during
the oxidation polymerization process. Mallégol [19] also suggested
that hydroperoxides are the key intermediates in the air-drying
process and that metal dryers act as catalysts for hydroperoxide
decomposition in redox reactions. The free radicals generated from
the decomposition of hydroperoxides may  react with conjugated
double bonds and form a saturated polymer chain. Therefore, the
highest �YI of the coating cured using UV alone was most likely due
to the incomplete oxidation polymerization and to the formation

Fig. 8. TG curves of PUD coatings prepared using different curing processes.

of more conjugated double bonds in the film, which resulted in
a higher yellowing color. In addition, as reported by O’Neil [20]
and Formo [21], the production of diketones, metal salts of their
enol form or quinoid structures formed after aging are the primary
reasons for the yellowing of linseed-oil-based films.

The TGA and DTG curves of PUD coatings prepared using differ-
ent curing processes are presented in Fig. 8 and Fig. 9, respectively,
and the thermal parameters are summarized in Table 3. The TG
curves of specimens were similar, and four stages of thermal degra-
dation were observed. In stage I, an insignificant weight loss at
approximately 150 ◦C was  due to the loss of humidity in the films.
Stage II showed similar onset temperatures from 248 to 252 ◦C and
similar peak temperatures from 267–271 ◦C for the specimens. This
stage represented the decomposition of the urethane linkage and
the formation of NCO, primary amines, and secondary amines
[22]. The weight losses of all specimens in this stage were similar
and in the 22.4–26.0% range. Stage III, which began at approxi-
mately 299 to 307 ◦C and exhibited peak temperatures from 312
to 318 ◦C, was  caused by the thermal decomposition of soft frag-
ments, such as the ether or ester bonds of alkyl chains [23]. In this
thermal degradation stage, the UV/air dual-cured coating exhibited
the lowest weight loss of 29.0%, which indicated that this coating
contained the most extensive crosslinking structure; these results
were in agreement with the Tg results.

In stage IV, the final stage, an onset temperature from 414 to
443 ◦C and a peak temperature from 457 to 459 ◦C were observed,
which were attributed to the dehydrogenation and depolyconden-
sation of alkyl groups of PUD coatings [24]. In this stage, the trace of
the air/UV dual-cured coating contained an obvious shoulder peak

Fig. 9. DTG curves of PUD coatings prepared using different curing processes.
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at 415 ◦C due to the heterogeneity of the polymer chain arrange-
ment in this coating. The air/UV dual coating exhibited the highest
residue content of 4.5% at 700 ◦C, followed by that of the coating
cured using UV alone, at 2.0%, and those of the UV/air dual-cured
and air drying alone coatings, at 0.3 and 0.0%, respectively. Based on
these results, we concluded that all of the films cured using different
curing processes exhibited a similar thermal decomposition behav-
ior; however, the air/UV dual-cured coating exhibited the lowest
weight loss in stage II IV and also produced the greatest residue con-
tent at 700 ◦C, thereby exhibiting the best heat resistance among
the investigated coatings.

4. Conclusions

In this study, both the synthesis of linseed-oil-based waterborne
polyurethane dispersion wood coatings and film performances
with different curing processes—including processes where the
coating was cured using UV alone, using a UV/air dual-curing
method, using an air/UV dual-curing method and using air dry-
ing alone—were examined. The UV/air dual-cured coating could
be rapidly cured under UV irradiation and could also be dried
through oxidation polymerization at areas that lacked exposure to
UV radiation. Furthermore, compared to the coating cured using
UV alone, the film properties, including the hardness, the tensile
strength, the impact resistance, the abrasion resistance, the dura-
bility and the gel content, could be enhanced through the use of the
UV/air dual-curing process. The film adhesion, in particular, could
be improved significantly. Compared to the air/UV dual-cured coat-
ing, the UV/air dual-cured coating exhibited superior durability and
lightfastness. However, the air/UV dual-cured coating exhibited
better hardness, tensile strength, abrasion resistance, durability
and heat resistance than the coating cured using air drying alone.
We concluded that the UV/air dual-cured coating can effectively
overcome the shortcoming of traditional UV coatings and results in
a film with excellent performance. This method is suitable for wood
finishing, especially for furniture with a complicated configuration.
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