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Abstract

Chinese lacquerware is valued for its distinctive gloss, hardness, and durability. In this
study, three layers of natural lacquer were applied to 3D-printed PLA substrates and ex-
posed to UVA-340 accelerated aging for 25 days. The lacquer film gradually became
lighter in color, with the lightness value increasing from 30.69 to 44.69. At the same time,
gloss decreased from 59.37 to 48.28 GU, while surface roughness increased significantly,
with Ra rising from 2.11 to 10.07 pm. Pencil hardness declined from H to 5B, indicating a
reduction in surface strength. FTIR results showed partial oxidation of phenolic hydroxyl
groups, whereas the aromatic backbone and aliphatic side chains remained largely un-
changed. These results suggest that UV aging mainly causes surface photo-oxidation,
leading to fading, gloss loss, roughening, and reduced durability of the lacquer coating.
SEM images showed that the lacquer surface changed gradually during UV exposure. In
the first few days of aging, small cracks started to appear on the surface, along with a bit
of powdering. As UV exposure continued, the cracks gradually became larger and began
to spread. By the final stage, many of them linked up into a network, but the overall dam-
age slowed down compared to earlier stages. Overall, the process moved through a quick
initial change, then a period of crack growth, and finally a more stable phase. These results
help make it clearer how UV light affects lacquer coatings on polymer-based materials.

Keywords: Chinese lacquerware; 3D-printed PLA; UV aging; photodegradation; surface
characterization

1. Introduction

Chinese lacquerware has a history of several thousand years and is widely consid-
ered an important part of China’s traditional craftsmanship and cultural heritage [1,2].
Natural lacquer has long served as the main coating material for lacquerware. When ap-
plied to wooden substrates, it not only improves the appearance of objects but also pro-
vides good protection and durability [3,4]. Because of its high gloss, hardness, and re-
sistance to environmental damage, natural lacquer has been widely used in furniture, cer-
emonial objects, and cultural artifacts [5,6]. Preserving lacquerware is therefore important
not only for protecting cultural heritage, but also for understanding traditional making
techniques and historical material technologies.
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Although natural lacquer performs well overall, it is still sensitive to long-term ultra-
violet exposure. UV radiation can lead to gloss loss, surface roughening, microcracks, and
changes in chemical structure, all of which gradually weaken its protective performance
[7,8]. Most previous studies have focused on lacquer films on traditional wooden sub-
strates, while research on coatings applied to modern polymer materials is still relatively
limited. Polylactic acid (PLA), a common material in additive manufacturing, has at-
tracted attention due to its biodegradability, easy processing, and ability to form complex
structures. Combining natural lacquer with 3D-printed PLA substrates offers a new way
to reproduce traditional lacquerware and also opens up more possibilities for research
and cultural heritage protection [9].

Compared with traditional wood substrates, which often suffer from moisture fluc-
tuation, anisotropic swelling, biological degradation, and structural heterogeneity, PLA
offers a more geometrically stable and reproducible platform for coating evaluation. How-
ever, PLA surfaces are chemically inert, exhibit relatively low surface energy, and are
highly sensitive to UV-induced degradation, which may affect coating adhesion and long-
term stability. These differences make PLA a fundamentally distinct substrate compared
with traditional wood, requiring specific investigation into lacquer—polymer interfacial
behavior [10,11].

The adhesion mechanism between natural lacquer and PLA substrates is expected to
involve multiple interactions, including hydrogen bonding between urushiol phenolic hy-
droxyl groups and PLA carbonyl groups (C=O--H-0O), as well as micro-mechanical inter-
locking induced by the layer-by-layer morphology generated during 3D printing. In ad-
dition, UV irradiation may promote surface oxidation of both lacquer and PLA, further
enhancing interfacial crosslinking and thus modifying coating stability during aging [12].

Compared with traditional manufacturing methods, 3D printing allows better con-
trol over sample size, structure, and surface features, making it easier to prepare con-
sistent specimens for coating testing. This improves the reliability and repeatability of ag-
ing experiments. The advantages of additive manufacturing include controllable surface
roughness (determined by 0.2 mm layer height), high structural reproducibility, and re-
duced variability compared with natural wood substrates, which often exhibit significant
anatomical heterogeneity. These features make 3D-printed PLA an effective platform for
standardized evaluation of coating degradation behavior [9].

The combination of natural lacquer and additive manufacturing is a practical link
between traditional craftsmanship and modern engineering, and it creates new opportu-
nities in product design, heritage restoration, and cultural innovation [13,14]. This study
bridges traditional lacquer technology with additive manufacturing, enabling controlled
evaluation of UV degradation on standardized polymeric substrates.

In this study, natural lacquer coatings on 3D-printed PLA substrates were exposed
to accelerated UV aging. Changes in color, gloss, surface morphology, mechanical prop-
erties, and chemical structure were systematically analyzed to better understand how the
lacquer film degrades under UV light and to provide useful reference data for future
preservation and material applications.

2. Materials and Methods
2.1. Materials

Polylactic acid PLA with the chemical formula CsH4+Ozn was used as the 3D printing
substrate, and polyvinyl alcohol PVA C2H4On was used as the water-soluble support ma-
terial. Both PLA and PVA filaments were purchased from Ultimaker (Makerbot Method
series, Ultimaker, Utrecht, The Netherlands), with a diameter of 1.75 mm. The PLA fila-
ment is pure white, while the PVA filament is a light transparent yellow.
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Chinese lacquer was provided by Longtou National Lacquer Company (Nanjing,
China). It appears as a milky liquid with a distinct acidic smell and gradually darkens
from a light tone to a brownish color when exposed to air. The solid content of the lacquer
was determined using the gravimetric method, in which the lacquer was dried at 105 °C
until constant mass. The solid content was calculated as follows: Solid content (%) = (dry
mass/initial mass) x 100%, and was measured to be 71.97%.

2.2. Specimen Preparation

In this study, 3D-printed polylactic acid PLA panels were used as the substrates. A
total of 30 samples were prepared, each with a size of 70 mm x 70 mm x 5 mm. The speci-
mens were made using a Makerbot Method 3D printer (Ultimaker, The Netherlands).The
printing parameters were determined based on preliminary optimization tests, literature
reports, and manufacturer recommendations, and included a printing speed of 50 mm/s,
a layer height of 0.2 mm, an infill density of 40%, and a nozzle temperature of 205 °C. The
slicing process was performed using Makerbot Print software (version 5.0). After printing,
the samples were placed in water to dissolve the PVA support material. Once the supports
were fully removed, the specimens were taken out and left at room temperature, about
25 °C, for 24 h to make sure they were completely dry and stable.

After substrate preparation, natural lacquer with a solid content of 71.97% was ap-
plied to the PLA surface using a 50 um wire-wound coating rod (Shanghai Chengyi In-
strument Co., Ltd., Shanghai, China). Due to the relatively low surface energy of PLA,
which limits wetting and adhesion, a multilayer coating strategy was adopted to enhance
interfacial coverage, while lacquer penetration was mainly confined to surface roughness
valleys. The coated specimens were then cured in a controlled environment at 25 °C and
80% relative humidity. Drying was assessed by a simple touch test. A surface that felt
slightly tacky but did not stick to the finger was regarded as surface-dry, while a com-
pletely non-tacky surface indicated full curing.

After the first layer had fully dried, the same procedure was repeated to apply two
additional layers. The three-layer coating system was used to improve film uniformity
and overall stability. The final coating thickness was measured by cross-sectional SEM
analysis (n =5 measurements per specimen) and was determined to be 150 + 4.6 um (mean
+ standard deviation). Before UV aging tests, all specimens were stored at room tempera-
ture for conditioning and subsequent characterization.

2.3. Accelerated Photodegradation

The accelerated UV aging test was carried out following ISO 4892-3:2016 “Plastics —
Methods of exposure to laboratory light sources—Part 3: Fluorescent UV lamps” [15],
which is commonly used to simulate and evaluate the weathering behavior of polymers
and coatings under controlled laboratory conditions. The UVA-340 lamps (Q8/UV3, Kun-
shan Hongzhan Instrument Co., Ltd, Suzhou,China)were selected because their emission
spectrum closely matches the short-wavelength region (295-365 nm) of natural sunlight
UV radiation, providing a reliable simulation of outdoor UV exposure responsible for
photochemical degradation.

The lacquer-coated specimens were placed in a Hongzhan Q8 UV aging chamber
equipped with UVA-340 nm lamps. The test conditions were set at 40 °C, with a distance
of 300 mm between the samples and the light source, an irradiance of 0.76 + 0.08 W/m?,
and a relative humidity of 60%.

The whole aging test lasted for 25 days. Samples were taken out and evaluated
every 5 days. At each time point, five parallel specimens were tested, and another five
unaged samples were kept as the control group, giving a total of 30 specimens for the
experiment.
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2.4. Characterization Methods

The color of the lacquer coatings was measured using a CR-400 chroma meter Konica
Minolta, Tokyo, Japan following ASTM D2244-16 “Standard Practice for Calculation of
Color Differences from Instrumentally Measured Color Coordinates” [16]. At each aging
stage, five specimens were randomly selected for testing, and four points were measured on
each specimen, giving a total of n =20 measurements per group. The L*, a*, and b* values were
recorded, and the average values were used to track the color change during UV aging.

The gloss of the lacquer films was measured according to ISO 2813:2014 [17] (Paints
and varnishes —Determination of gloss value at 20°, 60°, and 85°) using a WG60 Glossme-
ter Shanghai Modern Environmental Engineering Technology Co., Ltd., Shanghai, China.
Four positions at the corners of each of the five specimens were tested, resulting in 20
measurements per group. The final gloss value was taken as the average.

Pencil hardness was tested following ASTM D3363-20 “Standard Test Method for
Film Hardness by Pencil Test” using a BY Pencil Hardness Tester Shanghai Pushen Chem-
ical Machinery Co., Ltd., Shanghai, China [18]. Pencils from 6H to 6B were used and
mounted on the tester. Starting from the softer end 6B, each pencil was drawn across the
coating surface until a visible scratch appeared. The hardest pencil that did not leave a
scratch was recorded as the coating hardness. Five specimens were tested for each group.

Surface roughness was measured according to ISO 4287:1997 [19] —Geometrical product
specifications (GPS)—Surface texture: Profile method —Terms, definitions and surface texture
parameters using a TR110 Surface Roughness Tester (Wenzhou Jingcheng Metrology Equip-
ment Co., Ltd., Wenzhou, China). The parameters Ra, Rq, and Rt were measured at four differ-
ent points on each of five specimens, giving a total of 20 data points per group.

Surface morphology was observed using a Quanta 200 Environmental Scanning Elec-
tron Microscope ESEM from Thermo Fisher Scientific in Hillsboro, ON, USA. Before SEM
analysis, the samples were cut into small pieces measuring 2 mm by 2 mm with a thickness
less than 0.5 mm, fixed on conductive adhesive tape, and coated with a thin layer of gold
to improve conductivity. Images were collected at an accelerating voltage of 6 kV.

Chemical structure changes of the lacquer coatings during aging were analyzed us-
ing a Nicolet iS50 ATR-FTIR (Attenuated Total Reflectance Fourier Transform Infrared)
spectrometer from Thermo Fisher Scientific in Waltham, MA, USA. The measurement
range was 500 to 4000 cm™, with 32 scans per sample and a spectral resolution of 4 cm™.
ATR mode was selected to ensure surface-sensitive detection and to minimize the contri-
bution from the non-degraded inner layer of the coating.

All quantitative measurements, including color L*, a*, b*, gloss, and surface rough-
ness Ra, Rq, Ry, followed the same sampling strategy, with n = 20 data points per group
(five specimens x four measurement points per specimen). Data were expressed as mean
+ standard deviation. Statistical differences among aging intervals were evaluated using
one-way analysis of variance (ANOVA)followed by Tukey’s HSD post-hoc test, with sig-
nificance defined as p <0.05.

3. Results and Discussion
3.1. Physical Changes of Lacquer Coatings During UV Aging

The physical properties of natural lacquer coatings on 3D-printed PLA substrates
were clearly influenced by UVA-340 accelerated aging, as shown in Table 1. Over the 25-
day UV exposure period, obvious changes were observed in color, gloss, surface rough-
ness, and pencil hardness, which indicates a gradual degradation of the lacquer film. All
tests were conducted on five specimens, with four measurement points on each specimen
to keep the results reliable.
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The brightness value (L*) increased noticeably with time, rising from 30.69 on day 0
to 44.69 on day 25, with p < 0.001. This shows that the coating surface gradually became
lighter. The main reason is related to UV-induced photochemical reactions, such as oxi-
dation of phenolic structures and partial chain breakage [20,21]. The chromaticity values
a* and b* changed less, but still showed statistically significant differences (p = 0.013 and
0.036), indicating slight shifts in hue. The rapid increase in L* during the first 5 days, as
evident from the steep initial slope of the AE curve in Figure 1, highlights that early-stage
photodegradation predominantly affects the surface layer, consistent with previous re-
ports on natural lacquer films [22,23].

Table 1. Physical changes of natural lacquer coatings on 3D-printed PLA substrates during UVA-
340 accelerated aging (mean +standard deviation, n =5 specimens x 4 measurement points per spec-
imen). Different letters within the same column indicate statistically significant differences among
aging times (one-way ANOVA, p <0.05).

Aging Time Color Parameters Roughness (um) Hard-
1
(Days) A* B* Gloss (GU) Ra Rt Rq ness
0 30.69¢+£094 0.61>+0.27 0.58°+0.24 59.372+391 211+0.09 2.60°+0.09 10.48<+0.54 H
5 36.074+1.34 0.59°+0.10 0.61>+0.18 56.48>+222 4.92d4+0.16 5434+0.18 15.79 4+ 0.65 B

10 39.00¢+1.01 0.7126+0.29 0.7420+0.29 54.25<+193 6.75£024 7.18<+£0.26 18.99 <+(.78 3B
15 41.79°+1.13 0.812+0.25 0.772»+0.23 51.224+2.08 836b+0.32 8.82b+0.33 21.54°+0.89 4B
20 44.682+1.11 0.832+0.28 0.812+£0.24 48.32¢+1.97 10.042+0.32 10.572+0.34 24.292+0.81 5B
25 44.692+1.10 0.862+0.26 0.842+0.29 48.28¢+1.96 10.072+0.31 10.612+0.34 24.31 2+ 0.50 5B

p values

0.013 0.036 <0.001 <0.001 <0.001 <0.001 -

Gloss measurements revealed a steady decline from 59.37 GU to 48.28 GU over 25
days (p < 0.001). The most pronounced decrease occurred during the initial 10 days, cor-
responding to rapid surface evolution. This is closely associated with increased surface
roughness and the formation of surface morphology defects such as microcracks and par-
ticulate debris, which reduce specular reflection [22,23]. Beyond 15 days, the rate of gloss
loss slowed, indicating the possible formation of a thin layer of photoproducts on the sur-
face, which may partially protect underlying material from further degradation [24,25].

Surface roughness parameters Ra, Rq, and R: all showed a clear increasing trend
throughout the aging process, with statistically significant differences (p < 0.001). Specifi-
cally, Ra increased from 2.11 pm to 10.07 pm, Rq from 2.60 pm to 10.61 um, and Rt from
10.48 pum to 24.31 um. These results indicate progressive deterioration of the coating sur-
face, accompanied by microcrack formation and surface particulate debris accumulation.
The increase was rapid in the early stage (0-5 days), corresponding to intense photochem-
ical reactions, while the later stage (15-25 days) showed a gradual deceleration, suggest-
ing partial stabilization of the surface layer.

The pencil hardness of the lacquer coatings decreased from H to 5B over 25 days,
indicating a clear reduction in mechanical strength caused by UV irradiation. The most
significant drop occurred during the first 0-5 days, showing that the surface structure was
quickly weakened at the early stage. From 15-25 days, the rate of decrease became slower,
which is likely related to continuous oxidation and gradual breakdown of the polymer
network of the lacquer [26]. The results demonstrate a staged degradation process char-
acterized by rapid initial changes followed by gradual deceleration rather than “leveling
off” behavior.

Quadratic fitting of color (AE), gloss, and roughness changes (Figure 1) further con-
firms a staged degradation process. In the early stage from 0 to 5 days, AE and Ra increased
quite quickly while gloss dropped sharply, showing that strong photochemical reactions
and surface damage were taking place. In the middle stage from 5 to 15 days, the changes
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became slower, which suggests that relatively stable oxidized surface layers were starting
to form. In the late stage from 15 to 25 days, the trends tended to level off a bit, reflecting
the development of crosslinked networks and some degree of surface stabilization.

Overall, the results from Table 1 and Figure 1 show that natural lacquer coatings on
3D-printed PLA substrates follow a typical staged photodegradation process. There are
rapid changes at the beginning in color and surface properties, and then a slower, more
gradual evolution over time. These results clearly indicate that UV exposure leads to
chemical oxidation, polymer chain scission, and physical surface degradation at the same
time. This also highlights the need for protective approaches such as UV-blocking coatings
to improve the service life of lacquer-coated PLA substrates under long-term sunlight ex-
posure [7,27].
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Figure 1. Trends of color, gloss, and roughness (Ra) during UV aging.

3.2. Chemical Changes of Lacquer Coatings During UV Aging

FTIR analysis was carried out to examine the chemical changes of natural lacquer
coatings on 3D-printed PLA substrates during UVA-340 accelerated aging (Figure 2). The
spectra give a clear picture of how different functional groups evolve over time, as well
as the stability of the polymer backbone and the gradual formation of oxidative cross-
linked structures within the lacquer film.

The broad band around 3350 cm™ (-OH stretching) showed a slight decrease with
increasing UV exposure time. This indicates that phenolic hydroxyl groups in urushiol
undergo limited oxidation and hydrogen-bond rearrangement during aging, rather than sig-
nificant consumption as previously assumed. The relatively stable OH signal suggests that
hydroxyl groups are less directly involved in the primary photodegradation pathway [14,28].
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Figure 2. FTIR spectra of natural lacquer coatings on 3D-printed PLA substrates during UVA-340

accelerated aging.

The peak near 2920 cm™, corresponding to aliphatic -CH:z- stretching, remained es-
sentially stable throughout the aging process. This suggests that the long hydrocarbon
side chains in urushiol are relatively stable under UV exposure. Because of this stability,
the coating can better maintain its hydrophobicity and flexibility, and it may also help
slow down the appearance of surface cracks and powdering seen in the physical tests [29].

A significant decrease in the carbonyl peak around 1750 cm™ was observed, indicating
active participation of ester-related groups in degradation reactions. In addition, the C-O
stretching band near 1260 cm™ also exhibited a notable reduction, demonstrating that C-O
bonds are directly involved in the UV-induced degradation process. These results confirm that
C=0 and C-O functional groups are the primary reactive sites during photodegradation [30].

The aromatic C=C vibration near 1600 cm™ remained almost unchanged, indicating
that the aromatic backbone of urushiol is relatively stable under UV exposure [27].

Based on these observations, the photodegradation mechanism is mainly attributed to
UV-induced photolysis of C-O bonds, followed by radical formation and subsequent oxida-
tion of urushiol side chains. The cleavage of C-O bonds generates reactive intermediates that
further promote crosslinking and partial network restructuring, rather than purely enzymatic
or hydroxyl-driven reactions. This mechanism differs fundamentally from lactase-catalyzed
enzymatic crosslinking and better explains the observed decrease in C—O and C=O signals [31].

The FTIR data indicate that while UV exposure induces significant changes in car-
bonyl and C-O related groups, the aromatic core structure remains largely intact. Progres-
sive radical-driven oxidation and partial crosslinking contribute to the formation of a
more stable surface network, which helps slow down later-stage physical degradation.
These findings provide a molecular-level explanation for the observed trends in color,
gloss, roughness, and hardness during the 25-day aging process.

3.3. Surface Morphology of Lacquer Coatings During UV Aging

The surface morphology of natural lacquer coatings on 3D-printed PLA substrates
under UVA-340 accelerated aging was observed using SEM and digital imaging (Figure
3). Before aging, the coating exhibited a smooth and dense surface, consistent with high
gloss and low roughness values. After 5 days of UV exposure, initial microcrack formation,
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SEM

localized pits, and surface particulate debris were observed, indicating early-stage photo-
chemical degradation [32].

5-day 10-day

Figure 3. SEM and digital imaging of natural lacquer coatings on 3D-printed PLA substrates at dif-
ferent aging times under UVA-340 irradiation.

As aging continued to 10-15 days, the surface changes became more obvious. The
number of cracks increased and they gradually grew and spread, while more protrusions
and void-like structures appeared. The build-up of white powder together with the ex-
panding cracks suggests that this stage corresponds to intermediate degradation, where
oxidative crosslinking takes place in the urushiol side chains. This explanation is also sup-
ported by FTIR results (Figure 2). The trends in roughness and hardness during this pe-
riod are consistent with SEM observations, showing that chemical reactions and physical
damage occur at the same time [33,34].

In the late stage to 15-25 days, the coating surface exhibited extensive interconnected
cracks, obvious voids, and widespread powdering, indicating severe structural damage
and partial delamination. Although the defects continued to develop, changes in color,
gloss, and roughness became more gradual, suggesting that crosslinked structures and
degradation products partially stabilized the surface. Overall, the results show a clear
staged aging process: rapid changes in the first 0-5 days, structural expansion and oxida-
tion during 10-15 days, and severe deterioration in 15-25 days [5]. Importantly, by using
3D-printed PLA substrates, the present study benefits from a highly controllable and re-
producible surface structure, which reduces the inherent variability of natural wood and
enables more consistent evaluation of UV-induced degradation behavior in lacquer coat-
ings. This advantage of additive manufacturing provides a more standardized platform
for systematically analyzing lacquer aging mechanisms under controlled conditions.

4. Conclusions

This study systematically investigated the UV aging behavior of natural lacquer coat-
ings on 3D-printed PLA substrates under UVA-340 accelerated conditions, focusing on
physical properties, chemical structure, and surface morphology evolution. The main
novelty lies in integrating traditional natural lacquer with additive-manufactured PLA
substrates, providing a highly controllable and reproducible platform for evaluating coat-
ing degradation behavior. Results indicate that UV aging induces a staged degradation
process dominated by surface photochemical reactions. In the early stage (0-5 days), rapid
increases in L* and surface roughness, together with a sharp decline in gloss and hardness,
reflect intense surface photodegradation. In the intermediate stage (5-15 days), crack
propagation and oxidative reactions dominate, leading to progressive structural deterio-
ration. In the late stage (15-25 days), although severe damage such as interconnected
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cracks and powdering occurs, the degradation rate gradually slows due to partial stabili-
zation of crosslinked photoproducts. ATR-FTIR analysis shows limited changes in hy-
droxyl groups, while significant reductions in C=O and C-O bands indicate that UV-in-
duced photolysis and radical-driven oxidation are the main degradation pathways. SEM
observations confirm progressive surface failure from initial microcracks to a highly frag-
mented network structure. Importantly, the use of 3D printing reduces substrate variabil-
ity compared with natural wood, improving experimental repeatability and enabling
more reliable evaluation of lacquer degradation mechanisms. Limitations include the ab-
sence of long-term natural weathering data and interfacial adhesion analysis between lac-
quer and PLA. Future work should address long-term environmental exposure and inter-
face optimization strategies.
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