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Abstract

Over recent decades, various heritage institutions have utilized a multitude of materials to reinforce the painted layers
of ancient Chinese wooden architecture. In this study, we conducted a comprehensive evaluation of the properties
and durability of four widely used reinforcement agents, i.e., AC33, B72, FKM, and FEVE, using a series of techniques,
including contact angle tests, water vapor permeability measurements, color difference evaluations, tensile strength
tests, UV-vis spectrometry, and scanning electron microscopy (SEM). The results demonstrate that the transmit-

tance rates of the films made from these four reinforcement agents are approximately 100% in the visible light range.
Among them, the B72 film exhibits the highest hydrophobicity. The AC33 film has better permeability, fair tensile
strength, and is more hydrophilic. FKM film is more hydrophobic but has lower permeability and tensile strength.
Overall, the FEVE film presents the best comprehensive properties, including better hydrophobicity, higher permeabil-
ity, and tensile strength. This research provides data evidence to guide heritage conservators and curators in decision-
making when selecting appropriate reinforcement materials in practice.
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Introduction

Ancient Chinese architecture stands out in the history of
world architecture not only for its unique styles but also
for its vibrant and intricate decorative paintings [1-3].
These paintings are distinctive features of ancient Chi-
nese architecture, embodying rich ethnic traits and great
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cultural significance [4]. Typically, these decorative paint-
ings comprise three layers, i.e., the painted layer or the
pigment layer, the mortar (or ‘Di Zhang’) layer, and the
wooden layer, as shown in Fig. 1a and b. The wooden
layer refers to the fundamental structure of ancient
buildings, the mortar layer conceals the patterns of the
wooden surface, such as scars, stains, uneven textures,
and color inconsistencies, and provides support for the
subsequent painting. This layer is commonly made of
mixed materials including brick dust, tung oil [5], flour
[6], lime, pig blood [7], and ramie fibers[6], according
to specific ratios (Fig. 1c). The painted layer, made from
mixed pigment powders and different types of gules, such
as animal glue [8], gelatin [9], and fish glue [1], serves to
decorate the architecture, and some toxic pigments can
prevent architecture from insect infestations, e.g., cinna-
bar, red lead, and Paris green [1].
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Fig. 1 a Cross-section of decorative paintings on ancient Chinese
architecture; b cross-section structure diagram of the decorative
paintings; ¢ composition of the mortar layer

As shown in Fig. 1, various raw materials used in mor-
tar production can degrade over time, vulnerable to
damage from external environmental factors [10, 11].
Fluctuations in temperature and humidity, along with
long-time exposure to sunlight radiation, directly affect
the durability of the color paintings, causing issues like
fading, peeling, cracking, powdering, detachment, and
in extreme cases, the total loss of the painted layer. In
recent decades, several materials have been employed
by heritage institutions for reinforcement of the painted
layer for paintings on the ancient wooded architectures
in practices, e.g., Paraloid B-72 [12], Acrylic resin Pri-
mal AC33 [13-15], polyvinyl acetate (PVAc) emulsion
[16], waterborne epoxy [17], fluoroelastomer (FKM)
[18-20], trifluoro vinyl chloride and vinyl ether copoly-
mer (FEVE fluorocarbon resin) [21], tung oil, and modi-
fied gelatin. However, some of the reinforcement agents
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can themselves degrade [14, 22, 23] and potentially exac-
erbate damage to the painted layers [24, 25]. Paraloid
B-72, popular for its transparency and strong adhesion
to pigments, does not alter the appearance or optical
properties of heritage items. Nevertheless, the B72 film
can reduce the permeability of the objects [26], and lead
to film discoloration over time [27]. Alternatives, such as
fluorinated polymers [28, 29], the mixture of acrylic and
fluorinated polymers [30, 31], and the mixture of silanes
and siloxanes [32], the mixture of Paraloid B72 and
boric acid [33], nanohydroxides [34], began to be used,
but each presents its drawbacks. Also, curators tend to
use traditional materials, such as gelatin and bone glue,
which are consistent with original materials for conserva-
tion treatments [35, 36]. The tung oil has been tried to
be applied for painting reinforcement, while it takes a few
years to completely dry, during which it absorbs dirt in
the air, often leading to surface darkening.

Most of the currently available studies have focused on
evaluating the immediate reinforcing effects of materials
on treated sections of decorative paintings [13, 21], there
is a knowledge gap in the systematic characterization and
exploration of durability for the reinforcing agents. This
study aims to bridge this gap by investigating the effec-
tiveness of the most commonly used reinforcing materi-
als on various pigments in China. Specifically, according
to reported studies as summarized in Table 1 and prelim-
inary in-situ investigation (Fig. 2), the most commonly
used four types of reinforcing agents, employed by dif-
ferent Chinese heritage institutions, were selected for a
comprehensive evaluation in this research. For example,
according to previous conservation recordings provided
by curators, B72 was executed on the color paintings in
the Puren Temple (Hebei province) in 2013 (Fig. 2a; and
a,), FEVE and AC33 were used to reinforce the paintings
in the Qianlong Garden (Fig. 2b; and b,), and the paint-
ings in the East Prosperity Gate (Fig. 2c; and c,) in the

s . . d

Fig. 2 The preliminary in-situ investigation of the reinforcing agents for color paintings in four different heritage sites. a;, a,: the color painting
in the Puren temple; b;, b,: the color painting in the Qianlong Garden in the Palace Museum; ¢;, ¢,: the color painting in the east Prosperity Gate
in the Palace Museum; d,, d,: the color painting in the Taiping Heavenly Kingdom Prince Dai's mansion
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Table 1 A summary of the use of reinforcing agents for the color paintings on ancient wooden architecture in China

Institutions Architecture

Paint layer reinforcement reagents

China Academy of Cultural Heritage

Puren Temple (2011)

Shaanxi Institute for the Preservation of Cul-
tural Heritage

Nanjing Museum

Temple of Literature in Hangzhou (2007)
Jintan Dai Palace, Jiangsu Province (2013)
Grand Canal Yangzhou Yanzong Temple (2018) [18]

The Palace Museum

Qianlong Garden of the Palace Museum (2019)

Luoyang Shaanxi Guild Hall (2004) [37]

Tianshui Fuxi Temple Congenital Hall (2005)
The Palace Museum Zhendu Gate (2005)
Dacheng Hall of Confucius Temple, Hangzhou (2006)

East Prosperity Gate of the Palace Museum (2014)

5-20% Acrylic resin Primal (AC33)
or 2-5% Paraloid B-72

2-5% Paraloid B-72

2% Paraloid B-72

3%, 5%, 10% Paraloid B72
Fluorelastomer

Fluorelastomer

Fluorelastomer

1-2% gelatin

5-20% Acrylic resin Primal (AC33)
3% FEVE fluorocarbon resin

Palace Museum (Beijing) in 2019 and 2012 respectively.
FKM was applied to the paintings of Taiping Heavenly
Kingdom Prince Dai’s Mansion (Jiangsu province) in
2013, as shown in Fig. 2d; and d,. Currently, the rein-
forced painted layers using FEVE, AC33, and FKM dem-
onstrate quite a small number of flaking pigments, and
the reinforced color painting using B72 shows strong
reflection to light (Fig. 2a,).

Experiment section

Preparation of the reinforcement reagents

5% (w/v) of Paraloid B72 granules (Acetone Chemical
Reagent Co., Ltd., Beijing, China) was prepared by dis-
solving them in acetone, denoted as B72. A 3% fluoro-
carbon resin solution (Dalian Zhenbang Co., Ltd. Dalian,
China) was prepared and labeled as FEVE. The fluoroe-
lastomer granules, obtained from Acetone Chemical
Reagent Co., Ltd., Beijing, China, were dissolved in 3%
methyl alcohol at 35 °C. This solution was then combined
with butyl acetate in a 1:1 ratio, producing a mixture
labeled as FKM. 3% acrylic resin primal AC33 (composed
of 40% methyl methacrylate and 60% ethyl acrylate), pro-
vided by the Palace Museum, Beijing, China, was used
directly and labeled as AC33.

Preparation of films

The B72, FEVE, AC33, and FKM solutions were cast onto
76X 26 mm microscope slides for air-drying under room
conditions for 12 h and were used for all characterization
but the mechanical tests. Given that not all of the films
could be well taken off from the slides, the four reinforc-
ing agents were also evenly coated onto Xuan paper, a
homogenous, high-quality traditional Chinese paper
[38], to evaluate the tensile strength of the reinforcement
films.

Preparation samples

The mortar layer was prepared by mixing the tung
oil, flour, lime, and brick ash (provided by the Palace
Museum) according to the ratios of the traditional rec-
ipe (as shown in Fig. la). This mixture was uniformly
applied onto the 5x14.5 cm wooden boards (Fig. 3a)
and air-dried under room conditions (25 ‘C, 50% RH)
for 30 days (Fig. 3b). Six types of commonly used pig-
ment powders with the same particle size (ultramarine,
cinnabar, realgar, lead white, Paris green, and graphite),
purchased from Beijing Tianya Pigment Co., Ltd. Bei-
jing, China, were dissolved in 5% (w/v) gelatin solution
respectively. These solutions were then evenly applied
onto the mortar layer using brushes (Fig. 3c). Subse-
quently, these model samples were air-dried under
room conditions for one week.

Fig. 3 Model painting samples. a the wood support; b the mortar
layer applied to the wood; ¢ six types of pigments (ultramarine,
cinnabar, realgar, lead white, Paris green, graphite) applied

to the surface of the mortar layer
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The degradation of reference samples

Given that the pigments on the paintings have been being
exposed to continuous outdoor sunlight and fluctuating
temperature and relative humidity, leading to flaking of
the pigments layer [39], the stability of the four reinforc-
ing materials was evaluated under uncontrolled tem-
perature and humidity conditions but with UV radiation
exposure. Artificially UV degradation was performed
using a UVB lamp of 180 W at 340 nm (OSRAM Co.,
Ltd., China) for 120 h at 10 cm distance in parallel to the
films coated on slides and model painting samples.

Characterization methods

Contact angle test

The video optical contact angle tester (Dataphysics,
OCA20, Stuttgart, Germany) was used to take photos of
water droplets, and 2 pL of water was contained in the
deposition drop. The droplet velocity is 1.635 mm/s,
and the CCD inclination is 30°. The contact angle was
measured on five different spots of the films (the films
of B72, FEVE, AC33, and FKM), and average values were
obtained and used.

Ultraviolet near-infrared spectrometer

UV-vis near-infrared spectrophotometer (PerkinElmer,
Lambda 950, USA) was used to collect transmittance (%)
of the four films across wavelengths ranging from 250 to
800 nm.

Water vapor transmission property

The water vapor transmission properties were explored
for the four reinforcement agents in compliance with the
standard ISO 12572:2016 with some modifications. Each
agent was uniformly applied to model painting samples
and left to air drying for 12 h. The coated surfaces of
these model painting samples were then positioned over
the opening of a collecting bottle, containing 100 mL of
deionized water. The interface between the model paint-
ing samples and the bottle was securely sealed using
Vaseline to prevent any external airflow. Subsequently,
this entire setup was placed in an oven and dried at 35 °C
for 21 days. To ascertain the effectiveness of the rein-
forcement agents in terms of water vapor permeability,
the weight of the assembly was measured before and after
the drying process. This procedure was repeated four
times, and the average as calculated.

Mechanical characterization

The tensile strength was measured 10 times for each type
of reinforced paper sample (15% 1.5 cm) using a universal
testing machine (QT-1136PC, Guangzhou, China) with
the tensile speed at 10 mm/min, and the average data
were used for analysis. This strain rate was chosen due
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to that it was difficult to test the brittle samples at higher
strain rates.

Scanning electron microscope

Surface morphology of the film samples and model paint-
ing samples were observed using the scanning electron
microscope (SEM, HITACHI SU3500, Japan), with a
high-performance silicon drift detector and X-ray tube
(Rh target); the test range was 11NA-92U. All samples
were sprayed with gold for 120 s.

Colorimetric measurements

The CIE LAB system was used to evaluate the color
changes of the same spot on the model painting samples
before and after UV degradation following the equation
[40, 41]

AE = \/(AL)2 + (Aa)? + (Ab)?

where AE is the color difference, AL, Aa, and Ab denotes
lightness change, the degrees of difference in red and
green and the degrees of difference in yellow and blue
respectively. This measurement was conducted three
times, and the average data were used for analysis.

Pencil hardness test

The pencil hardness test is a method for determining the
film hardness by moving the pencil tips of known hard-
ness over the coating at an angle of 45° to the horizon-
tal with a force of 7.5 N. The test results are graded with
17 scales of 9B, ..., B, HB, E, H, ..., and 9 H of hardness,
where 9B and 9H represent the softest and the hardest
surface hardness, respectively based on the standard ISO
15184:2012(E).

Results and discussion

Properties of the films prepared using the four reinforcing
agents

As shown in Fig. 4a, prior to film formation, the AC33
and FEVE solutions appear white and milky, whereas the
B72 and FKM solutions are transparent. After the film
formation, both AC33 and FKM films exhibit a smooth
surface (Fig. 4b and e), in contrast to the B72 and FEVE
films (Fig. 4c and d), which display a few surface bubbles.
These bubble-like spots on the B72 and FEVE films are
believed to result from phase invasion effects following
solvent evaporation [42]. The highly flat surface of AC33
and FKM indicates that the material expands evenly dur-
ing film formation.

It is acknowledged that a lower contact angle on a film
surface indicates greater surface energy, leading to the
film surface being contaminated by environmental condi-
tions, such as rainwater, bird droppings, spider webs, etc.
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Fig.4 aThe image of four reinforcement agents; b—e the SEM images of four reinforcement films made from the agents (AC33, B72, FEVE,

and FKM)

[43, 44]. In Fig. 5a, contact angles of the film surface of
AC33, B72, FEVE, and FKM are 58.74°, 74.24°, 63.73°, and
78.75° respectively after water drop maintaining for 90 s,
where the data are in line with the results of reported
studies [14, 45]. After 120-h UV degradation for the four
films, the films leads to increasing surface roughness and
decreasing contact angles [45], where contact angles of
AC33, B72, FEVE, and FKM films decreased by 37.32%,
10.9%, 4.63%, and 6.73% respectively. This demonstrates
that AC33 film with the highest surface energy, degrades
at the highest rate among all reinforcement materials.
The FEVE and FKM films have the lowest degradation
rates in this test, showing relatively better stability.

To explore the effects of the four reinforcing films on
the optical properties of the paintings, an excitation light
source of 580 nm was used to evaluate the film transmit-
tance (Fig. 5b). The transmittance rates for AC33, B72,
FEVE, and FKM films were found to be approximately
100% across the visible light spectrum, ranging from
320 to 700 nm, which is in line with reported results, i.e.,
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AC33(99.26%) [13, 21], B72 (99.06%), FEVE (96.47%) [13,
21], FKM (97%) [46], suggesting that all films might not
affect the morphology and optical properties of paintings.

Mechanical properties of the four reinforcement mate-
rials were explored by conducting pencil hardness test
[47-49] for films dried on glass slides and tensile strength
test for reagents dried on Xuan paper, to evaluate the sur-
face stiffness of the films and film strength respectively,
the results are shown in Table 2. As shown in Table 2,
the B72 film exhibited the highest stiffness at 2H, while
both AC33 and FKM films showed the lowest stiffness at
HB. FEVE film has moderate stiffness at F. After UV deg-
radation, the stiffness of B72, FEVE, and FKM films has
decreased by one grade, while that of AC33 presents two-
grade reduction. Also, B72 has the largest tensile strength
at 15.89 MPa, which decreased by 18.94% following
UV exposure, indicating superior mechanical proper-
ties compared to AC33, FEVE, and FKM, which showed
decreases of 21.5%, 17.71%, and 24.63%, respectively.
However, it’s important to note that excessive strength
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Fig.5 a Contact angles of the films before and after aging; b light transmittance of the four films
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Table 2 Pencil hardness of AC33, B72, FEVE, and FKM film samples, and tensile strength of samples made by coating reinforcement

agents on the Xuan paper

Film Samples Pencil hardness

Reinforcement agents applied on Tensile lap-shear strength (MPa)

the Xuan paper
Before degradation  After degradation Before degradation  After
degradation
AC33 HB 2B AC33 6.37 5.00
B72 2H H B72 15.89 12.88
FEVE H F FEVE 6.89 5.67
FKM HB B FKM 4.71 355

in the reinforcement film can reduce the flexibility of the
pigment layer, potentially leading to cracks. For instance,
color paintings reinforced with B72 in the Puren Temple
showed some cracking, as demonstrated in Fig. 2a,. This
highlights a crucial balance between strength and flex-
ibility in the choice of reinforcement materials for pre-
serving the integrity of ancient paintings.

Applications for model color painting samples

To investigate how the reinforcing films affect the color
performance of pigments, the optical properties of
these pigments were evaluated both before and after
the application of the four reinforcement materials. The
procedure for preparing the reinforced model painting
samples is shown in Fig. 6a, where pigment particles are
visible prior to reinforcement (Fig. 6b). Figure 6¢c—f show
the pigments after reinforcement, with the FKM solu-
tion demonstrating superior permeability into the pig-
ment layer. In contrast, the other three reinforcing agents
formed thicker films on the surface of the pigment layer.
The effects of the coating materials on color changes of
the pigment layer were then evaluated by color differ-
ence measurements, providing insights into how each

reinforcement material influences the visual aspects of
the pigments.

The water vapor transmission property of the film
determines the ability of the artifacts to exchange energy
with the outside world after reinforcement, which is one
of the important indicators to determine whether the
reinforcement material can be used on the artifacts, and
if the use of reinforcement materials leads to a reduction
in water vapor transmission, which it might exacerbate
peeling and detachment of the pigment layer. The four
reinforcement films before and after 120-h UV degrada-
tion were prepared. In Fig. 6g, after keeping both unde-
graded and degraded four types of films still for 21 days,
the water contents of undegraded AC33, B72, FEVE, and
FKM films reduced by 4.31 g, 2.12 g, 3.72 g, and 2.52 g,
and the water contents of the degraded films decreased
by 5.2 g, 2.52 g, 4.22 g, and 3.82 g respectively. This indi-
cates that although undegraded AC33 film presents the
best permeability among all reinforcing materials, while
the degraded AC33 film has the highest water loss among
all reinforcing materials, which is consistent with the
results of water contact angle measurement. Also, despite
the relatively lower permeability of undegraded FEVE
and FKM, the two reinforcing films demonstrate lower

«Q
=

Before Aging
64 I After Aging

Weight loss (g)

ol
AC33 B72

FEVE

FKM  Blank

Fig. 6 a Diagram of applying 1 mL reinforcement reagents on the model painting samples. SEM images of b the red pigment layer and the red
pigment layer after coating with ¢ AC33, d B72, e FEVE, and f FKM reagents, g water vapor transmission property of the films before and after aging
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rates of water loss at 13.44% and 12.1% respectively, indi-
cating good film durability.

In this study, AE at 3 was used as the threshold to dis-
tinguish between obvious and non-obvious color differ-
ences [21, 50, 51]. The color changes in all six pigments,
before and after reinforcement with the four materials,
were found to be subtle. Further investigation was con-
ducted on the color changes in both unreinforced and
reinforced pigment layers, before and after 120-h UV
degradation (Table 3). More than 80% of pigments rein-
forced with AC33, B72, and FKM present significant
color changes after UV radiation (AE>3). In contrast,
the color differences in cinnabar, Paris green, and carbon
black pigments before and after reinforcement with FEVE
were minimal. Additionally, the films of AC33, FKM, and
B72 did not significantly alter the color performance of
carbon black. Unfortunately, all reinforcement materials
used in this study cause a significant color change to orpi-
ment, where B72 relatively leads to less color alteration.

Overall, a comprehensive assessment of the properties
and durability of four widely used reinforcement agents,

Table 3 Color difference (AE) of pigment layer, and pigment
layer coated with AC33, B72, FEVE, and FKM reagents before and
after 120-h UV degradation

Pigmentlayer Pigment
layer before

reinforcement

Pigment layer after
reinforcement

AC33 B72 FEVE FKM
Lead white 725 7.06 6.10 475 3.56
Cinnabar 413 3.03 1248 280 545
Ultramarine 11.97 16.90 436 721 12.50
Paris green 248 6.06 749 215 297
Orpiment 7.38 10.07 821 948 10.20
Carbon black 5.07 1.77 331 273 331
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i.e., AC33, B72, FKM, and FEVE, was carried out in this
study, advantages and disadvantages of the four reinforc-
ing materials were summarized in Table 4.

Conclusions

In this study, in order to explore the applicability of
mainly used reinforcement materials on different pig-
ments, the properties and durability of AC33, B72, FKM,
and FEVE agents were systematically evaluated, which
are the reinforcement materials commonly used on
paintings in ancient wooden architectures in four Chi-
nese heritage institutions, and the following conclusions
can be reached.

In summary, the films derived from the four reinforce-
ment agents exhibit approximately 100% transmittance
in the visible light spectra. Among them, the B72 film
stands out as the most hydrophobic, showing superior
reinforcing effects on carbon black. AC33 film has better
permeability and fair tensile strength. On the other hand,
the FKM film, while more hydrophobic, exhibits lower
permeability and tensile strength. Notably, the FEVE
film demonstrates the best overall properties, including
enhanced hydrophobicity, higher permeability, and ten-
sile strength compared to the others.

Our findings suggest that these four reinforcing agents
are likely to be compatible with different pigments and
specific application contexts. As explored in this study,
the FKM material is more suitable to reinforce the lead
white and Paris green, also, the better hydrophobicity of
FKM film is more suitable for the reinforcement of color
paintings stored in humid environments in southern
China, and it can be used for color painting with lower
damage degree due to its low tensile strength. The hydro-
philic reinforcing film, i.e., AC33, can be used to conserve
indoor color paintings. In addition, although the B72 film
presents the highest tensile strength, it is particularly

Table 4 Advantages and drawbacks of the four reinforcing materials for color painting in ancient architecture

Reinforcing materials Advantages

Drawbacks

Better reinforcing effect on pigments

B72 Better hydrophobicity
Better transmittance

Lower permeability
Excessive tensile strength

Carbon black

Less smooth film

AC33 Better transmittance
Better permeability
Fair tensile strength

Smooth film

FKM Better hydrophobicity
Better transmittance
Less smooth film

FEVE Better hydrophobicity
Better transmittance
Better permeability

Fair tensile strength

Lower hydrophobicity

Lower permeability
Low tensile strength

Less smooth film

Carbon black, Cinnabar

Paris green, Lead white

Cinnabar, Paris green, Carbon black
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effective on severely damaged pigment layers. These
insights provide valuable guidance for heritage conser-
vators and curators in selecting the most appropriate
reinforcement materials for practical application in the
preservation of historical artworks.
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