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Reinforced protection of fragile bronze et

cultural relics based on nano-cuprammonium
fiber material
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Abstract

Bronze artifacts often suffer from “bronze disease” due to the presence of chloride ions, which result from copper
chlorides forming on their surfaces during storage. Therefore, reinforced protection is essential for these unearthed
cultural artifacts, and new materials for the reinforced protection of fragile bronzes are urgently needed. In this study,
cuprammonium solvent and nanocellulose (CNC) were utilized as reinforcement materials to protect fragile bronzes.
The chemical and aesthetic properties before and after reinforcement were analyzed using ultra-depth field micro-
scopes, SEM-EDX, XRD, and Raman spectroscopy. The results indicated that at a nano-cuprammonium reinforcer con-
centration of 2.5 mol/L, the optimal reinforcement effect on simulated bronze powdery rust samples was achieved.
Mechanical strength increased by an average of 77.59%. The mass growth rate reached 84.8%, while the color
difference AE remained below 4.0. Additionally, aging resistance significantly improved, aligning with cultural artifact
protection standards.Meanwhile, a compact and stable protective membrane formed on the surface of the bronzes,
isolating the bronze matrix from direct contact with the external environment, which delayed bronze corrosion

and contributed to long-term stable preservation.
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Introduction

Most ancient bronze artifacts in China were unearthed
from archaeological sites after remaining buried for long
periods of time. These artifacts are prone to various types
of corrosion, influenced by environmental factors,such as
water, oxygen, soluble salts, and biological matter in the
soil [1, 2]. Typically, rust on these artifacts can be classi-
fied into three major categories: stable rust, active rust,
and harmful rust. Stable rust generally does not damage
the underlying bronze substrate and can even augment
the artifact’s historical value, thus usually requiring no
specialized intervention for conservation.Active rust,
however, can evolve into harmful rust under favorable
conditions, potentially leading to severe degradation of
the bronze substrate [3]. Additionally, “powdery rust” can
accelerate the corrosion of bronze artifacts when exposed
to conducive environmental conditions, threatening not
only their artistic value but also their long-term preserva-
tion [4-10].

The concept of “Fragile bronze artifacts” is based on
subjective perception of the preservation of cultural rel-
ics [3]. It is a consequence whereby bronze artifacts lose
(or do not possess) their original metal toughness and
strength, are easily broken, damaged and difficult to han-
dle by conventional methods. They contain deep miner-
alization, powdery rust and thin walls. However, there is

no consensus in the academic community regarding the
definition and criteria for distinguishing fragile bronze
artifacts, leading to issues such as multiple connotations
and subjectivity [11-13].

“Powdery rust” refers to a bright green, loose, powdery
corrosion product found on bronze artifacts containing
chlorine. Under suitable conditions, it can spread rapidly
and penetrate the bronze matrix, leading to perforation,
disintegration, or even the complete collapse of the arti-
facts. This phenomenon is commonly known as “bronze
disease” by researchers. The main chemical component
of powdery rust is copper hydroxychloride (Cu,(OH);Cl)
[14, 15]. This study focuses primarily on the corrosion
effects of powdery rust on fragile bronze artifacts.

Current research on the stabilization and protection
of fragile bronze artifacts primarily focuses on severe
mineralization and the spread of “powdery rust” [16].
Preservation methods commonly used by scholars both
domestically and internationally primarily focus on
cleaning and rust removal, as well as reinforcement and
coating. Common cleaning and rust removal methods for
bronze cultural relics include laser rust removal [17], the
silver oxide sealing method [18], and low-temperature
plasma rust removal, among others [19].

Archaeologically unearthed fragile bronze artifacts
often exhibit severe corrosion, fragile textures, cracks,
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deformation, significant mineralization, and powdery
rust. These artifacts require reinforcement and protec-
tion to ensure their long-term stability and preservation.

Epoxy resin is a polymer containing multiple epoxy
groups, renowned for its excellent adhesion and tough-
ness. Since the 1960 s, epoxy resin has been extensively
used in cultural heritage conservation for bonding and
reinforcing various artifacts, including ceramics, bronze,
and stone relics. Ma Yu et al. [20] from the Museum of
the First Emperor of Qin used E-44 epoxy resin com-
bined with fiberglass cloth (forming fiberglass) to bond
and reinforce fractures in a bronze crane from Pit No.
23 of the Emperor Qinshihuang’s Mausoleum, restor-
ing appearance of the artifact and overall aesthetics.
However, due to the aging phenomenon of epoxy resin,
artifacts treated with it may experience discoloration,
delamination, and other issues, necessitating further
improvement in its aging resistance.

Acrylic resin is a type of polymer synthesized primar-
ily from acrylic esters or methyl methacrylate, charac-
terized by a main chain without unsaturated structures
and side chains with ester structures [21]. This structural
composition endows acrylic resin with excellent chemical
stability, good film-forming properties, and safety in use.
The application of acrylic resin in cultural heritage con-
servation dates back to the 1960 s. In 1968, Italian schol-
ars first used it for the reinforcement and protection of
carvings on the door frames of the Siena Cathedral [22].
For over half a century, acrylic resin has been widely used
as a reinforcement and protective agent for bronze arti-
facts, silk textiles, stone objects, and more. H. Jedrze-
jewska et al. [23] in Poland reinforced and protected an
Egyptian bronze statue of Amon using Paraloid B-72
(referred to as B72, a polymer composed of 66% methyl
methacrylate and 34% ethyl acrylate), endowing the arti-
fact with new historical value. However, acrylic resin also
has drawbacks, such as a high film-forming temperature,
poor water resistance, and low adhesion, which limit its
application in cultural heritage conservation. Therefore,
formulation modifications are necessary to achieve better
compatibility with artifacts.However, acrylic resin also
has drawbacks, such as a high film-forming temperature,
poor water resistance, and low adhesion, which limit its
application in cultural heritage conservation. Therefore,
formulation modifications are necessary to achieve better
compatibility with artifacts.

In recent years, the application of composite materials
in cultural heritage conservation has become increas-
ingly widespread. By modifying materials through com-
posite formulations, superior properties are imparted to
the materials, thereby enhancing the compatibility and
compatibility between the protective materials and the
cultural artifacts. Gong Decai et al. [24] incorporated a
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UV absorber (UV-9) into B72 to protect and reinforce
the painted decorations on wooden cultural relics, effec-
tively improving their resistance to photoaging. After this
chemical protection treatment, there was no powdering
or peeling of the decorations, and the colors remained
unchanged.Chen Jiachang et al. [25-27] developed a
highly permeable acrylate metal complex sol for reinforc-
ing bone, pottery, and lacquered wooden artifacts, and it
also shows good results in the in-situ stabilization treat-
ment of “powdery rust” on bronze artifacts.

Nanocellulose is a type of fiber with a one-dimensional
structure measuring less than 100 nm in width and
serves as the fundamental building block of cellulose.
Depending on its size and morphology, cellulose can be
categorized into cellulose nanocrystals (CNC), cellu-
lose nanofibers (CNF), and bacterial cellulose (BC), also
known as microbial cellulose (MC) [28, 29]. Of these
types, CNC and CNF can be produced through relatively
straightforward processes. These nanofibers exhibit the
core properties of natural cellulose, such as regenerabil-
ity and biodegradability, along with additional features
like high specific surface area, enhanced hydrophilicity,
remarkable transparency, excellent mechanical stability,
and inherent antimicrobial properties [30]. They pro-
vide substantial advantages for high-performance com-
posite materials and demonstrate versatility in diverse
sectors, including biology, medicine, the food industry,
electronics, and the paper industry.Due to their extensive
potential applications across numerous fields, nanofib-
ers are gaining significant attention in both research and
industry.

To address these aforementioned issues, we conducted
an investigation into reinforcement agents focused on
the cuprammonium-nanocellulose system, examining
their effects when mixed.Subsequently, we created sim-
ulated powdery rust test samples derived from fragile
bronze artifacts for use in reinforcement experiments.
Moreover, various analytical techniques, such as X-ray
diffraction (XRD), scanning electron microscopy (SEM),
Raman spectroscopy, and electronic universal test-
ing machines, were employed to assess the fundamen-
tal properties of the simulated powdery rust samples,
both before and after reinforcement.The key innovation
in this study lies in the approach of “Treating copper
with copper;” whereby materials are subjected to a com-
plex formulation designed to convert powdery rust into
structurally compact minerals and, eventually, into sta-
ble components of bronzes through complexation with
a composite gel system that establishes chemical bonds.
Concurrently, a dense and stable protective membrane
formed on the surface of the bronzes, effectively isolating
the bronze substrate from direct exposure to the exter-
nal environment, thereby mitigating bronze corrosion
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and supporting long-term preservation.In summary, this
study presents a novel and effective approach for rein-
forcing and protecting fragile bronze cultural relics.

Materials and methods

Reagents and materials

The self-prepared cuprammonium solvent of a certain
concentration [Cu(NHj3)4(H,0),] was the blue solution.
Ammonium hydroxide (NHj-H3O, AR), polyethylene
glycol 4000 (HO(CH,CH20),,H, AR), and urea (CO(NH;
)2, AR) were purchased from Sinopharm Group Chemi-
cal Reagent Co., Ltd. The copper chloride hydroxide (Cuy
(OH)3Cl) used for preparing simulated powdery rust
samples was commercially available.

Property characterization of the test samples

A DVM-6 ultra-depth of field microscope (LEICA, Ger-
many) was used for surface morphology observation
of the bronze stimulated samples at the magnification
of 50-1000x. A Quanta 650 environmental scanning
electron microscope (FEI, USA) was employed to char-
acterize the microstructure and composition of bronze
stimulated samples. The experimental conditions
included high vacuum mode,with a working voltage of 25
kV, secondary electron imaging and backscattered imag-
ing. A D8 Focus X-ray diffractometer (Bruker, Germany)
was employed to characterize the phase of bronze stimu-
lated samples. The X-ray diffraction conditions were as
follows: the radiation source was Cu/K«, the wavelength
was 15.4 nm, the tube voltage was 40 kV, the tube cur-
rent was 100 mA, the scanning speed was 5 (°)/min,
and the diffractometric range was 5 — 80°. A 3345 uni-
versal material testing machine (Instron, USA) was uti-
lized to test the flexural strength of the bronze prowdery
rust samples at the degree of measurement from 0 to
5000 N and the load measurement accuracy of +0.5%.
A Apollo-X energy disperse spectroscopy (EDAX, USA)
was applied to perform elemental analysis of the bronze
powdery rust samples under the experimental conditions
including dot scanning and plane scanning. A CR-400
color difference meter (Konica Minolta, Japan) was uti-
lized under the experimental conditions below: meas-
urement time of 1 s, measurement area of 8 mm, and
standard deviation of AE<0.07. A INCIA-REFLEX laser
Raman spectrometer (Renishaw, UK) was used under the
following experimental conditions: gratings of 1200 //mm
and 1800 //mm, eyepiece of 20x, CCD probe, power of
0.5 — 50W, and the excitation light sources of 532, 633
and 785 nm.

Preparation of the nano-cuprammonium fiber hydrosol
Due to hydrogen bond interactions, cellulose nanocrys-
tals (CNC) tend to agglomerate, forming large and
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non-uniform particles that are difficult to disperse
in organic solvents, thereby reducing their infiltra-
tion capacity on the surface of corrosion products.To
improve the dispersibility of CNC powders in organic
solvents and their infiltration capacity on the corro-
sion product surface, it is essential to process the CNC
to reduce its particle size [31]. The CNC samples were
initially placed in a 60 °C constant-temperature air blast
drying oven for 3 h, then transferred into a nylon ball
mill for further processing. A zirconia milling medium
with a diameter of 5 mm was subsequently added to the
ball mill. The mixture was placed in a planetary ball mill
for thorough milling at a rotation rate of 800 rpm, with
a grinding media-to-material ratio of 0.65, for 8 h to
separate the zirconia grinding balls from the powdered
material.Following the ball milling process, a portion of
the CNC samples underwent additional drying in a 60 °C
constant-temperature air blast drying oven for 9 more
hours to obtain the nano-scale powders [32-34]. The
resulting samples were then subjected to vacuum dry-
ing at 60 °C until a constant weight was achieved, after
which they were sealed in sample bottles for long-term
dry storage [31, 35, 36].

The ball-milled cellulose nanocrystals (CNC) were
dispersed in a cuprammonium solvent and subjected
to a specific seasoning process. As a result, a nano-
cuprammonium fiber hydrosol with a light blue hue
was obtained.To determine the optimal concentration
of nano-cuprammonium fiber hydrosol for reinforcing
powdery rust, we prepared nano-cuprammonium fiber
hydrosols at concentrations of 0.5, 1.5, 2.5, and 3.5 mol/L
for testing in our experiments [37-39].

Preparation of fragile bronze powdery rust simulated
samples

Characterization of ancient bronze artifacts with powdery
corrosion rust

(1) Sample information

Four typical bronze relics with characteristic powdery
rust disease were selected from the bronze relics sam-
ple library. Among them, G1 and P1 are bronze weapon
and bronze plate from the Warring States period, respec-
tively; T1 is a bronze mirror from the Han Dynasty; Z1 is
a bronze wine cup from the Tang Dynasty. The corrosion
product composition and powdery rust morphology of
the samples are diverse and typical, demonstrating a cer-
tain representativeness. Details of the samples are shown
in Table 1.
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Table 1 Ancient bronze artifacts powdery rust analysis sample
information table

Serial Sample Artifact Name Period Original ID
Number ID
1 G1 Bronze Warring HXXM9:75
weapon states
2 Pl Bronze plate Warring HXXM9:37
states
3 T Bronze mirror  Han dynasty = 2022XHCTMO00355
4 Z1 Bronze wine Tang dynasty 2023T15M0043
cup

(2) Morphological characterization analysis

The artifacts G1, P1, T1, and Z1 were successively
observed under a scanning electron microscope
(SEM) and a digital microscope with high depth of
field to examine their surface corrosion features.

(3) Elemental composition analysis

SEM-EDS was employed to detect the surface of the
fragile bronze artifacts G1, P1, T1, and Z1 for their
powdery rust. Based on the morphological observa-
tions, the energy spectrum was used for in-depth
quantitative analysis of the elemental composition
and percentage differences of the powdery rust on
the surface of the bronze artifacts with different
morphological characteristics.

(4) Constituent analysis

The surface corrosion products of the artifacts were
analyzed using X-ray diffraction (XRD) and Raman
spectroscopy. By combining the results of the
energy spectrum composition analysis, the phase
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composition of the powdery rust was further deter-
mined qualitatively and quantitatively.

(5) Density and hardness testing

The density of the four powdery rust bronze artifact
samples was measured using an electronic densim-
eter. Additionally, the Vickers hardness of the pow-
dery rust areas on the surface of each artifact was
measured using a microhardness tester. Multiple
measurements were taken in situ, and the average
value was obtained.

Sample G1, a fragment of a bronze weapon from the
Warring States period, had a density of 4.32 g/cm® and
a hardness of 168.5 HV. Under scanning electron micros-
copy (SEM), the surface of sample G1 exhibited dispersed
clusters of powdery rust corrosion products, primarily
dark green, interspersed with white and dark gray parti-
cles (Fig. 1b). The corrosion products appeared layered
and loosely distributed on the surface. Numerous sur-
face pores were observed under SEM (Fig. 1c). Based
on X-ray diffraction (XRD) results (Fig. 3) and Raman
spectroscopy (Fig. 4), the main components of the pow-
dery rust corrosion products were identified as atacamite
(Cuy(OH)3Cl), malachite (CuCOs3-Cu(OH),), and azurite
(2CuC03‘Cu(OH)2).

Sample P1, a bronze food plate from the Warring States
period, had a density of 3.18 g/cm? and a hardness of
152.3 HV. The corrosion products exhibited a complex
morphology. Under super-depth microscopy, the sur-
face appeared predominantly green, with some yellow
and white particles interspersed (Fig. le). The corrosion
products appeared compact and layered. Scanning elec-
tron microscopy revealed large blocks of corrosion layers
with some structural cracking. XRD results (Fig. 3) and

Fig. 1 Corrosion morphological characteristics of powdey rust on cultural relic samples

(a,d,g,j The surface morphology of powdey rust on cultural

relic samples; b,e,h,k The ultra-depth of field microscopic photographs of powdey rust on cultural relic samples; ¢,fi,l The environmental scanning

electron microscopy photographs of powdey rust on cultural relic samples)
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Raman spectroscopy (Fig. 4) confirmed the presence of
paratacamite (Cup(OH)3Cl), azurite (2CuCO3-Cu(OH),),
and a small amount of cuprite (CuyO) on the surface.

Sample T1, a Han Dynasty bronze mirror, had a den-
sity of 3.26 g/cm> and a hardness of 89.3 HV. Under
super-depth microscopy, the surface exhibited clustered
powdery rust corrosion products with predominantly
green rust and white particles (Fig. 1h). Scanning elec-
tron microscopy revealed a diffusion trend of the corro-
sion products towards the surrounding area (Fig. 1i). The
main component of the surface rust corrosion product
was identified as atacamite (Cup(OH)3Cl), with traces
of cuprous chloride (CuCl) and malachite (2CuCOs-
Cu(OH)y).

Sample Z1, a Tang Dynasty bronze wine cup, had a
density of 2.39 g/cm?3 and a hardness of 119.4 HV. Among
the four samples, Z1 exhibited the most severe powder
rust corrosion. The surface appeared porous, loose, and
powdery, with white-green rust corrosion products and
visible cracks and holes under both super-depth micros-
copy and scanning electron microscopy. XRD results
(Fig. 3) and Raman spectroscopy (Fig. 4) confirmed the
presence of malachite (CuCO3-Cu(OH);), atacamite (Cup
(OH)sCl), and some cuprite (CupO) on the surface.

In summary, the primary characteristic of “powdery
rust” bronze artifacts is the dense distribution of dis-
persed or clustered corrosion products on the surface.
Although the distribution patterns of these two types of
“powdery rust” may differ, they both exhibit strong dif-
fusion characteristics and can be “activated” in suitable
environments, leading to the pulverization and eventual
disintegration of the bronze artifacts. The main compo-
nent of powdery rust is copper chloride (Cux(OH)3Cl).
The rust corrosion products are distributed in layers,
uneven in thickness, rough, and fragile, often accompa-
nied by surface cracking, swelling, crack formation, and
hole formation. Additionally, “powdery rust” bronze arti-
facts have a density less than 4 g/cm?® (the original den-
sity of bronze artifacts being 8.56—9.0 g/cm?>), and their
Vickers hardness decreases linearly with the degree of
corrosion (Fig. 5). The low copper content and high chlo-
rine content in “powdery rust” bronze artifacts may be
attributed to the corrosion behavior of cupric chloride
compounds, leading to the loss of copper metal (Fig. 2).

Comparison between simulated powdery rust samples

and real archaeological bronze artifacts

The simulated powdery rust samples of fragile bronze
artifacts should closely resemble the real archaeological
artifacts in terms of various characteristics and param-
eters. Through the analysis of the main features of typi-
cal powdery rust bronze artifacts in the previous section,
severe corrosion of the alloy matrix is the most obvious
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characteristic of “powdery rust” bronze artifacts. There-
fore, the simulated samples prepared artificially are
pressed from compound powders without any alloy
matrix. In terms of composition and content, the main
components of fragile bronze artifacts include tin dioxide,
basic copper carbonate, basic lead carbonate, etc. There-
fore, analytical pure tin dioxide, basic copper carbonate,
and basic lead carbonate are used as raw materials for
the simulated samples. The average surface element con-
tent of the four “powdery rust” bronze artifact samples
tested is approximately: Sn 48.21%, Cu 10.36%, Pb 6.29%
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(Sn:Cu:Pb~6:3:1); according to XRF fluorescence spec-
trum analysis, the main element content of the simulated
powdery rust samples is approximately: Sn 49.96%, Cu
15.52%, Pb 9.01%, which is similar to the real archaeologi-
cal artifact samples. In terms of physical properties, the
density of the artifact samples is approximately 2.08—4.59
g/cm®, and the hardness of the powdery rust corrosion
products is approximately 12.3—197.6 HV. After meas-
urement by electronic densimeter and microhardness
tester, the density of the simulated powder rust samples
is approximately 3.53 g/cm?, with an average hardness of
22.4 HV, which is similar to the real artifact samples and
meets the experimental requirements.
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A small amount of menthol was added during the
preparation of the simulated samples, which, after heat-
ing and volatilization, makes the structure more porous.
The surface and cross-section of the simulated samples
were observed using a scanning electron microscope,
and compared with a typical powdery rust bronze artifact
fragment unearthed from Hangzhou, Zhejiang Province.
The surface of the unearthed bronze artifact samples is
light green, with yellow particles attached to the surface,
and numerous pores and cracks; the surface of the simu-
lated samples is also light green, with white lead carbon-
ate particles interspersed, and numerous pores can be
observed (Fig. 6¢, d). The cross-sections of both the real
bronze artifact sample and the simulated sample appear
light green under the microscope, with a loose and
porous structure, interspersed with a large amount of a
large amount of white and green substances (Fig. 6e, f).
Overall, the artificially prepared simulated powdery rust
samples closely resemble the real powdery rust bronze
artifacts in terms of composition, physical properties,
and appearance, effectively reflecting the powdery rust
corrosion characteristics of real artifacts.

Preparation of fragile bronze powdery rust samples
Weigh tin dioxide, basic copper carbonate, and basic lead
carbonate in a ratio of 6:3:1 using a precision balance to

Fig. 6 Comparative ultra-depth of field microscope images

of simulated bronze powdery rust samples and the authentic
cultural relic sample. a image showing the surface of the authentic
cultural relic; b image showing the surface of the simulated samples;
cimage of the surface of the authentic cultural relic; d image

of the cross-section of the simulated samples; e image showing

the surface of the powdery rust simulated test specimen; f image

of the cross-section of powdery rust simulated samples)
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prepare a total of 20 g of raw materials for the simulated
sample. Place the raw materials in an agate mortar and
grind them clockwise and counterclockwise for several
rounds until evenly mixed. After uniform mixing, fill the
mixture into the mold. Use an electric press machine to
press the mixture at a pressure of 10 MPa into a round
cake-shaped sample with a diameter of 40 mm and a
thickness of 5 mm (Fig. 7). Place the pressed samples in a
vacuum drying oven at 60 °C for 6 h. After the solvent has
evaporated sufficiently, leave the samples in a cool place
for 48 h [40, 41].

Reinforced treatment of the simulated bronze powdery
rust samples

A specific amount of nano-cuprammonium fiber hydro-
sol reinforcer was used to reinforce the powdery rust
samples through instillation with a rubber dropper and
even application with a cotton swab. Subsequently, the
powdery rust test samples were reinforced at concentra-
tion gradients of 0.5, 1.5, 2.5 and 3.5 mol/L. Thereafter,

40mm

5mm

Fig. 7 Structural diagram of simulated powdery rust samples

The gaps and holes \‘
of powder rust
sample

\

High concentration
reinforcer

Bronze powder rust sample

\ e _
\ ‘e °®
\ @0 O

©] Q
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the low concentration reinforcer was utilized for sec-
ondary infiltration reinforcement of the fragile powdery
rust samples. The reinforcement process was completed
once the mass of the simulated samples became constant.
Afterwards, the simulated samples were dried in the
60°C constant-temperature air blast drying oven to con-
stant weight, and renumbered for later use (Fig. 8).

Characterization methods of the reinforcement
effect

Morphology characterization analysis

A DVM-6 ultra-depth of field microscope (LEICA, Ger-
many) was used to observe the surface morphology of the
bronze powder rust test specimen at the magnification of
50-1000x. A Quanta 650 environmental scanning elec-
tron microscope (FEI, USA) was employed to character-
ize the microstructure and composition of bronze test
samples.

Flexural load test

The Instron 3345 universal material testing machine was
utilized to test the mechanical strength of the bronze S
powdery rust specimen. The test parameters were shown
below: sampling rate (pts/sacs), 10.000; humidity (%), 50;
beam speed (mm/min), 25.0000; and temperature, 25 °C.
The flexural loads of the bronze powdery rust samples
before and after reinforcement were tested.

Mass change fraction test
During this test, the change in the mass of bronze pow-
dery rust samples before and after reinforcement was

o

Low concentration
reinforcer

The holes and gaps are filled with
reinforcement molecules

Reinforcement
molecular particles

Fig. 8 Reinforcement mechanism diagram for the bronze simulated powdery rust samples based on the nano-cuprammonium fiber reinforcer
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calculated to reflect the reinforcement effect of the
nano-cuprammonium fiber reinforcer. The change in
sample mass was measured with the BSA124S precision
electronic balance (SARTORIUS, Germany; measuring
range, 0-120 g; precision, 0.1 mg). The formula below
was used to calculate the mass growth rate AM.

mi

— my .
—— x 100%. 1)
mo

AM =

where AM is the mass growth rate of the powdery rust
samples before and after reinforcement, mg represents
the mass of the powdery rust samples before reinforce-
ment, while m; indicates the mass of the powdery rust
samples after reinforcement.

Measurement of color change of the powdery samples
Color difference is a crucial index that can reflect the
impact of reinforcement materials on the appearance of
cultural relics. The color difference value of the powdery
rust samples was measured using a color difference meter
to determine the change in test samples color before and
after reinforcement with the reinforcement material. The
change in the appearance of powdery rust test specimen
before and after reinforcement is shown below:

AE = VAL + Aa? + AB2. )

where A indicates color difference, L stands for the
brightness value, a represents the yellow-green value,
and b is the yellow-blue value.

Accelerated aging of simulated powdery rust samples
Resistance to aging refers to the ability of materials to
withstand aging effects. Aging tests are an important part
of testing the performance of materials used in cultural
relic preservation and help understand their aging behav-
iour. Generally, light, temperature, and humidity are con-
sidered important factors affecting the preservation of
museum collections.

Dry heat accelerated aging experiment

The simulated powdery rust samples,treated with pen-
etration reinforcement were placed in a GDW-50 L high
and low temperature aging test chamber for accelerated
aging treatment. The aging temperature was set at 110 °C
and an aging time at 72 h.

Humid and heat accelerated aging experiment

Artificial humid and heat aging tests were conducted to
evaluate the weather resistance and stability of the rein-
forcement materials. The simulated powdery rust sam-
ples, treated with penetration reinforcement were placed
in a GDW-50 L high and low temperature aging test
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chamber for accelerated aging treatment.The aging tem-
perature was set at 70 °C, the relative humidity of 85%,
and the aging time at 72 h. Observations were made for
phenomena such as cracking or peeling of the samples.

Itraviolet accelerated aging experiment

The ultraviolet accelerated aging experiment utilized
a colorimeter to measure the color difference value A
before and after UV aging. The test conditions of the UV
aging chamber referred to relevant research on the theo-
retical limit of UV intensity. The UVB313-type ultraviolet
aging chamber was selected for accelerated aging treat-
ment, with an irradiance of 0.68 W/m?. The aging tem-
perature was set at 60 °C, and the total UV aging time
was 72 h. A super depth of field microscope was used to
observe the morphology of the samples before and after
UV aging.

Results and analysis

Morphologic analysis

Figure 9 illustrates the environmental scanning elec-
tron microscopy (ESEM) images of bronze powdery
rust samples, both before and after reinforcement treat-
ment Fig. 9a shows the microstructure of powdery rust
samples after reinforcement, while Fig 9b—e depict the
microstructural changes in bronze powdery rust samples
following reinforcement with reinforcers at concentra-
tions of 0.5, 1.5, 2.5, and 3.5 mol/L, respectively.

As illustrated in Fig. 9a and b, the powdery rust sam-
ples that had not undergone reinforcement treatment
exhibited a loose structure with numerous holes and
gaps, and these holes were both large in size and une-
venly distributed. According to the ultra-depth of field
image (Fig. 10a), the mineral particles were loosely
stacked, creating pores of varying sizes As the concen-
tration of the reinforcer increased, the reinforcement
strength also rose, leading to a gradual filling of the
pores and gaps in the powdery rust samples. At a rein-
forcer concentration of 2.5 mol/L, the optimal filling
effect on pores and gaps was achieved, as evidenced by
a smooth surface on the samples (Figs. 9d, 10d). Addi-
tionally, part of the reinforcer adhered to the surface
of the mineral particles, binding micro-mineral parti-
cles and some impurities together, resulting in a dense
and compact membrane structure on the surface of the
powdery rust samples, effectively isolating them from
the external environment[11]. When the reinforcer con-
centration exceeded 2.5 mol/L, noticeable accumulation
of large reinforcer particles was observed on the surface
of the samples (Figs. 9¢, 10e).This occurred because the
holes and gaps in the samples were filled to a saturation
state, reducing the infiltration capacity of any additional
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Fig. 9 The environmental scanning electron microscopy photographs of the bronze powdery rust samples before and after reinforcement. a
untreated samples; b samples reinforced with 0.5 mol/L reinforcer; ¢ samples reinforced with 1.5 mol/L reinforcer; d samples reinforced with 2.5

mol/L reinforcer; e samples reinforced with 3.5 mol/L reinforcer

Fig. 10 The ultra-depth of field microscopic photographs of the bronze powdery rust samples before and after reinforcement. a untreated
samples; b simulated samples reinforced with 0.5 mol/L reinforcer; ¢ simulated samples reinforced with 1.5 mol/L reinforcer; d simulated samples
reinforced with 2.5 mol/L reinforcer; e simulated samples reinforced with 3.5 mol/L reinforcer

reinforcer, leading to reinforcement material accumulat-
ing on the surface of the powdery rust samples.

Mechanical strength analysis

Figure 11 illustrates the mechanical strength of bronze
powdery rust samples following treatment with nano-
cuprammonium fiber reinforcer at various concen-
trations.According to Fig. 6, as the concentration of
nano-cuprammonium fiber reinforcer increased, the
mechanical strength of the powdery rust samples gradu-
ally rose.The highest compressive strength of 89.52 N

was achieved at a reinforcer concentration of 2.5 mol/L.
Additionally, the mechanical strength of the powdery
rust samples increased by an average of 77.59% after
reinforcement, compared to their strength before treat-
ment. Furthermore, the moderate length of the error
bars at this concentration indicated that the error was
relatively small, suggesting the experimental data were
more stable, less variable, and consequently more reli-
able. However, when the reinforcer concentration
exceeded 2.5 mol/L, the mechanical strength began to
decline. This could be because as the concentration of
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the nano-cuprammonium fiber reinforcer increased,
the nanocellulose content in the powdery rust samples
became excessively high. This led to the holes and gaps
in the powdery rust samples being filled to a saturation
state, causing nanocellulose to accumulate on the surface,
thereby hindering further reinforcer infiltration and, in
turn, impacting the surface mechanical strength. Flex-
ural load experimental data indicated that the mechani-
cal strength of the powdery rust samples increased
significantly after reinforcement.The scanning electron
microscopy microstructure image (Fig. 9) shows that the
nano-cuprammonium fiber hydrosol reinforcer filled the
holes and gaps in the powdery rust samples, leading to
increased compactness.These two factors contributed to
the enhanced mechanical strength of the powdery rust
samples.

Mass growth rate of bronze powdery rust samples

before and after reinforcement

The retention of the reinforcer in bronze powdery rust
samples can be measured by the rate of mass increase.
A higher rate of mass increase indicates a greater reten-
tion of reinforcement material in the powdery rust sam-
ples and suggests a more effective reinforcement process;
conversely, a lower rate indicates a weaker reinforcement
effect [42].

As illustrated in Fig. 12, as the concentration of nano-
cuprammonium fiber reinforcer increased, the mass
growth rate of the powdery rust samples exhibited a con-
tinuous upward trend, suggesting that the reinforcement
effect improved as the reinforcer concentration increased.
The cohesion among powdery rust samples increased,
resulting in enhanced reinforcement effects.When the
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reinforcer concentration reached 3.5 mol/L, the mass
growth rate of the powdery rust test specimens peaked
at 106.6%. However, the reinforcement effect at this con-
centration was not optimal. The high mass growth rate at
this concentration could be attributed to the deposition
of reinforcer on the surface of the test samples due to its
excessively high concentration [43, 44]. This result aligns
with the earlier observation of changes in the mechanical
strength of the powdery rust samples.

Change in the appearance of bronze powdery rust test
specimen before and after reinforcement

The variation in the appearance of bronze powdery
rust samples, both before and after reinforcement, was
assessed through color difference (Fig. 13). Upon analy-
sis, it was discovered that the color difference A for pow-
dery rust samples post-reinforcement was under 4.0 at
a reinforcer concentration of less than 1.5 mol/L, falling
beneath the standard threshold of 5.0 [38, 45]. This find-
ing indicates that at lower concentrations of reinforcer,
reinforcement protection does not alter the appearance
of powdery rust samples. Moreover, the shortest error
bar length was observed at a reinforcer concentration of
1.5 mol/L, suggesting minimal error and indicating that
the experimental data were more stable, less variable, and
more reliable. Excessively high concentrations of rein-
forcer were found to partially affect the appearance of
powdery rust samples.The findings suggest that the per-
meability of reinforcement material is partially correlated
with the concentration of the reinforcer.Excessively high
reinforcement material concentrations generally reduce
the permeability of the reinforcement material. Con-
sequently, the reinforcement material tends to deposit
on the surface of the reinforced substrate, potentially
altering its original appearance. Conversely, repeated



Tan et al. Heritage Science (2024) 12:259

[ ]unaged [ ]Dryheataging [ ]Humidity and heat aging
40 ‘:I Ultraviolet radiation aging o
35k — [T = | T B
300 | []
25F
=
<50}
1.5
1.0 H
0.5 H
Blank 0.5mol/L 1.5mol/L 2.5mol/L 3.5mol/L
Concentration(mol/L)

Fig. 13 Color change before and after reinforcement of powdery
rust simulated samples on bronze artifacts

penetration at low concentrations can significantly
enhance the permeability of the reinforcement material.
This leads to maximal dispersion of the reinforcement
material into the core of the reinforced substance, with
only minimal deposition on the matrix surface, thereby
maintaining the original appearance.

Phase composition analysis

Figure 15 presents the X-ray diffraction spectra of pow-
dery rust samples before and after reinforcement. After
analysis, it was determined that the untreated powdery
rust samples primarily contained atacamite (Cuy(OH)s
Cl), with characteristic 26 diffraction peaks at 9.52°,
12.30°, 28.47°, 40.08°, and 31.12°. The X-ray diffraction
spectra of the reinforced terracotta test specimen exhib-
ited 26 characteristic diffraction peaks at 16.88°, 30.16°,
34.75°, 38.92°, 39.02°, and 46.83° [46]. The intensity of
the diffraction peaks increased after reinforcement in
a manner that correlated with the concentration of the
reinforcer. Certain diffraction peaks vanished, suggesting
the emergence of a new phase in the powdery rust test
specimen after reinforcement with nano-cuprammonium
fiber. Further analysis revealed that the primary compo-
nent of the new phase was malachite (CuCOs-Cu(OH)sy).
This compound was produced by the reaction between
nano-cuprammonium fiber at different concentrations
and Cuy(OH)sCl, but with varying yields depending on
the concentration [46, 47].

Figure 14a shows the laser Raman spectra of powdery
rust samples prior to reinforcer treatment. The Raman
spectra exhibited characteristic peaks closely match-
ing the standard Raman peaks for atacamite (Cuy(OH)s
Cl) at 149, 358, 411, 449, 512, 896, 930, 3329, 3349,
and 3433 cm™! [48-51], indicating that its primary
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component was atacamite. Figure 14b displays the laser
Raman spectra of powdery rust test specimen after rein-
forcer treatment. After reinforcement, a new charac-
teristic peak appeared on the spectra of powdery rust
samples, suggesting the formation of a new phase. Addi-
tionally, the characteristic peaks were close to the stand-
ard Raman peaks for malachite (CuCOs3;-Cu(OH);) at
154, 180, 219, 434, 538, 1367, 1462, 1493, and 3378 cm™!
[52-54], indicating that malachite was the primary com-
ponent.The Raman spectra post-reinforcement still
exhibited a characteristic peak corresponding to ata-
camite, albeit with significantly reduced intensity, align-
ing with the results of the X-ray diffraction analysis
(Fig. 15).
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Fig. 15 XRD spectra of the bronze powdery rust test specimen
before and after reinforcement
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Effect of different concentrations reinforcement solvent

on the aging resistance of simulated powdery rust samples
The reinforced simulated powdery rust samples under-
went dry heat, humid heat, and ultraviolet aging experi-
ments, and the color changes of the simulated samples
were observed, as shown in Figs. 13 and 16. It was
observed that the samples treated with nano-cupram-
monium fiber reinforcement solvent showed almost
no color change, but after dry heat, wet heat, and ultra-
violet aging, the colors of the samples changed. As the
concentration of the reinforcement agent increased, the
color change became more pronounced,with surface yel-
lowing, darkening, and cracking observed, affecting the
original appearance of the simulated samples. Especially
for samples treated with a 3.5mol/L reinforcement agent,
the color difference after ultraviolet aging was the great-
est, and the surface color of the samples changed sig-
nificantly.This may be because the cellulose nanocrystals
oxidized under continuous high-temperature conditions,
resulting in surface yellowing, darkening, and deepening
of color.

Concerning the longevity of the reinforcement mate-
rial, after treatment with a 2.5 mol/L nano-cuprammo-
nium fiber reinforcement solvent, the simulated powdery
rust samples exhibited swelling on the surface after 48 h
of dry heat aging, and chunky peeling after 60 h of dry
heat aging. After 32 h of humid heat aging, there was no
noticeable change on the surface of the samples, but the
surface of the blank group samples appeared yellowish
and peeled off. After 65 h of ultraviolet aging, the sur-
faces of the samples exhibited noticeable pores, dark-
ened color, while the surfaces of the blank group samples
developed black spots with significant color changes.

Unaged Dry heat aging

Blank
control

2.5mol/L |
lrealmenti

of the sample showed

peeling occurred.

After 48 hours, the surface

swelling, and after 60 hours,
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Because nanocellulose is a non-toxic, antibacterial, and
biodegradable environmentally friendly material, the
nano-cuprammonium fiber reinforcement solvent is
reversible, causing minimal damage to the substrate of
cultural relics.

The experimental results indicate that the samples
treated with a 2.5 mol/L nano-cuprammonium fiber rein-
forcement solvent exhibited minimal color difference and
optimal aging resistance after dry heat, humid heat, and
ultraviolet aging. At this concentration, the permeability
effect of the reinforcement agent also reached its optimal
state.

In this study, scanning electron microscopy (SEM),
Raman spectroscopy, X-ray diffraction (XRD), color dif-
ference, mass growth rate, and mechanical strength
tests were employed to assess the filling capacity and
reinforcement efficacy of the protective material.All
these analytical techniques confirmed that the protec-
tive material exhibited a favorable reinforcement effect.
Consequently, this reinforcement method demonstrated
effective protective qualities.To further explore the rein-
forcement effect of nano-cuprammonium reinforcement
material on authentic cultural relics, we chose a Tang
Dynasty bronze mirror with characteristic powdery rust
disease as the subject of reinforcement.

After thorough examination, it was found that the mir-
ror exhibited significant localized corrosion (Fig. 18a, b).
The white-green corrosion byproduct was interspersed
with various impurities. The surface contained numerous
holes, with their number steadily increasing. The pow-
dery rust exhibited a punctiform distribution pattern.
Under specific conditions, the powdery rust progressively
expanded inward and outward, demonstrating a diffusive
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Fig. 16 Aging before and after treatment with nano-cuprammonium fiber reinforcement solvent powdery rust simulated samples
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Fig. 17 The ultra-depth of field microscopic photographs (a, )
and the environmental scanning electron microscopy photographs
(b, d) of the bronze powdery rust samples after reinforcement

distribution pattern [55]. The observed corrosion pattern
was consistent with that typically seen in open powdery
rust [56].

Figure 18 depicts a bronze mirror from the Tang
Dynasty exhibiting characteristic features of powdery
rust disease. Through thorough examination and analy-
sis, it was found that the mirror had undergone severe
localized corrosion. The white-green corrosion prod-
uct was intermixed with various impurities, and the
surface contained numerous holes, with the number of
holes progressively increasing. The powdery rust exhib-
ited a punctiform distribution under certain conditions.
Furthermore, the rust gradually expanded inward and
toward the periphery, exhibiting a diffusion pattern [55,
56].

Following reinforcement with the nano-cuprammo-
nium fiber reinforcer, the Tang Dynasty bronze mirror
was stored in an open environment for over one year.
The morphological changes in the bronze mirror after
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reinforcement are depicted in Fig. 18c, d. Prior to rein-
forcement, the rusted areas of the bronze mirror were
loose and porous, with powdery rust diffusing outward
toward the edges. After reinforcement with a 2.5 /L
nano-cuprammonium fiber reinforcer via surface instil-
lation and smearing, the holes and gaps in the corrosion
product on the mirror’s surface were effectively filled.
The surface structure became denser and more com-
pact. Additionally, the overall strength of the rusted area
was significantly enhanced.The aggressive diffusion and
expansion of powdery rust significantly decreased, allow-
ing the mirror to be preserved stably for an extended
period.

Conclusions

In conclusion, this study used a hydrosol of nanocellulose
whiskers in a cuprammonium solvent as a reinforcer for
fragile bronze artifacts afflicted by powdery rust, yielding
a favorable reinforcement effect. The key findings from
this research are summarized as follows:

1. When the concentration of nano-cuprammonium
reinforcer was set at 2.5/L, the optimal reinforcement
effect on powdery rust test specimens was achieved.
The mechanical strength increased by an average of
77.59%.The mass growth rate reached 84.8%, while
the color difference AE remained below 4.0, meeting
the standards for cultural relics protection.Thus, the
principle of minimal intervention in heritage objects
was upheld.

2. The cuprammonium solvent formed a coordinated
complex with copper ions in the minerals. This pro-
cess enhanced the bonding strength between min-
eral particles, leading to the partial conversion of
the powdery rust in fragile bronzes into smooth and
compact minerals (Fig. 17¢, d). The minerals formed

Fig. 18 Surface morphology of the bronze mirror of Tang Dynasty unearthed through archaeological excavation before and after reinforcement (a,
¢ before reinforcement; b, d after reinforcement)
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after reinforcement acted as stable components of
the bronzes.

3. The nanocellulose whiskers in the reinforcer were
able to form chemical bonds with chloride in the
powdery rust test specimen, effectively filling the
holes and gaps within the bronze powdery rust.
Additionally, this process contributed to the forma-
tion of a compact and stable protective membrane
on the test specimen’s surface, isolating the bronze
matrix from direct contact with the external envi-
ronment, thereby relatively delaying the corrosion
of bronze (Fig. 17a, b). This achieved the in situ rein-
forcement transformation of fragile bronze powdery
rust, thereby significantly enhancing the stability and
toughness of fragile bronzes, allowing them to be
effectively and stably preserved.

Our future work will involve measuring the cross-
sectional corrosion profile of samples before and after
treatment with nano-cuprammonium fiber material,
with the goal of achieving effective reinforcement for
bronze artifacts with varying alloy compositions.This is
important because a high degree of adaptability to sur-
face roughness is crucial for meeting the needs of cura-
tors working on archaeological bronze artifacts with
complex decorative patterns.

Abbreviations

SEM Scanning electron microscopy

EDX Energy dispersive X-ray spectrometer
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Raman  Raman laser spectrum
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