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Abstract: This study takes simulated materials of bronze cultural relics (copper-

tin alloy-plated quartz crystal oscillators) as the research object, adopts the Quartz 

Crystal Microbalance (QCM) technology, and systematically investigates the 

effects of different temperature and humidity conditions on their corrosion. Three 

temperature levels (20 °C, 25 °C, and 30 °C) and corresponding gradient levels of 

relative humidity were set in the experiment. By monitoring the changes in 

frequency and mass of the quartz crystal oscillators, the corrosion kinetic rules 

were analyzed. The results show that temperature and humidity exert a significant 

influence on the corrosion of the simulated materials: under constant temperature, 

the higher the relative humidity, the thicker the water film on the metal surface, 

the greater the dissolved amount of pollutants, and the faster the corrosion rate; 

under constant humidity, an increase in temperature will accelerate the corrosion 

reaction, and the higher the relative humidity, the more pronounced the 

accelerating effect of temperature. Based on the experimental data, a classification 

standard for temperature and humidity levels was formulated. It is recommended 

that the long-term storage environment of bronze cultural relics in museums 

should be controlled at a temperature of (20–25) °C and a relative humidity below 

60 %. The conclusions of this study provide a scientific basis for museums in 

tourist scenarios to precisely regulate temperature and humidity, optimize 

passenger flow management, and improve protection measures, thereby 

facilitating the achievement of a win-win situation for the coordinated and 

sustainable development of bronze cultural relic protection and the tourism 

industry. 
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1. Introduction  

With the vigorous development of the cultural tourism industry, bronze cultural relic sites and museums 

have evolved into popular tourist destinations [1]. However, environmental disturbances caused by tourist 

gatherings (such as heat emission from human respiration and fluctuations in temperature and humidity in 

crowded areas) have rendered the balance between tourism development and cultural relic protection 

increasingly prominent [2], emerging as a key research direction jointly concerned by the tourism and cultural 

heritage conservation sectors [3]. 
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As non-renewable precious heritage carrying diverse civilizations, existing bronze cultural relic collections 

are generally confronted with the threat of corrosion [4]. The atmospheric corrosion of bronze in museum 

environments is a synergistic electrochemical process driven by multiple factors, and it is rarely induced by a 

single factor such as humidity alone [5]. Gaseous and particulate atmospheric pollutants widely existing in the 

museum microenvironment (e.g., hydrogen sulfide H₂S, sulfur dioxide SO₂, chloride ions Cl⁻, nitrogen oxides 

NOₓ, and short-chain volatile organic acids) are core inducers of bronze corrosion [6]. These pollutants can 

break the passive film on the bronze surface, react with the copper-tin alloy matrix to form unstable corrosive 

products, and even trigger irreversible "bronze disease" under specific conditions. Among the contributing 

factors, temperature and humidity in the museum's atmospheric environment are the core environmental 

elements that induce or accelerate corrosion [7]: humidity provides a necessary liquid medium for the 

dissolution and electrochemical reaction of pollutants on the bronze surface, while temperature regulates the 

reaction rate of pollutant dissolution and corrosion [8]. Changes in temperature and humidity directly affect 

the formation and stability of water films on the bronze surface, thereby enhancing the corrosive effect of 

pollutants and triggering corrosion reactions—a problem that is even more pronounced in crowded scenarios 

during peak tourist seasons [5–7]. Tourist gatherings lead to local accumulation of pollutants and abnormal 

fluctuations of temperature and humidity, further amplifying the synergistic corrosion effect of humidity and 

pollutants [9]. 

The core orientation of this study is to solve the problem of bronze cultural relic protection in museums 

under tourism scenarios—tourist gatherings during peak seasons can cause intense and rapid fluctuations in 

local temperature and humidity in museums, which is a specific environmental disturbance that distinguishes 

tourism scenarios from conventional museum environments. In contrast, the concentration of pollutants such 

as hydrogen sulfide in museums is usually at a low and relatively stable level (museums control pollutant 

content through ventilation, purification and other measures, and there will be no drastic changes due to tourist 

activities in the short term) [10]. Therefore, this study prioritizes focusing on the specific environmental factor 

(temperature and humidity fluctuations) under tourism scenarios, clarifies the quantitative influence law of 

temperature and humidity fluctuations on bronze corrosion, and provides direct scientific basis for museums 

to protect cultural relics by regulating temperature and humidity and optimizing passenger flow during peak 

tourist seasons. Pollutants, as conventional environmental factors, are not the core issue to be solved in this 

study. 

Most existing studies focus on the corrosion mechanism of bronze under conventional environments and 

have confirmed the synergistic corrosion effect of humidity and various pollutants on bronze materials, but few 

explore the specific impacts of temperature and humidity fluctuations associated with tourism activities on 

bronze cultural relics by integrating the characteristics of tourism scenarios [11]. This study focuses on 

investigating the impact of temperature and humidity on bronze corrosion without additional control of 

pollutant variables, which is a research design based on the actual microenvironmental characteristics of 

museums and the core scientific issues of this study, rather than ignoring the role of pollutants. Consequently, 

existing studies are difficult to provide targeted guidance for the protection of cultural relics in museums with 

tourism activities [12]. 

For this reason, aiming to promote the coordinated development of tourism development and cultural relic 

protection, this study systematically investigates the corrosion effects of temperature and humidity factors in 

the atmospheric environment on bronze cultural relic simulation materials by means of the reactive detection 

method of Quartz Crystal Microbalance (QCM). The experiment is carried out in the ambient air of the actual 

low-pollution microenvironment of the museum, with trace pollutants as the constant background factor, to 

reveal the corrosion kinetic laws under different temperature and humidity conditions and clarify the 

correlation characteristics between temperature and humidity fluctuations and corrosion risks. This study can 

provide a scientific basis for museums to precisely control temperature and humidity levels during peak tourist 

seasons and balance tourist experience with cultural relic protection, further refining the theoretical and 

practical system for the protection of bronze cultural relics in tourism scenarios. 
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2. Experimental Materials and Methods 

2.1 Preparation of Copper-Tin Alloy Plated Quartz Crystal Resonators 

AT-cut quartz crystal resonators were selected as the substrate with a fundamental frequency of 9.216 

MHz, and copper-tin alloy bronze simulated coatings were prepared via electroplating; no other metal layers 

were pre-deposited on the surface of the resonators, the copper-tin alloy bronze coating was directly 

electrodeposited on the clean quartz crystal electrode surface to ensure that the frequency and mass response 

of the resonators could directly reflect the corrosion behavior of the bronze material. The resonators had an 

overall area of ~0.50 cm² and an effective electrode area of ~0.20 cm², and the AT-cut structure endowed the 

resonators with excellent temperature stability, which could minimize the interference of temperature drift on 

the experimental detection results of corrosion behavior. A QCM922 quartz crystal microbalance was used for 

measurement in the experiment, and its manufacturer was Ametek, Inc. (USA). 

Prior to electroplating, the resonators were rigorously pretreated: sequentially rinsed with acetone, 

absolute ethanol, and deionized water to remove oil stains and impurities, then blow-dried with air and stored 

in a clean environment for use. 

The electroplating bath was composed of 9.0 g/L copper sulfate, 18.4 g/L (10.0 mL/L) concentrated sulfuric 

acid, 4.0 g/L stannous sulfate, 2.0 g/L EDTA-Na2, and 14.0 g/L tartaric acid. Herein, copper sulfate and stannous 

sulfate served as metal ion sources, concentrated sulfuric acid adjusted the bath composition, EDTA-Na2 acted 

as a complexing agent to precisely control the deposition potential for the target Cu-Sn ratio, and tartaric acid 

improved system stability. The bath was prepared by mixing two prefabricated solutions [13]: 

Solution A: Copper sulfate dissolved in deionized water at the specified concentration, stirred until fully 

clarified.  

Solution B: Concentrated sulfuric acid diluted first, followed by slow addition of stannous sulfate with 

continuous stirring (Note: Direct dissolution of stannous sulfate in water is prohibited to avoid hydrolysis-

induced turbidity affecting electroplating efficiency). After complete dissolution of stannous sulfate, calculated 

amounts of tartaric acid and EDTA-Na2 were added sequentially, with further stirring until a homogeneous 

and transparent system was achieved. Solution B was then slowly poured into Solution A, thoroughly mixed, 

and supplemented with deionized water to the specified volume. The mixture was left to stand for degassing 

before use.  

For electroplating, pretreated blank resonators (cathode) and copper wires (anode) were fixed with 

electrode clamps and immersed in the prepared bath. A potentiostat/galvanostat regulated the electroplating 

parameters at a current density of 3 mA/cm² for 3.0 min. After deposition, the coated resonators were 

immediately rinsed with deionized water to remove residual bath solution, blow-dried with nitrogen, and 

sealed for subsequent corrosion experiments. The chemical composition, surface morphology, and 

microstructural characteristics of the bronze coating were analyzed using energy-dispersive spectroscopy (EDS) 

and scanning electron microscopy (SEM). 
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Figure 1. Energy Dispersive Spectroscopy (EDS) Spectrum of Electroplated Copper-Tin Alloy  

The elemental analysis results in Figure 1 show that the copper content in the copper‑tin alloy coating is 

83.31 % and the tin content is 16.69  %, which is consistent with the composition of traditional tin‑bronze 

cultural relics. This ensures the effectiveness of the coating in simulating the material of actual bronze cultural 

relics. No other impurity elements are detected in the coating, indicating that the electroplating system is of 

high purity and the bath formulation can effectively avoid the introduction of foreign impurities during the 

deposition process. 

 

Figure 2. SEM image of the electrodeposited Cu–Sn alloy coating 

As shown in the SEM observations in Figure 2, the Cu–Sn alloy coating exhibits a dense and uniform 

nodular crystalline structure, with no obvious pinholes, cracks, or loose agglomeration observed on the surface. 

The grains are fine and uniformly distributed. 

This is consistent with the dense structural characteristics of the corrosion layers found on well-preserved 

bronze cultural relics, ensuring that the corrosion behavior of the simulated coating can reflect the corrosion 

laws of actual bronze cultural relics in an atmospheric environment. 

2.2 QCM Reactive Monitoring Experiments 

As shown in Figure 3, a 3-L four-necked flask was used as the corrosion reaction vessel for the resonators, 

with a constant-temperature water bath maintaining the internal temperature to ensure experimental stability. 

Air was introduced into the flask via an air pump, configured with two separate channels (dry and wet): the 

dry air channel utilized color-changing silica gel to adsorb moisture for dry air, while the wet air channel 

humidified air with deionized water to generate moist air. Flow meters precisely regulated the flow rates of the 

two air streams for controllable adjustment of internal relative humidity (RH), and real-time temperature and 

RH were monitored and recorded using a thermo-hygrometer. A computer collected the resonators’ frequency 

signals at 10-s intervals, with 40 h of continuous acquisition per experiment to capture dynamic frequency 

changes during corrosion. 

 

Figure 3. Schematic diagram of the QCM in-situ monitoring experimental setup  

To investigate the effects of different temperature and RH conditions on the corrosion behavior of the 

bronze simulated materials, multiple sets of variable experiments were designed. The specific parameters are 

as follows: at 20 °C, RH = 40 %, 50 %, 60 %, 70 %, 90 %; at 25 °C, RH = 40 %, 50 %, 60 %, 70 %, 90 %; and at 30 °C, 

RH = 40 %, 50 %, 60 %, 70 %, 80 %. 
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3. Experimental Results and Discussion 

According to existing research, ambient temperature affects the chemical reaction rate on metal surfaces 

and the solubility of soluble pollutants, while humidity impacts the formation, condensation thickness, and 

residence time of liquid films on the surface of metal materials. The corrosion of bronze cultural relics is largely 

influenced by the combined effect of temperature and humidity [14]. Therefore, it is necessary to explore the 

optimal temperature and humidity range for the preservation of bronze cultural relics in museum atmospheric 

environments by studying the effects of different temperature and humidity conditions on the corrosion of 

simulated materials for bronze cultural relics. 

The environmental conditions controlled in the experiment were as follows: relative humidity (RH) of 40 %, 

50 %, 60 %, 70 %, and 90 % at temperatures of 20 °C and 25 °C, and RH of 40 %, 50 %, 60 %, 70 %, and 80 % at a 

temperature of 30 °C. The corrosion behavior of the simulated materials for bronze cultural relics was 

investigated by monitoring the frequency change ( f ) of copper-tin alloy-plated quartz crystal oscillators 

under different temperature and humidity conditions, which reflects the surface mass change ( m ). 

Based on the Sauerbery equation (Equation 1), the mass change of the copper-tin alloy-plated quartz crystal 

oscillators under different environmental conditions can be calculated from their frequency change: 

 

2

0

1

2

2 f
f m

A 


  



                                    (1) 

Where: 

f = natural frequency of the quartz crystal oscillator/Hz 

A = area of the metal film plated on the surface of the crystal oscillator/cm² 

 = shear modulus of quartz, with a value of 
11 2

2.947 10 g cm s


    

 = density of quartz, with a value of 
3

2.648g cm


 . 

The fundamental frequency of the quartz crystal oscillators used in the experiment was 9.216 MHz, and 

the area of the metal film plated on their surface was approximately 0.40 cm². The conversion formula for 

calculating the mass change m  is derived as follows: 
9

2.08 10m f


                                       (2) 

The curves of frequency change and mass change over time for the copper-tin alloy-plated quartz crystal 

oscillators under different humidity conditions at 20 °C, 25 °C, and 30 °C are shown in Figure 4. As can be seen 

from the figure, the resonant frequency of the crystal oscillators showed a decreasing trend under all 

experimental conditions [15]. According to the Sauerbery equation, this indicates that the mass of the copper-

tin alloy-plated crystal oscillators increased with prolonged exposure time. This phenomenon can be attributed 

to two main factors: first, water molecules condensed on the surface of the crystal oscillators to form a water 

film, and the increase in water film thickness led to an increase in the surface mass of the oscillators; second, 

the electrodeposited copper-tin alloy on the surface of the crystal oscillators underwent corrosion, and the 

continuous accumulation of corrosion products on the alloy surface further increased the surface mass of the 

oscillators [16]. At the same temperature, during the initial stage of exposure, both the magnitude of frequency 

decrease per unit time and the magnitude of mass increase per unit time of the crystal oscillators increased with 

the rise in humidity. This suggests that atmospheric humidity can affect the rate and thickness of water film 

condensation on the surface of the copper-tin alloy: the higher the humidity, the faster the formation of the 

water film on the alloy surface and the thicker the condensed water film. In environments with higher humidity, 

the water film condensation rate on the crystal oscillators was faster than that in low-humidity environments, 

implying that the copper-tin alloy plating on the surface might initiate corrosion reactions more rapidly in the 

early stage of exposure due to the quick formation of the water film [17]. 

In general, the slope of frequency decrease and the slope of mass increase of the crystal oscillators were 

relatively large in the early stage of exposure. With the extension of exposure time, the variation range of these 
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slopes gradually decreased and tended to stabilize. This may be because water film condensation proceeded 

rapidly in the early stage, leading to a fast increase in the surface mass of the crystal oscillators. Once the water 

film thickness ceased to increase, the magnitude of frequency decrease of the crystal oscillators remained almost 

constant, which was mainly due to the corrosion of the copper-tin alloy plating and the gradual accumulation 

of corrosion products. 

 

Figure 4. Curves of frequency and mass changes over time for copper-tin alloy-plated quartz crystal oscillators under 

different humidity conditions at 20 °C, 25 °C, and 30 °C  

Figure 5 presents the frequency change values of copper-tin alloy-plated quartz crystal oscillators 

following 40 hours of exposure in environments with varying temperatures. Meanwhile, the frequency change 

values and calculated mass change values of these oscillators after 40 hours of exposure under different 

temperature and humidity conditions are summarized in Table 1. 

By correlating the curves in Figure 5 with the frequency change values in Table 1, a clear trend emerges: 

under the same relative humidity, higher temperatures correspond to greater frequency decreases and mass 

increases in the copper-tin alloy-plated quartz crystal oscillators. This observation indicates that elevated 

temperatures accelerate the corrosion of the copper-tin alloy coating on the oscillator surface and promote the 

formation of corrosion products. Consequently, a larger quantity of corrosion products accumulates on the 

oscillator surface over the same exposure period [18]. 

Further analysis of Figure 2 reveals an additional relationship: the greater the environmental relative 

humidity, the larger the disparity in frequency change values among the three tested temperatures. This finding 

suggests that temperature exerts a minimal influence on the corrosion rate of copper-tin alloy at low relative 

humidity. In contrast, as relative humidity increases, the impact of temperature on the atmospheric corrosion 

of copper-tin alloy becomes increasingly pronounced [19]. 
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Figure 5. Frequency change values of copper-tin alloy-plated quartz crystal oscillators after 40 h of exposure under 

different temperature and humidity conditions  

Table 1. Frequency variation values and mass variation amounts of copper-tin plated crystal oscillator plates after 40 h 

exposure under different temperature and humidity conditions 

Temperature /°C Humidity /% |𝑓|/Hz m/µg 

20 

40 76.78 0.16 

50 82.72 0.17 

60 109.43 0.22 

70 179.61 0.37 

90 277.51 0.58 

25 

40 77.41 0.17 

50 90.43 0.22 

60 128.98 0.3 

70 201.34 0.45 

90 415.26 0.90 

30 

40 79.19 0.17 

50 135.57 0.29 

60 167.79 0.36 

70 237.58 0.51 

80 361.07 0.75 

The thickness of the water film condensed on the metal surface exerts a crucial impact on metal corrosion. 

Under low humidity conditions, the thin water film on the metal surface dissolves fewer pollutants, resulting 

in mild corrosion of the metal surface. As the relative humidity rises, the water film on the metal surface 

thickens, and more pollutants in the air dissolve in the water film, which causes more severe metal corrosion. 

To better classify the corrosion degree of simulated bronze cultural relic materials under different temperature 

and humidity conditions, the average corrosion depth per unit time is adopted to calculate the metal corrosion 

rate. 

The quartz crystal microbalance (QCM) method is essentially a mass gain method, a common technique 

for measuring metal corrosion rate. It is usually expressed as the mass gain per unit area of metal per unit time, 

with the specific formula as follows: 

1 0
m mm

v
A t A t


 

 
                                       (3) 
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Where: 

v = corrosion rate of the metal specimen/(g/(cm−2 ∙ h))  

m1 = weight of the metal specimen after corrosion/g 

m0 = weight of the metal specimen before corrosion/g 

A = surface area of the metal specimen/cm² 

t = corrosion duration/h. 

The conversion formula for expressing the metal corrosion rate by corrosion depth is: 

87600v
d


                                              (4) 

Where: 

d = metal corrosion depth rate (mm/a); 

 = density of the metal (g·cm⁻³). 

It is known that the exposed surface area of the metal in the experiment is 0.40 cm², the exposure time is 

40 h, and the density of bronze is 8.75 g·cm⁻³. Substituting the above parameters into the formula, the derived 

result is obtained as follows: 

2.856d m                                              (5) 

Where: 

d = metal corrosion depth rate/(nm/40h) 

m = mass loss of the specimen/µg. 

The corrosion rate was calculated directly from the total mass increment monitored by QCM, without 

deducting the initial mass contribution of water film condensation. This approach is justified by three key 

scientific considerations: (1) The condensed water film, as a prerequisite for atmospheric corrosion, reaches a 

gas-solid dynamic equilibrium rapidly after initial formation, thus acting as a constant baseline that does not 

affect the relative corrosion rate calculation. (2) In the low-pollution museum microenvironment, the mass of 

the initial water film is negligible, especially at high relative humidities where corrosion risk is critical. 

The initial stage of the frequency shift curve (0–2 h) provided direct experimental evidence for the 

relationship between humidity and water film thickness. At constant temperature, the magnitude of the initial 

frequency drop was positively correlated with relative humidity. For instance, at 20 °C, the initial frequency 

decrease at 90 % RH was significantly larger than that at 40 % RH. According to the Sauerbrey equation, this 

directly indicates that higher relative humidity leads to a greater mass of condensed water film on the oscillator 

surface, confirming the formation of a thicker liquid film under high-humidity conditions. 

Based on the air cleanliness and pollution classification standard proposed by Puraf Corporation (USA), 

with the copper corrosion rate C₁ standard (<9 nm/30d) as the reference, the recommended range for the 

classification of environmental temperature and humidity for the preservation of collection bronze cultural 

relics was put forward [20]: 

Level 1 (Safe range): < 7 nm/30d 

Level 2 (Relatively safe range): < 9 nm/30d 

Level 3 (Permissible range): < 15 nm/30d 

Level 4 (Critical range): < 25 nm/30d 

Level 5 (Hazardous range): > 25 nm/30d. 
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The corrosion rates of the simulated bronze cultural relic materials under different temperature and 

humidity conditions were calculated according to Formula 5, and the results are listed in Table 2. Figure 6 

shows the corrosion rate curve of the simulated bronze cultural relic materials exposed under different 

temperature and humidity conditions. According to the corrosion rate curve in Figure 6 and the formulated 

classification basis, a recommended grading diagram for the temperature and humidity environment for the 

preservation of bronze cultural relics in museums was proposed. 

Figure 7 presents the recommended temperature and humidity classification map for bronze cultural relic 

preservation in museums. As indicated in the figure, the environmental temperature and humidity for bronze 

relic preservation should be controlled within Grade 3 for most of the time. When the temperature and humidity 

fall into the Grade 4 critical range, adjustment should be made promptly to avoid damage to the cultural relics. 

In addition, it can be seen from the classification map that the lower the temperature, the wider the suitable 

environmental humidity range for bronze cultural relic preservation. Therefore, the indoor temperature of the 

museum should not be too high during temperature regulation. 

 

 

Figure 6. Corrosion rate curves of simulated bronze cultural relic materials under different temperature and humidity 

conditions  

Table 2. Corrosion rate of simulated bronze cultural relic materials exposed under different temperature and humidity 

conditions 

Temperature/°C Humidity/% d/nm (40 h)-1 

20 

40 0.457 

50 0.486 

60 0.628 

70 1.057 

90 1.656 

25 

40 0.486 

50 0.628 

60 0.857 

70 1.285 

90 2.570 

30 

40 0.486 

50 0.828 

60 1.028 
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70 1.457 

80 2.142 

 

Figure 7. Suggested diagram for temperature and humidity grade classification of bronze cultural relics preservation in 

museums  

4. Conclusion 

The experimental results show that the environmental temperature and humidity have a significant impact 

on the corrosion of the simulated materials for bronze artifacts. When the environmental temperature is 

constant, the higher the relative humidity, the more pollutants in the atmosphere can dissolve into the liquid 

film on the metal surface, accelerating the corrosion rate of the electroplated copper-tin alloy and causing an 

increase in the surface quality of the crystal oscillator plate; when the relative humidity is constant, an increase 

in temperature will promote the corrosion reaction of the copper-tin alloy, resulting in an increase in corrosion 

products and also causing an increase in the surface quality of the crystal oscillator plate. Among them, when 

the relative humidity is low, the influence of temperature on the corrosion of the copper-tin alloy is weak; while 

the higher the relative humidity, the more obvious the aggravating effect of temperature on the corrosion of the 

coating. Combined with the experimental data and the recommended diagram for the temperature and 

humidity levels of bronze artifacts in museums, the temperature and humidity of the storage environment for 

the museum's bronze artifacts should be maintained at (20–25) °C and below 60 % relative humidity for a long 

time. This parameter standard has important guiding significance for the protection of cultural relics in tourism 

scenarios. 
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