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Abstract: The corrosion kinetics, surface microstructure, and corrosion mechanism of Sn−3.0Ag lead-free solder were 
investigated using mass-loss method in the temperature range from 283.15 to 323.15 K in polyvinyl chloride fire smoke 
environment. The results show that the Sn−3.0Ag solder exhibits an increase in mass-loss from (22.09±2.01) to 
(44.66±1.20) g/m2 as the temperature increases from 283.15 to 323.15 K. Moreover, the corrosion kinetics is in 
accordance with Arrhenius law. The surface corrosion products of Sn−3.0Ag solder show a superposition growth trend. 
At 283.15 K, the surface of Sn−3.0Ag solder shows significant corrosion products. The corrosion process of Sn−3.0Ag 
lead-free solder is an electrochemical corrosion. Hydrogen evolution and oxygen abstraction reactions occur in the 
cathode, and the dissolution of the Sn-rich phase occurs in the anode. The corrosion products are Sn21Cl16(OH)14O6, 
SnO2, and SnO. 
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1 Introduction 
 

As the interconnection material of electronic 
devices, tin solder is widely used in the chip 
packaging, which is critical for electronic device 
reliability [1−4]. With the miniaturization, multi- 
function, high-power, and high-integration of 
electronic devices, the electrical, thermal, and 
mechanical loads carried by the solder joints on 
packaging are becoming more serious, making them 
more sensitive to environmental corrosion [5,6]. 
Sn−Pb solder has been widely used as a traditional 
tin solder [7,8]. However, owing to the toxicity of 
Pb to the human body and the harm to the 
environment, domestic and international regulations 
are enacted to ban the application of the lead 
solders [9−12]. Lead-free solders are already 
excellent and popular candidates in the market, 

among which Sn−3.0Ag solder, as a basic binary 
alloy solder, has also been widely studied [13−15]. 
However, lead-free solders have a lower corrosion 
resistance than lead-based solders [16,17]. 
Therefore, the reliability challenge for electronic 
packaging is becoming more and more serious. 

With the rapid development of electric power, 
the fire caused by cable aging easily leads to 
damage and failure of electronic devices. The fire 
damage is mainly manifested as thermal damage 
and non-thermal damage. Thermal damage is 
caused by heat in the process of fire. Non-thermal 
damage refers to the damage caused by smoke, 
pollutant ions, and water vapor during the firing 
process without obvious temperature rising [18]. In 
unburned areas, electronic devices and facilities 
often suffer non-thermal damage rather than 
thermal damage, which is prone to corrosion due to 
smoke sedimentation and fire water action, reducing 
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their reliability [19]. Tin solder, in particular, is 
more vulnerable to corrosion, making it prone to 
failure. Thus, the corrosion behavior of tin solder in 
the fire smoke environment is of concern. 

Currently, the focus on the corrosion behavior 
of tin solder lies primarily on its reliability in the 
marine environment. Salt spray tests are carried out 
to simulate the marine environment [20−22], and 
few studies are focused on its corrosion behavior in 
acidic solution [23,24]. Besides, most studies are 
focused on the effect of element content and 
addition on the corrosion behavior of tin solder. The 
results show that the corrosion resistance of 
Sn−3.0Ag solder is poor and it is prone to 
significant corrosion in neutral salt spray solution. 
The corrosion tests of Sn−Ag and Sn−Cu solders 
carried out by YOKOYAMA et al [21] show that 
Sn−3.0Ag solder is more prone to creep corrosion 
cracking damage than Sn−0.5Cu solder in NaCl 
neutral solution. SHARMA et al [25] compare the 
corrosion behavior of Sn−Ag with Sn−Ag/CeO2 
solder in 3.5% NaCl solution. The results show that 
Sn−Ag solder exhibits poor corrosion resistance 
than Sn−Ag/CeO2 solder because the corrosion 
products on the surface are coarser and looser, 
inhibiting corrosion weakly compared to the finer 
corrosion products on the surface of Sn−Ag/CeO2 
solder. HEAKAL et al [23] contrastively analyze 
the corrosion behavior of Sn−3.0Ag solder with 
different tin additions (26%, 50%, 70%, and 96.5%) 
in nitric acid solution. The research findings 
indicate that at lower acid concentrations, the 
corrosion behavior of solders becomes more severe 
as the acid concentration increases, particularly for 
solders with lower tin contents (26% and 50%) 
exhibiting more pronounced corrosion behavior. 
However, at higher acid concentrations, all solders 
exhibit the same corrosion behavior. 

Temperature plays a fundamental role in 
determining the corrosion degree of solder [26]. 
Nevertheless, few studies are carried out to 
investigate the effect of temperature on the 
corrosion behavior of Sn−3.0Ag solder. Therefore, 
we innovatively reproduce the smoke environment 
with different temperatures after the fire, and 
systematically research the influence of different 
temperatures on the corrosion behavior of 
Sn−3.0Ag lead-free solder in PVC fire smoke 
environment. In this work, the commonly used wire 
and cable sheath insulation material, polyvinyl 
chloride (PVC), is used as fuel to generate fire 

smoke [27]. The corrosion degree of Sn−3.0Ag 
lead-free solder in a fire smoke environment is 
evaluated by the mass-loss method. The predictive 
model for corrosion kinetics of Sn−3.0Ag solder is 
built in the temperature range of 283.15−323.15 K. 
Besides, the surface corrosion microstructure   
and corrosion products are analyzed by different 
physicochemical characterization techniques. The 
corrosion mechanism of Sn−3.0Ag solder is 
revealed in PVC fire smoke environment. Grasping 
the corrosion behavior of Sn−3.0Ag solder in fire 
smoke environment at different temperatures can 
guide the assessment of electronic devices damage 
after a fire accident, to make a better rescue plan. 
 
2 Experimental 
 
2.1 Materials and methods 

The sample studied in this experiment is 
Sn−3.0Ag lead-free solder (composition: Sn 
97.0 wt.%, Ag 3.0 wt.%) with dimensions of 
(75±0.12) mm (length) × (25±0.03) mm (width) × 
(1±0.001) mm (height). PVC, as the raw material of 
wire and cable, is used as fuel to generate fire 
smoke. The mass-loss method was adopted to study 
the influence of temperature on the corrosion 
behavior of Sn−3.0Ag solder in PVC fire smoke 
environment due to the complicacy of fire smoke 
components, which were challenging to simulate as 
an electrolyte solution. Before the test, Sn−3.0Ag 
solder was polished with different mesh sandpaper 
successively, rinsed with deionized water and 
alcohol, and then blown dry with air and keeping in 
a drying bottle for at least one day. The size was 
measured and the mass of all samples was weighed. 
For accuracy, four samples were placed in each 
group of test conditions. One sample was used to 
analyze the corrosion microstructure and corrosion 
products of solder. The other three samples were 
used to analyze the corrosion kinetics. All the three 
samples were immersed in 0.15 g/mL trisodium 
phosphate solution for 10 min after corrosion test 
according to the ISO 8407, and then the surface 
corrosion products were removed with an eraser. In 
addition, blank samples were used for correction. 
The mass-loss of Sn−3.0Ag solder was used to 
characterize corrosion kinetics, which could be 
inferred as follows [28−30]:  

0 i b0 b1+m m m mW
s

− −
=                    (1) 
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where W is the mass-loss (g/m2); m0 is the initial 
mass (g) of tested samples before the smoke 
corrosion test; mb0 is the initial mass (g) of blank 
contrast samples before the smoke corrosion test; mi 

is the mass (g) of tested samples after the treatment; 
mb1 is the mass (g) of blank contrast samples after 
the treatment; s is the sample surface area (m2). 
 
2.2 Experimental setup 

The experimental device is referred to by   
our previous work, as shown in Fig. 1 [31]. The 
experimental device consists of a tubular furnace, a 
smoke corrosion chamber, and a data acquisition 
system. PVC powder is burned in a tubular furnace, 
the inlet air-flow rate is 5 L/min and the dosage of 
PVC powder is 14.7 g. The generated fire smoke 
passed into the fire smoke corrosion chamber, and 
the corrosion test was carried out for up to 48 h. A 
small fan was placed at the bottom of the chamber 
to ensure uniform distribution of smoke during 
smoke production, and a quartz crystal micro- 
balance was used to monitor the smoke settlement 
process. A smoke corrosion chamber could control 
the temperature and relative humidity. The 
researched temperatures were 283.15, 293.15, 
303.15, 313.15, and 323.15 K, respectively. 

 
2.3 Characterization 

Field emission scanning electron microscopy 
(FESEM) on a Philips SIRION 200 instrument was 
used to analyze surface corrosion microstructure, 
and elemental analysis was carried out on a Philips 
energy dispersive X-ray spectrometer (EDS). 
Philips X-ray diffraction (XRD) was employed   
to analyze the crystalline phase constitutions. 
Elemental composition and element valence states 
were researched by the X-ray photoelectron 
spectroscopy (XPS) on an Thermo-VG Scientific 

ESCALAB 250 spectrometer. 
 
3 Results and discussion 
 
3.1 Corrosion kinetics 

To research the influence of temperature on the 
corrosion kinetics of Sn−3.0Ag solder in PVC fire 
smoke environment, the mass-loss variation of 
Sn−3.0Ag solder in PVC fire smoke environment 
with different temperatures is analyzed, as shown in 
Fig. 2. The results show that as the temperature 
increases from 283.15 to 323.15 K, the mass-loss  
of Sn−3.0Ag solder increases significantly from 
(22.09±2.01) to (44.66±1.20) g/m2. This indicates 
that temperature promotes the corrosion of 
Sn−3.0Ag solder. With increasing temperature, the 
electrolyte resistance decreases and the diffusion 
rate accelerates. Consequently, the corrosion cell 
reacts more rapidly, leading to a faster corrosion 
progression. 

To further investigate the corrosion kinetic, it 
is assumed that the mass-loss of Sn−3.0Ag follows 
the Arrhenius law:  

aexp( )EW A
RT

= −                         (2) 
 
where W depends on the temperature T (K), and 
activation energy Ea (kJ/mol). Ea characterizes the 
potential barrier that exists during the transition 
from non-corrosive to corrosive for tin solder. 
When the energy provided exceeds this barrier, the 
sample will enter the corrosion process. Therefore, 
it is an important indicator to reflect the corrosion 
degree of tin solder. The smaller the activation 
energy is, the easier the tin solder corrosion is.    
A is a parameter related to sample characteristics, 
geometry, test methods, models, etc. R is the molar 
gas constant (J·mol−1·K−1). 

 

 
Fig. 1 Schematic diagram of experimental apparatus [31] 
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Fig. 2 Mass-loss variation of Sn−3.0Ag solder with 
temperature in PVC fire smoke environment 
 

By taking the logarithm of each side of Eq. (2), 
the following equation is obtained:  

aln lnEW A
RT

= − +                       (3) 
 

Fitting curve in Fig. 3 depicts the relationship 
between mass loss and temperature. It can be 
observed that the r2 of the fitting curve is 0.97, 
indicating that the curve fits well and the corrosion 
kinetics can be characterized by Arrhenius law. The 
parameters obtained from the fitting curve are given 
in Table 1. The value of Ea is 2.18×10−20 kJ/mol, 
and the value of A is 6221.09. Based on this model, 
the mass-loss of Sn−3.0Ag solder at different 
temperatures can be calculated approximately. 
 

 
Fig. 3 Corrosion kinetic fitting curve of Sn−3.0Ag solder 
in PVC fire smoke environment 
 
Table 1 Fitting parameters of corrosion kinetic curve of 
Sn−3.0Ag solder in PVC fire smoke environment 

A Ea/(kJ∙mol−1) r2 

6221.09 2.18×10−20 0.97 

3.2 Surface microstructure 
Figure 4 exhibits the corrosion morphology of 

the corroded Sn−3.0Ag solder. Figure 4(a) shows 
the macroscopic morphology of the corroded 
sample. It can be observed that a layer of gray 
powder, which is corrosion product, appears on the 
surface of Sn−3.0Ag solder. Further, the optical 
microscopic morphology is shown in Fig. 4(b). The 
red circle indicates whiskers, which are corrosion 
products on the surface. It can be found that the 
surface of Sn−3.0Ag solder has been severely 
corroded, and a large number of corrosion products 
have appeared after fire smoke corrosion. 
 

 

Fig. 4 Surface corrosion morphologies of Sn−3.0Ag 
solder after corrosion: (a) Macroscopic morphology;   
(b) Optical microscopic morphology 
 

Figure 5 shows the surface microstructure of 
corrosion products on Sn−3.0Ag solder at 283.15, 
293.15, 303.15, 313.15, and 323.15 K. Small 
patches of corrosion products are observed on the 
surface of Sn−3.0Ag solder at 283.15 K. Large 
corrosion products appear on the surface of 
Sn−3.0Ag solder, and the corrosion products are 
relatively thin at 293.15 K. When the temperature 
rises to 313.15 K, the corrosion products become 
very large but relatively sparse. At 323.15 K, the 
corrosion products densely and thickly cover 
Sn−3.0Ag solder surface. This indicates that with 
the increase of temperature, the corrosion products 
on Sn−3.0Ag solder surface become larger and 
thicker, indicating that higher temperatures favor 
the formation of corrosion product layer. The 
corrosion products increase firstly and then thicken 
in superposition growth mode. EDS analysis of 
Sn−3.0Ag solder corroded at 323.15 K shows that 
the surface corrosion products consist of three 
elements: Sn, Cl, and O. 
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Fig. 5 Surface morphologies of corrosion products on Sn−3.0Ag solder in PVC fire smoke environment at different 
temperatures: (a) 283.15 K; (b) 293.15 K; (c) 303.15 K; (d) 313.15 K; (e) 323.15 K 
 
3.3 Corrosion mechanism 

To analyze the smoke corrosion mechanism of 
Sn−3.0Ag solder, XRD test is carried out on the 
corrosion products of Sn−3.0Ag solder at 323.15 K 
to identify the phase composition, and the test 
results are shown in Fig. 6. Compared with the  
PDF card library, the XRD diffraction peaks of 
Sn−3.0Ag solder correspond to Sn21Cl16(OH)14O6 
(JCPDS No. 15-0676). The results show that the 
surface corrosion products of Sn−3.0Ag solder are 
mainly Sn21Cl16(OH)14O6. 

To further analyze the composition of the 
corrosion products on the Sn−3.0Ag solder surface, 
XPS test is carried out on the surface substances  
of Sn−3.0Ag solder corroded in PVC fire smoke 
environment. Figure 7 shows the XPS full spectrum 
of corrosion products on Sn−3.0Ag solder at 
323.15 K. It could be observed that Sn 3d, Sn 3p, 
Sn 4d, O 1s, Cl 2p, and C 1s are detected. The 

 
Fig. 6 XRD patterns of corrosion products of Sn−3.0Ag 
solder in PVC fire smoke environment at 323.15 K 
 
element content is given in Table 2. Among them, C 
is used to calibrate the peak position, and the other 
elements can be considered as the constituent 
elements of the corrosion products. The content of 



Qian LI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2304−2312 2309 

O is the highest, followed by Sn, and the content of 
Cl is the lowest, indicating that the corrosion 
products mainly exist in the form of oxides. 
However, the contents of Ag are not detected, 
because the corrosion products are thicker and 
exceed the detection depth limit of XPS, which 
further indicates that Ag is not involved in the 
reaction. 
 

 
Fig. 7 XPS full spectrum of corrosion products for 
Sn−3.0Ag solder in PVC fire smoke environment at 
323.15 K 
 
Table 2 Element contents of XPS spectra for corrosion 
products of Sn−3.0Ag solder (at.%) 

C 1s O 1s Sn 3d Cl 2p 

46.97 33.18 15.17 4.68 
 

Peak processing is performed on the detected 
elements with XPS to further analyze the valence 
states of elements. The results are shown in Fig. 8, 
where Sn 3d can be decomposed in Sn2+ and Sn4+ at 
486.6 and 487.1 eV, respectively [32]. O 1s is 
composed of O—Sn2+/Sn4+ at 530.4 eV and O—OH 
at 531.7 eV [33,34]. Cl 2p is decomposed in two 
peaks at 198.2 and 199.7 eV for Cl−. By combining 
the EDS and XRD results from the previous 
analysis, it could be considered that the main 
corrosion products of Sn−3.0Ag solder are 
Sn21Cl16(OH)14O6, SnO2, and SnO. 

PVC fire smoke contains a large number of 
HCl, H2O, and carbon particles, which has strong 
hygroscopicity. When deposited on Sn−3.0Ag solder 
surface, it is easy to absorb inorganic salts and 
water vapor in the air and leads to the formation of 
electrolyte solution on the solder surface. In 
addition, Sn−3.0Ag solder is composed of Sn-rich 

 

 
Fig. 8 XPS spectra for detected elements of corrosion 
products for Sn−3.0Ag solder in PVC fire smoke 
environment at 323.15 K: (a) Sn 3d; (b) O 1s; (c) Cl 2p 
 
phase and intermetallic compound of Ag3Sn [31]. 
And potential differences exist between the Sn-rich 
phase and Ag3Sn or carbon particles, forming     
a corrosive galvanic cell and resulting in the 
electrochemical corrosion of Sn−3.0Ag solder [35,36]. 
As HCl is dissolved in the electrolyte solution, the 
solution is acidic. Thus, the hydrogen evolution 
reaction occurs at the cathode. In addition, since 
oxygen has a higher equilibrium potential than 
hydrogen, oxygen is easy to diffuse onto the thin  
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Fig. 9 Corrosion mechanism of Sn−3.0Ag solder in PVC fire smoke environment 
 
liquid film on the cathode surface [37,38]. 
Therefore, the cathode is also accompanied by an 
oxygen abstraction reaction (Fig. 9) as follows:  
O2+4H++4e=2H2O                       (4)  
2H++2e=H2                                             (5)  

The anodic reaction is mainly the dissolution 
of the Sn-rich phase, and the reaction formula is as 
follows:  
Sn=Sn2++2e                           (6)  
Sn2+=Sn4++2e                           (7)  

Subsequently, Sn2+ reacts with H2O to form 
Sn(OH)2 and then further dehydrates to form SnO. 
Sn4+ reacts with H2O to produce Sn(OH)4, and then 
dehydrates to form SnO2:  
Sn2++2H2O=Sn(OH)2+2H+                          (8)  
Sn(OH)2=SnO+H2O                      (9)  
Sn4++4H2O=Sn(OH)4+4H+                         (10)  
Sn(OH)4=SnO2+2H2O                    (11) 
 

In addition, the Sn-rich phase reacts directly 
with H2O to form Sn(OH)4:  
Sn+4H2O=Sn(OH)4+4H++4e              (12)  

Due to the erosion of Cl−, most Sn-rich phases 
are directly eroded by Cl− to form compounds, 
Sn21Cl16(OH)14O6:  
21Sn+14H++10O2+16Cl−= 

Sn21Cl16(OH)14O6+2e                 (13) 
The corrosion degree of Sn−3.0Ag solder 

mainly involves an electrochemical reaction process. 
With the increase of temperature, the electrolyte 
solution resistance decreases, the oxygen diffusion 
rate and the cathode reaction rate increase. 

Therefore, temperature plays a crucial role in 
determining the corrosion degree of Sn−3.0Ag 
solder. Higher temperatures accelerate the corrosion 
degree of Sn−3.0Ag solder. 
 
4 Conclusion 
 

(1) Temperature has a great influence on the 
corrosion behavior of Sn−3.0Ag lead-free solder in 
PVC fire smoke environment. With the increase of 
temperature from 283.15 to 323.15 K, the mass-loss 
of Sn−3.0Ag solder increases from (22.09±2.01) to 
(44.66±1.20) g/m2. In addition, the mass-loss 
variation with temperature is in accordance with 
Arrhenius law. 

(2) Small patches of corrosion products appear 
on Sn−3.0Ag lead-free solder surface in PVC fire 
smoke environment at 283.15 K. As the temperature 
increases, the corrosion products show a trend of 
first increasing and then thickening in the 
superposition growth mode. At 323.15 K, the 
corrosion products densely and thickly cover 
Sn−3.0Ag solder surface. 

(3) The corrosion process of Sn−3.0Ag lead- 
free solder in PVC fire smoke environment is an 
electrochemical corrosion. Reactions of hydrogen 
evolution and oxygen abstraction occur in the 
cathode, and the Sn-rich phase is dissolved at the 
anode. The corrosion products are mainly 
Sn21Cl16(OH)14O6, with a small amount of SnO2  
and SnO. 
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聚氯乙烯火灾烟气环境中无铅焊料腐蚀动力学预测模型 
 

李 倩，林 锦，赵梦珂，黎昌海，陆守香 

 
中国科学技术大学 火灾科学国家重点实验室，合肥 230026 

 
摘  要：采用质量损失法研究聚氯乙烯火灾烟气环境中 283.15~323.15 K 温度范围内无铅 Sn−3.0Ag 焊料的腐蚀动

力学、表面微观结构和腐蚀机理。结果表明，随着温度从 283.15 K 升高到 323.15 K，Sn−3.0Ag 焊料的质量损失

从(22.09±2.01) g/m2 增加到(44.66±1.20) g/m2。此外，腐蚀动力学符合阿伦尼乌斯定律。Sn−3.0Ag 焊料表面腐蚀产

物呈叠加生长趋势。在 283.15 K，Sn−3.0Ag 焊料的表面出现大量的腐蚀产物。Sn−3.0Ag 无铅焊料的腐蚀过程为

电化学腐蚀，阴极发生析氢和吸氧反应，阳极发生富锡相的溶解。腐蚀产物为 Sn21Cl16(OH)14O6、SnO2 和 SnO。 

关键词：腐蚀；预测模型；Sn−3.0Ag 焊料；火灾烟气；温度 
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