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Abstract: The vacuum volatilization kinetics of Pb in In−Pb solder was investigated. The results indicate a significant 
increase in the vacuum volatilization rates of Pb, 25In−75Pb, 40In−60Pb, and In with increasing temperatures from 923 
to 1123 K, system pressure of 3 Pa and holding time of 30 min. The mass transfer coefficients and apparent activation 
energies of Pb and its alloys were determined at various temperatures. Additionally, a kinetics model was developed to 
describe Pb vacuum volatilization in high-temperature melts. It is obtained that the vapor mass transfer is the factor 
limiting the vacuum volatilization rates of Pb and In–Pb alloys under the above specified conditions. 
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1 Introduction 
 

Electronic systems play an indispensable role 
in diverse sectors, such as industry, agriculture, 
science, defense, and medicine [1], and thus have 
become an integral part of modern life. The 
performance, reliability, and production economics 
of electronic systems are significantly affected by 
the solder used in their assembly [2]. In and 
In-based solders, known for their low melting 
points, malleability, ductility, and excellent 
resistance to alkaline corrosion [3,4], exhibit 
excellent wetting properties on both metallic and 

nonmetallic substrates. This leads to solder joints 
with exceptional plasticity and low electrical 
resistance. Consequently, In-based solders have 
become the primary choice for assembling 
microelectronic components [5,6]. 

Two In−Pb alloys, 25In−75Pb and 40In−60Pb 
(in wt.%) alloys, are widely used owing to their  
low melting points of 513 and 447 K, respectively [7]. 
These alloys exhibit excellent thermal fatigue 
resistance and wettability properties, preventing 
gold and silver corrosion, making them highly 
suitable for preparing gold-plated interfaces. In 
addition, the 25In−75Pb alloy is easy to process and 
exhibits robust strength, good thermal stability, and  
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high reliability, making it ideal for creating super- 
conducting interconnections of multichip arrays 
within single-flux quantum circuit systems [8].  
With the increased disposal of electrical and 
electronic equipment, the market potential for 
material recovery has become substantial [9]. 
Recovering In−Pb solder from discarded electronic 
products is of significant ecological and economic 
importance. 

Various methods have been proposed for the 
recovery of In−Pb alloys. WANG et al [10]   
found an electro-dissolution–extraction technique 
involving 24 h of electrolytic refinement of the 
alloy in a silicon fluoride solution, followed by 
multitier extraction of In from silicon fluoride 
electrolyte using di(2-ethylhexyl) phosphoric acid 
to separate In from Pb. ZHANG et al [11] used a 
leaching solvent extraction method to recover In 
and Pb from Pb smelting dust, achieving an In 
recovery rate of over 98% through a process 
involving dual-stage pressurized sulfuric acid 
leaching, atmospheric sulfuric acid leaching of the 
residue, and a three-stage extraction process. Other 
methods, such as acid/alkali leaching [12] and 
chlorination [13], have drawbacks, including 
prolonged duration, inefficiency, waste generation, 
and environmental hostility. Vacuum volatilization, 
known for its cleanliness and efficiency, has been 
widely adopted in alloy separation and resource 
recovery [14,15]. Thus, the separation and recovery 
of In−Pb alloy waste via vacuum volatilization 
appear promising. 

Current research on alloy vacuum 
volatilization primarily focuses on thermodynamics 
and the effects of temperature, pressure, and time 
on the efficiency of alloy separation through studies 
on saturated vapor pressure, separation coefficients, 
and vapor–liquid equilibrium [16−18]. However, 
these thermodynamic analyses often overlook the 
transient states of reactions by focusing only     
on their initial and final states. The vacuum 
volatilization of metallic elements is significantly 
influenced not only by thermodynamic factors but 
also by kinetic processes. Understanding vacuum 
metallurgy dynamics is crucial for improving the 
production efficiency and quality of a product while 
reducing the energy consumption of the production 
process. Current research on vacuum metallurgy 
dynamics is mainly focused on investigating the 

volatilization of single elements from pure metals 
or their dilute solutions either under high- 
temperature and high-vacuum conditions [19,20] or 
through molecular dynamics simulations [21]. Few 
experimental and modeling studies have been 
conducted on the kinetics of alloy vacuum 
volatilization; the volatilization rate, mechanism,  
and limiting factors of Pb, In, and In−Pb alloys 
during vacuum volatilization have not been 
comprehensively reported. 

This study focused on Pb, In, and 25In−75Pb 
and 40In–60Pb alloys, utilizing the differences in 
the volatilization characteristics of In and Pb under 
high-temperature vacuum conditions for the clean 
and efficient separation and recovery of these two 
valuable metals. The variations in the volatilization 
rates of In−Pb alloys with temperature during 
vacuum volatilization were observed, and an 
equation to determine the empirical volatilization 
rate of In−Pb alloys was established. Kinetic 
parameters, such as the volatilization rate, mass 
transfer coefficient, and apparent activation energy, 
of the pure metals and alloys were discussed in 
detail. The migration mechanism of Pb during the 
volatilization of Pb and In−Pb alloys was clarified. 
In addition, a Pb vacuum volatilization kinetics 
model was developed, pioneering the application of 
the modified molecular interaction volume model 
(M-MIVM) to Pb volatilization and mass transfer. 
The model helped evaluate the factors limiting   
Pb volatilization. This study aimed to provide 
foundational theoretical guidance for predicting the 
optimal temperature and volatilization time for the 
separation and purification of Pb and In through 
vacuum distillation. 
 
2 Experimental 
 
2.1 Materials 

Pure In and Pb (>99.999%) used in the study 
were obtained from Yunnan Tin Co., Ltd., and 
Henan Yuguang Gold Lead Co., Ltd., respectively, 
and were used as received. The alloys were prepared 
with In/Pb mass ratios of 25꞉75 and 40꞉60, designated 
as 25In−75Pb and 40In−60Pb, respectively. 
 
2.2 Experimental procedures 
2.2.1 Alloy melting 

After thoroughly mixing the In and Pb alloys 
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(with In/Pb mass ratios of 25꞉75 and 40꞉60) in a 
graphite crucible (carbon content ≥99.9%, inner 
diameter: 30 mm, and depth: 25 mm), the mixtures 
were placed in a custom-fabricated metal-melting 
apparatus [22]. The apparatus was purged by 
alternately applying vacuum and Ar gas 
(purity >99.99%) for five cycles. The temperature 
(T) was then increased to 723 K under Ar and 
maintained at that value for 2 h. The material was 
rapidly cooled in water to complete a single 
high-temperature melting−quenching cycle. This 
cycle was repeated thrice to obtain the desired 
25In−75Pb and 40In−60Pb alloys. 
2.2.2 Volatilization of metals and alloys under 

vacuum 
Figure 1 shows the structure of the vacuum 

differential thermal weighing furnace used in this 
study, with a maximum temperature of 2073 K and 
a minimum system pressure of 0.01 Pa [23]. The 
pure metals and alloys were placed in a graphite 
crucible (carbon content >99.9%, inner diameter: 
30 mm, and depth: 35 mm) and centrally aligned 
using an annular heater. A platinum–rhodium 
thermocouple (range: 273−1873 K and precision: 
±1.5 K) was placed above the sample. The furnace 
pressure was stabilized at 3 Pa using a vacuum 
pump. The heating system was allowed to 
uniformly attain a preset temperature within 30 min 
at a heating rate of 15 K/min. The reduction of the 
crucible contents was recorded using an analytical 
balance. The pressure in the vacuum furnace was 
maintained at (3±0.3) Pa. All materials, including 

the condensates on the cooling plate and residues 
within the crucible, were recovered following their 
cooling to ambient temperature (298 K). 

 
2.3 Determination of elemental contents and 

their distribution 
The morphological characteristics and elemental 

distribution of the alloys, as well as the volatilized 
substances remaining after the experiment, were 
determined using scanning electron microscopy 
coupled with energy dispersive spectroscopy 
(SEM−EDS). The In content in the volatilized 
substances was quantified using inductively coupled 
plasma optical emission spectrometry (ICP-OES) 
with a measurement accuracy of 0.0001%. 
 
2.4 Experimental principle 

The volatilization rates of the specimens under 
vacuum were determined using a differential 
weighing technique by creating a mass-loss curve 
based on the change in the specimen mass during 
vacuum volatilization at a specified temperature, 
system pressure, and volatilization surface area. The 
true volatilization rate (ω) was calculated using the 
slope of the linear fit by  

1m s
t A A

ω ∆
= ⋅ =
∆  

                         (1) 
 

where Δm (g) is the change of mass within Δt, Δt 
represents the time change (s), A is the volatilization 
surface area of the melt (7.065 cm2), and s is the 
linear fit slope of the mass-loss curve (g/s). 

 

 
 
Fig. 1 Structure of vacuum differential thermal weighing furnace 
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3 Results and discussion 
 

The uniformity of the synthesized alloys 
before melting was verified using SEM−EDS. As 
can be seen from Fig. 2, In and Pb were uniformly 
distributed in the 25In−75Pb and 40In−60Pb alloys. 

3.1 Temperature−volatilization rate relationship 
of In, Pb, and In−Pb alloys 
The variation of the volatilization masses of Pb, 

25In−75Pb alloy, 40In−60Pb alloy, and In with the 
holding time (0−1800 s) is shown in Fig. 3 for 
several temperatures (923, 973, 1023, 1073, and 
1123 K). The pressure (3 Pa) and crucible depth 

 

 
Fig. 2 SEM−EDS images of 25In−75Pb (a) and 40In−60Pb alloys (b) 
 

 
Fig. 3 Relationship between mass of volatiles and holding time for Pb (a), 25In−75Pb alloy (b), 40In−60Pb alloy (c), 
and In (d) at 3 Pa, h=35 mm and different temperatures 
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(h=35 mm) were kept unchanged. Linear regression 
was applied to the volatilization data at various 
temperatures to extract the s values. 

The volatilization masses of Pb, In, 25In− 
75Pb alloy, and 40In−60Pb alloy increased with 
increasing temperature, particularly at high 
temperatures (Fig. 3). For a given temperature, 
holding time, and pressure, the mass transfer 
decreased during volatilization as the In content in 
the specimens increased. 

The empirical volatilization rates of Pb, In, 
25In−75Pb alloy, and 40In−60Pb alloy, obtained 
using the s values in Eq. (1) obtained from Fig. 3, 
demonstrate a significant increase at the same 
temperature, following the decreasing order of ωPb> 
ω25In−75Pb > ω40In−60Pb > ωIn (Table 1). 

The composition of the volatile was 
determined using ICP-OES. The volatilization rates 
of Pb and In calculated using Eq. (2) are listed in 
Table 2. 

 
Table 1 Empirical volatilization rates of Pb, 25In−75Pb 
alloy, 40In–60Pb alloy, and In 

T/K ωPb/ 
(g·s−1·cm−2) 

ω25In–75Pb/ 
(g·s−1·cm−2) 

ω40In–60Pb/ 
(g·s−1·cm−2) 

ωIn/ 
(g·s−1·cm−2) 

923 2.35×10−4 8.05×10−5 4.37×10−5 0 

973 4.76×10−4 1.19×10−4 8.01×10−5 2.86×10−6 

1023 9.75×10−4 3.24×10−4 2.42×10−4 8.07×10−6 

1073 2.58×10−3 8.12×10−4 6.34×10−4 2.35×10−5 

1123 5.00×10−3 2.05×10−3 1.16×10−3 6.16×10−5 

 
In Pb Pb in In Pb In in In Pb

Pb in In Pb Pb In Pb

In in In Pb In In Pb

C
C

ω ω ω
ω ω
ω ω

− − −

− −

− −

= +
 = ⋅
 = ⋅  

            (2) 

 
where ωIn−Pb is the In−Pb alloying rate, ωPb in In−Pb 

and ωIn in In−Pb denote the individual volatilization 
rates of Pb and In in the In−Pb alloys, respectively, 
and CPb and CIn are the elemental contents of Pb and 
In in the volatiles, respectively. 

The volatilization rate of Pb in the In−Pb 
alloys (ωPb in In−Pb) is 11−46 times higher than that   
of In in the same alloys (ωIn in In−Pb). As the 
temperature increases, the volatilization ratio of Pb 
to In decreases, whereas the volatilization rate of In 
and its volatile content increase. Notably, at a 
constant temperature, the Pb volatilization rate in 
the 25In−75Pb alloy was higher than that in the 
40In−60Pb alloy. 

After vacuum volatilization of the 25In−75Pb 
and 40In−60Pb alloys at 1123 K, SEM−EDS was 
used to perform morphological and elemental 
content analyses of the volatiles (Figs. 4 and 5). The 
volatiles resulting from the vacuum volatilization of 
the In−Pb alloys predominantly comprised flakes, 
stripes, and particles (Figs. 4 and 5). The Pb content 
in these volatiles varied depending on their 
morphology, with flakes containing the highest Pb 
content and stripes having the lowest Pb content. 

The actual volatilization rates of Pb, In, 
25In−75Pb alloy, and 40In−60Pb alloy (Table 1) 
were plotted against temperature. Nonlinear fitting 
employing the Exp2PMod2 model was performed 

 
Table 2 Volatile contents and volatilization rates of Pb−In alloys 

Alloy T/K 
Volatile parameter ωPb in In–Pb/ 

(g·s−1·cm−2) 
ωIn in In–Pb/ 

(g·s−1·cm−2) m/g CPb/% CIn/% 

25In–75Pb 

923 1.0420 97.88 2.12 7.88×10−5 1.17×10−6 

973 1.5052 97.83 2.17 1.16×10−4 2.58×10−6 

1023 4.1030 97.49 2.51 3.16×10−4 8.14×10−6 

1073 10.2600 96.99 3.01 7.88×10−4 2.45×10−5 

1123 26.2410 95.91 4.09 1.97×10−3 8.39×10−5 

40In–60Pb 

923 0.5490 96.02 3.98 4.20×10−5 1.74×10−7 

973 1.0130 95.76 4.24 7.67×10−5 3.40×10−6 

1023 3.0570 95.76 4.24 2.32×10−4 1.03×10−6 

1073 8.0080 93.86 6.14 5.95×10−4 3.89×10−5 

1123 15.0460 91.36 8.64 1.06×10−3 1.00×10−4 
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Fig. 4 SEM−EDS analysis results of volatiles in 25In−75Pb alloy at 1123 K, showing flakes (a), stripes (b), and 
particles (c) 
 

 
Fig. 5 SEM−EDS analysis results of volatiles in 40In−60Pb alloy at 1123 K, showing flakes (a), stripes (b), and 
particles (c) 
 
to establish volatilization rate equations for the two 
pure metals and their alloys (Fig. 6(a)). 

Subsequently, the temperature-dependent 
volatilization rates of Pb and In in the 25In−75Pb 
and 40In−60Pb alloys were plotted and fitted using 
the Exp2PMod2 model to derive equations 

describing the temperature functions of the Pb and 
In volatilization rates in the In−Pb alloys (Figs. 6(b)  
and (c)). 

The robustness of the fitted volatilization rate 
equations for the two pure metals and their alloys 
was confirmed by the square of the correlation 
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Fig. 6 Distribution of ω of Pb and In in In−Pb (a), 
25In−75Pb (b), and 40In−60Pb (c) alloys at 3 Pa, h= 
35 mm and various temperatures 
 
coefficient (R2) values, which exceeded 0.98 
(Fig. 6), underscoring high reliability of the 
volatilization rate equations derived. These 
equations allow the determination of volatilization 
rates at any temperature within the range of 
923−1123 K for a crucible depth of 35 mm, 
facilitating the design of vacuum volatilization 
experiments for Pb, In, and In−Pb alloys. 
 
3.2 Temperature−mass transfer coefficient 

correlation for Pb in In−Pb alloys 
The volatilization kinetics for component i, 

based on kinetic principles, can be described as 
follows [24]: 

 17d ( ) 10 ( )
d

n
ni

i i
i

C t Ak C t
t V M

ρ
−− 

− =  
 

            (3) 

where Ci(t) (mol/L) represents the concentration of 
element i at time t, ki is the volatilization rate 

constant, equivalent to the overall mass transfer 
coefficient (m/s), V is the melt volume (m3), n 
denotes the order of reaction,  ρ is the melt density 
(kg/m3), and Mi is the molar mass of element i 
(kg/mol). ρ can be computed as follows:  
ρ=ρm+a(T−Tm)                           (4) 

 
where ρm is the metal density at the melting point 
(Tm); a is the temperature coefficient. Tm, ρm and a 
values of Pb and In are shown in Table 3.  
 
Table 3 Tm, ρm, and a of Pb and In 

Material Tm/K ρm/(kg·m−3) a/(kg·m−3·K−1) 

Pb 600.5 10670 −1.32 
In 429.5 7030 −0.68 

 
The density equation for the residual In−Pb 

alloy melt (ρIn−Pb) can be expressed as  
ρIn−Pb=wPb,t·ρPb,T + wIn,t·ρIn,T                            (5) 

 
where wPb,t and wIn,t are contents (mass fractions) of 
Pb and In in the melt at time t, respectively; ρPb,T 
and ρIn,T are the liquid densities of Pb and In at 
temperature T, respectively. 

 
tmV
ρ

=                                  (6) 

 
where mt is the melt mass after volatilization at  
time t. 

The reaction order n must be established to 
determine the overall mass transfer coefficient. 
Extensive studies [20,24,25] have concluded that 
vacuum volatilization follows first-order reaction 
kinetics. Therefore, in this study, we assumed   
that n=1. By integrating Eq. (3), an alternative 
representation of the vacuum volatilization kinetics 
model for the two pure metals and their alloys can 
be obtained as follows: 

 

Pb (or In)
0

ln tm Ak t
m V

 
− = 

 
 (For pure metals)    (7) 

 
Pb, 

Pb in In Pb
Pb,0

ln tw Ak t
w V−

 
− =  

 
 (For alloys)      (8) 

 
where m0 is the melt mass at t=0 s, and wPb, 0 is the 
initial Pb content in the melt at t=0 s. kPb, kIn, and 
kPb in In–Pb represent the overall mass transfer 
coefficients of Pb, In, and Pb present in the In−Pb 
alloys, respectively. 
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The values of (ln wPb,0−ln wPb,t) and (ln m0− ln mt) 
were obtained using Eqs. (4)−(6). A first-order 
kinetic reaction approach was adopted in the 
calculations. After performing linear fitting, the 
values of (ln m0−ln mt) and (ln wPb,0−ln wPb,t) were 
plotted against A·V −1· t (Fig. 7). The slope in Fig. 7 
reflects the volatile mass transfer coefficient of R2. 
The overall mass transfer coefficients are listed in 
Table 4. 

For the first-order reaction kinetics, the 
relationship between (ln wPb,0−ln wPb,t) and A·V −1·t, 
and that between (ln m0−ln mt) and A·V −1·t, exhibit 
a linear relationship for the two pure metals and  
their alloys at various temperatures (Fig. 7). Thus, 

the vacuum volatilization of Pb, In, and In−Pb 
alloys is governed by a first-order reaction. A 
positive correlation exists between temperature and 
the mass transfer coefficient (Table 4). However, as 
the initial Pb content in the In−Pb alloy melt 
increased, the mass transfer coefficient of Pb 
decreased. 

 
3.3 Activation energy for vacuum volatilization 

The Arrhenius equation relating the 
volatilization rate constant k (m/s) to temperature is 
typically expressed as follows [26]:  

a
1ln ln Ek A

RT
= −                          (9) 

 

 
Fig. 7 Plots of (ln m0−ln mt) (a, d) and (ln wPb,0−ln wPb,t) (b, c) against A∙V−1∙t for Pb (a), 25In−75Pb alloy (b), 
40In−60Pb alloy (c), and In (d) for single reaction 
 
Table 4 Mass transfer coefficients of volatile at 3 Pa, h=35 mm and various temperatures 

T/K kPb/(m∙s−1) kPb in 25In−75Pb/(m∙s−1) kPb in 40In−60Pb/(m∙s−1) kIn/(m∙s−1) 

923 2.14×10−7 2.64×10−8 2.99×10−8 0 

973 4.32×10−7 3.92×10−8 5.49×10−8 3.42×10−9 

1023 8.11×10−7 1.07×10−7 1.70×10−7 1.14×10−8 

1073 1.35×10−6 2.75×10−7 4.48×10−7 3.47×10−8 

1123 2.54×10−6 6.83×10−7 7.60×10−7 9.23×10−8 
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where A1 is the pre-exponential factor, representing 
the product of frequency factors and the probability 
of a successful reaction; Ea is the activation energy 
for the vacuum volatilization of pure metals and 
alloys; R (8.314 J/(mol·K) is the molar gas 
constant. 

As shown in Eq. (9), plotting ln k against 1/T 
yields a linear graph, with a slope of −Ea/R and an 
intercept of ln A1. 

The Ea for the volatilization of Pb, 25In−75Pb 
alloy, 40In−60Pb alloy, and In are 104.95, 144.59, 
147.65, and 199.96 kJ/mol, respectively, as shown 
in Fig. 8. This indicates that as the Pb content    
in the In−Pb alloys decreases, Ea increases. 
Therefore, alloys with low initial Pb content require 
high energy for volatilization during vacuum 
volatilization. 
 

 

Fig. 8 Relationship between mass transfer coefficient of 
volatiles and temperature 
 
3.4 Dynamic model for mass transfer and 

limiting steps in volatilization 
The vacuum volatilization of metals occurs at 

high temperatures and low pressures, necessitating 
a detailed understanding of the associated mass 
transfer mechanisms. Figure 9 presents the 
sequence of mass transfer kinetics of Pb in the 
In−Pb alloy during volatilization. 

The mass transfer sequence can be outlined as 
follows: Step 1: Diffusion of elements from the 
liquid phase to the liquid boundary layer; Step 2: 
Transport of elements across the boundary layer to 
the melt surface; Step 3: Direct volatilization of  
the element at the vapor–liquid interface; Step 4: 
Movement of elements through the vapor boundary 
layer; Step 5: Combined diffusion and convective 
mass transfer in the vapor phase; Step 6: 

Condensation of the elements on the condenser 
surface. 
 

 
Fig. 9 Schematic of mass transfer during volatilization of 
In−Pb alloy 
 

The concentration of Pb in the liquid phase 
and boundary layer is assumed to be uniform, 
indicating minimal resistance to diffusion or 
transition across the liquid boundary. Therefore, 
Steps 1 and 2 are non-rate-limiting. The rapid 
condensation of Pb vapor, facilitated by a large 
condensation surface and continuous water cooling, 
implies that Step 6 is also not rate-limiting. Thus, 
the rate-determining steps for pure Pb volatilization 
are a combination of Steps 3−5. 

The promotion of rapid atomic diffusion at 
high temperatures negates the concentration 
gradient in the liquid phase, rendering Step 1 
non-rate-limiting. Similarly, Step 6 is also 
non-rate-limiting. Therefore, the critical stages 
associated with In−Pb alloy volatilization could 
involve only Steps 2−5. 
3.4.1 Mass transfer in liquid boundary layer 

According to the Machilin model, the molar 
flux of Pb transferring across the liquid boundary 
layer to reach the melt surface, denoted as Ji

m 
(mol/(cm2·s)), can be calculated as follows [27]:  

m m s= ( )i i i iJ k C C−                         (10) 
 

where Ci is the concentration of component i in the 
alloy melt (mol/m3), Ci

s is the concentration of 
component i in the interface layer between the melt 
and vapor phase (mol/m3), and ki

m is the mass 
transfer coefficient of component i in the liquid 
boundary layer (m/s), which is expressed as  
follows [28]: 
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m
m m

m

8=
π

i
i

D vk
r

                          (11) 

 
where rm is the melt radius, and vm is the surface 
flow velocity of the melt. ZHANG [29] indicated 
that 4.23×10−3 m/s ≤ vm ≤ 1.23×10−2 m/s under the 
vacuum smelting conditions. In this study, vm   
was considered as 8.27×10−3 m/s. The diffusion 
coefficient (Di

m) of component i varies with 
temperature and the specific type of component in 
the melt as follows [30]:  

m Pb InB

In Pb Pb
=

4π 2i
i

M Mk TD
r Mµ −

 +
 
 

             (12) 

 
where MPb(=0.2072 kg/mol) is the molar mass of Pb; 
MIn(=0.1148 kg/mol) is the molar mass of In; 
kB(=1.38×10−23 J/K) is the Boltzmann constant; the 
atomic radius of Pb rPb=1.75×10−10 m. The viscosity 
of the In−Pb alloy melt, μIn−Pb, is temperature- 
dependent and can be calculated as [31]  

( )In Pb Pb Pb In In Pb In= + 1 2 Hx x x x
RT

µ µ µ−
∆ − 

 
     (13) 

 
where ΔH is the enthalpy change of mixing for the 
In–Pb alloy, obtainable from literature [32]; xPb and 
xIn are the molar fractions of Pb and In, respectively; 
μPb and μIn are the liquid viscosities of pure Pb and 
In, respectively, which are calculated by [33]  

Pb

In

=0.5085exp[8077/( )]
=0.4405exp[5262/( )]

RT
RT

µ
µ




              (14) 

 
By combining Eqs. (11)−(14), ki

m can be 
obtained. 
3.4.2 Mass transfer from melt surface to vapor 

phase 
Based on the studies of Hertz and Langmuir, 

Knudsen considered the effect of the system 
pressure on the volatilization rate and derived a 
theoretical volatilization model, the Hertz− 
Knudsen−Langmuir equation, to describe the actual 
volatilization process with enhanced accuracy. This 
model describes the volatilization of the group 

element i on the melt surface using the following 
equation [26]:  

m m *
systems =

2π
i i i

i
i

v
ix γ P x P

J
RTM

−
                    (15) 

 
where Ji

s (mol/(cm2·s)) is the molar flux of Pb 
volatilized at the vapor–liquid interface; Pi

* is the 
saturation vapor pressure of Pb, which can be 
obtained using Eq. (16) [34]; xi

m and γi
m are     

the molar fraction and activity coefficient of 
component i in the alloy, respectively; xi

v is the 
initial molar fraction of component i in the alloy; 
Psystem is the system pressure. The analyses 
presented in Ref. [35] revealed that the M-MIVM 
accurately predicts the activities and activity 
coefficients of alloying groups in binary and ternary 
In-based alloys. Therefore, the M-MIVM was 
employed to calculate the γi

m values corresponding 
to xi

m for various temperatures (Table 5), assuming 
xi

v, the molar fraction of Pb in the vapor phase, is 
equal to 1, with Pb being the main component of 
the vapor phase. The system pressure Psystem was 
3 Pa.  

* 1
Pblg = 10130 0.985lg 13.28P T T−− − +        (16) 
 
When the liquid and vapor were under the 

same constant-temperature conditions, the vacuum 
volatilization of pure Pb and Pb obtained from the 
alloys was considered a reversible reaction. 

Considering the nature of the kinetics on the 
liquid surface [36], the molar flux of Pb at the 
liquid–vapor interface during chemical vaporization 
can be expressed as follows:  

systems s
*= 1i i

i i

PρJ k
M αP

 
−  

 
                    (17) 

 
where ki

s (m/s) is the mass transfer coefficient at  
the vapor–liquid interface; α is the coefficient of 
concentration. For pure metals, α=1, and for alloys, 
α=xi

m·γi
m. By substituting these values into Eq. (17), 

ki
s can be calculated by  

 
Table 5 Activity coefficients of Pb in In−Pb alloys at various temperatures 

Alloy xm
Pb 

γm
Pb 

923 K 973 K 1023 K 1073 K 1123 K 

25In−75Pb 0.8441 1.0080 1.0075 1.0071 1.0067 1.0063 
40In−60Pb 0.7302 1.0249 1.0234 1.0221 1.0209 1.0198 
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m m *
s =

2π
i i i i

i
x γ P Mk
ρ RT

                     (18) 
 

3.4.3 Mass transfer in vapor boundary layer 
The mass transfer coefficient in the vapor 

boundary layer (ki
gb) [37] can be derived as  

gb =
2π

i
i

i

RTk
M

                           (19) 

 
3.4.4 Diffusive and convective mass transfer in 

vapor phase 
The total molar mass transfer flux of 

component i in the vapor phase is due to both 
diffusion and convective mass transfer. Once Pb 
vaporizes from the alloy melt surface into the vapor 
phase, the total molar mass transfer flux can be 
expressed as follows ( g

iJ ) [38]:  

( )
g s

,gg e s g sd=
d

ii i
i i i i i

vD PJ P P k C
RT x RT

− ⋅ + − =       (20) 
 

where Di
g is the diffusion coefficient of component i 

in the vapor phase (m2/s), x is the vertical distance 
to the alloy melt surface (m); s

iP  is the partial 
pressure of component i in the vapor-phase body 
(Pa); vi,g is the velocity of component i in vapor flow 
(m/s); e

iP is the partial pressure of component i on 
the surface of the solute (Pa); g

ik (m/s−1) is the mass 
transfer coefficient of component i through the 

vapor-phase boundary layer. Various simplifications 
have been proposed for the total molar mass 
transfer flux Ji

g [20,39,40]. However, these 
simplifications typically result in significant 
deviations in the theoretical calculations of ki

g. 
Therefore, in this study, ki

g was calculated based on 
the experimentally obtained total mass transfer 
coefficient (kPb in In−Pb or kPb) (Table 6) using 
Eqs. (21) and (22), respectively. 

kPb in In−Pb can be obtained by  

m s gb g
Pb in In Pb

1 1 1 1 1= + + +
i i i ik k k k k−

             (21) 
 
kPb can be obtained from by  

s gb g
Pb

1 1 1 1= + +
i i ik k k k

                      (22) 

 
3.4.5 Evaluation of limiting steps of mass transfer 

during vacuum volatilization 
The mass transfer coefficients were calculated 

for different steps involved in mass transfer during 
vacuum volatilization, based on the theoretical mass 
transfer model used for Pb volatilization. 

An increase in temperature enhanced each 
mass transfer step, specifically at the vapor–liquid 
interface and during the diffusive/convective mass 
transfer of Pb vapor in the vapor phase (Table 6). 
Conversely, an increase in Pb content in the In−Pb 

 
Table 6 Mass transfer coefficients of Pb volatilization calculated for each mass transfer step 

System T/K h/mm ki
m/(m·s−1) ki

s/(m·s−1) ki
gb/(m·s−1) ki

g/(m·s−1) 

Pb 

923 35 − 1.49×10−6 77 2.50×10−7 

973 35 − 5.21×10−6 79 4.71×10−7 

1023 35 − 1.61×10−5 81 8.54×10−7 

1073 35 − 4.48×10−5 83 1.39×10−6 

1123 35 − 1.14×10−4 85 2.60×10−6 

25In−75Pb 

923 35 2.23×10−6 1.84×10−6 77 2.71×10−8 

973 35 2.36×10−6 6.35×10−6 79 4.01×10−8 

1023 35 2.48×10−6 1.93×10−5 81 1.12×10−7 

1073 35 2.60×10−6 5.31×10−5 83 3.09×10−7 

1123 35 2.72×10−6 1.33×10−4 85 9.18×10−7 

40In−60Pb 

923 35 2.34×10−6 1.58×10−6 77 3.09×10−8 

973 35 2.47×10−6 5.46×10−6 79 5.67×10−8 

1023 35 2.60×10−6 1.67×10−5 81 1.84×10−7 

1073 35 2.72×10−6 4.60×10−5 83 5.42×10−7 

1123 35 2.85×10−6 1.16×10−4 85 1.05×10−6 
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alloy decreased mass transfer in the liquid boundary 
layer, volatilization at the interface, and diffusive or  
convective mass transfer in the vapor phase. 
Therefore, the volatilization processes of Pb and 
In−Pb alloys are predominantly governed by vapor 
phase mass transfer at temperatures ranging from 
923 to 1123 K and a pressure of 3 Pa. 
 
4 Conclusions 
 

(1) The empirical equation for calculating the 
volatilization rates of Pb, In, In−Pb alloys, and Pb 
in the In−Pb alloys was obtained. Increasing the Pb 
content in the In−Pb alloys and the temperature 
significantly accelerated Pb volatilization. 

(2) The volatilization of Pb from the melt 
followed first-order reaction kinetics. An increase in 
temperature increased the mass transfer coefficients, 
whereas a higher initial Pb content resulted in a 
lower Pb volatilization coefficient. 

(3) The apparent activation energies obtained 
for the vacuum volatilization of Pb, 25In−75Pb 
alloy, 40In−60Pb alloy, and In were 104.95, 144.59, 
147.65, and 199.96 kJ/mol, respectively. 

(4) A dynamic model for Pb volatilization was 
established, revealing that vapor mass transfer was 
the rate-limiting factor in the vacuum volatilization 
of both pure metals and their alloys. 
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摘  要：研究了铟铅合金钎料中 Pb 的真空挥发动力学。结果表明，在温度为 923~1123 K、系统压力为 3 Pa 及保

温时间为 30 min 的条件下，Pb、25In−75Pb、40In−60Pb 和 In 的真空挥发速率随温度的升高而显著增大。获得了

Pb 及其合金在不同温度下的传质系数和表观活化能。此外，构建了高温熔体中 Pb 真空挥发的动力学模型。在以

上条件下，气相传质是影响 Pb 和 In−Pb 合金真空挥发的关键因素。 

关键词：真空挥发；铟铅合金；焊料；速率方程；动力学模型 
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