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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
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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
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

vacuum

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—60PDb, 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 (w) was calculated using the
slope of the linear fit by
poim 1 _s (1

At A A4
where Am (g) is the change of mass within Az, At
represents the time change (s), 4 is the volatilization
surface area of the melt (7.065 cm?), and s is the
linear fit slope of the mass-loss curve (g/s).

T

Vacuum gauge _>@
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Thermocouple
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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.

Layered image

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

Layered image

Fig. 2 SEM—-EDS images of 25In—75Pb (a) and 40In—60Pb alloys (b)
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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, =35 mm and different temperatures
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(A=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 wpp>
®251n-75Pb > (W40m—60Pb > Wi (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

K @pv/ @251n-75Pb/  (D40In-60Pb/ o/
(gsem™) (gs''em?) (gs -em?) (g's-om?)

923 2.35x10*  8.05x107° 4.37x1073 0

973 4.76x10* 1.19x10* 8.01x107° 2.86x10°°

1023 9.75x10*  3.24x107*  2.42x10* 8.07x10°°

1073 2.58x1073  8.12x107*  6.34x107* 2.35x107°

1123 5.00x1072 2.05x107% 1.16x107° 6.16x1073

3151

D1y_pb = Oppinn-pb T P1ninn-Pb
(2

Oppintn-rb = Cpb - Prapp

Otyintn-rb = Cin " Oppp

where wm-py is the In—Pb alloying rate, @pb in m-pb
and wminm-pp denote the individual volatilization
rates of Pb and In in the In—Pb alloys, respectively,
and Cpp and Ci, are the elemental contents of Pb and
In in the volatiles, respectively.

The volatilization rate of Pb in the In—Pb
alloys (wpbinm-pv) is 11—46 times higher than that
of In in the same alloys (@minmrb). 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 K Volatile parameter wa_ 0 IIH,,j/ wln_m In71,?/
mlg Crv/% Cin/% (g's'-em?) (gshem™)

923 1.0420 97.88 2.12 7.88%x107 1.17x1076

973 1.5052 97.83 2.17 1.16x10™* 2.58x10°¢

25In-75Pb 1023 4.1030 97.49 2.51 3.16x107* 8.14x10°°
1073 10.2600 96.99 3.01 7.88x107* 2.45x107

1123 26.2410 95.91 4.09 1.97x10°? 8.39x107°

923 0.5490 96.02 3.98 4.20x107° 1.74x1077

973 1.0130 95.76 4.24 7.67x107° 3.40x10°¢

40In—-60Pb 1023 3.0570 95.76 4.24 2.32x107* 1.03x10°¢
1073 8.0080 93.86 6.14 5.95x107* 3.89x107

1123 15.0460 91.36 8.64 1.06x1073 1.00x10~*
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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 (¢)
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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



Jian PANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3147-3160 3153

5r m Dppy (a) ,}ﬂ
B Dos15-75pp s
B Oyom-0pb
41+ Boy
IR e Nonlinear fit: @=exp(=22.112+0.0157), R*=0.994
- |----- Nonlinear fit: o=exp(-26.914+0.0187), R>=0.999 K
g ----- Nonlinear fit: @=exp(-23.266+0.0157), R*=0.987
5 3 Nonlinear fit: o=exp(-32.005+0.0207), R?>=0.999"
: .
©n R,
0
g 21 , ®
\\'3’
1+ ] . -
R
L Looniitet
g----""" IESTRTURRN - oty
Olg::::::::::Z:E ____________ B-----------= Bo--c-mm-oo- =
923 973 1023 1073 1123
/K
2.0 =]
I,ﬁ B Wpy in 25In-75Pb (b)/
=) 1.6 B O i 251n-75Pb S~
[ R B Nonlinear fit: o=exp(=26.743+0.0187), R?=0.999 %
- 1.2F----- Nonlinear fit: o=exp(~36.521+0.024T), R?=0.999, .-
é’ 0.8 e
Eoat .
S (1) T I, Bemmomooooe- ommommoomoe «
923 973 1023 1073 1123
/K
1.2
& B Opp in 401m-60Pb (C).E
‘E 1.0 B Oy in 401n-60Pb "
o 08F " Nonlinear fit: o=exp(-22.934+0.0147), R*=0.984 .
T. 06 ----- Nonlinear fit: @=exp(-32.063+0.0207), R2:0.997,f’
w U .-
£ 0.4
g
=02t s
8 |- - I ]
() EEEETETERE @o----oco-oo- R--------~ & L
923 973 1023 1073 1123
/K

Fig. 6 Distribution of @ 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 (R?) 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]:

dc _, 4(107p)7
= k,-V[—M_] cr ()

1
where Ci(f) (mol/L) represents the concentration of
element i at time ¢, k; is the volatilization rate

constant, equivalent to the overall mass transfer
coefficient (m/s), V is the melt volume (m?), n
denotes the order of reaction, p is the melt density
(kg/m*), and M; is the molar mass of element i
(kg/mol). p can be computed as follows:

p=pmta(T—Tn) 4)

where pn is the metal density at the melting point
(Tw); a is the temperature coefficient. 7y, pm and a
values of Pb and In are shown in Table 3.

Table 3 T, pm, and a of Pb and In

Material TwK  pw/(kgm™)  a/(kgm3K7
Pb 600.5 10670 -1.32
In 429.5 7030 —0.68

The density equation for the residual In—Pb
alloy melt (pm-pv) can be expressed as

Pln-Pb=Wpb ¢ OPb, 7+ Wins PIn,T (%)

where wpy, and win, are contents (mass fractions) of
Pb and In in the melt at time ¢, respectively; ppb.r
and pmr are the liquid densities of Pb and In at
temperature 7, respectively.

y="r (6)

where m; is the melt mass after volatilization at
time 7.

The reaction order » 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:

_h{ﬂ]: ko (orm)gt (For pure metals) (7

m

_ln( i J =K ppy in 1n_pb ;t (For alloys) (8)

Web,0

where my is the melt mass at =0 s, and wpp, ¢ is the
initial Pb content in the melt at =0 s. kpy, km, and
kevinm-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 (In weso—In wes,) and (In me— In my)
were obtained using Egs. (4)—(6). A first-order
kinetic reaction approach was adopted in the
calculations. After performing linear fitting, the
values of (In mo—In m;) and (In wpbo—In wpeyp) Were
plotted against 4-V ~!- ¢ (Fig. 7). The slope in Fig. 7
reflects the volatile mass transfer coefficient of R°.
The overall mass transfer coefficients are listed in
Table 4.

For the first-order reaction Kkinetics, the
relationship between (In wppo—In wpy,) and 4-V 11,
and that between (In mo—In m,) and A-V !¢, exhibit
a linear relationship for the two pure metals and
their alloys at various temperatures (Fig. 7). Thus,

1.4
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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]:

E
Ink =In4 ——2 9
T RT )

0.14

(b)
0.12F — 923K
2—|
;00 R?=0.999
£ R?=0.998
£ 0.08
£0.06
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Fig. 7 Plots of (Inme—Inm,) (a, d) and (In wppo—In wev,) (b, ) against 4-V "¢ 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, /=35 mm and various temperatures

T/K kpo/(m-s™") kpb in 251n-75pb/(M°S ) kpb in 40m-60pb/(M*S ") k/(mes™)
923 2.14x1077 2.64x1078 2.99x10°8 0

973 4.32x1077 3.92x10°8 5.49x10°% 3.42x107°
1023 8.11x1077 1.07x1077 1.70x1077 1.14x1078
1073 1.35x10°° 2.75x1077 4.48x1077 3.47x10°8
1123 2.54x107° 6.83x1077 7.60x1077 9.23x10°%
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where A is the pre-exponential factor, representing
the product of frequency factors and the probability
of a successful reaction; £, 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 In £ against 1/T
yields a linear graph, with a slope of —E+/R and an
intercept of In 4.

The E, 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, E. increases.
Therefore, alloys with low initial Pb content require
high energy for volatilization during vacuum
volatilization.

10 Wink,, —  -e-e- In hpy=—12622.7/T-1.68885
11+ BN Kygyaspy <o - 10 hygyy7spy=—17390.6/T-1.10983
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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.

Condensing surface

Step 5 Vapor phase
Step4  Vapor boundary
Step 3 Melt surface

‘0000000

Step 2 In—Sn alloy melt boundary

I S S S S S S S
' ff.fffffffffl

C o SR S S S S S R
Stepl =2 Ty
Nttt

In—Pb alloy melt
Liquid phas€

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

Ss
N

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 J™
(mol/(cm?'s)), can be calculated as follows [27]:

A A (ee)) (10)

where C; is the concentration of component i in the
alloy melt (mol/m*), C# is the concentration of
component i in the interface layer between the melt
and vapor phase (mol/m?), and k™ 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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D
S Y (11)

1
nr,

where 7, is the melt radius, and vy is the surface
flow velocity of the melt. ZHANG [29] indicated
that 4.23x10°m/s <vy<1.23x102m/s under the
vacuum smelting conditions. In this study, vm
was considered as 8.27x103m/s. The diffusion
coefficient (D™) of component i varies with
temperature and the specific type of component in
the melt as follows [30]:

pm— kgT (MPb+Mlnj
l ATy, _pyT; My,

(12)

where Mp,(=0.2072 kg/mol) is the molar mass of Pb;
Mi(=0.1148 kg/mol) is the molar mass of In;
ka(=1.38x1072*J/K) is the Boltzmann constant; the
atomic radius of Pb rp,=1.75%1071m. The viscosity
of the In—Pb alloy melt, umpb, is temperature-
dependent and can be calculated as [31]

AH
Him-pp™ (be:UPb Xy, My )[1 = 2Xpp, Xy, ﬁj (13)

where AH is the enthalpy change of mixing for the
In—Pb alloy, obtainable from literature [32]; xp, and
xm are the molar fractions of Pb and In, respectively;
ey and ur, are the liquid viscosities of pure Pb and
In, respectively, which are calculated by [33]

{ 15y =0.5085 exp[8077/(RT)]

(14)
1, =0.4405exp[5262/(RT)]

By combining Egs. (11)—(14), &™ 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]:

J[s:xi Vi Pz X l)system (15)

\27RTM,

where J# (mol/(cm?s)) is the molar flux of Pb
volatilized at the vapor—liquid interface; P;" is the
saturation vapor pressure of Pb, which can be
obtained using Eq.(16) [34]; x™ and y™ are
the molar fraction and activity coefficient of
component  in the alloy, respectively; x;* is the
initial molar fraction of component i in the alloy;
Pgysem 18 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 y™ values corresponding
to x;™ for various temperatures (Table 5), assuming
xi’, 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 Psysiem Was
3 Pa.

Ig P,=—101307"1 —0.9851g T +13.28 (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:

P
Jo=ky L] - Toem (17)
M aP.

where k° (m/s) is the mass transfer coefficient at
the vapor—liquid interface; a is the coefficient of
concentration. For pure metals, a=1, and for alloys,
o=x{"-y™. By substituting these values into Eq. (17),
k® can be calculated by

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

o 7Pb
Alloy Xpb
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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ks_xlmylm[;* Mi
: p 2nRT

(18)

3.4.3 Mass transfer in vapor boundary layer
The mass transfer coefficient in the vapor
boundary layer (k£°) [37] can be derived as

ko= | K
’ 27M,

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 (JF) [38]:

(19)

_—_.—+Vi—’g(13°—PS)=kl.ng

1

(20)

where Df is the diffusion coefficient of component i
in the vapor phase (m?%s), x is the vertical distance
to the alloy melt surface (m); P° is the partial
pressure of component i in the vapor-phase body
(Pa); vig 1s the velocity of component 7 in vapor flow
(m/s); P’ is the partial pressure of component i on

the surface of the solute (Pa); k* (m/s™!) is the mass
transfer coefficient of component i through the
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vapor-phase boundary layer. Various simplifications
have been proposed for the total molar mass
transfer flux J# [20,39,40]. However, these
simplifications typically result in significant
deviations in the theoretical calculations of AF.
Therefore, in this study, & was calculated based on
the experimentally obtained total mass transfer
coefficient (kppinm-po Or kp,) (Table 6) using
Egs. (21) and (22), respectively.

kpv inm-pb can be obtained by

Lt tr, 1.1 21)

72 m  7s L& 1g
kepinm-po K ki KTk

kpp can be obtained from by
1 1 1

JERT

< (22)

ke,

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 k'(m-s™) k/(m-s™) K&/(m-s™) k¥/(m-s™)
923 35 - 1.49x10°° 77 2.50x1077

973 35 - 5.21x10°¢ 79 4.71x1077

Pb 1023 35 - 1.61x1073 81 8.54x1077
1073 35 - 4.48x1073 83 1.39x10°°

1123 35 - 1.14x107* 85 2.60x107°

923 35 2.23x10°° 1.84x10°° 77 2.71x10°8

973 35 2.36x10°° 6.35x10°° 79 4.01x10°%

25In—75Pb 1023 35 2.48x107° 1.93x1073 81 1.12x1077
1073 35 2.60x1076 5.31x1073 83 3.09x1077

1123 35 2.72x107°6 1.33x107 85 9.18x1077

923 35 2.34x107°6 1.58x10°° 77 3.09x10°8

973 35 2.47x107°6 5.46x1076 79 5.67x1078

40In—60Pb 1023 35 2.60x107° 1.67x1073 81 1.84x1077
1073 35 2.72x107° 4.60x1073 83 5.42x1077

1123 35 2.85x10°° 1.16x107* 85 1.05%x10°°
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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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