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Abstract 

Impurity diffusion coefficients D of five kinds of solute elements in liquid Sn were measured using the Foton shear cell with stable density 

layering on the ground. This experiment involved diffusion from a thin alloy layer of 3-mm thickness into pure Sn. The Sn alloys contained Ag, 
Bi, In, Pb, or Sb at 5at%. The diffusion couple was set vertically so that the side with higher density was on the bottom, which is called stable 

density layering. Four identical parallel experiments were performed simultaneously for each condition. The diffusion temperature was 573 K, 

and the diffusion time was 8 h. Each obtained profile agreed well with the theoretical equation for the thick layer solution of the diffusion 
equation (coefficient of determination r2 > 0.999). The reproducibility of the diffusion coefficients among the four parallel experiments was very 

good with a standard deviation less than 2.5%. The obtained diffusion coefficients DBi and DIn agreed well with g-reference data. Therefore, 

the buoyancy convection was assumed to be suppressed by the stable density layering during the diffusion experiments in this study, including 
the experiments of SnPb, SnAg, and SnSb with high density gradient. The impurity diffusion coefficients in liquid Sn at 573 K can be expressed 

as a proportional relationship to the product of the ratio of atomic radii rs/ri of the two substances and thermodynamic factor is, with a gradient 

equivalent to the value of the self-diffusion coefficient of Sn. 
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1. Introduction 

The diffusion coefficients of liquid metals are very important 

in the study of crystal growth and solidification. However, the 

diffusion mechanism in liquid metals is not yet fully understood. 

In the theoretical research of diffusion in liquid metals, models 

assuming a lattice point in liquid have been proposed since 

1940s1,2). However, presently, no theory quantitatively predicts 

the diffusion coefficients. Some researchers have concluded that 

diffusion coefficients will become large if the atomic radius of 

the impure component is smaller than that of the solvent3-5). 

However, the accuracy of the experimental data used in those 

studies is not sufficient to discuss the diffusion mechanism 

because the concentration profiles used were disturbed and the 

error ranges were large. In addition, these theories do not consider 

the effect of the interaction between the impure solute component 

and solvent atoms. According to the theory regarding the gradient 

of the chemical potential, the diffusion coefficient is a function 

of the thermodynamic factor . The validity of this theory was 

already confirmed in crystal metals 6).  

The experimental measurement of diffusivity in liquid metals 

is difficult because convection deteriorates the accuracy of the 

experimental results. This is one of the main reasons for the 

limitation of available and reliable experimental data. To remove 

the disturbance of buoyancy convection from experiments, 

diffusion coefficients have been measured using the shear cell 

technique in microgravity, for example, Spacelab-D1(SL-D1) 7), 

TR-IA 8-9), MSL-1 10-11), Foton-12 12), and Foton-M2 13-17). Details 

of the advances in diffusion experiments in microgravity are 

described in a review paper 18). 

On the other hand, the technique for the suppression of 

convection was developed for ground experiments. The 

experimental method using the shear cell technique with stable 

density layering enabled us to suppress buoyancy convection and 

Marangoni convection, and thus, measure the diffusion 

coefficients accurately on the ground 19-22). This experimental 

method helps to accumulate the basic diffusion data, which are 

used for investigating the theory of diffusion. 

This study was aimed at investigating the effect of impure 

solute on the diffusion in liquid metals. We measured the 

impurity diffusion coefficients of Ag, Bi, In, Pb, and Sb in liquid 

Sn using the shear cell technique with stable density layering. 

Then, we compared the obtained diffusion coefficients with a 

theoretical formula containing the thermodynamic factor . 
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2. Experimental Procedure 

Figure 1 shows the shear cell used in this study, which is the 

same type as that used in the Foton-M2 13-17) and applicable to 

experiments on the ground 19-22). The shear cell unit had an outer 

cylinder, an inner cylinder, and 20 graphite disks of 3-mm 

thickness; each with four capillaries of 1.5-mm diameter. The two 

types of disks (Fig. 2), were connected alternately. By connecting 

these disks, a capillary with length of 60 mm was formed. On 

both ends of the capillary, reservoirs were equipped. 

 The experimental procedure using the shear cell technique is 

shown in Fig. 3 19-22). The type of experiment was diffusion from 

a thin alloy (Sn-Ag, Sn-Bi, Sn-In, Sn-Pb, and Sn-Sb) layer of 3-

mm thickness into pure Sn. As Fig. 4 shows, the higher density 

sample was set on the bottom, that is, Sn-Ag, Sn-Bi, and Sn-Pb 

alloys were placed on the bottom, while Sn-Sb and Sn-In were set 

on the upper side. The samples were vertically arranged as a one-

dimensional diffusion couple with the diffusion axis on its 

centerline. Two kinds of solid samples were set in the shear cell 

by setting an intermediate cell apart from the diffusion axis at 

room temperature. The samples with the same composition as 

that in the capillary were set in both reservoirs with elastically 

compressed graphite felts. Then, the shear cell was set in a 

furnace, which was fixed so that the diffusion axis was vertical. 

After evacuation of the furnace, the shear cell was heated to 

573 K, and the samples were homogenized for 1 h. Then, to start 

the diffusion phase, a motor was rotated and the intermediate cell 

was inserted. After maintaining the temperature at 573 K for 

28,800 s, the capillary was separated into 20 cells and cooled. 

Four identical parallel experiments were performed 

simultaneously under each condition, using four capillaries in a 

shear cell unit. 

After the end of the diffusion experiments, each sample piece 

was dissolved in aqua regia and analyzed with inductively 

coupled plasma-optical emission spectrometry (ICP-OES, 

Agilent 5100). Concentration profiles were obtained by plotting 

the analyzed concentration of each sample in the middle position 

of each cell. 

3. Results 

Figure 5 shows the Ag concentration profiles obtained in these 

experiments. The mean square displacement <X2
meas> was 

calculated by fitting the theoretical formula of diffusion with 

error functions (Eq. (1)) to the obtained profiles. The diffusion 

coefficients D were compensated to eliminate the effect of 

averaging and shear convection following Eq. (2) 15,23).   

 

Fig. 1  Photograph of the shear cell same as used in the Foton 

mission. 

20 mm

 

Fig. 2  Disks of the shear cell for uneven numbers (a) and for 

even numbers (b). 
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Fig. 3  Schematic illustration of the experimental procedure 

using the shear cell technique in this study. (unit: 

mm) 
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Fig. 4  Schematic illustration of setting the diffusion couple 

with stable density layering. The symbol g shows the 

gravity vector. 
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(1) 

𝐷 = (< 𝑋𝑚𝑒𝑎𝑠
2 > −2 × 10−7 − 7.5 × 10−7) 2𝑡⁄       (2) 

Here, c(x, t) is the concentration of the impurity at the position 

from the end (Fig. 3(iii)) at diffusion time t. The symbols c0 and 

h are the initial concentration and thickness (Fig. 3(ii)) of the 

sample including the impurity, respectively. 

Each obtained profile agrees well with the fitting function, with 

coefficients of determination r2 larger than 0.999. The coefficient 

of determination r2 is a parameter, which is calculated by 

subtracting 1 from the value and, thus, increases with increasing 

residual error of fitting. Therefore, a value of r2 close to 1 means 

a good fit.  

In addition, the reproducibility of the diffusion coefficients 

among the four parallel experiments was very good. There were 

small differences in the concentration at x = 0 mm. Small 

differences in both the initial condition c0 and initial thickness h 

may have been the reason. However, when the concentration is 

normalized through division by the concentration at x = 0 mm, 

the curves overlap each other. Therefore, the difference in the 

concentration is negligible for the estimation of the diffusion 

coefficients.  

The standard deviation of the diffusion coefficient was smaller 

than 2.5%. Garandet et al. 12) reported that the error of the 

impurity diffusion experiments in the Foton-12 mission, using a 

shear cell similar to the one used in this study, was 6% 12). This 

value included a temperature measurement error of 2%, a 

convection error due to the g-jitter of 1%, and a concentration 

measurement error of 3%. The errors in measuring the 

temperature and time were not involved in this study because the 

experiments of the four couples were performed simultaneously. 

In addition, there was no influence of the g-jitter since the gravity 

direction is constant on the ground. The error factor in these 

measurements was only the measurement of the concentration, 

and the error value was similar to reference result reported by 

Garandet. Considering that the measurement error with ICP-OES 

was about 2%, we concluded that the obtained diffusion 

coefficients were highly reproducible. 

4. Discussion 

4.1 Suppression of convection 

Frohberg reported that the diffusion coefficient is proportional 

to n-th power of the temperature with n ~ 2 7). The logarithm of 

the obtained diffusion coefficients was plotted against the 

logarithm of temperature in Fig. 6 with the related reference data 

 

Fig. 5 Obtained concentration profiles of the four parallel 

experiments with Sn-5at%Ag. The position x is the 

distance from the end of alloy side. Solid lines are 

fitting curves. (g: gravity vector, r2: coefficient of 

determination, suffix to the D: name of capillary, unit 

of D : m2･s-1) 
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Fig. 7 Arrhenius plots of the diffusion coefficients D in Sn: 

fitted lines obey Arrhenius’s law. (Unit of D : m2･s-1) 
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Fig. 6  Temperature dependence of the diffusion coefficients 

D in Sn: fitted lines obey D=ATn.  
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obtained from previous shear cell experiments on the     

ground 17, 19, 20) and in microgravity 12, 13). The reference data were 

fitted by the power of the temperature dependence as Eq. (3). 

nATD = .      (3) 

Here, the symbols A (m2･s-1･K-n) and n are constants that vary 

according to the substance. The parameters (A, n) obtained by 

fitting the reference data were (2.61 × 10-14, 1.80) and (3.40 ×  

10-14, 1.78) for Bi and In, respectively. The lines in Fig. 6 show 

the results of fitting the reference data. The obtained impurity 

diffusion coefficients of Bi and In in this study agree well with 

each of the lines.  

In addition, Figure 7 shows Arrhenius plots from Eq. (4) of the 

obtained data and reference data.  

)R/exp(0 TQDD −=       (4) 

Here, the symbols D0 (m2 ･ s-1), Q (kJ ･ mol-1), and R     

(kJ･mol-1･K-1), are the pre-exponential factor, activation energy, 

and the gas constant, respectively. The parameters (D0, Q) 

obtained by fitting the reference data were (2.934 × 10-8, 12.16) 

and (3.109 × 10-8, 11.72) for Bi and In, respectively. The obtained 

data of Bi and In also agree well with each of the Arrhenius plots. 

Although these results are not the necessary and sufficient 

conditions for suppression of convection, if convection exists, the 

diffusion coefficients should be much higher than the fitting 

curves. Therefore, we considered that buoyancy convection was 

practically absent in these measurements. 

However, there is no reference data for Ag and Pb using shear 

cell in microgravity, and the data for Sb have not been published. 

Therefore, we investigated the accuracy of these data considering 

the density distribution of these couples.  

To discuss the dependency of density on concentration, data 

obtained from precise measurements are necessary. However, 

density data are not available currently. Thus, we considered that 

the following approximation of the density of a binary alloy can 

be applied to this study. For this calculation, a linear relationship 

between the density and concentration of the solute was assumed 

for the following reasons. First, the concentration region is 

narrow. Second, a magnitude relationship, rather than an exact 

numerical value, is needed in this study. 

The density distributions of the samples were plotted against 

the longitudinal direction after the end of the diffusion 

experiments in Fig. 8. The density distributions were 

approximately calculated from the linearization of the density 

profile of Sn alloy with impurity between 0 at% (pure Sn) and 20 

at% at 573 K 24-28). The obtained equation is shown below. 

SniiiSn +    = ρNρ −     (5) 

Here, r is density and Ni is mole fraction of impurity. The suffix 

i represents the impurity element. The constant i is 2425 for Ag, 

4876 for Pb, 4727 for Bi, -553.9 for Sb, and -1.50 kg･m-3 at%-1 

for In. The density of pure Sn, rSn, is 6936.1 kg･m-3. The 

densities of Sn-Pb, Sn-Bi, and Sn-Ag alloys are higher than those 

of Sn. Therefore, these samples were situated at the bottom of the 

vertically arranged one-dimensional diffusion couple. 

Conversely, Sn-In and Sn-Sb alloys were situated on the bottom, 

because the density of Sn is higher than this sample.  

The difference in the density between Sn-In alloy and Sn is the 

smallest in the couples used in this study. From the agreement of 

g data and obtained data of In, it is considered that the buoyancy 

convection was suppressed in the experiment of this diffusion 

couple. Therefore, we assume that in the experiment of the 

diffusion couple where the difference in the density between the 

alloy and pure metal is larger than that of Sn-In and Sn, the 

buoyancy convection is suppressed. The impurity diffusion of Pb, 

Ag, and Sb in Sn was assumed to be measured accurately through 

suppressing the buoyancy convection because the difference in 

the density between each alloy and Sn is larger than that between 

Sn-In and Sn. 
 

4.2 Effect of the solute on the diffusion coefficient 

According to the theoretical thermodynamic formula, the 

impurity diffusion coefficients Dis of impurity i in solvent s can 

be expressed by Eq. (6) 29). 

isBisis k TMD =
  

 (6) 

Here, Mis is the mobility of impurity atom i in solvent s, kB is 

Boltzmann constant, T is temperature, and is is thermodynamic 

factor of impurity for atom i in solvent s. The thermodynamic 

factor is is defined as following Eq. (7). 
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Fig. 8 Estimated density distributions of the samples after the 

end of the diffusion experiments. A linear relationship 

between density and concentration was assumed for the 

calculation.  
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Here, i and Ni are the activity coefficients of impurity atom i and 

the molar fraction of atom i in the solution, respectively. It is 

generally known that the self-diffusion coefficients (impurity i is 

identical to solvent s, in this case) are expressed by the 

Southerland-Einstein equation30) as equations (8) and (9). 

  

TMD s Bs k=

   
           

 (8) 

   ss

s
4

1

 r
M = .

      
   

 
(9) 

Here, rs and s are the atomic radius and viscosity coefficient of 

solvent s, respectively. Therefore, assuming the viscosities  of 

all the alloys used in this study are equal to s at 573 K, since the 

alloys are dilute, mobility Mis for impurity i in solvent s can be 

assumed to be proportional to the ratio of the atomic radii 

between the solute and solvent. We thus proposed Eq. (10) as 

follows, 

T
r

r
mTMD Bis

i

s
isisis kR  == .

 
 

 (10) 

Here m is a constant, which is related to the mobility. 

As the first step, the diffusion coefficients were compared with 

the ratio of the atomic radii. The thermodynamic factor for the 

dilute solution is close to 1.0. Therefore, if it is assumed that the 

thermodynamic factor is is equal to 1.0, the diffusion coefficient 

is considered to be proportional to the ratio of the atomic radii. 

The impurity diffusion coefficients were plotted against the ratio 

of the atomic radii of the solute and the solvent in Fig. 9. The 

atomic radii were approximated to be same as the Gold-Schmidt 

radius 31). The error bar contains the standard deviation for four 

capillaries and the temperature measurement error. This shows 

the tendency that the diffusion coefficient increases with 

decreasing atomic radius of the impurity. However, this does not 

indicate a close relationship between the diffusion coefficients 

and the atomic radius. Therefore, it is thought that the 

thermodynamic factor would affect the impurity diffusion 

coefficients. 

From these results, both the ratio of the atomic radii and 

thermodynamic factor is were considered. Setting rs is/ri as the 

abscissa axis, the diffusion coefficient was assumed to be 

proportional to the abscissa axis. The diffusion coefficients were 

plotted against the product of the ratio of the atomic radii rs/ri and 

thermodynamic factor is in Fig. 10. The values of the 

thermodynamic factors were obtained from the activity 

coefficients calculated with Thermo-CalcTM and were assumed  

to be the average value between 0 at% and 5 at%. 
 

 

Fig. 9 Diffusion coefficients against the ratio of atomic radii, 

rs(solvent)/ri(impurity). The values of DSn were 

calculated by using the power law from the results of 

space shuttle missions7,9) and shear cell experiments on 

the ground. 
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Table 1 Self-diffusion coefficients obtained by the n-th power law 

D 

×109 

m2･s-1 

A 

×1015 

m2･s-1･K-n 

n Temp. 

Range 

K 

Apparatus 

(mission) 
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measurements for fitting to the n-th power law D = ATn. 

 
Fig. 10 Diffusion coefficients against the product of the ratio 

the of atomic radii rs/ri and thermodynamic factor is. 

The solid line is the fitting line passing through the 

origin. 
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4.3 Comparison with self-diffusion coefficient 
 

Four values of the self-diffusion coefficient of Sn were plotted 

in Figs. 9 and 10. Three of them were calculated values by using 

the empirical formulas of the n-th power law (Eq. (5)) by fitting 

the experimental data in previous space shuttle missions, that is, 

the long capillary (LC) in Spacelab-D1 (SL-D1) 7), long capillary 

in MSL-1 10), and shear cell (SC) in MSL-1 11). Table 1 shows the  

values of D, the fitting parameters A and n, the temperature range 

of the measurements for the fitting, the names of the space 

mission, and the apparatus. The value DSn = 2.41 × 10-9 m2･s-1 

was calculated by using the data of the SL-D1 mission 7). The 

temperature range of the measurements was 543–1048 K. The 

value DSn = 2.41 × 10-9 m2･s-1 was calculated by using the long 

capillary data of the MSL-1 mission 10). The range of temperature 

measurement was 900–1622 K, which was higher than that in the 

SL-D1 mission. The value DSn = 2.52 × 10-9 m2 ･ s-1 was 

calculated by using the data of from the three experiments 10). 

The relative error among the values of Sn self-diffusion was 

about 20%. This seems to be a good agreement. This may be due 

to differences in the experimental apparatus and measurement 

temperature range. The impurity diffusion coefficients are 

located in between the calculated self-diffusion data.  

The fourth plot D = 2.87 × 10-9 m2･s-1 was obtained by using 

the same method as in our study 32). For this comparison, the 

effects of the difference in apparatus and temperature were 

avoided.  

A proportional function can be fitted well with the 

experimental data of impurity diffusion, with a high coefficient 

of determination r2 = 0.998 and a gradient equal to 2.90 × 10-9 

m2 ･ s-1. Interestingly, this line was on the Sn self-diffusion 

coefficient profile obtained by the same method as in this study. 

Thus, the gradient of the line was in good agreement with the Sn 

self-diffusion coefficient. 

Therefore, the impurity diffusion coefficients can be 

approximated as proportional to the product of the ratio of the 

atomic radii rs/ri and thermodynamic factor is, with a gradient 

equivalent to the value of the self-diffusion coefficient of the 

solvent. From these results, it can be concluded that Eq. (10) can 

be applied to express the impurity diffusion coefficients. In this 

study, although rs/ri was varied, the range was narrow. Therefore, 

rs/ri can be approximated as 1 in Eq. (10). Under this 

approximation, the parameter m is the product of Avogadro’s 

number and the mobility, which is in inverse proportion to the 

viscosity of the solvent.  

In this study, only the impurity atoms in Sn, which have rs is/ri 

~ 1, were used. The application of Eq. (10) for a combination of 

impurity and solvent with rs is/ri far from 1 is the subject of a 

future study.  

5. Conclusion  

The impurity diffusion coefficients of Ag, Bi, In, Pb, and Sb in 

liquid Sn were measured at 573 K using the shear cell technique. 

From the four parallel experiments, high reproducibility 

(standard deviation < 2.5%) was demonstrated. The obtained data 

agreed well with the reference data measured using the shear cell. 

Therefore, this experimental procedure suppressed the buoyancy 

convection and measured the impurity diffusion coefficients 

accurately. The impurity diffusion coefficients in liquid Sn at 

573 K can be expressed as proportional to the product of the ratio 

of the atomic radii rs/ri of the two substances and thermodynamic 

factor is with a gradient equivalent to the value of the Sn self-

diffusion coefficient. 
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