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Abstract 

 We measured viscosity of KCl and NaCl liquids up to 7.3 GPa and observed a clear 

discontinuity in the pressure dependence of viscosity for liquid KCl at around 2 GPa. The 

viscosity of liquid KCl increased rapidly at 1.5-2.2 GPa, above which it remained virtually 

constant. Structural data of KCl liquid also showed a pronounced change signified by the ratio 

r2/r1, where r1 and r2 are the nearest- and the second-neighbor distances, respectively. In contrast, 

both viscosity and the r2/r1 ratio changed linearly with pressure for liquid NaCl. Our observation 

suggests that viscosities of KCl and NaCl liquids strongly correlate with the structural changes in 

terms of the r2/r1 ratio. The viscosity anomaly in liquid KCl is found to be at pressures close to 

that of the B1-B2 transition in solid KCl. 

 

 Pressure-induced structural changes and associated physical properties in liquids are 

among the most fundamental and challenging topics in condensed matter physics. Pressure-

induced structural transition has been studied both experimentally and theoretically in several 

liquids, such as phosphorus [1], nitrogen [2], silicon [3], selenium [4], tellurium [5], and water 



[6]. In contrast to the extensive studies on liquid structures, however, physical property changes 

accompanied by the liquid structural change have not yet been well investigated. Although some 

anomalous behavior has been reported in physical properties of liquids accompanied by the 

structural transitions [7-11], clear correlations between physical properties and the structural 

characteristics are still lacking. In this paper, we report experimental results of viscosity changes 

in liquid KCl and liquid NaCl at high pressures. It has been known that liquid KCl undergoes a 

structural transition around 2 GPa [12], while liquid NaCl shows continuous increase in 

coordination number with increasing pressure to 5 GPa [13]. In correlation with the structural 

transition, we observed a viscosity anomaly in liquid KCl, while liquid NaCl showed a normal 

continuous increase of viscosity up to 7.3 GPa.   

Viscosity is one of the most fundamental transport properties in liquid. Extensive studies 

have been made at ambient pressure using various techniques [cf. a review of Ref. 14]. However, 

the effect of pressure on the viscosity of liquids remains poorly understood partly due to the lack 

of experimental data. High-pressure falling-sphere viscometry was first developed in an effort to 

measure viscosities of molten earth materials [15-22]. These measurements were confined to 

highly viscous materials due to the limited imaging rate (typically 30-60 frames/second and up to 

125 frames/second) in common x-ray radiography apparatus. As a consequence, it was difficult 

to investigate low viscosity liquids such as metals [23] and salts [24] whose viscosities are 

around 1 mPa s or less at ambient pressure.  Some studies report viscosities in the 4-20 mPa s 

range for iron alloys [18, 19] using falling sphere velocities determined based on only 2 – 4 

images. This limited imaging rate makes it difficult to ensure that the falling sphere has reached 

terminal velocity and results in large uncertainties in the calculated viscosity. Rutter et al. [20] 

determined low viscosities (of around 2.4-4.8 mPa s) by adopting a sphere having similar density 



to that of the liquid sample in order to decrease terminal velocity. The drawback of this approach 

is that small uncertainties in the liquid density lead to large relative changes in the density 

difference between the liquid and the probing sphere, causing a large uncertainty in viscosity 

determination.  For instance, a calculation reveals that a 3% uncertainty in the liquid density 

results in more than 34% uncertainty in the viscosity determination. Since Rutter et al. did not 

measure liquid density and viscosity simultaneously, uncertainties in liquid density could be a 

significant source of errors in their reported viscosity. To overcome this limitation and to 

precisely determine the viscosities of low viscosity materials at high pressures, we have adopted 

a high-speed camera (Photron FASTCAM SA3) that can collect images of falling spheres at a 

rate of more than 1000 frames per second (fps). 

 Our combined liquid structure and falling sphere viscometry measurements were 

conducted in a Paris-Edinburgh cell [25, 26] at 16-BM-B beamline of the High Pressure 

Collaborative Access Team (HPCAT) at the Advanced Photon Source. We used a cell assembly 

similar to that of Sakamaki et al. [27] with cylindrical samples, typically 2 mm in diameter and 2 

mm in height. Each sample was enclosed in a BN capsule at the center of the cell assembly. Pt 

balls roughly 100 µm in diameter were used as probing spheres. In all experiments, the probing 

spheres fell immediately upon melting of KCl and NaCl, due to their low viscosities. Therefore, 

both viscosity and structure were measured at temperatures just above melting and our results 

represent pressure dependence of viscosities of KCl and NaCl liquids along the melting curves 

(Fig. 1). Pressures were determined by the equation of state of MgO [28]. For the calculation of 

pressures, we used temperatures estimated from power-temperature relation curves that were 

determined in a separate experiment using an identical cell configuration. The estimated 



temperatures were consistent with the melting curves of KCl [29] or NaCl [30] with uncertainties 

less than ±5% (Fig. 1).  

Falling-sphere viscometry measurements were carried out by x-ray radiography using the 

high-speed camera. The pixel size of the high-speed camera (5.92±0.01 µm/pixel) was calibrated 

by using a 497 µm WC ball as a scale reference. We used two Pt spheres in each experiment: one 

placed at the top of the sample to measure velocity of the probing sphere over the longest travel 

distance possible, another located near the center of the sample to identify melting of the sample 

and to trigger the high speed camera. This two-ball approach was necessary because the sphere at 

the top of the sample was hidden by the top WC anvil at high pressures. In addition, falling of 

the Pt sphere over the longest distance is important to achieve terminal velocity. A series of 

falling sphere images was recorded at 2000 fps with an exposure time of 0.5 ms. 

Figure 2a shows a series of images representing the falling Pt sphere with time in liquid 

NaCl at 2.9 GPa and around 1350 °C (See a movie in Supplementary Material). We analyzed the 

position of the Pt sphere in each frame by using the Tracker plugin in ImageJ software. The 

excellent linearity in the sphere travel distance with time indicates that terminal velocity (ν) was 

achieved (Fig. 2b). The viscosity (η) was calculated with the Stokes’ equation including the 

correction factors for the effect of the wall (F) [31] and for the end effect (E) [32]: 
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where ρ and d are density and diameter, with subscripts s and l denoting properties of probing  

spheres and liquid, respectively. Z is the sample height. The diameter of the Pt spheres were 

measured by x-ray radiography using the high resolution camera [33]. The diameter of the 

sample was assumed to be same as the initial sample diameter (2 mm), because it was difficult to 

determine the boundary between the liquid sample and the BN capsule due to the lack of contrast 

with white x-ray radiography and hence to measure the diameter of the sample at various 

pressure and temperature conditions. This assumption does not give significant influence on the 

determination of viscosity. A calculation showed that 10% difference in sample diameter would 

cause only 1% difference in the Faxen factor F and the resultant viscosity.  For the Pt spheres 

(94-133 µm) used in this study, values of F were 0.86-0.90. In addition, we calculated the end 

effect factor (1/E) by equating the distance between the top and bottom WC anvils to the 

parameter Z, yielding 1/E values between 0.87 and 0.94. The density of the spheres was 

calculated by the equation of state for platinum [34]. For densities of the liquids, however, we 

used those of liquid NaCl (1.547 g/cm3) and liquid KCl (1.518 g/cm3) at ambient pressure and 

817 °C and 787 °C, respectively [24], because liquid densities at high pressures and high 

temperatures corresponding to our experimental conditions have not been reported. The use of 

constant liquid densities does not significantly influence the viscosity determination because of 

the large difference in densities between Pt (e.g. 21.45 g/cm3 at ambient condition) and the 

liquids. For example, a 10% difference in liquid density would only change the viscosity by 

0.8%. In contrast, it has been pointed out that the uncertainties in terminal velocity play a 

dominant role in the precision of the viscosity determination [35]. In this study, terminal 

velocities were accurately determined with standard deviations of ±2.5-6.5%. Due to the small 

sphere size used in our experiment, uncertainty in the diameter of the probing sphere also 



contributes to errors in viscosity. Our high resolution x-ray radiography setup had a ±2 μm 

resolution in imaging, corresponding to up to about ±3.5% uncertainty in the resultant viscosity. 

We therefore conclude that the overall uncertainty in our viscosity determination is less than 

±11%. 

 Figure 3 shows viscosities of KCl and NaCl liquids as a function of pressure along the 

melting curves. At ambient pressure, the viscosities of both liquids are similar [24] and remain so 

up to 1.5 GPa (Fig. 3). Above this pressure, viscosities of KCl and NaCl liquids display different 

behaviors. Viscosity of liquid NaCl almost linearly increases with increasing pressure to 7.3 GPa. 

In contrast, the viscosity of KCl increases significantly at 1.5-2.2 GPa, so that by 2.2 GPa the 

viscosity (2.7 mPa s) is 57% higher than that at 1.5 GPa (1.7 mPa s), which is significantly larger 

than the uncertainties in measurement. Above 2.2 GPa, the viscosity of KCl liquid remains 

virtually constant to 5.9 GPa. The distinct kink in the viscosity of liquid KCl is in stark contrast 

to the linear increase in viscosity of liquid NaCl with increasing pressure up to 7.3 GPa.  

 Interestingly, the viscosity anomaly of liquid KCl observed in this study is in clear 

correlation with the structural change of liquid KCl reported in Urakawa et al. [12].  In order to 

clarify the viscosity-structure correlation, we also measured the structures of KCl and NaCl 

liquids in situ at high pressures immediately after each viscosity measurement. These structural 

measurements were conducted using the multi-angle energy dispersive x-ray diffraction (EDXD) 

technique [36], by collecting diffraction patterns at 2θ angles of 3°, 4°, 5°, 7°, 9°, 11°, 14°, 18°, 

23°, and 29°. Analysis of the obtained EDXD data was based on a software package by K. 

Funakoshi [37].The structural measurements at low pressures for KCl (1.5, 1.8, 2.1 GPa) and 

NaCl (1.5 GPa) liquids were not successful, because liquid samples leaked during the long data 

collection required for the structure measurements (around 2.5 hours) probably due to 



insufficient sealing of the thin BN capsule at low pressure conditions. All other structure 

measurements at higher pressures up to 7.3 GPa were successful.  

Figure 4 shows the reduced pair distribution function G(r) of KCl and NaCl liquids at 

high pressures. Previous ambient pressure measurement showed that for liquid NaCl the r1 and r2 

distances are 2.6 Å and 3.8 Å, respectively [38], and those of liquid KCl are 3.05 Å and 4.35 Å, 

respectively [39]. At high pressures, our G(r) results show well-resolved r1 peaks, whereas broad 

r2 peaks appear broader, particularly in liquid NaCl. In addition, the data show some ripples 

which are strongly dependent on the maximum Q range included in the Fourier transformation to 

determine G(r) (See Fig. s-1 in the Supplementary Material). In particular, the r2 peak lost its 

shoulders with decreasing maximum Q range, becoming a single broad peak. Therefore, in the 

peak-fitting process, we assumed two peaks below ~5 Å and fit each peak with its own Gaussian 

curve to determine their shifts with respect to pressure (Fig. 4). Uncertainties in the peak 

positions were determined from three sigma of the standard deviation of each Gaussian curve 

fitting, typically at ±0.02 Å for the r1 and ±0.06 Å for the r2. Uncertainties of the resultant r2//r1 

ratio were less than ±0.03. 

Figure 5 displays pressure dependence of the r1 and r2 distances, and the ratio r2/r1 of KCl 

and NaCl liquids, together with literature data [12, 38, 39]. The r2/r1 ratios of liquid KCl obtained 

in this study are consistent with those of Urakawa et al. [12] at pressures above 2 GPa.  The data 

of Urakawa et al. [12] show a distinct change in the pressure dependence of the r2/r1 ratio of 

liquid KCl at around 2 GPa, in close correlation with our observed viscosity behavior (Fig. 3). 

The r2/r1 ratio rapidly decreases with increasing pressure below ~2 GPa [12], and then becomes 

nearly constant above ~2 GPa (Fig. 5). In contrast, the r2/r1 ratio of liquid NaCl continuously 

decreased with increasing pressure in the pressure range of this study.  



Overall, the comparison between the viscosity and structural changes clearly shows that 

viscosities of both liquid KCl and liquid NaCl strongly correlate with the r2/r1 ratio (Fig. 3 and 

Fig. 5). The viscosities of liquid KCl and liquid NaCl vary inversely with the change of the r2/r1 

ratio as a function of pressure. The r2 distance continuously decreases in both liquid KCl and 

liquid NaCl with increasing pressure regardless of constant viscosity in liquid KCl or increase of 

viscosity in liquid NaCl. In contrast, the r1 distance shows different behavior in liquid KCl than 

in liquid NaCl. The r1 distance of liquid NaCl is nearly constant (2.62-2.67 Å) up to 7.3 GPa, 

while that of liquid KCl showed a slight decrease from 3.12 Å at 2.2 GPa to 2.98 Å at 5.9 GPa. 

Thus, the different variation of the r2/r1 ratio between two liquids at high pressures is mainly 

attributed to the difference in the high-pressure behavior of the r1 distance. Because the r1 

distance is a direct measure of the coordination numbers of these liquids, the observed viscosity 

anomaly at 2 GPa for KCl reflects a strong correlation between the macroscopic behavior and the 

microscopic coordination number change [12].   
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Figure captions 

Fig. 1. Pressure and temperature conditions of viscosity measurements shown with melting 

curves of KCl [29] and NaCl [30]. Bottom arrows indicate crystal structures of KCl and 

NaCl at the pressure conditions.  It is known that solid KCl undergoes B1-B2 transition at 

1.9 GPa [40], while solid NaCl has B1 structure to 30 GPa [41].  

 

Fig. 2. X -ray radiography images of falling Pt sphere (106 µm in diameter) in liquid NaCl at 2.9 

GPa and around 1350 °C (a) and the results of the falling distance analysis for each frame (b). 

The constant slope before the sphere reaches the bottom confirms that terminal velocity was 

measured with substantial oversampling. 

 

Fig. 3. Viscosity of liquid KCl and liquid NaCl as a function of pressure up to 7.3 GPa along the 

melting curves. The dashed and dotted lines are guides for eyes. Vertical bars represent 

uncertainty of our viscosity measurement of ±11 % 

 

Fig. 4. The reduced pair distribution function G(r) of liquid KCl and liquid NaCl at high 

pressures.  It has been known that the first peak of G(r) in liquid KCl or liquid NaCl represents 

the nearest neighbor cation-anion distance (r1), and cation-cation or anion-anion distances (r2) 

appear as a broad hump following the first peak. Examples of the peak position fit to a Gaussian 

curve for the G(r) of the liquid KCl at 2.2 GPa and that of the liquid NaCl at 1.7 GPa are shown 

by the dashed lines. Arrows indicate shift of the r1 and r2 peak positions with respect to variation 

of pressure.  

 



Fig. 5. Pressure dependence of the nearest (r1) and the second (r2) neighbor distances (a) and the 

ratio (r2/r1) (b) of liquid KCl and liquid NaCl. The dashed and dotted lines are guides eyes for 

liquid KCl and liquid NaCl, respectively. Vertical bars represent uncertainty of the r2/r1 ratio of 

±0.03.  
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