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Nomenclature 

m consistency (units dependent upon value of flow 
index) 

1. Introduction 

Low temperature molten salts are a new class of  elec- 
trolytes for battery applications (e.g. [1]). Viscosity 
measurements of  low temperature molten salts based 
on mixtures of  aluminium or copper halide and 
alkylpyridinium or dialkylimidazolium halide have 
been reported [1-5]. They have shown strong depen- 
dences of viscosity with changes in composition in 
basic (i.e. organic-rich) melts [1, 2, 4, 5]. Further, 
'gaps' in the liquidus lines, i.e. regions where fusion 
does not occur, only a glass transition at very low 
temperatures, have been shown for binary melts con- 
taining 1-methyl-3-ethylimidazolium chloride (MEIC) 
[1] and bromide [2] as the organic salt. Finally, measure- 
ments of chemical shifts for proton and carbon 
nuclear magnetic resonance spectra of  basic MEIC-  
A1C13 melts have been explained in terms of oligomeric 
structures [6, 7]. All of these measurements used 
viscometers based on variations of Cannon-Fenske 
devices [1-3, 5] or the falling ball method [4]. These 
methods do not provide shear stress-shear rate data, 
which could be used to determine whether the melts 
behave like non-Newtonian fluids. This paper reports 
viscosity measurements of MEIC-A1CI3 binary melts 
using a plate and cone viscometer (in order to obtain 
shear stress-shear rate data) and compares the vis- 
cosities measured using this technique with those of  
previous investigators. 

2. Experimental details 

n flow index (dimensionless) 
7 shear rate (s l) 
/~ viscosity (cP; mPa s) 
z shear stress (dyne cm 2) 

The dry box atmosphere was a mixture of purified 
helium and nitrogen. A summary of  the experiments 
carried out is shown in Table 1. 

3. Results and discussion 

3.1. Power law model and analysis 

In order to determine whether the melts exhibited 
Newtonian or non-Newtonian behavior, the shear 
stress-shear rate data were analyzed according to the 
power law equation (Ostwald-de Waele Model) [9], 
i.e. 

z = my n (1) 

where �9 is the shear stress, m is the consistency, ? is the 
shear rate and n is the flow index (n = 1 for Newtonian 
fluids and n < 1 for pseudoplastic fluids). Values of 
consistency and flow index were obtained from log- 
log plots of  the shear stress vs the shear rate. The 
viscosity, #, was computed from 

= m7 n-l (2) 

With the exceptions of the data from melts with a 
nominal A1C13 mol fraction, N, of 0.35 at 30 ~> T 
(o C) ~> 10 and for N = 0.40 at all temperatures indi- 
cated, the flow index was 1.00 _+ 0.02, indicating 
Newtonian behavior. 

3.2. Non-Newtonian behavior 

The organic salt was synthesized and purified similarly 
to the method of Wilkes and co-workers [8]. Alu- 
minium chloride (Fluka puriss.) was sublimed from a 
mixture of NaC1 and aluminium wire in an evacuated 
vessel at 170~ onto a 'cold finger' cooled by an Nominal 

external flow of air. The viscometer was a Brookfield AlCl3 
Model LVTD Digital Viscometer with CP-40, CP-42, molfraction 
and CP-52 cones. Temperature control was main- 

0.31 
tained by recirculating water through an insulated 0.35 
tube from a Lauda Model TK-30 constant tempera- o.4o 
ture bath to the jacketed sample holder of the vis- 0.45 
cometer. The viscosity measurements were carried out 0.64 
in a Vacuum Atmospheres Company dry box equipped 
with a 'Dri Train' having oxygen removal capabilities. 

The experiments which seemed to indicate non- 
Newtonian behavior were analyzed in order to com- 
pute the viscosity-shear rate relationship. The flow 

Table 1. Summary of viscosity data 

Temperature Number of 
range (~ C )* data pairs? 

20-40 5-7 
10-35 7-11 
10-35 8-10 
0-25 4-5 

10-35 3 4  

* In 5~ increments. 
t At each temperature. 
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Fig. 1. Viscos i ty -shear  rate behav ior  of  mel ts  wi th  flow indices less than  unity.  N = 0.35: D, 10 ~ C; + ,  20 ~ C; N = 0.40: ~ ,  15 ~ C; zx, 30 ~ C. 
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Fig. 2. V i scos i ty - t empera tu re  behav io r  of  melts.  (a) D, N = 0.31; + ,  N = 0.35; (b) <>, N = 0.40; zx, N = 0.45; x, N = 0.64. 
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Table 2. Computed activation energies (kcalmol 1) 

Nominal AICl 3 Activation 
mol fraction energy 

0.31 12.4 
0.35 10.9 
0.40 8.4 
0.45 6.9 
0.64 5.3 

index was found to be equal to or  greater than 0.90*, 
but always less than unity - indicating a slight depen- 
dence o f  the viscosity on the shear rate and slight 
pseudoplastic behavior. It is o f  interest that  the melts 
which show this behavior are found in the vicinity o f  
the liquidus 'gap '  ment ioned above. Figure 1 shows 
some of  the data  which exhibit this shear-thinning 
behavior. 

3.3. Viscosity computa t ions  and comparison 

Even the experiments which had flow indices less than 
unity (i.e. non-Newton ian  behavior) exhibited linear 
dependencies o f  shear stress on shear rate for all prac- 
tical purposes. In the absence o f  stronger evidence o f  
non-Newtonian  behavior, the viscosities for these 
melts (as well as those for which Newtonian  behavior  
was observed) were computed  f rom the linear shear 
stress-shear rate data. Figure 2 shows the computed  
values o f  viscosities f rom these experiments (symbols) 
while the curves show a correlation for viscosity 
developed by Fannin  and co-workers for these binary 
melts based on their measurements  [1]. The agreement 
between these data  and the correlation indicates that 
the viscosity can be conveniently obtained for these 
(and similar) melts by either o f  the methods employed 
in the respective studies. 

3.4. Act iva t ion  energies 

Unlike some studies on similar molten salts [1, 2], the 
viscosity data  obtained in this study did provide an 
Arrhenius relationship over the entire temperature 
range. The computed  activation energies are shown in 

Table 2. These values are very close to those computed  
by Fannin at 30 ~ C [1], significantly larger than those 
reported for molten HgC12 [10] and molten pyridinium 
salts [11, 12], similar to (but less than) those for CuC1- 
M E I C  binaries in basic melts [5], smaller than those 
for acidic CuC1-MEIC  binaries where the viscosity 
rises steeply with increasing CuCI mol  fractions [5] 
and approximately the same as those calculated by 
Carpio and co-workers for acidic alkylpyridinium 
chloride-A1C13 binaries [3]. Al though providing no 
quantitative informat ion concerning melt structure, 
the magni tude o f  the activation energies, particularly 
in the more basic melts, indicates strong interactions 
among the components  [t] - exceeding those o f  typi- 
cal physical processes. 
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