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and 

The interdiffusion coefficients in Li-Mg alloys and Li-M~AI alloys were evaluated ~:sing transient 
techniques such as chronopotentiometry and chronoamperometry. Anodic or cathodic pulses were 
imposed on the alloy electrodes under gaNanostatic and potentiostatic conditions. 

Taking into account charging of the double layer, ohmic drop, adsorption of diffusing species and 
eiectroIyte-electrode boundary shift, the diffusion coefficients of lithium in Li-Mg alloys (s-phase 
and ,q-phase) and in Li-Mg-A1 alloys were estimated at around 420 ~ C. In the case of Li-Mg 
a-phase alloys, the values of the diffusion coefficients, DLi , c a n  be represented in a polynomial 
expansion of the composition of the alloy, XL~ (mol %) as follows: 

In DLi = - - 1 9 . 8 5 0  - 0.4294N~i-~ 0.0249X~i 

The diffusion coefficients of lithium in Li-Mg (fi-phase) alloys show extremely large values 
(-~ ~0 ~'cm2s ~) as also in the Li A1 fi-phase alloys. 

L ~utroduction 

The most dectroactive element, lithium, is presently being coasidered for use as an anode materia! 
for high temperature batteries in which molten salts are utilized as e~ectrolytes; moltea suit batteries 
are being developed for load levelling and for use as power sources for electric vehicles [i-41 . 
However, some difficulties exist in developing and designing these batteries since the reciting points 
of such electrolytes are in general higher than that of lithium, and the lithium metal itself is highly 
corrosive towards the celt materials. In addition, appreciaNe dissolution of lithium into molten 
chloride electrolytes causes self-discharge. These difficulties can be avoided by using solid lithium 
alloys as anode materials. Up to the present, lithium alloys such as Li-A1, Li-Si, Li-B and Li-Ge 
have been generally recognized to be candidate materials [5-i 1]. The utility of these alloys consists 
of the facts that they are in solid aggregate state, less corrosive even at eievated temperature and 
show an insignificant decrease in voltage (about 300 mV) relative to pure lithium. 

Special attention must be paid to the Li-Mg alloys phase diagram, shown in Fig. 1 since it reflects 
on their mechanical properties. These alloys are ductile compared with the other lithium alloys. The 
ductility facilitates production of anodes and achievement of molten salt batteries. Similar situations 
may be expected for Li-Mg A1 alloys, and also the introduction of magnesium into the Li-AI alloy 
decreases its brittleness and makes the preparation of anodes for chemical current sources easier. 

As the situation now stands, there are few data on the thermodynamic and electrochemicai 
behaviour of binary Li-Mg and ternary Li-Mg-AI alloys [12-15]. Sahoo and Atkinson [161 have 
recently studied the preparation and fabrication of Li-Mg alloys and concluded that additions of 
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just over l0 wt % (28 mol %) lithium to magnesium cause its crystal structure to become cubic and 
render the alloy readily workable. It has also been reported that single-phase alloys (//-phase), 
including those with lower lithium content, have a corrosion resistance similar to the other mag- 
nesium-based alloys and give higher voltages and better discharge characteristics in the range 6.5 
to 12wt % (19.6 to 32.3 mol %) of lithium. For  these reasons, it is important to investigate the 
diffusion behaviour as well as the thermodynamic properties of the L ~ M g  and Li-Mg-AI alloys 
in order to clarify the mechanism of transport in the solid state and to advance the realization of 
molten salt batteries. 

2. Experimental details 

2.1. Electrode preparation 

The Li Mg electrodes were made from a magnesium rod which was alloyed with lithium to a 
definite concentration by high temperature electrolysis at a constant potential. For  Li-Mg A1 
anodes, samples of Mg-A1 alloys were used as the starting materials for the working electrodes. 
They were prepared beforehand by the following procedure: accurately weighed magnesium and 
aluminium specimens were degreased with acetone and introduced into a vitreous carbon vessel. The 
specimens were kept under vacuum for 1 h at room temperature and then heated to 550 ~ C under 
reduced pressure for 2 h; argon gas was introduced into the cell which was then heated to 800 ~ C. 
After melting the specimens, the homogeneous liquid alloy was degassed under vacuum for a few 
minutes so as to prevent the presence of any bubbles in the final sample. Then argon gas was 
introduced to the cell as soon as possible owing to the appreciable vaporization of the metals, and 
the melt was rapidly cooled to 550 ~ C and then maintained at that temperature for 2 h. Finally, the 
furnace was switched off to anneal the alloy for more than 12h. The accurate composition was 
ascertained to be unchanged by means of an atomic absorption spectrometer. 

2.2. Electrochemical apparatus 

The schematic diagram of the electrochemical cell has already been described in a previous publi- 
cation [17]. The components of the apparatus were selected in order to achieve a sufficiently 
vacuum-tight cell even at elevated temperature; in fact the residual pressure was less than 0.1 mm Hg 
at 500 ~ C. The electrolyte was a LiC1 (59 mol %) KC1 (41 mol %) eutectic melt. The constituent salts 
were accurately weighed, carefully dehydrated under reduced pressure and finally purified by 
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premelting under an HC1 atmosphere. During each experimental run, argon gas was kept flowing 
throughout the cell. 

The detailed procedure of preparation and purification has already been described by Laitinen 
et aL [18] as well as in our previous work [19]. 

In the present work a chlorine gas electrode (C12/C1-) was employed as reference. Its potential 
versus the Li/Li § electrode was found to be + 3.650V. The counter electrode was made from a 
graphite rod separated from the main compartment by a quartz frit in order to avoid a direct 
reaction between chlorine gas and the metallic electrodes. 

The electrical pulses were supplied by a galvanostat potentiostat (Amel Model 555) with a rapid 
response (10/~s) which was connected to a function generator (Amel Model 565). The signals of 
potential or current versus time were recorded by means of a storage oscilloscope (Tektronix 7023) 
or a digital memory recorder (Biomation 805). 

3. Theoretical background and analytical method 

When the lithium alloy electrode, immersed in the electrolyte, is in the equilibrium state, the 
potential, Eeq, is given by the Nernst equation: 

Eeq = E ~ + ( R T / F )  In (a*x/a*d) (1) 

where a*x and * arid are the activities of the oxidized species (Li § in the electrolyte and the reduced 
species (Li) existing in the alloy electrode, respectively. If  n5~ at equilibrium the potential, E, takes 
the following form, the electron transfer being rapid at this temperature. 

E = Eeq + (RT /F)  In (aoxared/aoxa~ed) (2) 

3.1. Chronopotentiometry 

When a galvanostatic pulse of current density, i, is imposed for time, t, the potential variation of 
the alloy electrode versus time is given by [19, 20]: 

= E - -  Eeq  - R T  In . [C* x  + 2i(t~/F)(~Dox)~]f~*C~d 
F [Cr~ed _ 2i(t~/F)(nDred)~lfedC. d ( 3 )  

Where the superscript �9 refers to the equilibrium situation, and fred is the activity coefficient 
satisfying the relation area = fred f r e d -  The values of fred v e r s u s  Cre d have been evaluated previously 
from the results of Tiunov [13]. As the variations of Cox are always very small, it is not necessary 
to take account of the fox factors. The quantities C*, Cr*d, Dox were known from previous work [19]. 
Thus Equation 3 was used to calculate Dr, d. 

At the end of the pulse, when the current is switched off, the potential recovery back to the 
equilibrium situation can be used to determine the interdiffusion coefficient, ])re d . The concentration 
variation has been reported by Berzins and Delahay [22]; at the electrode surface the time depen- 
dence of the concentration is 

2i 
C~ea = Cre* + [(0 + t) ~ -  (t) {] (4) 

rtF(;rCDred) ~ 

where 0 is the pulse duration. 
The value of Droa is calculated from Equation 4 by a trial and error method, the variation of Cre d 

being known from the potential response. 
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3.2. Chronoamperometry 

When an abrupt change, r/, of potential is imposed, the current density flowing through the 
electrolytic cell is given by the Cottrell relation: 

i = F(Cr* d - -  Cred) (DFea/xt) I 

i = F ( C o x -  C*x)(Dox/gt) ~ (5) 

As Dox is known, it is possible to calculate Cox. Moreover, the ratio fox Cox/fedCFed at the electrode 
surface is automatically fixed by the constant potential impulse. Then the value of/)red is deduced 
from the Cottrell relation [23]. 

In electrochemical techniques, diffusion phenomena can only take place when deposition or 
dissolution of electroactive species occurs; that is, the velocity and the direction of the electrolyte- 
electrode interface movement are dependent upon the magnitude of the current which may be either 
anodic or cathodic. A correction was therefore required to account for electrode boundary move- 
ment [21], according to the method recommended by Oldham and Raleigh [24] for the potentiostatic 
experiments and by Godulyan and Zatsepin [25] for the galvanostatic experiments. 

4. Resul ts  

The determination of the alloy composition and the estimation of the diffusion coefficient from 
electrical potential measurements require a reliable evaluation of the activity coefficients of the 
diffusing species. 

4.1. Thermodynamics o f  alloys 

In this section, the data are taken from the literature [13] with a few modifications so as to adjust 
the thermodynamical results which are expressed by the polynomial expansion [27]: 

In 7L~ = s0 + cq(l - X)  + e2(1 - ) 0 2  + e 3 ( 1  _ ) 0 3  q_ . . .  (6) 

The experimental results could be represented with sufficient accuracy by neglecting the terms 
higher than third order. The coefficients e0, ~1, e2 and e3 for the L i - M g  alloys (s-phase and fl-phase), 
which are evaluated by a least-squares method, are listed in Table 1. 

The activity, aLi, in the alloy is related to the atomic fraction, XLi, by 

aLi = ~)LiXLi (7) 

where 7Li is the activity coefficient. XLi permits the derivation of the molar concentration 

CLi = XLi~L i Mg/[XLiMLi q- (1 - XLi )MMg ] (8) 

where ~OLi Mg is the alloy specific mass, and ML~ and MMg a r e  the atomic masses of lithium and 
magnesium, respectively. 

Table 1. Coefficients of the polynomial expansion (Equation 6) expressing the dependence of the activity" coefficients, 7Li, on the 
lithium mole fraction, X, of the Li-Mg alloys 

a-phase (0 < X < 0.18) -17.31i 85.905 -124.12 52.129 
fl-phase (0.30 < X < 0.45) - 1.939 10.85 -22.79 12.53 
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4.1.i. Galvanostatic method. A concentration gradient was created at the electrode surface by 
imposing a cathodic current pulse with a well-defined amplitude, I, and duration, 0 [26]. The 
potential variation resulting from the concentration gradient is related to the diffusion of lithium 
from the surface to the inside of the matrix, as indicated by Equation 3. The values of I and 0 must 
be small enough to produce only a slight variation of the concentration, since a large perturbation 
of the electrode surface must be avoided. This technique has already been used for different 
compositions of the c~- or fi-phases in A1-Li alloys (see previous paper [19]). 

The experimental results were represented by curves which could be stored either as photographs 
of an oscilloscope screen or as numerical data in a digital recorder memory. Each curve represented 
the potential variation as a function of time during the current pulse, and supplied information on 
the transport properties of the electroactive species. In fact, depending on the experimental con- 
ditions, it was possible to obtain both the diffusion coefficient of Li + in the electrolyte and the 
interdiffusion coefficient of lithium atoms in the alloy. 

When the deposition method is used, there is an increase of the concentration of lithium at the 
surface of the electrode. The potential then changes slowly when the concentration reaches the 
lithium-rich region (Fig. 2). In contrast, when an anodic current flows, the relative change of 
concentration Qi/C* becomes very large, particularly at the end of the pulse when CL~ approaches 
zero. This results in an abrupt variation of the potential which is shown in Fig. 3. Since the 
phenomenon is controlled by diffusion, the application of Equation 3 permits the determination of 
the diffusion coefficient from the chronopotentiogram. In the case shown in Fig. 3, one must 
distinguish the ascending part corresponding to the current flow up to the time 0 from the 
descending part describing the return to the equilibrium potential when current has been switched 
off. The latter part of the curve, which corresponds to diffusion without current, can be analysed 
by Equation 4. 

4.1.2. Potentiostatic method. The curves reported in Fig. 4 represent the variation of I when an 
abrupt change of potential is imposed on an L i - M g  alloy electrode. The surface concentration, Qi ,  
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Fig. 3. Chronopoter~t iogram of  a -phase  M g - L i  alloys, 
E~q = 0 ,205V/Li ;  J(~ = 17 .3mo1%;  T = 420'~C; S = 
t .15cm-.  Fi rs t  part :  t < 44s;  I = + 2 m A .  Second part:  
t > 44s;  I = 0. 
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Fig. 4. C h r o n o a m p e r o g r a m s  of  e-phase Mg Li alloys. 
Eeq = 0.205V/Li; Xs = 17.3mo1%; T = 420~ S = 
1.15cm 2. 

depends on the amplitude of the potential step, which is generally a few millivolts so as to result in 
a slight variation of the concentration and thus to avoid the difficulties arising from the concentra- 
tion dependence of D. The graphical representation of I against t -~ obeys the Cottrell relation. In 
practice, the slope of the straight line derived from the Cottrell relation is equal to F(Cr*a - Crea) 
(DFea/7C) ~. The values of D do not change appreciably with the amplitude or the sign (oxidation or 
reduction) of the imposed potential jump. 

4.1.3. Comparison with previous results. Protasov et al. [12] have obtained diffusion coefficients in 
L i - M g  alloys (/~-phase) under galvanostatic conditions using LiC1-KCI, LiC1-KC1-CsC1 and 
LiF-LiC1-LiBr  eutectic melts as electrolytes. Their values, estimated at 420 ~ C by interpolation, are 
about 1.6 x 10 -6  (58Limol%),  5.6 x 10 7 (43Limol%)  and 1.3 x 10 7 (31Limol%) cm2s 1. 

The diffusion coefficients of lithium in the a-phase obtained from our work range from nearly 10 -9  

to 10-1~ 2 s -l, and those in the/?-phase are of the order of |0-6cm2s -1. 

5. Discussion 

The application of the classical laws of chronoamperometry or chronopotentiometry is affected by 
certain factors such as charging of the double layer, adsorption, the presence of impurities and the 
contribution of other electroactive species such as Mg 2+. The last two factors have no influence on 
the electrochemical results beyond the experimental errors of the method. The first two factors 
introduce some perturbation only for the short-time responses. The main effect arises from the 
presence of electroactive adsorbed species, but it turns out to be negligible for times longer than 
20 ms. 

5.1. Concentration dependence of the diffusion coefficient 

The method provided evidence for the variation of the diffusion coefficient with alloy composition 
(e- or/~-phase) by using alloy electrodes of varying lithium content as tabulated in Tables 2, 3 and 4. 
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Table 2. Diffusion constants fi'om galvanostatic experiments in Li Mg alloys at 420 ~ C. D~o~ takes account ojthe boundary shf t  
correction 

Conditions I (mA ) Dsana D .... 
( x lO-mcm2s -I) ( x ]O-l~ 

E~q = 0.205 V/Li 2 4.4 3.8 
5 8.7 7.7 

X~ = 17.3mo1% 25 7.4 6.4 
S = 1.14cm 2 140 6.9 6.0 

Eeq = 0.250 V/Li -- 30 9.8 8.4 
- -70  21.5 18.4 

X~ = 13.2mo1% 30 3.6 3.1 
S = 1.38cm 2 50 3.3 2.8 

E,q = 0.580 V/Li - 15 13 i2 
- 3 0  9.7 9.2 

X* = 0 .17mo1% --70 8,7 7.7 
S = 1.38cm 2 - 100 9.9 8.5 

W i t h i n  e a c h  p h a s e  a c o n t i n u o u s  v a r i a t i o n  o f  DL~ is  o b s e r v e d  a g a i n s t  J(L~ m o l  % .  F o r  t h e  ~ - p h a s e ,  t h e  

s m o o t h e d  e x p r e s s i o n  f o r  t h e  e x p e r i m e n t a l  v a l u e s  o f  DL~ is: 

In  Dre d - 1 9 . 8 5 0  - -  0 . 4 2 9 4 X L i  + 0 . 0 2 4 9 X ~ i  (9)  

w h e r e  t h e  s t a n d a r d  d e v i a t i o n  o n  In  D is +_ 0 .7 .  

Tab& 3. Dij]usionconstantsJ?ompotentiostatictransientson L i - M g  alloys~-phase at420 ~ C. D~o~raCCountjbrthe correction 
of the boundary shift 

Conditions q (m V) XLi (tool %) Dcot~re u D .... 
(•  l~ -I) (• lO-I~ I) 

E~q = 0.205 V/Li 

X~ - 17.3mo1% 

E~q - 0.250 V/Li 

X~ = 13.2mo1% 

10 t6.5 l l  7,5 
20 15.6 14 9,5 
50 12.9 9.9 7.0 

- 5 0  I7.8 49 36 
- 2 0  15 16 12 
- 1 0  1 4 . 1  7,7 6.0 

I0 12.4 5,8 4,4 
20 i 1.6 8.9 6.8 
50 9.1 l 1.5 8.8 

E~q = 0.300 V/'Li - 50 13.3 4.8 3.9 
- -20  10.7 2.3 1.9 

X~ = 9.13mo1% 20 7.6 3. l 2.6 
50 5.6 2.8 2.3 

Eeq = 0,350V/Li 

X~ = 5 . 6 i m o i %  

- 5 0  9.1 1.9 1.7 
- 2 0  6.9 3.0 2.7 
- 1 0  6.3 1.5 i,3 

10 5.0 2,4 2.2 
20 4.5 3.8 3.4 
50 3.0 5.6 5,0 
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Table 4. Diffusion constants fi 'om potentiostatic transients on L i -  Mg alloys (it-phase) at 420 ~ C. X* i = 34.1 tool %," Eeq = 

0.130 V/Li 

r 1 (m V) XLi Dcottre n D .... 
(mol~ (lO-6cm2s - t )  (10 6CtTt2S-1) 

20 28.5 5.0 2,2 

10 31.3 1.8 0,8 

- -10 37.1 3.0 1.3 

- 15 38,5 5,0 2.2 

In Tables 2, 3 and 4 the Dre d values are modified on the basis of the boundary shift correction as 
explained previously [21]. The boundary shift has little influence on the results measured under 
galvanostatic conditions. In most cases, the deviation of the corrected value from that derived by 
the Sand equation is found to be less than 15%, as shown in Table 2. 

In contrast, the effect is important in the calculation of the diffusion coefficient of lithium under 
potentiostatic conditions. As indicated in Table 3, the diffusion coefficient derived from the Cottrell 
equation is nearly 30% larger than the corresponding value obtained on the basis of the calculating 
method of Oldham and Raleigh [24]. 

A large scatter is observed in the experimental data of the lithium diffusion coefficients. This is 
probably due to the variable influence of the grain boundary contribution to the lithium transport 
into the alloy. 

On the other hand, it is found that the diffusion coefficients in the ,B-phase are extremely large in 
comparison with those in the c~-phase in spite of the solid state diffusion proceeding in both cases. 
In fact, it is found that the diffusion rates in the fl-phase are nearly equivalent to those observed in 
the liquid state. This drastic increase (the boundary between c~ + fi-phase and fi-phase is positioned 
at 29.9 mol % lithium at 420 ~ C) is ascribed to the contribution of the structure breaking arising 
from the phase transition process. 

5.2. Analysis of results obtained by the galvanostatic method 

The potential variation during an anodic impulse of current, which results in the depletion of lithium 
from the electrode surface, is considered. After the transition time, r, the surface concentration of 
the electroactive species, given by Equation 3, reaches a value near zero, which induces a steep 
variation of the potential (Fig. 3). Neglecting the variations of concentration in the liquid phase, the 
following treatment is available to fit the potential variation versus time, t: 

r 1 = (RT/nF) In (ared/ared) ( 1 0 )  

tl = -(RT/nF) l n . f [ ( r ) ' ~ -  (t)~ l ( z ) ~  

The transition time, z, which is determined according to the usual graphical method [28], allows 
a plot of t/versus lnf/f* {[(z) ~ - (t)~]/(z) ~ } (Fig. 5). Although this graph is not a perfect straight line, 
the value of the estimated slope leads to a value of n = 1.1 which agrees with a fast, one-electron 
transfer. It can also be seen from Fig. 5 that, if the influence of activity coefficients is neglected, the 
error on the estimated value of n may reach 40%. 

For high current densities deviations from the Sand law are observed, showing a noticeable 
increase of the product iz ~. This effect does not arise from double-layer charging. Indeed, in fused 
salts the conductivity is high and the concentration of electroactive species is very large; thus the 
duration of the charging of the double layer is neglibible at the time scale of the experiments. This 
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deviation from the classical laws at short time observations is attributed to the existence of an 
adsorbed layer of electroactive species. When adsorption takes place on the electrode, the faradic 
current is the sum of two contributions according to the origin of  the reacting ions: 

i = i a d s  + idir (1~) 

where i~d~ and iaif refer to the current densities for the adsorption and diffusion steps. Under 
ga!vanostatic conditions the faradic current is first used for the discharge of ions in the adsorbed 
layer. The total transition time is then expressed as 

iz = (F:~D/4)(C2/i)-5 FFeq (I2) 

The intercept and the slope of  the straight line obtained by drawing ir against C2/i leads to the 
surface concentration of  the adsorbed species, Feq, and the diffusion coefficient, D, of the e|ectroac.- 
tive solute species. This model has been proposed by Laitinen [29] and was for the interpretation 
of our results as shown on Fig. 6, from which we could derive: 

Feq = 4.46 x l0 Smolcm 2 

and 

D = 2.46 x 10-m~ -~ 

This result demonstrates neatly the existence of an adsorbed layer of lithium atoms at the interface 
of a Li Mg a-phase alloy with the molten LiC1-KC1 electrolyte. 

5.3. Analysis of results obtained by the potentiostatic method 

As seen in Fig. 7, the Cottrell law is generally wetl fitted for observation times beyond about 20 ms. 
When an overpotential is imposed to an electrochemical reaction controlled by diffusion, the current 
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density and the overpotential are expressed as 

i = F(C~* d - C~ed) (Dred/7C[) �89 

t 1 = - ( R T / F )  In (a~a/a~ea) 

Then, 

where 

Creed - -  Cre d = Cre~d{| - -  e x p  [ - - F ( r /  + K ) / R T ] }  

K = (RT/F) In (f /f*)  

03) 

(14) 

(is) 

I/1~ l 
60 

/ /  
/ 

50 

,~ i 

20mY 

2 4 6 8 10 t:/~/ 
Fig. 7. Evidence for adsorption phenomenon by analysis of 
the response after a potentiostatie pulse. 
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8 lr2 t /lO''S" Fig. 8. Kinetics of oxidation of lithium in the 
adsorption layer. 

The final expression is obtained by substitution of  Equation 14 into Equation 13: 

i = FCr*d{1 - exp [ -F ( t /  + K)/RT]} (Drea/rct) ~ (16) 

For  small values of r/the corrective term, K, is insignificant s incef is  very close to f *  in magnitude. 
For  high values of overpotential the whole exponential term is very small and, again, the influence 
of activity coefficients is negligible. 

A behaviour similar to that observed with the galvanostatic method is again observed, i.e. a 
significant deviation for the Cottrell law appears for times shorter than 15ms, which cannot be 
assigned to the response of the apparatus (-~10#s) nor to the capacity of the double layer 
(2 x 10 4F cm-2). This deviation is assumed to result from the oxidation current of an adsorbed 
layer of  lithium atoms at the surface of the alloy electrode. The adsorption current, iad~, is a 
measurement of the rate of depletion of  the adsorbed layer [30], while the diffusion current, id~fr, iS 
determined by the Cottrell law. Thus the total current density, under potentiostatic conditions, is 

i = - F ( d F / d t )  + FD ~C/(~t) ~ (17) 

Assuming that the electrochemical oxidation of  the adsorbed species is a first order' reaction, 
then 

dF/dt  = - k F  (18) 

Finally we obtain 

i = FkFeq e -kt + FD~C/(rct) ~ (19) 

where k is the reaction rate constant, at the imposed potential. Its value is estimated from results 
given in Fig. 8 which lead to: 

k = 6.2 x 102s -1 

and 

F~q = 7.2 x 10 9molcm 2, 

the value of  l~eq being in fair agreement with that obtained under galvanostatic conditions. 

5.4. Tentative determination of  the diffusion coefficients in L i - M g - A l  alloys 

As indicated previously, there are few data on the diffusion coefficients of lithium in L i - M g - A 1  
alloys. Those reported by Protasov et al. [14] correspond to the following compositions of alloy 
L i -Mg-A1 ,  expressed in mol %: 50 : 10 : 40, 50 : 25 : 25 and 50 : 40 : 10. In the present work, lithium 
atoms were introduced into a Mg-A1 alloy electrode at a given composition by imposing a cathodic 
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Table 5. Coefficients for the polynomial expansion expressing the dependence of the activity coefficients, 7Li, on the lithium mole 
fi'action, X, in the Li-Mg Al alloys (Equation 23) 

Y~I (mol %) YMg (mol %) A 0 A I A 2 A 3 A 4 

32 68 211.31 861 .39  1278.1 - -  808 .10  175.65 

10 90 54.13 - 210 .12  314.08 - 216 .69  54.89 

potential. Using the same method as before, the diffusion coefficients were estimated for both 
cathodic and anodic processes. However, according to Rowland et al. [31], Li Mg-A1 alloys 
possess many phases which causes difficulty in the evaluation of the alloy composition. Moreover, 
it is necessary to estimate the values of In 7 expressed as a polynomial expansion versus the alloy 
composition. In our calculation, we assume that the activity coefficient of lithium in the ternary 
Li-Mg-AI alloy can be estimated from those in the binary Li-A1 [32] and Li-Mg c~-phase alloys. 
However, we must point out that the e-phase of the Li-A1 alloy ranges only from 0 to about 
10 Li at %. Therefore, the calculation is only available for concentrations not exceeding this limit. 

If  the activities of lithium atoms in the binary alloys are written as 

al = 7IX and a2 = 72X (20) 

where 71 and 72 are the activity coefficients of lithium in each alloy and X is the atomic fraction of 
lithium, our procedure consists of estimating the mean activity in the ternary alloy as being equal 
to the geometrical average of  these values 

a m = ym X with '~m = YYY~-Y (21) 

where y is the atomic fraction of  aluminium in the original Mg-A1 alloy, and Ym is the mean activity 
coefficient of lithium. The polvnomial coefficients for the Li-A1 and Li Mg binary alloys are 

written as 4 
In 71 ~ C~li(1 - -  X )  i (22) 

0 

3 

ln72 = Z e z i (  1 - X) i (23) 
0 

Accordingly, the polynomial coefficients A 0, A1, A2, A3, A 4  for the logarithmic expression of the 
activity coefficients in the Li A1-Mg alloys are expressed as 

A i  = Y~li + (1 -- y)c~2i 

In 7m = A0 @ 11(1 - X) + A2(1 - -  X) 2 -~- 13(1 - -  X) 3 -~- 14(I -- X) 4 (24) 

The mean specific weight, ~m, and the mean molar mass, Mm, of the original Mg-A1 alloys are 
defined as follows: 

Om = YEA, + (1 -- Y)~Mg (25) 

Mm = yMAI + (1 -- y)MMg (26) 

The numerical data used in the calculation are listed in Table 5 in which the activity coefficients 
of lithium in the Li A1 or-phase are taken from the previous paper [19]. 

The data have been used to interpret the behaviour of these alloys under potentiostatic conditions. 
Results reported in Table 6 indicate that the interdiffusion coefficients are much larger than those 
observed in binary alloys. The flow rate of  lithium is about a hundred times faster in the Li Mg A1 
ternary alloy. This very large increase in the lithium atoms mobility in the Li-Mg-A1 ternary alloy 
can be correlated with the proximity of the melting point (-~ 460 ~ C) of the A1-Mg alloys studied, 
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Table 6. Diffusion constants from potentiostatie transients on L i -_Mg-Al  alloys at 420 ~ C. Dco~ corresponds to the correction 

o f  boundary shift 

t 1 (mV)  XLi Dcottrell D .... 
( tool%) (lO-S cm2s - j )  (lO-S cm2s 1) 

E~q = 0.250 V/Li 40 9.9 4.7 3.5 
Xc~ = 13.5mo1% 20 11.6 3.9 2.9 

X~g = 77.8mo1% - 2 0  15.7 5.0 3.6 
X* = 8.7mol% - 4 0  18.0 5.5 4.0 

Eeq = 0.250 V/Li 
X* = 14.9moi% 40 9.9 6.9 4.9 

X~g = 57.9mo1% 20 11.9 5.4 3.8 
X* = 27.2 mol % 

whereas for pure aluminium or magnesium the liquid phases appear only at temperatures near 
600 ~ C. 
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