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ABSTRACT

Reaction rates of small pellets of Li(Si) alloy with
atmospheric gases were studied as a prerequisite to
specifying how this alloy should be handled during the
production of thermal batteries. The results indicate
that Li(Si) reacts with oxygen and nitrogen at ambient
conditions too slowly to be of concern, but it reacts
very rapidly with water vapor. Rate expressions and
constants are developed that allow calculating the
weight gain of Li(8i) after its reaction with water
vapor, and calculated values are given for three water-
vapor concentrations that typify those used in dry
rooms where thermal batteries are produced.
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Ri :CTION RATES OF ATMOSPHERIC GASES
WITH LITHIUM(SILICON) ALLOY

1. Introduction

Sandia National Laboratories designs thermal batteries that use lith-
ium(silicon) as an anode alloy. 1In order to ensure high reliability and
long shelf life of the batteries, restrictions must be placed on how bat-
tery materials are handled and stored. A knowledge of how battery mate-
rials react with gases in ambient air is needed for determining what expo-
sure can be allowed during handling and storage. This report details a
study for determining the rates of reaction of Li(Si) alloy with gases in
ambient air and develops information that allows calculation of the amount
of this reaction during battery production. The alloy used was 44 wt¥
lithium; the gases studied were oxygen, nitrogen, and water vapor. Rate
data were determined by measuring weight gain of Li(Si) samples with a

thermogravimetric analyzer (TGA).

Pure lithium is known to react with nitrogen, oxygen, and water
vapor,1 but it also reacts with its own hydroxide to release hydrogen.
It has been reported that the reaction of lithium with nitrogen is cata-
lyzed by the presence of water.1 Lithium oxide reacts with carbon di-
oxide to give lithium carbonate, and lithium nitride reacts with water
to give lithium oxide (or hydroxide, if enough water is available) and

ammonia.

A search of the literature yielded no information about the reac-
tivity of Li(Si) alloy with atmospheric gases. Since the electrical po-
tential of Li(Si) measured against that of pure lithium is pdsitive,2 it
follows that the chemical potential of lithium in the alloy is less than
that of pure lithium. Therefore, the Li(Si) alloy would not necessarily

react as vigorously as pure lithium.



In this work individual data points were not always replicated be-
cause our objective was to obtain practical information as soon as pos-
sible. Further, the accuracy of these data depends on several assumptions
that were not verified during the study. The results obtained are never-
theless self-consistent, and the resulting rate equations are quite ade-
quate for their intended use in specifying procedures for production han-

dling and storage.

Li(Si) alloy, used in thermal batteries as pellets of pressed powder,
is exposed to air both in powder and pressed-pellet form. Since it is
very difficult to obtain meaningful reaction rates by using irregular-
sized powder samples, data in this work were generated by using only small

pressed pellets with a known geometry.

The report is divided into several sections. Section 2 describes the
experimental procedure, the apparatus used, and how the concentration of
water vapor was determined. Section 3 develops the reaction-rate models
used with the data to determine rate constants. Since use of the rate mod-
els requires calculation of several factors that are dependent on experi-
mental conditions, Section 4 describes data analysis. Section 5 summarizes
the experimental results and considers phenomena relative to the accuracy
of the data. Section 6 discusses the implication of this work for battery
production and gives a procedure for estimating the amount of reaction
that Li(Si) pellets undergo during production exposure. Finally, Section 7

briefly summarizes the major conclusions reached.

2. Experimental Procedure

The basic instrumentation used was a Perkin-Elmer Thermal-Analysis
System 4 coupled with a flow system that allowed the generation of known
water concentrations in a carrier gas. Samples were rapidly heated to a
predetermined temperature; then weight versus time was plotted on a strip-

chart recorder. The accuracy of the weight measurements was limited by



the uncertainty involsed in reading the strip-chart trace, or about

+0.002 mg (less than :% on most data).

Figure 1 shows tle pellet reacting in the instrument. Pellets were
placed on a small pan attached to a microbalance and suspended in a cup-
like arrangement with heating coils in the walls of the cup. The arrows

trace the reacting gas flow.

N
s

%
l ? 7 |
1, ] ?
HEATED "CUP'~— " [ 7
REACTING~
PELLET —— Y
a1 |
LY
+—1.3 cm
2.54 cm

Figure 1. Reaction Volume

The flow system used to generate known quantities of water vapor in
the carrier gas is illustrated in Figure 2. This system split the gas
flow into two streams. One stream (designated as Fl) passed through
a fritted disk immersed in a constant temperature bath stabilized at
2°+0.3°C. The gas flowing out of the water reservoir contained a partial

pressure of water vapor equivalent to the equilibrium vapor pressure of



the water at 2°+0.3°C. The two gas streams, F1 and F,, were then mixed

and passed over the Li(Si).

By using three assumptions (1) the ideal gas law, (2) a negligible

pressure drop in the flow system, and (3) conservation of mass in the flow

system, we can show that the water-vapor concentration above the Li(Si) in

these experiments is given by the following equation.

c. = F1 [ P 273 18 ] 0
H,0 L [P 760 ° T ° 272 400
2 F +<—P————— 1>(F1 +F2)
wv
VALVE FLOW
_\ METER
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F ———+f %
1 CONSTANT 7
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D [a :
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Figure 2. The Gas-Flow System Used to Generate Known Concentrations
of Water Vapor in Various Carrier Gases

If it is assumed that PB—— >> 1, this can be closely approximated by
wv
¢ - iw'l 1 273 18 (2)
H20 Fl + F2 760 ° T ° 22 400



or

=4 Pwv Fl
CH o= 2.89 x 10 T (3)
2 1 2

where

Chyo = 8/cn’

P, = mm Hg
T =K
F1,F2 = cmd/s.

All variables are defined in Appendix A.

In these experiments, the value of PWV was taken3 as 5.3+0.15 mm Hg.
Fq and F2 were measured with two Manostat flowmeters. Calibration factors
for determining the volume flow rate for a given reading were taken from
the manufacturer's literature for each gas used. The overall uncertainty
in calculating CH20 from the above equation is believed to be ~+77%.

In practice, it was necessary to flow gas through the system for sev-
eral hours to purge it of other gases and allow all surfaces to reach equi-
librium with the water vapor. A Panametrics Model 1000 hygrometer was in-
corporated in the system to monitor the water content of the exhaust gas.
Experiments were run by quickly placing a pellet in the system after the

hygrometer stabilized.

Weight-gain data were taken for Li(Si) samples (44 wt% Li) that were
pressed into small pellets with the geometry shown in Figure 1. Pellets
were made in a dry room (water content <300 ppm) and stored in a desic-
cator. The value of the radius for each pellet was assumed to be deter-
mined by the radius of the pelletizing fixture. The weight and height of
a representative sample of pellets were carefully measured, and an average

density of 0.97 g/cm3 was calculated. This density value was used along
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with the weight measured by the TGA and the known radius of the pelletiz~

ing fixture to determine the thickness (h) for each pellet.
It can be shown that for the given geometry

0.33 W,
i
2

mass of pellet _

h = (4)

(density)(wrz) r

The assumption that each pellet had the same density is not believed to be
a source of significant error since all the pellets were made by the same

operator using the same technique, and all pellets weighed about the same.

Data were generated for pure gases by isolating the water reservoir
with shutoff valves. WNo attempt was made to dry the system thoroughly ex-
cept for a purge of several hours that did not remove all the water vapor.
Data will be discussed later that suggest the presence of water vapor in

varying amounts in the system for all the so-called "pure" gases.

3. Applicable Reaction-Rate Models

The reaction of Li(Si) with any atmospheric gas is a heterogeneous
reaction between a solid and a gas, and mass transport must be included as
‘an integral part of the reaction-rate model. .Reactions of this kind have
been studied in the past and numerous descriptions published. The models
used in this work were taken from the text by J. M. Smith.% An alternate
discussion may be found in the book by Szekely, Evans, and Sohn.’? These
authors developed equations for pellets of spherical geometry, and their
methods may be used to develop applicable equations for other geometries.
In this work, data were generated with flat, round pellets; the necessary

equations were accordingly developed for that geometry.

During this work we observed that water vapor reacted with Li(Si)
only at exposed geometrical surfaces, while Li(Si) reacting with nitrogen

and oxygen seemed to penetrate into the pellet to the surface of each

12



particle. Therefore two models (both termed “shrinking-core models") are
necessary to adequately describe the reactions of Li(Si) with atmospheric
gases. These models zssume that no pellet volume change is associated

with the reaction. 1In one model the reacting pellet is considered porous
to the reacting gas; ia the other case it is not. Even though a pellet is
porous to inert gases, a reacting gas may not penetrate into the interior

of the sample because of mass-transfer limitations.

Mathematical expressions are developed in the following paragraphs
for the solid-core model with the pellet geometry. Certain assumptions
and observations are made that allow transformation of the pellet geometry
to a one-dimensional geometry. The one-dimensional geometry is then used
with appropriate mass-transport equations and a first—brder reaction-rate
law to obtain a rate expression for the solid-core model. Finally, an

expression is determined for the porous-core model in an analogous manner.

Figure 3 is a cross section of a flat, round pellet reacting accord-
ing to the solid-core model. Note that reaction is not allowed on the bot-
tom of the pellet since none was indicated in our experiments. The react-
ing gas (water vapor) diffuses from the surrounding medium to the surface
of the pellet, then through a layer of reaction product to react in a zone
assumed to be of zero thickness. A concentration gradient of the reacting
gas exists in both the gas phase and the reacted solid phase (Figure 3).

In this model it is assumed that any gas formed at the reaction front dif-
fuses back out into the gaseous phase at a fast rate and contributes no

net weight gain.

To facilitate the development of a rate expression for the solid-core
model, it is desirable to transform the three-dimensional geometry shown
in Figure 3 to a one-dimensional problem and also to develop equations
that relate weight gain to the fraction of the material that has reacted.
The system shown in Figure 3 can be transformed to a one-dimensional prob-
lem by defining "x" as the distance into the pellet perpendicular to the
top surface and into the pellet along any radius. x,. is defined as
the distance from any outside surface to the reaction front in the pellet.

13



The assumption is made that concentration effects at the top edge'of the
pellet have no significant impact on the reaction rate, and that reaction
proceeds uniformly on all exposed geometrical surfaces. This mcdel allows
mass transport to the pellet in the gaseous phase and into the pellet

along a single axis (x), and over a variable surface area.

REACTED SOLID
(UZO,SH

UNREACTED SOLID
C(LitSi)

H O

.

HZO———> _L

Cg
Co { REPRESENTATIVE CONCENTRATION
C | PROFILE FOR WATER VAPOR

Figure 3. Shrinking Core Model With a Solid Core

An expression for x_ in terms of measured variables h, r, and weight
gain can be determined if it is assumed that no volume change is associ-
ated with reaction, and if the reaction product is known. (All variables
used are listed in Appendix A, and many are illustrated in Figure 3.) For
water reacting with Li(Si), the only observed reaction product was LiZO

(see Section 5).

It can be easily shown that a 1 g sample of Li(Si) (44 wt%), which

has reacted to form all Li20 and silicon, will weigh 1.503 g. Therefore,

pellet weight at time t ~ initial wt _ volume reacted
1.503 initial wt - initial wt initial volume

14



or
(wt - wi) W v

_ r
0.503 W. W. v. ° (5)
1 1 1

The ratio of V. to V. can easily be expressed in terms of x. by inspection

of Figure 3, and this equation becomes

wt ﬂrzh -7 (r - xr)z(h - Xr)
1.98-W— - 1] = s (6)

i nrzh

which can be rearranged to give Eq (7). .

W
x> - x2(h + 2r) + x (2rh + r2) + 1.988c2n|1 - =t | =0 (7)
r r r wi

The area of the reaction zone (Ar) can also be determined by inspection of

Figure 3, and it is given as Eq (8).

A =A - x (47r + 27wh) + 3WX2 (8)
r o r r

In order to describe the mass-transport and chemical-reaction rate
for the one-dimensional representation of the system shown in Figure 3,
it 1s necessary to assume existence of a steady state in which the mass
of oxygen transported through the gas phase to the surface of the pellet
exactly equals that transported through the reacted solid to the reaction
front. 1In turn this mass of oxygen exactly equals the mass that adds to
the weight of the pellet by reaction at the reaction fronf. Note that
the oxygen is transported into the pellet as water vapor (therefore, mass-
transport equations are written for water vapor), and hydrogen formed at

the reaction front diffuses back out of the pellet. The steady-state

15



assumption allows the following three equations to be written:

1.13 I3 = AO kg (Cg - CO) (9)
dw _ dg =

113 8% = 4k, [dx] x = x_ (10)
dw _

1.13 E? = Ar kr Cr (1)

Equation (9) describes mass transport through the gas phase; Eq (10),
mass transport through the reacted solid phase; and Eq (11), the reaction
rate at the reaction front. The form of Eq (11) assumes a reaction that
is first order with respect to water-vapor concentration. There is no

a priori reason for choosing this rate expression for Eq (11) other than
that but this functional form adequately fits our data. The constant
1.13 in these equations corrects the concentration term from grams of

water vapor to grams of oxygen.

Equations (9), (10), and (11) can be solved simultaneously with appro-
priate boundary conditions (see Reference 4 for the general procedure) and

the following equation results:

d 0.89 k. k AAC
W T r

gorg
dt Ak Ak F(x) (12)

k
s
where
érx_ - m - /-q —
F(xr) = -1 In z - In <m * >
v —q 6er - m+ vca m - /-q
and
m = 47r + 27h
q = 127A, - m2

16



At zero time, A = Aj, x, = 0, and the above equation reduces to Eq (13).

o? r

dw 0.8¢ krkg
(HE) =T Aocg . (13)
r g

t=0

In the second reaction model used in this report, it is assumed that
the reacting gas can penetrate the pellet, and that reaction occurs on
all accessible surfaces. In those cases where this model applies, mass-—
transport limitations in the gas phase are rarely important, especially
if the reacting gas is the major component in the gas phase. Forced con-
vection occurs; this is a much faster transport mechanism than diffusion.
Therefore, kg >> k., and an equation analogous to Eq (13) can be written

asg:

dw
- =k A'C : (14)
(dt)t=0

where Aj is an effective specific surface area that is usually specified
as area per unit mass of reacting solid. Aé cannot be detemined a priori,

and it may be included in the zero-time-rate constant as follows:

k_A'
K __ro

r,t=0 W.
i

Equation (14) then becomes

dw _ '
(Ef)t-o =W, kr’(t=0)Cg (15)

The determination of an expression for dw/dt at nonzero times for
the porous-core model requires further simplifying assumptions since an
undefined reaction area is involved. 1In this report, because only zero-

time-rate constants for this variation of the model are determined, no

17



further development of the mathematics will be given. Note that k; has
units of volume/(mass - time), whereas k. in other equations has units of

length/time.

4., Data Analysis

In analyzing the data, we first assumed (as discussed in Section 3)
that all data for water-vapor reaction followed the solid-core model,
whereas the data for the pure gases followed the porous-core model. Data
anlysis with the solid-core model was accomplished by using Eqs (12) and
(13). Weight-gain data for a particular pellet were examined and the
slope of the curve at zero time was estimated. This value was used in
Eq (13) to determine a value for k., which in turn was used in Eq (12)
along with measured slopes for the same pellet at various times to calcu-
late a value for kg. A value for x, in Eq (13) was obtained by solving
Eq (7) for x.;

weight-gain data measured for a pellet. The straight lines used to deter-

A_ was obtained using Eq (8). Figure &4 gives an example of
mine dw/dt at zero time and at 2.8 h are also given.

The data analysis described above for the solid-core model required a
value for the gas-phase mass~transport coefficient (kg) for water vapor
diffusing through the carrier gas. The gas flow shown in Figure 2 allows
a possible stagnation region immediately above the reacting sample. 1In
many of the experiments the flowing gas was at a substantially different
temperature from that of the gas and sample inside the heated cup. WNo
previous work was found that determined values for kg for the flow situ-
ation described in Figure 2. However, approximations can be made by using
empirical correlations if it is assumed that a nonturbulent flow exists in
the system. This assumption is reasonable for those measurements in which
the temperature of the reacting sample is not much different from that of
the flowing gas. For data taken with a wide temperature difference be-
tween the flowing gas and the reacting sample, an assumption of turbulent

flow is probably more valid. 1In turbulent flow, kg becomes large and

18



the concentration at the surface of the pellet is closely approximated by

the concentration of bulk gas.

10.4 r T T T 1

10.3

10.2

WEIGHT (mg)

10.1

10.0

9.9 i | 1 |
0 1 2 3 4 5

TIME (h)

Figure 4. Data For a Pellet Exposed to 4.26 x 1077 g/cm3
Water Vapor in Argon Carrier Gas at 100°C.
(Dotted lines indicated the slopes determined
at time = 0, and time = 2.8 h.)

To determine values for kg, the text by Smith4 was followed closely,

and the following equation was used.

-2/3
kg =i V(E%) (16)

To determine realistic values for the viscosity (u) and the diffu-
sivity (D), a hard-sphere collision model was alssumed.6’7 This model

predicts the following two equations.



1/2

e L[ ma (an
32 2 m,m
No 12 172
mortm
and
msz 1/2 1
u = (18)
T 7mz
v

The two equations can be simplified by substituting appropriate constants
for the experimental conditions (average total pressure, 670-mm Hg); the

following two equations are obtained:

3 (my3/ My Y, 1
D=2.08 x 10 5 VY (19)
] 172
12
and
2.72 x 107° 1/2
U= —=—— (M.T) s (20)
) 2
v

where M, and M, now refer to the molecular weight of water vapor and the

carrier gas, respectively. Values of 01% and 03

in square angstroms. These quantities represent collision cross sections

in these equations are

determined from diffusion and viscosity data. Table 1 gives the values

from References 6 and 7 that we used.

Table 1

Cross-Section Values

. o 2 02
Carrier Gas 12 v
Argon 7.95 13.25
Nitrogen 8.01 14.06
Oxygen 7.56 13.03
Air 8.01 14.06

20



The density of the gas in these experiments is dominated by the car-
rier gas. A simple ajplication of the ideal gas law allows the following

expression for density in these experiments.

M M

670 27" 2 -2 2
p = 760 © T ° 22 400 1.07 x 10 (T—>‘ (21)

The three equations for diffusivity, viscosity, density, and an expression
for v (determined from experimental conditions) were substituted into

Eq (16) to obtain Eq (22).

. 1/2
. 1 2 12 1
k, = Jp T3 1.22 — (Ml - Mz) (22)

The constant jD was determined by extrapolating the curve of jD versus
Reynold's number given on p 364 of Reference 3. (The characteristic
dimension used in determining Reynold's number was the diameter of the cup

in Figure 2, or 1.3 cm.)

For most of the data analysis that used the solid-core model, Eq (22)
was used to calculate kg' In one series of data it was assumed that gas-
phase transport was not restrictive (i.e., turbulent flow with a very

large kg). The data for this series are listed in Table B-9, Appendix B.

For data generated with pure oxygen and nitrogen, Eq (15) was used to
calculate a zero-time reaction-rate constant. The slope of the weight-—
gain data at zero time was used with this equation as explained above for

the porous-core model illustrated in Figure 3.

21



5. Results

The tables in Appendix B summarize the data and results for all the

. kg, and k]

are listed in the tables. If it is assumed that k. varies according to

weight—-gain data. Values of k., k t=g for each experiment

the Arrhenius form the following equation can be written:

k =pe 198 | (23)

The standard procedure for using this functinal form is to plot ln(kr)
versus 103/T, and to determine the slope and intercept to evaluate E and

B. 1In this work, a statistical curve-fitting program developed by Hewlett-
Packard was used with an HP-67 calculator to determine B and E for each
data set. The routine also determined a correlation factor (fz) that
indicates how well the data fits the functional form (a value of 1 would

be a perfect fit). Values of B, E, and £2 are given in the tables of

Appendix B.

The results generated for the pure gases would fit the form only for
higher temperatures. Figures 5 and 6 plot all the values for k;,t=0 de-
termined for oxygen and nitrogen, respectively. A solid straight line on
each of these figures gives the line generated by using the values of B

and E in Tables A-1 and A-2, respectively.

The data generated for known amounts of water vapor can be used to
calculate apparent values for k; r=p for a given water concentration. The
3
dotted lines in Figures 5 and 6 represent the expected curve obtainable if

the oxygen and nitrogen contained 5 x 1078 g Hzo/cm2 (about 70 ppm).
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Figure 5. Plot of ln(k; t=0) vs 103/T for the Data
Generated With Oxygen Gas; No Water Vapor
Added. (The solid line gives the best fit
of the higher temperature data, and the
dotted line gives the curve calculated for

oxygen with 5 x 1078 g/cm3 water vapor, or
about 70 ppm.)

Inspection of Figures 5 and 6 éuggests that the data for lower tem-
peratures more closely approximate the dotted line, while the higher tem-
perature data clearly follow the solid line. The data for nitrogen begin
following the solid line at temperatures >650K (~375°C), whereas the data
for oxygen begin following the solid line at temperatures >550K (~275°C).

As previously stated, the so-called '"pure'" gases were contaminated by
a variable amount of water vapor caused by evaporation off the walls of
the flow system. Apparently, the weight gain at lower temperature in the
pure gases was dominated by the reaction of Li(Si) with this residual
water, since the rate constants more closely follow an expression gener-
ated for water-vapor data. Therefore, it is suggested that only the
higher temperature data (solid lines) in Figures 5 and 6 represent the re-

action of the pure gases with Li(Si).
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Figure 6. Plot of ln(k; t=0) vs 103/T for the Data
Generated With Nitrogen Gas; No Water
Vapor Added. (The solid line gives the
best fit of the high-temperature data;
the dotted line gives the curve calcu-
lated for nitrogen with 5 x 10~8 g/cm3
water vapor, or about 70 ppm.)

All the different values of k. determined for water vapor are plotted
in Figure 7. The solid line in this figure gives values of B = 55.5 and
E=3x 103. Two sources of uncertainty contribute to the scatter in
these data. First, the values used for kg were not precise, as discussed
in Section 4. Second, the initial condition of the pellet surfaces was
not controlled. The data analysis assumes no reaction layer on the
outside of the pellets at zero time, when in fact an oxide coating of
unknown thickness was present. In order for this layer to have no impact
on the chemical reaction rate as calculated, the mass transport through it
would have to be much greater than the chemical reaction rate. The

maximum thickness of the oxide layer that would satisfy this condition can
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be approximated by us:ng the values of k_  and k_ with Eq (24) and it is
estimated that an oxice thickness of 2.5 x 107 cm would cause a 1% error.
The pellets used in ttis work were exposed for variable time periods to

dry-room conditions; i: is not known if this condition was satisfied.

The pellets were handled more carefully than usual during battery
production, and it is believed that reaction rates calculated using the

resulting B and E will reflect the production situation.
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Figure 7. Plot of fn(k ) vs 103/T for All
Water-Vapor Data. (Solid line
gives values of B = 55.5 and

E=3x 103.)

Values of kg determined in this work show more variability than
values of k.. 1In part, this is caused by the difficulty in accurately
determining the slope of the weight versus the time curve at various
times. However, kg is a value that measures the resistance to mass flow
through the reacted solid, and any phenomenon affecting mass transport



would have a large impact on kg. Two phenomena affecting k, are the
thickness of the initial oxide layer, and any change in the density of the

pellet or the particle size of the Li(Si) particles.

If kg were truly a diffusivity, and if the data were accurate, kg

would vary according to the square root of temperature. Figure 8 plots kS
versus Tl/z. Although no clear trend is obvious from this graph, the

values of ks at temperatures near ambient seem to cluster between 5 x 10_4
and 1 x 10"3. It is therefore suggested that the average, 7.5 x 10_4, be

used in calculations of reaction rate at ambient temperature.
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Figure 8. Plot of kg vs 71/2, (The two values
indicated by arrows do not fit on
this scale.)

G. C. Nelson (Division 5823) analyzed the pellets, using SIMS and
ISS. All pellets contained substantial layers of lithium oxides and
almost nothing else. The exceptions were thoée pellets exposed to nitro-
gen at higher temperatures that also had species in the surface layer with

nitrogen atoms. The oxide layers on the pellets had various thicknesses,
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but because the pellets were not labeled with respect to exposure time the

layer thickness could not be correlated with other data.

Surface analytical data strongly support the conclusions that all
data taken with pure carrier gases contained some water vapor, and that
the major product on the pellets exposed to water vapor was lithium oxide.
Presumably the hydrogen released by the reaction of Li(Si) with water
vapor diffused back into the gas stream, and any hydroxide formed had been

converted to lithium oxide by the time the pellets were analyzed.

6. Discussion

The generated data suggest that the reaction of Li(Si) with nitrogen
and oxygen is insignificantly slow at temperatures prevalent during bat-
tery production and storage. However, Li(Si) reacts with water vapor very
rapidly; the rate of this reaction shoﬁld be used to specify handling pro-
cedures. No evidence exists to suggest that the reaction of Li(Si) with
nitrogen was catalyzed by water vapor, however, this possibility was not
adequately explored. No data points were taken at temperatures >300°C
with water vapor in nitrogen, and the maximun water-vapor concentration
used was ~1000 ppm. Catalysis of the Li(Si) reaction with nitrogen may
not be apparent in these ranges of temperature and water-vapor concentra-
tion. The data clearly indicate that no significant catalytic effect is
present at temperatures and water-vapor concentrations that are important

in the production of thermal batteries.

To calculate the exact amount of reaction that a Li(Si) pellet would
undergo, it is necessary not only to numerically integrate Eq (10) for

every pellet geometry used, but also to have a good value of k, and k.

g
It is possible, however, to make certain simplifying assumptions and
obtain a generalized result applicable to any pellet. Since the gas-phase
mass-transport rate at ambient conditions does not have an overwhelming
effect on the surface concentration (<30% error) for these experiments

near ambient temperature, it can be assumed that kg is very large.
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Further, because most battery pellets have a radius much greater than
their thickness, it can be assumed that r >> h. It can be shown that if

these two assumptions are allowed, Eq (10) is closely appr. .imated by

dw 0.89 kerCg
W fos (24)

The integral of this equation between time limits of t = 0 and t = t is
equivalent to W, - W.. By retaining the assumption that r >> h, setting
r = 0.56 cm (radius of a unit area circle), assuming a pellet density of
0.97, and equating W, - W; to the integral of Eq (23), we can show that

Eq (7) reduces to

t
x> - 1.13 x2 + 0.318 x - 0.6_43[ dv _ (25)
r r r - dt
(o}

Equation (24) can then be integrated numerically by solving for X, (using
Eq (25)) at each time increment. This integration predicts the weight

2

gain per cm“ of surface area for a sample of Li(Si) exposed to water vapor

at concentration Cg'

Values of (W, - W.) were calculated by using Eqs (24) and (25) for
several of the TGA experiments and were compared to observed weight-gain
data as a check on the validity of this approach. In these calculations
k_was determined by using Eq (23) and values of B = 55.5 and E = 3 x 103,
A value of 7.5 x 10™% was used for k. Since values of C, can easily be
calculated for the experiments done in the TGA (using Eqs (8) and (22)
with experimental data for the initial value of dw/dt), the water-vapor
concentration at the surface of the pellet was used instead of Cg' The
calculated curves agreed well with data like that in Figure 4 except that

the calculated curve gained weight at a rate slightly greater than the

measured curve. This is easily explained since the curves were calculated
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by assuming a constant reaction area, whereas the actual reaction area,

A, decreased with time.

As another check on the validity of the calculational procedure dis-
cussed above, a simple experiment was conducted and compared with calcu-
lated values. A humidity chamber was prepared by placing a saturated
solution of LiCl in the bottom of a closed desiccator (with no desiccant).
After the chamber sat over the weekend, six Li(Si) pellets were placed
flat in a stainless-steel tray on the top shelf of the desiccator. After
25 hours, the average weight gain of the six pellets was 0.049 gram.

Since the exposed surface of the pellets was 10 cm2

, this was equivalent
to 0.0049 g/cmz. To calculate the weight gain, it was assumed that the
relative humidity in the chamber was 117 as previously reported,8 and it
was assumed that the temperature was a constant 22°C. The calculated
weight gain with these values was 0.01]1 g/cmz. The observation that the
calculated value was about twice the measured value in this experiment is
easily explained: (1) there was no circulation of air in the chamber, and
(2) the calculation ignored mass transport limitations in the boundary

layer above the pellets.

Figure 9 gives the integral of Eq (24) as a function of time for
three different water-vapor concentrations. In order to display a
greater range of data, the integral of dw/dt is plotted on a logy, scale.
To use this figure, it is necessary to determine the total sur-face area
in centimetres squared of an Li(S8i) pellet that is exposed to the water
vapor, and multiply by the value of AW determined from Figure 9 for the
particular exposure time. AW is then added to the initial weight of the
pellet to give its new weight. 1If a pellet gains 1.5 times its original

weight, it has been completely converted to lithium oxide and silicon.
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Figure 9. Calculated Curves for the Weight Gain per cm?

of Li(S8i) Pellet Exposed to Varying Water-
Vapor Concentrations

Estimates of weight gain for Li(Si) pellets based on the curves given
in Figure 9 are expected to be too large by 10% to 30% because of mass-
transport limitations in the boundary layer immediately above‘the pellets.
Loose-powder samples of Li(Si) are expected to have a larger value of kg
than the compacted pellets, but kr should be the same in both cases. A
larger value of kg would predict a faster weight gain for the loose powder
than that observed for pressed pellets. However, even a value of infinity
for kg would only double the value for the curves in Figure 9 at 5 h.
Consequently, it is suggested that these curves be used to predict reac-
tion of Li(Si) powder as well as pressed pellets for the relatively short

exposure times that are important during battery production.
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7. Conclusions

Li(Si) alloy with 44 wt%Z lithium reacts with oxygen and nitrogen at
insignificantly slow rates under the conditions prevalent during the pro-
duction and storage of thermal batteries. However, the same alloy reacts
with water vapor so fast that the rate is inhibited by mass transport in
the gas-phase boundary layer above the alloy. The reaction-rate model and
data generated in this work allow calculation of the approximate weight
gain of pellets and loose-powder samples of Li(Si) alloy for the ambient

conditions of battery producgtion.
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1
kr,t=0

APPENDIX A

List of Variables

Area of pellet exposed to water vapor (cm?)

Effective_specific surface area for reaction of Li(Si) with pure
gases (sz/g)

Total area of reaction front (cm?)
Preexponential constant in Arrhenius equation
Concentration (g/cm3)

Concentration of reacting species in the reaction volume (g/cm3)
Concentration of water vapor (g/cm3) in the reaction volume
Concentration of water vapor at the pellet surface (g/cm3)
Concentration of water vapor at the reaction front (g/cm3)
Diffusivity of water vapor in carrier gas (cm?/s)

Activation energy for rate constant (calories)

Statistical correlation factor

Flow rate of carrier gas through water reservoir (cm>/s)

Flow rate of second carrier gas stream (cm3/s)

Pellet height (or length) (cm)

Dimensionless constant (Chilton Colburn coefficient)
Mass-transport coefficient for water vapor in carrier gas (cm/s)

Reaction rate constant for water vapor with Li(Si) at the reaction
front (em/s)

Zerg—time reaction-rate constant for pure gases with Li(Si)
(cm”/g-s)
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Diffusivity of water molecules in the reacted solid (cm2/s)

Molecular

Molecular

Molecular

Molecular

Molecular

mass of water (g)

mass of carrier gas (g)
weight of water

weight of carrier gas

number density (molecules/cm3)

Pressure (mm Hg)

Water-vapor pressure (mm Hg)

Pellet radius (cm)

Time (s)

Temperature (X)

Viscosity

of flowing gas (g/cm-s)

Specific flow velocity of gas in thermal analysis instrument

(cm/s)

Initial pellet volume (cm

Volume of

3)

pellet that has reacted (cmS)

Pellet mass at zero time (g)

Pellet mass at time t (g)

Distance from external pellet surface into the pellet to the
reaction front (cm)

Density of gas phase (g/cm

Diffusion
(a2)

Viscosity

3)

cross section for water vapor in carrier gas

cross section of carrier gas (Az)
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Tables of Data and Results
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Results for Samples Exposed to Oxygen

Table B-1

(Pellet Diameter = 0.45 cm)
Wi T
() (K) dw/dt, Cy ke
9.567 x 1073 373 5.0 x 1079 9.22 x 1074 5.67 x 1074
10.274 x 1073 473 1.14 x 1078 7.27 x 1074 1.53 x 1074
9.957 x 1073 573 3.28 x 1078 6.00 x 1074 5.49 x 1073
10.117 x 1073 423 8.89 x 1077 8.13 x 1074 1.08 x 1073
9.348 x 1073 373 3.89 x 1072 9.22 x 1074 4.51 x 107%
9.689 x 1073 523 1.61 x 1078 6.58 x 1074 2.53 x 1073
9.59 x 1073 423 5.77 x 1072 8.13 x 1074 7.4 x 107%
9.356 x 1073 473 1.72 x 1078 7.27 x 1074 2.53 x 1073
10.078 x 1073 523 1.58 x 1078 6.58 x 1074 2.38 x 1073
*10,464 x 1073 598 3.56 x 1078 5.75 x 1074 5.92 x 10 3%
* 9.928 x 1077 623 1.08 x 1077 5.52 x 1074 1.97 x 1072
*10.149 x 1073 648 4.06 x 1077 5.31 x 1074 7.40 x 1072x
x 9.86 x 1073 673 8.58 x 107/ 5.11 x 1074 0.170%
% 4.76 x 1073 673 4.92 x 1077 5.11 x 1074 0.202%
B 2.01 x 10!l
*Values used to determine B and E E 36.89 x 103
£2 1.00
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Table B-2

Results for Samples Exposed to Nitrogen

(Pellet Diameter = 0.45 cm)

Wy T
(g) 551 dw/dt,_g C k)
9.97 x 1073 573 8.30 x 1072 5.23 x 1074 1.60 x 1073
9.876 x 1073 598 4.70 x 1077 5.02 x 1074 9.50 x 1074
9.342 x 1073 598 3.90 x 1077 5.02 x 1074 8.32 x 1074
9.7 x 1073 623 2.61 x 1078 4.81 x 1074 5.76 x 1073
10.225 x 1073 648 2.58 x 1078 4.63 x 1074 5.45 x 107 0%
10.31 x 1073 673 3.77 x 1078 4.46 x 1074 8.2 x 1073
9.63 x 1073 723 4.28 x 1077 4.15 x 1074 0.107%
9.072 x 1073 773 1.40 x 1076 3.88 x 1074 0.398%
B 9.24 x 107
*Values used to determine B and E E 36.42 x 103
2 0.98
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Table B-3
Results for Samples Exposed to Water Vapor in Air

(Pellet Diameter = 0.45 cm; F; = 0.13; Fp = 1.50)

Wi T
(g) (K) dw/dt -q ip kg k. kg
9.7 x 1073 295  3.055 x 1078 1.4 1.38  0.43 8.0 x 1074

10.7 x 1073 323 3.42 x 1078 1.54 1.52 0.52 5.7 x 1074
9.52 x 1073 348 5.8 x 1078  1.66 1.64 1.19  2.13 x 1073

10.35 x 1073 373 6.61 x 1078 1.79 1.76  1.63  1.76 x 1073

B 359.2
E 4.01 x 103
£2 0.92
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Table B-4
Results for Samples Exposed to Water Vapor in Oxygen
(Pellet Diameter = 0.45 cm; Fy; = 0.12; F, = 0.94)

W. T

(g) (K) dw/dt g ip ky k. kg

9.652 x 1073 323 3.92 x 1078 2.11  1.04  0.46 8.4 x 1074
9.66 x 10”3 348  5.25 x 1078 2.27 1.12  0.78 8.4 x 1074

9.54 x 1073 373  6.06 x 1072  2.44  1.20 1.12 1.2 x 1073

B 365.6
E 4.26 x 103
£2 1.00
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Table B-5

Results for Samples Exposed to Water Vapor in Nitrogen

(Pellet Diameter =

0.45 em; Fy = 0.13; F, = 1.52)

Wy T
(g) (K) dw/dt g ip kgr k. kg
9.642 x 107> 302 2.3 x 1078  1.44  1.09 0.3  1.14 x 1073
9.838 x 1073 295  2.06 x 1078 1.41  1.07  0.28  8.45 x 1074
10.49 x 1073 343 2,61 x 1078  1.64  1.24  0.77  7.04 x 1074
9.755 x 1073 403  5.39 x 1078 1.94  1.47  1.61  2.56 x 1075

B 194
E 3.8 x 103
£2 1.00
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Table B-6

Results for Samples Exposed to Water Vapor in Nitrogen

(Pellet Diameter = 0.45 em; F; = 0.13; F, = 4.58)
Wy T
(g) (K) dw/dt g ip kg k. s
10.39 x 1070 373  1.25x 1078  0.88 1.90 ©0.63 4.0 x 1074
9.756 x 1073 423  1.42 x 1078  1.00 2.16 0.8 9.6 x 107%
9.34 x 1073 473 1.61 x 1078  1.12  2.42  1.19  1.35 x 1073
9.23 x 1073 523 2.19 x 1078 1.24  2.68  2.15  2.72 x 1073
B 35.0
E 3.03 x 103
£2 0.93
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Table B-7
Results for Samples Exposed to Water Vapor in Argon
(Pellet Diameter = 0.45 cm; F; =0.11; F, = 3.81)

W T

(g) (K) dw/dt,_ ip kg k. kg

10.2 x 1073 523 2.14 x 108 1.29 2.42 2.02 1.86 x 1073
10.393 x 1073 473 1.97 x 1078 1.17 2.15 1.57  6.43 x 1074
10,0 x 1073 423 1.3 x 1078 1.04  1.95  0.97 4.3 x 10-%

9.030 x 1077 373 8.33x10°%  0.92  1.73  0.40 6.7 x 1074

B 126.1
E 4.18 x 103

£2 0.97



Table B-8
Results for Samples Exposed to Water Vapor in Argon

(Pellet Diameter = 0.45 cm; F) = 0.11; F, = 0.95)
T

W.
1 .
(g) (x) dw/dt - ip kg k_ kg

9.98 x 1073 373 4.75x 1078 2.24  1.14 0.82 8.0l x 107%
9.2 x 1073 423  7.17 x 1078 2.5  1.29  2.25  2.98 x 1073
9.762 x 1073 296  3.05 x 107®  1.79  0.91  0.35 5.5 x 1074
10.44 x 1073 323 3.55 x 10°®  1.93  0.98  0.45 7.4 x 107%

10,0 x 1073 348  4.19x 108 2.08 1.06 0.63 1.0 x 1073

B 124.6
E 3.55 x 103
£2 0.93
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Table B-9

Results for Samples Exposed to Water Vapor in Argon

(Pellet Diameter

0.31 cm; F, = 0.11; F, = 0.95)

Wy T
(g) (x) dw/dt, g ip kg k. kg
9.309 x 1073 673 3.3 x 107/ * * 7.84
9.64 x 1073 673  3.43 x 107/ * * 7.97  6.64 x 1072
9.278 x 1073 573  1.83 x 107/ * * 3.70 7.5 x 1073
9.868 x 107> 473  1.18 x 1077 * * 1.90  3.09 x 1073
8.95 x 1073 473  9.89 x 1078 * * 1.68  1.56 x 1073
9.152 x 1073 373 5.75 x 1078 * * 0.76 6.7 x 1074
B 137.9
*Data analysis assumed turbulent flow, kg >> k. E 3.95 x 103
£2 0.98
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