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Abstract

The deformation characteristics of pellets of electrolyte-binder (EB) mixes

based on MgO were measured under simulated, thermal-battery conditions.
Measurements (using a statistically designed experimental strategy) were made as
a function of applied pressure, temperature, and percentage of theoretical density
for four molten-salt electrolytes at two levels of MgO. The EB mixes are used as
separators in Li-alloy thermal batteries. The electrolytes included LiCl-KCl
eutectic, LiCl-LiBr-KBr eutectic, LiBr-KBr-LiF eutectic, and a LiCI-LiBr-LiF
electrolyte with a minimum-melting composition. The melting points ranged from
3139C to 436°C. The experimental data were used to develop statistical models
that approximate the deformation behavior of pellets of the various EB mixes over
the range of experimental conditions we examined. In this report, we discuss the
importance of the\dc%formation response surfaces to thermal-battery design.
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Introduction

Thermally activated batteries use a molten-salt
electrolyte that serves as a separator between
the anode [e.g., Li(Si)] and the cathode (e.g.,
FeS,) of each cell. When the battery is activa-
ted, a pyrotechnic heat source raises the tem-
perature of each cell above the melting point of
the electrolyte (352°C for the LiCI-KCl eutec-
tic) and allows current to be drawn from the
battery.

The electrolyte is typically immobilized by using
an inert oxide binder, such as MgO powder,
that is thermodynamically stable to the Li and
Li-alloy anodes used in the batteries. The elec-
trolyte-binder (EB) mixes are prepared by
blending together the MgO and the electrolyte
powders and by fusing the material above the
melting point of the electrolyte (typically, for
up to 16 h). After granulation, the EB powder
is pressed into separator pellets. A cross-

Deformation Study of Separator Pellets
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sectional representation of a typical thermal
cell is shown in Figure 1.

The mechanical properties of the separator
pellet are important for proper operation of
thermal batteries. If there is excessive deforma-
tion (plastic flow) of the pellet when the elec-
trolyte is molten, intracell shorting can occur
with thin cells if the anode and cathode pellets
come into contact. In addition, electrolyte
leakage can occur, leading to intercell parasitic
currents as the electrolyte dewets the MgO and
wicks into the ceramic blanket wrap used to
insulate the battery.

On the other hand, if there is insufficient de-
formation, unacceptable wetting of the anode
and cathode pellets by the molten separator
pellet can occur. This can lead to a high elec-
trical resistance at the separator-anode and
separator-cathode interfaces during discharge,
and thus can adversely impact performance.

I8
Anode
Sep arator ~-@§——— Pellet of concern
in this study.

Cathode

Heat Source

L (+)

Figure 1. Cross-Sectional Representation of a Thermal Cell




Factors that influence the deformation pro-
perties of the separator pellet include the
MgO content, the applied (stack) pressure,
the temperature, and the percent of theo-
retical density (porosity). In the past, an
applied pressure of 14.3 psig (99 kPa), a

* temperature of 530°C, and a nominal density
of 75% of theoretical were used as test levels
for measuring the deformation of separator
pellets.! However, the relative sensitivity of
the deformation to these test levels was un-
known. Therefore, a study was undertaken
to examine the effect of the above factors on
the deformation properties of separator pel-
lets made from EB mixes formulated with
four different electrolytes:

o the standard LiCI-KCl eutectic
e alow-melting LiCl-LiBr-KBr eutectic
* alow-melting LiBr-KBr-LiF eutectic

e anall-Li electrolyte (LiCl-LiBr-LiF
minimum-melting composition).

For each electrolyte type, an experimental
strategy was developed to facilitate an un-
derstanding of the individual and interactive
effects of the various factors on deformation.
Analysis of the resulting experimental data
led to the development of response-surface
plots that relate the deformation to the levels
of the experimental factors.

Experimental Procedures

Materials

Electrolytes - Reagent-grade halide salts
were used in the preparation of the various

electrolytes. The compositions of the four
electrolytes used and their melting points are
summarized in Table 1.

The individual halide salts were vacuum
dried at 100°C for 40 h before use. The ap-
propriate amounts of the salts were blended
for each electrolyte composition and the
mixes were fused at 650°C for 3 h. After
quenching on an Inconel tray, the salts were
pulverized to -325 mesh using a Mikro-
Pulverizer (Mikropul, Summit, NJ).

EB Mixes - The EB mixes were prepared by
blending the electrolyte and MgO powders
together using Freon TF®.* Before blend-
ing, the MgO was first baked at 600°C for

4 h to decompose carbonates and hydroxides
of Mg. The EB mixes were heated in a
350C convection oven to remove the Freon
TF. Except for the all-Li EB mix, which was
fused at 500°C for 16 h, the EB mixes were
then fused at 4000C for 16 h. After fusion,
the EB mixes were granulated to -60 mesh
prior to pelletizing the separator discs to the
desired densities. The theoretical densities
(TDs) were calculated using the densities of
the individual components, assuming addi--
tivity of volumes. After pressing, the sep-
arator pellets were vacuum dried at 100°C
for 16 h.

All the separator pellets in this study were
3.28 cm (1.25 in) in diameter and 0.150 cm
(0.0591 in) thick. The masses of the pellets
were adjusted to obtain the desired % TD for
these dimensions.

All material processing and handling and all
deformation testing were conducted in a dry
room maintained at <300 ppm water vapor
(<1% relative humidity).




Table 1. Electrolytes Evaluated in Separator Study

Name Electrolyte Composition, w/o *Melting Point, °C
Standard 55 KCl/45 LiCl 352
LM#]** 51.41 KBr/36.54 LiBr/12.05 LiCl 321

. LM#2 57.33 LiBr/42 KBr/0.67 LiF 313t
All-Li 68.4 LiBr/22 LiCl/9.6 LiF 437

*As determined by differential scanning calorimetry in this laboratory

**LM designates “low melting.”

*This electrolyte was reported as having a melting point of 280°C. (See Reference 2). This
composition was subsequently found to be slightly off eutectic during subsequent work at Sandia
National Laboratories (SNL) and at Argonne National Laboratory (ANL). (See Reference 3.)

Deformation Tester

The experimental setup used for deformation
testing of the separator pellets was identical
to that used for characterizing catholyte
pellets for Ca/CaCrQ;, thermal batteries.®
Basically, the setup consisted of a single-cell
tester fitted with a linear variable differential
transformer (LVDT) to monitor the change
in the thickness of the pellet during the test.
The applied pressure to the separator pellet
was changed by adjusting the mass of the
weight attached to the ram of the tester.

Statistical Experimental Design

The test matrix used for this study is sum-
marized in Table 2. Except for the % MgO,
each of the experimental factors was tested
at three levels, for 33 or 27 experiments per
each EB composition. Normally, the lowest
nominal % TD was 65, although values as
low as 55 were used in several instances.
Three pellets were tested at each test condi-
tion and the mean deformation and standard
deviation were determined.

The selected ranges of factor levels were
based on previous studies and physical con-

straints. The lower TD limit was determined
by the fragility of the separator pellet. Be-
cause electrolyte leakage becomes excessive
at TDs above 90%, the upper limit was
maintained below this level.

The temperatures chosen are those that span
the typical operating range of a normally
functioning thermal battery. The levels of
MgO chosen for each electrolyte were deter-
mined in earlier empirical studies with these
materials.® The lower applied pressure is
typical of those measured in stack-relaxation
experiments with Li(Si)/FeS; thermal bat-
teries. The upper pressure limit was deter-
mined by the total mass that could be
handled by the deformation tester for the
size of the separator pellet used in the study.

Statistical Analysis and Modeling

The percent reduction in separator pellet
thickness was not modeled directly as a
function of the experimental factors. In-
stead, the logit transformation of the per-
cent reduction in thickness was modeled.
The logit-transformed percent reduction in
thickness is In[Y/(100-Y)], where Y is the
mean percent reduction in thickness. In gen-




Table 2. Experimental Factors and Associated Levels

Factor

Levels

% Theoretical Density (Nominal)

. Temperature, °C

Applied Pressure, psig (kPa)
% MgO

Standard. Electrolyte
LM#1 Electrolyte
LM#2 Electrolyte

All-Li Electrolyte

oo

65, 75, 85
500, 530, 560
14.4 (99), 23.8 (157), 32.8 (226)

35, 40
30, 35
25, 30
30, 35

eral, the models considered are subsets of the
complete quadratic model:

In[Y/(100-Y)] = bo+ b,P+ b;T + b;D
+ bPT + bsPD + by TD + by, P
+byT? +bgD? +e [1]

where:

P = applied pressure (psig)
T = temperature (°C)
D=%TD

the b;'s and by's are model parameters
to be estimated and e is a random
error.

The b; term relates to the magnitude of the
interaction between the ith and jth factors;
i.e., the combined effect of these factors that
is in addition to the simple effect b; and b;.
(Pressure units of psig were used for model-
ing purposes, rather than kPa, because
thermal-battery design engineers normally
use these units.)

10

The purpose of the logit transformation was
to make the errors (e's) symmetric and to
equalize the variance of e over the range of
Y. For a given mixture, the model selected
was the one with the fewest acceptable
number of terms that fit the experimental
data. Table 3 shows the model terms in-
cluded for each mixture. All models in-
cluded the b, term (intercept)

For example, for the EB mixtures with
LM#1 or LM#2 electrolytes, the models
selected were of the form: '

In [Y/(100-Y)] = by + b,P + b,T +
bsD + bisPD + bsD? +e [2]

The parameters associated with each model
(e.g., bo, bl,bz, b3, b13, and b33 for the LM#1
and LM#2 electrolytes) were estimated by
weighted least-squares regression. In order
to avoid numerical problems during the com-
putation of the parameter estimates (fre-
quently present for polynomial regression
analysis), the study factors were centered
and scaled as follows:




Table 3. Terms Used for Modeling Deformation Data

Electrolyte % MgO in EB. Model Terms Included
LiCI-KCl Electrolyte 35 P D PD P D* (PD)
. LiCI-KCl Electrolyte 40 P D

LM#1 Electrolyte 25 PTDPD D?
LM#1 Electrolyte 30 PTDPD D?
LM#2 Electrolyte 25 PTDPD D?
LM#2 Electrolyte 30 PTDPD D?
All-Li Electrolyte 30 PTDPDP D

All-Li Electrolyte 35 PTDPD P D?

T" = (T-530)/30, P" = (P-23.8)/10,

and D* = (D-70)/20. [3]
Weighted least-squares regression gives
weight to each measurement triplet that de-
pends on the mean and standard deviation of
the three measurements. The weights (w;'s)
associated with the ith experimental condi-
tions are defined as '

w; =[Y(100-Y)]? forS<1
or w;=[Y(100-Y)/S]? for S>=1.

[4a]
[4b]

where Y and S are the average and standard
deviation, respectively, of the three measure-
ments of the percent reduction in thickness.
For a fixed standard deviation, S, the weight
is maximized when Y = 50%.

The data from the deformation tests were
analyzed using PROC Reg in SAS.’
DISSPLA (on a VAX platform) was used
to produce the contour plots that appear in
this report.® Currently, a number of soft-
ware packages for contour plotting are now
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available for use with a PC. These include
Axum (TriMetrix, Seattle, WA), Surfer
(Golden Software, Golden, CO), Design
Expert (Stat-Ease,Inc., Minneapolis, MN),
TechPlot (Polysoft, Salt Lake City, UT), and
Minitab (Minitab, Inc., State College, PA).

Results

LiCl-KCI (Standard) Electrolyte:

35% MgO

A typical deformation profile for a separator
pellet formulated with LiCI-KCl eutectic and
35% MgO and pressed to 75% TD is shown
in Figure 2 for a temperature of 530°C and
an applied pressure of 14.4 psig (99 kPa).

The change in pellet thickness (slumping)
was almost instantaneous once the electro-
lyte melted. (This behavior was found to be
uniform for all the EB mixes evaluated, re-
gardless of the electrolyte composition.) For
the purpose of this study, the reduction in
thickness at 3 min elapsed time was taken as
the measure of deformation. The deforma-
tion data for separator pellets based on the
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Figure 2. Representative Deformation Profile at
530°C and 14.3 Psig Applied Pressure of Separator
Peliet Based on LiCI-KCl Eutectic and 35% MgO)

LiCI-KCl eutectic are summarized in Ap-
pendix A-1. [Several tests were conducted
at 28.2 psig (194 kPa) applied pressure to
better define the system curvature and to
enable modeling for this EB composition. ]

Modeling. The mean values and standard
deviations for separator pellet deformation
were analyzed by a least-squares regression
analysis. The polynomial coefficients (para-
meter estimates) for the EB mix based on
LiCI-KCl eutectic and 35% MgO are listed
in Appendix B-1. Appendix C-1 lists the per-
centage reduction in thickness (deformation)
predicted by the model and the correspond-
ing measured values for the various experi-
mental conditions. The estimated values of
deformation were calculated from:

Y = 100[(e*/(1+€?)] [5]
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where z is the logit-model expression eval-
uated at the appropriate values of P, T", and
D’, with parameter estimates (e.g., bo) sub-
stituted for the corresponding model para-
meter. For the EB with LiCI-KCl eutectic
and 35% MgO, the expression for z is:

z= bo + b1P-+ bgD- + b[sPD‘ + buP‘z

+bxD™ + yP?D™ [6]
For example, at 80% TD and an applied
pressure of 23.8 psig, D"and P" are 0.280
and 0.90, respectively. Using these values in
Eq. 6, z is calculated to be 0.106 and, using
Eq. 5, Y is found to be 52.6%. The values
of Y in Appendix C-1 were determined in
this way.

The fraction of the variation of the logit-
transformed response about the mean value
that is explained by the model can be sum-
marized by the squared correlation coef-
ficient, R%. In this case, R?=0.93. Thus,
93% of the variation of the response was
explained by the model.

The estimated response surfaces (contour
plots) for deformation are shown in Figure 3
as a function of % TD and applied pressure
for temperatures of 500° to 560°C. (Be-
cause of the lack of temperature dependence,
only a single graph is presented.)

The arrow on the figure refers to the nominal
value called out for the density of separator
pellets for Li(Si)/FeS, thermal batteries de-
signed at SNL. The data of Figure 3 indicate
that the design point should be moved to
73.4% TD, to minimize the effect of applied
pressure on pellet deformation.

Empirically, the amount of separator pellet
deformation that is acceptable for battery
purposes lies within the range of ~15% to
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Figure 3. Contour Plot for Estimated Deformation of
EB Pellets Based on LiCI-KCl Eutectic and 35%
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30%. Separator pellets with deformation
higher than this will still work, but at the risk
of reduced battery reliability if excessive
electrolyte leakage into the battery insulation
(wrap) occurs. Separator pellets with values
lower than this range can experience reduced
wetting of the adjacent anode and cathode
pellets. The reduction in wetting can then in-
crease the impedance of the cell, which can
adversely impact performance.

Under a stack pressure of 15 psig, the de-
formation of separator pellets will be ~20%,
which is acceptable. (It should be empha-
sized here that the stack pressure refers to
the pressure on the stack after the battery has
been activated and does not represent the
closing pressure, which is typically >175
psig.) However, once a stack pressure of
~26 psig is exceeded, deformation will be
greater than 30%. Under these conditions,
potential problems could arise in a thermal
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battery during discharge, due to excessive
separator pellet deformation.

The predicted deformation of separator pel-
lets with 35% MgO at an applied pressure of
15 psig and 35 psig is shown in Table 4 at
the design point of 75% TD.

The deformation at an applied pressure of 35
psig is excessive; this could lead to problems
during discharge for a thermal battery using
such a material for the separator if the stack
pressure is sustained at this level.

Thus, if information is available for the criti-
cal parameters (namely, applied pressure, %
TD, and temperature) during discharge of a
thermal battery, such contour maps are valu-
able from a thermal-battery design perspec-
tive. Because pellets are pressed to a speci-
fic density, the % TD will already be known.
Stack pressure can be recorded by incor-
porating a load cell into a battery. [Such
tests have already been conducted at SNL
and will be the subject of a separate report.?]
Stack temperatures can be recorded by
insertion of a thin, flattened thermocouple
into the battery stack during construction.
Care must be taken, however, to avoid
possible shorting of cells—especially with thin
cells, where pellet thickness can be as low as
0.020 cm (0.008 in).

LiCI-KCI (Standard) Electrolyte:
40% MgO '

Modeling. The polynomial coefficients for
the deformation model for the EB with 40%
MgO are listed in Appendix B-2. The per-
centage reduction in thickness estimated by
the model is listed in Appendix C-2, with the
corresponding measured values for the range
of experimental conditions. Note that this
EB composition uses the simplest model for
deformation of all the mixes examined in this



Table 4. Deformation of Separator Pellets Based on LiCI-KCl
Eutectic and 35% MgO at 75% TD*

Temperature, °C Pressure, psig % Reduction in Thickness
500-560 20.1
500-560

58.2

* Predicted using the model shown Appendix B-1.

study. It includes only terms for % TD and

applied pressure and has no interaction terms
(see Table 3).

One area where poor agreement was ob-
served between predicted and measured
values of deformation is at the highest pres-
sure and % TD. Deformation between 55%
and 60% was measured, while the model
predicts only 13%. The squared correlation
coefficient (R?) was 0.97. Thus, 97% of the
variation of the logit-transformed response
was explained by the model. (The high-
pressure, high-% TD deformation data were
not included in the regression analysis or
computation of R2)

The estimated response surface for defor-
mation is shown in Figure 4 as a function of
% TD and applied pressure for temperatures
of 500°C to 5600C. (The upper right-hand
corner of the contour plot is blanked out
because of the poor agreement of the model
with the experimental data in this region.)
The predicted deformation of separator pel-
lets with 40% MgO at an applied pressure of
15 psig and 35 psig is shown in Table § at
the design point of 75% TD.

The deformation is well within the accep-
table response for the entire pressure region.
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In comparison, the deformation for the com-
parable EB with 35% MgO while acceptable
at 15 psig (20.1%) was high for the highest
pressure (58.2%) (Table 4). Thus, the defor-
mation of separator pellets of LiCI-KCl eu-
tectic with 40% MgO is much more "robust"
to changes in applied pressure and % TD.
The specified design point of 75% TD ap-
pears acceptable for this EB composition.
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75.0

65.0

Figure 4. Contour Plot for Estimated Deformation of
EB Pellets Based on LiCI-KCl Eutectic and 40%
MgO as a Function of Applied Pressure and %
Theoretical Density for Temperatures of 500°C -
560°C




Table 5. Deformation of Separator Pellets Based on LiCl-KCl Eutectic and

40% MgO at 75% TD*

Temperature, °C Pressure, psig % Reduction in Thickness
500-560 15 16.8

500-560 35 194

*Predicted using the model shown in Appendix B-2.

LiCl-LiBr-KBr (LM#1) Electrolyte:
25% MgO

The deformation data for separator pellets
based on the LiCl-LiBr-KBr eutectic electro-
lyte and 25% MgO are summarized in Ap-
pendix A-2

Modeling. The polynomial coefficients for
the deformation model for the LM#1 EB
with 25% MgO are listed in Appendix B-3.
The percentage reduction in thickness pre-
dicted by the model is listed in Appendix
C-3, with the corresponding measured values
for the various experimental conditions.

Note that the model for this EB mix includes
temperature, pressure, and density terms as
well as a squared term (D ) and an inter-
action term (PD). In this case, R*> was 0.98.

The estimated response surfaces for defor-
mation are shown in Figures 5a and 5b as a
function of % TD and applied pressure for
temperatures of S00°C and 560°C, respec-
tively. The predicted deformation of
separator pellets with 25% MgO at applied
pressures of 15 psig and 35 psig is shown in
Table 6 at the design point of 75% TD for
temperatures of 500°C and 560°C.
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Table 6. Deformation of Separator Pellets Based on LiCl-LiBr-KBr Eutectic

and 25% MgO at 75% TD* )
Temperature, °C - Pressure, psig % Reduction in Thickness
500 15 46.8
500 35 70.8
560 15 42.8
673

560 ' 35

*Predicted using the model shown in Appendix B-3

Pellet deformation was excessive (>30%) in
all cases. As a result, this EB composition
would not be acceptable for use in separator
pellets in thermal batteries at the design point
of 75% TD. Lowering the pellet density to
60% TD would not solve the problem

LiCI-LiBr-KBr (LM#1) Electrolyte:
30% MgO

The deformation data for separator pellets
based on the LiCI-LiBr-KBr eutectic electro-
lyte and 30% MgO are summarized in Ap-
pendix C-2. Increasing the binder content
from 25% to 30% reduced the separator-
pellet deformation considerably.

Modeling. The polynomial coefficients for
the deformation model for the LM#1 electro-
lyte with 30% MgO are listed in Appendix
B-4. The model for this EB composition is
the same as for the EB with 25% MgO. The
percent reduction in thickness predicted by
the model is listed in Appendix C-3 with the
corresponding measured values for the
various experimental conditions (R>=0.96).

The estimated response surfaces for pellet

deformation are shown in Figures 6a and 6b
for temperatures of 500°C and 560°C, re-
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spectively. The wide contours between 60%
and 85% TD are highly desirable because
this indicates that deformation is relatively
insensitive to large changes in applied pres-
sures and % TD. The estimated deformation
of separator pellets with 30% MgO at ap-
plied pressures of 15 psig and 35 psig is
shown in Table 7 at the pellet-density design
point of 75% TD for temperatures of 500°C
and 560°C.
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Figure 6A. Contour Plot for Estimated Deformation
of EB Pellets Based on LiCl-LiBr-KBr Eutectic and

30% MgO as a Function of Applied Pressure and %

Theoretical Density for 500°C.




Table 7. Deformation of Separator Pellets Based on LiCl-LiBr-KBr Eutectic

and 30% MgO at 75% TD*
Temperature, ©C Pressure, psig % Reduction in Thickness
500 15 19.6
500 35 29.9
560 15 18.1
560 35 278

*Predicted using the model shown in Appendix B-3

25.0
PRESSURE (pstig)

Figure 6B. Contour Plot for Estimated Deformation
of EB Pellets Based on LiCl-LiBr-KBr Eutectic and
30% MgO as a Function of Applied Pressure and %
Theoretical Density for 560°C.

In all cases, the deformation lies within the
acceptable region of 15% to 30%. This EB
composition is thus considered robust with
respect to deformation over the full range of
- experimental conditions tested and would be
a suitable candidate for use as a separator in
thermal batteries. This robustness would be
further enhanced if the pellet-density design
point were reduced slightly from 75% to
about 70% TD.
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LiBr-KBr-LiF (LM#2) Electrolyte: 25%
MgO

The deformation data for separator pellets
based on the LiBr-KBr-LiF eutectic electro-
lyte and 25% MgO are summarized in Ap-
pendix A-3.

Modeling. The polynomial coefficients for
the deformation model for the LM#2 EB
with 25% MgO are listed in Appendix B-5.
The percentage reduction in thickness pre-
dicted by the model is listed in Appendix
C-5, with the corresponding measured values
for the various experimental conditions. The
model for this EB mix is identical to that for
the LM#1 EB mixes (R*=0.98).

The estimated response surfaces for pellet
deformation are shown in Figures 7a and 7b
as a function of % TD and applied pressure
for temperatures of S00°C and 560°C, re-
spectively. The estimated deformation of
separator pellets with 25% MgO at applied
pressures of 15 psig and 35 psig is listed in
Table 8 at the pellet-density design point of
75% TD for temperatures of 500°C and
5600C. '



Table 8. Deformation of Separator Pellets Based Upon LiBr-KBr-LiF

Eutectic and 25% MgO at 75% TD*

Temperature, °C Pressure, psig

% Reduction in Thickness

500 15
500 35
560 15
560 35

* Predicted using the model shown in Appendix B-5
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124
23.2
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Figure 7A. Contour Plot for Estimated Deformation
of EB Pellets Based on LiBr-KBr-LiF Eutectic and
25% MgO as a Function of Applied Pressure and %
Theoretical Density for 500°C

Pellet deformation was acceptable at the
higher applied pressures and was only slight-
ly below the nominal 15% deformation limit
considered acceptable. Overall, this EB
composition would be considered acceptable
for use in separator pellets in thermal bat-
teries.

75.0
1

7 THEORETICAL DENSITY
65.0

eons"

55.0

18

15.0 20.0 5.0
PRESSURE (pstg]

Figure 7B. Contour Plot for Estimated Deformat 1
of EB Peliets Based on LiBr-KBr-LiF Eutectic and
25% MgO as a Function of Applied Pressure and %
Theoretical Density for 560°C

The robustness of this EB composition to
deformation would be enhanced if the pellet-
density design point were reduced from 75%
to about 70% TD.




MgO

The deformation data for separator pellets
based on the LiBr-KBr-LiF eutectic electro-
lyte and 30% MgO are summarized in Ap-

~ pendix A-5. Increasing the binder content
from 25% to 30% caused a large reduction
in pellet deformation—especially at the
higher pellet densities.

Modeling. The polynomial coefficients for
the deformation model for the LM#2 EB
with 30% MgO are listed in Appendix B-6.
The percentage reduction in thickness pre-
dicted by the model is listed in Appendix
C-6, with the corresponding measured values
for the various experimental conditions. The
model for this EB is identical to that for the
LM#2 EB with 25% MgO (R*=0.92).

85.0

75.0
\—-

P

‘\
!

> H -
= : >
= /
[72] Fd R aend
=
i / ~
a s
8 : N\
=
IR -
& o
] ot
o e
G .
=
~ .

65.0
\
-
(<)
)
o

15.0 20.0 25.0
PRESSURE (psig)

Figure 8A. Contour Plot for Estimated Deformation
of EB Pellets Based on Li-Br-KBr-LiF Eutectic and

30% MgO as a Function of Applied Pressure and %
Theoretical Density for 500°C

LiBr-KBr-LiF (LM#2) Electrolyte: 30%

The estimated response surfaces for pellet
deformation are shown in Figures 8a and 8b
for temperatures of 500°C and 5600C, re-
spectively. The estimated deformation of
separator pellets with 30% MgO is listed in
Table 9 at the pellet-density design point of
75% TD for temperatures of 500°0C and
5600C.

Increasing the binder content of the LM#2
EB from 25% to 30% MgO caused a large
reduction in deformation at the pellet-density
design point of 75% TD. In all cases, the
deformation was less than the lower limit of
15% considered acceptable for thermal-bat-
tery use. The data for the LM#2 EB with
25% MgO (Table 6) show this material to be
preferred over the counterpart with 30%
MgO (Table 7).
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Figure 8B Contour Plot for Estimated Deformation
of EB Pellets Based on Li-Br-KBr-LiF Eutectic and
30% MgO as a Function of Applied Pressure and %
Theoretical Density for 560°C




Table 9. Deformation of Separator Pellets Based on LiBr-KBr-LiF Eutectic

and 30% MgO at 75% TD*
Temperature, °C Pressure, psig % Reduction in Thickness
500 15 9.2
500 35 14.5
560 15 8.6
560 35 13.6

* Predicted using the model shown in Appendix B-5

LiCl-LiBr-LiF (All-Li) Electrolyte: 30%
MgO

The deformation data for separator pellets
based on the LiCl-LiBr-LiF minimum-melt-
ing electrolyte and 30% MgO are summa-
rized in Appendix A-4.

Modeling. The polynomial coefficients for
the deformation model for the all-Li EB with
30% MgO are listed in Appendix B-7. The
percentage reduction in thickness predicted
by the model is listed in Appendix C-7, with
the corresponding measured values for the
various experimental conditions. The model
is similar to those for the LM#1 and LM#2
EBs, except that it also includes a P-squared
term (R*=0.98).

The estimated response surfaces for pellet
deformation are shown in Figures 9a and 9b
for temperatures of 500°C and 5600C, re-
spectively. The estimated deformation of
separator pellets at applied pressures of 15
psig and 35 psig is listed in Table 10 at the
pellet-density design point of 75% TD for
temperatures of 5000C and 560°C.
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Reducing the pellet-density design point
from 75% TD to the optimum value of
70.5% TD would center the contour lines
between 15 psig and 35 psig. However, the
pellet deformation would still be >30% for
all conditions, which makes this EB compo-
sition unacceptable for use in separator
pellets in thermal batteries.
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Figure 9A. Contour Plot for Estimated Deformation
of EB Pellets Based on LiCl-LiBr-LiF Electrolyte
and 30% MgO as a Function of Applied Pressure
and % Theoretical Density for 500°C




7 THEORETICAL DENSITY

Electrolyte and 30% MgO at 75% TD*

Table 10. Deformation of Separator Pellets Based on LiCl-LiBr-LiF

Temperature, °C Pressure, psig % Reduction in Thickness
500 15 353
500 35 64.4
560 15 323
560 35 61.2

*Predicted using the model shown in Appendix B-7
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Figure 9B. Contour Plot for Estimated Deformation
of EB Pellets Based on LiCl-LiBr-LiF Electrolyte
and 30% MgO as a Function of Applied Pressure
and % Theoretical Density for 560°C

LiCl-LiBr-LiF (All-Li) Electrolyte: 35%
MgO

The deformation data for separator pellets
based on the LiCI-LiBr-LiF minimum-melt-

ing electrolyte and 35% MgO are summari-
zed in Appendix A-4. As expected, increas-
ing the binder content from 30% to 35%
resulted in a large reduction in the pellet
deformation.

Modeling. The polynomial coefficients for
the deformation model for the all-Li EB with
35% MgO are listed in Appendix B-8. The
percentage reduction in thickness predicted
by the model is listed in Appendix C-8, with
the corresponding measured values for the
various experimental conditions. The model
form is identical to that for the all-Li EB
with 30% MgO (R=0.98).

The estimated response surfaces for pellet
deformation are shown in Figures 10a and
10b for temperatures of 500°C and 560°C,
respectively. The estimated deformation of
separator pellets at applied pressures of 15
psig and 35 psig is listed in Table 11 at the
pellet-density design point of 75% TD for
temperatures of 500°C and 560°C.




Table 11. Deformation of Separator Pellets Based on LiCl-LiBr-LiF

Electrolyte and 35% MgO at 75% TD*

Temperature, °C Pressure, psig

% Reduction in Thickness

500 15
500 35
560 15
560 35

*Estimated using the model shown in Appendix B-7
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Figure 10A. Contour Plot for Estimated
Deformation of EB Pellets Based on LiCl-LiBr-LiF
Electrolyte and 35% MgO as a Function of Applied
Pressure and % Theoretical Density for 500°C
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At the lower pressure, pellet deformation is
in the acceptable range. At the higher pres-
sure, however, the deformation is greater
than the desired maximum of 30%. The data
of Figures 10a and 10b show that the con-
tour lines are substantially skewed to lower
% TDs as the pressure is increased. This has
. the effect of making the separator pellet

more sensitive to applied pressure for a given
% TD. The optimum pellet-density design
point of ~74.1% TD at 15 psig is shifted to
~64.3% TD at 35% psig. These data sug-
gest that the design point should be reduced
from 75% to ~ 70% TD. This will reduce
the maximum deformation and bring the
value closer to the desired value of 30%.

At 75% TD, the deformation will reach 30%
at pressures of 28.0 psig and 30 psig at 500
OC and 5600C, respectively. In comparison,
at the optimum value of 69.2% TD, these
values are predicted to ~ 30.0 psig and 31.9
psig—about 2 psig higher.

For critical thermal-battery application, an
EB composition higher in binder than 35%
MgO (e.g., 40%) may be necessary to avoid
excessive separator pellet deformation.

Discussion

Because of the number of possibilities that
arise during the deformation process, the
resulting deformation curve can be consider-
ably different under different experimental
conditions. While only the change in thick-
ness was monitored during the deformation
process, a change in the area of the pellet
could also occur due to radial movement.

Density Effects

The change in deformation with increase in
the level of density shows several trends. In
the first case (Type A), the deformation in-
creases with an increase in % TD. We attri-
bute this to an initial collapse of the primary
pore structure followed by gradual radial
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movement of the EB material with accom-
panying decrease in pellet thickness. This
behavior is shown by the standard EB with
35% MgO and the LM#1 EB with 25%
MgO for all temperatures and pressures.

In the second case (Type B), the deformation
exhibits a minimum with increase in % TD.
At the lowest % TD, the porosity is large, so
that this material is expected to show a relat-
ively large reduction in thickness once the
electrolyte melts, with little radial movement
of material. At intermediate densities, the
relative change in thickness would be less. At
the highest densities, however, the initial
change in thickness would be even lower, but
would be accompanied by an increase in the
area due to plastic flow in the radial direc-
tion. The latter would be expected to domi-
nate the deformation process under these
conditions, resulting in the observed overall
increase in deformation.

In the third case (Type C), the deformation
shows a gradual decrease in deformation
with increase in % TD. At the highest %
TD, for example, the extent of radial move-
ment is limited because of the rheology of
the particular EB composition. As the po-
rosity gradually decreases with increase in %
TD, the degree of pore collapse becomes
increasingly less, resulting in a gradual de-
crease in the observed change in thickness -
once the electrolyte melts. However, if the
system experiences significant radial move-
ment at the higher densities as a result of
plastic flow, the deformation will increase
again, resulting in Type B behavior. Type C
behavior is shown by the all-Li EB with 30%
MgO and the LM#2 EB with 25% MgO for
all temperatures and pressures.

Temperature Effects

The reduction in deformation usually ob-
served with increase in temperature was
surprising. An increase in deformation




would be expected based on the reduced
viscosity and surface tension of the molten
electrolyte at higher temperatures. For

the LiCI-KCl eutectic, for example, the
viscosity is reduced from 2.23 mNs/m? to
1.77 mNs/m? in going from 500°C to
5600C. The change in surface tension under
- the same conditions is 126 mN/m to 121
mN/m, respectively, not nearly as large.’

The temperature effect may be related to the
lower actual density of the pellet at the high-
er temperatures caused by expansion of the
molten electrolyte. This results in a smaller
change in thickness during the deformation
test relative to the lower temperatures, lead-
ing to a Type C curve.

Pressure Effects

The effect of pressure on the deformation
process was consistent for all the EBs
studied. Increasing the pressure caused an
increase in the observed deformation for all
temperatures and densities.

Rheology

The overall observed deformation depends
on the degree of pore collapse and radial
movement of the EB. The relative contribu-
tion of each process determines the final type
of deformation that is observed, i.e., whether
the deformation response is Type A, B, or C.

The rheology of an EB pellet under the ex-
perimental conditions of the study is very
complicated and is influenced by the com-
position of the electrolyte as well as the
MgO content. The surface tension of the
electrolyte influences the wetting behavior
with the MgO binder. This, in turn, dictates
the amount of binder necessary for effective
immobilization of the molten electrolyte at
elevated temperatures. The conditions of EB
processing (e.g., temperature, time, atmo-
sphere, electrolyte purity, MgO purity, etc.)
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have a significant effect on the final physical
properties of the resultant EB material.
Changes in processing parameters are readily
reflected in the deformation behavior of the
pellets made from the EB mixes.

It should be emphasized that the deformation
process in an actual thermal-battery environ-
ment will be different from that experienced
by the pellets in the present study where the
pressure and temperature were held con-
stant. During assembly, the battery stack is
subjected to a high pressure (typically 150
psig to 250 psig) to maintain good interfacial
contact before being sealed into a case.

Once the battery is activated, the stack pres-
sure relaxes immediately to a low steady-
state level of only 10 psig to 40 psig.® This
relaxation process is almost entirely a result
of the deformation of the separator pellet
caused by the melting of the electrolyte. The
temperature of the battery also changes sig-
nificantly, rising on activation to some peak
value and then declining until the electrolyte
freezes at the end of life as a result of heat
loss in the battery. Since the battery stack is
tightly wrapped with glass tape and insula-
ting ceramic blankets, the tendency for radial
movement of separator material will be dras-
tically reduced relative to an unconfined
pellet.

In addition, there is always a tendency for
the electrolyte to wick into the insulating
wrap. This is a competition between the
MgO and the wrap for the molten electro-
lyte. Because the electrolyte is already
wicked into the pores of the MgO, the ten-
dency for de-wetting is normally minimal and
only becomes a problem if the battery over-
heats.

Given such dynamic battery conditions, it
would be very difficult to predict accurately




the extent of pellet deformation in a thermal-

battery environment. The extent of deforma-

tion will certainly be different in an actual
battery compared to that observed with the
deformation tester used in this work. How-
ever, the results of the present study are still
useful for determining the relative impact of
- major changes in some critical parameters
that influence the deformation process.

Factor Interactions

Varying the factors in a "one-at-a-time "
approach would not show the interactions
that were revealed in the approach used in
this study. The strength of the statistically
designed experiments lies in the ability to not
only determine the relative importance of
each factor, but to detect the presence of
interactions as well (e.g., PD effects). The
other advantage of statistically designed
experiments is efficiency, i.e., the maximum
amount of information is obtained in the least
number of experiments.

The effect of the various factors on the de-
formation process is readily revealed in the
coefficients for the various polynomial ex-

pressions that were derived from the expe-
rimental data. These could be either positive
or negative. A positive sign indicates that an
increase in the independent parameter caused
an increase in the deformation, while a nega-
tive sign showed a reduction in the deforma-
tion. The signs of the coefficients for the
terms in the polynomial expressions for the
various EBs are summarized in Table 12.

The P, PD, D? and P coefficients were posi-
tive in all cases where that applied, as were
the PD coefficients. This contrasts with the
T coefficients that were negative in all cases
that applied. The D coefficient was either
negative or positive, depending on the EB
composition.

The relative magnitude of the coefficients
indicates the importance of each term. The
data in Appendices B-1 to B-8 show that the
D? term is the most important in all cases but
one, with the temperature term being the
least important. The pressure term was al-
ways positive, while the sign of the density
term varied. Consequently, the PD inter-
action term was often significant at high

Table 12. Signs of Coefficients for Variables in Polynomial Expressions for

Deformation of EB Pellets

Terms
Electrolyte MgO D P T PD p? D?
LiCI-KCl 35 + + NA* + + +
LiCl-KCl 40 - + NA NA NA NA
LiCl-LiBr-KBr 25 + + - + NA +
LiCl-LiBr-KBr 30 - + - + NA +
LiBr-KBr-LiF 25 + + - + NA +
LiBr-KBr-LiF 30 - + - + NA +
LiCl-LiBr-LiF 30 - + - + + +
LiCl-LiBr-LiF 35 - + - + + +

Note: NA = not applicable.
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positive densities, since this inhanced the
pressure effect. These key points would not
have been evident with the standard "one-at-
a-time" approach to studying the contri-
butions of each experimental factor.

Experimental Limitations

The data generated in the present work apply
* for only relatively thick pellets—nominally
1.5 mm (0.059") thick. It is unknown if the
same trends would hold true with separators
that are used in so-called thin-cell batteries,
since these separators are only 0.008 inch to
0.010 inch thick. It would be very difficult
to conduct deformation tests with pellets this
thin, since the absolute magnitude of the
change in thickness would be very small.
The tests would result in a large experimen-
tal error that would make it difficult to sta-
tistically determine the relative impact of
changes in the experimental factors on the
measured pellet deformation.

A deformation of 2% corresponds to a ver-
tical displacement of 0.0011" (0.078 mm). A
displacement 0of 0.001" (1 mil) is easily mea-
sured with good precision using 1.5-mm-
thick pellets. However, for a 0.010 in-thick
pellet, the same amount of deformation
would result in a vertical displacement of
only 0.0002" (0.2 mils). Such a low value
.could not be measured accurately with the
present experimental setup. In addition, the
effect of parallelism of the pellet faces be-
comes increasingly important.

The present data do not address the issue of
radial movement of material during the de--
formation process. The present technique
measures only vertical (axial) displacement
of the pellet. The areal changes in the pellets
would need to be measured as well to shed
more light on the rheology of molten EB
pellets under a wide range of experimental
conditions. This would not be straight-
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forward, since the pellets do not always
grow uniformly in the radial direction. The
asymmetric growth would necessitate using
some type of sophisticated areal-measure-
ment technique (e.g., digitizing the outline
of the pellet and calculating the area of the
resulting shape).

Optimum EB Densities and Battery-
Design Implications

The optimum conditions for pressing sepa-
rator pellets to minimize excessive deforma-
tion can readily be determined by studying
the contour plots and the associated regres-
sion models. The optimum densities for the
various EB compositions as determined from
the contour plots are summarized in Table 13
for comparison to the current design value of
75% TD. The EB compositions that are suit-
able for use as separators in thermal batteries
are marked in Table 13 with an asterisk.
These density values are the ones the ther-
mal-battery engineer should use for proto-
type battery development. Only the EBs
based on LiCI-KCl eutectic and the LM#2
EB with 30% MgO have predicted optimum
densities that are very close to the current
design value of 75% TD.

There is a tradeoff between electrochemical
performance and the mechanical properties
of the EB pellets when used as separators in
thermal batteries. Increasing the MgO con-
tent of the EBs to reduce the deformation
will cause a concomitant increase in the
resistivity.'’

This could impact the pulse performance of
the battery under a heavy load. The thermal-
battery engineer will have to address this
tradeoff for each particular application. This
becomes most important when the battery is
to be subjected to a severe environment
(e.g., high levels of shock, acceleration,
vibration, or spin).




Table 13. Optimum Densities for Various EBs Examined in This Work

Optimum % Theoretical Densi;y
Electrolyte % MgO Density g/cc
LiCl-KCl Eutectic 35% 73.4 1.75
. LiCl-KCl Eutectic 40* 76.0 1.84
LiCl-LiBr-KBr Eutectic 25 NA NA
LiCl-LiBr-KBr Eutectic 30* 69.3 2.11
LiBr-KBr-LiF Eutectic 25* 68.6 2.35
LiBr-KBr-LiF Eutectic 30* 76.1 2.46
LiCl-LiBr-LiF Electrolyte 30 70.5 2.19
LiCI-LiBr-LiF Electrolyte 35* 69.2 2.17

# Tolerance of + 0.05 g/cc

* Composition suitable for use as separator in thermal battery

Conclusions

The effects of factors such as pellet density,
temperature, and applied pressure were sta-
tistically examined for their impact on the
deformation of EB pellets for four electro-
ytes with two levels of MgO binder. The
deformation study was conducted using a
statistical design-of-experiment approach
that allows the effect of a relatively large
number of factors to be studied with a mini-
mal number of experiments. This approach
allows the impact of each factor to be deter-
mined and to detect the presence of inter-
actions, as well. Contour plots of the esti-
mated response surfaces were generated
over the range of experimental conditions
examined in the study for purposes of
interpretation.

All compositions except the LiCl-LiBr-KBr
(LM#1) eutectic with 25% MgO and the
LiCI-LiBr-LiF (all-Li) electrolyte with 30%
MgO are suitable for use as separators in
thermal batteries. The study has provided
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estimates of the optimum densities for each
of the EBs studied (Table 13). Generally
(except for the all-Li mix), the variation in
density dominated the deformation behavior
across the various compositions. Changes in
pressure also resulted in significant changes
in deformation behavior; the specific effect
of pressure depended on the level of pres-
sure. Over the conditions studied, temper-
ature seemed to have only minor effects.

The rheology of the molten EB pellets is
very complex and is influenced strongly by
the composition of the electrolyte and level
of MgO binder. Three types of deformation
behavior were found in the study with in-
crease in pellet density:

e an increase in deformation (Type A
curve)

e aminimum in deformation (Type B
curve)

e adecrease in deformation (Type C
curve).




The relative behavior of the EB (type of
deformation curve) is influenced by the
relative contribution of pore collapse and
radial movement of the EB during the
deformation process.

The impact on the conductivity of the EB
mix must be considered when increasing
the MgO content of the EB to improve its
mechanical properties when used as a sepa-
rator in thermal batteries. In general, a
tradeoff must be made between these two
important parameters by the thermal-battery
design engineer
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Appendix A-1. Deformation of EB Pellets Based on LiCI-KC1 Eutectic

% % Change in Thickness
Density,| Theor. | @ 14.4 psig @ 23.8 psig @32.8psig |Temp.,
Electrolyte % MgO| gl/cc |Density| Avg. |Std. Dev.{ Avg. |Std. Dev.| Avg. {Std. Dev.|deg. C
LiCI-KCl Eut. 35 1.60 | 672 |-255| 0.8 |-273]| 0.9 -29.41 02 500
" " * 1.80* | 75.6 |-22.3 0.8 -25.2 1.6 -59.7 34 "
oo " 2.00 | 840 |-454| 07 |-572} 87 |-593 6.7 ’
LiC1-KCl Eut. 35 1.60 | 672 |-255| 0.7 |-262| 0.2 ~29.8; 04 530
" " " 1.80¢*| 75.6 [-21.0{ 09 |-23.5| 0.3 -60.0} 24 *
" " i 2.00 | 84.0 |-42.1 0.7 |[-513| 62 |-61.8) 3.7 -
LiCI-KCl Eut. 35 1.60 | 67.2 |-246| 08 -263| 04 -33.8; 038 560
" " " 1.80¢] 756 |[-22.2] 09 |-258| 05 -56.7| 49 -
" " " 2.00 | 8.0 |-396f 19 |-545| 6.4 -67.0| 7.1 .
LiCI-KCl! Eut. 40 1.60 | 653 |-245| 09 |-249| 0.6 |-273 0.3 500
- " 1.85*| 755 [-153| 0.8 |[-170| 0.7 |-207{ 1.9 "
" " " 2.10 85.7 1{-10.6 1.5 -13.3 0.2 -59.8 3.0 "
LiCI-KCl Eut. 40 | 1.60 653 {-234 0.4 -24.5 04 -26.7 0.1 530
" " " 1.85*% | 755 [-16.6 0.6 -17.3 0.8 -20.9 1.4 "
" " " 2.10 | 85.7 |-113 1.5 |-113 1.5 -57.6 | 4.9 "
LiCl-KCl Eut. 40 1.60 | 653 |-22.8| 0.8 |-246 14 |-25.7 1.0 560
" " " 1.85% | 75.5 |-16.3 1.4 |-164| 0.3 -17.3 0.3 -
" " " 2.10 85.7 [-12.5 1.0 -13.6 2.0 -54.9 0.5 "

* Design point used for thermal battery separators.
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Appendix A-2. Deformation of EB Pellets Based on LiCl-LiBr-KBr Eutectic

% % Change in Thickness ]
Density,| Theor. | @ 14.4 psig @ 23.8 psig @ 32.8 psig [Temp.,
Electrolyte % MgO| g/cc |Density| Avg. |Std. Dev.| Avg. |Std. Dev.{ Avg. [Std. Dev.|deg. C
LiCI-LiBr-KBr Eut. 25 1.90 63.3 |-31.2 1.2 -34.7 0.7 —45.5 1.6 500
. " - 230%| 767 [-46.2| 1.7 |-65.1 1.3 -64.2 | 5.1 .
- " - 265 | 83 |-679| 34 |-847| 32 |[-914 1.3 "
LiCl-LiBr-KBr Eut. 25 1.90 | 633 |-29.6| 1.0 |-37.2 1.4 |-433 14 530
" " * 230%| 767 |-49.6| 2.0 |-59.4 1.7 | -67.4 1.3 .
* " . 265 | 883 |-643| 3.1 |-75.6 1.4 |{-90.1 0.6 "
LiCI-LiBr-KBr Eut. 25 190 | 633 [-295| 09 }-346] 0S5 -43.0| 3.1 560
- ’ 230%| 76.7 |-457| ‘19 |-559{ 09 |-579| 6.6 .
" " " 265 | 883 [-556] 54 |-740] 14 |-86.1 2.1 -
LiCl-LiBr-KBr Eut. 30 1.90 62.5 |-26.5 0.1 -26.9 0.8 -28.3 0.4 500
" " " 2.30% | 75.7 |-184| 0.6 |-26.3 1.3 -36.2| 4.0 "
" " " 2.65 87.2 {-39.0 1.7 -51.5 0.5 -60.7 2.1 "
LiCI-LiBr-KBr Eut. 30 1.90 62.5 |-24.8 0.3 -26.9 0.2 -29.2 0.4 530
" " " 2.30% | 75.7 |-16.8 0.4 -18.7 0.7 -37.0 3.1 "
" " " 2.65 87.2 | -40.7 0.7 -47.3 3.6 -56.6 2.3 "
LiCl-LiBr-KBr Eut. 30 1.90 62.5 |-233 0.7 -26.8 0.7 -28.3 1.0 560
" " . 2.30%; 75.7 | -19.0 0.4 -23.6 2.4 ~38.8 2.7 "
" " " 265 | 872 {-336] 29 |-444] 2.1 -55.8( 0.9 "

* Design point used for thermal battery separators.
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Appendix A-3. Deformation of EB Pellets Based on LiBr-KBr—LiF Eutectic

% % Change in Thickness
Density,{ Theor. | @ 14.4 psig @ 23.8 psig @ 32.8 psig |[Temp.,
Electrolyte - % MgO| g/cc |Density| Avg. [Std. Dev.| Avg. |Std. Dev.| Avg. {Std. Dev.|deg. C
LiBr-KBr-LiFEut. | 25 | 190 | 55.6 [-247| 03 |-275| 07 |-310] 07 | s00
" " - 259+« | 75.7 |-144| 03 |[-18.2| 24 |-258 1.0 .
" " " 298 | 87.1 |-313 1.9 |-457] 64 |-608] 106 -
LiBr-KBr-LiF Eut. 25 190 | 556 |-243| 06 |-27.0| 04 |-30.1 03 530
b " " 259 75.7 {-13.2| 2.0 |-17.2 1.0 | -22.2 1.8 -
" " " 298 | 87.1 |-30.3 1.7 |-409| 3.6 |-556| 64 "
LiBr-KBr-LiF Eut. 25 190 | 556 |{-239| 03 |-262| 03 -286( 0.8 560
oo " 2.59% | 75.7 | -13.8 1.3 |-157 0.8 -22.0 1.8 "
° " - 298 | 87.1 |-279 1.6 |-416} 24 |-458| 5.0 .
LiBr-KBr-LiF Eut. 30 1.90 554 |-18.0 0.4 -19.5 0.3 -21.2 0.7 500
" " ° 259%| 755 |-114) - 14 |-109( 02 |-12.5 1.1 "
" " " 2.90 84.5 | -89 1.6 -10.0 1.1 -16.0 1.9 "
LiBr-KBr-LiF Eut. 30 1.90 554 1 -17.2 0.1 -18.7 0.5 -21.0 0.2 530
" " * 2.59% | 75.5 |-10.6 1.1 ~11.2 1.5 -11.2 1.1 "
" " " 290 | 84.5 | -75 20 |-13.6 1.9 }(-162| 04 "
LiBr;KBr—LiF Eut. 30 1.90 554 |-16.0 0.7 -18.0 0.7 -20.9 0.2 560
" " " 259+« 755 | -8.8 1.9 -10.7 1.0 ~-12.6 1.4 "
" " i 290 | 845 | -15 0.2 -9.2 04 |-16.2 1.6 "

* Design point used for thermal battery separators.
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Appendix A—4. Deformation of EB Pellets Based on LiCl-LiBr-LiF Eutectic

% % Change in Thickness
Density,| Theor. | @ 14.4 psig @ 23.8 psig @ 32.8 psig |Temp.,
Electrolyte % MgO| glcc |Density| Avg. [Std. Dev.| Avg. |Std. Dev.| Avg. |Std. Dev.|deg. C
LiCI-LiBr-LiF Eut. 30 1.86 | 60.0 |-33.5| 0.4 |-41.3 14 |[-524] 0.8 500
" " " 234¢«| 755 |-29.0| 0.7 |-403| 0.7 |-524; 0.7 .
" " " 264 | 8.2 |-368] 06 |-449| 08 |-554| 038 -
LiCl-LiBr-LiF Eut. 30 1.86 | 60.0 {~33.8% 0.6 |-402{ 0.6 |-50.1 1.2 530
T . 2.34% | 75.5 |-26.7 1.4 |-37.6 1.3 -51.9 1.7 "
* " " 264 | 852 (-36.0| 1.2 [-440; 04 {-53.8 1.2 "
LiCl-LiBr-LiF Eut. 30 1.86 | 60.0 {-31.0] 04 |-388; 09 |-473 1.4 560
" " " 234} 755 |-246| 18 |[-375( 0.8 -47.1 1.8 "

" " " 264 | 8.2 |-36.1] 39 |-440| 24 |-523 1.5 -
LiCl-LiBr-LiF Eut. 35 1.80 | 57.5 |-29.9| 03 |-324] 0.1 -37.6{ 04 500
" " " 236*| 754 |-19.5| 3.9 [-250| 07 |-39.8| 24 "
" " " 2.66 | 85.0 |-21.7 1.8 [-346| 39 |-51.1 33 "
LiCI-LiBr-LiF Eut. 35 | 1.80 | 575 |-29.5| 0.7 |-31.7| 0.6 |-366| 0.9 530
" " " 2.36%| 754 [-16.8| 1.2 |-234| 0.8 |-376 1.7 "
" " " 2.66 { 8.0 |-21.3} 2.1 -375| 46 |-488) 4.7 "
LiCl-LiBr-LiF Eut. 35 1.80 | 575 |-282| 09 |-31.2f 12 |-358; 0.7 560
" " " 2.36% | 754 |-14.7 0.7 -20.9 1.0 ~36.1 0.5 "
~ " " 2.66 | 8.0 [-23.7| 5.2 |-34.1 4.5 -47.5] 4.2 "

* Design point used for thermal battery separators.
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Appendix B.
Statistical Models for Deformation of EB Pellets
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The values for P+, D%, and T* in this appendix are obtained by scaling
and centering P, D, and T, respectively, as follows:

Px = (P-23.8)/10 (psig)
(D-70)/20 (% TD)
(T-530)/30 (9C)

D*
T

37




Appendix B-1.

Model

 Bo
B1
B3

Appendix B-2.

Model

Bo
P1
B3

LiC1/KC1 Eutectic (Std.) Electrolyte/35% Mg0*

log, [ 100 =V

-1.124 (0.061)

= 0.376 (0.0421)
= 0.119 (0.20)
213 = 1.561 (0.23)

Y

] =By * 51P* + 530* + 513P*D*

+ ﬁllpg + ﬂ33D; + 7PZDZ + ¢

A11 = 0.201 (0.0821)
B33 = 1.63 (0.821)
3 =2.74 (0.93)

rZ = 0.93

LiC1-KC1 Eutectic (Std.) Electrolyte/40% Mg0

loge [

-1.309 (0.012)

X
100 - Y

= 0.0877 (0.0016)

-0.859 (0.034)

]

= By * ﬁlP* + ﬂ3D* + ¢

0.97

The values in parentheses are the
parameter estimates.

standard errors of the
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Appendix B-3.

Model

Bo
1
B2

Appendix B-4.

LiC1-LiBr-KBr Eutectic (LM#1) Electrolyte/25% MgO

log, [ 100 - ¥

-0.121 (0.034)
0.413 (0.035)
-0.0805 (0.028)

LiC1-LiBr-KBr Eutectic (LM#1) Electrolyte/30% MgO

Y

] = po + plP* + ﬁzT* + 530*

+ 513P*D* + p33D§ + e

B3 = 1.40 (0.074)

P13
B33

r2 = 0.98

Model - Same as that for Appendix B-3.

Bo
21
7]

-1.303 (0.048)
0.218 (0.033)
-0.0500 (0.028)

rZ = 0.96

0.374 (0.082)
0.110 (0.14)

B3 = -0.107 (0.084)

P13
B33

39

0.243 (0.055)
1.82 (0.16)




Appendix B-5.

Model

Po
1
B2

Appendix B-6.

Model - Same

Bo
B1
B2

1]

LiBr-KBr-LiF (LM#2) Eutectic Electrolyte/25% Mg0

loge [ OOY- Y ] =By + ﬂlP* + ﬂzT* + ﬂ3D*

+ By PsDs + paDf 4

-1.710 (0.024) B3 = 0.186 (0.018)

0.321 (0.016) 213 = 0.233 (0.024)

-0.0588 (0.012) £33 = 1.637 (0.055)
r2 = 0.98

LiBr-KBr-LiF Edtectic (LM#2) Electrolyte/30% MgO

as that for Appendix B-5.
-2.035 (0.054) A3 = -0.395 (0.038)
0.222 (0.030) 213 = 0.132 (0.045)
-0.0378 (0.024) B33 = 0.550 (0.123)
r2 = 0.92
40




Appendix B-7.

Model

Bo
p1
b2
B3

Appendix B-8.

Model - Same

Po
A1
B2 =

LiC1-LiBr-LiF Eutectic (A11-Li) Electrolyte/30% Mg0

Y
log, [ 100 -V ]'= B * BiPx + BpTx + p3Dx

+ ﬁlBP*D* + ﬂlng + p33D£ + ¢

-0.509 (0.027) A13 = 0.0299 (0.031)
0.434 (0.017) B11 = 0.0372 (0.030)
-0.0673 (0.016) B33 = 0.465 (0.072)

-0.0130 (0.027)

LiC1-LiBr-LiF Eutectic (A11-Li) Electrolyte/35% MgO

as that for Appendix B-7.

-1.224 (0.026) B13 = 0.445 (0.029)
0.471 (0.017) A11 = 0.0981 (0.026)
-0.0514 (0.013) B33 =

1.020 (0.081)

B3 =-0.0603 (0.025)

rZ = 0.98
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Appendix C.
Comparison of Predicted and Experimental Values
for the Deformation of EB Pellets
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Appendix C-1. LiC1-KC1 Eutectic (Std.) Electrolyte/35% MgO

Obs. % Est. % Std.
‘ Change Change Diff. Dev.

* % Theor. A _ A _ A
Pressure Density Temp. (Y) (Y) (Y-Y) (S)

14.4 67.2 500 25.5 26.2 -0.7 0.8
14.4 67.2 530 25.5 26.2 -0.7 0.7
14.4 67.2 560 24.6 26.2 -1.2 0.8
14.4 75.6 500 22.3 20.4 1.9 0.8
14.4 75.6 530 21.0 20.4 0.6 0.9
14.4 75.6 560 22.2 20.4 1.8 0.9
14.4 84.0 500 45.4 43.5 1.9 0.7
14.4 84.0 530 42.1 43.5 -1.4 0.7
14.4 84.0 560 39.6 43.5 -3.9 1.9
23.8 67.2 500 27.3 24.8 2.5 0.9
23.8 67.2 530 26.2 24.8 1.4 0.2
23.8 67.2 560 26.3 24.8 1.5 0.4
23.8 75.6 500 25.2 27.6 -2.4 1.6
23.8 75.6 530 23.5 27.6 -4.1 0.3
23.8 75.6 560 25.8 27.6 -1.8 0.5
23.8 - 84.0 500 57.2  44.0 13.2 8.7
23.8 84.0 530 51.3 44.0 7.3 6.2
23.8 84.0 560 54.5 44.0 10.5 6.4
28.2 79.8 500 51.6 49.8 1.8 4.3
28.2 79.8 530 50.6 49.8 0.8 4.0
28.2 79.8 560 48.3 49.8 -1.5 2.7
32.8 67.2 500 29.4 31.9 -2.5 0.2
32.8 67.2 530 29.8 31.9 -2.1 0.4
32.8 67.2 560 33.8 31.9 1.9 0.8
32.8 75.6 500 59.7 52.6 7.1 3.4
32.8 75.6 530 60.0 52.6 7.4 2.4
32.8 75.6 560 56.7 52.6 4.1 4.9
32.8 84.0 500 59.3 91.1 31.8 6.7
32.8 84.0 530 61.8 9l.1 29.3 3.7
32.8 84.0 560 67.0 91.1 24.1 7.1
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Appendix C-2. LiC1-KC1 Eutectic Electrolyte/40% MgO

Obs. % Est. % . Std.
Change Change Diff. Dev.
% Theor. o A _ A
Pressure Density Temp. (Y) (Y) (Y-Y) (S)
14.4 65.3 500 24.5 23.3 1.2 0.9
14.4 65.3 530 23.4 23.3 0.1 0.4
14.4 65.3 560 22.8 23.3 -0.5 0.8
14.4 75.5 500 15.3 16.4 -1.1 0.8
14.4 75.5 530 16.6 16.4 0.2 0.6
14.4 75.5 560 16.3 16.4 -0.1 1.4
14.4 85.7 500 10.6 11.2 -0.6 1.5
14.4 85.7 530 11.3 11.2 0.1 1.5
14.4 85.7 560 12.5 11.2 1.3 1.0
23.8 65.3 500 24.9 24.8 0.1 0.6
23.8 65.3 530 24.5 24.8 -0.3 0.4
23.8 65.3 560 24.6 24.8 -0.2 1.4
23.8 75.5 500 17.0 17.6  -0.6 0.7
23.8 75.5 530 17.3 17.6 -0.3 0.8
23.8 75.5 560 16.4 17.6 -1.2 0.3
23.8 85.7 500 13.3 12.1 1.2 0.2
23.8 85.7 530 11.3 12.1 -0.8 1.5
23.8 85.7 560 13.6 12.1 1.5 2.0
28.2 80.0 500 14.8 15.4 -0.6 1.4
28.2 80.0 530 14.7 15.4 -0.7 0.6
28.2 80.0 560 15.2 15.4 -0.2 0.7
32.8 65.3 500 27.3 26.3 1.0 0.3
32.8 65.3 530 26.7 26.3 0.4 0.1
32.8 65.3 560 25.7 26.3 -0.6 1.0
32.8 75.5 500 20.7 18.7 2.0 1.9
32.8 75.5 530 20.9 18.7 2.2 1.4
32.8 75.5 560 17.3 18.7 -1.4 0.3
32.8 85.7 500 59.8 13.0 46.8 3.0
32.8 85.7 530 57.6 13.0 44.6 4.9
32.8 85.7 560 54.9 13.0 41.9 0.5
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Appendix C-3. LiCl-LiBr-KBr Eutectic (LM#1) Electrolyte/25% Mg0

Obs. % Est. % Std.
Change Change Diff. Dev.
% Theor. _ A _ A

Pressure Density  Temp. (Y) (Y) (Y-Y) (S)
14.4 63.3 500 31.2 31.7 -0.5 1.2
14.4 63.3 530 29.6 30.0 -0.4 1.0
14.4 63.3 560 29.5 28.3 1.2 0.9
14.4 76.7 500 46.2 48.3 -2.1 1.7
14.4 76.7 530 49.6 46.3 3.3 2.0
14.4 76.7 560 45.7 44.3 1.4 1.9
14.4 88.3 500 67.9 65.0 2.9 3.4
14.4 88.3 530 64.3 63.2 1.1 3.1
14.4 88.3 560 55.6 61.3 = -5.7 5.4
23.8 63.3 500 34.7 37.8 -3.1 0.7
23.8 63.3 530 37.2 36.0 1.2 1.4
23.8 63.3 560 34.6 34.1 0.5 0.5
23.8 76.7 500 65.1 60.8 4.3 1.3
23.8 76.7 530 59.4 58.9 0.5 1.7
23.8 76.7 560 55.9 56.9 -1.0 0.9
23.8 88.3 500 84.7 79.1 5.6 3.2
23.8 88.3 530 75.6 77.7 -2.1 1.4
23.8 88.3 560 74.0 76.3 -2.3 1.4
32.8 63.3 500 45.5 44.1 1.4 1.6
32.8 63.3 530 43.3 42.1 1.2 1.4
32.8 63.3 560 43.0 40.2 2.8 3.1
32.8 76.7 500 64.2 71.6 -7.4 5.1
32.8 76.7 530 67.4 69.9 -2.5 1.3
32.8 76.7 560 57.9 68.2 -10.3 6.6
32.8 88.3 500 91.4 88.2 3.2 1.3
32.8 88.3 530 90.1 87.3 2.8 0.6
32.8 88.3 1 86.4 -0.3 2.1

560 86.
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Appendix C-4.

Pressure

14.
14.

00 00 00 00 00 00 O 0D 00 00 00 00 €0 00 00 00 00 0O 4> > > > B 4= i B I

LiC1-LiBr-KBr Eutectic (LM#1) Electrolyte/30% MgO

Obs. % Est. % Std.

Change Change Diff. Dev.
% Theor. _ A _ A
Density Temp. (Y) (Y) {Y-Y) (S)
62.5 500 26.5 25.4 1.1 0.1
62.5 530 24.8 24.5 0.3 0.3
62.5 560 23.3 23.6 -0.3 0.7
75.7 500 18.4 19.7 -1.3 0.6
75.7 530 16.8 18.9 -2.1 0.4
75.7 560 19.0 18.2 0.8 0.4
87.2 500 39.0  40.2 -1.2 1.7
87.2 530 40.7 39.0 1.7 0.7
87.2 560 33.6  37.8 -4.2. 2.9
62.5 500 26.9 27.8 -0.9 0.8
62.5 530 26.9  26.8 0.1 0.2
62.5 560 26.8  25.8 1.0 0.7
75.7 500 26.3 24.3 2.0 1.3
75.7 530 18.7 23.4 -4.7 0.7
75.7 560 23.6  22.5 1.1 2.4
87.2 500 51.5  50.1 1.4 0.5
87.2 530 47.3 48.8 -1.5 3.6
87.2 560 44.4  47.6 -3.2 2.1
62.5 500 28.3 30.1 -1.8 0.4
62.5 530 29.2 29.1 0.1 0.4
62.5 560 28.3 28.0 0.3 1.0
75.7 500 36.2 29.4 6.8 4.0
75.7 530 37.0 28.4 8.6 3.1
75.7 560 38.8 27.4 11.4 2.7
87.2 500 60.7 59.6 1.1 2.1
87.2 530 56.6  58.4 -1.8 2.3
87.2 560 55.8  57.2 -1.4 0.9
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Appendix C-5. LiBr-KBr-LiF Eutectic :(LM#2) Electrolyte/25% Mg0

Obs. % Est. % Std.
' Change Change Diff. Dev.
% Theor. _ A _ A

Pressure Density Temp. {Y) (Y) (Y-Y) (S)
14.4 55.6 500 24.7 25.3 -0.6 0.3
14.4 55.6 530 24.3 24.2 0.1 0.6
14.4 55.6 560 23.9 23.2 0.7 0.3
14.4 75.7 500 14.4 13.8. 0.6 0.3
14.4 75.7 530 13.2 13.1 0.1 2.0
14.4 75.7 560 13.8 12.5 1.3 1.3
14.4 87.1 500 31.3 31.3 0.0 1.9
14.4 87.1 530 30.3 30.1 0.2 1.7
14.4 87.1 560 27.9 28.9 -1.0 1.6
23.8 55.6 500 27.5 28.2 -0.7 0.7
23.8 55.6 530 27.0 27.0 0.0 0.4
23.8 55.6 560 26.2 25.9 0.3 0.3
23.8 75.7 500 18.2 18.8 -0.6 2.4
23.8 75.7 530 17.2 17.9 -0.7 1.0
23.8  75.7 560 15.7 17.0 -1.3 0.8
23.8 - 87.1 500 45.7 42.7 3.0 6.4
23.8 87.1 530 40.9 41.2 -0.3 3.6
23.8 87.1 560 41.6 39.8 1.8 2.4
32.8 55.6 500 31.0 31.1 -0.1 0.7
32.8 55.6 530 30.1 29.8 0.3 0.3
32.8 55.6 560 28.6 28.6 0.0 0.8
32.8 75.7 500 25.8 24.7 1.1 1.0
32.8 75.7 530 22.2 23.6 -1.4 1.8
32.8 75.7 560 22.0 22.6 -0.6 1.8
32.8 87.1 500 60.8 54.3 6.5 10.6
32.8 87.1 530 55.6 52.9 2.7 6.4
32.8 87.1 560 45.8 51.4 -5.6 5.0
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Appendix C-6. LiBr-KBr-LiF Eutectic (LM#2) Electrolyte/30% Mg0O

Obs. % Est. % Std.
" Change Change Diff. Dev.
% Theor. _ A _ A

Pressure Density Temp. (Y) (Y) (Y-Y) (S)
14.4 55.4 500 18.0 17.7 0.3 0.4
14.4 55.4 530 17.2 17.2 0.0 0.1
14.4 55.4 560 16.0 16.7 -0.7 0.7
14.4 75.5 500 11.4 9.1 2.3 1.4
14.4 75.5 530 10.6 8.7 1.9 1.1
14.4 75.5 560 8.8 8.4 0.4 1.9
14.4 84.5 500 8.9 9.2 -0.3 1.6
14.4 84.5 530 7.5 8.9 -1.4 2.0
14.4 84.5 560 7.5 8.6  -1.1 0.2
23.8 55.4 500 19.5 19.5 0.0 0.3
23.8 55.4 530 18.7 18.9 -0.2 0.5
23.8 55.4 560 18.0 18.4 -0.4 0.7
23.8 75.5 500 10.9 11.3 -0.4 0.2
23.8 75.5 530 11.2 10.9 0.3 1.5
23.8 75.5 560 10.7 10.5 0.2 1.0
23.8 - 84.5 500 10.0 12.0 -2.0 1.1
23.8 84.5 530 13.6 11.6 2.0 1.9
23.8 84.5 560 9.2 11.2 -2.0 0.4
32.8 55.4 500 21.2 21.4 -0.2 0.7
32.8 55.4 530 21.0 20.7 0.3 0.2
32.8 55.4 560 20.9 20.1 0.8 0.2
32.8 75.5 500 12.5 13.8 -1.3 1.1
32.8 75.5 530 11.2 13.4 -2.2 1.1
32.8 75.5 560 12.6 12.9 -0.3 1.4
32.8 84.5 500 16.0 15.3 0.7 1.9
32.8 84.5 530 16.2 14.8 1.4 0.4
32.8 84.5 560 16.2 14.4 1.8 1.6
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Appendix C-7. LiCl-LiBr-LiF Eutectic (A11-Li) Electrolyte/30% Mgl

Obs. % Est. % Std.
' Change Change Diff. Dev.
% Theor. _ A _ A '

Pressure Density  Temp. (Y) (Y) (Y-Y) (S)
14.4 60.0 500 33.5 33.6 -0.1 0.4
14.4 60.0 530 33.8 32.1 1.7 0.6
14.4 60.0 560 31.0 30.7 0.3 0.4
14.4 75.5 500 29.0 31.2 -2.2 0.7
14.4 75.5 530 26.7 29.7 -3.0 1.4
14.4 75.5 560 24.6 28.3 -3.7 1.8
14.4 85.2 500 36.8 35.9 0.9 0.6
14.4 85.2 530 36.0 34.4 1.6 1.2
14.4 85.2 560 36.1 32.9 3.2 3.9
23.8 © 60.0 500 41.3 42.1 -0.8 1.4
23.8 60.0 530 40.2 40.5 -0.3 0.6
23.8 60.0 560 38.8 38.9 -0.1 0.9
23.8 75.5 500 40.3 -~ 39.9 0.4 0.7
23.8 75.5 530 37.6 38.3 -0.7 1.3
23.8 75.5 560 37.5 36.7 0.8 0.8
23.8 . 85.2 500 44.9 45.5 -0.6 0.8
23.8 85.2 530 44.0 43.8 0.2 0.4
23.8 85.2 560 44.0 42.1 1.9 2.4
32.8 60.0 500 52.4 52.2 0.2 0.8
32.8 60.0 530 50.1 50.5 -0.4 1.2
32.8 60.0 560 47.3 48.9 -1.6 1.4
32.8 75.5 500 52.4 50.5 1.9 0.7
32.8 75.5 530 51.9 48.8 3.1 1.7
32.8 75.5 560 47.1 47.1 0.0 1.8
32.8 85.2 500 55.4 56.4 -1.0 0.8
32.8 85.2 530 53.8 54.8 -1.0 1.2
32.8 85.2 560 52.3 53.1 -0.8 1.5
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Appendix C-8. LiCl1-LiBr-LiF Eutectic (A11-Li) Electrolyte/35% Mg0

Obs. % Est. % Std.
Change Change Diff. Dev.
% Theor. __ A _ A
Pressure Density Temp. (Y) (Y) (Y-Y) (S)
14.4 57.5 500 29.9 30.4 -0.5 0.3
14.4 57.5 530 29.5 29.3 0.2 0.7
14.4 57.5 560 28.2 28.2 0.0 0.9
14.4 75.4 500 19.5 17.0 2.5 3.9
14.4 75.4 530 16.8 16.3 0.5 1.2
14.4 75.4 560 14.7 15.6 -0.9 0.7
14.4 85.0 500 21.7 21.2 0.5 1.8
14.4 85.0 530 21.3 20.3 1.0 2.1
14.4 85.0 560 23.7 19.5 4.2 5.2
23.8 57.5 500 32.4 32.4 0.0 0.1
23.8 57.5 530 31.7 31.3 0.4 0.6
23.8 57.5 560 31.2 30.2 1.0 1.2
23.8 75.4 500 25.0 24.7 0.3 0.7
23.8 75.4 530 23.4 23.8 -0.4 0.8
23.8 75.4 560 20.9 22.8 -1.9 1.0
23.8 . 85.0 500 34.6 34.4 0.2 3.9
23.8 85.0 530 37.5 33.3 4.2 4.6
23.8 85.0 560 34.1 32.2 1.9 4.5
32.8 57.5 500 37.6 38.1 -0.5 0.4
32.8 57.5 530 36.6 36.9 -0.3 0.9
32.8 57.5 560 35.8 35.8 0.0 0.7
32.8 75.4 500 39.8 37.7 2.1 2.4
32.8 75.4 530 37.6 36.5 1.1 1.7
32.8 75.4 560 36.1 35.3 0.8 0.5
32.8 85.0 500 51.1 54.0 -2.9 3.3
32.8 85.0 530 48.8 52.7 -3.9 4.7
32.8 85.0 560 47.5 51.4 -3.9 4.2
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