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ABSTRACT 

A technique for accelerating the aging process of ther
mally activated batteries that use iron disulfjde was 
developed. In this approach, storage :;tt 130 C for 9!1e 

·week was assumed equivalent to a shelf life of five 
years. Some of the batteries stored at 130°C were 
discharged to test for functionality changes, and others 
were disasse:t:nbled and carefully analyzed for evidence 
of deleteriou.s reactions. Some functionality anomalies 
were observed. The only deleterious reaction observed 
was that of Li(Si) reacting with water vapor. 
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AGING STUDY OF Li(Si)/FeS2 
THERMALLY ACTIVATED BATTERIES 

Introduction 

. Sandia National Laboratories is developing thermally activated batteries using the Li(Si)/ FeS2 
system. The applications for these batteries require high reliability and long shelf life. A previ

ous Sandia report gave a detailed explanation of a ther·mally activated battery of this kind, and the 

reader with a specific interest in the technology is referred to that report. 1 The study reported 

here was undertaken mainly to identify deleterious chemical reactions that could affect the func

tioning and reliability of a battery at the end of the des.ired shelf life of 25 yr. The approach used 

was to accelerate the aging of batteries by storage at high temperature, then to examine and analyze 

materials from some batteries while discharging others. This first accelerated aging study of the 

Li(Si)/ FeS
2 

electrochemical system was limited to a battery design that contained no organic ma

terials except for those in an electric match and in heat paper fuse strips. 

A secondary purpose was to test the assumption that standard practices used in manufacturing 

Sand~a-designed thermally activated batteries are adequate for this electrochemical system. 

Therefore, the batteries were built with cleaning and drying techniques believed to be representa

tive of those used by thermal battery suppliers. Furthermore, all powders and pellets were made 

by nontechnical employees in the thermal battery development facility at Sandia. Batteries were 

built in three groups, using different lots of powder for each group. 

The Choice of Aging Temperat\lre and Time 

A reasonable choice of temperature and time for accelerated aging studies with this system 

required a historical perspective, a careful consideration of possible reactions, and a knowledge 

of allowed storage conditions. Sandia has accumulated shelf-life data on thermally activated 

batteries for at least 20 yr. The earlier batteries used a calcium-calcium chromate electrochemi

cal system, but the insulation materials, electrical leads, electrically initiated matches, heat paper, 

Anrl hP.A.t pP.llP.ts hA.vP. heP.n i.ndurlerl in thermally activated batteries for a number of years. There

fore, the most likely deleterious reactions for the new system would involve those materials new to 

the technology: Li(Si), FeS
2

, and MgO. 
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To construct a list of possible resulting reactions, it was necessary to consider reactions 

resulting from gas-phase transport of materials as well as reactions at the interface of materials 

in direct contact. The various materials in direct contact are illustrated in Figure 1. The list 

of possible deleterious reactions from these is given below. No attempt has been made to balance 

the equations correctly since the only purpose for including them is to indicate possible reaction. 
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Reactions involving FeS2 : 

1 - X 
(a) FeS2 + tlH .... Fe(l-x) s + -.-2-- s2. where X ,,;;. 0. 86 

(b) FeS
2 

+ 0 -> iron oxides, sulfates, sulfites, and thiosulfates, as 
2 

well as sulfur oxides 

(c) FeS
2 

+ H
2 

..,. FeS + H
2

S (H
2 

from reaction h below) 

(e) FeS
2 

+ Fe -. 2FeS 

Reactions involving Li(Si): 

(h) Li(Si) + H
2 

0 "" LiOH + Si + H
2 

(i) Li(Si) + LiOH-> Li
2

0 + H
2 

+ Si 

(J') L1'(S1') + H L'H + s· 2 ... 1 1 

(k) Li(Si) + Si0
2 

(Fiberfrax) ... Li
2

0 + Si· 

(l) Li(Si) + S -> Li
2

S +. Si. (S from reaction a above) 
vapor vapor 

Oth~r possible reactions: 

(n) S + Fe -o FeS 
· vapor 

(u) S + Ni "" NiS 

(p) 

vapor 

iron oxides, sulfates, 
H2 + sulfite, thiosul,fates 

(r) MgO + C0
2 

-> MgC0
3 

(s) MgO + C0
2 

+ H
2

0 -. ? (at least four different minerals exist-
Reference 3) 

9 
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An examination of the above list suggested that reaction (a) should be used as an indication of 

the extent of aging for the following reasons: Reactions (b), (d), (f), (g), (m), (q), (r), and (s) 

involve gaseous reactants (oxygen, nitrogen, water, and carbon dioxide) that are .Present in the 

battery in a very limited and variable supply. Furthermore, the quantity of these gases in a 

battery could be controlled if necessary, and therefore reactions involving them should not be an 

inherent limitation to the shelf life of these batteries. Reactions (c), (h), (i), (j), and (p) depend 

on the availability of water, and by the reasoning discussed above should not be an inherent limita

tion. Reactions (k) and (e) are solid-solid reactions and would be expected to occur only at bound

aries where the materials are in direct contact. Such contact is highly variable, and the amount 

of reaction very unpredictable. Therefore, these two reactions are not reliable indications of ac

celerated aging. Reactions (e), (1), (n), and o) depend on reaction (a) for the sulfur vapor. Sulfur 

vapor is a very reactive species; therefore, these reactions should be considerably faster than the 

single reaction producing it. Sulfur vapor is produced by decomposition of one of the major ma

terials in the battery, iron disulfide. Iron disulfide is present in the batterie~ in predi<;:tabl~ 

amounts, and its decomposition is probably the rate-determining step i.n several deleterious 

reactions. Consequently, the rate of reaction (a), the decomposition of iron disulfide, is the most 

logical choice for a gage of the accelerated aging time and temperature. 

The decomposition of iron disulfide has been studied by numerous authors by using several 

techniques. 
4 5 6 

The reaction is actually one-half of the equilibrium reaction, 

and most studies have determined either the rate at which equilibrium is established or the equi

librium sulfur vapor pressure. The work most applicable to thermally activated battery shelf

life is that in which sulfur vapor was removed by a vacuum system and the weight loss of FeS
2 

was measured. 
5 

Data were taken at temperatures of 450°C and higher. The study determined 

that the decomposition followed the rate expression shown below until at least 50% of the weight 

loss had occurred. 

where 

1/3 
1 - (1 - a) (

-26,800) 
t A exp l.gST 

Q fraction of FeS
2 

decomposed 

A pre-exponential constant 

time 

T temperature (K) 



The applications fo.r Sandia-designed thermally activated batteries specify a maximum tem

pe):'ature during storage of about 709c. For this study, it was assumed that batteries must with

stand an ambient temperature .of 70°C for the entire shelf life of 25 yr. To obtain meaningful 

information in a reasonable time period, it was required that the decomposition of iron disulfide 

occurring in 25 yr at 70°C (a
25 

yr.- 70oc) be equal to the amount of decomposition in 5 wk at tem

perature T (a 0 . 01 yr, Toe), or it was required that 

Tbis requirement, used with the rate ex-pansion given above, allowed the following equality to be 

written: 

25 A e _ 26,800 
1.98(343) 

5 (-26,800) 
52 A exp 1.98T 

Solving this equality forT gave a temperature of 126°C. Since this was only an approximation, 

the temperature was rounded to 130°C for the storage temperature in this study. A battery stored 

in an oven stabilized at 130± 3°C .for 1 wk was considered to have been stored at ambient tempera

ture for 5 yr. 

There are several limitati.ons and unknowns to this approach which must be considered. 

Leaks are not ac~elerated very much by this technique. Leak rates at 130°C are only slightly 

greater than those at 70°C. Also, the batteries were assembled at ambient temperature, then 

heated to 130°C. The internal pressure surely caused most leakage to be from the battery to the 

outside. 

Another limitation concerns the decomposition of iron disulfide. The decomposition rate 

is so slow that meaningful data are available only for temperatures above.450°C. This study 

assumes that the ·same kinetic expression is applicable at 70° and 130°C. Furthermore, the de

composition of ~ron disulfide is a heterogeneous process with an ionic solid reacting to give a 

gas and another solid. Such reactions are typically controlled by topological features of the 

crystals and by the relative surface area. 
7 

Changes in surface area and topology usually affect 

the pre-exponential constant in rate expressions for this class of reactions. In the above discus

sion, the pre-exponential constant cancelled out, but this is correct only if the average topology 

and surface area of the FeS
2 

crystals remain constant. For a given lot of FeS
2

, the average 

decomposition rate is probably constant from battery to battery; however, a different sample of 

FeS
2 

with quite different topology and surface area would be expected to have a different decompo

sition rate. Also, any treatment that altered the surface area of the particles or the surface 

topology would be expected to alter the decomposition rate. The mathematical treatment equating 

1 wk at 130°C to 5 yr at 70°C would probably remain valid, but the absolute amount of reaction 

occurring would be different. Larger surface areas (smaller particle size) and batches of ma

terials with more surface defects would be expected to decompose faster. 

11 
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A further limitation to this approach is the assumption that no damaging reaction with an 

activation energy substantially less than that used for FeS
2 

decomposition, Eact = 26, 800 cal/ mole, 

has been overlooked. The accelerated aging approach would not speed up a reaction with an activa

tion energy less than 26, 800 cal/mole as much as assumed here. 

The final limitation to this study is the fact that no potting materials were included in the 

battery design. The use of encapsulation materials is common in the manufacture of thermally 

activated batteries. Any organic materials outgassed from the various potting materials could 

possibly cause deleterious reactions that are obviously not present in this study. 

Experimental Conditions 

Twenty-six batteries of Similar deslgrt were oUllt 10l' this study. The geue!'al lle~;lgu 

(Figure 1) of these batteries was the same as in Reference 1 except that the batteries contained 

10 active cells instead of 15. The electric match used for this study was a Sandia-designed compo

nent designated as MC2046. The designer of this match imlicated that it would withstand the 130°C 

storage t~mperature for the desi;ed time and still function. 
8 

The compositions and di~ensions of 

the pellets used in building these batteries are given in Table 1. Table 2 gives drying and storage 

procedures used for the battery parts. 

Pellet 

Current collectors 

Cathutle 

Au vue 

Separator 

Heat 

Table 1 

Compositions and Dimensions of Pellets 
TTsP.rl in 'TP.st Battery 

Nominal 
Di::tmP.tP.r Thickness Weight 

(em) (em) (g) 

5. 08 0.0127t0.001 2. OtO. l 

[i. 00 0. 07~±0. OO!l 4. uw. 1 

~ •. nn 0.11!.0.0:1 

5. 08 0. 0 51±0. 003 2. 0-±0. 1 

5. 08 0.146±0.02 10.0±0.1 

Composition 
(wto/o) 

::l04 stainless steel 

li1 Fe~ (!VH~H. iron 
pyrites~ 85% min.) 

33. 6 LiC£/KC.e eutectic 

?. • 4 C:Rhosil !Si02 ) 

Li!Si) alloy (11±1 and 
45±1 wt% Li) 

65 LiC£/KC.e eutectic 

35 MgO (Daker, chemi~ 
cal reagent grade) 

RR j r,on powder 
12 KC£04 



Part 

Pellets 

Current 
collector 

Cathode 

Separator 

Anode 

Heat 

Insulations 

Fiberfrax 

Min-K, TE1400 

Glass Tape 

Mica 

Heat ;paper 

Stainless Steel 
Cans, Headers 

·Table 2 

Drying and Storage P-rocedure for Battery Parts 

Drying Procedure 

Cleaned with trichloroethylene, 
vacuum dried 70°C, -2 h 

Vacuum dried, 70°C, 16 h 

Vacuum dried, 70°C, 16 h 

No drying 

Vacuumdried, 70°C, 16h 

Vacuum dried, 70°C, 16 h 

None 

None 

Vacuum dried, 70°C, 16 h 

Cleaned with trichlorethylene, 
vacuum dried, 3 h 

Storage Procedure After 
Fabrication and/ or 

Drying 

Dry room, indefinite 
time 

Desiccator in dry room, 
stored for as long as 
4 Wk 

Desiccator in dry room, 
stored for as long as 
4 wk 

Desiccator in dry room, 
stored for as long as 
4 wk 

Desiccator in dry room, 
stored f~?r as long as 
4 wk 

Desiccator in dry room, 
stored for as long as 
4 wk 

Desiccator in dry room, 
stored for 3 days or 
less 

Dry room, indefinite time 

Dry room, indefinite time 

Dry room, indefinite time 

Dry room, indefinite time 

During construction of these batteries, the header assembly was made first, and then inverted. 

The heat-paper disk and fuse strips were added ne)(t, anii the battery pellets were stacked on top of 

the inverted header assembly. The fuse strips were then folded up against the stack of pellets and 

strips of mica were placed outside the fuse strips. A Fiherfrax wrap was placed around the stack 

and held in place with three wraps of adhesive-backed glass tape. The nickel leads were folded up 

against the Fiberfrax and spot welded to tabs from the appropriate current collectors. Mica strips 

were placed under the nickel leads, and the entire stack tightly wrapped with fiberglass tape (no 

adhesive). This assembly was then vacuum dried overnight in an oven stabilized at 70-±5°C. This 

13 
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last drying step was in addition to the drying outlined in Table 2. On the following day, each assem

bly was pressed into the Min-K insulation and into the stainless steel cans. Each end of the battery 

was welded shut while holding a constant 300-lb pressure on the battery assembly. 

Batteries were built in three separate groups. Group 1 batteries were built April 19 through 

25, Group 2 on J"uly 25 and 26, and Group 3 on November 13 and 14, 1979. Group 1 batteries were 

welded shut while containing dry-room air, and they were built with anodes that couslsteu of 4Gt2 

wt<rc lithium in the lithium (silicon) alloy. Groups 2 and 3 batteries used an alloy that was 44±1 wt~o 

lithium. The separator and cathode pellets were made from different lots of powder for each 

group, but the powders were formulated by the same procedure for each group. 

Batteries in Groups 2 and 3 were bacl<filled with argon with an argon-fill tube not shown in 

Figure 1. This tube was located at a position on the baseplate which corresponds to a JJolut on the 

perimeter of the outer piece of Min-K. Each ·battery was pumped with a mechanical vacuum pumJJ 

until a Bourdon-type gage registered a vacuum of at least 22 in. of mercury (absolute zero pres

sure at Albuquerque's altitude is about 24 to 26 in. of mercury), then refilled with high-purity 

argon to a pressure slightly greater than atmospheric. The pump and refill procedure was re

peated four times. The fourth time that a battery was refilled with argon, the filler tube was 

pinched shut with a 10-ton press and tooling designed by J. Dobias, 2522. The seam of the flattened 

filler tube was then welded to insure hermeticity. No attempt was made to analyze the gases in any 

of these batteries, but it is believed that the argon backfill procedure replaced most of the air in 

the batteries with argon. 

All batteries in Groups 1 and 2 were checked for leaks by using the following procedure: 

Batteries were left overnight in a container pressurized with nitrogen at 100 psi; after the pressure 

was released, each battery was immersed in water and carefully inspected for gas bubbles. 

Batteries in Group 1 that were aged at 130t3°C were placed in a stabilized oven at 2:45 p.m. 

on April 30, 1979. They were removed from the oven at 4:00p.m. on the date indicated in Table 3. 

Group 2 batteries were placed in an oven on July 30, 1979 at 2:00 p.m., and removed at 4:00 p.m. 

on the date indicated in Table 3. Group 3 batteries were not aged at 130°C. 

Some batteries in Groups 1 and 2 were disassembled and some were discharged. All batteries 

in Group ::l were discharged. Table ::l gives the disposition and dates of d1spos1t1on tor Groups 1 and~. 

All batteries in Group 3 were discharged on :;'llovember 19 or 20, 1979. Batteries that were disas

sembled and examined after being discharged are identified in a later section of this report. \"arious 

surfaces from pellets of most of these batteries were probed with surface analytical techniques, and 

some of the anode pellets were analyzed for oxygen content. These analyses are discussed in more 

detail in a later section. 



Serial 
No. 

AC-04 

AC-05 

AC-06 

AC-07 

AC-08 

AC-09 

AC-10 

AC-11 

AC-12 

AC-13 

AC-14 

AC-15 

AC-16 

AC-20 

AC-21 

AC-22 

AC-23 

AC-:?4 

AC-25 

AC-26 

AC-27 

AC-28 

Table 3 

Storage Time and Disposition of Batteries From 
Groups 1 and 2 

Date Removed 
From Oven· 

Weeks 
. Aged 

Time Equivalent 
. (yr) 

Group 1 (P~aced in 130°C oven, April 30, 197 9) 

0 

5/7/79 1 5 

5/14179 2 .10 

5114179 2 10 

0 

5121179 ;3 15 

614179 .5 25 

614179 5 25 

6118179 7 35 

7110/79 10 50 

0 

0 

7110179 10 50 

Gr<;lUp 2 (Placed in 130°C oven, Jul,l 30, 1979) 

0 

9110179 6 30 

9118179 7 35 

0 

9124179 !l 40 

10/8179 10 50 

8127179 4 20 

8113179 2 10 

1018179 10 50 

Disposition of Battery 

Discharged, 4126179 

Discharged, 51 817 9 

Discharged, 5115179 

Disassembled, 5123179 

Discharged, 517179 

Discharged, 5122179 

Discharged, 61 517 9 

Disassembled, 615179 

Discharged, 61 19(79 

.·Discharged, 7112179 

Disassembled, 5123179 

Discharged, 518179' 

Disassembled, 10130179 

Discharged, 8129179 

Discharged, 9111179 

Discharged, 11121179 

Disassembled, 81 1 I 79 

Discharged, 9125179 

Discharged, 10111179 

Discharged, 8128179 

Disassembled, 8121179 

Disassembled, 10130179 

The equipment used to test the batteries has been described earlier
1 

and will not be discussed 

here. The resistance load for all batteries tested was 39 ohms. This gave a nominal current 

density of 25 mAl cm
2

• All batteries were at ambient tempe-rature (about 22°C) when fired. 

15 
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Results 

Battery Discharge Data 

Table 4 gives results for batteries in Group 1 that were discharged, and Table 5 gives the 

results for Group 2 batteries. Three of the 19 batteries (AC-20, AC-22, and AC-25) had shortened 

lives. Group 3 batteries were built as control batteries for Group ~ r1,fter AC:.20 exhibited a short 

life. Figure 2 gives voltage vs time traces for four batteries. AC-21 is given as an example of a 

battery that functioned normally and the other three traces a·re for the 'three batteries with short 

lives. No thermocouples were present in these batteries, but the general shapes of the voltage 

curve for the anomalous batteries suggest that they were too hot, This observation is suggested 

by :>. .;-nmpr1 ri .c;on of th~ voltage traces preseuleLI lie 1 e with carli()r• woN.: in wl)i l"'h hr1ttP. ry tern p~ra-
- 1 . 

ture was monitored witl'l a therwu~.;uuj.Jl.::. 

Table 4 

Results for Group 1 Batteries That Were Discharged 

Rise Time Lifetime Lifetime 
Serial Time Equivalent Peak Voltage to 16. 5 V to 16. 5 V to 15.5 Y 

No. (lr) (V) (ms) (min) (min) 

AC-04 0 20.5 970 43.70 50.40 

AC-05 5 20.5 780 48.25 51. 45 

AC-Of;l 10 20. 5 l:lou 48.03 63. 33 

AC-08 0 20. 9 l:l20 45. 17 b:J.!J;j 

ACe09 15 20.5 650 50.97 54. 55 

AC-10 25 20.2 875 50.70 b:l. '10 

AC-12 35 20.2 780 47.00 19. 18 

AC-13 50 20.3 690 52.83 54.87 

AC-15 0 20.3 780 53.80 58. 97 

Mean 20.4 BOO 48.03 53. 3.8 

Standard 
0. 22 96 ::!. 39 !l. U'l 

Deviation 

The shapes of the voltage-time curves durmg the firsL few minutes of diooharg~:~ WI:'',. different 

for control batteries than for the aged batteries. This is illustrated in Figure 3. Note that the aged 

battery reaches the flat plateau sooner. This change was observed in all aged batteries. 

The small change in the voltage trace during the first few minutes and the three battenes with 

short lives were the only functionality changes observed during this work. All other aspects of bat

tery performance were within a rather narrow statistical distribution. 



Table 5 

Results for Groups 2 and 3 Batteries That Were Discharged 

Rise Time Lifetime 
Serial Time Equivalent Peak Voltage to 15.5 V to 10. 5 V 

No. (yr) (V) (ms) (min) ---
~:: 

AC-20 0 20.7 670 29.52 

AC-21 30 20.5 855 49.10 
t,: 

AC-22 35 20.8 720 35. 91 

AC-24 40 20.7 976 46.75 
::::. 

AC-25 50 20.4 650 35.33 

AC-26 20 20.4 1080 49.68 

AC-30 0 21. 3 720 43.55 

AC-31 0 21. 0 700 48.03 

AC-32 0 21. 1 930 48.95 

AC-33 0 21.2 830 50.52 

Mean 20. 9 870 4fl.08 

Standard 
0.35 137 2.33 Deviation 

,~ 

Not included in statistical values 

10 20 30 40 50 
Time (min) 

60 70 80 

Figure 2. A ReprP.s~::ntative Discharge uf AC-21 a.nrl of the 
Three Batteries That Malfunctioned 

90 

Lifetime 
to 15.5 V 

(min) 

33.47 

53.75 

44.26 

52.88 

41.75 

52.73 

52.07 

51. 90 

51. 60 

54.89 

52.83 

1. 16 

100 

17 
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Time (minl 

Figure 3. The First 10 Minutes of the Discharge of a 
Control Battery (AC-15) and an Aged Battery 
(AC-12). Zero time is taken as the maximum 
voltage for both traces. 

Disassembly of Undischarged Batteries 

The first aged battery that was disassembled in an undischarged state was AC-07. Visual 

observations of this battery were very similar to those for all other undischarged, aged bat~eries, 

including the ones backfilled with argon. The most important observations can be summari~ed ?-§ 

follOws: 

i. Small "freckle-like" spots were observed on the far.P.s of the s;t:;~,inless otccl 9un·ent 

rnll<;!'='tQr~ nont to the catb,· .. ·Jr-:. 

2. The faces of the anode pellets next to the separator pellets exhibited a dramatic 

color change to dark blue and purple. (The original color of the anodes was gray.) 

3. '1'1:1e laces of the anode pellP.tJ? n~;"'t to thA r.nrr('nt collectol'O ho.c.l1:1 n~nH_I,·,.··l.•.•L"~o"'J 

ring (blue-green to bronze, purple), extending in from the perimeter- 5 mm. 

4. The faces of the stainless steel collectors next to the anodes appeared to have 

eithor oor1·ooion 01 dlluLI~ material adhering to them. It is possible that a new 

R.lli'!y ph<t.::;~o" w01-i:l fol."mcd on these surface!:!. 

5. The catl')ode pellets adhered to the separator pellets, and the surfaces of the sepa

rator pellP.ts facing the anodes had small part.ides of anode material stuck to 

them. 

6. The fuse strips stuck to the anodes in several places, perhaps suggesting chemi

cal reaction. 

7. The Fiberfrax wrap stuck to the anodes at most areas of contact, perhaps suggest

ing chemical reaction. 



The surface of several of the reaction areas reported above were analyzed by G. C. Nelson, 

5823; he used the following surface analytical techniques: secondary ion mass spectroscopy (SIMS), 

Auger electron spectroscopy (AES), and low-energy ion scattering spectroscopy (ISS). The blue 

reaction layer on the anode (reported in (2) above) was lithium oxide with traces of carbon, nitrogen, 

fluorine, sodium, sulfur, silicon, chlorine, and calcium. The small "freckle-like" spots reported 

in (1) contained substantial amounts of phosphorus, sodium, oxygen, nitrogen, carbon, potassium, 

and chlorine, with traces of sulfur. The apparent corrosion layer reported in (4) contained lithium, 

oxygen, carbon, potassium, and chlorine, with smaller amounts of silicon and iron. Nelson anal

yzed the blue reaction layer on anode pellets from several other batteries during the course of this 

study, and several known materials were analyzed to calibrate the instruments. The results of all 

tile analyses indica ted that the blue layer was lithium oxide, and no evidence of appreciable amounts 

of lithium hydroxide was found. 

Two of the batteries aged for 10 wk at 130-±3°C were given special attention. These batteries 

were AC-16 (air-filled) and AC-28 (argon-filled). AC-28 contained no electrical match, since no 

headers were available when it was built. There has been no indication of any abnormality asso

ciated with the rna tch; therefore, this lack is not considered to be a significant departure from the 

basic design .. These two batteries were carefully disassembled and various parts· examined with 

a scanning electron microscope (SEM) equipped with an energy dispersive x-ray analysis unit (EDS). 

The EDS unit is able to identify elements with an atomic number greater than 11 (sodium), This 

technique was used to search for evidence of migrating sulfur, potassium, iron, and chlorine. The 

parts of the batteries that were examined were header feedthrough pins, nickel leads, Fiberfrax 

wrap, and anode pellets. This examination discovered no materials on any of the surfaces that 

were not expected. For: example, the feedthrough pins were dusted with a white powder that con

tained silicon and titanium. Since Min-K insulation is composed of silicon dioxide and titanium 

dioxide, this dust was obviously from the insulation. No evidence of sulfur migration was evident 

after using the SEM/ EDS. Since Nelson did observe a trace of sulfur by using Auger spectroscopy 

on battery parts from AC-07, there was apparently some sulfur migration. However, because 

SEM/ EDS is less sensitive to sulfur than Auger spectroscopy, and since no sulfur was observed· 

with the SEM/ EDS, it was concluded that the total sulfur migration was not significant, 

Eight anodes from batteries AC-16 and AC-28 were analyzed for oxygen content by R. w. Bild, 

5821, by using fast neutron activation analysis. These pellets were numbered according to their 

position in the battery stack with the positive end of the battery corresponding to cell 1. Table 6 

gives Bild's results for the oxygen content of the pellets. Unfortunately, the oxygen content of 

pellets before battery storage was not determined. 

The electrical match from AC-16 was given toT. M. Massis, 2516, who disassembled and 

examined it. Massis reported that, using optical microscopy, he was unable to identify any abnor

mality in the single unit provided. 
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Battery 
Serial No. 

AC-16 

AC-16 

AC-16 

AC-16 

AC-20 

AC-28 

AC-28 

AC-28 

Table 6 

Oxygen Content of Anode Pellets From Two Batteries 
Stored at 130°C for 10 Weeks 

Cell No. (positive 
end of battery is cell 1) 

1 

4 

6 

10 

1 

4 

6 

10 

Oxygen Content 
(wto/o) 

1. 93t0. 1 

l.70t0.08 

1. 79-tO. 1 

2. 0.,1;0, l 

I.. ?.rl-tO. 07 

1. 16±0. 06 

1. 13±0. 06 

1. 16±0. 06 

The possibility existed that the blue reaction layer (2) on the anode pellets was a result of 

the vacuum drying of the active stack before assembly. Therefore, battery AC-23 was disassem

hlP.r! ::tfter vacuum drying and before being welded into the stainless steel can. Anode pellets from 

this battery. did not have the blue reaction layer. 
I 

Postmortem ·Examinations of Discharged Batteries 

The three batteries that malfunctioned and a single battery that performed normally (Serial 

Nos. AC-09, AC-20, AC-22, and AC-<!5, respectively) were disassemi.Jit!LI auLII:!xau,iued. On11011e 

of these four batteries did it appear that any construction misLakt!s haLl Ut!t!u wetLie> ull!c, finding! of 

the postmortem examinations are given in the following paragraphs. 

Battery AC-09 had a much shorter than normal activated life. The postmortem examination 

indicated several black horizontal stains on the surface of the Fiberfrax where it contacted the 

cathodes. At several other. locations, the Fiberfrax appeared to have electvolyte along the perim

eter of a separator pellet. The separator pellet layers in the discharged stack were considerably 

thinner than the original pellets. Apparently, the Fiberfrax acted as a wiCK to draw rnulleu t!lt!cm 

trolyte out of the separator pellets and cathode pellets, and a rwLit.:t!aLlt! amount of iron sulflde rmd/ 

or iron disulfide was carried along with the electrolyte into the Fiberfrax at several locations. 

When the stack of discharged battery pellets from AC-20 was removed from the surrounding 

Min-K, a single black oblong stain was present on the outside of the Fiberfrax wrap and on the 

inside of the Min-K. This stain was about 1. 25 em long and about 1. 0 em wide. When the Fiberfrax 

was removed, the area of the black stain was fused to the battery stack. Some of the black material 

was removed and examined by the SE!VI/ EDS to identify those elements present with an atomic num

ber greater than 11. Iron, sulfur, potassium, chlorine, and silicon were identified. A single black 



\ 

spot was also noted beneath the mica which was placed under the positive lead. The separator 

layers throughout this stack were very thin, and material from each separator pellet bulged out 

along the perimeter of the stack. 

Battery AC-22 also had one area of black stain that penetrated the Fiberfrax into the Min-K. 

When the active stack of this battery was removed from the Min-K, a dull red glow was noted at 

the position of the stain on the Min-K. The red glow quickly turned black with a perimeter of white 

ash. While removing t?e Fiberfrax in the vicinity of the stain on the active battery stack, a scrap

ing motion with a metal knife caused spa.rks and a momentary burning at the position of the stain 

on the Fiberfrax. After the Fiberfrax was removed from this battery stack, a black area~ 1 em 

wide was found to extend over four cells. This area was adjacent to a burned fuse strip and was 

from 1 to :l mm thick. It appeared to be a frozen flow of electrolyte. No other obvious abnormality 

was observed in the postmortem examination of this battery. The black stain on the Min-K (the 

area that originally exhibited the dull red glow) was analyzed with the SEM/EDS, and the following 

elements were identified: silicon, titanium, and potassium. This spot was then examined by 

W. Wallace and G. C. Nelson, 5823, using scanning Auger spectroscopy. Their analysis confirmed 

the silicon and potassium, and also indicated the presence of oxygen. No other elements were dis

covered at anything greater than trace levels. 

Battery AC-25 did not have black stains on the inside of the Min-K, but there were three 

stained areas on the Fiberfrax wrapped around the center stack. Nickel leads were blackened on 

this battery. Upon removal of the Fiberfrax, three areas were found to be covered with black ma

terial. Two of the three areas spanned three or four cells of the stack. SEM/ EDS analysis of the 

blackened leads indicated sulfur (probably nickel sulfide). Analysis of the blackened Fiberfrax 

indicated the presence of sulfur, iron, potassium, and. chlorine. 

Discussion 

The only reaction observed in this work that appears to be deleterious to the shelf life of a 

battery was the formation of a lithium oxide layer at the interfaces of the anode and separator 

pellets. This same material also formed along the perimeter of the anode pellets. The observed 

position of the reaction layer suggests that the substance reacting with Li(Si) is gaseous. Since 

both the argon back-filled batteries ami Lite air-filled batteries exhihited the blue layer, it appeared 

that oxygen from residual air in the battery was not the principal source of the reacting species. 

The most likely explanation for the observed blue layer is that water absorbed on the other 

materials in the battery reacts with the Li(Si) as described in reactions (h) and (i), page 9. 

A crude experiment was undertaken to obtain information on the source of the water. This 

experiment used stainless steel chemical reactivity tubes (CRTs), designP.d by T. N!, IVIassis, 2G1G, 
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which are usually used to check explosive materials compatibility. These vessels have a volume 

of -15 em 3 and have been thoroughly leak-tested in previous experiments. The four CRTs used in 
. 0 

this experiment were washed with water and methanol and vacuum dried at 70 C for several hours. 

A Li(Si) pellet, 0. 95 em in diameter, was placed in each CRT, and a stainless steel spring 

washer was placed on top of each pellet. A small piece of dried Min-K insulation was placed on 

top of the washer in one CRT, dried Fiberfrax was placed on top of the washer in a second CRT, 

a piece of dried separator pellet was placed on top of the washer in the third CRT, and the fourth 

CRT was sealed with no added material above the washer. In each case, the Li(Si) pellet con

tacted only stainless steel. All CRTs were then backfiiled with high purity argon by using the 

same technique described above fo.J;' the );latteriP.R. All C::R'T<: wt;~r9 thon placcrl .iM ~n ov~H ~~<~.Vi.li:,o.t:ll 

at 130±3°C for 1 wk. When the CRTs were opened and the Li(Si) pellets examined, all demonstrated 

the blue reaction layer at a position immediately under the holes in the spring washer9. The reac

tion layers were present only under the holes, suggesting a diffusion source above the washer and 

that the water reacted immediately upon contact with the Li(Si). The blue reaction layer was 

heavy and dark for the three CRTs containing Min-K, Fihedrax, and separator pellet. The blue 

layer on the pellet that was in the empty CRT appeared to be considerably_ less intense and covered 

less area of the pellet than the layers on the other pellets. This crude experiment suggested that 
. . 

all the materials used in the battP.ries, including the otuinless steel case, serve as sources of water 

that can react with the Li(Si) anodes. 

The color observed on the reacted surfaces of thE;! <!,nOde:=; WrtR Fl fnnrtirm 0f the mrtont of reo..:· 

tion and the reaction temperature. It was not observed in pellets exposed to wate.r: vapor at ambient 

temperatures. In another study, some pellets were aged in the dry rnnT)1 at 130°C, and others were 

exposed to water v::~pnr in a closed system. 'ThA pPllP.ts; ag~;~u :1t 130°C changed to tlu~ purple blue 

observed in the batteries and then, with further reaction, various 15hades of grP.en <~.nd bronze ap

peared. Pellets exposed to water vapor at room temperature remained essentially the pame color 

even after the lithium in the Li(Si) was substantially reacted. Apparently, visual color changes in 

lithium (silicon) is not a reliable inclir:=~.tip!"l that re~ction with water vapor has ueeurred. A,n mvesti

gation to determine the rate of reaction of Li(Si) with w;:~ter vapor at ambient conditions is l!urr~>.nl.ly 

under way. 

No data W!':l'l": e~"lll:'!'':dl;'d uuring thio work that gave 4Ui:I.Illltat1ve information about the hydrogen 

presumably liberated by the reaction of Li(Si) with water. Since a fraction of the initial voltage 
9 peak observed with this system has been associated with the reaction products of FeS

2 
and oxygen, 

and since the initial voltage peak was reduced in the aged batteries, it is suggested that reaction 

H
2 

+ lrun oxides, sulfates, sulfites,' thiosulfate .... FeS
2 

+ Fe + H
2

0 (p) may be occurring. These 

reactions would produce more water and allow more oxide to be formed on the Li(Si). In this 

proposed mechanism, hydrogen would be serving as a unique means for transporting oxygen from 

the FeS
2 

to the Li(Si). The final repository for the liberated hydrogen is presumably the Li(Si) via 

the reaction 

Li(Si) + H
2 

.... LiH + Si (j) 



The postmortem examination of the batteries suggested a failure mechanism that can be ex

plained as follows. Electrolyte leaked (or was drawn like a wick by the Fiberfrax) from the sepa

rator pellets and the cathode pellets. Small particles of iron disulfide, and perhaps iron sulfide, 

were carried along by the electrolyte into the Fiberfrax. The electrolyte and small particulate 

iron sulfides spread through the Fiberfrax and along the stack until they contacted the edge of a 

lithium (silicon) pellet. Lithium (silicon) reacted with the iron sulfides, releasing heat in a local

ized area. This heat caused more electrolyte flow and more reaction. 

This failure scenario describes a heat-generating process that is mass transport limited. 

The batteries cannot burn up catastrophically unless appreciable amounts of the active species 

come into direct contact; however, the batteries are too hot, and therefore have a shortened life. 

Diffusion of small particulates of Li(Si) through the electrolyte in the Fiberfrax is also possible, 

but in the postmortem examinations of the batteries that functioned normally, no· Li(Si) was ob

served diffusing into the Fiberfrax, whereas considerable black material was observed in the 

Fiberfrax along the perimeters of cathode pellets. 

There are several possible causes for the observed failures that merit discussion: (1) The 

construction techniques used may not have been adequate; (2) the argon backfill may have somehow 

led to the failures; or·(3) lithium oxide may affect electrolyte leakage or separator pellet deforma

.tion. These three possible courses are discussed below. 

Most of the batteries in this study were built by personnel (the authors) with no previous ex

perience in building thermal batteries and the possibility exists that the technique used may not 

have been adequate. The batteries were built according to a procedure developed by A. R. Baldwin, 

2523, and the builc..l.ing of many uf lhe batteries was supervised by him. Furthermore, each step of 

the construction was checked by a second person to insure quality control. One possible construc

tion problem that might lead to failures would be a situation in which the pellet stack was not suf

ficiently vertical. In this case, more of the lidding force would be on one side of the stack than on 

the other· s1de. Although this possibility cannot be discounted completely, it is not believed that 

construction errors caused the observed malfunctions. 

The three batteries that failed were all backfilled with argon. Previous work by D. l\II, Bush, 

formerly of Division 2523, suggests th!it the argon backfill does not have deleterious results. 
10 

Bush and Hughes have developed a thermal model for these batteries,
11 

and Bush has discharged 

numerous batteries with an argon backfill while measuring the temperature at various positions 

m the battery. lt is his opinion that oxygen in the battery contributes slightly to the heat generated 

when the heat pellets burn and therefore, if the argon backfill affects thermally activated batteries, 

it should make them slightly cooler. Furthermore, the difference in heat conduction of argon when 

compared to air is· insignificant in the heat flow predicted by the model for this battery. 
10 

Since 

the malfunctioning batteries appear to be too hot, the argon backfill does not seem to be the cause of 

failure. 
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The last potential cause of the malfunctions to be discussed is the possibility that lithium oxide 

promoted electrolyte leakage (or separator layer deformation). Lithiurp oxide is somewhat soluble 

in the electrolyte, and the LiO formed in aged batteries is formec! at the interface of the electrolyte 

and Li(Si). The initial oxide content of the pellets used in these batteries was not known; therefore, 

it is not possible to determine accurately the amount of oxide that resulted from the accelerated 

o.ging. 

After the first group of batteries was built, and before the second group was built, tl!e Li(Si) 

supply was transferred to the control of. personnel in the powder processing area. Each jar con

taining ground Li(Si) was sealed under argon, but once opened it was resealed in the presence of 

dry-room air. A single jar was opened many times to make pellets for a number qf other batteries 

t:u~i.ng rlevF>lnpP.rl. In other work (to be published) we have asked R. W. Biid, 582i. to determine 

the oxide content of powders and pellets handled in the manner just described. The pellets analyzed 

contained varying amounts of oxygen, but several of the pellets contained as much as 1. 5 wt"lo oxygen. 

Such a pellet would gain still more oxide during aging. 

Some preliminary work has been undertaken to determine if lithium oxide promotes electro

lyte leakage and/ or separator pellet deformation. Details of this work will be published later1 but 

the early results seem to indicate that separator pellets· with small quantities of LiO added are more 

fluid. Perhaps the lithium oxide affects the surface energy of the electrolyte, making it have dif

ferent wetting characteristics. Any change in the separator layer fluidity promoted by LiO in these 

batteries would obey some statistical distribution law since it involve:;~ a heterogeneous system with 

undefined, variable concentrations of LiO am.! surface contacts that arc not exactly reproducible irom 

batt.ery to battery. 

Conclusions 

This work identified ong reaction, that of lithium with water, that may.':Je deteterious ~o a 

shelf life of 25 yr. The lithium oxide formed resulted from water that remained on the surface of 

battery materials after the drying procedures. Work to define acceptable leveis ·of lithium oxide 

;., in prnereRs. 
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