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[ ABSTRACT ]

With increasing application, lithium and lithium-ion batteries show hazards during usage, storage,

disposal and waste. To evaluate the thermal stability of lithium and lithium-ion batteries, their electrolytes were assessed by

Chemical Thermodynamic and Energy Release (CHETAH) and measured by a Differential Scanning Calorimeter ( DSC) ,

since they sometimes caused fires and accidents. Moreover, thermal reactivity of lithium, silver oxide and alkaline batteries

were analyzed by using a modified closed pressure vessel test (MCPVT). As a result, lithium battery is more hazardous

than the other batteries. The sensitiveness to mechanical stimuli, such as a fall hammer, of lithium battery was also much

higher than other batteries. The explosive power, which was evaluated by a ballistic mortar, of lithium coin battery was

higher than those of other batteries.
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Introduction

Battery is a high energy density device which
delivers electrical energy by transforming chemical
energy'''. Batteries come in different configurations,
sizes and voltages. Conventional batteries contain heavy
metals such as mercury, lead, cadmium and nickel.
Lithium battery types, on the other hand, include
lithium-manganese dioxide, lithium-sulfur dioxide and
lithium-thionyl chloride. The anode is composed of
lithium and the cathode is composed of manganese
dioxide (or sulfur dioxide, or thionyl chloride). The
electrolyte of the lithium-manganese dioxide battery is
composed of an organic solvent ( propylene carbonate
and 1,2 dimethoxyethane ) solution of lithium perchlo-
rate. In the case of lithium-sulfur dioxide, the electro-
lyte is also an organic solvent ( acetonitrile) solution
with lithium bromide. The thermal reactivity of battery

results from its containing electrolyte as combustible
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materials, which lead to heat generation, bursting or
fire if it is improperly handled. With more and more
widely application since 1990s in various portable con-
sumer electronic devices, such as cameras, electronic
notes and electronic calculators, safety problem in
lithium batteries arises when abuse, discard or with
large amount of storage. One reported accident of pri-
mary lithium coin-cell bateries was that in 1994 | a fire
happened in a cardboard box, in which 2,000 cells
were packed**’. Lithium-ion battery made accidents

[4]

and fires ™ , with sizes generally larger than that of li-

thium battery. The study of the hazard of lithium
battery is very limited, and more studies were

concerned with the electrolyte of lithium-ion

batteries >

. This paper studied the risk of primary
lithium battery and lithium-ion battery compared with
other types of batteries. Considering the electrolyte is a

combustible material, the hazard was evaluated by the
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Chemical Thermodynamic and FEnergy Release
(CHETAH) program'”' and a Differential Scanning
Calorimeter( DSC). Then, a modified closed pressure
vessel tester ( MCPVT)'® was used to measure their
thermal reactivity in terms of pressure and temperature
histories during heating. The measurements were also
performed on an alkaline and a silver oxide batery.
Their sensitiveness to mechanical stimuli, such as a
fall hammer, was also examined by a drop hammer

]

test®’. The explosive power of battery was evaluated

by a ballistic mortar”’.
1 Evaluation of hazard of electrolytes by
CHETAH

The thermal reactivity of battery results from its con-
taining electrolyte as combustible materials. The pro-
gram CHETAH 7.2, the ASTM computer program for
chemical thermodynamic and energy release evalua-
tion, was used for classifying the electrolyte of lithium
battery for their ability to decompose with violence and
for estimating heat of reaction or combustion by terms
of the maximum heat of decomposition, the fuel value-
heat of decomposition, the oxygen balance and the
CHETAH ERE Criterion, y, defined as:

y =10(M*W/n)

where M is the maximum heat of decomposition, W
is the weight of the composition in gram and n is the
number of moles of atoms in the composition.

Two electrolytes for lithium primary and one for
lithium-ion battery were calculated

1) Lithium perchlorate 10% + propylene carbonate
(in lithium primary battery) ;

2) Lithium perchlorate 10% + yButyrolactone (in
lithium primary battery ) ;

3) Eihylene carbonate (in lithium-ion battery) .

The results are given in Table 1, and both electro-
lytes for primary rated as medium energy hazard poten-
tial and the electrolyte for ion battery is lower.

2 Experimental

Tab. 1

2.1 Thermal analysis

The Differential Scanning Calorimeter ( DSC) test
was conducted for two electrolytes with 5% and 10%
(wt) of lithium perchlorate ( LiClO,) in propylene
carbonate, and 13% (wt) of lithium hexafluorophos-
phate (LiPF,) in ethylene carbonate (C,H,0;). In
the measurements, sample of 1. 8-1.9 mg in a sealed
SUS cell was heated at 5 K/min from room temperature
to 400°C and heat flux was measured during the entire
process.

A modified closed pressure vessel tester®’ (MCPVT,
heating rate, 2 K/min) was used to examine the ther-
mal reactivity of primary lithium coin-cell batteries.
Lithium-ion battery is too large to be measured by
MCPVT. Samples were a small coin battery (cell),
CR1220 ( 712. 4 x 2. 0 mm, weight: 0. 88 g) or
CR1226 ( made in Germany, #12. 4 x 1. 6 mm,
weight: 0.98 g), alkaline LR44 (@#11.5 x5. 1 mm,
weight: 1.96 g) and silver oxide SR44 (@11.5 x5.2
mm, weight: 2. 19 g) batteries.

Comparison of summary of DSC and MCPVT is
shown in Table 2.

Tab.2 Summary of DSC and MCPVT

name DSC MCPVT
Electrolyte Entire coin battery
l ’ ’
Sample 1.8-1.9 mg ca. 12 g
Heating rate/
eal 1n§3' ra_t ? 5 )
(K+min™ ")
Room temp. Room temp.
Temperature 400C ~ca. 400°C
. Temperature
Measurement Heat of reaction

and pressure

2.2 Drop hammer test

The drop hammer test, based on JIS-K4810, was
used to measure the sensitiveness of batteries to drop
weight impact. A 5.0 kg steel anvil was used at fall
heights from 0.5 m to 1.0 m, in steps until the limi-

ting impact energy was determined. Most samples were

Results of hazards evaluation by CHETAH 7.2

Maximum heat of

Fuel value-Heat of

Oxygen balance/

Electrolyte decomposition / (k] + g~ ") decomposition/(kJ + g~ ') % y
1 —1.834(Medium) -13.394 (Medium) -106.810 (High) 15.949 (Low)
2 ~1.955 (Medium) ~18.083 ( Medium) ~144.510( Medium) 16.624 (Low)
3 ~1.725 (Medium) ~1.118 (Medium) ~90.841 (High) 14.984 (Low)
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new one. However discharged and sheared lithium bat-
teries were also tested. Lithium-ion battery, Casio NP-
20 which was used for digital camera, was added to the
test samples. Sample was about 70 % charged.
2.3 Ballistic mortar Mk. ITID test

The Ballistic mortar Mk. IIID test was used to mea-
sure the explosive power of batteries. A detonator was
initiated in the battery whilst the battery was confined
in the bore of a mortar. The recoil of mortar was mea-
sured and , after allowing for the effect of the detonator,
the power was calculated as a percentage equivalence
of TNT and picric acid, the explosive standards.
3 Experimental results and discussion
3.1 Thermal analysis

The results of three eletrolytes in the DSC are shown
in Figure 1. It is seen that with increasing the concen-
tration of LiClO,, the heat of reaction increased. Com-
paring with standard materials, such as 80% BPO
(benzoyl peroxide) and 70% DNT ( dinitrotoluene )
according to the evaluation method of Japanese Service
Law, they are lower than the standard line which was
obtained from the results of standard materials, and
less dangerous than standard materials. However, the
positions of the lithium electrolytes are close to the
standard line, whereas the lithium ion electrolyte
(13% LiPF, in C;H,0;) is much lower.

3.50
3.00} Danger

2.50+ 80%BPO

70%DNT
= LiClO, 10%

&‘é 2.00! s LiCIO, 5%
& 150}
L00F  No danger °
0.50} LiPF,13%+C,H,0,
0 1 1 1 1
100 150 200 250 3.00 3.50
log(TDSC—ZS)

Fig.1 Evaluation of the electrolytes

( Tpsc—onset temperature , ().—heat of reaction)

Pressure vs. temperature curves of lithium battery in
the MCPVT was compared with two other batteries, sil-
ver oxide and alkaline cells, in Figure 2. It is seen
that no reaction occurred for silver oxide and alkaline
cells up to 350°C. In contrast, lithium cell was quite
reactive. The pressure rise started at about 100°C.. The

pressure of lithium cell gradually reached a maximum

of 42 kef/cm® at about 329°C.
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Fig.2 Pressure vs. temperature curves of lithium,

silver oxide and alkaline cells in MCPVT

3.2 Drop hammer test

Sensitiveness of batteries to mechanical stimuli was
assessed on the basis of whether an explosion occurs at
particular impact energy by dropping a 5. 0 kg
hammer. The impact energy, characterising the impact
sensitiveness, is calculated from the mass of the drop
weight and the fall height. The results are shown in
Table 3 and Figure 3. It implies that explosive did not
occur for alkaline and silver oxide batteries even at
much larger impact energy, 50 J (Figure 3a). In con-
trast, explosive occurred in lithium battery and a dis-
charged one at lower impact energy, 30 J ( Figure
3b). For a sheared one, impact energy at which explo-
sion occurred was 25 J for lithium-ion battery gave no
explosion, but it increased its temperature to about 120
°C after three minutes from the test, which was surface

temperature measured with thermal paper and 0.1 mm
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Tab.3 Results of drop hammer test

Sample CR1220 CR1220 used CR1220 sheared LR44 SR44 Li-ion”
Fall height/m 0.6/1.0 0.6 0.5 1.0 1.0 1.0
Explosion ™ " + + + - - -
impact energy/]J 30, >50 30 25 >50 50 50
# . Electrolyte and Casio NP-20; * * . + stands for explosion, — does no explosion.

Tab.4 Results of ballistic mortar Mk. IIID test

Sample CRI1216 CR1220 CR2025 LR44 Electrolyte 1 Li battery Electrolyte 3 Li-ion battery
Weight/g 2.6,5.1 3.5 4.6 3.9 5.0 5.0
Mean of TNT/% 7.8 3.9 16.7 3.9 2.3 1.6

(c)
(a)LR44, SR44, Height = 1 m; (b) Li-battery (CR1220)
Height =0.6 m;(c)Li-battery (CR1220), Height =1.0 m

Fig.3  Results of drop hammer test

diameter K-type thermocouples. Impact from 1.0 m
high gave much vigorous result ( Figure 3c).
3.3 Ballistic mortar MK. IIID test

The explosive power was calculated as a percentage
of the value given by TNT in the ballistic mortar Mk.
IIID test. In Table 4, lithium batteries CR2025 and
CR1216 presented medium explosive power. Whereas
the explosive powers of CR1220, alkaline LR44 and
electrolytes were low. Electrolytes were also tested,
and they gave lower values than those of coin type bat-
teries. Among the results, electrolyte of lithium-ion
battery gave the smallest value.

4 Conclusion

In order to understand hazard of lithium battery and
lithium-ion battery, CHETAH calculation and various
evaluation tests were conducted. Based on the results
lithium coin battery was most hazard.

1) The reactivity of the electrolytes of lithium battery
and lithium ion battery was predicted by the CHETAH
program. Lithium electrolytes presented medium hazard
by CHETAH, whereas the electrolyte of lithium-ion

battery was lower.

2)The electrolytes of these batteries were measured
by the DSC. The hazard of lithium battery electrolytes
was lower than those of BPO and DNT, but higher than
that of lithium ion battery.

3) The entire cells were measured by the MCPVT.
As a result, the reactivity of lithium coin battery was
much higher than those of silver oxide and alkaline bat-
teries. Lithium-ion battery was too large to be tested by
the MCPVT.

4) The drop hammer test resulted that lithium coin
battery gave high sensitiveness. And the explosive
power of lithium coin battery, which was evaluated by
the ballistic mortar, was higher than those of other
types of batteries.
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