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HIGHLIGHTS

e Thermal runaway (TR) propagation test on large format Li-ion battery pack is done.

o TR propagation mechanism in a large format Li-ion battery pack is analyzed.

o TR propagates from the nail point to the 1st battery, then to adjacent batteries.

o Side heating in TR propagation leads to a lower TR onset temperature around 100 °C.
e The heat transferred through battery shell dominates the TR propagation process.
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This paper investigates the mechanisms of penetration induced thermal runaway (TR) propagation
process within a large format lithium ion battery pack. A 6-battery module is built with 47 thermo-
couples installed at critical positions to record the temperature profiles. The first battery of the module is
penetrated to trigger a TR propagation process. The temperature responses, the voltage responses and
the heat transfer through different paths are analyzed and discussed to characterize the underlying
physical behavior. The temperature responses show that: 1) Compared with the results of TR tests using
accelerating rate calorimetry (ARC) with uniform heating, a lower onset temperature and a shorter TR
triggering time are observed in a penetration induced TR propagation test due to side heating. 2) The
maximum temperature difference within a battery can be as high as 791.8 °C in a penetration induced TR
propagation test. The voltage responses have a 5-stage feature, indicating that the TR happens in
sequence for the two pouch cells packed inside a battery. The heat transfer analysis shows that: 1) 12% of
the total heat released in TR of a battery is enough to trigger the adjacent battery to TR. 2) The heat
transferred through the pole connector is only about 1/10 of that through the battery shell. 3) The fire has
little influence on the TR propagation, but may cause significant damage on the accessories located above
the battery. The results can enhance our understandings of the mechanisms of TR propagation, and
provide important guidelines in pack design for large format lithium ion battery.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

cycle life. However, accidents associated with lithium ion battery
failure have been reported from time to time [1-—5], raising con-

Lithium ion battery is a promising choice to power today's cerns and motivating research and development. The safety of
electric powertrains, given its high energy density and extended lithium ion batteries, particularly associated with thermal runaway
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(TR) hazards, has received much attention.
The failure modes of lithium ion battery in field applications can
be classified into 3 categories based on the major failure mecha-
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failure [6,7]. All three modes may trigger a severe thermal hazard in
a lithium ion battery system. Therefore compulsory test standards,
i.e., SAE-]2464 [8], IEC-62133 [9,10], QCT-743 [11,12] and others
[13—19], have been established. Safety risk still exists, although all
the batteries in market can pass these test standards [20]. For
example, small impurities mixed in the electrode active materials,
which cannot be eliminated during the manufacture of batteries
[6], may lead to short circuit defects after a long time of incubation
[21] and therefore cause TR at some unpredictable point of time.

Internal short circuits (ISC) can cause severe TR of lithium ion
batteries. Many researchers have studied the mechanisms of ISC
[20—28] and four major approaches have been used to simulate an
ISC [21]: (1) Inserting metallic particles into a battery [23]; (2)
Making a battery with phase change material, which is activated at
preset temperature, between the active materials [24]; (3)
Indenting a battery with a blunt rod [21,25]; (4) Penetrating a
battery with a nail or spike [25—28]. Nail penetration tests have
long been used to simulate severe ISC induced by mechanical
impact [8,11,12]. Nail penetration always leads to TR and is regarded
as one of the most difficult tests for a lithium ion battery to pass.

Once a TR is initiated, TR propagation to neighboring cells is
important as it can lead to violent thermal hazards. Several models
have been developed to investigate TR propagation in a pack of
18,650 cells [29,30]. Simulations show that the TR propagation
happens when the triggering battery is in good contact with others
[29]. Experimental data is analyzed for the TR propagation behavior
in a pack of 18650 cells [31]. However, little model validation work
has been done.

For TR research, large format batteries are of special interest. On
one hand, large format helps to reduce the number of cells, thereby
reducing system complexity [32]. On the other hand, a large format
battery is more vulnerable to TR because it contains more stored
energy and has larger variation in its temperature distribution. A
hot spot can cause local meltdown of the separator, leading to ISC.
ISC could propagate to the whole battery resulting in a severe
thermal hazard [33]. For large format lithium ion batteries, a TR
model for a single cell was established a few years ago [33,34],
followed by a model for TR propagation within a battery pack [35].
However, experimental validation has not been provided in litera-
ture to the best knowledge of the authors.

The goal of this paper is to analyze the mechanisms of a
penetration-induced TR propagation within a large format lithium
ion battery module, including both TR initiation and propagation
processes to understand the mechanisms and gain insights to the
thermal hazards of a battery pack system. The TR behavior of single
battery is based on the work reported in Refs. [36,37]. In our ex-
periments, the TR was triggered by nail penetration of the first
battery, which might trigger TR propagation to subsequent batte-
ries. Temperature distribution and voltage variation were used to
characterize the mechanisms of TR propagation. Moreover, the
physical damages caused by TR propagation were analyzed by
disassembling the battery module after experiments. We choose
LiNiyCoyMn,0; (NCM) as the cathode of the battery because NCM
cathode material demonstrates higher capacity, good thermal sta-
bility and lower toxicity among the family of Li-ion batteries
[6,38,39].

2. Experiments
2.1. The battery

The 25Ah battery used in this paper is manufactured by the AE
Energy Co. Ltd. with NCM/graphite as its electrodes [36,37]. The

battery consists of two pouch cells in an aluminum shell, which are
connected in parallel, as shown in Fig. 1a. A micro-thermocouple

was inserted between the two pouch cells to measure the inter-
nal temperature of the battery.

Six batteries formed a battery module in a penetration induced
TR propagation test. Fig. 1b shows the definitions of cell, battery
and battery module in this paper. To avoid misunderstanding, we
call the two pouch cells “cell” and the battery cell “battery” in the
following sections. In other words, two cells formed a battery, and
six batteries formed a battery module.

2.2. EV-ARC test of a battery

The battery was heated into TR using an extended volume-
accelerating rate calorimetry (EV-ARC), as reported in Ref. [36].
An EV-ARC test follows the heat-wait-seek method and provides an
adiabatic calorimetric environment for thermal analysis. The EV-
ARC test result is used for further analysis in this paper. Fig. 2
shows the EV-ARC used in Refs. [36,37] and this paper.

2.3. Thermal runaway propagation tests of battery modules

Penetration induced TR propagation tests on a battery module
were conducted using the penetration test bench (Fig. 3a) inside an
explosion-proof room at the Battery Test Laboratory of China
Automotive Technology and Research Center (CATARC). Six batte-
ries were clamped together using two pieces of steel holder, as
illustrated in Fig. 3b. Bati(i€{1,2,3,4,5,6}) is used to describe the ith
battery towards the direction where the nail came in, e.g., Bat 1 was
penetrated by the nail, while Bat 2 was heated to TR by Bat 1.
Kapton tape of 0.6 mm thickness was used to wrap the batteries to
avoid short circuits through the shell and to hold the thermocou-
ples. Thermal resistant layers (made by asbestos) were inserted
between the battery module and the steel holder to avoid excessive
heat transfer to the holder.

Given the explosive nature of the testing, extra care had been
paid to assure safety of the people and equipment involved. Cam-
eras were employed to monitor the experiment so that the testers
could stand outside the explosion-proof room to guarantee safety.
Disassembling work after tests was performed after the toxic gases
were exhausted by the air-blower inside the explosion-proof room.

Three tests were performed under different settings, as listed in
Table 1. For experiment No. 1 and No. 2, the batteries were con-
nected in series using connectors, while for experiment No. 3 the
batteries were not connected. The battery voltage was monitored,
and flame retardant layers were introduced to protect the voltage
monitoring circuit from fire for experiment No. 2 and 3 but not for
experiment No. 1.

47 Thermocouples (TC;—TC47) were placed at selected points
within the battery module, as marked in Fig. 3b and summarized in
Table 2. The internal temperature of the batteries were monitored
by inserting TC;—TCg inside the battery as described in Fig. 1.
TC1—TCg were placed at the center of each battery. In addition, two
more TCs were placed inside Bat 1 (TC7) and Bat 2 (TCg) 20 mm
away from the center to observe the temperature difference away
from the battery core. The pole temperatures were monitored using
TCy9—TC1s. TC19—TCo9 were placed on plane A (in red in the web
version) and plane C, while TC3¢p—TC47 were located on plane B (in
blue), as well as at the centers of the battery surfaces. TC;9—TCyq7
were used to analyze the temperature distribution within a battery.

Bat 1 was penetrated using a nail with 8 mm diameter at a speed
of 10 mm/s. After Bat 1 was penetrated, TR propagated to adjacent
batteries sequentially, as shown in Fig. 4. The TR propagation
behavior, including the temperature and voltage responses, will be
described in the following sections.
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Thermocouple

(a) The structure of the battery

Cell

Battery

Battery module

(b) Cell, battery and battery module

defined in this paper

Fig. 1. The cell, battery and battery module.

Fig. 2. Picture of the EV-ARC used in this research.

3. Results and discussions
3.1. Overview

Fig. 4 shows the core temperature (solid line) and the temper-
ature between the batteries (dotted line) for all of the three
experiments.

The onset time topser; and onset temperature Topset; for TR of Bat
iare defined by (1) and (2), respectively. We also use topset and Topset
to represent tonsetr; and Tonseri in general without specific designa-
tion to i. k indicates the time index of the data, which was recorded
with a sampling time of 1 s. Additionally, TR propagation time,
D;; 4+ 1, can be calculated from (3).

tonseti = Min{k : TC; (k+ 1) — TC; (k) >10°C}, i€{1,2,3,4,5,6}

(1)
Tonset,i = Tci (tonset,i)» ie {17 2: 37 47 57 6} (2)
Djj1 = tonset,i+1 — Lonsetis 1€ {1’27 3,4, 5} (3)

Table 3 reports Topset; for all the experiments. Topser; Was in a
range of 65—116 °C. Table 4 reports D;; . 1, for all of the experiments.
The values of D;; ; 1 were close for different i except for D;,, which
shows that it took longer time for TR to propagate from Bat 1 to Bat
2.

The maximum temperature for Bat i, Tmax ;, is defined in (4). And
the moment when Tyax; Occurs, tmaxi is defined in (5), where
‘argmax’ means the ‘argument of the maximum value’, namely the
value of the variable at which the function takes the maximum
value, as a standard notation used in optimization [40].

Taxi = mkax{TC,-(k)} ie{l,2,3,4,576} (4)

tmaxi = argm’?x{TCi(k)}, ie{1,2,3,4,5,6} (5)

Table 5 compares the maximum temperature for Bat i, Tmax.,
during the penetration induced TR propagation tests. The range of
Tmax1 for the penetrated Bat 1 (764—862 °C) was lower than that of
Bat 2—6 (873—930 °C).

3.2. Thermal runaway propagates from the penetration point to the
1st battery

TR propagated from the penetration point to Bat 1 after the
penetration, as illustrated in Fig. 5a. It took less than 5 s for the TR to
propagate from the location of TC; to that of TCy, which was 20 mm
from TC;. However, about 10 s after the TR was triggered, the
temperature recorded by TC; was lower than TC; as shown in
Fig. 5b, because the nail inside Bat 1 provided a heat sink to absorb
TR heat.

3.3. Thermal runaway propagates to adjacent batteries

TR propagated from Bat 1 to Bat 2 after the TR of Bat 1. The TR
propagation process was driven by the large temperature differ-
ence between Bat 1 and Bat 2. Fig. 6 collects all the temperature
data for Bat 2 of experiment No. 1. As shown in Fig. 6a, when TR was
triggered in Bat 1, the temperature at the front edge of Bat 2 (blue
lines in the web version) rose first and formed a temperature
gradient for heat transfer, which led Bat 2 to TR (red lines) and
thereby raised the temperature at its back (green lines) and heated
up Bat 3.
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Table 1
Experiment settings.

(b) Thermocouple locations

Fig. 3. Experimental setup of the penetration induced TR propagation tests.

Experiment no.  Connected in series?

Voltage monitoring circuit
protected by flame retardant layer?

1 Y N

2 Y Y

3 N Y
Table 2

Thermocouple locations.

Measurement

Thermocouple (TC) no.

Core temperature
Pole temperature
Temperature on plane A/C

Temperature on plane B, at the surface center.

1-8
9-18
19-29
30-47

1000; Exp. 1

---TC21

Timels

1500 ---TCpq

Fig. 4. Temperature responses of three penetration induced TR propagation tests, TCs
in the legend mean thermocouple and their subscripts can be referred in Fig. 3b.

3.4. The maximum temperature difference within a battery

The maximum temperature difference for Bat i (MTD;) is defined
by (6) to quantify the non-uniformity of the temperature distri-
bution, where k is the time index, and m and n are the indices of the
thermocouples placed on Bat i. The maximum value of MTD;
MTDmay i, is defined by (7) as an indicator of temperature non-
uniformity for the large format battery.

MTD; (k) = %%X{ ‘TCm (k) — TCy (k) ‘, m,neBat i} (6)
Table 3
Onset temperature of TR, Topseti [°C].
EXP- No. Tonset,l Tonset,z Tonset,3 Tonset,4 Tonset,S Tonset,s
1 Ambient temperature 78 65 75 79 77
2 Ambient temperature 116 74 86 86 71
3 Ambient temperature 74 66 80 106 73
Table 4
TR propagation time, Dj; , 1 [s].
Exp. No. D1,2 D2.3 D3,4 D4,5 DS,S
1 245 163 186 164 159
2 481 161 156 157 137
3 210 164 183 181 113
Table 5
Tmax.i [°C] when TR happens.
Exp. No. Bat 1 Bat 2 Bat 3 Bat 4 Bat 5 Bat 6
1 832 885 930 883 889 873
764 884 924 920 912 905
3 862 877 911 909 906 897
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(a) TR propagation originated from the
penetration point.
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(b) Temperature curves of the thermocouples inside

Bat 1 for experiment No. 2.

Fig. 5. Illustration of the TR propagation within the 1st battery.
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Fig. 6. Temperature of the thermocouples placed on Bat 2 in experiment No. 1.

MTDpax i = mlax{MTD,- (k)} (7)
K

Fig. 6b illustrates the definition of MTDp,x; for Bat 2 in experi-
ment No. 1. MTDpax2 in Fig. 6b was 712 °C. When MTDmax 2
occurred, the maximum temperature was reported by TC; = TCy,
while the minimum temperature by TC,, = TCys5. Table 6 compares

MTDnax,; for all the experiment results. MTDpax; Was in a range of
593-792 °C, which is higher than 523—553 °C as reported in EV-
ARC test in Ref. [36].

Table 7 collects thermocouple indices (m, n in Eq. (6)) corre-
sponding to the hottest and the coolest locations at the moment
when the MTDyy,y; occurred. Referring to Fig. 3b, the results show
that the maximum temperature, TCr,, always occurred at the center
of the battery, while the minimum temperature, TC,, always
occurred at the back surface of the battery.

3.5. The difference between the uniform heating in an EV-ARC test
and side heating in a penetration induced TR propagation test

Some critical TR characterizations of the penetration induced TR
propagation test are different from those of the EV-ARC test. The
differences have been compared to help reveal the TR propagation
mechanism.

The battery tested by EV-ARC was heated inside a chamber with
uniform temperature distribution, as illustrated in Fig. 7a. The
maximum temperature difference within the battery does not
exceed 1 °C for 97% of the time during an EV-ARC test [36]. Fig. 7b
shows the temperature curve of an EV-ARC test: the maximum
temperature (Tpax) is 854 °C, while the onset temperature (Typse-
tARC) is 259 °C. It took about 189,767 s for the battery to go from
ambient temperature to TR, which is named as Dagc.

In a penetration induced TR propagation test, side heating
brought Bat 2—6 into TR, as shown in Fig. 7c. The maximum tem-
perature difference (MTDpmaxi) within the battery can be
593—-792 °C as reported in Sec. 3.4. Fig. 7d shows the internal
temperature (TCy) of Bat 2 in experiment No. 1: the maximum
temperature (Tmax2) was 885 °C, while the onset temperature
(Tonset,2) was 78 °C. It took about 245 s for TR to propagate from Bat
1 to Bat 2.

Table 8 compares the key results of the penetration induced TR
propagation test in this paper with that of the EV-ARC test. The
maximum temperatures (Tpax) in the EV-ARC test and in the
penetration induced TR propagation test were very similar. How-
ever, the propagation duration D;; , 1 was less than 1% of Dagc,

Table 7
Table 6 Thermocouple indexes m and n defined in (6) when MTDpax; occurred.
MTDyax [°C] of three experiments. Exp.no. Bat1l Bat 2 Bat 3 Bat 4 Bat 5 Bat 6
Exp. No. Bat 1 Bat 2 Bat 3 Bat 4 Bat 5 Bat 6 m n m n m n m n m n m n
1 630 712 792 624 648 593 1 1 20 2 25 3 26 4 27 5 28 6 29
2 680 714 712 766 718 703 2 7 20 2 25 3 26 4 27 5 28 6 29
3 693 695 762 679 711 707 3 7 20 8 24 3 26 4 40 5 28 6 29
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(a) Uniform heating using EV-ARC
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(d) Temperature for propagation experiment No. 1

TR propagation test

Fig. 7. Comparison of the uniform heating and side heating.

indicating the TR propagation was quite fast from one battery to its
neighbor.

Furthermore, Tonset; in the penetration induced TR propagation
test was much lower than Tonsetarc, and the reason can be
explained by Fig. 8 and Fig. 9 through a thermal resistance network
analysis. In the EV-ARC test, the temperature distribution is quite
uniform before TR happens, as discussed in Ref. [36]. Therefore only
when the whole battery temperature rises to the onset temperature
limit, Tonset,aArc = 259 °C, does TR happen. It is believed that Topge-
tARC is the temperature when the separator collapses and serious
internal short circuit (ISC) occurs [36]. In a penetration induced TR
propagation test, however, the temperature distribution is not
uniform due to side heating and thermal resistance between
adjacent batteries.

Given the internal temperature of Bat i and i + 1, whose profiles
are shown in Fig. 4, the temperature distributions between the two
nodes can be determined for different stages of TR propagation
according to heat transfer theory [41]. The red (blue) dot in the web
version in Fig. 8 represents the internal temperature of Bat i (Bat
i+ 1), or TG; (TC; ;. 1). The total thermal resistance between TC; and
TG 1 1, R, can be calculated from Eq. (8), where Rj;, Rap,1, Rap,2, Rshell
and Rk represent the thermal resistance of the jelly roll, the outer
Al-plastic film, the inner Al-plastic film, the battery shell and the
Kapton tape, respectively (Fig. 8).

R =2 x (Rjr + Rap.1 + Rap2 + Rspeil + Rk) (8)

Ta, the temperature for the thermocouple located between the
two batteries, marked by a yellow triangle in Fig. 8, can be inter-
polated by Eq. (9), where « is the proportion factor for the thermal
resistance within Bat i + 1, defined in Eq. (10). In this case, to fit the
dotted curve in Fig. 4, the range of « should be 0.4 < « < 0.5.

Tp = TCiiq + o (TC; — TCiyq) 9)

o Rshen + Rap.1 + Rjr + Rap2 (10)
R

Furthermore, T, the temperature at the front edge of Bati + 1's
jelly roll (marked by the yellow diamond in Fig. 8) is critical in
determining the onset of TR for Bat i + 1. In other words, when T,
equals Tonset, AR, the separator at the front edge of Bati + 1 collapses
and internal short circuit induced TR occurs at Bati + 1, Eq. (11). Te,
can be interpolated by Eq. (12), where ( is the proportion factor for
the sum of Rjr and Rap,2 (Eq. (13)). To match Eq. (11) in Fig. 9¢, f is set
as 0.25.

T, (tonset,i+1) = Tonset,ARC (] 1 )

T, =TCiyq + 8- (TC; — TCiy4) (12)

6:Rjr+RAp’2 (13)
R

Fig. 9a—d shows the temperature distributions of two adjacent
batteries, at different stages during TR propagation, calculated by
Eqgs. (8)—(13). Fig. 9a shows that when t = tyax i, TR happens at Bat i
and TG; rises to its highest value. Ty is higher than the TR onset
temperature Tonserarc, While T is lower than Tonserarc. Fig. 9b
shows that as time goes on, TC; drops because of heat dissipation,
while TC; . 1 rises slowly. Fig. 9c shows that at t = tonseti + 1. To
reaches the critical value of Topsetarc, leading to TR of Bat i + 1,
when the core temperature TC; ; is much lower than Topset aArc- That
explains why Tonset,j = 65—116 °C < Tonset,Arc @S shown in Table 8.
Fig. 9d illustrates that after a few seconds, the core temperature
TC; 1 rises to its highest value and Bat i + 1 is heating Bati + 2. In
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Table 8
Comparison of critical results in EV-ARC test and module penetration test.

The EV-ARC test Propagation test results
results [36]

Maximum temperature/ C  Tpax = 854
TR duration/s Darc = 189767

Tmaxi = 873—930, i€{2,34,5,6}
Dy, = 210—481;

Dij . 1 =113-186, i€{2,34,5).
Tonseri = 65—116, i€{2,3.4,5,6}.

Onset temperature/ C TonsetARc = 259

R,(p,z R,I,:.IRK R..ip,l R.rlp,Z
Rjr shell fXshe Rjr
Bati Batitl |@TC;
bt
| A T, between shells
O T, at the front edge
® 7C,,
8 - 8 8 TC positions
|
I

_Kapton tape
Al shell

Il
Jelly roll |
Package

Fig. 8. Thermal resistance between adjacent batteries.

summary, Fig. 9 explains that a lower onset temperature and
shorter TR triggering time in a penetration induced TR propagation
test is caused by side heating.

3.6. Voltage variation

Fig. 10 reports the voltage responses for the penetration induced
TR propagation tests. Note that external short circuit caused by fire,
which is common in battery safety tests [42], occurred in the
voltage curve for Bat 4, 5 and 6 in experiment No. 1 and for Bat 4
and 5 in experiment No. 3. The voltage data corresponding to those
batteries are excluded in our further analysis.

Voltage curves without short circuit events can be divided into 5
stages corresponding to different phases in physical/chemical
process. Fig. 11a shows the 5-stage voltage profile for Bat 3 in
experiment No. 1, where tj and V; (j&{1,2,3,4,5}) represent the start
time and voltage of Stage j, respectively. Table 9 describes the
features of the 5-stage voltage profile at each stage. Note that the
battery is composed of two pouch cells inside as shown in Fig. 1,
which will be referred to as the front and back pouch cell respec-
tively as shown in Fig. 11b.

S .
2 Exp.1
35
>

0 L ————

5[ 0 1000 1500 —Bat 1
> [——T —Bat 2
< | Exp.2
= || —Bat 3

0 e . —Bat 5
. 5 0 50@‘;'9 . 1000 1500 Bat 6
< l l - 'i‘ Exp.3
s
g |

0 1 C— ..

0 500 Time /s 1000 1500

Fig. 10. Voltage results and fire induced short at the voltage monitoring circuits.

The 5-stage voltage profile fitted almost all the Bat i forie{2, 3,
4, 5, 6}, except those suffered external short circuits as shown in
Fig. 10. Therefore we have 10 samples to acquire the statistics of V;,
as listed in Table 10. Vj, indicates the initial voltage of the batteries
before a module penetration test as a reference. Large values in
standard deviation of V3 (the valley point), and V4 (the rebound
point) reflect the effects of uncertainties associated with the con-
ditions when the front and back pouch cells were disconnected.

Moreover, as shown in Fig. 11a, Topset iS always reached later
than t,, which is the start of the quick voltage drop. The delay from
the voltage drop to the temperature rise indicated the time it took
for the heat transfer from the core of the pouch cell to its surface.
Such a time delay was also reported in an EV-ARC test [36].

3.7. The fire on the top of the battery module

The material blowout causes about 28% loss in mass for the
battery that went through the TR process. The electrolyte, which
accounts for 15% of the total mass of the battery [37], burst out and
brought out another 13% of the battery materials with them. The
burst out electrolyte was ignited, which led to the fire scorching the
covers of adjacent batteries.

However, it is hard to predict the occurrence of fire, since we
have observed TRs both with and without fire for different batte-
ries. No fire but smoke was observed when Bat 1 and 2 ran into TR
in experiment No. 1, while fire could be observed every other time
when a battery ran into TR, as shown in Fig. 12 and Table 11. Fig. 13
displays the cover temperature for the penetration induced TR
propagation tests. When there was no fire when a battery ran into
TR (Bat 1 and 2 in experiment No.1), one could observe that there

\ T max * d; max T, max o T, max
\ \ ‘\ o
T oser-Arc e o
14
IN ]:mset.i+1 i
Y- Tt'zmb i nmb Tt'zmb : T;zmb
(a) t= Z‘max,i (b) Z‘max,i< t< tunset,i+1 (C) t= Z‘anset,i+1 (d) t= tmax,i+l

Fig. 9. Temperature distribution at different stages of TR propagation.
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Fig. 11. Characterization of voltage response stages (result of Bat 3 in experiment No. 1).

was no obvious temperature increase in the cover of adjacent
batteries (Bat 2 and 3 in experiment No.1 in Fig. 13). Pulses can be
clearly seen in the temperature profiles for experiment No. 2, as a
result of the venting process with fire. However, such pulses are not
always observable for every battery that was exposed to fires when
its neighbor went through TR. In addition, temperature plateaued
at about 150 °C, which is the temperature at the inner cone (the
bottom of the flame), indicating that the fire caused by the TR of Bat
i was scorching the covers of Bati + 1.

3.8. Heat transfer paths

The heat released in TR can be transferred through the battery
shell, through the pole connector as well as by fire scorching on the

Table 9
Descriptions of the 5-stage voltage profile.

Stage Description

I When the core temperature of the battery rose to 50 °C or higher, the
voltage started to drop slowly from V; because of high temperature
degradation as discussed in Refs. [36,37], Fig. 11c.

Il The voltage drop accelerated from V5, indicating that serious short circuit
had occurred. When the front edge of the front pouch cell was heated to
Tonset.ARC, the separator collapsed and therefore the short circuit
happened at the front edge of the front pouch cell which led to TR. Some
of the electric energy of the back pouch cell was also released at this time,
as the two pouch cells were connected in parallel, Fig. 11d.

U The voltage rebounded from V5 to V4 for about 5 s. Fig. 11e shows the
reason for the voltage rebound in Stage III. High temperature brought by
TR broke the electric connection between the two pouch cells, when the
back pouch cell was not fully discharged. Therefore V, represents the
voltage of the back pouch cell in Stage III.

v The voltage dropped quickly indicating the short-circuit-induced TR of
the back pouch cell, Fig. 11f.

\% The voltage leveled to a value lower than 1V, indicating the end of electro
—chemical reaction during TR. Finally, both of the two pouch cells went
into TR, Fig. 11g.

top of the batteries, as illustrated in Fig. 14a. The burst out elec-
trolyte caught fire on top of the battery, which scorched adjacent
batteries. The heat flow transferred from Bat i to Bati + 1 through
the three paths can be calculated by (14), where Ry is the thermal
resistance between the temperature nodes TCy and TC,, as shown in
Fig. 14b. Ry can be calculated according to the second column of
Table 12, where Ay is the thermal conductivity, dy is the heat transfer
distance and Ay is the area that the heat flow passes. The subscript x
used in the Eqgs (14)—(16) can be s, p or f, where s stands for the
battery shells, p for the pole connectors, and f for the fire scorching
on the cover. As listed in Table 12, A, is acquired from Refs. [41,43],
while Ay is calculated according to the geometry of the battery.

qxi(t) :w, (xe{s,p,f},, ie{l72,374,5})
' (14)

Let y and z denote the indices of the thermocouple located at the
start and the end point of the heat transfer. As listed in Table 13,
when x = s, TCy = TC; and TC, = TC; ;. 1 are the core temperature of
Batiand Bat i + 1, respectively; when x = p, TC, and TG, refer to the
thermocouple located at the negative pole of Bat i and at the pos-
itive pole of Bat i + 1, respectively; when x = f, TC, and TG, refer to
the temperature at the battery cover (which is also the temperature
at the bottom of flame) and the core temperature of Bat i + 1,
respectively.

Fig. 15 shows the temperature profiles (TC, and TC;) that are
used for heat transfer analysis: Fig. 15a shows the core tempera-
tures; Fig. 15b shows the pole temperatures; Fig. 15¢ shows the

Table 10
Statistics of the critical voltages for the 5-Stage voltage profile.
Vin Vi Va V3 Vs Vs
Average value/V 4166  4.159  4.115 1.940 3352  0.247
Standard deviation/V. 0.006  0.015 0.042 1.070  0.651 0.125
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(a) Smoke but no fire for Bat 1 in

experiment No. 1

Fire occurred for the TR of Bat 3 in

experiment No. 1

(b)

Fig. 12. Illustration of the unpredictable fire, screen shot of the monitoring video during penetration induced TR propagation test.

500 1000 1500

Time/s

Fig. 13. The cover temperatures during penetration induced TR propagation test.

Table 11
Fire or not during penetration induced TR propagation test.
Exp.no. Bat1 Bat 2 Bat3 Bat4 Bat5 Bat6
1 Smoke but no fire Smoke but no fire Fire Fire Fire Fire
Fire Fire Fire Fire Fire Fire
3 Fire Fire Fire Fire Fire Fire

(a) Heat transfer paths

cover temperatures vs. the core temperatures. The shaded area in
Fig. 15 represents the integration of temperature difference, which
is proportional to the total heat transferred during TR propagation,
defined as Q. Pxi(t) is the total heat transferred from Bat i to Bat
i+1 at time ¢, as defined in (15), where topset,; indicates the TR onset
time for Bat i. When t equals tonset.i + 1, Qxi €quals Px i(t) as defined in
Eq. (16). For example, if we focus on Bat 1, we can get Q51 =68,881]
from Fig. 15a, Qp1 = 14,586 ] from Fig. 15b and Qf; = 162 ] from
Fig. 15c.

~

Pyi(t) =

Conset,i

axi(r)dr, i€{1,2,3.4,5} (15)

Conset,i+1

Qx,i = ij(t = tonset,i+1) = qx.i <T> dr, ie{15273a47 5}

Conset,i

(16)

The total TR heat released in an EV-ARC test, AH, can be calcu-
lated using Eq. (17), according to the data provided in Table 5 of
[36], where M = 0.72 kg is the mass of the battery,
G, = 1100 J kg~! K! is the measured heat capacity and
AT = 854 — 90 = 764 °C is the temperature difference between the
maximum temperature (854 °C) and the onset temperature (90 °C)
of self-heating.

AH = M-C,-AT = 605088] (17)

Table 14 compares the normalized heat transfer ratios, Qs i/AH,
Qp,i/AH and Qy;/AH in penetration induced TR propagation tests. The
heat transfer caused by fire is very small according to our calcula-
tion. The fact that there is no obvious difference in the TR

(b) Thermal resistance network representation

Fig. 14. Heat transfer paths during thermal runaway propagation.
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Table 12

Physical parameters used in heat transfer calculation.
X Ry /W m~ K1 0y/m  Ay/m?
s Ry= A‘;A 0.5 [43] 0.026 0.01354
P Ry =12 146 (Brass 300 °C [41]) 0.026 0.00004
[ Re=Rirup +Rgap Ry = ;e 20[43] 0.043 0.00385

Jrup = A A

Rgap =% 0.014 (Air 150 °C [41]) 0.005 0.00385

Table 13
Thermocouple indices for (y, z).
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Fig. 15. Heat transfer through the shell and through the connector.

propagation duration D;; ;. 1 (Table 4) for those batteries with and
without fire (Table 11) proves that the fire has little influence on the
TR propagation process. However, it must be taken seriously that
the fire may lead to secondary thermal hazards on the accessories

Table 14
Normalized heat transfer ratios for different heat transfer paths.
Exp.no. Qu/AH i=1 i=2 i=3 i=4 i=5
1 Q,,i/AH 7.3% 5.5% 6.4% 5.4% 5.4%
Qpi/AH 1.2% 0.60% 1.1% 0.56% 0.65%
Qsi/AH 0.0063% 0.0076% 0.042% 0.050% 0.027%
2 Qsi/AH 11.4% 5.3% 5.4% 5.5% 4.8%
Qp,i/AH 2.4% 0.87% 0.70% 0.59% 0.50%
Qsi/AH 0.027% 0.034% 0.016% 0.049% 0.029%
3 Qsi/AH 6.6% 5.4% 6.3% 6.1% 3.9%
Qri/AH 0.038% 0.023% 0.032% 0.047% 0.024%

Exp.2

-QS’./AH
IjQpI./AH

[e)
Exp.1
Exp.3

Heat transfer ratio / %
(9]

i=1 2 3 4 5

Fig. 16. Heat transfer ratio during penetration induced TR propagation test.

of the battery system above the batteries, because the temperature
at the top of the flame can be much higher than that at the bottom.

Fig. 16 displays the normalized heat transfer ratios, Qsi/AH, Qp,if
AH in penetration induced TR propagation tests, and the data re-
veals that: 1) less than 12% of the total heat released in TR drove the
TR propagation from Bat 1 to Bat 2. 2) It took even less than 7% of
the total heat released for the TR to propagate from Bati to Bati + 1
for ie{2, 3, 4, 5}. 3) The heat transfer through the pole connector
accounted for 1% of AH for most of the cases, which is approxi-
mately 1/10 of the heat transferred through battery shell.

It is worth noting that the thermal resistance ratio Ry/R; is
approximately equal to 1, as calculated in Eq. (18), while the Q,i/Qs,
only approximates 1/10.

Ry JAs 05x0.01354
R_S*xp-Ap*146x0.00004*1'16 (18)

Mathematically, according to (14), the reason for the low value
of heat transfer ratio Qp,;/Qs, is caused by the difference of TC, and
TC,, or the difference in the temperature distribution as shown in
Fig. 15. However, the heat flow is determined by the total thermal
resistance between heat transfer nodes. Therefore the heat flow
ratio Qpi/Qs,; equals to the ratio of the total thermal resistance as
shown in Eq. (19), where Ryp means the thermal resistance of the
jelly roll towards the upside to the battery pole. In addition, the
relative value of Ryp can be acquired by Eq. (20), which will benefit
future work of TR propagation modeling.

Qi_ R 1

Qsi Rp+2-Ryp 10 (19)
Rup 1 Qs.i Rp

Bup _ 2 (=i _Tp) _4g4 20
Rs 2 <prl RS ( )

Moreover, there was no appreciable difference between results
of the pack with connector (experiment No. 1 and 2) and without
(experiment No. 3). Therefore more attention should be paid to the
heat transfer path through the battery shell in seeking inhibition
strategies to prevent TR propagation.

3.9. A look into the ashes

A closer look into the ashes resulting from the test could reveal
insights for understanding the mechanisms of TR propagation and
physical evidence to support the future modeling assumptions.
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(g) Shell merged together for Bat 3~6

(h) The meltdown of the aluminum shell for

Bat 4, at the front view

Fig. 17. A look into the ashes after a penetration induced TR propagation test.

Fig. 17 shows the residuals of the battery module after the pene-
tration induced TR propagation test for experiment No. 2. Fig. 17a
and b shows the status of the battery module after the penetration
induced TR propagation test. Fig. 17c provides the view of Bat 1
from the direction where the nail came in. The yellow Kapton tape
(in the web version), albeit shrunk, could be easily identified.
Fig. 17d shows the middle layer between the two pouch cells of Bat
1. Some residuals of aluminum-plastic film of the pouch cell can be

seen at the edges, where the melting point of aluminum, 660 °C,
was not reached. Fig. 17e provides the outside view of Bat 2 toward
Bat 1. The missing of well-wrapped Kapton tape indicates that the
temperature at the surface of Bat 2 was higher than that of Bat 1.
Fig. 17f shows that almost no aluminum foils can be found at the
core of Bat 2, indicating that the maximum temperature inside Bat
2 exceeded the melting point of aluminum at most positions. The
shells of Bat 3—Bat 6 merged together due to the melting of the
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Fig. 18. Possible changes in the temperature distribution due to material damage during penetration induced TR propagation test.

aluminum shell of the batteries at extreme temperature, as seen in
Fig. 17g. After separating Bat 3 from Bat 4, partial loss of the
aluminum shell at the upper side of Bat 4 can be observed in
Fig. 17h. The observations for the aluminum shell loss were similar
for Bat 5 and 6. The melting of the aluminum shell suggests that the
use of aluminum as the material of the battery shell might need to
be reconsidered, given its poor protection of the battery jelly roll in
TR condition.

3.10. A discussion on the material changes

The material inside the battery changed when TR happened. For
one thing, the burst out gas carried some material away, resulting in
loss of the battery mass. For another, high temperature changed the
original materials and their thermal resistance inside the battery.
Such a change may influence the heat transfer path through the
battery shell. However, we expect that it would not change the heat
transfer paths through the connector or by fire scorching, because
the connector made by copper changed a little and the adjacent
battery did not decompose before the onset of its own TR.

Fig. 18a illustrates possible changes in the temperature distri-
bution due to material damage. The dotted line is for the assump-
tion without material damage, while the solid line is for the
condition with material damage. The mix of the materials leads to a
higher temperature at the outside of the damaged jelly roll. How-
ever, the increase in thermal resistance makes the temperature
drop steeper at the edge of the damaged jelly roll. Therefore the
actual change in Tp, caused by material decomposition, is negligible
for the battery under investigation, which can be verified by the
results shown in Fig. 18b.

Fig. 18b shows that the measured T (solid line) and the calcu-
lated Th (calculated by Eq. (9), dotted line) are similar. According to
Egs. (9), (10) and (14), the heat transfer through the battery shell
can be calculated by Eq. (21), where aRs denotes the thermal
resistance between Tp and TC; 1, which did not change before TR
happens on Bat i + 1. Therefore Ty dominates the heat transfer
through the battery shell. In addition, the small difference between
the measured and the calculated T confirms that the analysis in
Sec. 3.8 for the heat transfer through the battery shell is reasonable
without considering the material decomposition.

TCi(t) — TCiyq (8)
Rs

_ TCA(t) = TGy (1)

- aRg ’

qs.i (t>

CEE)

4. Conclusion

In this paper we have analyzed the mechanisms of a
penetration-induced TR propagation within a large format lithium
ion battery module based on experiment data. The TR was triggered
by nail penetration of the first battery, followed by TR propagation
to adjacent batteries. The experimental results lead to the following
conclusions:

We have, for the first time, reported the temperature responses
for a large format lithium ion battery module during a penetration
induced TR propagation test. The onset temperature (Topset,i) at the
battery core was lowered to 65—116 °C (compared to the EV-ARC
test results in Ref. [36]) due to side heating in the TR propagation
condition. TR will happen when the onset temperature measured in
EV-ARC tests (Tonset,Arc) is reached at any point within the large
format battery. In addition, the maximum temperature difference
(MTD) within a battery can be as high as 593—792 °C during a
penetration induced TR propagation test.

The heat transfer through the battery shell, through the pole
connector as well as by the fire scorching on the cover of adjacent
battery has been quantified. The investigation leads to the
conclusion that the heat transferred through the battery shell
dominates the heat transfer process. The fire has little influence on
the TR propagation, but may cause significant damage on the ac-
cessories located above the battery module. Therefore more
attention should be paid to find ways to prevent TR propagation
through the battery shell, and protect the accessories from TR
related fire hazards.

Our future work will focus on building a TR propagation model
to study possible ways to prevent TR propagation in a large format
lithium ion battery, and also on investigating the material proper-
ties of the battery after damaged by high temperature during TR.
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