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HIGHLIGHTS

e Fading mechanisms for large Li-ion battery during a thermal runaway were studied.
e EV-ARC test was terminated before thermal runaway to study the fading mechanism.
e The separator melting point dictates the reusability of the battery after heating.

o Cycled after heating, the lost capacity of the battery may be recovered partially.

o Capacity loss was analyzed using ICA and discussed using a mechanistic model.
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This paper provides a study on the characterizations of large format lithium ion battery cells exposed to
extreme high temperature but without thermal runaway. A unique test is set up: an extended volume-
accelerating rate calorimetry (EV-ARC) test is terminated at a specific temperature before thermal
runaway happens in the battery. The battery was cooled down after an EV-ARC test with early termi-
nation. The performances of the battery before and after the EV-ARC test are investigated in detail. The
results show that (a) the melting point of the separator dictates the reusability of the 25 Ah NCM battery
after a near-runaway event. The battery cannot be reused after being heated to 140 °C or higher because
of the exponential rise in ohmic resistance; (b) a battery can lose up to 20% of its capacity after being
heated to 120 °C just one time; (c) if a battery is cycled after a thermal event, its lost capacity may be
recovered partially. Furthermore, the fading and recovery mechanisms are analyzed by incremental
capacity analysis (ICA) and a prognostic/mechanistic model. Model analysis confirms that the capacity
loss at extremely high temperature is caused by the increase of the resistance, the loss of lithium ion (LLI)
at the anode and the loss of active material (LAM) at the cathode.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

lithium ion batteries. Thermal runaway behavior is an important
research topic which has been at the center of safety events.

Lithium ion batteries are the prevailing choices to power today's
electric vehicles (EV), because of its high energy/power density and
long cycle life compared with other choices. However, incidents
such as battery fires after crashes have attracted much attention
[1-3] and given rise to public concerns about the safety of the

* Corresponding author. Tel.: +86 10 62773437; fax: +86 10 62785708.
E-mail addresses: fxn07@mails.tsinghua.edu.cn (X. Feng), ouymg@tsinghua.edu.cn
(M. Ouyang).

http://dx.doi.org/10.1016/j.jpowsour.2014.08.094
0378-7753/© 2014 Elsevier B.V. All rights reserved.

Large format battery is of particular interest because of their
increasing popularity in production of electric vehicles. Large
format batteries have the advantages of reduced cell number and
pack complexity [4], which lead to the improved reliability of a
battery pack [5]. However, a large format battery is more vulnerable
to thermal runaway because it contains more stored energy. Cool-
ing is less effective because of its lower surface/volume ratio, which
leads to higher non-uniformity of temperature distribution within
the cell [5].

Batteries with LiNiCoyMn,0, (NCM) cathode are promising for
EV applications. NCM cathode material demonstrates higher
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capacity, lower cost and less toxicity within the family of Li-ion
batteries [6,7]. In thermal runaway tests, batteries with NCM
cathode perform better than those with LiCoO, (LCO) and LiNigg.-
Cog15Alp,0502 (NCA) do, but worse than those with LiMn,04 (LMO)
and LiFePO4 (LFP) [8]. Nevertheless, the NCM cathode shows better
high temperature durability and higher specific capacity than LMO
and higher energy density than LFP [8].

We have reported the thermal runaway features of large format
prismatic lithium ion battery with NCM cathode using extended
volume accelerating rate calorimetry (EV-ARC) in Ref. [9]. The
thermal runaway process for the specific NCM large format battery
has been divided into 6 stages based on the general knowledge
from those reviews [10—14] of Li-ion battery safety. In Stage I, the
capacity fades at high temperature (>50 °C). In Stage I, the solid
electrolyte interface (SEI) decomposition starts and releases
detectable heat if the reaction continues [15—21]. And it should be
noted that the SEI decomposition will continue to a temperature as
high as 250 °C (ends at Stage IV) [20,21]. Losing its protection layer,
the lithium intercalated in anode starts to react with the electrolyte
[15,17,20—22]. In Stage III, the separator melting causes a decrease
in temperature rise rate as the temperature goes higher
(120 °C—140 °C). In Stage IV (140 °C—240 °C), some cathode ma-
terials start to react with the electrolyte and release heat [5,23—25],
while the NCM cathode seems to be strong enough not to react until
the temperature reaches 240 °C or higher [26—31].

Besides thermal runaway, batteries may experience “near”
thermal runaway conditions where they are exposed to extreme
temperature beyond the limit set by a battery management system.
To understand the safety features of the battery and to characterize
the impact of the high temperature exposure on the battery per-
formance, we investigate the status of the battery at different
specific high temperature near thermal runaway point. We try to
“freeze” the battery during a thermal runaway test like P. Roeder
et al. did in Ref. [32] using an interrupted ARC test to see what the
behavior of a large format battery is after being exposed to extreme
high temperature before thermal runaway. It is indicated that high
temperature capacity fading will happen as reported in
Refs. [33—37]. Therefore, we can exploit previous mechanistic/
prognostic methods to analyze and quantify the capacity degra-
dation of a battery exposed to extremely high temperature.

Capacity degradation for lithium ion battery is mainly caused by
the loss of cyclable lithium inventory (LLI) and the loss of active
material (LAM) [38—44]. As shown in Refs. [42], the LLI at anode
happens first, followed by the LAM at cathode as temperature rises.
The LLI is mainly caused by the SEI decomposition and the anode
reaction with electrolyte, while the LAM is mainly caused by the
cathode decomposition. To analyze LLI and LAM, a parameterized
prognostic and mechanistic model presented in Refs. [38,39,43—50]
can be used, whose parameters are linked directly to certain ca-
pacity fading mechanisms. In such a prognostic and mechanistic
model, the capacity loss can be quantified in simulation by selecting
proper stoichiometric coefficient x and y in LixCs and LiyNig-
CopMnO,, respectively [39,43]. Moreover, incremental capacity
analysis (ICA) has been used to analyze battery aging data and
interpret the capacity fading mechanisms in many publications
[51-59].

In this paper, we have investigated the characterization of large
format lithium ion battery after suffering a short period of high
temperature exposure. The battery was heated to an extremely
high temperature using EV-ARC then cooled down before it runs
into thermal runaway. The voltage drop and internal resistance rise
during heating were quantified. The reusability of the 25 Ah NCM
battery was evaluated by its discharge capacity. Scanning electron
microscope (SEM) was employed to find the influence of the
melting point of the separator on the reusability of the 25 Ah NCM

battery. The capacity fading mechanisms were analyzed using ICA,
and discussed using a prognostic/mechanistic model.

2. Experiment
2.1. An EV-ARC test with early termination

This work is a follow-up work of [9]. The battery was heated by
an EV-ARC (Fig. 1), manufactured by Thermal Hazard Technology®.
The functions of the EV-ARC are essentially the same as those
pervasively used ARC. A common EV-ARC test also follows the heat-
wait-seek method. The difference is that the calorimeter of the EV-
ARC is much larger than that of the standard ARC. The selected EV-
ARC can hold a large format battery with a capacity of 25 Ah
investigated in this paper.

The 25 Ah battery employed for the EV-ARC test is a recharge-
able LiNixCoyMn,0; polymer battery manufactured by AE Energy
Co. Ltd. It has LiNixCoyMn,0; as its cathode and graphite as its
anode. The separator is polyethylene (PE) based with ceramic
coating. We have reported differential scanning calorimetry test
result on the separator in our previous research in Ref. [9]. The
detailed material composition of the battery is shown in Fig. 2.

Fig. 3 shows the locations of the thermal couples as reported in
Ref. [9]. Table 1 summarizes the setup of all the EV-ARC tests.
Battery No. 1 and No. 2 were installed with a thermal-couple TC;
inserted inside the battery, as in Ref. [9]. Note that our previous
research has established that for the EV-ARC test following the
heat-wait-seek approach, the maximum temperature difference
within the battery does not exceed 1 °C for 97% of the time during a
thermal runaway test [9]. Therefore, no thermal couple is used for
internal temperature measurement in most of our tests. Tempera-
ture data measured by thermal couple No. 2 (TC;), which is
representative of the internal temperature of the battery under the
uniform temperature distribution condition, is used for thermal
analysis in the following sections.

A unique test, which is called EV-ARC test with early termina-
tion, is set up to study the fading mechanisms for lithium ion
battery exposed to extreme high temperature and “near” runaway
conditions. In the EV-ARC test with early termination, the heating
process was stopped once the temperature reaches a pre-defined
value. The battery was pulled out of the chamber and a fan was

Fig. 1. Picture of the EV-ARC used for this research.
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Fig. 2. The components of the 25 Ah NCM battery.

(a) The locations of the thermocouples.

Voltage Monitoring . >—
1 B ~2 I
e .0

L

(b) The photo for the sensor placement

Fig. 3. Thermal couple placement for the EV-ARC test with early termination.

used for forced cooling, as shown in Fig. 4(a). In such a forced
cooling process, the battery was expected to be cooled down to
ambient temperature within 90 min, and the cooling process has
found to be reproducible.

The fading mechanism of the battery heated to different stages
in a thermal runaway test can be studied through such a forced
cooling. Teo is the terminal temperature of the heating process,
and is selected to be within Stage I ~ IV of the thermal runaway
process as defined in Ref. [9] and shown in Fig. 4(b). Here Tcoo1 Was
selected to satisfy T; < Teoo] < T3 (Where Ty and T3 are shown in
Fig. 4(b)) and the selected values are {80 °C, 90 °C, 100 °C, 110 °C,
120 °C, 130 °C, 140 °C, 160 °C}. T; is the temperature when the
temperature rising rate of the battery exceed 0.01 °C min~, which
is the detected sensitivity of EV-ARC. In other words, T; is the
temperature when the heat generation of the battery caused by
side reactions is detectable. T; is the onset temperature of thermal
runaway, after which the temperature rises exponentially. We
choose T1 < Teool < T3 in order to investigate the characterization of
the battery after being exposed to extremely high temperature but
not reached thermal runaway.

Table 1 summarizes the setup of the EV-ARC tests with early
termination, the tests were repeated for eight batteries with
different values of T.0. Note that the voltage was also monitored
throughout the EV-ARC test with early termination as in Fig. 3(b). A
pulse charge/discharge profile (as shown in Fig. 4(c)) was applied to
study the variation of the internal resistance during the entire
process, like T. Yoshida et al. did in Ref. [37]. Fig. 4(c) shows the
temperature and voltage curve for one of the EV-ARC tests with
early termination. The temperature keeps rising until the cooling
starts at 120 °C. Meanwhile the voltage drops continuously with
symmetric pulse charge/discharge.

Table 1 also shows that pulse charge/discharge profile was not
conducted on the first two batteries. Battery No. 3 was tested by
different pulse currents. All of the batteries have been charged to
full SOC with an initial voltage of 4.17—4.18 V before heating.

2.2. The performance test

Performance tests were conducted before and after the ARC
tests, with a constant current of 5 A (C/5), see Fig. 5 and Table 2. In
Section 3.5, further ICA is performed on those C/5 discharge data
sets.
3. Results and discussions

3.1. The voltage drop after being heated

Fig. 6 shows the initial voltage and the terminal voltage for EV-
ARC tests that were terminated at different temperatures Tcool. The

Table 1

Experiment settings for an EV-ARC test with early termination.
No. Teo/°C  With thermal With pulse Pulse Initial

couple TC; inside? charge/discharge? current/A voltage/V

1 80 Y N / 4.1753
2 90 Y N / 41722
3 100 N Y 0.5 4.1747
4 110 N Y 0.25 4.1738
5 120 N Y 0.25 41753
6 130 N Y 0.25 4.1760
7 140 N Y 0.25 4.1794
8 160 N Y 0.25 4.1800
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(a) Cooling after a terminated EV-ARC test
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(c) Voltage and temperature of a typical EV-ARC test with early termination.

Fig. 4. A typical EV-ARC test with early termination.

terminal voltage drops as heating process is extended and Tcoo
rises. A linear curve fitting was performed for the terminal voltage
in Fig. 6. A constant slope dV/dT,eo1 = —0.002877 V K~! can be
observed.

3.2. The variation of the internal resistance

As the battery went through the heating process, internal
resistance and capacity were both affected. The variation of the
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Time /s x10°

Fig. 5. The performance test profile.

internal resistance was investigated using pulse current charge/
discharge profile as shown in Fig. 4(c)). The internal resistance Rjj is
defined as the quotient of the average pulse voltage and the pulse
current, Eq. (1). AV1(AV3) is the pulse voltage rise (drop) shown in
Fig. 4(c).

Riy = (AVq + AV,)/(2A1) (1)

Fig. 7 shows the variations of battery internal resistance during
the heating/cooling process for Experiment No. 6 in Table 1, where
Teool = 130 °C. Ry rises from 82.7 mQ to 95.0 mQ during the heating
process. However, Rj, increases sharply to 214.2 mQ after the battery
was cooled down to ambient. Table 3 collects Rj, before heating,
after heating but before cooling, and after cooling. It is interesting to

Table 2
Profile for the performance test.

Step no. Step name Duration Condition Cycle no.

Rest

Discharge

Rest

Constant current charge
Constant voltage charge
Rest

Cycle, step 2—6

End

10 min

5 A (C/5) until 2.75V
90 min

5A (C/5) until 4.2V

4.2 Vuntil 1 <0.05 A
90 min

0N U W=
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Fig. 6. The voltage before and after an EV-ARC test with early termination.

note that no significant rises were observed towards the end of
heating and before the cooling started, while R, displays a sharp rise
after the cooling started for Tcoo > 120 °C. The PE-based separator
inside the battery melts in a range of 120—140 °C as reported in
Ref. [9]. For Tepo1 = 130 °C (140 °C), Ry, after cooling down is shown an
increase of 159.0% (210%) of the initial value before heating. How-
ever, Rj, only increases by 14.9% (14.8%) before cooling down. In
addition, for Teoop = 160 °C, Rj, shows a prominent increase of
1343.8%. Given that the rise of internal resistance only happened
after cooling started, it seems that the separator shutdown did not
happen at high temperature but was activated by the cool down
process.

Rin determines how much energy the battery can be re-filled
with a fixed charging current of I = 5 A in this case and how
much power the battery can output. Note that the battery should
operate within a voltage range of 2.75 V—4.2 V (i.e, a maximum
voltage difference of 4.2—2.75 = 1.45 V) defined in the manual of
the 25 Ah battery provided by the manufacturer, the maximum
internal resistance permitted for charge/discharge cycle should be
less than 1.45 V/5 A = 0.290 Q = 290 m, considering the current
I=5AinTable 2. Therefore the battery was not reusable after being
cooled down from 160 °C, as will be further discussed in Section 3.4.

Despite separator melting, the thickness growth of SEI, the
battery inflation and the electrolyte leakage may all contribute to
the increase of Ry First, the lithium intercalated in graphite anode
may react with the electrolyte at high temperature [20,21]. Such a
reaction contributes to SEl reforming that adds up the SEI thickness,

T .00 =130°C
5 150; 42
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Fig. 7. The variation of the internal resistance during a typical EV-ARC test with early
termination.

Table 3
The internal resistance before and after cooling.

Exp. Teool/°C  Rin before Rin, before cooling Rin after cooling/mQ

No. heating/m¢ mQ % Rise mQ % Rise

4 110 102.8 115.8 12.6% 121.9 18.6%
5 120 34.1 36.5 7.0% 709 107.9%
6 130 82.7 95.0 14.9% 214.2 159.0%
7 140 82.6 94.8 14.8% 256 210.0%
8 160 45.2 95.5 111.3% 652.6 1343.8%

which leads to the internal resistance rise as explained in Ref. [37].
Second, note that the solvent used in the 25 Ah NCM battery gas-
ifies at around 100—110 °C, which lead to a swell or even a leakage
above 110 °C. The battery swell can cause a contact loose between
the electrodes, leading to an increase of Rjy. Third, the leaked
electrolyte and solvent carried out some of the lithium within the
battery, causing a nominal LLI in the analysis. In addition, the
leakage may lead to insufficient electrolyte and solvent at some
area on the electrode, causing a nominal LAM in the analysis and an
increase of Rip.

3.3. SEM results for the separator

Further physical characteristics for the ceramic coated PE-based
separator are reported here. The separator has two different sides:
one looks smooth (Fig. 8(a)), the other looks coarse (Fig. 8(b)). The
two sides can be distinguished by naked eyes. The ceramic is coated
on the coarse side.

Scanning electron microscope (SEM) images for the separator
were collected and the results reported in Fig. 9. The magnification
time for the smooth side is 20,000, while for the coarse side is 1000.
The endothermic reaction happens within a range of 120—140 °C
[9]. Therefore, holes can both be seen on the smooth side for the
sample before and after heated to 120 °C. However, no regular holes
can be found on the smooth side after the sample was heated to
140 °C, indicating that the internal resistance rose significantly.

3.4. The capacity retention rate

Charge/discharge cycles, as in Table 2, were conducted on the
battery after an EV-ARC test with early termination. At first, the
charge/discharge cycle number defined for Step 7 of Table 2 is set to
N = 3. The battery could recover part of its lost capacity after a few
charge/discharge cycles, as the V-type curve shown in Fig. 10. The
values of capacity have all been normalized to 100% according to
their original values of capacity, as shown in Fig. 10. When T, rises
to 110 °C or higher, the battery capacity needs more cycles to
recover. Consequently, the cycle number was changed to N = 5 or
more. The battery recovery behaviors (Fig. 10) and mechanisms are
studied in detail using ICA in the following section.

Fig. 11 illustrates the recovery behavior of the battery after being
heated. The battery preserves at least 60% of its initial capacity after
being heated to Tcoo) < 120 °C. Furthermore, after a recovery pro-
cess, the battery retains at least 80% of its original capacity
following the heat-up process for T < 120 °C. The capacity loss
increases significantly above 120 °C. The increased loss of capacity
was due to significant increase in internal resistance.

3.5. The incremental capacity analysis (ICA)

To understand the impact of the heating process on the capacity
fading, ICA is employed to analyze the fading mechanisms for an
EV-ARC test with early termination, using the method developed in
Refs. [51—-59].
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(a) The smooth side of the separator

(b) The coarse side of the separator

Fig. 8. Two sides of the separator, photos taken from a battery without going through the EV-ARC test.

Side Before heated

Sample from battery No. 8 Sample from battery No. 11
After heated to 120°C

After heated to 140°C

Smooth
Side

Coarse
Side

Fig. 9. SEM images for the separator.

Fig. 12 shows the IC curves for the discharge process of Exper-
iment No. 1 ~ No. 6, representing Tcoo1 = 80 °C, 90 °C, 100 °C, 110 °C,
120 °Cand 130 °C, respectively. Fig. 12(a)—(c) compare the IC curves
before and after heating, the change is minor for those batteries
heated to 80 °C—100 °C. Remember that the capacity retention
rates for them in Fig. 10 are 96.9%, 94.1% and 89.1%, respectively.
Fig. 12(d)—(f) show the IC curves for the battery heated to
110 °C—130 °C. The shift of the IC curves (marked with black arrow)
indicates both the capacity loss and the capacity recovery for the
batteries after being heated. The convergence of the IC curves for
the last few cycles indicates that after recovery the battery returned
to an equilibrium state. Fig. 12(g) illustrates the trend of the IC curve
for the first discharge cycle after the heat-up and cooling down

10

S ——No.1 80°C
e 80 /* -—No.2 90°C
L ~=No.3 100°C
L 2. 60

Y ; =*=No.4 110°C
240 ~*~No.5 120°C
S ——No.6 130°C
Q. 20 —=No.7 140°C
O 0 —*—No.8 160°C

0 6 8 10 12

2 4
Cycle after heating

Fig. 10. The capacity recovery behavior after cooling down.

process, while Fig. 12(h) shows the data of the same batteries but
for the last discharge cycles.

Here we exploited a prognostic and mechanistic model to
further explain the behavior of the battery after being exposed to
“near” runaway conditions. Similar model-based ICA was done by
Dubarry et al. in Ref. [43] with reference made to [38,39,44—50].

The model for the discharge curve is built by Eq. (2), referring to
[44]. The discharge voltage, Vsimu(t), is the difference of the cathode
potential V¢ (y(t)) and the anode potential V,u(x(t)) with an ohmic
potential loss of I-R. I = 5 A is the discharge current used in the
experiment, while R is the average ohmic resistance of the battery
throughout the discharge process.

Vsimu(t) = Vea(y(t)) — Van(x(t)) — IR (2)

Capacity Retention
Rate / %

8050 100110120 130 140 150 160
Tcool / OC

Fig. 11. The capacity recovery map.
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35

- Before Heating

- 0,
30} —T,,,=80°C
25 — T, =90°C
—T__=100°C
ool

cf

20f —1_ =110°C
cool

- )
15F ~ Teoo"120°C

— T, ,o=130°C
10
5
8 5 3 35 4 45
Voltage / V

IC curve for the first cycle after cooling.

1 do

0, dv

Incremental capacity

)

o ar

Incremental capacity

1do

0, av

Incremental capacity

1do

0, dv

Incremental capacity

(h)

Fig. 12. ICA figures.

35
—Before Heating Te00=90°C
30} —After 1st Cycle
—After 2nd Cycle
25/ — After 3rd Cycle
20
15
10
5
85 3 35 4 45
Voltage / V
(b) IC curve for Experiment No. 2.
35
—Before Heating Teoo=110°C
30} —After 1st Cycle
—After 2nd Cycle
25 —After 3rd Cycle
—After 4th Cycle
20t — After 5th Cycle
15
10
5
85 3 35 4 45
Voltage / V
(d) IC curve for Experiment No. 4.
35
—Before Heating Teo0=130°C
30} —After 1st Cycle
—After 3rd Cycle
25} — After 6th Cycle
= After 9th Cycle
20 After 12th Cycle
15
10
5
85 3 35 4 45
Voltage / V
(f) IC curve for Experiment No. 6.
35
—Before Heating
30 —T,,,=80°C

580,

5 T 0o=90°C

—T__=100°C
cool

20f —7__ =110°%C
ool

2

- O,
15} = Teoo=120°C

— T o= 130°C
10
5 Tcoolx
8.5 3 35 4 45
Voltage / V
IC curve for the last cycle after cooling.

463



464 X. Feng et al. / Journal of Power Sources 272 (2014) 457—467

() < 45 (b)
i~ S 4
=
@) =
>
@O\s 35
]ncvemental gapacity / VJ,

o & e - @ & %[ 53 04 06 08 1

-~ o

y
(©) S 08 (d)
p 06
>
S Zo4
o
>
mds o2
I
|
d a8 2 2 v o % 02 04 o6 o8 1

Incremental capacity s
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Vea(y(t)) and Vap(x(t)) are determined by the cathode and anode
materials. Va(y(t)) varies with y(t), while Van(x(t)) varies with x(t).
Fig. 13(b) and (d) shows the cathode voltage V. (y) varying with y
and the anode voltage V,u(x) varying with x used in the model,
respectively. A coin cell with NCM/Li electrode was built using a
piece of cathode cut from one of the 25 Ah NCM batteries to get the
cathode voltage V.y(y). The anode OCV shown in Fig. 13(d) is
consistent with that in Refs. [44,60].

Let y(t) and x(t) represent the state of charge (SOC) of the
cathode and the anode, respectively. At the beginning of discharge,
the cathode is at its low SOC (y — 0) and the anode in its high SOC
(x — 1). As the discharge process goes on, y(t) and x(t) will change
proportionally to the current I according to Egs. (3) and (4), where
Qca and Q4 are the capacity for the cathode and anode, respectively.
Yo and xo denote the initial value for y(t = 0) and x(t = 0) in the
discharge process.

Pend=0-9998
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n

By setting proper values of {Qc; = 27.55 Ah, Qan = 32.93 Ah,
Yo = 0.0037, xo = 0.8805, R = 12.3 mQ}, we can get a good fit of the
mechanistic model with the experimental data, as shown in
Fig. 14(a). The IC curve derived by the model can also fit well with
that derived from the experimental data, Fig. 14(b).

The peaks seen in the IC curve reflect different phases in cath-
ode/anode during discharging [53,54]. The cathode has three peaks
marked as @, @, ® in Fig. 13(a), while the anode has three peaks
marked as I, II, I in Fig. 13(c). The peaks are also reflected in the IC
curve derived by the model, as shown in Fig. 14(b).

Fig. 15 shows the influences of the model parameters on the
shapes of IC curves. The characteristics of the IC curve change
caused by specific parameter change have been defined as abbre-
viations in Table 4. Fig. 15(a) and (b) show that the IC curve will
maintain its shape and shift to lower voltage as R increases (marked
as R1). The IC curve shift to the lower (higher) voltage is marked as
SL (SH) in Table 4. Fig. 15(c) and (d) show that when Q, decreases
(marked as Qc ), the height of peak ®, @ and ® drop and the
location of the peak @ move to higher voltage. The peak value drop
of @, @ or ® is marked as P1|, P2| and P3|, respectively, as in
Table 4. The location move to the higher voltage of peak @ is
marked as P1— in Table 4. Fig. 15(e) and (f) show that when Qap
decreases (marked as Qanl ), peak @, @ drop then disappear. The
peaks ® + Il and ® + I form an M-type in the IC curve when Qap,
decreases to 40% or less of its original value. The drop and disappear
behavior of the peak ® and ® is marked as P1|-D and P2|-D,
respectively, as in Table 4. The appearance (disappearance) of the
M-type in IC curve is marked as MA (MD) in Table 4. Fig. 15(g) and
(h) show that when yg increases (marked as yg1), peak ® and III
disappear. The peak locations tend to converge to 3.6 V. The
disappearance of peak ® is marked as P3|-D as in Table 4. The
convergence for the peak locations is marked as SC as in Table 4.
Fig. 15(i) and (j) show that when xg decreases (marked as xg | ), peak
®, @ and I drop then disappear. And peak ® + Ill and ® + Il form
an M-type in the IC curve when X is less than 0.4. A plateau can be
seen <3.5 V, which is a unique characteristic caused by the decrease
of xg. The plateau rising at voltage lower than 3.5 Vis defined as PL1
marked in Table 4.

Table 5 concludes the characteristics of the IC curves for
different degradation (recovery) mechanisms shown in Fig. 15.
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Fig. 14. Validation of the model, (a) validation of the voltage, (b) validation of the IC.
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Fig. 15. The influence of the parameters used in the mechanistic model on the IC curves.

Characteristics of the IC curve changes from the before-
heating cycle to the first discharge cycle after cooling for
Teool = 120 °C (Fig. 12(e)) and Too1 = 130 °C (Fig. 12(f)) have been
collected in Table 6. The degradation mechanism can be inferred
comparing with the characteristics of the IC curves listed in
Tables 5 and 6. During high temperature exposure, the Rt and
the xo| can be confirmed, because only the R1 can cause SL, and
only the xg| can cause PL1, see Table 5. The x| indicates the LLI
at the anode, as discussed in Refs. [38-44]. An M-type IC curve
can be seen for the first discharge cycle of the battery with
Tcool = 130 °C (MA). The MA can be caused by both the Q,,] and

the x|, see Table 5. However, the Q.| is less likely to happen,
because the anode active material does not decompose at
T < 160 °C.

LAM at cathode as reported in Refs. [7,61] can be inferred using
the information on IC in Tables 5 and 6. The Q.| and the yof,
which both represent LAM at cathode, can both lead to P3| while
other parameters cannot. Therefore P3| shown in Table 6 can be
caused by either Qc,| or yo1. However, a big yg1 is less likely to
happen, because a big yo1 will cause P3| -D according to Table 5,
while peak ® can still be seen in the IC derived from experiment
results.
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Fig. 15. (continued).

The recovery characteristics of the IC variation from the first
cycle after cooling to the last cycle after cooling for Teoo = 120 °C
(Fig. 12(e)) and Tepo1 = 130 °C (Fig. 12(f)) can also be inferred from

Table 5

(j) IC when x, decreases

Characteristics of the IC curve changes under different degradation mechanisms.

Tables 5 and 6. SH during recovery indicates the R|, while the Case

Characteristics of the IC curve changes

disappearance of M-type (MD) indicates xo1 during the capacity Degradation R? SL
recovery process. Meanwhile, P21 and P31 indicate a recovery of %ai E}fﬁzéﬁé'&r
the active material loss at the cathode. Yot P3.-D. SC, P1—
Xol P1}-D, P2|-D, MA, PL{
Recovery R| SH
Table 4 Qca? P11,P21, P31, P1«
Descriptions for the abbreviations used in Tables 5 and 6. Qan? P11, P21, MD
Abbreviations of characteristics Descriptions ;‘:s# g? 1 g }_ MD, PL|
Curve shift SL (SH) The peak locations in the IC
curve shift to lower (higher) voltage.
SC The peak locations in the IC curve
converge to center.
For peak ® P1| (P11) The height of peak @ drops (rises).
P1,-D The height of peak @ drops, then Table 6
peak @ disappears. Characteristics of the IC curve changes for Teoo1 = 120 °C and 130 °C.
P1— (P1<) The location of peak @ moves to Case Characteristics
higher (lower) voltage.
For peak ® P2| (P21) The height of peak @ drops (rises). Degradation T = 120 °C, change from “before heating” SL, PLt, P1|-D,
P2|-D The height of peak @ drops, then to “after 1st cycle”, Fig. 12(e) P2|,P3}|
peak @ disappears. Teool = 130 °C, change from “before heating” SL, PL1, MA, P1|-D,
For peak ® P3| (P31) The height of peak ® drops (rises). to “after 1st cycle”, Fig. 12(f) P2|,P3|
P3|-D The height of peak ® drops, then Recovery Teool = 120 °C, change from “after 1st cycle” SH, P21, P31
peak ® disappears. to “after last cycle”, Fig. 12(e)
M-type MA (MD) The M-type appears (disappears). Teool = 130 °C, change from “after 1st cycle” SH, MD, P21, P31
Plateau <3.5V PLt (PL]) A plateau lower than 3.5 V rises (drops). to “after last cycle”, Fig. 12(f)
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4. Conclusion

A follow-up study of [9] is provided in this paper to analyze the
fading mechanisms of a 25 Ah NCM battery exposed to extreme
temperature but without thermal runaway during an EV-ARC test.
Series of EV-ARC tests with early termination were conducted by
heating the sample battery to several temperature levels below
thermal runaway.

Reusability of the batteries after exposed to extreme tempera-
tures or near runaway condition is investigated. The range for the
terminal temperature that the battery can be exposed to and still
remains useful is determined. The experimental data reveal that
the melting point of the separator dictates the reusability of the
25 Ah NCM battery. The battery capacity may partly recover
through several discharge/charge cycles, but some of the capacity
loss is permanent.

The capacity fading mechanisms are studied using incremental
capacity analysis (ICA). In addition, the fading mechanism and the
capacity recovery behavior are analyzed using a mechanistic model.
The increase of the resistance, loss of lithium inventory (LLI) in
anode and the loss of active material (LAM) in cathode can be
confirmed by comparing the IC curves derived from the experi-
mental data with the IC curves derived from the mechanistic
model.

Future work will focus on quantifying the capacity loss at the
cathode and anode to provide quantitative data to calibrate a
thermal-electrochemical model that can predict both the voltage
and the temperature simultaneously.
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