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Abstract—During the operation, the efficiency of Li-ion  complex process, the mechanism and kinetics of which are
batteries is reduced. Alternative control methods are necessary significantly dependent on the structure of the carbon material
for a comprehensive assessment. Experiments show ultrasonic and the electrolyte. During the discharging of Li-ion battery,
signals appearing during the battery charging-discharging. The  there is lithium deintercalation from the carbon material (on
article is devoted to their registration and analysis. the negative electrode) and lithium intercalation into the oxide
(on the positive electrode). When the battery is charging, the
processes go in the opposite direction. Consequently, there is
no metallic (zero-valence) lithium in the whole system, and
the processes of discharge and charge lead to the transfer of
[. - INTRODUCTION lithium ions from one electrode to another.

Eledric batteries are widely used in engineering. Much  The carbon matrix used as an anode may has an ordered
humanity's hope is related to the development of theifayered structure (natural or synthetic graphite) or a unordered
capabilities, especially in the directions of electric Veh'desamorphous or partially ordered structure (coke, pyrolysis or
and the energy accumulation for renewable energy sourc&gesophasing carbon, carbon black, etc.). Lithium ions during
One of the most distributed and effective types of energymplementation (see Fig.1) expand the layers of the carbon
storage devices are Li-ion batteries. During the operatiopyatrix and are located between them, forming intercalates of
process, the efficiency of the batteries is reduced, so Us&grious structures. A number of authors point out that the
need to check the degradation process. The existing methogecific volume of carbon materials in the processes of
of energy storage devices assessment use volt-amp§iRarcalation-deintercalation of lithium ions does not change
characteristics. Such method has limited application an y more than 10% [1-7]. Such small volume changes allow

accuracy, and thus, cannot be used in some specifiising the acoustic emission (AE) phenomenon for the study of
engineering problems. Alternative monitoring methods argectrochemical processes.

needed for comprehensive assessment. This article is devot -
to the possibilities of Li-ion batteries efficiency control by
acoustic emission methods.

Keywords—component; acoustic emission, Li-ion battery,
carbon matrix.

Il.  THE PROCESSES OCCURRING DURING THH-ION
BATTERIES CHARGING

It is known that most Li-ion batteries use carbon materials
for the negative electrodes [1-7]. The reason for this is due {
the sulfficiently large inter-layer distance of graphite lattice.
This distance is so large that it is possible to introduce iol.. " , , , . .
reactions in the inter-layer interval. The inclusion reactiorf9-1. Scheme of lithium ions intercalation into graphite
(intercalation) of lithium ions into carbon materials is aCrystal lattice during charging of Li-ion battery.
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As it is known [1-7], during the intercalation of lithium ion - rise time (sec) - the time when the envelope curve of

in the crystal lattice of graphite as a result of electrochemicdhe AE impulse rise over the threshold of the restriction,
processes, the layers of graphite are sliding. Thus, stresses in
the lattice structure arise. The deformation appeared in tlﬁ -th
dislocation shifts of the crystal lattice is accompanied by th e thre
generation of high-frequency stress waves (much higher than - ejections (signals) - the number of oscillations
1 MHz). The multiplicity of this process leads to the exceeding the established level of discrimination during the
appearance of the "beating” phenomenon and the generationgdfvelope period of the electric impulses from the AE over the
low-frequency waves (up to 1MHz). The phenomenon othreshold of the restriction.
"beating" appears when harmonic oscillations with nearest L . . .
frequencies are combined. It causes acoustic waves. The ~  activity (signal/sec) - the time derivative of the total
amplitude of these waves can exceed the threshold range ‘o count.

AE devices. - energy of the electrical signal (J) - the area under the

Dynamic volume changes, recorded by piezosensor in tHVelope of the electrical signal from AE.
ultrasonic frequency range, are a classical AE phenomenon First of all, the amplitude, activity and duration of the
widely used in flaw detection [8-10]. Experiments describedignal were subjected to analysis.
below were carried out to assess the possibilities of monitorinn

the charging process in Li-ion batteries. Ase
lme

total counts (signals) - the number AE impulses over
shold of the restriction.

lll.  EXPERIMENTAL EQUIPMENT

An AE device, which allows checking the signals of the
Li-ion battery, is shown in Fig. 2. The Li-ion battery is rigidly Maximum I f
x

(i

--’F“'Fl

, . : amplitude T
connected to the piezosensor, which produces an electric R,fﬂ Threshold

signal. This signal passed through the amplifier and entere (relative scale) iy, ] | s
the complex A-line 32D, where it was recorded. At the sam U U [VRVARS
time, the volt-ampere characteristics of the electrical networ Uiy Vi
were monitored on the battery connection line. The batter v
could be connected to both the electric load and the chargir Duration
device. (relative scale)

Fig.3. Recorded data of the ultrasonic acoustic signal.

—i-ui@« IV. EXPERIMENTAL RESULTS

The first part of the experiments was devoted to the
recording of the processes that occur during the batteries
charging. In the process of charging, voltage is increased
asymptotically approaches to the maximum value (Fig. 4).
The AE signals activity also changes during charging of Li-ion
batteries as can be seen from the obtained data. This change
corresponds to the dynamics of the voltage change.

Li-ion battery

Piezo sensor

Acoustic emission complex
A-Line 32D

In the first 200-300 seconds of the charging, the voltage is

Fig. 2. The schematics of the experimental complex for measuring thgro_w_mg_ fast from 7'55].' t0_7,758V _(change is 2.7%). The AE
electrical parameters and AE impulses during the charging of a lithium-ioCtiVity in the same period is dropping from the values of 130-
battery. 160 signals/sec to the 60-90 signals/sec (change is about 50%

of the measured value). Consequently, the initial stage of the

The electric current and voltage on the battery wergharging process is sufficiently reliable fixed by AE

recorded during the experiments. Simultaneously with thgarameters.
registration of electrical parameters of the electrolysis process,
the characteristics of the induced ultrasonic acoustic signals
were recorded. There were the following parameters (Fig. 3):

- emission amplitude - the maximum value of the
emission signal for a time period;

- duration of the electrical signal (sec) - the time of the
envelope of the electric impulses from AE above the threshold
of the restriction.
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Fig.4. Changes in voltage (V) and AE activity (signals/sec) during t
charging of a lithium-ion battery.

The interpretation of the obtained data may be as follov
In the process of charging a fully discharged Li-ion battel
the intercalation of lithium ions causes sharp increasing in
negative electrode volume. Graphite is a material with a I
modulus of elasticity. It can be suggested that, although
interlayer distance in the graphite grid increases all the time
Li-ion batteries are charged, the rate of this increasing redus

Duration, mksec

0 500 1000 1500 2000 2500 3000 3500

The plasticity of graphite is weak at the macro-crystallit
level; however, at the level of the crystal lattice, the plastic..:
phenomenon can be realized in reducing the linear changgfg

rate in the interlayer distances of the graphite lattice. Th '%’eﬁj'izsfﬁg;'g'gggz)e:nd duration (bottom) during the cyclic changing of
reason for it is the low value of the elastic modulus o

graphite. The initial stage of charging should be characterized \when the electric load is connected to battery, the
by the highest rate of linear changes of interlayer distances gfscharge begins and a sharp surge of signals is observed
the graphite lattice. Such changes were registered by meansgdjyays. Then it gradually decreases. Detailed recording of AE
AE parameters. in the discharge mode during the first and sixth discharge

Interestingly, when the charged battery is turned on to thiiterval with a difference of 50 minutes is shown in Fig. 6.
charging mode, the sharp surge of acoustic signals is ndf€ experiment showed that the heating occurring during the
observed. battery operation increases the activity of acoustic emission

signals in the moment of switching on. Thus, in the process of

Recording of parameters during battery discharge showeslclic switching, the value of maximum activity increased
that when the battery is switched on to the discharge modfom 201 signals/sec to 340 signals/sec (TABLE 1). For each
there is always a surge of acoustic emission signals at the firgischarge cycle observed during the experiment, an
moments of time. Then it is reduced. This surge is highlypproximation function, also presented in Table 1, was
dependent on the battery temperature. Fig. 5 shows the recafgtermined. It allowed determining the dynamics of AE
of AE activity during the repetition of the charge/dischargeactivity in all discharge cycles and describing it by the
battery cycles. The duration of ultrasonic signals change®llowing general equation:
together with AE activity. Despite the fact that the dependence
of the signal duration curve does not repeat the activity
dependence, it shows also a surge of signals when the N=ALn() +C )
discharge mode is switched on. Thus, at this moment of time
not only the number of impulses increases, but also their whereN - AE activity (signal/sec),
duration time does. It means that the energy of the signals
grows many times as much. The charged battery during the
experiment was switched from charge to discharge. You can AandC - empirical coefficients.
see that the charge of the battery does not increase the activity
of emission in this case.

t - discharge time (sec),
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recorded ultrasonic signals indicate the gradual accumulation
of damages in the carbon matrix signals as the charge-
discharge cycles are carried out.
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Fig. 7. The sum of the AE impulses recorded during the entire experiment.

Time, sec

- - The dynamics of the AE signals changing (the sum of
3360 3110 3160 3510 3560 - signals) in time allows one to offer general provisions based
on the assumption that the activity of AE (N) signals, induced
during the charging, is proportional to the concentration

Fig.6. AE activity during the battery discharge mode at the beginning (top§lifference QAC) of intercalated lithium ions C1 in the carbon

and at the end (bottom) of the experiment. structure of the matrix and free lithium ions C3:
TABLE I. CHANGING OFAE ACTIVITY DURING THE DISCHARGING OF N = f(AC) (2)
LI-ION BATTERIES
No Equation of AE activity (Ij\;lixlén;lé?iﬁvxalu’\(lé Accordingly, the activity of AE signals is proportional to
cycle | change depending on time signals/s)éc ' the rate of the concentration differere;
1 N = -23.51Ln(t) + 191.08 201
2 N = -36.618Ln(t) + 265.9 239
3 N = -44.836Ln(t) + 307.15 276 ?TT =K % ©)
4 N =-38.299Ln(t) + 299.05 306
> N = -30.068Ln(1) + 297.8 330 here K - proportionality factor
6 N = -44.66Ln(t) + 366.68 340 w proporuonality :

In the initial moment, the concentration difference is equal

More detai . . . éo AC,. At time (), the number of intercalated lithium iorG1
iled analysis of changes in the dynamics of A o diff Co A The rate of chanai f th

impulses, observed in each charge-discharge cycle, showtg®dYad 0, ! e.rencm 0 ©). € rate of changing of the

that not only the maximum value of AE activity increases. Th&oncentration difference is equal @€ .

sum of AE impulses registered for each cycle increases as dt

well. For clarity, Fig. 7 shows the growth curve of the AE  Hence, we obtain the following differential equation of

impulses sum recorded during the entire experiment. Thge process:

curve clearly shows not only individual waves of the sum of

AE impulses, characteristic for each charge-discharge cycle,

but also the general trend of change. The time dependence of dA_C: K(AC, - AC) (4)

the sum of the impulses describes a non-linear law, which 0

should be expected in the case of the system returning to the

initial state during the charge-discharge cycle. But the system Integrating this equation, we obtain a solution relatively

has a gradual deviation of the state from the equilibriumihe concentration differenc&() of intercalated and not yet

situation. intercalated Li-ions C1 under the initiabndition of t=0:
The growth curve of the number of signals with time is
described by a polynomial curve with a confidence value of _ -t
y @ poly KAC, - AC =kAC,e™ (5)

0.9964. It is indicative not of stochastic nature of the
changing, but of pronounced functional dependence.
Interpretation of AE data in this case may be as follows: the ©f
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V. CONCLUSION

ATLANTIS
PRESS
In conclusion, the following important results should be
wherer is the relaxation time constant, which depends on thaoted from the experimental study:
intercalation rate of lithium ions and depends on the type of . S
battery, the type of carbon matrix (soot, graphite, disordered_ uItr_asonlc vibrations are ~generated at any. battery
carbon), and the geometric parameters of the cathode a Barge/dlscharge cycle. It can be detected by AE equipment;

anode.

AC =AC,(1-e™") (6)

- when a weakly charged battery switched to the charge
ode a sharp rise of AE activity is observed during the

The general equation of the total number of AE signal garting stage:

changing during the charging can be obtained using equatio
(2) and (6): - when a battery is charged enough, the sharp rise of AE
activity is not observed at the starting stage of the charge
. process;
N = K,AC,(1-e™") () o :
- when a battery is switched to the discharge mode, the
sharp rise of AE activity also appears during the starting stage.

where K, is a coefficient that depends on the method ot further stages, AE activity decreases logarithmically.
acoustic signals recording and the sensitivity of the acoustic The further investigations will allow developing a

emission equipment. methodology of batteries analysis and assessing, based on the

Analyzing the dynamics of the total AE count during thephenomenon of acoustic waves generation during the
charging a fully discharged Li-ion battery, the expected curvelectrochemical reactions in lithium ion batteries. Experiments
was obtained (Fig. 8): also allow admitting that other battery types can also be
controlled by the AE method.

3000
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