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Abstract: The characterization of thickness change during operation of LFP/Graphite prismatic
batteries is presented in this work. In this regard, current rate dependence, hysteresis behaviour
between charge and discharge and correlation with phase changes are deepened. Experimental tests
are carried out with a battery testing equipment correlated with optical laser sensors to evaluate
swelling. Furthermore, thickness change is computed analytically with a mathematical model based
on lattice parameters of the crystal structures of active materials. The results of the model are validated
with experimental data. Thickness change is able to capture variations of the internal structure of the
battery, referred to as phase change, characteristic of a certain state of charge. Furthermore, phase
change shift is a characteristic of battery ageing. Being able to capture these properties with sensors
mounted on the external surface the cell is a key feature for improving state of charge and state of
health estimation in battery management system.

Keywords: battery swelling; experimental mechanics; thickness change modelling; strain; state
of charge

1. Introduction

Currently, lithium-ion batteries (LIB) are among the most widespread rechargeable
energy storage systems, and play a crucial role in a wide field of applications, from micro
electronic up to heavy-duty vehicles [1–3]. A reliable state of charge (SOC) estimation
and the understanding of mechanical characterization of LIB are still discussed arguments
among the international research community. The former is needed to optimize battery
management and to give a correct estimation of the battery state to the consumer. The
latter is involved in the study of battery degradation and damage.

Current LIB technology is based on intercalation materials, this means that lithium ions
are inserted and extracted in the active material of positive and negative electrode during
battery operation. The intercalation of lithium ions in the host material causes a structural
deformation of the crystal structure, which leads to strain and stress in electrodes, and
causes mechanical degradation eventually [4–7]. The extent of electrode deformation was
recently measured through in situ technique [8], and can also be sensed macroscopically by
measuring the swelling/shrinkage of battery surfaces.

Most of the active materials in LIB expand during insertion and shrink during extrac-
tion. The most common active material for negative electrode is graphite, which expands
about 13% when fully lithiated [9]; cathode materials expand when lithiated as well, with
the exception of LCO, which swells when delithiated because of the repulsion of oxygen
layers [9]. As reported by Koyama et al. and Koerver et al. [9,10] the volume strain of
popular cathode materials is: 6.5%—lithium iron phosphate (LFP), −1.9%—lithium cobalt
oxide (LCO), 7.3%—lithium manganese oxide (LMO), 2 ÷ 6.5%—lithium nickel manganese
cobalt oxide (NMC) depending on nickel content, 6%—lithium nickel cobalt aluminium
(NCA). These observations explain why batteries swell during charge: lithium ions are
extracted from positive and inserted in negative electrode, whose expansion is greater than
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the contraction of cathode. For the same reason, batteries shrink during discharge. Active
materials undergo phase transitions, which means that crystal structure modifies with the
extent of intercalated lithium. The mutation of crystal structure is accompanied with the
change of volume deformation of the active material itself.

A couple of reviews presented the state-of-art of deformation measurements in
LIB [11,12], deepening in situ techniques, such as Bragg optical fibre, digital image correla-
tion (DIC) and curvature measurements.

Macroscopic swelling of LIB can be detected experimentally both as a displacement of
the surfaces or as a force exerted on the battery constraints. The force is commonly mea-
sured with load cells [13–15], on the other hand displacement is measured with different
techniques, such as eddy current device [16], Bragg fibre sensor [17], dial gauge [18–21]
and strain gauge [22]. Other authors tried to compute the internal strain directly on
electrode via in situ measurements with optical fibre sensor [8,23,24] and digital image
correlation (DIC) [25]. This type of measurements is definitely more demanding because of
the corrosive environment inside the battery [26].

Some of the works cited above [13–15] correlated bulk force measurements with SOC,
thanks to the impact of electrochemical transformations of active materials on structural
changes of the battery itself. Furthermore, other authors [14,20,22,27] demonstrated the
existence of the correlation between strain or force measurements and state of health (SOH).
In particular, Willenberg et al. [22] proved that an irreversible swelling is detected in
aged battery, probably because of the increasing internal pressure due to solid electrolyte
precipitation, as confirmed by Schmitt et al. [28].

However, there is a lack in the literature about swelling characterization of LFP/graphite
batteries during charge and discharge at various current rates, as far as the authors know.
The thickness change measurements performed on the surface of prismatic LFP/graphite
batteries during their operation are presented in this work. The characterization of thick-
ness change at various current rates during charge and discharge is provided as well.
Thickness change curves are compared with the respective open circuit (OCV) data to
extrapolate the correlation between mechanical deformation and phase transitions in active
materials. Finally, a simplified mechanical model able to interpolate the experimental
thickness change is presented. The model is based on the lattice parameters of crystal
structures of active materials available in literature.

2. Methods
2.1. Crystal Structure of Active Materials

LIBs are characterized by a certain voltage as a function of SOC, referred as open
circuit voltage (OCV), when they are in thermodynamic equilibrium. Ideally, OCV can
be measured as a function of the depth of discharge (DOD), discharging the cell with an
extremely low current rate.

OCV of the battery is computed as the difference between OCV of electrodes, cal-
culated with respect to the metal lithium reference electrode. OCV of single electrodes,
reported in Figure 1a from Christensen and Newman [29] for graphite and in Figure 1b
from Safari et al. [30] for LFP, gives fundamental information about the electrochemical
processes that take place during lithium (de)intercalation.

Active material has a single phase in the stoichiometric range where the OCV curve
has a negative slope. On the other hand, there is a mixture of coexisting phases whether the
OCV curve is flat [31]. Therefore, graphite has two main phase transitions as two plateaus
are present in Figure 1a, and LFP has just one long phase transition according to Figure 2a.

Several graphite intercalation compounds (GICs) are formed as a result of lithium
intercalation according to a “staging mechanism”, which means that lithiated graphite
changes its structure according to a concentration-dependent manner. Graphite (C6) is
composed by a sequence of graphene layers, as lithium ions enter the host structure, they
intercalate between the so-called intercalate layers. GICs are composed by a periodic
sequence of intercalate layers separated by carbon layers that does not host any intercalant
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species, as shown in Figure 1c. The distribution of lithium ions inside graphene layers
follows a thermodynamic approach based on the interplay between the energy needed
to expand the gap between two graphene layers, and the repulsive interaction between
intercalate layers. Initially, lithium ions intercalate in the most favourable carbon layers,
leaving a gap between them to avoid interference. The less favourable layers begin to be
intercalated as soon as the energy available for intercalation increases, overcoming the
repulsive energy, until all the layers are intercalated [32], as sketched in Figure 1c. The
number of carbon layers between two intercalate layers is known as stage number of the
GIC, referring to Figure 1c.

Figure 1. OCV of graphite (a) and description of phase transitions (b). L stays for dilute, which means that ions are
distributed in a liquid way within the layers, and not methodically ordered. Configuration of lithium ions (blue circles)
inside carbon layers (black lines) for each stage (c). Crystal structure of graphite with stacking configuration of phase I and
II correlated with its lattice parameters (d): blue spheres are intercalated lithium ions, grey spheres are carbon atoms.

As resumed in Figure 1b, mainly five GICs form as the lithiation index x goes from
0 to 1. Lithiation index is the stoichiometric coefficient in LixC6, which tells how many
moles of lithium ions are stored in graphite structure. A dilute solution takes place at the
beginning, since lithium ions are distributed messily in the intercalate layers. Then, a first
short transition occurs in range “b” with the coexistence of dilute solution and stage IV
compound, corresponding to the first small plateau in Figure 1a. A succession of GICs
able to host an increasing amount of lithium ions takes place in range “c”, without the
coexistence of any of them since OCV has a negative slope. Actually, the transitions in
range “c” are still not completely clear: as lithium diffusion through the plane is impossible,
a modified theory was presented by Daumas [32,33], and it is still under debate. Then
the main two phase transitions take place in range “d” and “f”. In range “d” there is
a mismatch between lithiation (charge) and delithiation (discharge): stage IIL appears
just during delithiation, and stage III converts directly in stage II during lithiation, as
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observed by several authors [33–37]. This asymmetry may be explained with a thermo-
dynamic consideration: a liquid phase is favoured during deintercalation because the
ions are removed randomly from the intercalate layers, requiring a minimum structural
reorganization. On the other hand, ordered structures are preferred during intercalation to
minimize the repulsion between ions, and a liquid phase would require complex structural
reorganization [33]. The conversion between stage II and stage I, namely the fully lithiated
configuration, occurs in the last plateau.

On the other hand, LFP follows a more straightforward lithiation path. It consists
of a long phase transition between the Li-poor (α) and Li-rich (β) phase, as confirmed by
the long plateau in the OCV curve, shown in Figure 2a, that spans for almost the whole
SOC window.

At the beginning of lithium insertion LFP forms a single Li-poor phase α. Once the
saturation concentration of alpha phase (Cα) is reached, a new Li-rich phase β forms on the
particle surface, characterized by a greater equilibrium concentration Cβ. The Li-rich phase
marks a clear boundary with phase α, referred as moving boundary, since it moves towards
the particle core as further lithium is intercalated in the particle. When the whole particle
is occupied by the Li-rich phase, diffusion takes place until the saturation (maximum)
concentration is reached all over the particle [38,39], as shown in Figure 2c.

Figure 2. OCV of LFP (a) and description of phase transition (c): blue lines refer to Li-poor phase, and red lines refer to
Li-rich phase. Crystal structure of LiFePO4 correlated with its lattice parameters (b): tetrahedra refer to PO4, octahedra to
FeO6 and blue spheres to lithium ions [39].

Each phase is characterized by its own lattice parameters, which characterize the
material expansion induced by lithium intercalation. As a consequence, active material
expansion is not linear through the whole stoichiometric window, but it is affected by the
changes in lattice parameters caused by phase transitions.
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The crystal structure of graphite is made by stacked hexagonal planar structures, and
lithium ions intercalate between two planes at the centre of the hexagon, as shown in
Figure 1d. The lattice parameters of GICs are planar distance “

√
3a” and distance between

two planes “d”, as sketched in Figure 1d. Graphite structure is actually slightly more
complicated, the reader is suggested to refer to other works for further details [33]. Then,
crystal structure is an hexagonal prism, whose main volume variation is due to inter-planar
(d) deformation, as the planar distance experiences slight variations.

On the other hand, LFP has a cubic crystal structure, shown in Figure 2b, which
expands almost isotropically as lithium ions are intercalated. The expansion of LFP is linear
in the whole stoichiometric window, since just two phases are involved.

Lattice parameters data of graphite and LFP are reported in Table 1. For what concerns
graphite, each GIC is characterized by a certain volume fraction as a function of lithiation
index x. Furthermore, GICs volume show a dependence on lithium content (x) in turn,
which is very weak for the last stages, but not negligible for the early ones [33,35–37]. The
mean values of lattice volume are reported in Table 1 for each GICs. Then, the equivalent
volume as a function of lithiation index is given by the summation of all GICs volume by
their volume fraction as a function of x, as shown in Equation (1).

V(x) =
Z

∑
i=1

Ṽi(x) fi(x) (1)

where V(x) is the equivalent volume, Ṽi(x) and f i(x) are the volume and the volume
fraction of the i-th GIC as a function of lithiation index x, respectively, and Z is the number
of GICs, namely five as shown in Table 1.

Table 1. Lattice parameter of graphite [33] and LFP [39]. In the lithiation index column, the bold number refers to the
maximum composition of that phase, and interval refers to the range where that phase exists. Volume deformation ε̃v is
referred to as the single phase.

Material Phase Lithiation Index Lattice Parameters [Å] Volume [Å3]
Volume

Deformation [%]

Graphite x
√

3a d Ṽ = 3
2

√
3a2d ε̃v = Ṽ−V0

V0

C6 0.00 (0.00 ÷ 0.16) 4.268 3.355 158.76 (V0) 0%
Stage IV/III 0.16 (0.00 ÷ 0.42) 4.282 3.511 167.22 5.33%

Stage IIL 0.24 (0.14 ÷ 0.45) 4.282 3.519 167.61 5.53%
Stage II 0.48 (0.24 ÷ 0.80) 4.287 3.509 167.55 5.57%
Stage I 1.00 (0.48 ÷ 1.00) 4.305 3.706 178.44 12.4%

LFP y a b c Ṽ = abc εv = Ṽ−V0
V0

FePO4 0 (0 ÷ 0.9) 5.79 9.82 4.79 272.36 (V0) 0%
LiFePO4 1 (0.1 ÷ 1) 6.01 10.33 4.69 291.39 6.53%

Then, volume deformation of graphite as a function of x is computed in Equation (2).

εv(x) =
V(x)−V0

V0
(2)

The result of Equation (2) is reported in Figure 3a in the typical lithiation window
of LIB. Comparison with OCV highlights the relation between volume discontinuity and
phase change. Graphite will characterize the shape of the overall swelling/shrinkage curve
with the three characteristic areas, identified by solid black lines in Figure 3a.

Then, volume deformation of LFP as a function of its lithiation index y is calculated
with Equation (2) directly with the volume Ṽ of LiFePO4, because there is just one transition
from initial to final phase. The volume deformation of LFP is shown in Figure 3b.
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Figure 3. Blue lines refer to volume variation of crystal structure of graphite (a) and LFP (b) as a function of lithium
stoichiometric index. Graphite follows a different path during lithiation (solid line) and delithiation (dashed line), as stage
IIL appears just during delithiation. Red lines refer to OCV of graphite (a) and LFP (b) in delithiation.

2.2. Mechanical Model

The correlation between micro-structural volume changes of active materials and the
swelling/shrinkage of the cell is explained in this section.

Electrodes are made of active material particles, which are responsible of volume
changes when (de)lithiated, and other compounds, such as binder, conductive materials
and additives, which do not contribute to deformation.

Crystal structure of active materials does not deform isotropically during lithium
(de)intercalation: the variations of lattice parameters, which mainly correspond to the three
spatial dimensions, are not equal, as reported in Table 1. Nevertheless, it is reasonable to
assume that all active material particles are not aligned with the same orientation, but they
are randomly distributed during the manufacturing processes. This fact allows to assume
an overall isotropic deformation of the electrodes.

Then, the linear deformation coefficient is equal in the three directions under the
assumption of isotropic material, and it is computed in Equation (2). Hence, the thickness
change of a single electrode layer is expressed as follow in Equation (3).

∆ti = εv,itiζi (3)

where ∆ti is the thickness change of a single electrode layer, εv,i is the percentage volume
change of the active material, ti is the nominal thickness of electrode layer and ζi is the
active material volume fraction in the electrode layer. Subscript i stays for positive or
negative electrodes.

Referring to Figure 4, batteries consist of a number of stacked elementary cells which
allow them to reach the nominal capacity. The elementary cell consists in turn of current
collectors, electrodes and a separator. Therefore, the swelling measured on the cell surface
is the result of swelling superimposition of each elementary cells, whose deformation
is caused by swelling/shrinkage of positive and negative electrodes, as described in
Equation (4).

∆tc = M
(

εv,PtPζP + εv,NtNζN

)
(4)

where the subscripts P and N stay for positive and negative electrode, and M is the
number of elementary cells. The total thickness change computed in Equation (4) is the
same measured on the external surface of a pouch cell, whose case is really flexible. An
additional stiffness needs to be considered in case of prismatic or cylindrical cell, as the



Energies 2021, 14, 6281 7 of 17

metallic case acts as a constraint and mitigates the volume change of the active materials,
affecting mechanical stress in electrode [6] as well.

Figure 4. Internal structure of a prismatic LIB. From the micro-structure of active material, through the elementary cell, to
cell level. Negative and positive electrode thickness are, respectively, tn and tp.

3. Experimental Set-Up

The test bench consists of a power supply “QPX600DP” by Aim-TTi , an electronic load
“EL 9080-400” by Elektro-Automatik and a couple of laser sensors “LG-K82” by Keyence
mounted on a designed fixture, shown in Figure 5.

Figure 5. Optical measurement system: Conceptualization (a), realization (b) and the top view sketch (c).

The benchmark is controlled in real time by the National Instruments controller
“NI PXIe-8840”.

The thickness change measurements are performed with a couple of laser sensors
which sense the displacement of the cell case. The sum of the measurements of the couple
of sensors gives the amount of thickness change. The sensors have a linearity error of
±7.5 µm, which is about 7% of the maximum displacement measured by each sensor in
these tests. The sensors are mounted on a dedicated structure, which ensures the perfect
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perpendicularity between laser beam and cell surface and keeps the cell fixed during the
acquisition process, as shown in Figure 5. The position of laser sensors can be tuned by
sliding guides, as a consequence, displacement measurements can be performed in every
point of the cell surface. Anyway, measurements were carried out just in the central point of
the larger surfaces, as shown in Figure 5a. The roughness of the cell surface is low enough
to not influence the measurements; however, it does not affect differential thickness.

Initially, the displacement measurements were carried out during charge and dis-
charge with a very low current rate (C/10). The test was repeated three times on the
same cell, then the same procedure was carried out on three different cells. Later, the
displacement measurements were carried out with higher C-rate, namely C/2, 1C and 2C.

OCV was computed experimentally according to the galvanostatic intermittent titra-
tion technique (GITT) and with continuous (dis)charging technique with low current rate.
GITT consists in several pulsed discharges at homogeneous SOC intervals, the voltage
value measured at the end of the rest period after each pulses is the OCV of that step. The
rest period must be long enough to allows the cell to reach the thermodynamic equilibrium
after the discharge, identified usually with a potential increase lower than 5 mV/h. A
continuous discharge at typically 1C allows to span thorough the SOC window of the cell.
Then, OCV is calculated in discrete points with a SOC interval based on the length of the
continuous discharge step [40].

Alternatively, OCV was computed with slow current <C/20) (dis)charge, so that the
thermodynamic equilibrium is almost not perturbed. The discharge process makes the
voltage lower than the actual OCV, vice versa the charge. Then, the actual OCV is computed
as the mean between the voltage measured during charge and discharge. The more the
current is low, the more the single measurement (in charge or discharge) tends to real OCV.

The temperature issue was studied during tests design, to ensure that the thermal con-
tribution to deformation is negligible as compared to the electrochemical one. Temperature
contribution is twofold: cell temperature raised during the test, especially during discharge,
as well as ambient temperature slightly changed, even if it was regulated at 20 ◦C in
laboratory. The rise of cell temperature causes its swelling, on the other hand ambient tem-
perature changes affect the dimensions of the fixture which fixes the cell and holds the laser.
Concerning the cell temperature, the cell is made up by several materials, whose thermal
expansion coefficients are: aluminium (case and current collector)—24× 10−6 K−1, copper
(current collector)—17× 10−6 K−1, LFP (electrode)—53× 10−6 K−1, graphite (electrode)—
3.6 × 10−6 K−1, polypropylene (separator)—72 × 10−6 K−1, plus electrolyte and other
additives inside the electrodes. A reasonable thermal expansion coefficient of the whole
cell is about 25÷ 30× 10−6 K−1, considering the thickness of each layer. Then, considering
the maximum temperature variation of 13 ◦C registered at the end of 2C discharge, and an
initial length of 27 mm, it leads to a maximum thickness change caused by temperature of
10.5 µm, which is about 5% of the total thickness change measured at the end of each test,
below the error of the sensor. Concerning ambient temperature, a maximum temperature
change of 2 ◦C is considered, even if the actual value was lower. Considering half of the
structure, ambient temperature change causes an elongation of 6 µm of the aluminium
fixture, which means an error of 6% over the maximum thickness change measured by
each sensor. This value is still below the error of the sensor itself. The two contributions
cancel each other, as a cell temperature increase causes the cell to swell, and an ambient
temperature increase causes the fixture to elongate, then the sensors move away and the
measured thickness change is lower than the real one. In the end, it is confirmed that tem-
perature influence on cell thickness change is negligible as compared to the electrochemical
phenomena, this fact is even confirmed a posteriori, as the tests with different current rates
(and then different cell temperatures) produce the same maximum thickness change.
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4. Results and Discussion
4.1. Swelling Measurements

The results of thickness change measurements during discharge and charge at low
current rate (C/10) are reported in Figure 6a–d. The tests are performed on three different
batteries with the same nominal properties. Slight differences exist from cell to cell, but a
good repeatability of the results is achieved.

Figure 6. Thickness change during C/10 discharge (a) and charge (b) and its normalization (c) and (d), respectively.
Solid lines refers to mean value and error bars identify maximum and minimum range of variation of the measurements
in (a) and (b).

The results of Figure 6 show that battery swells during charge and shrinks during
discharge. This happens because the volume change of a negative electrode, which is
lithiated during charge, is larger than that of a positive electrode, which is delithiated
meanwhile, according to data in Table 1. So, the swelling of negative is larger than the
shrinkage of positive during charge, and vice versa during discharge.

Swelling during charge and shrinkage during discharge are not monotonous: thickness
change shows a turnaround in the middle of the test, identifying three marked regions
belonging to SOC ranges 0 ÷ 0.33, 0.33 ÷ 0.62, 0.62 ÷ 1, where the thickness varies linearly.
These regions reflect the volume change of graphite shown in Figure 3a, where a steep
volume change occurs in the first and the last regions, whereas volume is approximately
constant in the central region. In this region, the volume change of graphite is lower than
LFP, causing the turnarounds shown in Figure 6.
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Furthermore, region II shows a hysteresis between charge and discharge, which is the
result of a different lithiation path of graphite during lithiation (charge) and delithiation
(discharge). Referring to Figure 3a, the greater volume of graphite in discharge causes a
larger increase of thickness change in region II, compared to the modest decrease measured
in charge. Hysteresis behaviour is deepened in Section 4.1.1.

The thickness change trends presented in Figure 6 show a good agreement with the
results obtained on LFP/graphite pouch cell by Mohtat et al. [20] as well as with the internal
pressure measurements performed by Schmitt et al. [28]. Furthermore, pressure change
inside the cell case is confirmed to be caused by internal volume change, as the thickness
trends of Figure 6a,b—caused by volume change of active material—are comparable with
pressure change observed by Schmitt et al. [28], both in charge and discharge.

Interestingly, Figure 6c,d show that cell to cell differences in thickness change vanish
after normalization. This feature can be crucial in the perspective of a SOC/SOH estima-
tion device based on thickness change measurements, because it allows to overcome the
differences due to manufacturing process among cells of the same pack and to develop an
unique algorithm.

Thickness change is correlated with voltage at low current rate (C/10) in Figure 7,
and the correspondence between voltage plateaus and and thickness change turnarounds
is highlighted. Current rate is extremely low in these tests, and allows to distinguish the
voltage plateaus, which disappear as the current rate reaches practical operation values.
On the other hand, thickness change is still recognizable at a high current rate, and the
turnaround points remain unchanged, as shown later in section 4.1.2.

This feature can be an interesting key point for SOC-estimating algorithms based
on swelling measurements. Thickness change measurement gives precise information
about the SOC of the battery, conversely to voltage, which is flat for almost the whole SOC
window, and it is highly affected by the applied current. Moreover, battery ageing can be
estimated by thickness change measurements detecting the points of phase changes, which
shift with ageing [41–43].

Figure 7. Thickness change and respective voltage during discharge (a) and charge (b) at C/10.

4.1.1. Hysteresis

Thickness change shows a clear hysteresis in region II, as shown in Figure 8. The
cause of hysteresis is linked to the different lithiation path of graphite during lithiation
(charge) and delithiation (discharge). Indeed, phase IIL was found to appear just during
discharge, and a direct transformation from phase III to phase II was observed during
charge [33,35–37].
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Figure 8. Hysteresis of thickness change between charge (red shadows) and discharge (blue shadows)
at different C rates: dark shadows identify C/2 rate and light shadows identify C/10 rate. Arrows of
respective colour show the path direction.

The larger volume of phase IIL causes a consistent increase of the thickness change
curve in discharge, because LFP is swelling and graphite experiences a slight shrinkage,
according to Figure 3a. On the other hand, the direct transition between stage III and stage
II which occurs in charge is characterized by a lower volume: in this region, the swelling of
graphite is slightly lower than shrinkage of LFP, and a less noticeable turnarounds occurs.

However, charge curve is always below discharge curve, even away from region II,
where hysteresis is larger. This behaviour can be explained considering that minimum
volume configuration is favourable during charge because ions follow an organized lithia-
tion process occupying the less energetic layers. On the other hand, a disorganized ions
distribution occurs during discharge, because they are extracted from carbon layers with
a less precise order. This results in extracting ions from several layers at the same time,
slowing the shrinkage and causing an higher volume configuration for the same SOC
compared to charge, because more layers are occupied for a longer period of time.

4.1.2. Current Rate Dependence

Current rate has a noticeable influence on thickness change, especially during dis-
charge. On the other hand, current rate does not affect the maximum thickness change,
because the amount of lithium ions transferred in a whole charge or discharge is the same,
what changes is the speed with which the process takes place.

For what concerns discharge, thickness change—shown in Figure 9a—does not depend
on current rate in region I and region III, but it has a strong dependence in region II. This
is explained by the gradually disappearing of stage IIL at higher current rate, in good
agreement with diffraction analysis [35]. Then, graphite volume decreases as current rate
increases—and stage IIL disappears—causing a less sharp upward trend in region II.

Current rate has a lower influence during charge, as shown in Figure 9b.
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Figure 9. Thickness change during discharge (a) and charge (b) with different current rates.

4.2. Model

The results of the thickness change model of Section 2.2 are presented in this section.
Thickness change during charge and discharge is computed analytically starting from
lattice parameters of each phase reported in the literature.

4.2.1. Parameters Identification

Active materials for LIB electrodes are characterized by a lithiation window, where
the stoichiometric index—“x” for negative electrode and “y” for positive—ranges from
0 to 1. The extremes 0 and 1 correspond to 0% and 100% of stoichiometric lithium ions
inserted in the host structure, respectively. Actually, active materials in LIB do not work in
the full lithiation window, but their stoichiometric indexes vary from a minimum and a
maximum value. The width of lithiation window of positive—(ymin, ymax)—and negative—
(xmin, xmax)—electrode affects their thickness change, as wider the window, larger the
amount of ions stored in active material, and greater the thickness change accordingly.

The limits of stoichiometric windows of graphite and LFP of the batteries tested in
this work are computed comparing the measured OCV with the OCV of single electrode
reported in the literature and resumed in Table 2.

Table 2. Stoichiometric limits which guarantee the best fit between the experimental OCV and the OCV functions of single
electrode. OCV function of graphite is by Christensen and Newman [29], and OCV function of LFP is by Safari et al. [30].

Material Stoichiometric Limits OCV Function

Graphite xmin xmax

0.01 0.73

0.124 + 1.5exp(−150x) + 0.0155tanh
(

x−0.105
0.029

)
− 0.011tanh

(
x−0.124
0.0226

)
−

0.102tanh
(

x−0.194
0.142

)
+ 0.0347tanh

(
x−0.286

0.083

)
− 0.0147tanh

(
x−0.5
0.034

)
−

0.0045tanh
(

x−0.9
0.119

)
− 0.022tanh

(
x−0.98
0.0164

)
− 0.035tanh

(
x−0.99

0.05

)
LFP ymin ymax

0.03 0.96
3.4323− 0.8428exp

(
−80.2493(1− y)1.3198

)
− 3.2474e−6exp

(
20.2645(1− y)3.8003

)
+

3.2482e−6exp
(

20.2646(1− y)3.7995
)
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OCV is measured experimentally with GITT and with charge/discharge at a continu-
ous low current rate (C/20) method; the results are shown in Figure 10a.

Figure 10. Identification of stoichiometric limits fitting the OCV function of single electrodes on the experimental OCV of
the cell. OCV function and experimental OCV of the cell (a). The OCV function (a) is given by the difference between OCV
functions of cathode and anode (b), whose analytical expressions are reported in Table 2.

Discrete points calculated with GITT and the mean between continuous discharge and
charge show a good agreement, which ensures an acceptable reliability of the tests. Then,
the difference between OCV functions of graphite and LFP should equal the experimental
OCV, once the stoichiometric indexes are tuned correctly. The values of the limits of
lithiation window of graphite—xmin and xmax—and LFP—ymin and ymax—obtained so that
the OCV function overlaps the measured one, are reported in Table 2.

4.2.2. Comparison of Model with Experimental Measurements

The volume change functions in Figure 3 are defined for the whole lithiation window,
but electrodes actually work in a restricted window, defined by a couple of coefficient (xmin,
xmax and ymin, ymax), as explained in the previous section. Then, volume change functions
must be restricted to the lithiation window identified in Section 4.2.1 to be correctly applied
to the deformation model of Section 2.2.

The model of Section 2.2, and in particular Equation (4) requires electrode thickness,
active material fraction and number of elementary cells, which are unknown since the
tested batteries still have not been disassembled. Moreover, case stiffness is not taken into
account in Equation (4), then the thickness of external case would be required to compute
the nominal thickness change.

Nevertheless, the normalized thickness change is enough to validate experimental
measurements with lattice data from the literature, once electrode thickness and active
material fraction are estimated correctly.

Then, normalized thickness change ∆tn is computed from Equation (4) as follows:

∆tn =

(
εv,PkP + εv,NkN

)
/∆tmax (5)

where kP = tPζP and kN = tNζN . The coefficients kP and kn adjust how much one
electrode shrinks while the other swells, so they give the shape of the displacement curve
as a function of SOC, once volume deformations εv,i are set. The numerator of Equation (5)
is normalized with the maximum thickness change, then ∆tn ranges from 0 to 1.
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The number of elementary cells M and the stiffness of the case can be neglected in
the model as long as the results are normalized. The number of elementary cells is just
the proportionality coefficient that allows to get the displacement of the entire elementary
cells stack. Conversely, the external case acts as a stiffness and proportionally reduces the
aforementioned displacement, without modifying its shape in function of SOC.

Then, kP and kN are estimated with least square method according to Equation (6)
to get the proper fit on the n points of experimental curve. If the estimated parameters
kP and kN are in agreement with physical data, the model predicts the correct thickness
change shape. 

d1

d2

...
dN


measured

=


ε1

v,P ε1
v,N

ε2
v,P ε2

v,N
...

...
εN

v,P εN
v,N


{

kP
kN

}
(6)

where d1...dN are the discrete thickness change measurements as a function of SOC. The
estimated coefficients kP and kN are reported in Table 3. Their values are in good agree-
ment with physical electrode thickness and active material fractions measured by other
authors [30,44–47] in LFP/graphite cells.

Table 3. Results of least mean square estimation and electrode properties from in situ measure-
ments [30,44–47].

Electrode Estimated Coefficient (ki) Thickness (ti) Active Material Fraction (ζi)

LFP 31.5 µm 70÷ 76 µm 0.381÷ 0.43
Graphite 36 µm 50÷ 62.6 µm 0.55÷ 0.6

The result of the fitted model and the experimental measurements are presented in
Figure 11.

Figure 11. Comparison between the fitted model and experimental measurements in discharge (a) and charge (b).

A good accuracy is obtained: model and normalized experimental curve are over-
lapped and the positions of turnaround points are consistent. A slight difference is observed
just in region III of charge, where the experimental curve follows a parabolic trend.

The good agreement between experimental data and model results ensures the re-
liability of measurements and crystal structure parameters, which are the starting point
for mechanical stress computing in active material—the aim of previous works [4,6,7]—
including the phase transition phenomenon.
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5. Conclusions

The aim of this work is to characterize the thickness change of LFP/graphite battery
during (dis)charge and to predict the normalized measured data with a model based on
crystal structure parameters of active materials.

An experimental bench with optical laser sensors was built to accomplish this purpose.
Thickness change measurements were performed both in charge and discharge at various
current rates.

The results show a clear three-regions curve, due to the volume change features
of graphite. A large hysteresis is present, especially in the central region, because of
the different lithiation path of graphite in charge and discharge, as phase IIL forms just
during discharge. Current rate affects the central region of discharge curve, because of the
disappearing of stage IIL at higher current rate. On the other hand, thickness change is
unaffected by the current rate in charge. The small differences in thickness change curves
of different cells disappear when normalized curves are considered.

A thickness change model based on lattice parameters of active materials microstruc-
ture is built up to predict normalized swelling/shrinkage. The good agreement between
experimental data and model results confirms the reliability of the measurements and
provides a solid starting point for the validation of mechanical stress computation in active
materials affected by phase change, which will be dealt in future.

Future works will focus on SOC estimation algorithm based on swelling measurements
as well: indeed, they directly tell the amounts of lithium in active materials, and SOC
accordingly, without being affected by applied current or relaxation time, as voltage does.
Moreover, thickness change measurements can be applied in the estimation of SOH as well,
as phase transitions points are affected by ageing.
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