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External mechanical pressure can affect the cycle life of lithium-ion battery. In this paper, the 

evolution process of the mechanical pressure that a lithium-ion battery was subjected to during 

approximately 3000 cycles under the fixed constraint was studied through charge-discharge cycling 

tests of a lithium-ion battery. The effect of external pressure on battery aging in the late cycle stage 

was explored through SEM and incremental capacity analysis (ICA). In addition, three groups of 

comparative experiments, including a rigid constraint, an elastic silicone pad constraint and a spring 

constraint, were set up to explore the influence of different constraint schemes on battery cycle life. 

The experimental results showed that the mechanical pressure increased due to the aging of the battery 

under the fixed constraint, which could cause the anode material of the battery to crack. In the 

comparative experiment, the capacity decrease rate of the spring compression constraint scheme was 

5.13% and 6.17% lower than those of the other two groups. The ohmic resistance increase rate was 

8.67% and 12.36% lower than those of the other two groups, and the coulombic efficiency of the 

spring constraint remained good in the late stage of the cycle. Therefore, the spring constraint scheme 

can maximize the positive effect of external pressure on lithium-ion batteries by maintaining a 

relatively stable external pressure. The results presented in this paper have a certain guiding 

significance for the design of the battery pack. 
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1. INTRODUCTION 

The widespread use of fossil fuels in industrial equipment and transportation contributes to 

environmental pollution and global warming. Moreover, they are nonrenewable resources, and their 

energy utilization efficiency is still relatively low. Today, lithium-ion batteries are widely used in 

electric vehicles and energy storage devices because of their high specific energy and high efficiency 

[1]. However, with the increasing demand for equipment, these applications engender higher 
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requirements for battery performance and cycle life. Accordingly, extensive studies have been 

conducted on the aging mechanisms of lithium-ion batteries, such as formation and growth of the solid 

electrolyte interphase (SEI) film, lithium plating, and degradation of the composite electrode assembly 

[2-8]. These materials science and electrochemistry studies have taken into account the effects of 

different environmental and usage conditions, such as the depth of discharge, charge and discharge 

states, charge and discharge rates, and temperature, on battery aging. However, compared with these 

factors, the external pressure as an important factor of battery aging is less studied. 

The external pressure on a battery stems from the rigid constraints imposed on the battery, 

particularly the rigid container that keeps the battery immobile and prevents it from vibrating during 

use. Owing to the physical constraints of their external casings and the fact that they continuously 

undergo volume changes during charge-discharge cycling, batteries are subjected to changes in 

pressure. Setting the optimal initial pressure is important because it could affect the performance and 

cycle life of batteries [9-13]. Although the initial before batteries are used pressure can be controlled, 

the pressure inside them gradually changes as they age. Currently, large lithium-ion batteries that 

feature electrode materials with high volume expansion rates, such as silicon, are increasingly used. 

Because batteries undergo large deformation during their charge-discharge cycles, it is increasingly 

important to investigate the effects of pressure evolution on battery performance. 

Changes in external pressure manifest as changes in stress in batteries. Previous studies on 

battery stress mainly focused on electrode particles and planes and mostly relied on experimental or 

modeling approaches to investigate the effects of changes in the internal stress on the overall battery 

performance in the absence of external constraints [14-17]. Later, the stress caused by mechanical 

compression was considered in recent studies. Peabody and Arnold [18] determined that mechanical 

stress could cause separator deformation. Even if the stress level was as low as 0.1 MPa, it would still 

have a measurable effect on the capacity and internal resistance of batteries. Gnanaraj et al. [19] 

investigated the effects of the rolling process during battery manufacturing on electrode materials and 

reported that unlike rolled cathodes, rolled graphite anodes presented poor electrochemical 

performance. Barai et al. [9] and Mussa et al. [13] determined that batteries exposed to different 

pressure levels presented different cycling characteristics. Gert Berckmans et al. [20] reported that the 

application of external pressure leads to a significant increase in capacity of 19% and a significant 

decrease in discharge ohmic resistance of 50%, but their results showed that the initial applied pressure 

has little impact on the cell performance and lifetime. Verena Müller et al. [21] performed much 

research on external pressure and found an improved electrical contact resistance in compressed cells 

but an increased charge transfer resistance compared to uncompressed cycled cells. 

Previous studies on the effects of the external pressure on battery aging have mainly focused on 

controlling the initial pressure. However, batteries undergo irreversible volume expansion during 

cycling, which causes the pressure to increase. Verena Müller et al. [22] studied the pressurizing 

methods in another paper, but they tested only one battery, which is different from the practical use of a 

battery pack. Few reports have been published on the effects of pressure evolution instead of initial 

pressure on battery aging to date or on the pressurization modes of battery packs. 

This study aimed to analyze the effects of mechanical pressure evolution on battery aging under 

the fixed constraint by measuring the changes in external pressure on the surface of soft package 
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lithium-ion batteries and disassembling aging batteries. First, pressure sensor data at different positions 

on the surface of lithium-ion batteries were collected to reveal the pressure evolution patterns during 

individual charge-discharge cycles as well as the entire battery life. Then, the batteries were 

disassembled when their initial capacity decreased by 20%, the morphologies of the cathode and anode 

surfaces were observed by scanning electron microscopy (SEM), and the effects of the increase in 

pressure were analyzed. Last, different constraint modes were compared experimentally, and the 

results indicated that batteries that operated steadily under optimal pressure throughout their life cycles 

presented longer life cycles than those that operated under gradually increasing pressure. 

 

2. EXPERIMENTAL  

 
Figure 1. Schematic diagram of the pressurizing device and sensor setup. 

  

A type of commercially available, soft package lithium-ion battery with a ternary cathode 

material was used in this study. The cathode and anode consisted of Li(Ni1/3Mn1/3Co1/3)O2 and 

graphite, respectively. The battery was composed of 16 cathode plates and 17 anode plates, fabricated 

by a lamination process, and LiPF6 was used as the electrolyte. The capacity of the battery was 37 Ah, 

and its nominal size was 269 mm × 212 mm × 7.4 mm. In one of our previous studies on optimization 

of the initial external pressure, we revealed that when the lithium-ion batteries were operated under an 

initial external pressure of 69 kPa (1000 N), they exhibited excellent charge-discharge cycling 

performance, and therefore, the pressure of 69 kPa was adopted as the initial pressure in this study [23]. 
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The experimental setup is illustrated in Fig. 1. 

To exert pressure uniformly on the large battery in this study, four thin-film pressure sensors 

were placed near the compression bolts, and silicone pads were placed between the steel compression 

plates and battery to minimize the effect of the uneven surface of the compression plates. The external 

pressure provided by the compression bolts and steel compression plates was used to simulate the 

actual pressure on the modules of the battery. Because the Young’s modulus of steel is large, the 

deformation of the steel plates was negligible. Another battery of the same type was operated in the 

absence of constraints during its charge-discharge cycling as a control. The expansion of the battery 

due to temperature rise was ignored here because the experiment was operated at constant room 

temperature and the charge-discharge rate was relatively small. 

 
Figure 2. Curves of current and voltage vs. time 

 

The batteries were subjected to constant-current constant-voltage charging and constant-current 

discharging, where the charge-discharge rate, upper cutoff voltage, and lower cutoff voltage were 0.5 C, 

4.2 V, and 3.0 V, respectively, and the time interval between charging and discharging during a cycle 

was 10 min. The current and voltage curves are shown in Fig. 2. The thin-film pressure sensors 

converted the pressure signals into electrical signals, and the pressure changes on the battery surface 

were obtained by measuring the resistance of the sensors. Pressure measurements were conducted 

weekly when the batteries were discharged to the cutoff voltage, and the pressure changes on the 

battery surface were recorded. During this period, a cycle was randomly selected, and the pressure 

change with state of charge (SOC) in one cycle was completely recorded. Batteries were considered to 

have reached the end of their lives when their initial capacities decreased by 20%. Afterward, the aging 

batteries were disassembled in a dry, ventilated environment, and the electrode material was subjected 

to surface monitoring and failure analysis by using scanning electron microscopy (SEM). 
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3. RESULTS AND DISCUSSION 

3.1 Evolution pattern of mechanical pressure 

 
Figure 3. Pressure evolution curves: (a) pressure evolution with state of charge (SOC) during one 

charge-discharge cycle, and (b) average pressure of the four sensors vs. cycle number. 

 

To investigate the pressure evolution during a single cycle, the pressure on the battery during a 

cycle in the early stage was measured over time. Fig. 3 (a) illustrates the average pressure evolution of 

the four sensors with state of charge (SOC) during a charge-discharge cycle, where the pressure on the 

battery gradually increased during charging and gradually decreased during discharging. This was 

mainly attributed to lithium ions being embedded in the graphite anode during charging, which caused 

the battery to expand, and to the lithium ions being released from the graphite anode during 

discharging, which caused the battery to shrink [16]. By contrast, the effects of embedding and 

releasing of lithium ions in the cathode on the battery volume were negligible [24]. The sensors 

indicated that the pressure increased when the silicone pads were compressed due to expansion of the 

battery. This meant that the more the volume expanded, the greater the pressure was. The pressure 

varied nonlinearly during cycles because lithium ions underwent phase changes when they were 

embedded in the anode, forming LiC6. During the migration of lithium ions from the carbon-poor to 

carbon-rich areas, each phase underwent a transition and exhibited different expansion characteristics, 

as documented in detail in the literature [25, 26]. The pressure changes during a single charge-

discharge cycle were noticeable, and the maximum pressure during a single cycle was approximately 

1.5 times the minimum pressure. 

Fig. 3 (b) presents the curve of the average pressure of the four sensors vs. cycle number 

throughout the life cycle of the battery. The pressure constantly increased during charging-discharging, 

which coincided with the irreversible expansion of the battery during use. The irreversible increase in 

pressure could be attributed to the structural change the anode material underwent, growth of the SEI 

film, gas generation and lithium plating during battery use [11, 27, 28]. However, the anode material 

structural change and lithium plating usually occur in the late stage of the cycle life or under extreme 

conditions such as a low temperature. Therefore, growth of the SEI film was considered to be the main 

reason for the irreversible increase in pressure in this paper. The SEI film contained inorganic 

components such as Li2CO3, and it would react with the HF generated by electrolytic decomposition to 
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produce CO2 [8]. The growth of the SEI was accompanied by the side reaction producing the gas, so 

we treated the side reaction as part of SEI growth in the following. Owing to the growth of the SEI 

film, stress gradually accumulated in the electrode material, particularly in the anode. Although the 

initial pressure on the battery was relatively low, the battery was subjected to relatively high pressure 

during later charge-discharge cycles owing to battery expansion, which resulted from the irreversible 

accumulation of stress, and the pressure more than doubled during later charge-discharge cycles 

compared to the initial pressure. 

 

3.2 Cause analysis of the decrease in capacity 

 
Figure 4. Decrease in capacity of constrained and unconstrained batteries. 

 

Irreversible side reactions occur in batteries during charge-discharge cycling. These reactions 

consume the recyclable lithium and electrolyte in the batteries and consequently gradually decrease 

their capacity. Formation and growth of the SEI film are considered to be the key steps during this 

process [7]. The SEI film is a passivation layer that forms between the electrolyte and electrode 

material. It protects the electrode material and prevents it from further reacting with the electrolyte. 

While the SEI film formed on both the anode and cathode, the anode SEI film was typically analyzed 

because its effect on battery performance was greater than that of the cathode SEI film. The SEI film 

was typically formed during the first charge-discharge cycle. However, it continued to grow during 

subsequent cycles. Fig. 4 presents the decrease in the capacity of constrained and unconstrained 

batteries. As illustrated in Fig. 4, the capacity of the analyzed constrained and unconstrained batteries 

gradually decreased during approximately the first 2100 and 2500 charge-discharge cycles, 

respectively, which indicated that the internal environment of the batteries was relatively stable. 

The cycle life of the constrained battery was longer than that of the unconstrained battery (Fig. 

4). If a decrease in capacity of 20% is considered to represent the end of battery life, then the 

constrained battery operated for approximately 400 more charge-discharge cycles than the 

unconstrained one, and therefore, the cycle life of the constrained battery was 12.5% longer than that 

of the unconstrained one. Longer cycle lives are beneficial for battery-powered devices, as the battery 

replacement frequency is reduced. The above experimental results revealed that mechanical pressure 
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could affect the electrochemical reactions that occur inside batteries. 

 
Figure 5. Battery capacity vs. average pressure during charge-discharge cycles. 

 

Fig. 5 presents the capacity vs. pressure curve of the constrained battery during the charge-

discharge cycles. The battery capacity decreased quickly and approximately linearly as the battery 

pressure increased during the first 2500 charge-discharge cycles. Similar results were reported by 

Cannarella and Arnold [29]. Moreover, as mentioned in section 3.1, the increase in battery pressure 

was caused by growth of the SEI film. Therefore, it could be deduced that the decrease in battery 

capacity observed in this stage was mainly due to growth of the SEI film. 

The capacity of the unconstrained battery decreased rapidly during the late charge-discharge 

cycling stages (after 2100 charge-discharge cycles), whereas the capacity of the constrained battery 

was still relatively high until approximately the 2500th charge-discharge cycle, when it began to 

decrease. However, the pressure on the battery surface still increased steadily during this process (Fig. 

3 (b)). After approximately 2500 cycles, the relationship between the capacity decay and pressure 

increase was no longer linear, which indicated that during the late charge-discharge cycling stages, 

factors other than growth of the SEI film presented a predominant effect on battery aging. It is worth 

noting that the capacity of the constrained battery suddenly dropped significantly at approximately the 

3100th cycle, indicating that major problems, such as electrode material damage, may have occurred 

inside the battery. 

To further investigate the causes of constrained battery failure and the effect of external 

pressure on battery aging during the late charge-discharge cycling stages, the batteries tested in this 

study were disassembled after the cycling tests, and their internal components were analyzed by using 

SEM. 

Fig. 6 presents SEM images of the anodes and cathodes of the constrained and unconstrained 

batteries. The ternary cathode material exhibited a closely packed, crystalline microstructure (Fig. 6 (a), 

(b), (c) and (d)). The figures show that the constrained cathode particles had signs of destruction 

compared to the unconstrained cathode particles, as shown by the white arrows, although the 

phenomenon was not very obvious. The anodes consisted of layers of graphite, and the anode surface 

of the constrained battery was coarser than that of the unconstrained battery (Fig. 6 (e) and (g)). Some 

cracks were identified on the anode surface of the constrained battery, and a magnified image is 
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presented in Fig. 6 (h). 

 

 

 

 

Figure 6. Scanning electron microscopy images of constrained and unconstrained batteries: (a) and (b) 

cathode surfaces of the unconstrained battery, (c) and (d) cathode surfaces of the constrained 

battery, (e) and (f) anode surfaces of the unconstrained battery, (g) and (h) anode surfaces of 

the constrained battery. 

 

The differences observed between the electrode surfaces of the constrained and unconstrained 

batteries were likely attributable to the external pressure, particularly during the late cycling stages. 

The capacity curves of the two batteries were not significantly different in the early stages, which 

indicated that cracks on the anode surfaces and particle destruction on the cathode of the constrained 

battery formed during the late cycling stages. The electrode material exposed via the cracks could react 

with the electrolyte, leading to further consumption of recyclable lithium. Once formed, the anode 

cracks rapidly extended owing to electrochemical corrosion, which accelerated the aging of the 

electrode material and consequently resulted in the rapid decrease in battery capacity [30]. At the same 

time, the dissolved cathode particles would also undergo side reactions with the electrolyte, producing 

CO2 and other gases, accelerating the loss of recyclable lithium [8]. The appearance of anode cracks 

was likely the reason for the sudden drop in the capacity of the constrained battery at approximately 

3100 cycles (Fig. 4). However, the external pressure of the battery did not increase suddenly due to the 

formation of the anode cracks, indicating that the cracks did not contribute much to an increase in 

stress in the vertical direction. 

The reasons for the surface differences between the two battery electrodes could be inferred as 

follows. The pressure distribution on the surface of the fixed compressed battery was not uniform 

during charge-discharge cycling [9, 22]. This was likely attributed to the different amounts of lithium 

ions embedded at different sites. Because of the limitations of the current processing technology, the 

coating of electrode material on both the anode and cathode plates was not uniform. Owing to the 

embedding and releasing of lithium ions, the stress distribution on the battery surface was nonuniform, 

which promoted battery aging [31]. In return, when uneven aging occurred on the electrode surfaces, 

the uneven distribution of stress was accelerated. In short, owing to the irreversible accumulation of 
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stress in the battery during the late charge-discharge cycling stages, the pressure inside the battery 

significantly increased. Moreover, local stress accumulated because of the uneven coating of the 

electrode material, and the risk of fatigue failure of the electrode material increased after more than 

3000 charge-discharge cycles. The combination of all these factors led to the formation of cracks on 

the anode surface and particle destruction on the cathode surface. 

 
Figure 7. Aging analysis curves of the constrained battery: (a) voltage discharge curves, and (b) 

incremental capacity (IC) curves. 

 

Incremental capacity analysis (ICA) is an important method for exploring battery aging [32, 

33]. To more deeply explore the aging mechanism of the constrained battery during the late cycling 

stages, voltage discharge curves and incremental capacity (IC) curves of four different stages are 

drawn in Fig. 7. Because constant-current constant-voltage charging and constant-current discharging 

were used in this paper and the sampling period of the device was set to 30 s, the discharge curves 

were used for ICA. Although accuracy was difficult to guarantee, qualitative analysis could be 

performed. As illustrated in Fig. 7 (a), the discharge voltage of the battery gradually decreased as the 

cycle number increased. At the 3200th cycle, the voltage discharge curve had lost its original 

characteristics, indicating that the electrode active material of the battery had been severely damaged. 

The same phenomenon also occurred in the IC curves. As illustrated in Fig. 7 (b), the 3200th IC curve 

was severely deformed, which meant that severe damage had occurred in the electrode active material 

of the battery. Moreover, the 3000th IC curve had significantly degraded compared with the 1000th 

and 2000th cycles, indicating that there was loss of active material, which corresponded to the decay 

curve in Fig. 4. 

The above analysis results were consistent with the SEM results. That is, the sudden decrease 

in capacity at approximately 3100 cycles was most likely caused by the severe destruction of the 

electrode material. These results also showed that after more than 3000 charge-discharge cycles, the 

relatively large external pressure was detrimental to battery life. 

 

3.3 Effect of pressure on battery aging 

A schematic diagram of the effect of pressure on aging is illustrated in Fig. 8. Side reactions 

occurred inside the batteries during cycling, which consumed the electrolyte and generated bubbles. 
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These reactions resulted in loss of contact between the internal components of the battery, such as the 

fuchsia-colored areas in Fig. 8, which further generated excessive local currents and caused lithium 

plating and consequently accelerated battery aging [31, 34]. The unconstrained battery in our study 

could undergo lithium plating during the late cycling stages owing to the significant consumption of its 

electrolyte, but this was not the focus of this article, and we will not discuss it much here. An external 

pressure could allow the generated bubbles to migrate toward the edge of the battery, which could 

improve the contact efficiency and reduce the occurrence of lithium plating. Moreover, an external 

pressure could reduce the ohmic resistance, which was beneficial for the battery cycle life [20, 21]. 

Therefore, when the capacity of the unconstrained battery decreased rapidly, the constrained battery 

still had good cycling performance. 

 

 
 

Figure 8. Schematic diagram of the effect of pressure on battery aging: (a) unconstrained battery, (b) 

early cycling stages of a constrained battery, and (c) late cycling stages of a constrained battery. 

 

However, as depicted in Fig. 3 (b), internal stress accumulated irreversibly in the battery during 

cycling, and therefore, the battery was subjected to a higher pressure during late charge-discharge 

cycles. In this study, the pressure during the late charge-discharge cycles was approximately 2.7 times 

that during the initial charge-discharge cycle, and the pressure would be higher if the battery was in the 

charged state. This high pressure would cause the separator to deform and, in turn, hinder the transport 

of lithium ions and adversely affect the battery [10, 18]. Moreover, as mentioned in section 3.2, the 

electrode surfaces were not flat owing to the limitations in the processing technology. Consequently, 
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nonuniform stress always accumulated on electrode surfaces when an external pressure was applied to 

the battery. During the early cycling stages, the effect of the external pressure was positive rather than 

negative, and thus, the constrained battery presented good cycling characteristics. However, the risk of 

fatigue failure of the electrode material increased after thousands of charge-discharge cycles. The 

negative effect of the external pressure also increased with cycling and could become dominant during 

the late cycling stages; therefore, the electrodes would likely undergo cracking and destruction in areas 

subjected to excessively high pressure during the late cycling stages, as indicated by the red arrows in 

Fig. 8. 

 
3.4 Verification test 

 
 

Figure 9. Three different constraint methods: (a) direct use of steel plates, (b) placement of silicone 

pads between the battery pack and steel compression plates, and (c) use of springs. 

 

To confirm the above conclusion on the negative effect of irreversible stress accumulation on 

anode and cathode materials under the fixed constraint, battery pressure tests were conducted using 

different constraint schemes. To shorten the duration of the experiments, three groups of test battery 

packs were investigated, and each group consisted of five 10 Ah commercial batteries identical to 

those used for the previous experiment. However, the difference lay in the use of the winding process. 

The batteries in group (a) were directly constrained using steel plates, those in group (b) were 

constrained by placing 0.7 mm thick silicone pads with a maximum compression of 0.2 mm each 

between the steel plates and battery pack, and those in group (c) were constrained using springs. These 

constraint schemes simulated the working environment of the batteries in use because batteries are 
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usually used in packs and are limited by the pack volume, so it is difficult to keep outer cells and inner 

cells at the same pressure. The batteries were cycled with a parallel connection, and the initial pressure 

was set to be 69 kPa for each battery pack. The same charging-discharging protocol was applied to 

each battery pack, namely, CCCV charging at 0.5 C and a cutoff voltage of 4.2 V followed by CC 

discharging at 0.5 C and a cutoff voltage of 3.0 V. Ten-minute intervals were allowed between 

charging and discharging. A schematic diagram of the experimental setup is presented in Fig. 9. 

Hooke’s law can be written as F = k × x, where F and k are the force and elasticity coefficient, 

respectively, and x is the increase in the volume of the batteries during cycling in this study. The first 

group of batteries was subjected to a rigid constraint with a very large k value, and thus, the battery 

thickness could be considered to be constant. The silicone pads used to constrain the batteries in the 

second group allowed for a certain level of elastic compression, and thus, k was relatively large. 

However, the constraint became rigid when the compression exceeded 0.2 mm. Compared to the k 

values of the batteries in groups (a) and (b), that of the batteries in group (c) was smaller, and the 

expansion and contraction of the springs during the charge-discharge process stabilized the mechanical 

pressure on the batteries. We qualitatively analyzed the effect through the three different sets of 

constraint schemes. 

 
Figure 10. Comparison of aging results of the three groups: (a) decay curves of the average capacity in 

the three battery packs, (b) comparison of the capacity decrease rates of the battery packs, (c) 

comparison of the ohmic resistance increase rates of the battery packs, and (d) comparison of 

the coulombic efficiencies of the battery packs. Each constraint mode contains two bars of the 

same color, with the left representing the values at the beginning of the experiment and the 

right representing the values at the end of the experiment. 

 

Fig. 10 (a) presents the changes in the average capacity of the batteries of each group during 

cycling for the first 1866 charge-discharge cycles. The results indicated that the batteries in the spring 

group presented the best cycling performance, while those in the steel plate group presented the worst 

cycling performance of all groups. No significant differences were observed in the cycling 

performance of the batteries in the three groups over the first approximately 400 charge-discharge 
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cycles. However, as cycling continued, the internal stress continued to accumulate, and the 

performance of the batteries in the spring group exceeded those of the batteries in the other groups. 

The average capacities over the first and last 10 charge-discharge cycles were considered to be 

the initial and residual capacities, respectively, for all groups of batteries. The capacity decrease rates 

over the first 1866 charge-discharge cycles for the batteries in the three groups are summarized in Fig. 

10 (b). 

As illustrated in Fig. 10 (b), the capacity decrease rate for the batteries in the spring group was 

5.13% and 6.17% lower than those of the batteries in the steel plate and silicone pad groups, 

respectively, which indicated that the spring constraint was more favorable for extending the battery 

cycle life. 

The average ohmic resistance before cycling was considered to be the initial ohmic resistance, 

and the average ohmic resistance after cycling was considered to be the final ohmic resistance. The 

ohmic resistance increase rates of the three groups of batteries are shown in Fig. 10 (c). As illustrated 

in Fig. 10 (c), the ohmic resistance increase rate for the batteries in the spring group was 8.67% and 

12.36% lower than those of the batteries in the steel plate and silicone pad groups, respectively. A 

lower ohmic resistance can reduce the internal loss during battery discharge, so the spring constraint 

was more favorable for battery discharge performance. 

The coulombic efficiency was compared in the same way as the ohmic resistance above. Fig. 

10 (d) illustrates the three groups of coulombic efficiencies before and after cycling. The spring 

constraint group still had a higher coulombic efficiency than the other groups at the end of the cycling, 

which meant that the spring constraint scheme had a higher energy conversion efficiency and a more 

stable internal environment. 

As mentioned in section 3.3, the battery under the fixed constraint suffered increasing external 

pressure, and the ability to work under pressure decreased as the cycling progressed. Unlike the other 

two constraints, the spring constraint always maintained the external pressure in the vicinity of the 

proper level, which not only improved the contact efficiency inside the batteries and reduced the ohmic 

resistance but also absorbed the volume expansion caused by aging of the batteries and reduced the 

stress on both the anode and cathode surfaces. At the same time, the spring constraint reduced the 

negative effect of the uneven pressure distribution in the late stage of the cycling, so the spring 

constraint had the best results among the three groups not only in capacity but also in ohmic resistance 

and coulombic efficiency. 

  

4. CONCLUSION 

The expansion and contraction of the anode and the irreversible growth of the SEI film during 

charge-discharge cycling result in pressure changes on fixed batteries. External pressure could improve 

the contact efficiency of the electrode material, and proper external pressure is beneficial for the cycle 

life of lithium-ion batteries. The cycle life of lithium-ion battery in this paper could be extended by 400 

charge-discharge cycles in the presence of an initial external pressure of 69 kPa. However, the increase 

of battery pressure in the late stage is unfavorable to the battery cycle life. In this paper, the external 

pressure of the fixed-constrained battery in the later stage is about 2.7 times that of the initial pressure. 
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After more than 3000 cycles, the battery capacity suddenly dropped. SEM and ICA results show that 

this is caused by the damage of the active material inside the battery, indicating that a relatively large 

external pressure is detrimental to battery life. 

In order to reduce the negative effects of pressure increase on constrained battery, the 

comparative experiment was set. The comparative experiments revealed that when the number of 

charge-discharge cycles exceeded 1866, the capacity decrease rate for the batteries in the spring group 

was 5.13% and 6.17% lower than those of the batteries in the steel plate and silicone pad groups, 

respectively. The ohmic resistance increase rate for the batteries in the spring group was 8.67% and 

12.36% lower than those of the batteries in the steel plate and silicone pad groups, respectively. The 

spring constraint group still had a higher coulombic efficiency than the other groups at the end of the 

cycling. These occurred because springs could absorb the volume expansion of batteries and 

maintained the external pressure relatively constant. Therefore, an appropriate elastic constraint can 

maximize the cycle life of the battery. 
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