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Abstract:

 Electric vehicle (EV) manufacturers are employing cylindrical format cells in the construction of the vehicles’ battery systems. There is evidence to suggest that both the academic and industrial communities have evaluated cell degradation due to vibration and other forms of mechanical loading. The primary motivation is often the need to satisfy the minimum requirements for safety certification. However, there is limited research that quantifies the durability of the battery and in particular, how the cells will be affected by vibration that is representative of a typical automotive service life (e.g., 100,000 miles). This paper presents a study to determine the durability of commercially available 18650 cells and quantifies both the electrical and mechanical vibration-induced degradation through measuring changes in cell capacity, impedance and natural frequency. The impact of the cell state of charge (SOC) and in-pack orientation is also evaluated. Experimental results are presented which clearly show that the performance of 18650 cells can be affected by vibration profiles which are representative of a typical vehicle life. Consequently, it is recommended that EV manufacturers undertake vibration testing, as part of their technology selection and development activities to enhance the quality of EVs and to minimize the risk of in-service warranty claims.
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1. Introduction

Within the automotive sector, the main driving force for technological innovation is the requirement to reduce fuel consumption and vehicle exhaust emissions. Legislative requirements are motivating original equipment manufacturers (OEM) and subsystem suppliers to develop and integrate new and innovative technologies into their fleet. Consequently, over the last few years, different types of electric vehicles (EV) have been built alongside conventional internal combustion engine (ICE) cars. Within the field of EV, a key technology enabling this reduction in fuel consumption and exhaust emissions is design and integration of rechargeable energy storage systems (RESS) [1,2].

Many OEMs are employing cylindrical format cells (e.g., 18650) within the design and construction of RESS [3,4,5,6]. Cylindrical cells are often chosen in EV applications over their prismatic and pouch cell counterparts because of a combination of factors. For example, 18650 cells are produced in very large quantity which makes them very cost effective [6,7,8]. Similarly, they have built-in safety systems such as a positive temperature coefficient (PTC) resistor that prevents high current surge and the use of a current interrupt device (CID) [6,7,8].

To ensure in-market reliability, OEMs perform a variety of life representative mechanical abuse and durability tests during the design and prototype stages of the development process. Firstly, these tests ensure that new vehicle sub-assemblies and components are fit-for-purpose. Secondly, it allows OEMs to obtain characterization data for simulations and computer aided engineering (CAE) activities. Thirdly, it ensures that the product meets requirements for vehicle homologation.

Vibration durability is one of these tests. The use of electromagnetic shaker (EMS) tables is often preferred to understand the behavior of a given vehicle system when subjected to mechanical induced vibration that is representative of the in-service environment and desired vehicle life (typically 100,000 to 150,000 miles of customer usage). Vibration durability tests play an important role in the selection of components. As discussed within [9,10,11,12,13], poorly integrated components, assemblies or structures subjected to vibration can result in a significantly reduced service life or the occurrence of catastrophic structural failure through fatigue cracking or work hardening of materials [11,14,15].

Within the context of individual Li-ion cells aggregated together to form larger vehicle battery RESS, a significant body of research exists that underpins the mechanical characterization of both pouch and cylindrical cell formats through static and dynamic test techniques. The motivation for such work is often to provide data to either parameterize or validate CAE models and simulations. For static test methods, there has been a clear focus on obtaining data from materials found within Li-ion cells such as mechanical strain and bending [16,17,18,19], force displacement [16,17,18,19,20], creep [19] and tolerance changes during charge and discharge [21]. Within the dynamic testing domain there has been a significant focus towards assessing the crashworthiness and robustness of Li-ion cells via mechanical crush [16,20,22], penetration [18,23], impact resistance [16,22], mechanical shock [16,24] and the effect of environmental changes such as temperature [25] and decompression [26]. Research in the static and dynamic domains is driven by a need to comply with whole vehicle crash homologation [27,28], to meet consumer focused accreditation requirements (e.g., Euro NCAP [29]) and mandatory transport legislation such as UN 38.3 [30].

Vibration-induced fatigue was reported for a lithium iron phosphate (LFP) battery [31,32]. However, the impact of vibration on cell performance was not presented. The vibration profile and subsequent test parameters were also not defined in either of these sources.

In a study conducted by [33,34], the authors examined the impact of vibration on different samples of 18650 lithium cobalt oxide (LCO) 2.8 Ah Samsung Cells. Their study aimed to determine if the exposure to vibration would affect the charge/discharge behavior of the cells. The study concluded that the cells were not adversely affected by vibration and also reported “no discernible difference in the measured open-circuit voltage (OCV) before and after testing”. Their conclusions were also supported by visual inspections that showed no significant damage to the cells.

A comprehensive test program in which numerous 18650 Li-ion cells, of unknown chemistry, were subjected to a vibration profile along the Z-axis of the cells is presented in [24]. The cells were clamped to an EMS table and excited for 186 h with a swept-sine wave from 4 to 20 Hz and back to 20 Hz in 30 s. The authors reported that most of the cells exhibited an increase in resistance along with a reduction in their 1C discharge capacity. Additionally, they described that some cells underwent an internal short circuit. This performance degradation was attributed to the central mandrel becoming loose during the vibration test, which in turn damaged the upper and lower cell components, including the current collector and tabs. Within that study, legislative abuse tests were also performed in accordance with UN 38.8 Test 3—Swept Sine and UN 38.8 Test 4—Shock Testing. It was found that no significant degradation in electrical performance was observed. However, the central mandrel was displaced because of the mechanical loading along the Z-axis of the cells. Similarly, deformation of the CID, as well as damage to the current collector was also observed in a subset of 18650 cells assessed in accordance with UN 38.3 Test 4 where the excitation was again applied along the Z-axis of the cell.

A doctoral thesis [35] assessed the robustness of 12 Ah Li-ion pouch cells of four different cell chemistries to vibration. The cells were exposed to vibration and temperature cycling according to ISO 16750-3 (Section 4.1.2.7). It was presented that none of the cells showed any electrochemical performance degradation as their 1C capacity after vibration was similar to that of the control samples. As a result, this study concluded that vibration and temperature cycling did not significantly affect the electrochemical performance of the cells.

From this short review, it is clear that the academic literature within this field, presents conflicting evidence with regard to the susceptibility of Li-ion cells to vibration. In addition, the vibration profiles used within these studies were not representative of an EV application. For example, the UN 38.3 standard utilized in the study defined in [24] was derived for assessing the robustness of batteries for consumer electronics for air transit [11,36]. Similarly, the ISO 16750-3 (Section 4.1.2.7) utilized in [35] is designed to represent the vibration excitation experienced by a large commercial vehicle with chassis mounted component. Also the long term vibration testing discussed in [24] utilizes a swept sine profile which does not excite the cells within a road vehicle representative vibration spectra [11,37,38]. The vibration profiles also did not represent a known service life such as 100,000 miles of vehicle use. Equally, the swept-sine waves utilized within these durability assessments are an unrealistic representation of the vibration loading that occurs within road vehicles [11] and are suited to vibration characterization.

As a result, the authors are proposing to study the effect of mechanical induced vibration, using 2 random vibration cycles (Society of Automotive Engineers (SAE) J2380 and Warwick Manufacturing Group/Millbrook Proving Ground (WMG/MBK) profiles [36,37]), on a commercially available nickel manganese cobalt oxide (NMC) Samsung 2.2 Ah 18650 cylindrical cell (model number ICR18650-22F). Both vibration test profiles were developed to underpin durability evaluation and to replicate a 100,000 miles of vehicle use. Both these specifications apply vibration loading through “random” excitation which is more representative of road-induced structural vibration [11]. Also unlike the previous studies discussed in [24,33,34,35], each cell evaluated experience vibration excitation in the X, Y and Z axis, as opposed to experiencing vibration in a single axis for the duration of the test, which is more representative of the vibration experienced by cells within an EV battery assembly. It is outside the scope of this study to discuss in detail the derivation of the vibration profiles. However, this information is available in [36,37]. These profiles were applied to cells with different states of charge (SOC) and a different in-pack orientation. The effect of mechanical induced vibration on the mechanical and electrochemical performances of the cells, before and after vibration, is also presented.

This paper is structured as follows: Section 2 of this paper provides a detailed overview of the experimental method employed, including the design of the test equipment and fixtures that are key to ensuring accuracy and repeatability of the measurements. Results are presented in Section 3 and include an assessment of the mechanical degradation (visual inspection and natural frequency) as well as changes in the electrochemical performance (capacity, impedance etc.) of the cell. Discussion, further work and conclusions are presented in Section 4, Section 5 and Section 6, respectively.



2. Experimental Method

The following section outlines the experimental method, including the test process, fixture design, rig assembly and cell characterization employed.


2.1. Test Fixture Design

Figure 1a presents the cell-mounting fixture that was designed and fabricated to support this study. Each fixture holds up to three cells and is intended to recreate a generic but representative 18650 EV RESS mounting condition. 5 mm of each end of the cell are clamped within the cell test fixture.

Figure 1. (a) Single test fixture (b) Assembled test fixture on shaker table with test positions.
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Because a single axis EMS table was used, 3 cell-mounting fixtures were made, all based on the same design to allow the concurrent evaluation of multiple cells in different orientations during a single vibration test. The different cell orientations (X, Y and Z) were achieved by mounting the 3 fixtures onto different surfaces of the durability fixture. During the test programme, the cells were subjected to different axis of vibration by relocating the cell fixture onto different surfaces of the durability fixture. Installation of the durability fixture and the cell-mounting fixture onto the EMS table, complete with instrumentation, is presented in Figure 1b. The fixtures were constructed from aluminum due to the high specific stiffness [39] (also referred to as materials ratio within vibration testing [40,41] or specific modulus) associated with this material. Specific stiffness is defined in Equation (1) where the materials Young’s modulus is defined as [image: there is no content] (in GPa) and density as [image: there is no content] (in g/cm3) [39,40,41]. A high specific stiffness indicates a high material natural frequency [40,41] and results in a lower risk of undesirable fixture resonances impacting the accuracy of the experimentation.
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(1)








2.2. Test Setup

The test environment used to mechanically induce vibration to the Li-ion cells is presented in Figure 2.

Figure 2. Test set up.
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The test rig employs a 700 kgf, single axis, EMS table manufactured by Derritron (Hastings, UK; model number: VP85, serial number: 74). A LMS Scadas III (Leuven, Belgium; serial number: 23-4709-58) digital vibration controller was programmed with both the J2380 and WMG/MBK vibration profiles. To facilitate closed-loop vibration control, two single axis accelerometers (PCB 352C65, PCB Piezotronics Inc, Depew, NY, USA) were mounted at opposite sides of the durability fixture via HBM X60 adhesive (North Harrow, UK). A LabVIEW PXie-1075 chassis (National Instruments, Newbury, UK) was used with an integrated Ni-PXIe-8133 controller and input modules for 32 thermocouple sensors (Ni-PXIe-4353, National Instruments, Newbury, UK), 4 channels for accelerometer measurements (NI PXI-4462) and a multifunctional data module (NI PXIe-6363) is used for data acquisition. To mitigate against any potential risk of catastrophic cell failure during vibration testing, the EMS shaker table was installed within a blast proof enclosure. Integrated with the enclosure is a programmable logic controlled (PLC) fire extinguishing mechanism that would automatically activate if either a cell surface temperature greater than 60 °C or an increase in cell temperature of greater than 4 °C/s was observed. Within the test environment, K-type thermocouples and accelerometers are employed to provide suitable test accuracy and safety.



2.3. Rig and Fixture Pre-Testing Characterization


2.3.1. Response of EMS Shaker

As discussed within [42,43,44] prior to commencing any vibration study, a key requirement is to fully understand the frequency response of the EMS shaker to ensure that the armature assembly does not exhibit a resonance within the frequency range of interest. The vibration response of the EMS shaker was measured using a swept sine wave of amplitude 1 gn (9.8 m/s2) over a frequency range of 5–3700 Hz at 1 octave/minute prior to testing. Upon analyzing the response of the EMS shaker used in this study, no significant resonances were identified that would detrimentally impact the accuracy or reliability of the durability test programme.



2.3.2. Transmissibility of Fixtures

The primary requirement for durability testing is to ensure that the vibration profile demanded by the electronic controller is faithfully applied to the samples under test. This is achieved by designing the experimental fixture to maximize the transmissibility of the vibration energy from the EMS table to the sample and to concurrently minimize the cross-axis behavior of the durability fixture. Transmissibility is a comparison of the output signal to the input signal [45] and is determined by pre-test experimental evaluations of the fixture. At a transmissibility of unity, the output faithfully follows input [45]. To ensure a uniform transmission of acceleration from the vibration exciter, the fixture must carry the force to the test object with a minimum of loss and distortion. This is accomplished by ensuring the rigidity of the fixture so that the force is not deflected by the specimen load and that the fixture transfers motion with high fidelity [41,45,46]. Ideally, a dynamic test fixture couples the motion from the vibration shaker table to the specimen with zero distortion at all amplitudes and frequencies specified by the test procedure [45,47]. Practically, an ideal value of 1.0 over a wide test frequency cannot be met, therefore fixtures are characterized via swept sine resonance search evaluations prior to testing to ensure that no significant resonances occur in the three axis of the vibration fixture. The cross-axis behavior of the experimental set-up, (Figure 1b) was evaluated in accordance with BS EN 60068 to ensure that “the maximum vibration amplitude in any axis perpendicular to the specified axis shall not exceed 50% of the specified amplitude up to 500 Hz or 100% for frequencies in excess of 500 Hz [44]”.

To measure the vibration characteristics of the test fixture, accelerometers were placed in the X, Y and Z-axis of the assembled fixture, within or close to every cell mounting position. The fixture was excited in the Z-axis. The test samples were not installed into the fixture during the transmissibility investigation. Prior to conducting the transmissibility measurement activity several vibration test standards were consulted. It was noted that there is ambiguity within the regulatory and industrial guidelines with respect to assessing the suitability of fixtures for durability assessments. For example, standards such as the NASA GSFC-STD-7000A [48] and MIL-STD-810f [49] request that fixture transmissibility is assessed on the fixture in isolation. However BS 60068 and DEF STAN 0035 (Part 3) [50] suggest testing both with and without the device under test installed.

Figure 3 shows the measured response of the fixture in the X, Y and Z-axis when excited in the Z-axis via a swept sine wave, of amplitude 1gn over a frequency range from 5–800 Hz (800 Hz is peak frequency of durability profiles utilized within this study) at a rate of 1 octave per minute. The results show that the vibration responses measured, in all three axis, are within the limits specified by BS EN 60068. Please note that the data presented in Figure 3 is a sample of the total data recorded for illustrative purposes.

Figure 3. BS EN 60068 resonance evaluation of 18650 durability fixture: (a) Z-Axis of fixture (b) X and Y-Axis of fixture.
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To mechanically characterize the cells at the start and end of test (discussed in Section 2.6.6), an additional “cell resonance search plate” fixture was fabricated to perform this assessment (shown in Figure 4a) which was designed to accept a three cell test fixture (as shown in Figure 1a). The assembled resonance search plate and three cell test fixture is shown in Figure 4b. This separate fixture plate was fabricated to allow for accurate natural frequency measurements outside the frequency range (>800 Hz) of the durability fixture assembly.

Figure 4. (a) Cell resonance search plate (b) Cell resonance search plate with single 18650 three cell fixture installed on VP85 electromagnetic shaker (EMS).
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The resonance search plate fixture assembly as shown in Figure 4b was evaluated in accordance with BS EN 60068 (without test samples installed) and was excited in the Z axis via a 1 gn swept sine from 5 to 3700 Hz at a sweep rate of 1 octave/minute. To measure the vibration characteristics of the test fixture, accelerometers were placed in the X, Y and Z-axis of the assembled fixture, within or close to every cell mounting position. The resonance search plate with a single 18650 three cell fixture installed met the requirements of BS EN 60068 from 5 to 3700 Hz, however a 0.5 gn resonance (which is within the limits of BS EN 60068) was noted at 1500 Hz. The results from this assessment are shown in Figure 5.

Figure 5. BS EN 60068 Resonance evaluation of resonance search plate (a) Z-Axis of search plate (b) X and Y-Axis of search plate.
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2.4. Test Samples

Twenty seven Samsung 2.2 Ah 18650 cells (NMC) were evaluated. Each cell was pre-conditioned to a defined SOC prior to durability testing and allocated a test orientation with respect to the vehicle Z-axis. The details of sample preparation, cell SOC and cell orientation are defined in Table 1.

Table 1. Test sample information.


	Sample No.
	Test Profile
	SOC (%)
	Cell Orientation (Vehicle Axis: Cell Axis)





	1
	Control sample-In permanent storage
	25%
	Control



	2
	Control sample-Followed J2380 test samples
	25%
	Control



	3
	Control sample-Followed WMG/MBK profile test samples
	25%
	Control



	4
	Control sample-In permanent storage
	50%
	Control



	5
	Control sample-Followed J2380 test samples
	50%
	Control



	6
	Control sample-Followed WMG/MBK profile test samples
	50%
	Control



	7
	Control sample-In permanent storage
	75%
	Control



	8
	Control sample-Followed J2380 test samples
	75%
	Control



	9
	Control sample-Followed WMG/MBK profile test samples
	75%
	Control



	10
	J2380
	25%
	Z:Z



	11
	J2380
	25%
	Z:X



	12
	J2380
	25%
	Z:Y



	13
	J2380
	50%
	Z:Z



	14
	J2380
	50%
	Z:X



	15
	J2380
	50%
	Z:Y



	16
	J2380
	75%
	Z:Z



	17
	J2380
	75%
	Z:X



	18
	J2380
	75%
	Z:Y



	19
	WMG/MBK
	25%
	Z:Z



	20
	WMG/MBK
	25%
	Z:X



	21
	WMG/MBK
	25%
	Z:Y



	22
	WMG/MBK
	50%
	Z:Z



	23
	WMG/MBK
	50%
	Z:X



	24
	WMG/MBK
	50%
	Z:Y



	25
	WMG/MBK
	75%
	Z:Z



	26
	WMG/MBK
	75%
	Z:X



	27
	WMG/MBK
	75%
	Z:Y










A detailed explanation of the two test profiles defined in Table 1 are discussed in Section 2.5, whilst the test orientation is discussed in greater detail in Section 2.7.



2.5. Vibration Cycles

Nine cells were subjected to the vibration profile defined in the SAE J2380 standard and nine were subjected to WMG/MBK vibration profile. Both test specifications utilized random vibration profiles. A full explanation of the derivation of both profiles can be found in [11,36,37,38,51]. For completeness, these profiles are presented in Figure 6 and the vibration profile used for each cell is presented in Table 1.

Figure 6. (a) SAE J2380 vibration power spectral density (PSD) profiles for testing samples 10 to 18; (b) Warwick Manufacturing Group/Millbrook Proving Ground WMG/MBK vibration PSD profiles for testing samples 19 to 27.
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Whilst the WMG/MBK profile was developed through a previous study undertaken by the authors, SAE J2380 was selected as it is currently the only internationally recognized vibration test standard that has been correlated to 100,000 miles of road vehicle durability.



2.6. Mechanical and Electrochemical Testing

The following tests were performed on the cells at SOT and EOT (after vibration).


2.6.1. SOC Adjustment

The cell SOC was adjusted by fully charging the cells with a constant current of 1.1 A (C/3) to 4.2 V followed by a constant voltage phase at 4.2 V until the current fell to 0.05 A (C/65). At the end of charge, the cells were allowed to rest for 4 h prior to being discharged at 1C for 45, 30 and 15 min, to achieve a cell SOC of 25%, 50% or 75%, respectively. The cells were allowed to reach equilibrium for 4 h before the application of vibration energy.



2.6.2. 1C Capacity

The cells were fully charged using a constant current phase of 1.1 A (C/3) to 4.2 V followed by a constant voltage phase at 4.2 V until the current reduced to 0.05 A (C/65). The cells were allowed to rest for 4 h prior to being fully discharged at 1C to 2.75 V that represents the lower voltage threshold defined by the manufacturer. The energy extracted from the cells during the discharge was recorded as a measure of the 1C capacity.



2.6.3. Pulse Power

To determine the DC resistance of the cells (RDC), a series of pulses was applied to the cells when conditioned to 50% SOC. Each current pulse was of 10 s in duration, with a magnitude of 20%, 40%, 60%, 80% and 100% of the cell’s rated maximum discharge current. The maximum discharge current is defined by the manufacturer In the case of the Samsung 18650, the maximum discharge current is specified as 4400 mA. A rest interval of 30 min was employed between consecutive pulses. DC resistance was calculated as described in Equation 2. VOCV is the voltage prior the application of the current pulse (Imax), V10s is the cell voltage at the end of the 10 s current pulse at Imax:
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(2)






2.6.4. Open Circuit Voltage (OCV)

The OCV of the cells under evaluation was measured with the cell isolated from any electrical load using a standard laboratory voltmeter. The OCV was recorded at the start and end of test. It was also recorded prior to moving the samples on the durability fixture.



2.6.5. Electrochemical Impedance Spectroscopy (EIS)

EIS data was recorded 4 h after the last pulse of the pulse power tests, as suggested by Barai et al. [52] and was performed at 50% SOC. The EIS measurement was carried out in a galvanostatic mode using a ModuLab® (Solartron, Leicester, UK) electrochemical system model 2100 A fitted with a 2 A booster and driven by Modulab® ECS software. The EIS spectra were collected within the frequency range of 10 mHz to 10 kHz using 10 frequency points per decade. The amplitude of the applied current was 200 mA (RMS). No DC current was superimposed on the RMS value. The commercially available Z view® software was employed to fit the EIS spectra to an equivalent circuit model (ECM) of the cell, thereby facilitating the quantification of key cell parameters such as: DC and charge transfer resistance.



2.6.6. Natural Frequency

The cells natural frequency was recorded at SOT and EOT to quantify the mechanical characteristics of each cell. Changes in natural frequency can indicate a change in material properties (such as stiffness) through mechanisms such as cracking or work hardening. The natural frequency of each cell was measured by fastening the respective cell to the EMS table (as illustrated in Figure 4) and applying a swept sine wave from 5 to 3700 Hz, of amplitude 1 gn at a rate of 1 octave/min.

The response of the cell in relation to this 1 gn excitation, was recoded via a lightweight, single axis, accelerometer (PCB 352A24, PCB Piezotronics Inc, Depew, NY, USA) mounted as shown in Figure 7. These were secured to the center of the cell using a petro wax adhesive. With a weight of only 0.8 g (1.9% additional mass for each cell), their inclusion within the experimental set-up was not deemed to have any significant impact on test accuracy through the addition of extra mass.

Figure 7. Location of cell accelerometer for natural frequency measurement via swept sine frequency sweep.
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Two control accelerometers were secured at opposite ends at the top of the test fixture. Each control accelerometer was mounted close to the specimens. An averaging control strategy was employed during the natural frequency measurement. Data was recorded at 2.5 times the desired peak frequency in accordance with Nyquist rate guidelines [53]. With this test program, the peak desired frequency was the maximum achievable frequency of the VP85 EMS, defined by the manufacturer as 3.7 kHz. Therefore, accelerometer data was measured at a frequency greater than 9.25 kHz. Post natural frequency measurement each cell was allowed to rest for a minimum of 3 h before commencing the vibration durability test profiles. It noteworthy that no control samples were measured during the natural frequency assessment, this was to ensure that they were not subjected to any mechanical loading.




2.7. Test Procedure

The 27 cells presented in Table 1 were characterized as described in Section 2.6 (SOT characterization). They were then divided into three equal batches, comprising nine cells each. Batch 1 was subjected to the vibration profile defined in the SAE J2380 standard and batch 2 was subjected to WMG/MBK vibration profile. The remaining nine cells (batch 3) were defined as control samples. These were co-located within the same environmental conditions, but not subjected to any vibration loading. Both vibration tests comprise a vertical (Z-axis) profile in addition to vibration profiles defined for the horizontal plane (X-axis and Y-axis). As part of the experimental procedure, each profile is sequentially applied to the cells to achieve the desired 100,000 miles of representative EV life. For a complete execution of either J2380 or WMG/MBK, the three different combinations of vibration loads with respect to each cell orientation are defined below:


	Z:Z to X:X to Y:Y


	Z:X to X:Y to Y:Z


	Z:Y to X:Z to Y:X




Using the above notation, for each pair of letters, the first letter refers to the vehicle axis, whilst the second refers to cell orientation. For simplicity this paper identifies the cell orientation in relationship to the vertical (Z axis) of the vehicle. For example a cell that was subjected to the vibration sequence of Z:X to X:Y to Y:Z, is referred to as being evaluated in the Z:X orientation. Figure 8a illustrates the axis convention for the vehicle axis, whilst Figure 8b illustrates the axis convention for the 18650 cell.

Figure 8. (a) Axis convention of vehicle vibration durability profiles, (b) Axis convention of cells.
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Figure 9 presents the orientation of the nine cells mounted onto the durability fixture for the three orientation test conditions.

Figure 9. Experimental orientations and test positions on durability fixture.
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Due to limited equipment availability, a single axis shaker was employed for the durability testing. Because the orientation of the EMS could not be changed, the cells had to be rotated on the durability fixture between X, Y and Z axis profile changes to achieve the correct loading. This test methodology is termed as not testing “with respect to gravity” and does not allow for changes in sample mass during the re-orientation of cells with respect to the input axis of vibration. While the authors believe that this limitation will not significantly impact the results, this limitation is discussed further in Section 5, where the authors propose to repeat the study using a multi-axis shaker to identify if any correlation does exists within the experimental data that can be attributed to experimental approach employed.

All testing was conducted within an air-conditioned room at a temperature of 21 ± 5 °C. The closed loop application of the vibration profile was achieved by using an averaging control strategy, as defined within [54] which included ±3 dB alarm limits and ±6 dB abort limits. Once the cells were installed to the durability fixture and mounted onto the EMS table, the Z-axis vibration profile of either J2380 or WMG/MBK was applied first (Table 2). The calculation of Grms levels (defined in Table 2, Table 3 and Table 4) is discussed in [51]. On completion, the cells were left to stabilize for a minimum of 4 h.


Table 2. Z axis vibration profiles schedule.



	
SAE J2380 (Samples 10 to 18)

	
WMG/Millbrook (Samples 19 to 27)




	
Profile Description and Grms Level

	
Duration (HH:MM)

	
Profile Description and Grms Level

	
Duration (HH:MM)






	
Subject cells to 9 min of Z-axis profile 1 at 1.9 Grms in the vertical orientation of the cells under assessment.

	
00:09

	
Subject cells to 150 h of Z-axis profile in the vertical axis orientation of the cells under assessment. Grms 0.67 for Z-axis.

	
150:00




	
Subject cells to 5 h and 15 min of Z-axis profile 1 at 0.75 Grms in the vertical axis orientation of the cells under assessment.

	
05:15




	
Subject cells to 9 min of Z profile 2 at 1.9 Grms in the vertical axis orientation of the cells under assessment.

	
00:09




	
Subject cells to 5 h and 15 min of Z-axis profile 2 at 0.75 Grms in the vertical axis orientation of the cells under assessment.

	
05:15




	
Subject cells to 9 min of Z-axis profile 3 at 1.9 Grms in the vertical axis orientation of the cells under assessment.

	
00:09




	
Subject cells to 5 h and 15 min of Z-axis profile 3 at 0.75 Grms in the vertical axis orientation of the cells under assessment.

	
05:15




	
Total for Z Axis

	
16:12

	
Total for Z Axis

	
150:00










Table 3. X axis vibration profiles schedule.



	
SAE J2380 (Samples 10 to 18)

	
WMG/Millbrook (Samples 19 to 27)




	
Profile Description and Grms Level

	
Duration (HH:MM)

	
Profile Description and Grms Level

	
Duration (HH:MM)






	
Subject cells to 5 min of longitudinal X & Y-axis profile at 1.5 Grms in the X axis orientation of the cells under assessment.

	
00:05

	
Subject cells to 150 h of X-axis profile in the X-axis orientation of the cells under assessment. Grms 0.384 for X-axis.

	
150:00




	
Subject cells to 19 h of longitudinal X & Y-axis profile at 0.4 Grms in the X axis orientation of the cells under assessment.

	
19:00




	
Subject cells to 5 min of longitudinal X & Y-axis profile at 1.5 Grms in the X axis orientation of the cells under assessment.

	
00:05




	
Subject cells to 19 h of longitudinal X & Y-axis profile at 0.4 Grms in the X axis orientation of the cells under assessment.

	
19:00




	
Total for X Axis

	
38:10

	
Total for X Axis

	
150:00










Table 4. Y axis vibration profiles schedule.



	
SAE J2380 (Samples 10 to 18)

	
WMG/Millbrook (Samples 19 to 27)




	
Profile Description and Grms Level

	
Duration (HH:MM)

	
Profile Description and Grms Level

	
Duration (HH:MM)






	
Subject cells to 5 min of longitudinal X & Y-profile at 1.5 Grms in the Y axis orientation of the cells under assessment.

	
00:05

	
Subject cells to 150 h of Y-axis profile in the Y-axis orientation of the cells under assessment. Grms 0.306 for Y-axis.

	
150:00




	
Subject cells to 19 h of longitudinal X & Y-profile at 0.4 Grms in the Y axis orientation of the cells under assessment.

	
19:00




	
Subject cells to 5 min of longitudinal X & Y-profile at 1.5 Grms in the Y axis orientation of the cells under assessment.

	
00:05




	
Subject cells to 19 h of longitudinal X & Y-profile at 0.4 Grms in the Y axis orientation of the cells under assessment.

	
19:00




	
Total

	
38:10

	
Total

	
150:00









The cells were then moved on the durability fixture to the corresponding vehicle X-axis and subjected to the X-axis vibration profile (Table 3).

Finally, the cells were repositioned on the durability fixture to facilitate the application of the vehicle Y-axis vibration profile (Table 4). At the end of the vibration profile, the cells were left to stabilize for 4 h prior to visual inspection.

The cells were then characterized at EOT as described in 2.5. The complete experimental procedure followed during this test programme is summerized in Figure 10.

Figure 10. Schematic of test process.
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3. Results


3.1. Mechanical Characterization via Natural Frequency Measurements

Table 5 and Table 6 present the natural frequency and amplitude of the first resonant mode of each cell, respectively. The results show that every cell subjected to a vibration ageing profile, irrespective of the type of profile used exhibited a reduction in its natural frequency. Similarly, the amplitude of the first resonant mode is also affected by the vibration ageing cycle.


Table 5. Summary of change in frequency of observed first cell resonance for all test samples.



	
Sample No.

	
Test Profile

	
SOC%

	
Orientation

	
First Natural Frequency Greater Than 2 gn (Hz)




	
SOT (Hz)

	
EOT (Hz)

	
Percentage Change (%)






	
10

	
J2380

	
25%

	
Z:Z

	
2579

	
1877

	
27.2




	
16

	
J2380

	
75%

	
Z:Z

	
3400

	
2834

	
16.6




	
11

	
J2380

	
25%

	
Z:X

	
2335

	
2039

	
12.7




	
15

	
J2380

	
50%

	
Z:Y

	
3200

	
2913

	
9.0




	
14

	
J2380

	
50%

	
Z:X

	
3189

	
2914

	
8.6




	
18

	
J2380

	
75%

	
Z:Y

	
2937

	
3165

	
7.8




	
23

	
WMG/MBK

	
50%

	
Z:X

	
1962

	
2097

	
6.9




	
17

	
J2380

	
75%

	
Z:X

	
1940

	
1816

	
6.4




	
13

	
J2380

	
50%

	
Z:Z

	
3209

	
3011

	
6.2




	
26

	
WMG/MBK

	
75%

	
Z:X

	
3354

	
3467

	
3.4




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
3700

	
3584

	
3.1




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
3061

	
2970

	
3.0




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
3182

	
3156

	
0.8




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
3641

	
3614

	
0.7




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
3700

	
3674

	
0.7




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
3061

	
3070

	
0.3




	
12

	
J2380

	
25%

	
Z:Y

	
2572

	
2579

	
0.3




	
20

	
WMG/MBK

	
25%

	
Z:X

	
3694

	
3700

	
0.2




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (Hz)

	
488.77

	
522.61

	




	
Mean for J2380 samples (Hz)

	
2817.89

	
2572.00

	




	
Standard deviation for WMG/MBK samples (Hz)

	
558.97

	
514.99

	




	
Mean for WMG/MBK samples (Hz)

	
3261.67

	
3259.11

	










Table 6. Summary of change in amplitude of observed first cell resonance for all test samples.



	
Sample No.

	
Test Profile

	
SOC (%)

	
Orientation

	
Amplitude of First Natural Frequency Greater Than 2 gn (gn)




	
SOT (gn)

	
EOT (gn)

	
Percentage Change (%)






	
25

	
WMG/MBK

	
75%

	
Z:Z

	
1.62

	
2.91

	
79.6




	
18

	
J2380

	
75%

	
Z:Y

	
2.95

	
4.01

	
35.9




	
14

	
J2380

	
50%

	
Z:X

	
2.89

	
1.90

	
34.3




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
5.03

	
3.46

	
31.2




	
26

	
WMG/MBK

	
75%

	
Z:X

	
2.96

	
2.21

	
25.3




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
4.09

	
3.08

	
24.7




	
10

	
J2380

	
25%

	
Z:Z

	
3.32

	
2.51

	
24.4




	
20

	
WMG/MBK

	
25%

	
Z:X

	
4.52

	
3.61

	
20.1




	
23

	
WMG/MBK

	
50%

	
Z:X

	
2.61

	
2.30

	
11.9




	
15

	
J2380

	
50%

	
Z:Y

	
2.85

	
3.17

	
11.2




	
12

	
J2380

	
25%

	
Z:Y

	
1.99

	
1.82

	
8.5




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
3.63

	
3.89

	
7.2




	
16

	
J2380

	
75%

	
Z:Z

	
3.31

	
3.51

	
6.0




	
11

	
J2380

	
25%

	
Z:X

	
2.02

	
1.91

	
5.4




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
2.80

	
2.70

	
3.6




	
17

	
J2380

	
75%

	
Z:X

	
1.97

	
1.90

	
3.6




	
13

	
J2380

	
50%

	
Z:Z

	
2.34

	
2.30

	
1.7




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
3.01

	
2.96

	
1.7




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (gn)

	
0.55

	
0.81

	




	
Mean for J2380 samples (gn)

	
2.63

	
2.56

	




	
Standard deviation for WMG/MBK samples (gn)

	
1.06

	
0.57

	




	
Mean for WMG/MBK samples (gn)

	
3.36

	
3.01

	













The change in natural frequency was previously attributed to a change in the material properties caused for example by internal cracking, delamination or fracture. The change in the amplitude of the acceleration at the natural frequency was found to indicate a change in the level component damping [12]. As none of the cells experienced any reduction in mass after either of the vibration ageing cycles, these results may indicate a reduction in the internal stiffness of each cell. More specifically, for the cells which underwent the J2380 vibration profiles, the cell orientated along the Z:Z axis and pre-conditioned at 25% SOC exhibited the greatest change in natural frequency, 27.2%. Likewise, the cell orientated along the Z:Y axis and pre-conditioned at 25% SOC exhibited the least change in natural frequency, 0.3%. In addition, it was observed that the cell positioned along the Z:Y axis and pre-conditioned at 75% SOC and the cell positioned along the Z:Z axis and pre-conditioned to 50% SOC showed the greatest and least change in amplitude, 35.9% and 1.7%, respectively. For the cells that underwent the WMG/MBK vibration profile, the cell placed along the Z:Z axis and pre-conditioned at 50% SOC exhibited the greatest change in natural frequency, 6.9%. Similarly, the cell orientated along the Z:X axis and pre-conditioned at 25% SOC exhibited the least change in natural frequency, 0.2%. Table 5 also shows that the shift in resonance frequency for the cells which underwent the WMG/MBK vibration profile is less pronounced than that observed for cells subjected to the J2380 vibration profile. Furthermore, the cell positioned along the Z:Z axis and pre-conditioned at 75% SOC and the cell positioned along the Z:Y axis and pre‑conditioned to 25% SOC showed the greatest and least change in amplitude, 79.6% and 1.7%, respectively. The effect of cell orientation and cell SOC on the resonance frequency and the amplitude of the cells that underwent the J2380 and WMG/MBK vibration ageing cycles are summarized in Table 7 and Table 8, respectively.


Table 7. Assessment ranking of orientation by test.



	
Assessment

	
Test

	
Orientation Ranking by Assessment and Test Profile




	
Least Change
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Greatest Change




	
Electrical characterization






	
Pulse power

	
J2380

	
Z:Z

	
Z:X

	
Z:Y




	
WMG/MBK

	
Z:Y

	
Z:X

	
Z:Z




	
EIS (Ro)

	
J2380

	
Z:Z

	
Z:X

	
Z:Y




	
WMG/MBK

	
Z:Y

	
Z:X

	
Z:Z




	
EIS (RCT)

	
J2380

	
Z:Z

	
Z:Y

	
Z:X




	
WMG/MBK

	
Z:Z

	
Z:X

	
Z:Y




	
OCV

	
J2380

	
Z:Z

	
Z:X

	
Z:Y




	
WMG/MBK

	
Z:X

	
Z:Y

	
Z:Z




	
Capacity—1C discharge

	
J2380

	
Z:X

	
Z:Y

	
Z:Z




	
WMG/MBK

	
Z:Y

	
Z:X

	
Z:Z




	
Mechanical characterization




	
Resonance (change in frequency)

	
J2380

	
Z:Y

	
Z:X

	
Z:Z




	
WMG/MBK

	
Z:Z

	
Z:X

	
Z:Y




	
Resonance (change in amplitude)

	
J2380

	
Z:Z

	
Z:X

	
Z:Y




	
WMG/MBK

	
Z:Y

	
Z:X

	
Z:Z










Table 8. Assessment ranking of state of charge (SOC) by test.



	
Assessment

	
Test

	
SOC Ranking by Assessment and Test Profile




	
Least Change
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Greatest Change




	
Electrical characterization






	
Pulse power

	
J2380

	
50%

	
25%

	
75%




	
WMG/MBK

	
75%

	
50%

	
25%




	
EIS (Ro)

	
J2380

	
25%

	
50%

	
75%




	
WMG/MBK

	
50%

	
75%

	
25%




	
EIS (RCT)

	
J2380

	
25%

	
50%

	
75%




	
WMG/MBK

	
75%

	
25%

	
50%




	
OCV

	
J2380

	
50% = 25%

	
75%




	
WMG/MBK

	
25%

	
75%

	
50%




	
Capacity—1C discharge

	
J2380

	
25%

	
50%

	
75%




	
WMG/MBK

	
50%

	
75%

	
25%




	
Mechanical characterization




	
Resonance (change in frequency)

	
J2380

	
50%

	
75%

	
25%




	
WMG/MBK

	
25%

	
75%

	
50%




	
Resonance (change in amplitude)

	
J2380

	
25%

	
75%

	
50%




	
WMG/MBK

	
50%

	
25%

	
75%









The data shows that the overall rankings for cell orientation and SOC are in reverse order when comparing both parameters. However, a larger spread of measurements for the change in amplitude of the first resonance than for the change in natural frequency can be observed. This may indicate that there are limitations in the measurement method employed to record these parameters. These may include the accuracy of the attachment of accelerometers to the cells or the amount of Petro wax used to attach the accelerometers to the cells. Equally, it may indicate an actual change in material properties. A more conclusive analysis that aims to determine the root cause of the results is discussed in Section 5.







3.2. Visual Inspection

At EOT, irrespective of the vibration profile, cell orientation or cell SOC, no mechanical damage was observed for any of the samples tested. None of the cells showed any change in dimensionality, leaked electrolyte or showed any sign of external fatigue (e.g., cracking). The one exception to this was a small external irregularity, approximately 3 mm in length, noted on the surface of cell sample 16, outside of the clamped area. It is believed that this is a manufacturing defect in the cell casing as the defect is not conducive to damage caused by excessive clamping loading.



3.3. Electrical Characterization


3.3.1. 1C Discharge Capacity

Table 9 presents the 1C discharge capacity for each cell at SOT and EOT. The results show a tendency for samples orientated in the Z:Z axis and pre-conditioned to 50% and 75% SOC to exhibit a higher capacity fade than other samples. The effect of cell orientation and cell SOC on the cell capacity for the cells which underwent the J2380 and WMG/MBK vibration ageing cycles are summarized in Table 7 and Table 8, respectively.


Table 9. Summary of change in 1C discharge capacity performance of all test cells.



	
Sample No.

	
Test Profile

	
SOC (%)

	
Orientation

	
Cell Capacity at SOT (Ah)

	
Cell Capacity at EOT (Ah)

	
Percentage Change in Ah (%)






	
16

	
J2380

	
75%

	
Z:Z

	
2.21

	
1.94

	
−12.22




	
18

	
J2380

	
75%

	
Z:Y

	
2.21

	
2.06

	
−6.79




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
2.18

	
2.08

	
−4.59




	
11

	
J2380

	
25%

	
Z:X

	
2.15

	
2.10

	
−2.33




	
15

	
J2380

	
50%

	
Z:Y

	
2.18

	
2.14

	
−1.83




	
13

	
J2380

	
50%

	
Z:Z

	
2.23

	
2.19

	
−1.79




	
26

	
WMG/MBK

	
75%

	
Z:X

	
2.10

	
2.07

	
−1.43




	
17

	
J2380

	
75%

	
Z:X

	
2.15

	
2.13

	
−0.93




	
20

	
WMG/MBK

	
25%

	
Z:X

	
2.12

	
2.12

	
0.00




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
2.11

	
2.11

	
0.00




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
2.09

	
2.09

	
0.00




	
10

	
J2380

	
25%

	
Z:Z

	
2.19

	
2.19

	
0.00




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
2.09

	
2.09

	
0.00




	
12

	
J2380

	
25%

	
Z:Y

	
2.18

	
2.19

	
0.46




	
14

	
J2380

	
50%

	
Z:X

	
2.15

	
2.17

	
0.93




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
2.07

	
2.10

	
1.45




	
23

	
WMG/MBK

	
50%

	
Z:X

	
2.05

	
2.13

	
3.90




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
1.92

	
2.12

	
10.42




	
8

	
J2380

	
75%

	
Control

	
2.16

	
2.06

	
−4.63




	
2

	
J2380

	
25%

	
Control

	
2.20

	
2.13

	
−3.18




	
9

	
WMG/MBK

	
75%

	
Control

	
2.13

	
2.12

	
−0.47




	
3

	
WMG/MBK

	
25%

	
Control

	
2.14

	
2.14

	
0.00




	
5

	
J2380

	
50%

	
Control

	
2.18

	
2.19

	
0.46




	
6

	
WMG/MBK

	
50%

	
Control

	
1.92

	
2.09

	
8.85




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (Ah)

	
0.03

	
0.08

	




	
Mean for J2380 samples (Ah)

	
2.18

	
2.12

	




	
Standard deviation for WMG/MBK samples (Ah)

	
0.07

	
0.02

	




	
Mean for WMG/MBK samples (Ah)

	
2.08

	
2.10

	













3.3.2. Pulse Power Performance

Table 10 presents the DC resistance of the cells at SOT and EOT. It can be seen that irrespective of the vibration profile employed (including variations in cell SOC and orientation) each cell exhibits an increase in internal resistance. As discussed within [24], this potentially indicates a reduction in contact area within the current collectors or possible internal fatigue of components within the cell due to the mechanical load.


Table 10. Summary of change in pulse power performance resistance.



	
Sample No.

	
Test Profile

	
SOC (%)

	
Orientation

	
DC Resistance (SOT) (mΩ)

	
DC Resistance (EOT) (mΩ)

	
Percentage Change in DC Resistance between SOT and EOT (%)






	
16

	
J2380

	
75%

	
Z:Z

	
74.32

	
169.55

	
128.1




	
17

	
J2380

	
75%

	
Z:X

	
73.41

	
162.50

	
121.4




	
12

	
J2380

	
25%

	
Z:Y

	
72.73

	
151.59

	
108.4




	
20

	
WMG/MBK

	
25%

	
Z:X

	
72.27

	
142.95

	
97.8




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
73.18

	
142.95

	
95.3




	
15

	
J2380

	
50%

	
Z:Y

	
71.82

	
138.18

	
92.4




	
11

	
J2380

	
25%

	
Z:X

	
72.27

	
131.82

	
82.4




	
18

	
J2380

	
75%

	
Z:Y

	
73.18

	
131.36

	
79.5




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
72.27

	
126.59

	
75.2




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
72.05

	
121.36

	
68.5




	
10

	
J2380

	
25%

	
Z:Z

	
71.14

	
117.05

	
64.5




	
14

	
J2380

	
50%

	
Z:X

	
72.73

	
116.36

	
60.0




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
72.73

	
115.00

	
58.1




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
72.05

	
109.32

	
51.7




	
13

	
J2380

	
50%

	
Z:Z

	
70.45

	
102.27

	
45.2




	
23

	
WMG/MBK

	
50%

	
Z:X

	
71.82

	
93.64

	
30.4




	
26

	
WMG/MBK

	
75%

	
Z:X

	
73.64

	
90.00

	
22.2




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
73.18

	
85.91

	
17.4




	
5

	
J2380

	
50%

	
Control

	
75.23

	
86.14

	
14.5




	
2

	
J2380

	
25%

	
Control

	
72.27

	
73.64

	
1.9




	
3

	
WMG/MBK

	
25%

	
Control

	
71.14

	
71.82

	
1.0




	
6

	
WMG/MBK

	
50%

	
Control

	
72.05

	
72.05

	
0.0




	
9

	
WMG/MBK

	
75%

	
Control

	
73.18

	
72.73

	
−0.6




	
8

	
J2380

	
75%

	
Control

	
74.09

	
73.41

	
−0.9




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (mΩ)

	
1.19

	
22.35

	




	
Mean for J2380 samples (mΩ)

	
72.45

	
135.63

	




	
Standard deviation for WMG/MBK samples (mΩ)

	
0.63

	
21.48

	




	
Mean for WMG/MBK samples (mΩ)

	
72.58

	
114.19

	









Sample 16 displays the greatest variation in resistance with a 128.1% increase from SOT to EOT. Conversely, sample 27 shows the least amount of increase (17.4%). Interestingly, both cells were pre-conditioned to 75% SOC. However; the vibration profiles employed were different, as was their respective orientation when mechanically loaded. Similarly, nine out of 10 of the cells that exhibit the greatest rise in resistance were pre-conditioned to either 25% or 75% SOC. This result correlates well with Section 3.3.1, that identified the same trend between cell SOC.



For the cells that underwent the J2380 vibration profile, the cell orientated along the Z:Z axis and pre-conditioned at 75% SOC exhibited the greatest change in DC resistance, 128.1%. Likewise, the cell orientated along the Z:Z axis and pre-conditioned at 50% SOC exhibited the least change in DC resistance, 17.4%. Moreover, for the cells which underwent the WMG/MBK vibration profile, the cell placed along the Z:X axis and pre-conditioned at 25% SOC exhibited the greatest change in DC resistance, 97.8%. Similarly, the cell orientated along the Z:Y axis and pre-conditioned at 75% SOC exhibited the least change in DC resistance, 45.2%. The effect of cell orientation and cell SOC on the cell DC resistance for the cells which underwent the J2380 and WMG/MBK vibration ageing cycles are summarized in Table 7 and Table 8.



3.3.3. OCV

Table 11 presents the measured OCV for each cell both at SOT and EOT. None of the tested cells displayed any significant change in OCV, irrespective of the vibration profile, the cell SOC or cell orientation employed. The voltage difference recorded is within the tolerance of the error of the equipment. This supports the results presented in [33,34] that also noted that OCV is not adversely affected by vibration loading.


Table 11. Start and end of test open-circuit voltage (OCV) measurements of all cells evaluated.



	
Sample No.

	
Test Profile

	
SOC

	
Orientation

	
Voltage (V)




	
SOT

	
EOT

	
Percentage Change (%)






	
27

	
WMG/MBK

	
75%

	
Z:Y

	
3.882

	
3.891

	
0.23




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
3.658

	
3.666

	
0.22




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
3.878

	
3.885

	
0.18




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
3.663

	
3.670

	
0.19




	
23

	
WMG/MBK

	
50%

	
Z:X

	
3.661

	
3.668

	
0.19




	
3

	
WMG/MBK

	
25%

	
Control

	
3.588

	
3.595

	
0.2




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
3.584

	
3.590

	
0.17




	
20

	
WMG/MBK

	
25%

	
Z:X

	
3.587

	
3.590

	
0.08




	
26

	
WMG/MBK

	
75%

	
Z:X

	
3.883

	
3.886

	
0.08




	
18

	
J2380

	
75%

	
Z:Y

	
3.897

	
3.899

	
0.05




	
5

	
J2380

	
50%

	
Control

	
3.678

	
3.676

	
0.05




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
3.581

	
3.580

	
0.03




	
16

	
J2380

	
75%

	
Z:Z

	
3.894

	
3.895

	
0.03




	
17

	
J2380

	
75%

	
Z:X

	
3.895

	
3.896

	
0.03




	
2

	
J2380

	
25%

	
Control

	
3.599

	
3.598

	
0.03




	
15

	
J2380

	
50%

	
Z:Y

	
3.674

	
3.675

	
0.03




	
6

	
WMG/MBK

	
50%

	
Control

	
3.668

	
3.669

	
0.03




	
11

	
J2380

	
25%

	
Z:X

	
3.591

	
3.590

	
0.03




	
8

	
J2380

	
75%

	
Control

	
3.897

	
3.897

	
0




	
9

	
WMG/MBK

	
75%

	
Control

	
3.889

	
3.889

	
0




	
13

	
J2380

	
50%

	
Z:Z

	
3.674

	
3.674

	
0




	
14

	
J2380

	
50%

	
Z:X

	
3.674

	
3.674

	
0




	
10

	
J2380

	
25%

	
Z:Z

	
3.599

	
3.599

	
0




	
12

	
J2380

	
25%

	
Z:Y

	
3.598

	
3.598

	
0




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (V)

	
0.13

	
0.14

	




	
Mean for J2380 samples (V)

	
3.72

	
3.72

	




	
Standard deviation for WMG/MBK samples (V)

	
0.13

	
0.13

	




	
Mean for WMG/MBK samples (V)

	
3.71

	
3.71

	













3.3.4. EIS

Table 12 and Table 13 show the ohmic resistance (Ro) and the charge transfer resistance (RCT) of the cells at SOT and EOT as measured by EIS. In addition, comparing Table 10 and Table 12, it can be seen that the increase in RDC of the cell is accompanied by an increase in Ro. Though the magnitude may differ from one technique to another, this concurs with the origin of these parameters. A complete explanation of EIS results is beyond the scope of this study and is already well documented in a number of academic and educational texts [55,56]. Figure 11 presents typical Nyquist plot of the cells pre and post vibration test.

Figure 11. Typical electrochemical impedance spectroscopy (EIS) pre and post test results.
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Table 12. electrochemical impedance spectroscopy (EIS) ohmic resistance (Ro) results for all tested samples.



	
Sample No.

	
Test Profile

	
SOC

	
Orientation

	
SOT (mΩ)

	
EOT (mΩ)

	
Percentage Change (%)






	
16

	
J2380

	
75%

	
Z:Z

	
*

	
*

	
*




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
46.7

	
167.1

	
257.82




	
15

	
J2380

	
50%

	
Z:Y

	
46.4

	
164.5

	
254.53




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
46.8

	
155.0

	
231.20




	
20

	
WMG/MBK

	
25%

	
Z:X

	
46.9

	
153.5

	
227.29




	
17

	
J2380

	
75%

	
Z:X

	
46.2

	
143.1

	
209.74




	
18

	
J2380

	
75%

	
Z:Y

	
46.5

	
141.2

	
203.66




	
12

	
J2380

	
25%

	
Z:Y

	
47.7

	
135.5

	
184.07




	
11

	
J2380

	
25%

	
Z:X

	
46.9

	
126.0

	
168.66




	
26

	
WMG/MBK

	
75%

	
Z:X

	
47.0

	
114.3

	
143.19




	
14

	
J2380

	
50%

	
Z:X

	
47.3

	
114.2

	
141.44




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
46.1

	
102.2

	
121.69




	
23

	
WMG/MBK

	
50%

	
Z:X

	
46.4

	
90.0

	
93.97




	
10

	
J2380

	
25%

	
Z:Z

	
45.9

	
86.9

	
89.00




	
13

	
J2380

	
50%

	
Z:Z

	
46.0

	
84.0

	
82.61




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
50.0

	
84.9

	
69.80




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
46.8

	
66.8

	
42.74




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
47.0

	
64.9

	
38.09




	
5

	
J2380

	
50%

	
Control

	
49.6

	
60.8

	
22.58




	
2

	
J2380

	
25%

	
Control

	
46.2

	
49.3

	
6.71




	
9

	
WMG/MBK

	
75%

	
Control

	
46.3

	
47.5

	
2.60




	
3

	
WMG/MBK

	
25%

	
Control

	
46.7

	
47.3

	
1.40




	
6

	
WMG/MBK

	
50%

	
Control

	
46.2

	
46.8

	
1.30




	
8

	
J2380

	
75%

	
Control

	
47.5

	
47.5

	
0.00




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (mΩ)

	
0.64

	
28.05

	




	
Mean for J2380 samples (mΩ)

	
46.61

	
124.43

	




	
Standard deviation for WMG/MBK samples (mΩ)

	
1.13

	
39.02

	




	
Mean for WMG/MBK samples (mΩ)

	
47.08

	
110.97

	






* = No data available due to cell issue.





Table 13. EIS charge transfer resistance (RCT) results for all tested samples.



	
Sample No.

	
Test Profile

	
SOC

	
Orientation

	
SOT (mΩ)

	
EOT (mΩ)

	
Percentage Change (%)






	
16

	
J2380

	
75%

	
Z:Z

	
*

	
*

	
*




	
18

	
J2380

	
75%

	
Z:Y

	
23.90

	
15.50

	
35.15




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
24.08

	
15.75

	
34.59




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
24.50

	
16.10

	
34.29




	
23

	
WMG/MBK

	
50%

	
Z:X

	
23.73

	
15.73

	
33.71




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
23.90

	
16.06

	
32.80




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
22.43

	
15.67

	
30.14




	
17

	
J2380

	
75%

	
Z:X

	
24.50

	
17.50

	
28.57




	
20

	
WMG/MBK

	
25%

	
Z:X

	
21.64

	
15.47

	
28.51




	
26

	
WMG/MBK

	
75%

	
Z:X

	
22.90

	
16.43

	
28.25




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
22.56

	
16.20

	
28.19




	
14

	
J2380

	
50%

	
Z:X

	
24.70

	
18.20

	
26.32




	
13

	
J2380

	
50%

	
Z:Z

	
23.10

	
17.40

	
24.68




	
15

	
J2380

	
50%

	
Z:Y

	
23.70

	
18.00

	
24.05




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
21.50

	
16.51

	
23.21




	
10

	
J2380

	
25%

	
Z:Z

	
23.72

	
18.70

	
21.16




	
11

	
J2380

	
25%

	
Z:X

	
23.00

	
18.23

	
20.74




	
12

	
J2380

	
25%

	
Z:Y

	
22.80

	
19.10

	
16.23




	
9

	
WMG/MBK

	
75%

	
Control

	
28.89

	
16.38

	
43.30




	
2

	
J2380

	
25%

	
Control

	
28.80

	
16.70

	
42.01




	
6

	
WMG/MBK

	
50%

	
Control

	
25.44

	
15.73

	
38.17




	
8

	
J2380

	
75%

	
Control

	
24.60

	
15.70

	
36.18




	
3

	
WMG/MBK

	
25%

	
Control

	
22.51

	
15.25

	
32.25




	
5

	
J2380

	
50%

	
Control

	
24.40

	
17.50

	
28.28




	

	
SOT

	
EOT

	




	
Standard deviation for J2380 samples (mΩ)

	
1.15

	
0.91

	




	
Mean for J2380 samples (mΩ)

	
23.04

	
16.40

	




	
Standard deviation for WMG/MBK samples (mΩ)

	
0.70

	
1.36

	




	
Mean for WMG/MBK samples (mΩ)

	
23.59

	
17.27

	






* = No data available due to cell issue.










Table 12 highlights that irrespective of the vibration profile, SOC or cell orientation, all the cells exhibit a significant increase in Ro at EOT. For the cells that underwent the J2380 vibration profile, the cell orientated along the Z:Y axis and pre-conditioned at 50% SOC exhibited the greatest change in Ro, 254.53%. Moreover, the cell orientated along the Z:Z axis and pre-conditioned at 50% SOC exhibited the least change in Ro, 82.61%. Similarly, for the cells that underwent the WMG/MBK vibration profile, the cell positioned along the Z:Z axis and pre-conditioned at 25% SOC exhibited the greatest change in Ro, 257.82%. Likewise, the cell placed along the Z:Y axis and pre-conditioned at 75% SOC exhibited the least change in Ro, 38.09%. The increase in Ro was found to originate from an increase in cell contact resistance or delamination of the material layers [55,56]. Post vibration, it was observed that cell sample 16 could not undergo an EIS procedure. This is assumed to relate to internal fatigue damage within the cell. Further investigation into the exact nature of the failure mode, is beyond the scope of this study, but is discussed further in Section 5.

Table 13 shows that all cells that underwent vibration testing show a similar decrease in Rct as the control samples. Consequently, it suggests that this parameter is unaffected by vibration. The effect of cell orientation and SOC on the measured values of Ro and Rct is summarized in Table 7 and Table 8 respectively.





4. Discussion

The primary conclusion from this study is that both the electrical performance and the mechanical properties of the Li-ion cells are affected by exposure to vibration energy that is commensurate with a typical vehicle life. Experimental data suggests that the rate of degradation is not uniform and varies considerably with respect to cell SOC and orientation to the applied axis of vibration. Further, this investigation highlights that even cells that have comparable characteristics at SOT, key measure of performance, such as impedance, diverge considerably after the application of vibration energy. However, the results do not show a consistent trend. Consequently at this stage of the research, the magnitude and spread of that performance change is unpredictable. This is highlighted by Table 14.


Table 14. Comparison of cell performance ranking by post-test assessment.



	
Sample No.

	
Test Profile

	
SOC

	
Orien -tation

	
Electrical Characterization

	
Mechanical Characterization




	
Pulse Power

	
EIS: Ro

	
EIS: RCT

	
OCV

	
Capacity

	
Resonance Frequency

	
Resonance Amplitude






	
10

	
J2380

	
25%

	
Z:Z

	
11

	
14

	
16

	
15

	
12

	
1

	
7




	
11

	
J2380

	
25%

	
Z:X

	
7

	
9

	
17

	
13

	
4

	
3

	
14




	
12

	
J2380

	
25%

	
Z:Y

	
3

	
8

	
18

	
15

	
14

	
17

	
11




	
13

	
J2380

	
50%

	
Z:Z

	
15

	
15

	
13

	
15

	
6

	
9

	
17




	
14

	
J2380

	
50%

	
Z:X

	
12

	
11

	
12

	
15

	
15

	
5

	
3




	
15

	
J2380

	
50%

	
Z:Y

	
6

	
3

	
14

	
13

	
5

	
4

	
10




	
16

	
J2380

	
75%

	
Z:Z

	
1

	
1

	
1

	
10

	
1

	
2

	
13




	
17

	
J2380

	
75%

	
Z:X

	
2

	
6

	
8

	
10

	
8

	
8

	
16




	
18

	
J2380

	
75%

	
Z:Y

	
8

	
7

	
2

	
9

	
2

	
6

	
2




	
19

	
WMG/MBK

	
25%

	
Z:Z

	
9

	
2

	
7

	
6

	
10

	
14

	
4




	
20

	
WMG/MBK

	
25%

	
Z:X

	
4

	
5

	
9

	
7

	
9

	
18

	
8




	
21

	
WMG/MBK

	
25%

	
Z:Y

	
10

	
12

	
3

	
10

	
11

	
12

	
18




	
22

	
WMG/MBK

	
50%

	
Z:Z

	
13

	
16

	
4

	
3

	
3

	
15

	
12




	
23

	
WMG/MBK

	
50%

	
Z:X

	
16

	
13

	
5

	
3

	
17

	
7

	
9




	
24

	
WMG/MBK

	
50%

	
Z:Y

	
14

	
17

	
6

	
2

	
18

	
16

	
15




	
25

	
WMG/MBK

	
75%

	
Z:Z

	
5

	
4

	
15

	
3

	
16

	
13

	
1




	
26

	
WMG/MBK

	
75%

	
Z:X

	
17

	
10

	
10

	
7

	
7

	
10

	
5




	
27

	
WMG/MBK

	
75%

	
Z:Y

	
18

	
18

	
11

	
1

	
13

	
11

	
6




	
Ranking Key:




	
Greatest reduction in performance

	

	

	

	

	
Least reduction in performance




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18











The table shows that a series of complex interactions are potentially triggered whilst the cells are undergoing a vibration load that activates several failure modes and/or degradation mechanisms. The implications of these observations are further explored in Section 5. The remainder of this section discusses further the results obtained and highlights the implications of this research for the design of a RESS for future EV applications.


4.1. Impact of Cell Orientation

Table 7 collates the electromechanical EOT results and highlights, for each test-type, the individual cell ranking with respect to effect of vibration cycle on cell orientation. For cells subjected to the J2380 vibration profiles, the greatest overall change in electrical performance was experienced by the cell placed in the Z:Y orientation. Similarly, for the WMG/MBK dataset, the results suggest that cells orientated in the Z:Z axis experienced the greatest overall amount of electrical performance degradation. This cell behavior is also shown in the amplitude of the first resonance frequency. However, it is not present in the shift of the natural frequency of the cells. The differences in cell behavior, when exposed to the different vibration profiles, may be attributed to the difference in acceleration levels within the profiles. This in turn is related to the amount of time compression applied to synthesis the vibration standard from measured vehicle data [36]. The evidence tends to suggest that a correlation may exist between electrical performance degradation and a change in the mechanical properties of the cell post vibration.

In relation to the study discussed in [24] the WMG/MBK tested samples correlated well with the orientation conclusion from this study in that samples oriented in the Z:Z axis displayed a greater amount of performance decrease. However it must be noted, that the samples within [24] only accumulated vibration in one axis throughout the whole test, when this study has applied vibration in all three axis of the cell in a sequential fashion and therefore is more representative of the accumulation of damage that an automotive battery cell would achieve. This sequential axis vibration damage accumulation may also explain why the horizontally oriented samples in [24] were relatively unaffected by the application of vibration.



4.2. Impact of Cell State of Charge

Table 8 collates the electromechanical EOT results and presents the ranking with respect to the different values of SOC used to pre-condition each cell prior to subjecting them to the different vibration excitations. The results for the J2380 vibration profile show that the cells pre-conditioned to 75% SOC experienced the greatest level electrical performance degradation. Similarly, the results obtained from the WMG/MBK profile highlight that the cells pre-conditioned to 25% SOC displayed the greatest electrical performance degradation. Conversely, the cells pre-conditioned to 50% SOC exhibited the lowest levels of electrical performance degradation. It has previously been shown that a potential reason for this difference can be attributed to the changes that occur within the mechanical structure of the cell at the different levels of SOC [57,58]. However Table 14 indicates that no correlation can be established between the measured data for changes in mechanical properties and the degradation in electrical performance post vibration testing. This initial conclusion is supported by related research that reported the difficulty in correlating electromechanical ageing mechanisms [24,58,59,60,61,62].



4.3. Implications for Vehicle Design

The results from this study show that both the electrical performance and the mechanical properties of Li-ion cells can be affected by exposing the cell to vibration energy that is representative of a typical vehicle life. Whilst this is evident from the data presented, the underlying causality is not yet clear. As a result, it is not possible to quantify the relationship that defines cell ageing caused by vibration excitation. Irrespective of this limitation, both the electrical and mechanical data show that cells subject to vibration have a much greater spread in the internal resistance, energy capacity and natural frequency. Managing this diversity may potentially drive further complexity in the systems engineering functions required to scale individual cells into a complete RESS. A number of articles discuss the need to minimize cell-to-cell variations within the system as a mean to reduce the differential current flows and heat generation with the pack. This research highlights that even for a RESS that is initially well designed; the impact of vibration-induced ageing may require greater levels of cell balancing and thermal management.

The results summarized in Table 7, Table 8 and Table 14 highlight that both the SOC and orientation are as important parameters to consider when designing a RESS as the contribution of the vibration induced profile. It is expected that variations in SOC within the RESS will be observed, especially for an EV, where a large depth of discharge (DOD) is required to maximize vehicle range. Consequently, SOC may be a parameter that engineers consider more greatly than orientation. However, to maximize the volumetric energy density and minimize the footprint of the RESS, engineers may need to account for the impact of cell orientation on the performance of the RESS. Consequently, the authors suggest that as part of the technology selection process, OEMs should study the susceptibility of the chosen cells to mechanically induced vibration profiles at different SOC and cell orientation to mitigate their effects through improved system design.




5. Further Work

One of the limitations of the methodology employed within this study is that electrical and mechanical characterization data was only measured at SOT and EOT. As a result, no discussion or conclusions can be made about the rate of degradation throughout the vehicle’s life. It is recommended that a future study should characterize the cells at intermediate points during the test programme, e.g., intervals representative of 10,000 miles of vehicle use. This would facilitate further investigation into both the absolute value of degradation, but also the expected in-service rate of capacity and power fade over the life of the vehicle.

The experimental approach may also be improved, by revising the derivation of the vibration profile employed to exercise the cells. Both the J2380 standard and the WMG/MBK profiles are derived from real-world automotive data. Derivation of the WMG/MBK profile, as discussed within [36,37], used vibration data recorded directly from the battery packs of commercially available EVs. This vibration may not however directly correlate to that observed within the battery assembly, since cell restraints and packaging may induce further resonant modes and damping. Further research should measure directly the in-pack vibration. If significant differences exist between this data and that recorded externally to the vehicle RESS, then a new durability profile should be synthesized and the research repeated.

The results collected from this study imply that the rate of cell degradation is not uniform and varies considerably with cell orientation (relative to the axis of vibration) and SOC. However, given the limited dataset employed for this initial study, definitive conclusions regarding the underlying causality between the different ageing mechanisms cannot be made. The authors believe that these initial results warrant further research. Firstly, using novel cell imaging and autopsy methods, as discussed within [24], to better quantify the changes that occur within the material composition and structure of the cell post vibration. Secondly, to reduce the potential impact of cell-to-cell variations, by expanding the scope of the experimental study to encompass a greater number of cells of a given type. Expanding the experimental programme should also include using cells from a broader cross-section of manufacturers and chemistries. This will identify if the experimental results presented here are transferable to other cell technologies.

Due to the equipment availability at the time of testing, the experiment was conducted using a single axis EMS. As a result, the cells were not tested with respect to gravity. This could have caused unrepresentative loading due to the effects of mass loading associated with rotating the samples on the durability fixture. It is therefore recommended that a future experiment is conducted using either a multi-axis shaker table or single axis EMS with slip table capability so that the samples are evaluated with respect to gravity.



6. Conclusions

Both vibration profiles synthesized to represent 100,000 miles of vehicle operation resulted in a performance decrease within the tested Samsung 2.2 Ah 18650 cells. However the two different vibration profiles of SAE J2380 and WMG/MBK resulted in two different results with respect to the effect of SOC and cell orientation. Of the samples evaluated to SAE J2380, cells in the Z:Z orientation displayed the least amount of degradation, whilst cells in the Z:Y orientation displayed the greatest. Whilst samples evaluated to the Z:X and Z:Z orientation displayed the least and greatest amount of degradation when exposed to the WMG/MBK profile, respectively. Of the samples evaluated to SAE J2380, items conditioned to 75% SOC displayed the greatest degradation, whilst WMG/MBK, items conditioned to 25% SOC displayed the greatest degradation. Samples conditioned to 50% SOC typically displayed the least degradation regardless of the test profile.

In conclusion, the experimental results presented highlight the potential for key electrical and mechanical properties within the cell to diverge, over time, due to the application of vibration energy that is consummate with a typical road vehicle life. Unless this phenomenon is well understood at the design stage of the vehicle, it may drive further complexity into design of the RESS in addition to causing in-service warranty claims. At this stage, the underlying causality between the application of vibration energy and cell SOC and orientation are not fully understood. Defining these relationships is the focus of on-going research within the University. For example; by using novel cell imaging and autopsy methods to quantify changes in material composition and structure. Expanding the experimental programme to also include cells of different form-factor and chemistry will identify if the experimental results presented here are transferable to other cell technologies.
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