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Electrode foils stacking and welding 

Putting it all together … 

Only robust and reliable production and handling processes enable cost-effective mass production in the 

highest quality. 

Analysis of the Initial Situation 

The long, thin webs of the coated electrode sheets and the separator foil are to be implemented by the 

arrangement in layers to establish a large contact area and active area within a confined space. In 

addition, the flow of electrons to the conductor electrodes needs to be guided at right angles to the contact 

area and discharged from the enclosure of the chemical cell. For the draft of a cell, a decision is required 

as to whether the available installation space in the cell is to be used in favor of the thickness and 

ampacity of the metallic electrodes and thus an increase in the electrical maximum output. Alternatively, 

the space can be used for larger active areas, thus increasing the amount of storable energy.  

For this distribution of the space, there are more influencing factors, resulting from the manufacturing 

engineering applied for the production of the cell. The geometric precision of all production and handling 

processes accounts for the necessary spatial undersizes for ensuring the feasibility of assembly. This space 

is lost for the cell function. The space for attaching the foils to the conductors and the space for sealing 

ultimately reduce the active area.  

The two main functions for creating the foil stack before it is enveloped are stacking and the joining 

process. These processes are therefore particularly important in terms of the product design and 

production quality. They are supplemented by further processes, such as the drying of the foil, the supply 

of individual parts for joining and the fixation of the foil stack. It makes no difference whether this is the 

pick and place stacking of individual sheets or Z folding. However, the focus is on flat stacks, as opposed 

to wound stacks. 

Fig: Different stacking types: 

 

The organization of the production plant for creating foil stacks from the individual foils must meet a wide 

range of requirements for creating cells in top quality, reliably, and efficiently at high output with a low 

level of resources, work and investment costs. The availability, i.e. the ratio between production time and 

overall time, plays an important role. The availability of an entire plant can be increased if long parts of 

the plant with rigid connections are decoupled from each other by buffers, thus preventing them from 

mutually slowing down due to machine malfunctions. 
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A number of research approaches are derived from these observations and a vision is developed for the 

optimum production of pouch cells. 

The key is the joining process using ultrasonic welding. It must ensure the connection of the individual 

foils. To develop the process, the target variables and quality criteria need to be defined first. The 

development of the process is supported by the development and application of diagnostic methods for 

understanding the inner process flows. A clamping concept is then to be developed for fastening the 

components in the joining process and the other process steps. Precision and dimensional accuracy are 

lost when clamps are changed. For the consistency of the clamping concept for the overall process, a 

workpiece carrier system is also to be developed.  

To decouple the cutting process, the drying process and the stacking process, an efficient magazining 

system is to be developed for buffering the individual sheets at high speed. These individual aspects are 

then to be taken into account to develop a comprehensive system concept. The following draft was made 

as a vision, which is to be developed in the following chapters. 

 

The economic potential resulting from the approaches described above were identified compared to the 

BatPac reference model. It results in improved availability. The calculated parallelization of stations 

makes better use of the availability of the machines. Unnecessary handling steps are dispensed with and 

system space is saved. This project does not take the option into account of automating the manual 

process of fastening the adhesive strips on the cell stacks. 
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Joining Work Packages 

Methods for Measuring the Joining Quality 
A number of requirements are placed on foil welding, that are to be documented with the test methods as 

far as possible. 

• Geometry of the weld optimized in terms of the installation space (= narrow weld area) 

• Sufficient strength, ensured on a long-term basis 

• Good electrical conductivity of the joint 

• Minor mechanical impairment of the foil material 

• Minor transfer of heat to the foil material and the battery cell module 

• Process-consistent, including: sufficiently large process window 

• Cycle time reduction compared to existing processes 

The weld samples created as part of the development of the process are to be assessed in terms of the 

required welding quality according to suitable criteria. Inspection methods are to be selected and applied 

for this. The favorable selection and application of the inspection methods is for supporting the fast 

development of the process.  

Methods and procedures used for measuring and assessing the test welds are: 

• Visual inspection 

• Strength analysis 

• Microscopic inspection and 3D measurements 

• Metallographic examination 

Visual inspection 

Visible weld faults and imperfections belong to the external characteristics. 

 

Examples from process development: 

• Wrinkles: several upper or lower foils have been deformed (wave shape) 

 
  



 

4 �  

   

 

• Cracks: one or more upper foils were cut off in longitudinal direction and precisely at the weld 
area border ("cut out", "punched out"). Both on the narrow side of the weld area and also on the long side. 

 

 

Tensile test: 

The strength characteristics of the test welds to be examined are determined using tensile shear tests. For 

this, a precise method for clamping the specimens needs to be developed. 

 

 
The test data can thus be saved and the maximum tractive force assessed: 

 

  

Clamping device Tensile testing 
machine 

Load cell Jaw inserts 
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Microscopic inspection and 3D measurements: 

The test welds can be examined using the digital microscope, Keyence VHX-2000 

(location: screw-driving laboratory, 2nd floor). The use of a digital microscope 

provides many options. Sidelight emphasizes the surface structure of the weld 

area. 3D analyses and 3D measurements are also possible. 

For the microscopic inspection, the topography of the welded area (e.g. tool 

impressions in the foils and in the conductor sheet) and its surrounding area (e.g. 

deformation of the foils; wrinkles and cracks in the foils) are of interest. The 

welds can be examined with a magnification of up to 200 times. After the 

conduction of tensile tests, the fracture pattern of the welding samples can also be 

assessed more accurately using a microscope. 

Example: Micro-fissures in the topmost foil 

 

 

 

  

 

 

 

 

Ground sections of foil stacks: 

The metallographic ground section is for the visualization of weld faults, on the one hand. Statements can 

be made on the presence, the frequency and the distribution of defects (e.g.cavities) in the joining zone. 

On the other hand, the structure of the entire welding zone can be examined. The quality of a weld joint 

can thus be assessed and the optimization of welding processes supported. The challenge is the 

preparation of thin foils, without changing the result in the process. 

    

The ground sections are assessed according to the following:  

• Joint (weld) of foil stack and conductor sheet: material bonding, without gaps 

• Connection of the foils: without gaps 

• Foil tearing 

• Deformation of the foils  

  

 
 

Vibration 
direction of the 

sonotrode 
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• Thermal damage to the foils due to over-welding 

• Forming of the weld nugget: geometry, structural change 

 

Example from process development: 

 

 

Development of Diagnostic Methods 
By observing the phenomena and characteristics during the welding process, relevant knowledge is to be 

acquired for the application and a better comprehension of the process achieved. For these process 

diagnoses, suitable methods are to be selected, tested for the specific process and applied. 

Thermography provides information on the distribution of heat in the direct environment of the process. 

It cannot look into the process. 

  

 The ultrasonic wave propagation in bodies can result 

in heat developing due to movement and friction at 

points where this is not intended. This can be detected 

with this option. The following figure shows how a 

point on the sonotrode heats up opposite the 

component. 

 

 

No joint, gap between foil stack and 
conductor sheet 

Foil tearing 

Nickel layer of the 
conductor damaged 

Weld nugget 

Weld nugget is separated by 
cracks at this point 
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High-speed recording can be used to monitor the process excellently from the outside. A high-speed 

camera is used for this. Due to high short shutter speed, a powerful light is required. The size of the 

picture depends on the image frequency. If one selects an image frequency higher than a vibration 

frequency of 20 kHz, the section becomes very small, but the individual vibrations can be followed. Larger 

pictures provide a better overview of the situation. 

 

The films show the development and flying away of particles, the sonotrode penetrating the stack and 

possibly the separation of the topmost foils, and the surging and tearing of the foils. One can also see that 

sticky material can be forced out of the joint, which then represents tinsel. 
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Piercing attempts during the recording of the vibrations revealed that the sonotrode could become 

stationary and the vibration generators have an effect on the anvil. For this, a clearance-free system was 

created for non-contact distance measurement. 

  

 

Example: Data record for Samples Ultrasonic Weld. There can be seen a basic oscillation. The shift is due 

to the lowering of the sonotrode. A chance in the amplitude is the welding oscillation itself. 
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Further Development of the Ultrasonic Welding Process 
To ensure a sufficient and reproducible supply of samples with foil stacks for the basic tests, a foil winding 

device has been designed and built. In particular, the constantly good clean condition of the foils before 

winding was aimed at. A cleaning module was developed for this purpose, for removing dirt in the form of 

grease layers, oil residue and loosely adhering particles. The cleaning effect is essentially achieved by the 

continuous application of ethanol, followed by the separation of the residue dissolved in the ethanol on a 

microfiber cloth. 

  

Two welding machine manufacturers were examined: Telsonic and Branson 

                     

Ultrasonic welding machines, UW20LHP/Versagraphix and M4000/SG22-x/MPS4 

Welding stations were set up around them: 

 

 

 

Ethanol cylinder 

Wind-up unit 

Quantity counter 

Copper roll 

Cleaning system 

Deflection roller 
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Features Branson Ultraweld        

UW L20HP (High 

Power) 

Telsonic M4000 

Manufacturer Branson Telsonic 

Generator/controller  US generator with 

controller, single board 

computer incl. Versa 

Graphix software  

US generator SG22-5000-3 

(8PZT) and control module 

MPS4 in combination with 

SE2040 (not SE2050A) 

Sound transformer / converter Piezo Piezo 

Operating frequency 20 kHz 20 kHz 

Vibration direction Longitudinal / linear Longitudinal / linear 

Maximum power output (generator) 5.5 kW 5.0 kW eff. 

Frequency control Yes  

Amplitude control Yes +/- 3% from idle state to rated 

load and in the case of system 

fluctuations -10%/+15% 

Load compensation Automatic  

Welding modes Time, energy and path 

control, energy control with 

path compensation 

Time, energy and path control 

Booster (mech. amplitude transformer) Material: titanium Material: titanium 

Translated welding amplitude 20µm < A < 40 µm 20µm < A < 40 µm 

Power module / electr. connection 32 A (min. 25A) / 400V 400 V (50/60 Hz) 

Short-circuit and overload protection  Yes 

Welding force generation Pneumatic Pneumatic 

Pneumatic cylinders D=100mm (max. 4712 N) D=100mm (approx. max. 

4000 N) 

Closing force  Max. 5500 N / min. 100N 

Welding path control Position sensor Electronic measurement of 

displacement 

Press force or pressure control  Electronic force and trigger 

sensor (100% =4000N) 

Air supply Max. 6 bar Max. 8 bar 

Lower stroke position of welding press Mech. adjustable limit stop Mech. adjustable limit stop 

Upper stroke position of welding press Mech. adjustable limit stop Limit stop, not adjustable 

Max. stroke of welding press 48 mm 25 mm 

LxWxH [mm] 352x279x334 240x585x445 

Weight 38 kg 70 kg 

Total price (Euro) Approx. 33,000.00 (net) Approx. 39,000.00 (net) 

Table: Comparison of features of Ultrasonic welding machines; based on [BRA] and [TEL] 
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The decisive adjustment parameters at the US welder for the US welding of metal foil stacks for 

Li-ion cell applications are: welding energy, trigger force and welding load or pressure and 

amplitude. The vibration frequency is determined by the design type of the US welder. For each 

toll to be tested an each variation of the setup, this set of parameters had to be optimized.  

Adjustment 

parameter 

Explanation 

Welding energy Since a time that is too short for the creation of the joint reduces the quality of the 

joint significantly, welding should preferably be stopped when a given welding energy 

value is reached instead of after a specified welding time. "Power welding" mode also 

has the benefit that the application of heat to the joint can be controlled in a relatively 

reproducible manner and thus be limited, which is particularly important for Li-ion 

cell applications. A welding energy that is too small will result in poor welding 

results/joint strengths, as the joint creation threshold is not established. If the 

welding energy is too high, that will disrupt, crack and destroy the partner to be 

joined.  In the case of severe contamination of the partners to be joined, e.g. by grease 

layers, the reduced friction resistance poses a risk that in "power welding" mode, the 

power value is only established after an (untypically) very long time, that would 

disrupt the partners to be joined due to the continuous vibration load. For this 

reason, the specification of the control variable should be linked to the specification of 

a maximum process time, which results in welding being stopped with a 

corresponding error message when this time is reached. 

Trigger force or 

trigger pressure 

The trigger force is required to create the prerequisite for creating the joint by the 

surface contact of the joining parts and ensure the mechanical connection between 

the welding tools and the parts to be joined. Establishing a minimum force is the 

prerequisite for a good weld. The trigger force determines the ultrasonic trigger time 

and is activated before the actual welding load, i.e. at this time the sonotrode is 

engaged in the part to be joined on the sonotrode side. The trigger force must always 

be smaller than the force of the set welding pressure. 

Welding load or 

welding pressure 

When the trigger force is reached, the machine switches over to the welding load. This 

is normally done in synchronization with the effective ultrasonic time and the 

parameterizable holding time (cooling time). The welding load is decisive for the joint 

creation period, as it ensures the mechanical bond between the joining parts and the 

welding tools and the correction of the welding tools or the leveling of the surfaces of 

the partners to be joined during the joint creation phase with increasing deformation 

of the joining parts. The optimum welding load is determined by the materials to be 

welded, their hardness and deformation capacity and by the size of the joining area 

and the resulting surface contact pressure. It is normally set directly via the pressing 

air pressure or pneumatic cylinders of the US welder. 

Vibration 

amplitude 

The vibration amplitude has a decisive impact on the intensity of friction between the 

partners to be joined. Establishing a minimum amplitude is the prerequisite for a 

good weld. Typical values are between 20µm and 40µm. If they are exceeded, the 

workpieces will be damaged irreparably due to excessive alternating stress. The 

amplitude must be adapted to the corresponding materials and dimensions of the 
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parts to be joined. 

Vibration 

frequency 

The vibration frequency is determined by the type of US welder. Machines with 20 

kHz are used. For applications with very few metal foils, machines with a vibration 

frequency of 40 kHz are also used.   

Table: Adjustment parameters for US welding, based on [ADA] 

The very precise investigations also revealed a previously unknown effect on the welding result, which was 

not mentioned by the machine manufacturer. Based on the initially inexplicable deviations in the welding 

quality, the Telsonic machine was examined in more detail. 

The result was that the precise tightening torque between sonotrode and vibration system and the 

condition and absence of oil on the contact areas are of special importance.  

 

For this, a special torque wrench was built for the 100 Nm tightening torque, to achieve the necessary 

reproducibility. 

 

The clamping screws of the bearing rings must be tightened to 20 Nm. 
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The optimum tool shape was examined in great detail. It determines how to engage in the foil stack, how 

the vibrations are transferred and to what loads the topmost foils in particular are exposed to. An aligned 

pyramid shape has proven to be ideal. The alignment of the sonotrode and the anvil is also important, 

however. 

               

 

   
 
The original intention of welding one long seam in one go had to be abandoned, because the available 

machine capacity is not sufficient. Therefore, four separate weld seams were planned. 
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In addition to the actual joint, the tool shape also has a significant influence. To avoid any deformation of 

the foils, the intervention zone needed to be offset more. 

 

The following settings and welding processes were determined. Both welding machines would be capable 

for the process. Finally, the target process was developed with the machine with which there was the most 

experience. 

Parameter Copper welding Aluminum welding 
Amplitude 64%, 25.9 µm 50/20.0 µm 
Energy 430 Ws 250 Ws 
Welding pressure 1.35 bar 0.8 bar 
F Trigger 650 N 450 N 
Welding time 0.310 s 0.424 s 
 

The optimized tools for both processes are the two-row pyramid chain for the sonotrode, 
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and the anvil according to the seam width 

   

The intensive analyses have shown that this truncated pyramid shape represents a good optimum. The 

conversion to two pyramid rows was carried out to reduce the width of the weld seam.  

         

 

  

Sonotrode) 
pyramid valley 

(Sonotrode) 
pyramid tip 

Foil stack Ni Layer Conductor sheet 
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The process is also OK to a large extent in the event of deviations of the parameters. The different welding 

depths and deformation of the component are to be seen 

 

 

A minimum throat thickness of 2.7 mm was achieved. The result according to the following sketch is a 

computational increase in the active area by 
�.�	��

���	��
� 1.7%. 

 

  

achieved:

welding area

137

311

137 + ∆a

Starting point

12 x 5 a = 5 mm

2,7 x 14,5 a = 2,7 mm

∆a
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Alternative Joining Methods 
Ultrasonic welding is very well suited for mixed aluminum and copper 

compounds. In the case of compounds of the same type inside the cell, 

other methods are also possible. A problem of laser welding is the 

variety of surfaces and the air included in a stack. Resistance welding 

would therefore appear to be more productive. 

Research has shown that the flow of current in the foils can be 

concentrated using studs. The tests were carried out with a 20 kHz 

Matuschek system. The welding parameters are determined in the 

standard manner in terms of force, current intensity and pulse time 

without special considerations. 

To achieve narrow welding zones (Elibama 

requirement) an attempt is made to give them a 

longitudinal shape.  

 

An attempt was made first to create a longish stud by stamping, which was however flattened during the 

process, i.e. a stud must be made out of the solid. Massive forming or chip removal would also be possible. 

Wire pieces were placed underneath. They were melted into the underside. 

A copper sheet with the copper foils could be welded onto the surface with foils. The stud is for 

concentrating the current. The top electrode made of tungsten prevents the melt from escaping and seals 

the joint. 

A copper sheet with the copper foils could be welded onto the surface with foils. The stud is for 

concentrating the current. The top electrode made of tungsten prevents the melt from escaping and seals 

the joint. 
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For aluminum, it was necessary to attach a sandwich cover sheet next to the stud to prevent the aluminum 

from being welded onto the electrode. It could then be welded well, however. The surrounding solid 

material prevents the melted mass from escaping. The individual foils are all well connected. There was 

only a solidification cavity in the center of the weld nugget, which is not critical. 

   

 

All tensile tests were above 300 N. These results mean that are is also a solution for joining pouch cells 

with the reliable resistance welding method. However, the design requirements shown here must be 

complied with. 

Stacking Work Packages 

Development of a Work piece Carrier and Clamping System 
The local clamping system in the direct vicinity of the processes for cutting the foil ends and joining the 

conductors has a direct impact on dimensional accuracy and the joining quality. 

Various different clamping principles are tested first, then a concept is developed: 

   

It is important to clamp the foils next to the anvil and the sonotrode, but still to maintain sufficient 

distance to the process in order that the foils can also vibrate during the process, without tearing. 
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The process chain at the joint consists of the steps: clamping, cutting, inserting the conductor and then 

welding the conductors together with the foils. The workpiece carrier developed during the stacking WP 

should be the basis. The requirements were stacking capability, not applying too much force to the 

individual foils, the automatic firing of the carrier, good fastening of the foils to protect them from 

slipping, protection of the foils and consistency through all process steps. 

 

 

  

Weld

Position 
Electrode

Cutting

Joining Zone 

clamped

Clamping Joining Zone

Clamping Stack
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The basis is the integrated part carrier. The foils are stacked there directly in the stacker. One thus has the 

alignment precision there that can be achieved. 

  

 

                                

 

This unit should be stackable and it should also be possible to transfer it in transport boxes.  

    

position bolt distance bolt clamping device 
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For the positioning of the conductors, this unit must be inserted in a further carrier. The necessary 

adjustment options for alignment are included. 

  

This carrier itself is inserted in the individual stations in the corresponding process tables and aligned 

with the adjustment screws enclosed for the cutting or joining process. 

  Cutting 

 

Welding: 
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Development of a Foil Buffer 
The foils are provided from a continuous cutting process and need to be stored temporarily in a magazine 

without damaging the edges or the active coating. 

 

The foils then need to be removed individually from the magazine and provided in the correct position for 

the lithium-ion cell assembly process. 

 

The cycle of the cutting unit is 30 – 60 parts/min. The cycle of the assembly unit is 30 parts/min, i.e. the 

foils must be decelerated and accelerated in a non-destructive manner. 

The requirements for a solution are: 

• Gentle handling of the foils without any damage 

(no relative movements, the edge is guided by a belt running synchronously) 

• No contamination of the foils due to non-contact handling (floating) 

• Two-sided image processing inspection option (top and bottom sides, edges) as an option 

(inspection of the top side on the outfeed conveyor of the cutting unit, inspection of the bottom 

side during the "floating process") 

• Position tolerance for the provision of the foils ±0.1mm (or less) 

• The cutting and assembly processes take place in the dry space, suitable components have been 

selected 
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• All process stations are easy to access manually for maintenance, process monitoring, tool 

change, etc.  

• Both the cutting process, as well as magazining, storage and provision can be carried out in a 

controlled atmosphere (suitable enclosure and air ducting possible). A dry room atmosphere must 

be kept as small as possible due to energy costs 

Ultrasound-based floating from the semi-conductor technology should be used as the technology for non-

contact handling. The effective principle of the ultrasonic bearing is based on repulsion by the air 

vibrations of the ultrasonic sonotrode. Holding from above is achieved by the application of a vacuum. 

   

Many handling tasks require the simultaneous application of attractive and repellent forces, e.g. gripping 

at the top. In these cases, the repellent effect of ultrasound is combined with attractive vacuum forces. 

This technology enables the simple handling of workpieces, which corresponds to conventional gripping 

at the top (with mechanical contact). In addition, flexible components can be smoothed without contact to 

the handling tool, their geometry stabilized and held in position. 

The test plant creating has an incoming conveyor for catching the cut foils to deposit them in the first 

magazine. The second magazine serves as a demonstrator of the stacking device, in which the foils from 

the first magazine are rearranged. In addition, there is a drop box for separating foils not okay. The 

inspection with line scan cameras was not illustrated here. The feed motion is established by a small 

driver, which does not damage the sensitive foil however, due to the air suspension. 

 

Infeed conveyor, 
corresponds to the 
outlet of a cutting 
device 

Magazine 2 Magazine 1 Drop box 
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For the qualification of the process, the magazine prototype was made of aluminum. For the series 

production process, a cost-effective alternative is to be developed, for example made of plastic, because a 

large quantity is required to be able to buffer different output volumes. For the standard magazine, a 

suitable enclosure is also to be taken into account for protection from environmental influences. 

      

Magazine with foils inserted                                                   Magazine with elevated base in operating position  

 

Development of a Comprehensive Plant Concept 
Before a new plant concept can be created, the various requirements need to be analyzed. Possible design 

conflicts need to be revealed and a decision made for an optimum concept.  

Dried electrode and separator materials are hygroscopic. It therefore needs to be ensured that after drying 

the intermediate products, they are then only transferred and processed in defined climatic conditions. 

These conditions are to be ensured in the rooms in which the dried intermediate products are processed 

and transported. This does not only apply to the normal process, but also to process interruptions and 

troubleshooting. If these conditions are not complied with, the intermediate products are to be marked as 

not okay and removed, i.e. the drying of the intermediate products should take place as late as possible. 

Individual process areas should be encapsulated to minimize rejects due to the violation of the climatic 

conditions. 

The working rooms for workers and the process rooms have different air conditions. Exhaled air impairs 

the dry air condition and increases the dew point. Increased energy is necessary in order to retain a dry air 

condition in the room. That means strictly separating the rooms for dried intermediate products and the 

rooms in which the workers need to move. Dry room specific climatic conditions for these movement 

areas should be as low as possible, and small, encapsulated process rooms provided to prevent too many 

rejects in the event of manual fault elimination. 
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A dry air condition in the dry room must also be ensured in the event of malfunctions and downtimes. The 

required climatic conditions must also be retained in the event of production downtimes if there are 

intermediate products in the rooms for which air conditioning is required. Alternatively, the relevant 

intermediate products are to be marked as not okay.  

In particular the extraction of cutting dust requires high filter technology expenses (extraction of particles 

versus dry room condition). These expenses will increase the higher the dew point is, due to the static 

charge of the particles. The particle properties and the available filter technology can and do result in part 

of the air flow being discharged via the roof after filtration. The higher the dew point of the process air is, 

the more energy is required for the air to be supplied, i.e. cutting the materials and the extraction of the 

particles should take place, if possible, before drying, and cleaning of the electrodes before drying, if 

possible. Encapsulation and separate supply air for extraction at the separator intersection. Encapsulation 

and separate supply air for extraction for cutting flags, encapsulation and separate supply air for 

extraction during welding. 

All plant components and conveyor systems in the production area should be encapsulated, due to the 

high dryness requirements in the production process. For the atmosphere within the plant, the following 

conditions are to be complied with. Compliance with the atmosphere within the plant modules has the 

highest priority. Therefore, current plants are run with slight overpressure to ensure the required dew 

point. (Intermediate) products may only be moved through the plant in the required atmosphere. If the 

dew point is exceeded, the relevant intermediate products are to be marked as parts that are not okay and 

removed. That cannot be avoided, in particular when eliminating malfunctions. Compartmentalization 

concepts are to be applied to attempt to reduce the number of intermediate products that become not 

okay parts. 

In addition, the drying processes at the lines respond sensitively to plant downtimes and intermittent 

processes, i.e. buffering is not only for increasing availability, but also for improving the quality. In 

addition, the clamping concept developed above should be applied consistently. 

The encapsulation should also be retained for the transport processes of all partial products. Manual 

transport vehicles or automatically guided vehicles could be used between the stations. The atmosphere in 

the transport container must be monitored. The stations must be equipped with removal systems for 

loading and unloading in a dry atmosphere. The transport cycle times can be reduced if the stack 

capability of e.g. 5 work piece carriers is exploited. At an estimated cycle time of 1 minute per stack, that 

would be one transport operation every 5 minutes. The benefit of automatically guided vehicles is that 

access to the systems is given simultaneously, and one does not have to cross conveyor belts that produce 

dirt using stairs. No multipurpose tool magazines should be provided in the stations, as that would only 

increase their complexity. A fast change of the magazines is more efficient. The complete parallelization of 

the station is to be preferred. 

It would appear to be practical for the Z folder to roll up the material again after drying for decoupling. 

Discontinuities in the separator should be possible in the Z folder by automatically removing a double 

layer. With a pick and place system, that would be the removal of a sheet. The electrode sheets should be 

cut first and only then dried. 

In addition, the complete data relating to everything that occurs in the system and all process steps needs 

to be recorded. All workpiece carriers, magazines and rolls are to be equipped with ID technology and the 

stations with readers in order that everything can be traced. 
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A view of the integrated overall concept is given below. 
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Production of Demonstrators 

The designed stations have been manufactured and assembled. By producing demonstrators the concept 

could be verified.  

The taped stack were taken from series production and entered into the work piece carrier. The position 

was aligned by mechanical corners. In series production the accuracy would derive out of the z-folder. The 

closing lid of the workpiece carrier and the clips are designed to be automated. 

   

The concept to be able to measure the stack dimensions uses a light barrier with referenced edges of the 

fixture. 

  

The clamping blades are part of the 2nd carrier are lowered and it can be transferred into the cutting 

station. 
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After inserting and clamping the conductors the unit is be transferred into the welding station. Shifting to 

the side positions it according to the seam positions. 

  

The build demonstrator: 
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Cells’ filling 

Cells’ filling - Final step of cell assembly: the last but not the least… 

State of the art 

The electrolyte filling step is well known as a critical operation for the performance of Li-Ion cells leading 

to high expenditure and manufacturing costs. 

The objective of filling equipment and process is to ensure that the electrolyte fills completely and 

homogeneously the free porosities of materials and electrodes structures to obtain all the cells reaching 

the designed capacity , BOL and EOL performance target at the lowest cost without manufacturing scrap. 

The filling specification has to be satisfied with the good equipment and process capability done in a 

filling time as short as possible to lower the expenditure and ensure quality, whatever are the difficulties 

done by the critical wetting characteristics of the inside cell materials with the electrolyte. 

Whatever is the cell design, prismatic or cylindrical cell with stacked or winded electrodes, the cell is a 

multi-layer system and have to be wetted completely and homogeneously with the designed electrolyte 

quantity. 

Due to the high vapor pressure of the electrolyte and the wetting boundary conditions, the fundamental 

target to obtain a complete and homogeneous filling can lead to a very complicated process. 

Li-Ion cells solvents and liquid electrolytes are attractive to hydrophilic and repulsive to hydrophobic 

surfaces depending on cathodes materials, separators layers and anode materials. 

The raw materials used in the electrodes of Li-Ion cells expend large surface areas to be covered by the 

liquid electrolyte during the filling process with the target to completely fill all the pores for an efficient 

ionic transfer and performance.  

However, these materials are showing poor wettability with the electrolyte, it can be characterized using 

the measurement of the contact angle on an electrolyte droplet on cathode, separator and anode materials 

showing high angle telling us that the filling process will be slow and difficult. 

These difficulties are increased for power cells with lower electrodes porosity and high number of 

electrode layers. 

An incomplete wetting of the electrodes leads to existence of dry areas that do not contribute to cell 

capacity , increase the internal resistance and represent sources of alteration and accelerated aging with 

electrodes damaging and degradation processes. 

Wetting agents can be used but the filling process optimization remains the main way to speed up the 

operation from hours down to a few minutes or less. 

In the manufacture of cells on a large technical scale, the electrolyte filling process is fully automated 

using precision pumps associated to complex multistep vacuum and or pressure sequences combined with 
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temperature and storage given expensive conditions, large room space, high maintenance and 

manufacturing costs. 

 

In the frame of ELIBAMA to Reduce the global cell production cost our main challenges for this filling manufacturing 
step are : 

 Decreasing the time and cost of this specific critical manufacturing process step,  

 Improving the process design without compromising cell performance, 

 Reducing the scrap rate , 

 Reducing particulate contamination at each manufacturing step (target ISO 7 or better). 

 Improving in-line process control in order to increase the overall production yield 

 Improving the ability to reuse battery at vehicle end of life  

 

 

What are the wetting mechanisms for cathode electrode, separator and anode electrode? 

What are the wetting mechanisms inside the cells in the multi layers system? 

Up today the wetting mechanisms inside a cell were not well known and under control, an analysis 

program was necessary to understand and manage the parameters to succeed the deep filling in a shorter 

time for mass production efficiency. 

What are the most important parameters? Vacuum, pressure, temperature, time,. Depending on cell 

design and composition? 

What are the best sequences and combination to apply to reduce the filling time with a complete deep 

filling of the porosities? 

What can be achieved with low porosity electrodes and aqueous cathodes? 

This has been the challenge of these studies and program, the filling process will still have a long life of 

continuous improvement to reach the perfection. 

 

Introduction 

In recent years there has been increased use of battery modeling and simulation in the exploration and 

development of advanced batteries for electric vehicles and consumer electronic applications.  

The concept for the improvement of the electrolyte filling process consists of a monitoring of the state of 

the art of the filling technology, different improvements of the existing parameters, and a final 

development of a new filling procedure. Novel monitoring tools had to be developed to have a feedback 

loop of an originally not-monitored process step. There were no useable technologies described in the 

literature. 
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All main parameters of the filling cycle could be monitored: Pressure, temperature, water content, 

viscosity, and wetting kinetic. Despite the in situ monitoring commercial sensor probes were used for 

temperature and pressure. 

Main influences 

Influence of the pressure and filling steps per cycle 

Pressure differences and the kinetic of changes of the pressure have a significant influence on both the 

quality of the wetting of surfaces and pores and the kinetic of the wetting process: The higher the quality 

of the wetting the lower the kinetic of the process. Therefore, an ideal set of pressure parameters could 

reflect the essential time for a process i.e., the maximum time per process step, to be used for the filling in 

order to acquire the highest quality of the wetting. 

Traditional filling cycles use only one filling step per cycle i.e., all the electrolyte is injected within one 

step. The improved cycle consists of different filling steps at different pressure levels which are an 

individual set of parameters for each type of electrode. The numerical simulation was enabled to calculate 

these parameters to avoid a high number of experiments. 

Influence of the temperature 

The viscosity of the solvents used for the preparation of electrolytes has a significant influence on the 

wetting kinetic and quality especially of (small) pores. Though the ignition point of typical solvents is not 

very high above room temperature (< 30 °C) especially during very fast filling steps in a low pressurized 

atmosphere (or during evacuation cycles) the temperature needs to be controlled. Due to the evaporation 

of small amounts of electrolyte in a low pressurized atmosphere the temperature of the electrolyte 

decreases which can highly influence the viscosity. Therefore, the viscosity of the electrolyte needed to be 

monitored accurately.  

Influence of additives 

A number of additives (surfactants) were investigated with respect to the influence on the wetting 

behavior. Especially for the numerical model the data of the surfactants proved to be essential to enable 

the option of the comprehensive calculation (prediction) of even unknown electrolyte mixtures. 

Influence of the water content 

The water content of the electrolyte needs to be very low (typically < 5 ppm). Nevertheless, even very 

small amounts of water (+/- 2 ppm) can significantly influence the viscosity of the electrolyte and, 

therefore, the water content needed to be monitored, too. In addition to the influence of the water content 

on the viscosity, the water content has a significant effect on the gas dissolubility in the electrolyte. 

Gas content in the electrolyte 

The content of gases in the electrolyte has a significant influence on the filling quality due to the influence 

of the gas content during pressure cycles. Dissolved gas can lead to a gas evolution in the case of a fast 

decrease of the pressure. Typically a foam of electrolyte can be formed which inhibits especially the parts 

of the electrode which are in the center of the cell. Therefore, the gas content of the electrolyte was 

monitored, too. 

Computational simulation 
Unique advantages of coupling first-principle modeling with experimentation include: 
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- Providing a more complete understanding of the fundamental chemical and transport processes 

occurring inside a battery, and hence helping identify key mechanisms and parameters governing 

battery performance. 

- Permitting what-if parametric studies to establish guidelines for more rational and therefore less costly 

experimental development efforts, particularly when destructive experiments are involved, such as 

abuse, thermal runaway and battery cycle life tests.  

- Accelerating battery development cycles by allowing engineers to evaluate many design alternatives 

prior to constructing a prototype cell and establishing a rational basis for design optimization and 

innovation. 

- Facilitating integration and interfacing of batteries with application devices like vehicles as well as the 

development of battery infrastructure such as chargers and thermal management systems by means of 

high-fidelity battery simulators rather than physical battery modules and packs. 

Some data in the literature have demonstrated the application of computer models to the first task with 

important examples of lead-acid,1 nickel-metal hydride,2 and lithium-based batteries.3 For the presented 

work a computer-based battery simulation environment was created to provide a convenient tool to 

undertake four parts mentioned above.4 This online simulation system allows users to submit input files, 

execute simulations, and receive results via the Internet in an encrypted format anywhere, anytime. The 

system has fully interactive pre- and post-processing interfaces and is particularly useful for battery 

designers and application engineers to collaborate via the Internet in real-time. 

This concept is a description of the results of work to explore experimental and especially computational 

fluid dynamics (CFD) techniques in conjunction with experimentation for fundamental battery research. 

The application of interest in this work is a commercial pouch-type secondary lithium-ion battery. This 

battery has many desirable characteristics as a power source such as high energy and power densities, 

high operating cell voltage, excellence voltage stability over 95% of the discharge, a high life-time, and a 

large operating temperature range. There is already a number of modeling studies in the literature. Earlier 

modeling efforts by Szpak et al.5 and Cho6 focused on the battery’s high-rate discharge and the ensuing 

thermal behaviors, whereas a most recent investigation of Jain et al.7 scrutinized fundamental 

electrochemical and transport phenomena at low to moderate discharge rates.  

An interesting phenomenon found to govern battery discharge in the latter regime is the electrolyte flow 

from the electrolyte header into the cell to replenish voids created by the volume reduction from reactants 

to products upon electrochemical reactions. This critical phenomenon cannot be addressed by almost all 

previous battery models that are one-dimensional in nature. Jain and Weidner8 showed that substantial 

modifications to a one-dimensional model are necessary in order to account properly for the reaction-

shrinkage induced electrolyte flow. While the modified one-dimensional model of Jain et al. is simple and 

efficient in predicting the discharge of only a very special cell chemistry which is a lithium-ion battery, a 

multi-dimensional model fully accounting for the electrolyte flow without making ad hoc approximations 
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is deemed valuable to gain a more fundamental understanding of the processes occurring in this type of 

batteries.  

The present report describes such a model and a finite-volume method of computational fluid dynamics 

(CFD) to simulate a lithium-ion battery in the operating regime of low to intermediate discharge rates. 

Computational fluid dynamics (CFD) is a numerical tool to analyze and optimize fluid flow, mass and 

thermal transport, and related phenomena (e.g. chemical reactions) that may simultaneously take place in 

a complex system. The broad scope, power, convenience, user interface, and pre- and post-processing 

capabilities developed for CFD over the last decade has made the technique very attractive. In the past it 

could be demonstrated its adaptation to solve electrochemical problems, in particular, battery problems 

that may simultaneously include electrolyte flow, charge transfer, species transport via diffusion, 

migration and convection, nonlinear charge transfer kinetics, andelectrode structural changes. In this 

work, it should be further demonstrated that the CFD technique in conjunction with visualization and 

animation tools can provide a viable means to fundamentally understand and diagnose advanced battery 

systems. 

Governing equations 

Based on the above-stated assumptions, a two-dimensional model for lithium-ion  batteries can be 

derived from the general modeling framework previously developed by Wang et al.  

Specifically, the present model consists of equations governing conservation of species, charge, mass and 

momentum in electrolyte and electrode matrix phases, respectively.  

Applying the general species conservation equation in Table I of Wang et al. to the species of interest in 

the lithium-ion  system, one obtains 

  (A1) 

for Li +, and 

 

for the anion. 

Here 

 

is for the 2-dimensional Cartesian coordinate system, c the concentration of a species in the electrolyte 

and j the volumetric reaction current resulting in production or consumption of the species. Subscript o 

denotes the solvent of the electrolyte, εe the volume fraction of the liquid electrolyte, v the superficial 
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electrolyte velocity, Deff the effective diffusivity of the electrolyte, and to+ the transference number of 

lithium-ion with respect to the volume-averaged velocity. 

In the above, the surface overpotential that drives the electrochemical reaction at the electrode/electrolyte 

interface is defined as 

 

where φ is the electric potential, with subscript s and e denoting solid and liquid phases, respectively. The 

last term, Uj,ref, is the open-circuit potential of electrode reaction j measured using a reference electrode 

under the reference conditions. 

In the equations above, a is the electrochemically active surface area per unit volume, with subscripts 1 

and 2 denoting anode and cathode, respectively. While a1 is assumed to be constant, a2 varies during 

discharge due to lithium precipitation via the following correlation 

 

where superscript o represents initial values. The exponent ζ is an empirical parameter used to describe 

the morphology of the electroactive surface. 

The effective diffusivity of species in the electrolyte accounting for the effects of porosity and tortuosity is 

evaluated via the Bruggman correction 

 

where D is the diffusion coefficient of the electrolyte. 

Development of the numerical model 
Equation A1 in the present two-dimensional model can be reduced to Jain and Weidner’s model under 

two assumptions:  

1. the cell is one-dimensional so that all variables are uniform along the electrode height, and  

2. the electrolyte flow within the cell is caused only by the net volume reduction of the electrolyte due to 

the electrochemical reaction expressed by Li (s) → Li + + e-  

Integrating Eq. A1 over the electrode height results in 

  (B1) 

Under Assumption 1, Eq. B1 is then simplified to 
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  (B2) 

where 

  (B3) 

representing the net species flux from the top permeable surface. To arrive at Eq. B2, use has been made 

of the no-flux boundary condition at the cell bottom surface.  

In Case 1 where the excess electrolyte with initial concentration co enters the electrode, the molar flux of 

the electrolyte at y = H can be expressed, according to Assumption 2, as 

  (B4) 

Noting that 

  (B5) 

Eq. B4 thus becomes 

  (B6) 

In Case 2 where no excess electrolyte is present at the top and the free surface of the electrolyte recedes 

due to the electrolyte volume reduction, Eq. B3 is reduced to 

  (B7) 

where H is the moving electrolyte height, the velocity of which varies in accordance with the amount of 

volume reduction occurring inside the cell; namely, 

  (B8) 

Combining Eq. B7 with Eq. B8 yields 
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  (B9) 

Substituting Eq. B6 or Eq. B9 into Eq. B2 and making proper arrangements result in 

  (B10) 

for Case 1 where excess electrolyte is available above the cell, or 

  (B11) 

for Case 2 where there is no excess electrolyte in the battery.  

Equations B10 and B11 are identical to the one-dimensional species conservation equations developed by 

Jain and Weidner. In the parametric range examined in the present paper, the one-dimensional 

assumption of horizontal electrolyte flow appears reasonable as verified by the two-dimensional flow field 

presented in this paper. However, caution should be exercised that the one-dimensional model may not 

hold true in other circumstances. 

Experimental Verification 

To validate the numerical model developed in the preceding section, comparisons were made to the 

experimental data most recently reported by Jain et al. for a pouch-sized cell over a range of 

temperatures.  

Fig. 2 compares the predicted cell potential curves with the experimental results for constant load 

discharge at 50 W. Good agreement can be seen for all three operating temperatures, indicating that the 

present two-dimensional model can accurately predict the cell performance. Consistent with the previous 

work of Jain et al., the end of discharge marked by a drastic drop in the cell potential as seen from Fig.2 

for all three temperatures is due to the front of the cathode clogged with lithium-ion precipitate. It is also 

interesting to note that the modified one-dimensional model of Jain et al. accounting for a unidirectional 

electrolyte flow across the cell produced almost the same kind of comparisons with the experimental data. 

This fact prompts us to show that the present two-dimensional model is reduced identically to the model 

of Jain et al. under one-dimensional assumptions. The development of the model described above 

explains this derivation in detail and concludes that the two key equations in Jain and Weidner’s one-

dimensional model are indeed recovered. Moreover, the success of the one-dimensional model to capture 

the cell behavior implies that the unidirectional electrolyte flow must be a good assumption in the three 

cases examined in Fig. 2. This flow pattern is not apparent from the first glimpse but can be corroborated 

by the present two-dimensional flow simulation, as to be shown in the following. 
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Figure 2: Comparison of experimental and predicted discharge curves for a 50 W load at -55, -18, and 

25 °C. The symbols represent the experimental data, while the solid lines are the predicted results. 

Results 

Computational Visualization of the Electrolyte Flow 
A unique advantage of detailed two-dimensional computer simulation is the ability to visualize the 

electrolyte flow inside a battery, thus providing much insight into the battery internal operation during 

discharge. This capability, while highly desired for fundamental battery research, is difficult if not 

impossible to realize by pure experimentation. 

The electrolyte flow fields simulated by the present two-dimensional model are displayed in Figs. 3 and 4 

at four representative instants of time during battery discharge at -18 °C and -55 °C, respectively. These 

plots are in the form of streamlines, i.e. lines everywhere tangent to the velocity vector at a given instant. 

Different colors in the plots represent the magnitude of the velocity component in the vertical direction 

with the scale illustrated by the color bar on the side. 



 

10 �  

   

 

Figure 3: Electrolyte flow within the cell ¾ streamline plot. The cell is discharged at -0 °C with a 50 W 

load and the end of discharge is 135.2 hours. The color bars on the side denote the vertical velocity 

component in cm s-1. 

It is clearly shown from Fig. 3 that the electrolyte flow induced by volume reduction due to 

electrochemical reaction is in the horizontal direction from the separator into the cathode for most part of 

discharge. This is because the separator is highly porous and remains to be during discharge. Also, due to 

the large aspect ratio of cell height to the cathode width the horizontal flow is preferred over the vertical 

flow from the top of the cell to the bottom. Therefore, the separator essentially serves as a reservoir to feed 

excess electrolyte into the cathode. This flow pattern persists until the front side of the cathode becomes 

nearly plugged thus leading to blockage of electrolyte flow from the separator. At this moment, the 

electrolyte needed to fill voids created by the electrochemical reaction in the cathode must come from the 

top permeable surface. The transition in the flow patterns is illustrated in Fig. 3 at t = 127 h. As the end of 

discharge approaches (i.e. at t = 1 35 h), the front side of the cathode is completely plugged so that the 

electrolyte flows in the separator and cathode are entirely separated. Within the separator the electrolyte 

volume begins to expand due to the continual Li+ production from the anode, causing over-flow of the 
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electrolyte towards the top of the cell although the magnitude of its velocity is small. By contrast, the 

electrolyte is sucked into the cathode from the upper-right corner and flows towards the reaction sites at 

the separator-cathode interface where volume reduction continues to occur due to the cathode reaction. 

 

Figure 4: Electrolyte flow within the cell 0.75 streamline plot. The cell is discharged at -55 °C with a 0 W 

load and the end of discharge is 58.2 h. The color bars on the side denote the vertical velocity component 

in cm s-1. 

The electrolyte flow fields during discharge at -55 °C as displayed in Fig. 4 exhibit the same features as in 

the case of -18 °C, except that the flow becomes two-dimensional at earlier stages of discharge (see the 

image at the upper-right corner of Fig. 4). This is because the electrochemical reaction inside the cathode 

is more non-uniform at a lower cell temperature and hence more non-uniform electrolyte feed from the 

top header. 

 

 



 

12 �  

   

Experimental Investigation of Parameters of the Filling 
The characterization of the surfactants, which enhance the quality and speed of the wetting process of an 

electrode proved to be an essential part of the investigation of the influences of different parameters on 

the filling process. A set of chemicals could be identified with respect to different filling conditions 

(viscosity, speed of filling, temperature) The simulation of the wetting process led to a substantial 

understanding of the influences and the mechanisms of the wetting of electrode materials.  

With an improved statistical approach the number of experiments and/or simulations could be reduced 

significantly without a loss of (essential) scientific information. Finally, a set of "ideal" wetting states 

could be identified as a result of the simulation work.  

Mechanical parameters of the filling and wetting process were added to the computational model and 

analytic environment to enable a comprehensive description of even «indirect» parameters of the whole 

process. With these parameters and amendments added the imaging of the small microstructures was 

upscaled to a multiple stack (n > 3). The numerical model was updated using a 3D modeling environment 

which already proved to be suitable for multi-porous environments. All the results are excellent in line 

with comparable environments described for e.g., biological systems. Due to the novel point «aging of the 

wetting state» the model could be updated with respect to this point, too. 

Imaging 
The setup for the imaging of the state of the electrolyte filling consists mainly of a thermo sensitive IR 

camera, a heating source (constant temperature, T > 35 °C) and a xyz-stage. All data processing was 

performed by a computer, there was no on-chip pre-processing to avoid any loss of data. 

The experiments for the imaging of the state of wetting can be described as 2D and 3D experiments with 

significant differences in the resolution, measurement time, and output of data: While the 2D 

experiments result in measurement data from only one sheet of electrodes at very high resolution (< 3 

µm) and very short measurement time (< 2 s), the 3D experiments are able to monitor the state of wetting 

even in a large stack of electrodes (> 10 sheets) at spatial resolution. In this case, the resolution decreases 

to about 6 µm in xy-direction and the measurement time increases to about 6 s.  

Fig. 5-7 show three exemplary results of the imaging experiments. 

Fig. 5 exhibits a first 2D structure of a small test electrode for a proof of concept. A wetting profile was 

used which exhibits a wetting from the left to the right side. The differences in the wetted and non-wetted 

parts are clearly visible. 

 

Figure 5: First 2D structure of a small test electrode for a proof of concept. A linear wetting profile was 

used which caused a wetting from the left to the right side. 
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The same parameters (but for a 3D stack) were used for fig. 6. Here, the results of a first 3D wetting 

experiment (4 sheets of electrodes) are shown. The image shows a wetting profile in a 3D resolution. 

Every point of the xyz geometry of the cell can be monitored with respect to the wetting quality and the 

kinetic of the wetting process. The blue points exhibit small measurement spots for the pressure detection 

and can be neglected here. Though the image exhibits a high differentiation in color the homogeneity of 

the wetting is very high i.e., minima and maximum differ within a range of about 0.2 % here. 

 

Figure 6: First 3D wetting experiment (4 sheets of electrodes) which shows a wetting profile in a 3D 

resolution. Every point of the geometry of the cell can be monitored with respect to the wetting quality 

and the kinetic of the wetting process. The blue points exhibit small measurement spots for the pressure 

detection and can be neglected here. 

Since both pressure and time are critical parameters for the wetting processes, fig. 7 shows the result of a 

time resolved 3D monitoring of a wetting experiment with a filling and pressure shockwave for the 

detection of the influence of mechanical pressure on the wetting. The pressure effect proved to have a 

significant influence on the wetting especially on the edges of a pouch cell while the shockwave of a 

manual pressure shock could be monitored even with time resolution. 

 

Figure 7: Time resolved 3D monitoring of a wetting experiment with a pressure shockwave for the 

detection of the influence of mechanical pressure on the wetting. 
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The results of the concept and experiments described above can be summarized as follows:  

- There is a comprehensive set of data for surfactants and additives which was used for the modelling, 

too. In general, the model is able to predict the influence of changes in the set of chemicals on the 

wetting quality and kinetic and/or calculate the influence of temperature, water content, pressure, 

filling profile, and mechanical influences on the filling process. 

- Due to a linked set of data for aging processes the model can even predict the influence of 

inhomogeneously wetted parts of the electrode on aging processes of the electrode or electrolyte. 

- The mechanisms of wetting and spreading of organic electrolytes with different salts can be both 

described (computationally) and monitored (imaging) simultaneously. 

- With an improved statistical approach the number of experiments and/or simulations could be 

reduced significantly without a loss of (essential) scientific information. 

- Most of the numerical modelling and statistical calculations of the more complex questions (wetting 

kinetic with respect to unknown chemicals, water content, etc.) was performed primarily in FORTRAN 

95 (imaging and data output was realized with COMSOL) since a significant amount of own program 

code was needed. 

- Quality, homogeneity and kinetic of wetting processes can be monitored at 2D and 3D resolution; both 

can be linked with the time scale at a moderate resolution (approx. 1-2 s for 2D, approx. 5-6 s for 3D). 

- A set of different measurement conditions was determined. This set helps to decide whether 3D or 2D 

imaging is preferred for the monitoring of different types of wetting processes (small pores, large 

areas, single- or multi stack, etc.). 

- A statistical approach helps to reduce the number of real experiments. 

Evaluation of the influence of the different improvements 
 

Though each different step of the improvements of the electrolyte filling process had a significant 

contribution to the reduction of the filling time, the reduction differs significantly between the process 

steps. Figure 8 shows the reduction of the filling and wetting time with respect to the different procedures. 

It becomes evident that the pressure had the most important effect which corresponded to the prediction 

from the numerical model. Though the influence of the microfluiddynamic measurements (contact angle) 

had the lowest influence on the reduction of the filling time these data were essential for the built-up of 

the mathematical background. 
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Figure 8: Reduction of the filling and wetting time with respect to the different procedures. 

For the improvement of the wetting quality the same delineation is presented in figure 9. Though the 

quantity of the influence changes slightly the order of precedence of the different procedures stays 

constant. 

 

 

Figure 9: Improvement of the resulting homogeneity of the wetted electrodes with respect to the 

different procedures. 
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Process cleanliness control in 

battery cell manufacturing 

A way to increase Lithium-Ion battery quality, yield, safety… 

During the production of Li-ion batteries, numerous parameters are responsible for the 

contamination of the battery elements. Those contaminants are not clearly identified and their 

impact on the battery performance is not known. However, decreasing scrap rates, improving 

battery yield, safety and performance represents some key parameters to optimize production.  

The goal is to detect the contamination occurring during the production of the battery and 

determine if there is an effect on performance. A partnership between SAFT and Entegris was 

developed to achieve this objective. The association between a high level battery manufacturer 

and an expert in contamination control solutions enables to bring more data on critical 

contaminants at the manufacturing stage and their impact on the battery.  

In the ELIBAMA project, several performance indicators were identified through the topic of 

clean manufacturing:  

� Reduction of the cell scrap rate,  

� Reduction of particle contamination during manufacturing, 

� Improvement of the ISO class of the dry room at SAFT Bordeaux. 

 

State of the art 

 

In the battery industry, there is no open discussion in the industry about the search of 

contaminants due to a poor knowledge of the identification of critical contaminants during the 

production associated to a large variety of materials used at the cathode and a lack of standards 

for this industry. Manufacturing plants developed their own knowledge on process and return 

on experience. Effort has not yet been made to move toward contamination control solutions 

such as in the semi-conductor industry for example. In the semi-conductor industry, the 

production of micro chip is composed of several hundred process steps; each step is carefully 

monitored and controlled to ensure the wafer surfaces are contamination-free in order to reach 

a maximum yield; cost reduction drives this industry. A clean production lays on various 

parameters such as good housekeeping (FIFO, tidy up…), input substitution (introduction of less 

toxic material, renewable materials…), better process control (procedure, equipment 

instructions…), equipment modification (run the process at higher efficiency), technology 

change.  
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In the battery industry, all contaminants do not have to be removed because they are not all 

critical so a selection has to be done. Many efforts have been made by the scientific community 

to understand the nature and sources of battery failure; it is an indirect way to track the critical 

contamination that will affect the performance resulting to battery waste. Among the 

contaminants that are known, we can classify them in 2 large categories: ionic contamination 

and particulate contamination.  

 

- Particulate contamination: this is mostly represented by the metallic particles 

which were well known for some time as harmful contaminants. In 1991, Sony is the first 

manufacturer to report metallic contamination attributed to the welding step; they observed a 

large amount of Ni, Cu and Fe that created battery safety issue and resulted into a massive recall 

and battery loss [1]. Other manufacturers also claim some contamination problem during 

production [2]. Metallic particles are active materials and can create self discharge or other 

faradaic reactions (especially at the cathode) compared to non metallic particles that are not 

reactive to the potential and will be less harmful. Moreover they are quite hard and are well 

known to generate short circuits either when enrolled between electrodes and separator or 

generated by the process (welding, contact of materials with stainless steel rolls). In this case, 

particles have to be controlled. However, the solutions implemented are not well described and 

depend on various parameters such as process, materials…   

 

- Ionic contamination: the main contaminant is moisture. This factor probably 

remains the most studied one because it has a detrimental effect on the battery performance. 

H2O is affecting the ageing of materials and is generating HF in the electrolyte. HF is a common 

source of contamination described in the literature for many years [3]. H2O reacts with LiPF6 

salt in electrolyte according to the following equations which represent the hydrolysis of LiPF6 

Equations 1 to 3 are linked to the hydrolysis of LiPF6 (eq. 1,2,3):  

LiPF6 + H2O → LiF + 2HF + POF3 (1) 

POF3 + H2O → POF2(OH) + HF (2) 

POF2(OH) + H2O → POF(OH)2 + HF (3) 

Several papers reported the correlation between HF generation during battery cycling with 

capacitance fading either at the positive or negative electrodes [4,5]. The nature of the fading 

depends on the nature of the materials. In the case of positive electrode, dissolution of active 

material by HF occurs and a more pronounced performance degradation is observed.  

 

Contamination in the battery industry is not well known even if some efforts and attempts have 

been developed to limit it through numerous methods and techniques. Some examples are listed 

in the scheme below (Figure 1). The parameters in the red boxes are the most critical. The 

yellow box tells where the contamination could be found while the green boxes are some 

examples of solutions. The sources of contamination and their solutions depend on the 

manufacturing plants.   
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Moisture control represents then a large part of battery manufacturer’s investments. Usually, 

dry rooms are well designed to decrease moisture down to a low level. For the manufacturers 

who do not produce into dry rooms, glove boxes are necessary for certain manufacturing steps.   

 

Figure 1: Scheme representing the contaminants, sources and some solutions. 

However, there is no information about the contamination threshold that is acceptable and 

won’t impact the battery. The literature reports some clues about mechanisms occurring in a 

button cell or small cell due to degradation of materials but do not reflect the real mechanisms 

in large prismatic cells for example. Contamination won’t have the same effect on the battery 

depending on many intrinsic parameters (such as materials, processes, environment, size and 

structure of the battery…) so the solutions have to be adapted accordingly.      

 

ELIBAMA Breakthrough 

 

One task of the program is dedicated to detect and eliminate the contaminants that could 

contaminate the battery elements. The solutions implemented are described and the impact on 

the battery using electrical tests is explained.    
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a. Audit of manufacturing plants  
To control the Process Cleanliness during cell manufacturing, SAFT and Entegris used 

the SAFT Quality System (reasoning and tools) which are commonly used in many industries. A 

general approach and a methodology have been developed between the 2 partners to detect the 

most critical sources of contamination, whatever the technologies and processes being used. 

During one year, the methodology has been tested to define if the goal was achieved; as this was 

proven to be successful, the methodology has been also applied to the CEA pilot line.  

One of the tools used is the Ishikawa diagram represented in Figure 2. The parameters 

that could bring contamination are listed in Figure 2 and classified in different factors (man, 

machine, media, method, materials, and measurement).  

 

Figure 2: Ishikawa diagram: example of the potential contaminants listed by process. 

The different parameters described in the Ishikawa diagram are reported into a Failure Mode 

and Effect Analysis document and are rated depending on the volume production, process, raw 

materials… Figure 3 represents the comparison for both sites of the most potential harmful 

contaminants at each process step. The criteria and rating have been specified by production 

teams to calculate the Risk Priority Number, that represents a threshold. The parameters with a 

number above the RPN represent the ones that will be investigated during the audit. It is clear 

that the contamination has not been taken into account the same way depending on the 

production site. However, few similar trends can be observed such as the impact of man and 

measurement is negligible. The electrode fabrication steps (from mixing to drying) represent the 

main contribution in comparison to the cell assembly steps (from winding to filling) and this 

trend is more pronounced in the case of the CEA.        
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Figure 3: Comparison of the main contaminants found for each step of the manufacturing. 

 

Sampling methodologies associated to analytical tools were used to determine whether 

contamination is present or overestimated. The use of analytical tools to detect the nature and 

source of contamination occurring during battery production is shown in Figure 4. By analogy 

with the semi-conductor industry, we classified the contamination sources into 4 categories: 

environment, human, process and raw materials. For each factor, appropriate analyses were 

used to detect and identify the nature and sources of contamination.  

 
Figure 4: Analytical tools used to identify the contamination coming from the different factors 

at each process step. 
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The results of the audit from the two sites show similar trend.  

- Fabrication of the slurry: the audit confirms the presence of contamination mostly 

linked to equipment wear and raw material quality issues (discussed in section b).  

- Electrode fabrication: various contaminants, mostly metallic particles have been found 

especially due to the contact of the product with equipment.  

- Cell assembly: air particle count is increased. Metallic particles are found mostly on the 

equipment and in the air. Processes were responsible for the presence and generation of 

particles.    

- Cell filling: at this stage, the contamination is coming from the raw material (electrolyte) 

and is treated in the following part.    

 

The audit concluded that all factors contribute in different way to contamination and solutions 

have been implemented accordingly. Even if the audit has been performed on the 2 sites, the 

solutions have been implemented only on SAFT site due to the volume production.  

   

b. Filtration of raw materials 
Quality of raw materials has been investigated. This section reports the results obtained on 

filtration of solvents and electrolytes. For both of them, volumes and flow rates are quite 

different so an adequate filtration had to be chosen. Regarding the solvents, a large carter 

housing with a membrane filter is needed for the high flow rates and volumes (Figure 5a). For 

the electrolyte, the tight space on the equipment associate to process conditions drive us to the 

choice of a small disposable filter (Figure 5b).       

   
Figure 5: a) Carter housing and filter pictures; b) Disposable filter. 

 

- Solvent filtration at the mixing step:  

An Optical Particle Counter (OPC) has been used to measure the particle counts in the solvents 

in function of the particle size: NMP (solvent of positive electrode) and H2O (solvent of negative 

electrode). Measurement at different location of the process has been done: initial quality from 

the tank, during transportation and at the point of use. Figure 6 represents the solvent quality 

at the different stages in the process; large contamination is primary linked to solvent 

transportation where the particle count is largely increased. Filtration is implemented before the 

point of use to decrease the particle count. Regarding NMP, a membrane filter is implemented 
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on the distribution line to retain particles above 0.2 µm. For H2O, a 0.1 µm filtration to retain 

both particles and ionic species is proposed: the goal is to purify H2O and retain particles above 

0.1 µm at the same time. In both case, filtration efficiency was calculated around 80-90% and 

90-95% for NMP and H2O respectively. This efficiency is not as high as 99.99% because of the 

contamination from the mixing vessel which is taken into account and contributes to the final 

contamination; the filter efficiency is then hidden by other factors.     

   

   
Figure 6: 0.5 µm (a,b) and 1 µm (c,d) particle count in NMP and H2O at different locations of 

the process with / without filtration. 

 

Implementation of solvent filtration positively impacts the cell quality since a decrease in the 

cell scrap rate was observed.  

Batches of 50 cells (40 Ah) were produced using different filtration configuration and electrical 

tests were performed to measure the internal resistance (IR) and self-discharge (SD). Figure 7 

represents the IR and SD deviation of cells assembled with non filtered slurries, NMP filtration, 

H2O filtration and filtration on both solvents. Cells manufactured with non-filtered solvents 
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have higher IR and SD standard deviation compared to cells produced with filtered solvents; 

standard deviation of those cells is normalized to 1. The better cell scrap rate (i.e. minimum 

standard deviation) is obtained for cells using filtered NMP. Filter post-mortem analyses have 

been performed to identify the nature of particles retained by the membrane; membrane is 

analyzed via SEM-EDX. The identification of the elements eliminated by the filter could help 

understanding the reason of the standard deviation decrease. Regarding the NMP filter 

membrane, mostly metallic particles were found while on the H2O membrane, mineral particles 

were detected.     

 
Figure 7: Self-Discharge and Internal Resistance standard deviation for cells assembled with 

electrodes produced with/without filtration. (+)=NMP filtration, (-)=H2O filtration. 

 

- Electrolyte filtration at the filling step: 

Figure 8 represents the electrolyte filtration. For this step, a small size disposable filter was 

used to retain particles above 0.1 µm. The initial quality of the electrolyte is variable as seen in 

Figure 8 (blue bars). The filter was placed the nearest to the point of use and the efficiency was 

then calculated. The electrolyte flowing through numerous pipes, containers and valves before 

the dispense system is getting more and more particles. Filtration enables a large decrease of 

particles down to a low level close to the electrolyte initial quality.       
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Figure 8: Results of particle count of the electrolyte with / without filtration a) and b) zoom on 

the particle size below 5 µm. 

 

c. Dry room air quality control  
The objective was to reach an ISO Class of 7 for particles of 0.5 and 5 µm and understand the 

correlation between the ISO Class variations with the various parameters of the dry room. Air 

quality is controlled via: 

- portative Optical Particle Counter measuring the ISO class of 0.3, 0.5, 1, 10 and 25 µm 

particle size at six points of the dry room (3 points in the assembly area and 3 in the 

electrode fabrication area). The average value of the ISO class for both area is reported in 

Figure 9. 

- 2 fixed probes located at the electrode fabrication and assembly area to measure the 

evolution of particle number with time with / without activity (Figure 10).     

 

Figure 9 represents the evolution of the ISO Class during the project. The end of the audit 

phase (2013) concluded that main improvement has to be made on 0.5 µm particles. Two main 

solutions have been implemented to achieve the ISO 7:  

- 1st solution: modification of the mesh size sleeve that blows the air in the dry room (red 

bars in Figure 9) 

- 2nd solution: air recirculation modification by adding filters to retain particles below 0.5 

µm (yellow, purple and blue bars in Figure 9).   

The 1st solution slightly decreases the ISO class (red bars) while the air filtration has quite a large 

impact on the dry room air quality. The ISO class after filtration implementation has been 

measured with and without activity. A certified organism confirmed the ISO Class below 7 for 

the 0.5 and 5 µm particles at the end of the project while there was activity in the dry room. 
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Figure 9: ISO class evolution since beginning of the project for the assembly (plain color) and 

electrode fabrication area (light color) and for the 0.5 µm particle a) and 5 µm particle b). 

 

Figure 10 illustrates an example of the particle count with and without production. The 

impact of human factors has also been measured. It was shown that both have an impact 

on the particle count increase.   
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Figure 10: Impact of production on particle count variation of 0.5 a) and 5 µm b) in the 

electrode fabrication and cell assembly area. 

 

 

d. Statistical analysis on cell performances 
 

Figure 11 shows the implementation time line of the different clean manufacturing 

solutions at SAFT Bordeaux and/or Nersac. In order to check if these solutions have an 

impact on cell performances, statistical analysis has been performed all along the 

project.  

 

 
 

Figure 11: Implementation time line 

 

Many cylindrical cells (more than 30000) were performed since the beginning of the 

project, with different nominal capacity values, ranging from 30 to 45 Ah. 

Statistical analysis on cell performances (initial capacity, internal resistance, self-

discharge) has shown that these solutions have no impact on capacity and self-

discharge, but only on self-discharge. Indeed, as illustrated in Figure 12 below, dry 
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room air quality and all electrode cleaning systems, including calendaring, have shown 

to have a strong impact on self-discharge values, leading to a significant decrease of 

number of cells with high and medium self-discharge values. Meanwhile, filtration of 

solvents and electrolyte are mainly acting to very low values and are significantly leading 

to reduced standard deviation for better focused performance and quality. 

 

 

 

 

Figure 12: Impact of each Methods & Cleaning Systems step to high self-discharge. 

 

Overall, thanks to these clean manufacturing solutions, self-discharge scrap rate 

has been divided by two, which was an important objective of ELIBAMA project. 

Therefore, most of these Methods & Cleaning Systems are now implemented at SAFT 

Bordeaux and Nersac production lines. Finally, in order to have more statistic data 

(especially for the electrolyte filtering, which was the last implemented step), 

measurements during several years will be necessary. 
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Conclusion  
The methodology developed during the program between SAFT and Entegris appears to be quite 

accurate to determine the sources of contamination and enables to implement solutions when 

needed. Different solutions were implemented: work methodology, process modification and 

filtration solutions were among the major changes. By analogy with the semi-conductor 

industry, contaminants are classified in environment, material, process, human factor.  

Filtration solutions of raw materials (solvents and electrolytes) were implemented and a positive 

impact of the filtration solutions on the cell scrap rate was measured; a cell scrap rate decrease 

higher than 50% was calculated with solvent filtration. This observation indicates that the 

particles contained in the solvents and in slurries will be responsible for some performance 

deviation due to different factors.  

Another important objective was to decrease the ISO Class from the starting point of the project 

(ISO Class > 8) and decreases it to 7 for the 0.5 and 5 µm. This objective was reached at the end 

of the project with an ISO Class of 6.9 and 6.4 respectively for the 0.5 and 5 µm. A major 

modification of the dry room air entrance was performed and the  

In this project, we demonstrated that contamination control is an important parameter to take 

into account to improve scrap rate. Contamination control solutions were then efficient to 

improve this key factor.   

     

Perspectives for the future 

 

Raw material filtration has been proven to be efficient for the battery industry. However, the 

filtration system needs to be adapted according to the volume of production. The solution 

implemented resulting in a yield improvement shows there is room for battery cost decrease.  

A complex model for the return on investment can be developed by the battery manufacturer 

depending on the volume production, battery size, manufacturing cost…   

Figure 13 is an example of solutions developed for raw materials that increase battery 

performance either in term of scrap rate (like in this project), battery life time (use of purifier to 

remove HF from the electrolyte) or in term of solvent waste decrease (NMP recycling).   
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Figure 13: Contamination control solutions developed for raw materials. 
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Non-Destructive-Testing 

Development of a rapid, non-invasive technique, for testing Li-Ion batteries 

Introduction 

Assessment of the viability of large Li-ion batteries either as a quality control exercise, or for end of life 

estimation, is a technology with significant research challenges. Non-destructive-test (NDT) techniques 

for viability assessment include simple calendar aging for static self-discharge assessment and time 

consuming capacity assessment through observing Voltage-Current (VI) charging characteristics. The 

automotive Li-ion cell industry is expected to be a major growth market in the coming decades. Therefore, 

there is a clear commercial case for the development of a rapid NDT to avoid prolonged storage of cells 

under viability assessment. However, the issues with protecting IP can lead to difficulties in developing a 

single analysis tool/technique for multiple manufacturing partners. This is especially true if the method 

requires detailed knowledge of the underlying chemistry or manufacturing process.  

For this reason, ELIBAMA partners Newcastle University, Renault, SAFT, and Daimler have collaborated 

to develop a NDT technique that is intended to be manufacturer non-specific. The commercial partners all 

have an interest in developing NDT schemes; however, each have isolated production technologies and 

this presents an interesting research challenge for Newcastle University.  After initial consultation, the 

task was defined as follows: 

“To define a non-destructive testing technique, initially a prototype for 

testing on sample cells, but which is applicable and may be configured 

for multiple, different cell chemistries”  

After further discussion, the following key aspects were defined as important metrics for the test: 

• Based on empirical measurements – the NDT should be able to determine the viability of a Li-ion 

cell by external measurements alone. Interference with the cell is not permitted, and special knowledge 

of the internal chemistry of the cell is not to be used. 

• Pass/Fail result – a simple viability test is required to ensure sub-standard cells do not leave the 

production line for use.  Importantly, identification of the failure mode of the battery is not necessary at 

this stage 

• High test accuracy – regardless of the method used, the technique should correctly determine the 

viability, or non-viability, of a cell with a good degree of confidence. 

• Test time – a rapid test is required. Initially, a target test time of less than 1 minute was specified.  

 

To achieve the measurements required industrial partners Renault, SAFT, and Daimler provided sample 

cells to Newcastle University. These allowed Newcastle University, in collaboration with all industrial 

partners, to research and develop a robust Non-Destructive Test technique.  
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Techniques for monitoring Li-Ion batteries 

Fully assembled Li-ion batteries have a limited set of measurable properties. In open circuit configuration 

only the cell open circuit voltage (OCV) and case temperature can be measured. Dynamically, the terminal 

voltage and any current which is flowing through the cell can be measured over time. With this in mind, 

following an extensive literature review into the topic, three potential Non-Destructive-Testing techniques 

were considered.  

1. Real-Time monitoring of self-discharge 
Excessive self-discharge of cells is a common indication of a cell which is deemed faulty. Therefore, 

initially a method for measuring self-discharge of cells in a short period was examined. Using a digital 

data logger (Agilent 34970A) the cell voltages of two sample cells from ‘Partner A’ were measured over 

time. The sample time was set to 60 seconds. The self-discharge was measured over 24 hours at three 

temperatures; 0˚C, 15˚C and 30˚C. Typically, the difference in self-discharge rate was observable within 

an hour. A normalised self-discharge plot is shown in figure 1; the blue trace is from a known viable cell, 

whilst the red plot is from a non-viable cell. 

 

Figure 1 - Normalised self-discharge of ‘Partner A’ cells at thirty degrees C 

Monitoring self-discharge has been shown to be discriminative in the tests. However, the overall test time 

is still quite significant. It is suggested that the time could be reduced by increasing the sampling 

frequency. However, the accuracy of most instruments and their ability to reject noise on such 

measurements is often limited. Therefore, it is expected that the minimum time for such a test would still 

be in the order of tens of minutes. An advantage of this technique is that it is relatively inexpensive to 

implement and can measure many cells in parallel. However, because of the more challenging test time 

target in this project, this technique was pursued no further than for demonstration purposes. 

2. Active Perturbation 
Active perturbation of the system (cell) allows an active measurement of response. Simple charging and 

discharging the cell can lead to measurements for capacity and to some degree internal resistance. Such 



 

3 �  

   

techniques can be applied for non-destructive testing, however, in the main they are again time 

consuming and do not meet the test time target for the ELIBAMA project. 

3. Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) is a technique which analyses the AC impedance of an 

electrochemical system.  Typically, the data is presented via a Nyquist Plot which displays Real versus 

Imaginary impedance.  Figure 2 shows a typical characteristic plot for a Li-Ion Battery. The impedance 

spectrum of a Li-ion battery can be used to determine a number of properties of the cell from an 

electrochemical perspective; however, it can also be used as an electrochemical signature which gives the 

ability to discriminate between viable and faulty cells. The principal reasons for employing EIS as the 

measurement technique for the purposes of this task are that it can be achieved relatively quickly – 

particularly for high frequencies – and  also that a large number of data points are produced which helps 

to reduce potential experimental errors.  

 

Figure 2 – Typical Nyquist plot for a Li-Ion Cell. 

Development of a Non Destructive Technique for Li-Ion Batteries 

After a careful review of the aforementioned techniques, Newcastle University chose to research and 

develop the proposed NDT based upon EIS methods.  Theoretically, if cells are manufactured perfectly 

then they will all have identical impedance spectra. However, physical differences between cells, for 

example due to contamination, or manufacturing tolerances in the production process, have 

electrochemical signatures within the impedance spectra. If an “ideal” spectrum is known then a test cell 

can be compared to the known “ideal” spectrum and a determination can be made as to whether the test 

cell’s actual impedance response is analogous to the target spectrum. A tolerance band can be envisaged 

whereby if the test cell’s response falls within a certain distance from the target then it is deemed to be 

viable. For the proposed NDT, a target profile is generated from a mixture of immediate measurements of 

the test cell (to ascertain cell SOC and temperature) and from a library of lookup table data which is 

created offline.  EIS results can vary significantly with temperature and state of charge (SOC). Therefore, 

the test cell’s temperature and SOC must be known and a library of the target impedance spectrum must 

be available for the measured temperature and SOC. In order to generate a lookup table a representative 

set of measurements needs to be made on cells which are known to be viable. These measurements need 
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to be completed in such a way as that the test 

conditions (cell SOC and temperature) form a 

dataset which encompasses the expected range 

that a test cell may present at point of test. For the 

purposes of this task EIS plots were made at seven 

SOCs; 0, 20, 40, 50, 60, 80 and 100% SOC and at 

four temperatures; 15, 20, 25 and 30˚C. At rest, a 

battery’s SOC can be calculated by analysis of the 

SOC vs open circuit voltage (OCV) relationship, 

an example of which is shown in Erreur ! 

Source du renvoi introuvable.. To avoid 

mechanical intrusion of the cells the assumption 

has to be made that the cells are at thermal 

equilibrium. This may result in the need to 

thermally rest cells before the test, but this cannot 

be avoided. A temperature measurement can be 

taken from the cell exterior to determine a value 

for temperature. For the purposes of this method the absolute values of temperature and SOC, at which 

sample impedance spectra are measured and stored in the library, are used. This enables a filtering, 

normalizing and weighted normalizing approach to the sample data to create a single target spectrum for 

any SOC/temperature combination within the bounds of the library data. A visual representation of the 

library structure is shown in Erreur ! Source du renvoi introuvable.. 
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Figure 4 - Representation of sample data library 

In order to generate a projected response the library boundary data must be pre-processed and averaged 

before being interpolated using the weighting factors. Figure  shows the raw EIS plots obtained at a 

specific temperature and SOC from 8 viable cells. The raw data shows good coherence in the shape of the 

plots; however, there is a discrepancy in the real axis in the range of 1 mΩ. This similarity in shape and 

Figure 3 - Open circuit voltage profile of an 
automotive Li-ion cell 
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discrepancy in real axis locations represents a dispersion of Ohmic resistance but conservation of 

reactance response.  

 

Figure 5 - Unprocessed EIS plots of eight viable cells 

In order to process this data meaningfully to provide an averaged response all plots are normalized in 

respect to the real-axis by subtracting the real component from each response separately using the value 

of the interpolated real-axis crossing point. This has the effect of shifting each of the plots uniformly in a 

negative real direction so that they each cross the real-axis at the origin. This processing clearly has no 

physical meaning; it is simply a mathematical process to enable an averaging of the response to take 

place. Each response is then filtered to remove noise. The resulting processed profile for the same initial 

data in Figure , is shown in Figure . 
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Figure 6 - Normalised and filtered responses 

The capacitive region of the plot now shows good correlation between the responses and a mean 

impedance can be calculated for each frequency point to obtain a single averaged response which will be 

used as the expected response of a cell at the given SOC and temperature. With this approach the 

processed results allow for good detection between viable and non-viable cell, as is shown in Figure . 

Here, we contrast the processed EIS data of 5 viable and 5 non-viable cells with a particular (unidentified) 

problem. The difference in the characteristic behaviour of good and bad cells is now very noticeable.  

 

Figure 7 - Normalized and filtered responses of viable (blue) and non-viable cells (red) 

In Figure 8, the response of the 5 non-viable cells is compared to the single averaged response of a viable 

cell; as calculated using the technique previously described. The results clearly show that it is possible to 

detect a difference between the responses of non-viable cells and the calculated viable cell profile. This 

demonstrates the feasibility of using EIS measurements to create a background library, data processing to 

create a benchmark average expected response, and a full EIS sweep in order to differentiate between 

viable and non-viable cells – this essentially defines the NDT. During actual testing, the SOC and 

temperature of the test cell must be measured before the known target response can be deduced; this will 

be a viable cell’s expected response, based on the library data, for a given manufacturers test cells. 

Unfortunately, in practice, the chances of the SOC and temperature measurements matching exactly those 

used to generate the library profile are very slim; some discrepancy is likely. Dependent upon the 

situation, it may be possible to simply approximate to the nearest available response in the library. 

However, recalling that EIS results are very sensitive to temperature and SOC, such a crude 

approximation may lead to a greater chance of misdiagnosing the viability of the cell. This is highly 

undesirable, given the initial targets of the NDT. To avoid this problem, there are two potential solutions. 

Firstly, one can increase the number of profiles available in the library. This helps to reduce 

approximation errors, but is unlikely to eliminate them. Furthermore, there is an increase in potential 

development time as additional profiles need to be generated. Secondly, one can consider a solution 

involving an interpolation and weighting algorithm; based on SOC and temperature variables. Such an 

algorithm can also take into account the non-linear behaviour of the cell characteristics.  Newcastle 
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University chose to research and develop such an algorithm as overall we found that it significantly 

improved the fault detection capabilities of the NDT system. 

 

Figure 8 - Measured response of five non-viable cells (red) and calculated response of viable cells 
based on empirical library 

NDT System Refinement and Improvement 

The frequency range of the plots shown so far is from 1 kHz to 100 mHz. The measurements which are 

made to create the library database are made within this bandwidth logarithmically spaced with 100 

points per decade. The filtering process includes a decimation step which, for the case of all normalised 

plots shown is a factor of eight. In total, the amount of time to measure all 400 data points (a single 

sweep) and to process the results to get the normalised response is around 570 seconds. It is clearly 

desirable to reduce this time significantly – the target test time for this work is less than 60 seconds. 

However, during the research it was found that this test time target was the most challenging criteria to 

achieve without impairing the accuracy and reliability of the test. Obviously, compromising on accuracy 

and reliability was not permissible in this work, a high confidence NDT was essential.  

Ultimately, a method to reduce the number of required measurement points was required to shorten the 

test time. In the case of the measurements presented so far in this paper, a series of non-viable cells is 

assumed to have the same failure mode. This being the case, the responses of the non-viable cells are 

shown to be similar (as initially shown in Figure ). Therefore, the response of the non-viable cells can also 

be stored in an identical library to the viable cells and processed to produce a normalised, averaged 

response of non-viable cells using the same method previously described. By doing this, two averaged 

expected responses can be produced, as shown in figure 9. The upper frequency limit is chosen to be 

definitely within the positive imaginary plane of the response. This ensures that the real-axis intersection 

point is not omitted from the spectra. Although the lower limit chosen is relatively high for EIS 

experiments on such cells; the actual value selected is strongly influenced by the strict NDT time limit 

imposed upon it.  
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Figure 9 - Normalised and averaged plots of both viable and non-viable cells 

In order to gather a range of impedance readings within a short timespan (<1 min) the length of one 

period of the excitation frequency becomes a limiting factor. At 0.1 Hz the period of one test is 10 s and it 

is common practice for this test to be repeated at least once. It was decided that a minimum of six 

readings would be required; meaning that 0.1 Hz is the lowest decade in which six measurements can be 

recorded in less than one minute. In its basic configuration the potentiostat used is able to make single-

sine measurements in frequency bands defined by the experimental parameters. A band selection process 

is then used by sweeping a window of  frequencies across the entire projected frequency response of 

both non-viable and viable cells.  

Array of projected viable cell impedance (length = n)

Array of projected non-viable cell response (length = n)

n frequencies

window of m frequencies

Array of mean deviation of impedance magnitude (length = n-(m-1))

 

Figure 10 – band selection process 

Considering figure 10, a frequency spectrum with  frequency responses from  to   , and a frequency 

window which is  frequencies wide, an array can be constructed to show the mean difference in 

impedance magnitude between viable and non-viable within the window. This averaged array can then be 

sorted by magnitude and the window at which the greatest average dispersion of absolute impedance 

exists in the data set is identified. This window is then used as the frequency target window for use in the 

online test. The applied frequency range is therefore only  frequencies wide but is targeted at the range 
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of response at which the deviance is expected to be greatest; this significantly reduces the test time whilst 

actively searching for the most accurate area of the response. The targeted response of failed and passed 

cells is shown against the projected response of a viable cell is shown in Figure 11. If the result is 

inconclusive then a wider window can be attempted or the whole range can be used. This multi-level 

approach to the testing allows for greater tuning to avoid false results. Should the result of the test be 

inconclusive then a wider window can be attempted or the whole range can be used. This multi-level 

approach to the testing allows for greater tuning to avoid false results whilst minimizing the test time. 

 

Figure 11 - Frequency targeted response of failed and passed cell compared to full projected response 

Practical Implementation of the NDT Prototype 

A prototype was constructed and programmed using the above theory to create a practical realisation of 

the envisaged NDT technique. Most of the hardware used to perform the measurements is readily 

available from a number of equipment manufacturers. Since this technology readily exists it was not 

considered appropriate to develop bespoke hardware for this task. Furthermore, readily available 

hardware and the associated manufacturer support and warranty, was considered a distinct advantage for 

the longer term industrial uptake of the system. Instead, a larger proportion of the technical innovation 

exists in the data processing of the library and measured response from the test cell. The prototype 

therefore consists of a computer, EIS capable potentiostat and the test cell as depicted in Erreur ! 

Source du renvoi introuvable.. 

EIS capable 

potentiostat

Test cell
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Figure 12 Prototype NDT system 

A photograph of the prototype as 

developed in the laboratory is shown 

in Erreur ! Source du renvoi 

introuvable.. The interface with the 

instrument was achieved through use 

of a LabView virtual instrument 

program. The function of the LabView 

program is to provide a usable 

interface for the operator and to 

coordinate the communication with 

the potentiostat. The potentiostat used 

was a Bio Logic HCP1005. The 

labView VI coordinates the 

communication to the instrument 

using a modified version of the EC-lab 

development package provided by Bio 

Logic. Some basic data manipulations 

are accomplished within the VI 

however the majority of the data processing is carried out using embedded Mathworks MATLAB 

functions. A screenshot of the application is shown in Figure .  

Environmental chamber 

EIS potentiostat

Signal monitoring

Figure 13 Photograph showing NDT apparatus and 
environmental chamber 
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Figure 14 - Screenshot of NDT LabView based application 

The user inputs test parameters into the control panel; the IP address of the instrument, the channel 

number, a decimation factor controls the level of filtering of the library data, temperature is inputted 

manually, the radius input dictates the tolerance band around the target profile and the pass threshold 

dictates the percentage of measured points that must fall within the tolerance band for the cell to indicate 

as passed. The control panel has controls to start and stop the test as well as to exit the application. To the 

right of the control panel is some information which is being used to indicate the test result. Ewe shows 

the OCV of the test cell, the frequency range that is being used for the test and the number of points (they 

are always logarithmically spaced) as well as the current test frequency. The PropPass result shows live 

the percentage of points which fall within the tolerance band. The Nyquist plot shows the target (blue) 

and measured (red) profiles in real time. The pass/fail indicators are shown below the chart and there is 

an indication of the time the test has been running for. The NDT process steps are shown in Figure . 
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Figure 15 - NDT technique process steps 

NDT Prototype performance 

The prototype was tested using a number of sample cell sets for validation. In general, the performance 

experienced was very good. The test is highly accurate on all cell types over test time of up to 180 seconds. 

The test can be completed in less than 60 seconds by increasing the decimation factor and removing the 

lowest frequencies from the test; however, under these conditions the technique is significantly more 

susceptible to discrepancies relating to relaxation time. It was discovered that relaxation state was the 

primary source for erroneous results whereby the test can be run on the same cell without disconnecting it 

in the evening and then show a different result the following morning. When care was taken to ensure the 

relaxation state of the test cell matched that of the sample cell when the library data was captured this 

error was removed. 

The method used for normalisation of the measured spectrum requires that a real axis crossing is 

measured. For the sample sets received this does not usually coincide with the range of frequencies 

targeted in the test. Therefore, the test must run all of the higher end frequency measurements down to 

the lowest required frequency. The test could not be modified to run two separate tests: one at higher 

frequency and one at the target frequency at the time of writing. This was due to limitations in the 

commercial software package. However, this is being addressed and a modification should be made 

possible in a future version. The overall effect of this is to extend the test time. However, the time taken in 

the higher frequency range only accounts for a small period of the test since lower frequencies necessarily 

take longer to measure. 

Conclusions and Recommendations 
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The developed technique has been shown to rapidly discern between cells with known electrochemical 

behaviour discrepancies. The prototype is shown to be accurate with all sample cells provided by the 

industrial partners in under 180 seconds. The target test time of less than one minute can be achieved by 

frequency targeting techniques. However, careful attention must be paid to the accuracy of the test when 

using decimation techniques - the more informative part of the impedance spectrum is at lower 

frequencies and these take longer to process. The condition of the test cells has been shown to be very 

important when considering relaxation time. Therefore, it is recommended that the library is created 

using cells which are precisely in the same condition, in terms of relaxation state, as would be expected in 

the actual test. The various numbers of sample cells show that the fidelity of the library response is greatly 

improved through greater sample sizes. The recommended sample size for the library is therefore 

considerably higher than the numbers used in this work. A sample size in the numbers of tens would be 

considered to be the minimum for a scaled-up version of the prototype. The range of SOCs and 

temperatures used to create the library in this work was quite broad. Depending on the final application 

these ranges could likely be narrowed. A greater resolution in the library could be attained by making the 

same number of measurements at a smaller range. 
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