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Abstract

Yes, it’s true sometimes; battery separators really don’t get any respect even though they are a critical component of all lead acid batteries.
To help get that well deserved respect, this paper will provide some basic, as well as, detailed information related to battery separator requirements and performance parameters. Separator material types and manufacturing process variables are explored in relation to key lead acid battery performance issues such as charge/discharge rates, short circuit protection and electrochemical or cell voltage characteristics. Separator design issues including but not limited to, back web thickness, rib design and material porosity are explained. Both chemical as well as physical test methods for separator qualification will be discussed.
A brief historical background for both lead acid batteries and separators is offered as background information and to put present day separator technology into perspective.
______________________________________________________________________________
INTRODUCTION:

Have you ever read the basic or even detailed description of a new battery design and noticed that maybe something important was missing? Maybe you haven’t even recognized the omission but it is there. I am probably prejudiced toward certain design components but not telling the reader about one of the four main items needed in every electrochemical system seems like disrespect to me. Hopefully, after you read this paper, there will be a little more appreciation for that oft times forgotten, lowly component known as the battery separator.
DISCUSSION:


Every electrochemical system has four (4) basic components which are present in all commercial battery systems whether they are of the primary or secondary type:

1. Positive Electrode 
2. Negative Electrode 
3. Electrolyte

4. Separator 
The only common alternative to having all of these components would be with the use of a so called salt bridge to ionically couple the two electrode materials. This is typically used only in a laboratory environment to replace the porous separator and it is not likely to be used in a commercial battery system. One might argue that other components such as the cell or battery container/cover are critical components but for the purposes of this discussion we will limit ourselves to the more active components necessary for the proper functioning of the battery system.
Historical Perspective for Batteries
Over the developmental history of modern day batteries many varied materials have been used as separators. Several different natural materials were typically used in early batteries such as the following examples:
 _____________________Table 1 Selected Historical Batteries (1, 2 & 3) ______________ 


   Date
      Inventor


     Electrode Types


     Separator

- 1800
Alessandro Volta

        Silver-Zinc 



Impregnated Felt


- 1802
Johann Ritter


    Copper-Copper


   Coarse Cloth


- 1859
Raymond Plante’

  Lead-Lead Dioxide


  Slotted Rubber


- 1860’s
George LeClanche’
      Carbon-Zinc



    Felt Cloth___
These are but a few of the early pioneering battery types and to this date many of them are still in use in their most basic electrochemical form. The foremost of these being the lead-acid battery first practically demonstrated by Raymond Gaston Plante’. His battery has many similarities to the modern day lead-acid battery and the Plante’ type electrode is still in use today.

Historical Perspective for Battery Separators


As shown in the examples on page 2 there have been many material types used for battery separators but nearly all were derived from natural materials such as different types of cloth or fiber and natural rubber sheet. This was the case for most of our more common battery types until well into the 1960’s and 1970’s when synthetic polymer based materials became predominant. The flooded lead-acid battery separator has evolved over the years as shown below:


Natural Products (1800 to mid-1900)
· Glass

· Fibrous Mats
· Rubber

· Cloth of various types

· Wood or Cellulosic based


Wood Veneers (mid-1900’s to 1960’s)


· Port Orford Cedar (most popular wood type used)

· Porous structure but had to remain wetted until use

Glass & Cellulosic Fiber Types (late 1960’s to limited present day use)
· 100% glass Fiber

· Glass and Cellulosic Fiber

Polymeric (late 1930’s to present day)
· PVC

· Porous Rubber (1940’s)

· Polyethylene (1970’s)









One of the more interesting aspects of the change from wood based separators to the use of synthetic materials was the discovery that the elimination of the lignin constituent that was delivered by the wood or cellulosic types had a very significant effect on battery life. Without the lignin based component the negative active mass became compacted and the loss of porosity became a limiting factor for both electrical performance and life. This phenomenon gave birth to various formulations of so called expander material which, amongst other constituents, contains various lignin derivatives. The expander is now a requisite addition to all negative plate materials.
This evolution in materials has been in part driven by the battery engineer’s increasing demands for higher performance and improved life expectancy but to an even a greater degree by battery manufacturing technology changes. Increasing use of automation for many battery assembly processes require separator materials that may require additional strength and flexibility for handling by machines versus humans. A very good example of this is the almost complete change over to envelope versus leaf style polyethylene separators and the use of highly automated assembly equipment for all automotive battery manufacturing.
Battery Separator Properties & Design Aspects


In most cases, a key separator design consideration relates to the battery application. Attributes such as life expectancy, high versus low rate discharge capabilities and battery assembly processes can dictate many of the basic material and dimensional aspects of the separator. For example, a deep discharge battery type that has relatively low expectations for maximum discharge rates could be designed with lower volume porosity and an increased back web thickness with little risk of performance short comings. On the other hand, a typical automotive Starting, Lighting, Ignition (SLI) battery would find pore volume and back web thickness critical factors given the higher amperage rate discharges required and specified for the application. 

                Table 2 Selected Battery Application & Commonly Used Separator Types       __________

Automotive (SLI)




Polyethylene Envelopes










PVC Leaf










Cellulosic Leaf

Industrial Traction




Polyethylene Sleeves or Leaf



(Motive Power)



Rubber/Polyethylene Sleeves or Leaf










Rubber (hard) Leaf










PVC Leaf


Deep Discharge




Rubber (flexible) Leaf



(Golf Car, Scrubber)


Rubber/Polyethylene Leaf









Polyethylene Leaf/Envelope


Stationary 





Polyethylene Leaf

(UPS & Telecom)



Rubber/Polyethylene Leaf








Rubber (hard) Leaf










Phenolic Resin Leaf
    ____________________________________________________________________________
The more critical design characteristics for all separators are presented below:
· Rib Configuration & Back Web Thickness 
· Supports active mass and provides electrolyte space

· Back web thickness contributes significantly to electrical resistance
· Typical rib shapes are vertical, sinusoidal & diagonal 

· Volume Porosity & Pore Structure

· Mean and largest pore size

· Pore Volume

· Tortuosity 

· Electrical Resistance

· Voltage under discharge

· Controlled by back web thickness and pore structure, volume and tortuosity

· Chemical Purity

· Heavy metal and organic contaminants

· Negative effects on battery voltage

· Oxidation Resistance

· Resistance to electrolyte

· Resistance to active materials

· Manufacturing Requirements and Handling Needs

· Enveloping versus leaf versus sleeving 
All of these characteristics can be manipulated and changed according to the battery performance design criteria but in many cases cannot be mutually separated from potential competing outcomes. An example of this would be the desire for a thicker back web (increased puncture resistance) while needing a thin overall separator thickness (more active material) in a battery design that was electrolyte limiting. The fact that the free volume space available at the positive plate surface has been reduced could result in even lower discharge performance because of electrolyte volumes.  
Some additional properties that can have a profound affect on battery performance have been attributed to specific separators including the accepted ability of natural rubber based (4) or rubber-polyethylene hybrid types to increase deep cycle battery life by inhibiting antimony transfer to the negative electrode (5). Voltage control additives of various types have also been added to separators over the last several years to help gain this same antimony suppression ability but appear to have not been satisfactory, short lived or both. 
Table 2 gives selected properties of various separators. (6)
                Table 3 Selected Separator Properties (V= vertical  D = diagonal  S = serpentine) ___________
Material Type


Polyethylene

Rubber/Polyethylene

PVC

Rubber    Phenolic Resin         
Strength



Excellent


Excellent



Good
Fair


Good
Flexible/Rigid


Flexible


Flexible



Rigid
Flexible

Rigid

Mean Pore Diameter (µm)
0.10



0.10




0.22

0.06


0.50

Pore Volume (%)

55-65


50-60



60-70
45-55

60-70

ER (Ω cm2)


0.120


0.110



0.130
0.250

0.140

Oxidation Resistance

Excellent


Excellent


   
Excellent
Good

Good
Resists Antimony Transfer
    no



    yes



   no

 yes


  no

Rib Styles



V/D/S


V/D/S



V/D/S
V/S


V/D/S

Glass Mat



  yes



  yes




  yes

yes


  yes___
Chemical and Physical Test methods for Separator Design and Qualification


Several years ago the Battery Council International (BCI) commissioned the standardization of both flooded and recombinant separator material chemical and physical test methods. This was completed and today most separator manufacturers utilize these methods almost exclusively. There are a few different tests that are used on a limited basis but in general the following are typical tests that are used to characterize a separator:





Table 3 Selected Separator Test Methods________________

Property



Test Method



Comment

Electrical Resistance

Ohmic Voltage Drop

Method uses a Palico Measuring System

Pore Structure


Mercury Porosimetry

High pressure mercury intrusion method

Tensile Strength

Tensile Tester


Tests for both ultimate break & elongation

Puncture Resistance

Force or Tensile Test

Pin puncture of back web

Oxidation Resistance

Chemical Oxidation

May use sulfuric acid, chromic acid or

hydrogen peroxide plus elevated temperature



Battery Simulation

Small cell using lead plates to simulate








overcharge

Chemical Purity

AAS or ICP


Either complete sample dissolution or








leaching in acid prior to instrument analysis

    Methods for dimensional checks such as thickness, length, etc., are defined by BCI methods but it is important that supplier and customer utilize the same methods to ensure comparable results. (7)     
 Separator Types and Manufacturing Methods 

All of the basic separator types discussed below except the phenolic resin type use 
precipitated silica to provide the pore structure. The silica is carried into the base separator matrix such as polyethylene, rubber, etc by means of either oil or water. This liquid is then either extracted by solvent exposure or more simply by drying. The remaining silica skeletal structure defines the pore structure including pore size, pore distribution and tortuosity. All but one of the manufacturing processes uses a calendering method to form the rib profile. The exception, again, is the phenolic resin type that uses a grooved belt to produce the rib profile. Diagrams below show the basic manufacturing flow diagrams for the discussed separator types. (8, 9, 10, 11)
Diagram 1





Diagram 2





Diagram 3

Polyethylene





Polyethylene/Rubber



PVC


UHMWPE





UHMWPE





Powdered PVC


Silica in Oil





Silica in Oil





Silica in Solvent









Rubber
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MIX






MIX






MIX
EXTRUDE





EXTRUDE





EXTRUDE
CALENDER





CALENDER





CALENDER
OIL EXTRACT




OIL EXTRACT




SOLVENT EXTRACT
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DRY






DRY
FINISH






FINISH






FINISH

Diagram 4





Diagram 5
Rubber






Phenolic Resin

Natural Rubber
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Silica in Water




Water
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Mix
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Grooved Teflon Belt










Polyester Fleece Mat
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Crosslink/Cure



Water Evaporation/Dry
Dry






Finish

FINISH

summary:

Has the lowly but absolutely necessary separator now earned a little respect?
This paper has discussed with some detail the properties and functions of the various battery separator types in an attempt to provide the reader with a better understanding of how to select and quantify their separator needs. If battery designers can now collaborate a little better with their separator manufacturing counterparts then the goal of this paper has been met.


Note:
Other types of separators used in recombinant type lead-acid batteries were not discussed in this paper. The scope was intentionally limited to flooded type battery separators. Information on AGM and other non-flooded separator types can be found in numerous other articles and technical papers. 
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Should you have any questions concerning your separator requirements or would like to learn more about Microporous Product’s separator product line please contact our Sales Department at 

(800) 443-3914 or visit our web site at www.mplp.com. 
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