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SEPARATOR DEVELOFMENT FOR A HEAT STERILIZABLE BATTERY

L. Co Scala, A. langer, G. D. Dixon
Re G. Charles, C. R. Ruffing, L. A. Doggrell

ABSTRACT

Battery separatcor materials capable of withstanding a sterilizing
cycle of 60 hours in 404 XOH at 135°C have been fabricated using a con-

tinuous dip-coating process.

The final separator coating formulation chosen for best results
consists of a 3:1 mixbture by weight of previously dried and ball-milled
20:50 mesh Bio-Rad bvdrated zirconia filler, with Union Carbide P35 1700
polysulfone in dimethylacetamide (DMAC), in the presencs of 1% by solid
weight of a wetting agent. This mixture is coated on to non-woven,
KOE-resistant polypropylene tape (Webril EM 476, 0,0027 inch thick, or
Pellon 21&0, 0.007 inch thiek} by a continuous dip-coating process.

The resulting composite is passed through & dioxaneswater bath, where the
solvent DMAC still present is leached ~ut and the polysulfone is precipi-
tated as & continuous solid £ilm on the tape. This action results in the
formation of extremely small pores throughout tha composite through
which passes the electrolyte. The resldual water and solvent are removed
from the continuous separator composite by heating at TSwBOOC in a

12 foot long vertical tower. Acceptable coating speeds range from 4 to
8 feet per minute, the prefc.red speed being 7 £t./min.

Separator materials obtained as outlined above exhibited specific
resistivities before sterilization of the order of 20-50 chm~inch in the
case of Webril-supported composites. Specific resistivity values of Pellor-
supported composites were of the order of 100-150 ohm-inch, well above the
tolerable maximm of 59 ohm-inch. However, prolonged exposure to a high
temperature sterilizing cycle in concentrated alkali reduced the resise

tivity values of the Pellon tapes to below the tolerated maximum. The

sam effect was observed in the Webril-supported composiies.
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Silver lon Tlow through these separators was very low, in the
worst case being less then 4 ppm in about 50 hours' exposure to a
saturated KOH-Ag solution. Zineate ion diffusion was also very low,
with a maximum passage of 4.2 ppm after 150 hours. ILong term aging
of these sterilizable membranes in KOH with silver present had generally
little deleterious effects on the specific resistivity of these samples.
The electrolyte flow through Webril-supported membranes was faster than that
through FUDO films by a factor of about 4. The Pellon-supported
ccmposites hindered the electrolyte flow to some extent; however, on

continuous exposure to 40% KOH the flow increased to an acceptable ievel,

Webril-supported and Pellon-supported separator membranes
remained dimensionally stable and retained their useful properties after
one sterilizing cycle consisting of exposure to 40% KOH for 65 hours
at 13500. The generally very small weight losses occurring on steriliza~-
tion eyecling were reduced by adding free zirconia to the sterilizing cells

in the amount of 10-30% by weight of the separator composite.

Epoxy resins were modified with chelating 8-hydroxy quinoline
derivatives to provide structures expected to inhibit the free passage
of silver and zinc ions while allowing the transport of hydroxyl ions
and water molecules. Separators made using these resins in place ..°
the inorzanic filler exhibited no appreciable advantage over separators

containing zirconia.

Several dozen feet of one Toot wlde separator material fabri-
cated contimuously uslng a modified industrial coating tower were
delivered to JFL for testing.
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1. INTRODUCTION

SR ..

This report covers the work performed for the Jet Propulsion
Laboratory, California Institute of Technology, sponsored by the National
£z Aeronautics and Space Administration under Prime Contract-NAS 7-100,

Contract No. 951525, over the period June 1, 196€ to October 31, 1968,

R A

L The work described in this report is divided into two phases:

. the first phase was headed by Dr. A. Langer and concerned itself primarily
with screening and preliminary testing of battery separator materials; the
second phase, managed by Dr. L. C. Scala, involved further screening, the

establishment of procedures for producing separator material continuously,

and the supply of one foot wide separator tape to J.P.L.

2. OBJECTIVES

It is postulated that a proper separator in a heat sterilizable

silver-zinc secondary battery should perform several functions satisfactorily

: %‘ after being subjected to heat sterilization treatment. Among these are the
LE following:

&i L. It must prevenit direct contact between the positive and
: negative electrodes to avoid intermal discharge. The separator
must therefore remain a good electronic insulator.

2. It should allow a high degree of ionic conductior: when
soaked with the electrolyte to minimize the internal IR drop of
the battery at high discharge and charge rates and to assure

high efficiency in utilization of the active components. g

3. It should retard to some degree the free diffusion of f
some of the soluble complexes formed, notably of Ag, to prevent j

migration to and deposition on the Zn electrode. A certain smount

of Zn diffusion must be maintained to assure capacity of the cell.

-4.

p %f L. The separator should retard the dendritic growth of the '1
Zn in the charging cycle, so that the zine dendrites cannot reach ‘j

l %; the opposite electrode, causing interpal sherts and loss of active N
material. ‘

i




The separator material must be stable against the degrading
* .. 1ence of higher silver oxides during and after exposure to several
...t cycles at 13500 for 60 hr. duration while in contact with thé hog
KOH electrolyte, so that it will still perform the above functions.
Among its other required properties, the barrier should have and main-
taln satisfactory mechanical strength to prevent tearing; it should alsc
be flexible and free from imperfections, such as pinholes and cracks. The
total thicknessywhich should not exceed 6 mils, should preferably be

achieved by the use of multiple wraps of thinner membranes.

Composite separators, prepared by a variety of fabrication
Procedures, were to be characterized by several types of property

measurement, lncluding:
1. Electrical conductivity measurements.

2. Determinastion of selective permeability for zinc and

silver comp.exes.
3. Measurement of alkali diffusion rate.

b, Mieroscopic and electrographic inspection for pinholes
and cracks.

5« Shear and tensile strength and thickness measurements.

6. Evaluation of resistance to dendritlc penetration.

T. Determination of other properties as necessary.

Some of these measurements were uwade only on selected membranes.

The first phase of this project was an exploratory study of
composite separators that may possib}y’ﬁérform the above functions and
possess the desired properties. We intended to modify orgenic matrix
meterials which bave the satisfactory stebility in the glven euvironment
by incorporation of ilon permesble inorganic materiasls stable under the
same conditions. It was believed that inorgsnic lon exchange substances
(natural and artificial zeolites) or substances with many molecules of
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A secondary effort was devoted to modification of macroporous and micro-

" §’ water of hydration, forming inorganic gels, may best meet this purpose. |
%‘ porous organic matrices by attachment of chelating functional groups.

The second phase of this project had as a final aim the estab-~
% lishing of methods for the continuous production of one foot wide battery

separator material. This also involved further testing of separator

material Ingredients. ‘

R -

3. EXPERIMENTAL AWD RESULTS

3.1 FIRST PHASE

3.1.1 Test Eguipment

3.1.1.1 Electrical resistance of battery separators by a

|
direct current method i
i

Because of the importance of separator resistance to the suc-

siirss e Ny e T

cessful functioning of a battery, two methods were used to measure this %
property. The instrument for resistivity measurements by the direct
current method was patterned closely after that described by Lander.*
Only minor changes in design wvere made for sase of operation. A photo-
graph of the cell is shown as Figure l. |

A closed system is employed for fllling and emptying the cell

without exposing the concentrated KOH sclution to ailr.

The cadmium electrocdes were of the sintered type found in com-
mercial nickel-cadmium batteries. They were partially charged before use
by substituting a nickel foil for the meuwbrane and applying a potential
between the nickel and the {wo cadmium electrodes.

For a measurement of membrane resistivity, a potential is

applied between the two cadmium electrodes, rustalning a current of 20 me.

J——

*J. J. Iander in "Characteristics of Separators for Alkaline Silver Oxide
Zinc Secondary Batteries - Sereening Methods", J. E. Cooper and

A. Fleischer, Editors, A. F. Aerc Propulsion Laboratory {1965), Chapter 6a,
P 33.




The resistance is calculated from the potential difference between the
two reference electrodes. The maximum specific resistivity allowed by

the contrect was 150 ohm-cm (or 59 ohm~inch).

3.1.1.2 Resistivity measurements by the ac method

The second apparatus bullt for membrane resistivity measurements
uses an alternating current bridge method. The instrument is similar to a
recent model used by Electric Storage Battery Company, Yardney, Penna.,
with the exception that here also a closed system was adopted to eliminate
the need for filling the cell with fresh electrolyte fur each test.

3.1.1.3 A polarographic device for measuring the diffusion

of zincate lon through battery separators

In strong potassium hydroxide solutions, dissolved zinc exists
primarily as the zincate ion [?n(OH)é3=. The role of a battery separator
with regard to diffusion of the zincate ion is not well defined. The
function of the separator can hardly be to prevent the diffusion of the
zincate ion from the zinc electrode throughout the electrolyte. Ordinary
membranes based on cellulose or similar materials have relatively large
diffusion coefficients for the zincaite ion. Homogeneous distribution of
the zineate ion throughout the whole cell must eventually occur. Never-
theless, since dendrite penetration may ve related to zincate diffusion

rate, diffusion measuremen¢s may be of value in understanding this phenomenon.

An instrument to make polarographic zincate determinations was
construcsed with a mercury droppinz electrode as the sensing elements
‘the construction is shown schematically in Figure 2.

Polarography in more concentrated potassium hydroxide has not
been attempted previously. Since this is the region of interest in
alkaline battery electrolytes, the dependence of the diffusion current
on the zincete ion concentration had to be determined. With 40% KOH
supporting electrolyte, a polarographic wave was obtained at the higher
concentrations of the zincate, but none at very low zincate concentrations.
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3.1.1.4 Electrolyte diffusion through separator membranes

Electrolyte diffusion through a separator should be connected to
some extent with its electrical resistance. Additionally, exceptionally
fast KOH diffusion might indicate numerous pinholes or cracks in the
membrane, while very slow diffusion would indicate a sealed membrane.
Therefore, measurements on several small areas can give information con-

cerning membrane quality and uniformity.

The procedure adopted feor electrolyte diffusion measurements
consists of straightforward recording of OH ion concentration increase
by pH measurements of initially pure water on one side of the membrane,
with 40% KOH on the other side. Taking into account the parameters of

the apparatus, the diffusion coefficient can be computed.
3.1.2 Organic Substrates

A large number of polymeric materials were tested for resis-
tance to attack by aqueous 40% KOH, both at room temperature and at 13500.
The data obtained indicate that the following materials have sufficient
chemical resistance to warrant consideration for battery separator

construction:

Teflon

Polypropylene (Webril, Pellon)
Polysulfone

Polyphenylene Oxide
Cast Epoxy (aromatic amine-cured)

samples were evaluated as weighed 1-1/4 by 1-1/2 in. sheets in
L0 ml Teflon-lined sealed cells containing 40% KOH, which could be heated
to 13500 for 60 hours. The cooled, washed and dried samples were reweighed

and measured. Representative data are given in Table I.
3.1.3 Inorganic Filler Materials

A large number of inorganic materials have been evaluated as
ion-exchange fillers for uce in composite separator membranes. An impor-
tant prerequisite for any such material is that it bhave very limited




solubility in 8 M (40%) agueous KOH solution, both at room temperature
and at 13500. Table II presents the solubilities of materials tested

to date in 40% KOH, at room temperature. The compounds ZrO,, TiQ,, Sn0,,
Thoa, MgO, as well as the molecular sieves Linde 4A and 5A,are relatively
insoluble. Molecular welght gains observed for Tio2 and MgO probably
represent hydration with partial conversion to & hydroxide, under the
conditions used. The data of Teble II were obtained by tumbling one gram
samples of dry weighed ion exchange material with 25 ml 4% KOH in closed
polyethylene bottles for periods of 65 to 72 hours. The remaining solid
was then filtered off, washed witi water and dried at 110°C to constant
weight.

The determination of solubility for these materials in 40% KCOH
at 13500 is much more difficult and only limited data have so far been
obtained. Results to date indicate that at least 96% of Zr0,, remains
undissolved at 135°C. For barium zirconate 82.6% remained undissolved

under the same conditiouns.
3.l.4 Polymeric Binders

A series of films was prepared both with and without zirconium
hydroxide as & filler and with dimethylacetamide (DMAC) as the solvent
for the polymer binder. The films were self-supporting. In other instances
they were coated on Webril polypropylene mech a8 8 reinforcing structure.
The following polymers were tried as binder: polysulfone, phenoxy, poly-
vinylidene fluoride, and polyphenylene oxide. All the films were carried
through the prescribed sterilizing cycle in hot KOH solution.

The results can be summarized as follouws:

(1) Polysulfoue produced e mechanically strong membrane either
wusupported or supporited on Webril, with little weight loss and
with preservation of dimensional stability.

(2) TFhenoxy (Poron) has a low sofiening point waich is
arcund lod°c and stable films could only be prepared with & support
of Webril. '
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(3) Polyvinylidene fluoride darkens in the eycling process,
forming a brittie povwdery film.

(4) Polyphenylene oxide polymer film was white, powdery and
guite brittle.

As a result of these experiments, it was decided to use poly-
sulfone in further separator fabricaetion. Polysulfone can be easily
processed from g solvent solubtion and has the physlcal strength and
chemical stability to withstand the cycling procedure. The incorporation
of the filler caused no visible changes in bebhavior.

3.1.5 Membrane Fabrication

A large number of composite menbranes were made up for evalua-
tion of electrical characteristices. Specific details of construction are
given in Table III. A typiecal procedure is described below.

A weighed 10 by 10 cm. square of 1.5 mil Webril polypropylene
mat was used as the support materlal. This was saturated on both sides
with a2 solution of 10 grams of a soluble polymer in 100 ml of an organic
solvent. An excess of the powdered filler was applied te both sides of
the wet mat and worked into the fabric with a glass slide. The resulting
separator was dried in a horizontal position and weighed.

Since the necessary strength needed for the films used as sep~
arators was not achieved with the filler thinder construction glone, it
would seem necessary to support the film by a polypropylene web. If such
a support is cozted on the glass 7plate by an applicator, only one side
is actually covered since the Webril rests on the glass. Also, during
coagulation of the filler-binder mixture, only one side contacts the
water and therefore this side seems to have different properties from the
other. This can also be seen on microscopic cross section examinations.
In order to coat the 1.5 mil Webril on both sides the equipment shown
in the scheratic skeleh in Figure 3 was used. In this arrangement the
Webril was druwn betwesn steel shimstock knife blades. TFor the 1.5 mil
Webril +the blade opening was gbout 3 mils. The resuiting thickness
of film was abovt 2.5 mils vhen the latter was developed and dried.
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The finished product could be put on a take-up roll after passing through
the wash water. The speed of travel was about 1 ft./min. The coating
mixture was supplied to both sides of the film from a funnel. Ball-milled
mixtures containing 10, 12, 15, 20, 30, 40, 50, 60 and 70 g of Zr oxide in
15 g polysulfone and 100 ml DMAC were tried. Coating mixtures which con-
tained 50 g hydrated zirconium oxide gave the best results in terms of

the continuous coating technique. Table IV shows the resistivities of
some of these films, fabricated using a polymer dissolved in a solvent

as the binder plus a powdered inorganic filler, on Webril support. This
table also gives the percent of polymer and filler, compared to the total
weight of the resulting film. Polysulfone in DMAC was mainly used as the
binding polymer solution. The fillers were zirconium oxide, titanium oxide,
calcium oxide and Linde Molecular Sieve materisls. As can be seen, some
of these films fell into the required resistivity range (150 ohm-cm or

59 ohm-inch). Selected membranes were exposed to sterilization conditions
without loss of permesbility and without visible change in dimensions or
appeagrance on microscopic cbservation. However, the distribution of filler
material in these separators was non-uniform,; as is evident from the photo-
micrographs shown in Figure 4. These inhomogeneities were also apparent
from the considerable variations of resistancekmeasurements.

3.1.5.1 Evaporation of solvent by heat

| A number of membranes were prepared by casting on a glass plate.

In this preparation method, the polymer solvent was evaporated by appli-
cation of hegt. It was soon noticed that such films are usually glossy

on the side peeled from tke glass plate and relatively rough on the side
exposed to the air. Microscopic examination revealed a non-uniform dis-
tribution of the filler. Also, the average resistivity of even the thinnest
films was too high to be acceptable and large variations were observed when
the resistivity was measured gt different places on the film. Somebimes
resistivity values differing by a factor of three were noticed.

In order to reduce ‘the resisgtivity, various amounts of eane sugar
or polyvinyl alcohol solution vere added to the binding resin solution.
These materials were used as saturated solutions in DMAC. After drying in
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an oven at llOOC, the films were then boiled in water to extract the
soluble components. This procedure should produce s microporous structure
which would be more permeable to KOH, thus decreasing the resistivity.
Although the resistance of these films was, in general, slightly lowered,
the soluble additives had an adverse effect on the distribution of the
filler. Very often the filler separated into small islands, leaving
regions containing no filler. For these reasons, other methods were tried

for extraction of the solvent from the cast films.

3.1.5.2 Extraction of solvent by water and acetic acid

More satisfactory films were obtained by casting on a glass
surface, and extracting the solvent from the still-wet films by immersion
in an excess of water or dilute acetic acid. Films could be produced with,
or without, filler. The films had an opague milky appearance. The dis-
tribution of the filler remained quite uniform without any sign of segre-
gation. The temperature of the extracting water was varied from o°¢c to
9000. The films did not form when the slide was immersed in very hot
water, since the substance on the glass disintegrated before it coagulated
into a solid film. On the other hand, the films processed in ice water
were similar in appearance and resistivity to the ones produced in water
at room temperature.

Films of even better appearance were obtained when the solvent
was extracted with 50% acetic acid. These films were, on the average,
somewhat thinner and had a glossy appearance even on the air side. They
also had a lower resistance, in some instances, than did similar films

produced by water extraciion.
3.1.6 Membrane Properties

3.1.6.1 REffect of sclvent on thickness and resistivity

A series of unfilled, water-exiracted; polysulfone-DMAC films
was prepared by casting on glass without any reinforeing support. The
thickness of the wet [ilm, as cast,; was determined by the use of g
Gardner Ultra Applicator. This device consists of a mebei blade which
slides parallel to the glass plate, and which can be set at definite

-.9..

A v B e e acinn

o It be g



separation distances from the plate. Extraction of the film with water,
followed by drying, would be expected to alter this initial thickness.
The final thickness of films, afier extraction and air-drying at room
temperature, was investigated as a function of the Gardner blade setting
and the initial polysulfone concentration in DMAC. It was shown that the
thickness of the dry film is more dependent on the Cardner blade setting
then upon the polysulione concentration. Very roughly speaking, the dry
films have about half the thickness of the Gardner blade setting.

It was also shown that less dense, more spongy films are
apparently cast from the more dilute polymer solutions. Microscopic
observations showed that the films prepsred from dilute solutions consist
of small cellular compartments, whereas those made from more concentrated
binder solutions are seen to be mure compact. Figure 5 shows a photo-
micrograph of the cross section ¢f a membrane prepared without filler.

Some of the films obtained by the method just described were
soaked in 40% KOH under vacuum and the electrical resistivity determined.
The resulis are indicated in Figure 6. Here it can be seen that the
solid to solvent ratio has a prenounced influence on resistivity.

This indicates that the wmore dense films cennct soak up as much electrolyte
a8 the less dense films appsrently can. The resistance values were
obtained with a 1/4" round aperture of 0.316 cm® ares. Each point in the
graph is an average of several determinsgtions. The films Pormed from

10 g/lOO ml solutions were relatively wesk in mechenical strength, bub
unfilled films made with 15 g polysulfone had resistivity values much too
high to fall into the sccepiable region for battery sepurators.

Wnen the solvent in the cast films is extracted with v =ter, one
obtains structures of a variable spongy nature, depending on the azmount of
solvent present. One would therefore expsct the porosity of the binder to
be affected by the solvent extraction process. Fast extraction could pro-
duce larger pores than slow extraction. During the extraction with acetic
acid mixtures some influences of scetic acid concentration on the resis-
tance of the obtained film wds noted.
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Another possible way to slow down the solvent extraction process
would be to extract the cast £ilm with miwtures of water and DMAC instead
of pure water. A 50:50 (by volume) mixture of water and DMAC was there-
fore tried.

For these experiments, a mixture of 20 g Mg0, 15 g oFf polysul-
fone and 100 ml DMAC was used after thorough bail milling for several hours.
MzO was chosen because it should not possess any structural porosity of
its own, so that the resulting porosity wouid be caused by the porosity
of the binder alone. The Gardner blade was set to 8 mils for all the films
reported. The films were cast on glass, and the solvent was extracted
by immersion intoc the water~-DMAC mixture for different lengths of time.

Ir ~=ion times of l, 10 and 1000 min. were investigated. In all cases
a film was precipitated. After immersion in the water-DMAC mixture as
specified they were further extracted by immersion in water. In this
way all the DMAC was extracted, and stable films were obtained. The
resulting films were hung up vertically in clips and dried either siowly
for several days in air or dried in a shorter lemgth of time in an oven
heated to 120°C.

The result of these experiments is summarized in Table V. The
resistance value is an average of 5 measurements at random places; 30 are

the thickness wvalues.

The result indicated certain trends. Shorter extraction times
in the water-DMAC mixture seem t0 result in films with lower resistance.
The resistance of films given 1000 min. extraction time was gbout 3 times
that of films with extraction of 1 min. duration. Ancther trend seems to
be noticeable; namely the oven dried films have considerably larger resis-
tance {up to & factor of 5) than air dried ones. Since the thickness of
these films when sozked in KOH is f{he same, this finding could indicate
that oven~dried films have fewer or much smaller pores. One would expect,
of course, that the pores shrink in the heat treatment wvhen oven-dried.

- 11 -

T
et et afeme gy

T




3.1.6.2 Effect of filler properties and treatment on

thickness and resistivity

Films were prepared by ball milling the filler with a 139 solution
of polysulfone in DMAC. In these experiments, the same weight percent
of filler was always used regardless of its composition. Figure T shows
that the different fillers have only a secondary effect on the thickness
of the film. Here again the resulting dry film thickness depended mainly
on the blade setting, the dry thickness being again about half of that
of the wet uncoagulated film on the glass slide.

Electrical resistivities for films ccontaining fillers were
determined. The films were soaked as usual in 40% KOH under vacuum for
two days and in the wet form tested for resistivity. These films were
first tested by an a.c. method. High resistance values were observed,
vhich fell outside the limit of the apparatus. Surprisingly, much lower
resistivity values (sometimes by a facitor of 10) were obtained when the
measurements were repeated, using the d.c. method. When the same films
were once again measured with the a.c. resistance tester, values of
resistivity were observed which were much lower than first observed by
the a.c. method. This phenomenon was attributed to the pressure on the
film. Since these films sre pressed beitween flat flanges of considersble
size, low resistance can be noticed over a wide area. That the pressure
on the film is responsible for a decrease in resistivity was proven by
pressing the film in a hydraulic press. Since the influence of pressure
seems to change permanently the resistivity of the films, the following
explanation could also he put forward. The walls of the tiny cells forming
the spongy structure of the film, resulting from the fast extraction of
solvent by water, might be permanently dameged by the pressure. If enocugh
walls are broken, s more intevcomneeted structure will be obtained, with
a corresponding lowering in resistonce. The relation of the magnitude
of pressure to resistiviiy is described later.

Figure 8 represents the resulis with zeolon as Filler, Films of
different thickness were tested and usually 5 measurements selected for
random areas of the film were made. While the points obtained are
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scattered, showing a wide variation of resistivity from place to place on
the film,there does seem to be a definite trend, namely that the resis-
tivity increases with increasing thickness. Figure 8 also indicates that
most of the values fall above the dashed line representing the limit of
resistivity for the ascceptable value of 150 ohm-cm.

Figure 9 shows the results for films prepared from titanium oxide
as filler. Considerably higher resistances are found which deviate a} Jre-
cliably from the accepitable value of 150 chm-cm indicated by the dashed
line.

Somewhat better resistivities were obtalned by using hydrated
zirconium oxide as filler (Figure 10). The values are quite seattered
but some of the averages fall below the prescribed limit of resistivity.
An enlarged cross section of a zirconium hydroxide filled film is showa
in Figure 1ll.

The resistivity of a film produced by spreading the filler and
binder on 3 mil VWebril is shown in Figure 12. Zeolon E was again the
filler. These measurements do not show as much scatter as was observed
for the unsupported films. All the measurements are below the limit set
for the proper functioning as a battery separator. The ‘thickness was
measured several times and the limits are indicated by the line between
arrows. The thicker film shows a variation of about 10%. Both resis-
tivity and thickness were measured at random points.

3.1.6.2.1 Effects of ball milling of filler

suspsnsion

There are two kinds of voids intrinsic to the structure of the
film. TFirst, there are those due to the filler material, because of its
internal structure, as in the zeolites, or resulting from the large amount
of water of hydration in gel-~forming filler substances. Second, there
must be porosity in the binder, resulting in part from fast extraction of
solvent and in part from places where the filler and binder do not com-
bletely ©ill the space. The porosity resulting from cach of these conftri-
butions can have g different size distribubtlon, so that the resistivity
could be affected by any one of a number of paramebers.
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One question to be answered by experiment was the effect on
resistivity of ball milling, since it can be assumed that ball milling
affects the particle size of the filler.

To test this influence, hydrated zirconium oxide of 200 mesh
(Biorad) was used. The mixture consisted of 20 g zirconium oxide, 1H ¢
polysulfone and 100 ml DMAC. TFilms of different blade setting (6, J,
10, 12 mil) were cast on glass and water extracted. These films were
made after the mixture was ball milled for 20, 60 and 1000 minutes.
The resulting films were washed in water overnight and dried. For
resistivity measurements, the films were soaked in 40% KOH for 24 hours
and the resistivity determined both as-obtained and after being pressed
between Lucite plates at a load of 5 x 103 1lh on the ram.

The extrapolated value for 5 mil thickness on the average filum
behavior was correlated against ball milling time. Figure 13 shows that
longer ball milling gave a slightly lower resistance, but this difference
is not large enough to be considered. One can conclude that the ball
milling time, resulting probably in different particle size, does not
have too large an influence on resistance. The fact that prolonged ball
milling produces very uniform films is sufficient justification for this
practice.

3.1.6.3 Effects of pressure on experimental separators

The resistance of composite films, composed of an inorganic
filler and organic binder and processed by water extraction of the sol-
vent, can be greatly and permanently reduced if these films are subjected
%o pressure. In order to galn some information of the relationship
between pressure and resistance of films for their evaluation as battery
separators, the following experiments were performed.

3.1.6.3.1 Methods of pressure application

The films were compressed between flat plates made cf metsl,
Lucite or rubber sheets. The pressure was applied hydraulically. Most
tests were carried out using Lucite flat plates. The films tested were
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made from 10 g of filler, 15 g of polysulfone and 100 g of DMAC; they
were precipitated by immersion in water and then soaked in 40% KOH
for 2k hours.

3.1.6.3.2 Effects of pressure on resistivity
of films

Figures 14, and 15 show the effect of pressure on the resis-
tivity of Zr0,-loaded (10 and 20 g) films as a function of film thick-
nesses. The resistivity decreases with pressure, but this decrease is
more gradual with 10 g filler. Quite an improvement can still be
achieved in going from 5 x 103 to 10 x 103 1b load on the ram (Figure 14).
This gradual decrease in resistivity is less pronounced with the 20 g

filler composition (Figure 15), where a large drop in resistivity occurs
at low pressures.

The pressure had another beneficial influence, namely the resis-
tance measured on different locations on the film showed considerably less
seatter, so that more uniform values are cobtained on pressed {ilms than
on unpressed ones. In addition, the pressure &ffect is permanent.

Another approach is {0 press the membrane between two roller
bars, which would lend itself best to large scale production of films
having considerable size. However, it was found thait the reesistivity
of films pressed between rollers is only slightly lower even after being
rolled several times.

3.1.6.3.3 Effect of pressure on films with
varied amounts of Ffillers

Figure 16 shows the behavior of the resistivity of films made
with varying amounts of hydrated zirconia.

It cen be seen that the resistivity changes rapidly with the
amount of filler incorporated at low filler-loadings but becomes relstively
insensitive to filler conteant at high loadings. The filler loadings above
about 10 g Zr0. fall below the resistivity limit of 150 chm-cm. Thirty

2

grams of ZrO2 could be a suitable content for a separator which gives a
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filler~binder ratio of 2:1. The increase in filler of course weakens the
film, but this is not of great importance if the membrane is supported

(as, for example, on Webril mesh).

3.1.6.4 Behavior of membranes on sterilization testing

O
Selected membranes were cycled in 40% KOH at 135 C for 60 hours,
and the results are shown in Table VI. These data indicate that in the

sterilization process an almost complete filler extraction takes place.

The amount of filler remaining after cycling in hot KOH solution
was determined by heating weighed samples of the membranes to a high enough

temperature in air to destroy the organic matter. For comparison, samples

of films which had not been exposed to hot KOH were also ashed. Additional

companion runs wvere carried out on films not containing added filler.
Data are given in Table VII. The results show that less than 0.05¢ ash
remgins from ashing the polysulfone alone, and about 0.5% residue is
picked up from the necessary ball milling (porcelain No. 000 mill) used
to mix polymer solution and filler. The residues remaining from filled
membranes not exposed to hot KOH solution fall in the range 18 to 24%
{from membranes containing 5 g filler and 15 g polymer). The fact that
almost the entire filler meterial was extracted by the hot KOH solution
during the cycling runs indicates that the film structure must be porous
with little filler being completely encased in the polysulfone polymer
matrix. But primarily the solution of the fillers in KOH was due to the
large quantity of KOH used with respect to the amount of filler used.
Therefore, by saturating the electrolyte with the filler, the loss of
filler in the membranes was greatly reduced in general. The result of
these measurements is summarized in Table VIII, where the results are
compared to exposure of the same films in hot KOH not containing any of
the excess amount of filler.

In cases where silver oxide was also present, there was a weight
variation between the different samples, which appears to be from uneven
deposition of metallic silver on the membrane. Some films had only dark
spots, whereas others had a metallic appearance sll over. The amount of
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silver deposited on these films varied from 4% determined analytically
as Ag to as high as 22%, taking into account the original weight of the
sample. The deposited silver did not change the mechanical and physical
properties of the films. Therefore, since the battery will apparently be
sterilized in the discharged state, with only metallic silver present,

no severe deterioration of the membrane is expected.

From these data we have concluded that hydrated zirconium oxide
and titanium hydroxlde appear to be the most resistant to extraction of
the filler undzr sterilizing conditions. The Zeolon and Linde sieves show
considerable solubility even with the filler-containing sclutions.

3.1.6.5 2Zn dendrite penetration ‘through separators

It is well known that the successful applization of the silver-
zinc cell as a secondary battery was made possible by wrapping the silver
and zine electrode in cellophane, with several cycles obtainable through
use of multiple layer wraps. Further extension of cycle life was =schieved
by limiting the discharge to less ‘than 50% of battery capacity and by
improving the composition of the separator. Modified cellulose or new
permeable classes of resins were developed. These new materials are also
more resistent to the degrading action of the silver oxides. The require-~
ment for sterilization adds another factor to the still unsolved problem
of dendrite penetration in the silver zine storage Battery.

Although not required by the contract, ‘testing facilities were
constructed to determine the resistance of menbranes to dendrite penetra-
tion. The description of an instrument as given by Delin and SOlomon* was
used as a guide in the present investigation. The test consists of deter-
mining the time necessary for the dendrite to develop a cenductive path

through the separator between the zinc electrode as cathode and a non-active

sensing electrode in the form of a metallic net located on the other side
of the separator. In the arrangement, a zinc electrode is also used as
the anode, thus eliminating the depletion of zine ions in the electrclyte

*J. E. Cooper and A. Fleischer, editors. (Air Force Aero Propulsion labs.
1965). Chapter 12, "Zinc Penetration by G. A. Dalin and F. Solomon.
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solution during plating. Also, any effect of dissolved silver ions is
avoided, which would not be the case if the test were tc be made directly
in a silver-zinc cell.

A high purity zinc sheet, abraded with fine steel wool, was
used for both electrodes. The fine scratches should facilitate dendritic
growth., In the design (Figufe 17) the zine area was marked out with a
rubber spacer with a 3/4" diameter hole. In this way no edge of the
zine pizte was exposed to ithe eleztrolyte. Usually enhanced dendritic
growth occurs on an edge. Small holes were drilled on top and bottom of
the exposed zinc surface. These holes were to gllov the electrolyte to
commnicate with a compartment in back of the plate, and to permit the
escape of any gas generaited at the electrode surface. Since the zine
dendrites also grow on this side, opposite facing the anode, the surface
was masked by painting with epoxy resin. Also, the holes were lined with
polyethylene tubing to prevent dendrite growing on the edges.

The membrane itself was at a distance of 25 mils from the surface
of the zinc plate, and in order to keep this distance, even with a separator
which would crinkle in the electrolyte, the space was filled with a spacer
of 25 mil glass mat of very high porosity. On top of the separator was
placed a platinum net of 52 mesh gauze ‘then another rubber gasket and a
varrel filled with 40% KOH saturated at room temperature with ZnO. The
anode was in the form of g cylinder. Visual inspection of the platinum
gauze was possible. A hish impedance electrometer {Keithley 200B) was
used as the sensing elecirometer for registering shorts between the zinc
cathode and the platinum gauze. Tae output of the electrometer was regis-
tered on a recorder. The current through the cell was supplied by a well
Tiltered variable voltage constant current power supply. The potential of
the sersing electrode was between 0.5 to 1.5 volts. When a dendrite pene-
trated, a considerable volitage drop ozcurred. Very often this step was
oot well Gefined, but rather the voltage declined gradually over an appre-
cigdble time, or else had an oscillatory nsture so that it was difficult
to decide precisely when dendritic penetration had occurred.
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It could be observed microscopically that the dendrites did not
plerce the separator but grew into and inside of the structure. The patiern
of penetration seems to be characteristic for certain eclasses of separators.
In cellophanic separators the growth is at muny points and the dendrites
are relatively broad, whereas in the membranes with filler usually only
a few points are penetrated and the dendrites are thin and hardly noticesble.

One purpose of this work was to reproduce the curve as given hy
Dalin and Soloman on page 41 of the stated reference., This curve represents
the charge in coulombs necessary for dendrite penetration as a function of
current density. The curve shows a quite sharp minimum. The current
density at the minimum is recommended to be used for evalustion of the
membranes. However, if this value is used, due to the steepness of the
function at low current densities, a small deviation in current density
could give a large deviation in the number of coulombs necessary for pene-
trating the membrane. Delin and Solomon also state that the fact that
this curve shows a minimum is significant to the probable shorting mech-
anism. It was therefore desirable to repeat similar measurements without
and with a separator in order to evaluate the relation obtained.

It could be postulated that, as a first approximation, the number
of coulombs/cm2 necessary to produce a deposit which will reach the sensing
electrode should be constant, regardless of the current density. Since
only a certain space between cathode and sensing electrode has to be filled
with the zine, the amount should be expressed by Ii;,/cm2 = k. That such a
relation will not be realized stems from the known fact that the nature
of the electrodeposited zinc, especially the habits of the dendritic growth,
depends on current density. It was also observed that, probably due to
density changes in the electrolyte, considerable more deposit is Fformed
at the bottom of the small cell (3/4" diameter) than st the top, resulting
in a quite uneven depesition. There might also be other reasons. For
example, the nature oi the zine surface at the start of depositlon will
influence the time for the zinc growth to reach the platinum gauze.

The experimental values found, for the cell with only low density
glass fiber felt as & spacer; are represented by the open circles in
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Figure 18. The dashed curve represents the relation It/cm? drawn through
the point at 25 mA/cm?. It cen be seen that this relation seems to hold C
at low current densities and again at higher current densities. High ‘
current densities where an excess of hydrogen evolution is involved were :
not employed. Considerable deviation was observed around 15 mA/cmg. No
interpretation of such a behavior will be given because duplicate runs
show such a large scatier in the values, that many more points would be
needed to gain any confidence in the resulits. The only relation indicated
is that at high current densities a shorter time is needed than at low
current densities to develop a bridge between cathode and sensing elec-
trode. The fact that it requires only one dendrite to grow faster than

the rest of the deposit, and since this growth seems to be rather unpre-
dictable at present, a very large number of duplicate runs evalusted
statistically would be necessary.

The same experiments were performed with a separator interposed.
The separator was a Yardney colored cellophane for silver-zine batteries. . %
The result is shown by the solid cireles in the graph. It can be clearly P
seen that the separator seems to have an influence, prolonging the time
off developing shorts at low and higher current densities. The time ir
necessary to penetrate the membrane between 10 mA/cm? and 20 mA/cm?
does not differ substantially from the blank. But again, the statistical
nature of such measurements must be considered. It would be premature :

to interpret the result.

Liaag oot

The separators produced by water cxtraction of & filler and poly- .
sulfone as a binder were tested and are indicated on the graph at a current 0y
density of 20 mA/cm?. The points are scatiered between the two previous 8 ? |
curves. This would indicete that no drastiec retardation of dendritic - %
growth through these separators can be expected. R

~

Some results were slso obtained on a2 smaller cell of only 1 cm®

area with 10 mil spacing between cathode and separator. These results
again showed considerable scatier.
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3.1.6.6 Silver ion diffusion

The determination of @iffusion coefficients of silver through
membranes by polarographic means has some advantages over other methods,
in that the diffusion curreant is strictly proportional +to concentrstion.
The same instrument as described in previous reports for the zimc deter-
mination could be used. ‘

There are some indications in the litersture that silver can be
determined polsrographicaliy using s dropping mercury electrode and de
polarography, although some difficulties can be expected. Polarography
in concentrated KOH (40%) is virtwally unknown, since Ffor most polaro-
graphy 0.1 M, or at most 1.0 M, solutions are used. The high concentra-

‘tion of KOH causes an increase in the background current.

A Sargent de polarograph was used for this study. The dropping
time of the mercury was 4 sec. The potential was applied against a large
external Hg, HgO electrode, with the seme concen*ration of KOH as in the
main solution. Oxygen was expelled from the solution by prolonged bub-
bling of purified nitrogen through the supporiting electrolyte. A sensi-
tivity of 0.0l was chosen and maximum damping was employed. The sensi~-
tivity is expressed in pA/mm chart length.

Monovalent silver dissclves in KOH to some extent. The complex
formed is not known, but & dihydroxy or trihydroxy complex Efor example,
(Ag(OH)E)" might be present. In some previous work on silver determin-
ation, it has been noticed that the silver does not produce a normal
polarographic wave, wvhich would have its start from the background current
of the supporting electrolyte. Actually, already at zero potential; the
current starts below the zerc line of the background current. This behavior
has been attributed to the strong smwalgamation tendency of silver and
mercury. It was therefore of some interest to lnvestigate the behavior
in 40% KOH. '

Curve (a) in Figure 19 represents the background current.
Because of & large taunk circuit in the (RC) line, the individusl oscilla-
tions are smoothed out. Curve (b) represents the same 40% KOH to which a
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drop of silver nitrate was added. After shaking for some time the fil-
tered clear solution was used. The diffusion current is represented by
id set. vhen the solution was saturated with silver salt. Curves (c) and
(d) were obtained by properly diluting the saturated solution with L0%
KOH. Because the obtained curves are parallel in nature, they can be
used for evaluation of the diffusion current by simply subtracting the
background current, as indicated by the arrows on the graph. The point
on the voltage scale where the evaluation is made is not critical because
the diffusion current has a prolonged plateau.

Figure 20 was obtained by plotting the diffusion current against the
different concentrations obtained by dilution of the sgturated solution.
The result is a straight line going through the origin, indicating that
this method of obtaining diffusion current values is scceptable. This
linear relation between silver ions in solutions and measured diffusion
current can therefore be used for deteimination of silver diffusion
through membranes.

As the silver ion supplys; a saturated solution of silver oxide was
used, freshly prepared by adding = drop cof concentreted silver nitrate

to the 4L0% KOH. One can assume the concentration on the silver side as
constant, namely that of saturation gt solubility of the silver oxide
in 40% KOH a$ the given temperature. Figure 21 represents the relation
between diffusion time and silver concentration in sarbitrary units.

Silver diffusion through composite mewbranes (20 g filler, 1% g
polysulfone in 100 ml DMAC) was investigated with Zeolon H and hydrated
zirconium oxide as fillers. The films were water-coagulated and pressed

under 9 x 103 1b pressure. The membranes were sosked in KOH for 12 hours
before use. '

The rate of silver diffusion through the membraanes was much smaller
than observed with cellophane by & factor of at least 10. The experiment had
to run overnight {about 16 hours) in order to see any marked influence of sil-
ver on the diffusion current, BEven so, the diffusion current was only 2.2% of
the diffusion current obtained with a silver-ogxide-saturated solution. If we
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take the solubility of silver oxide in 40% KOH at room temperature as
being close to 40 mg Ag/l, we get a diffusion rate of only 2.8 x 10_6 g
Ag/cm2 hours. This value represents a rather small amount of silver %o

be transported. Both membranes gave such small values.
3.1.6.7 Tensile strength of films

Selecied unsupported films and slso coated Webril membranes were
tested for tensile strength., Table IX reporis these data. There is a
decrease in both tensile strength and elongation in all samples after one
exposure period in 40% KOH conteining excess Zr(OH)u and Ageo. The
exposure was 60 hours at 135°C.

There does not appear to be any great changes in strength in
the unsupported film whether tested wet (water) or dry.

3.1.7 Chelate Modifications

The general approach emphasized in this phase of the work has
been the incorporation of 3-hydroxyquinoline ckelating groups inko epoxy
resin matrices. The intermediate Mannich bases I were prepsred:

Tz
Ry Neo Gm
L i B

xT - O
C

These compounds contain the 8-hydroxyguinoline moiety and in sddition
contain a side-chain secondary amine grouping through which molecule I
cant be bonded into the cured epoxy resin structure.

Coupounds I are prepared from the Interaction of the sldehyde
R,CHO, the amine R,WH, end 8-hyaroxyguinoiine in alecholic solution,
employing prolonged reaction periods. Table X lists the compounds pre-

pered together with some of the preparative details.
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In the cured resin, linkage of the derivatives I to the resin
matrix is through the side chain secondeary amine grouping of I. Since
the chelating agents I contain only a single secondary nitrogen, they
are not efficient cross linking egents. We have,; therefore, found it
necessary to add m~phenylenediamine in order to obtain proper curing with
the commercisl Shell formulation Epon 826.

We have prepared two series of resins derived from the com-
pounds I, which differ from each other in the relaiive amounts of I and
m~phenylenediamine employed. Except as noted, good hard resins were
obtsined in each case after curing at 13500.

Fach of the resins listed in Table XI was tested for resistance
to chemical attack in bt aqueous KOH at 13500 for 60 hours. Samples
were in the form of relatively thin flat fragments as obtained directly
from the preparations. Welght loss after the treatment with KOH was
taken as the criterion of stability, along with visible inspection.
Most of the resins did not suffer obvious visible deterioration as a result
of this treatment. In general, weight gains, rather than weight losses,
vere observed. We attribute these weight gains, at least in part; to g;
the replacement of free phenolic groups (derived from I} in the resin a
by potassium cations, together with hydration of the resulting potassium .
salt groupings. Most of the resins of Table XI sppear {o be sufficiently
resistant Yo atiack by aqueous KOH to be used for batbery separator §
applications. {fgi

Some effort was devoted to establish the presence of metal- -
binding capacity in some of the resins derived from the 8~hydroxyquinoline Lﬂ3
derivatives I. in the first series of experiments, a 200 mg ground sample "‘;
of each resin was allowed to stand for one week in 8 solution prepared ?ﬁ :
from 0.20 g cupric scetate monohydrate, 50 ml water, and a drop of liguid e
Aguet detergent, as wetting agent. The resulting solution (without resin)
had & pH of 5.T. A% the end of one week the solid was filtered off and

washed with water, and was then ignited atb 800°¢ to convert 3 L;

any copper content of the resin to Cul. For esch of the redins {nvesti-

gated (Table XII), negligible residue was left after this treatwent, AR
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indicating that no appreciable uptake of Cu2+ had taken plasce. A pos-
sible reason for this lack of reaction may be the relatively low pH of
the reaction mixture, since the parent compounds I are, themselves,
known to require relatively high pH values in order to chelate with metal
lons.

In a second series of runs the availability of ‘the phenolic
groups in tie resin (derived from I) to ionization was investigated,
since this ie a prerequisite to chelation with metal ions. For this
purpose, each 100 mg sample of powdered resin was allowed to stand over-
night, at room temperature, with a mixture of 2.00 ml of 0.100 M aqueous
NeOH and 50 ml water. The solid was then filtered off on sintered glass
and washed with water. The filtrate (plus washings) was titrated with
0.02 m aqueous HCl to establish the amount of NaOH consumed by the resin.
A glass~calomel electrode pair and s pH meter were used to follow the
course of the titration. Results are expressed in Table XII as moles
of OH consumed per mole of oxine derivative I present in the resin.
(There was no conclusive evidence from the titration curves for the
extraction of soluble acidic materials into the agueous phase.)

For the compounds investigated (Table XII), the maximum possible
value of the ratio (OB corsumed/cmpd. I) is unity except for the first
resin listed, vhere a value of 2 is possible, because of the additional
presence of the carboxyl group. The values of the ratio observed
(Table XII) are in all instances less than 20% of these values. This
may be due to several reasons, including (a) interaction of a portion of
the phenolie groups with the reaction mixture during the preparation of
the resin, and (b) lack of complete penetration of the sodium hydroxide

solution into the interior of the reein particles. The results do indicate,

however, that a significant fraction of the phenolic groups in the cured
resin remein availzble for further Interasction with metasl.

Battery sepsrator meuwbranes have been prepared contsining, as

fillers, epoxy resin particles derived from the Bwhydroxyqninoline derive-

tives I. Ten of these cured epoxy resins, derived from I, Epon 826, and
m-phenylenediamine according to procedures described shove, were incor-
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porated into polysulfone films in a manner similar to the preparation of
the films with iporganic filler. Specifically each gram of cured resin
was combined with 3 g polysulfone resin and 20 ml dimethylacetamide.

The mixture was ball milled for 16 hours with a porcelain 000 mill. The
film was cast on glass using a Gardner applicator to establish the wet
thickness at 7 mils. The film was then exitracted with water and sir-dried
at room tempersture in the usuael fashion. The air-dried films were 3.0
to 4.6 mils in thickness. They have physical characteristics similer to
those contaluing inorganic fillers.

On measuring the electrical resistivities of the films con-
taining chelating epoxy resin fillers, the membranes showed the same
sensitivity to applied pressure fuand in our previous work with inorganic
fillers. In general, the resistivity values obtalned for & particular
applied pressure seem to be insensitive to the nature of Rl and Ra in
formula I. Teble XIII lists the resistivity data for each of the Tilms

studled.
3.1.8 (Conclusions from First Fhase

At the end of the first part of this program, which wes devoted
to the screening of numerous ingrediente and of several methods for making
sterilizable battery separators, the following conclusions were reached:

a) A reasocnable approach to solving the problem involves membranes
which behave similarly to cellophane as far as porosity and osmotic
chargcter are concerned, but which withstend the prolonged action of hot
caustic and also retard dendritle growth. Sueh sepsrators possessing
the necesssry porosity and thickness could be=t be fabricated by making
heterogeneous composite membranes consisting of incrganic filler or
fillers bound by an organic binder, and supported by an organic-type
tape. Buch a system could be realized in the form of flexible membranes
of ‘the desired thickness, preferably consistlng of multilayers of thin
membranes. The composite wonld acquirve the requirved porosity by suitable
manipulation of the organic binder, while the filler, consisting of very
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small particles, would have the property of soaking up enough electrélyte
to impart the necessary conduction to keep the resistivity within the
reguired limits.

b) The most promising binder is a polysulfone polymer, such as poly-
sulfone 1700 by the Union Carbide and Carbon Company, which is resistant
to the attack by concentrated caustic.

¢) Hydrated zirconias and some zeolites exhibit satisfactory resis-
tance to hot caustic and contribute to the acceptable electricai properties
of the composite membrane.

d) A supporting substrate almost impervious %o hot, concentrated
KQH is founl in the class of polypropylene felts.

e) The beet method for making separator materials of geood porosity
consigts in the coating of the polysulfone :filler : solvent mix on to poly-
propylene tape, followed by extraction of the mix solvent and coagulation
of the polysulfore by means of immersicn in water or acetic acid solutions.

f) Silver ilon penetration (measured by polarographlc methods) through
nenbrenes made as gbove is small.

g) Zinc dendrite penetration through such membranes is difficult
to measure, but indicatlons are that these membranes do noit retsrd den-
drite growth eppreciably.

h) Compression (up to 104 1b/sq. in.) of wet membranes decreases
thelr resistance by a factor of 0.

i) The exploication of all the above mentloned facts has resulted
in experimental membranes whose specific resistivity values Ffall below
the speelfied maximum limlt of 150 ohme-cm; exhibit fast electrolyte flow
and are reasonably resistant to the atteck by hot concentrated caustic.

J) The difficulty of making chelate-modified resins o be used as ilon=
exchange fillers and thelr modest properties do not warrant any further
vork in this direction.

-27-




3.2 SECOND PHASE

The second phase of this contract involves the choice of one of
the most promising systems studied in Pnase 1, improvement of the chosen
system and the establishment of criteria, methods and procedures for the
semi~industrial fabrication on a continuous scale of one-foot wide
sterilizable battery separator material. The greatest portion of the work
wvas devoted to the latter goal.

3.2.1 Test Equipment

The resistance tester used was a d.c. conductivity bridge
Model 31 made by The Yellow Spring Company and connected with the same
type of cell as described in 4.1,l1.2. This tester was very accurate
and could be used cver a wide range of resistence values.

The method of analysis used for the determination of silver ion
diffusion through the membranes was that of polarography. It was found,
however, that this method did nct lend itself to the measurement of zincate
ion diffusion, which was instead measured by flame absorption spectroscopy.
Both methods are discussed in more detail in the appropriate sections.

Electrolyte flow was determined as explained in 4.l.l.h.

3.2.2 Organlc Substrates

On the basis of previous findings it was decided to make sepa-
rator materials consisting of a supporting tape coated by & polymer:
inorganic filler: solvent wmixture. The tape initilally chosen was Webril
3 and 12 inch wide tape (Kendall Fiber Product Division), which is & non-
woven polypropylene febric with a nominal tilckness of 1l.4-1.5 mils.

This material seems satisfactory from the points of view of strength,
poroslty and coatablliity.

Irregularities in diffusion rates and reslstivity values, however,
were observed frequently, and the r~oubt arose as to whether the thickness
of the Webril tape is as constant as clalmed. It was found that the
thickness varied from a minimum of l.k mils to a maximum of 2.1 mils, with
high and low values frequently ve-y close to each other, and no particular
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concentration of high or low spots. New tape batches had more constant
average thickness, but closer to 1.9 mils than to the originally
claimed l.4 mils. Slnce these tapes were machine cut, thelr edges were
smooth, even and free of visible stresses,

However, in general Webril tapes ‘were distinguished by
very rough weave and by large and irregular voids, so that the coating
mixture hes more difficulty in covering over these substantial holes.
Thus, pinholes resulied. In additicn, heat shrinking was very pronounced
(about 1/8 inch over 3 inches of original width). This way have been due
to the fact that some of the polypropylene yarn supplied is of coarser
denier; this results in thicker but coarser tape.

Some new materiels were received and tested. From Union Carbide
were obteined very small samples of thelr new and very expensive yttria-
stabilized zircoria cloth, with nominal thicknesses of about 15 mil.

These semples appeared to be relatively weak mechanically, and to be filled
with some powder or dust. They were immersed in LO% KOH for 2 days;

when they were taken out of the caustlc for resistivity measurements, i1t
was found that their mechanilcal strength had diminished further, tc the
polint where they could hardly be handled. Only one sample could be tested
for resistivity; all the others had practiecally disintegrated in the KOH.
As 1t appears now, this material 1s too fragile for our purposes.

DALKASEP film was recelved from Dewey and Almy; who reported
the intentlion of manufacturing it in continuous leungths 1f it beccmes com~
rerclal. This meterial consists of microporous polyethylene designed for
use as geparator in alkaline batterles, particularly silver-gine batteries.

Samples of DALKASEP underwent standard sterilization eycle (60
hours in 40% KOH at l35°c). At the end of the test the samples had shrunk
drastically, losing about 80% of their original area. Conversely, their
thiekness had increased two fold. Their realstivity before sterilization
cyeling was too low to meesure on our meter; after this cyecling the samples
vere too smell to fit our resistivity cell. In addition, the welght of the sam
ples after sterilization hed increased fifty percent, probebly indicating a
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chemical reaction with the caustic. These results indicate that this *
material does not lend itself to use as battery separator material
which must be able to withstand a {emperature of 13500 in L0< KOH.

\
Two polypropylene substrates, Pellon styles 2530 and FT 2140, d
were tested for resistivity and electrolyte flow properties. The
thickness of the former was 6 mils on the average, while the latter ' |
averaged 7 mils. They both looked uniform Iin their felt-like structure
but were soft and compressible.

Tape style 2530 offered negligible resistance to KOH passage }

(pH 14 in 1.5 minutes) and exhibited & specific resistivity of 10 . |
ohm-inch. Style FT 2140 tepe had higher electrolyte flow resistance 1
(pll 14 in 25 minutes, 13.5 in 2.5 minutes) and a specific resistivity |
of 23 ohm~inch. “everal rolls both 3 and 12 inches wide were obtalned 3
from the Pellon Company. —g
3

debril EM 476 (ave. thickness 0.0027 inch), both in *
3 inch and 12 inch wide tape was obtalned; this material was claimed N é
to have a fuller structure and tc be stronger then E 1403. Samples ;
of polypropylene (AFCO Fentron)} were obtalned from the American |
Felt Company. They were much too thick for our application : ‘
(0,040 to 0.065 inch). ST

Pellon 2530 appeared to be impregnated with a sticky ﬁg? i
substance which made 1ts travel around the rollers of {the tower 51; %
difficult. In addition, It stretched considerably and was rather 7@:i ﬁ
soft., In general, Pellon 2530 did not seem to be sultable for ;@Ti f

tower coating.
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3.2.3 JInorganic Fillers

Inorganic fillers were chosen to act both as reinforcing agents
and as porosity fori; on the basis of previous work the most promising
inorganiec filler was hydrated zirconia supplied by the Bio Rad Company in
100-200 mesh particle size (H20-1 ion exchange crystals). Some 20-50 mesh
zirconia was sent by the seme company, and this materiel, which loses 20%
of its weight on heating for 20 nours in runs st llOOC, was successiully
used in several formulations.

Another type of zirconia was purchased and tested, namely
"special” hydrous form Zr02" from the Titanium Alloy Division, National
Llead Company. This filler contained a large amount of absorbed
water; in fact 38.5% of the filler's weight was lost after heating for
18 hours at 180°C in vacuo. The TAM zirconis as well was used success-
fully as a flller in separator ccating formulations. Zeolon H pigment was
also used satisfactorily in ccating formuletioas (weight loss is 11.1%
after heating at 120°C for 18 hours); however, in view of the fact that
Zeolon H was found to be more soluble in concentrated caustic than hydrated
zirconla, the work dore using Zeolon wes mainly carried out for practice

and to setile some procedural pointe.

It must be noted that drying of any of the fillers meuntioned
above, and prolonged ball mllling in the presence of ‘the binder solution,
are of paramount lmportance if one wishes to obtain smooth coatings of
reproducible quality.

3.2.4 Polymeric Binders

The polylker used previously with best resulis as s separstor
binder has been & polysulfone (Pl700) supplied in pellet form by the Union
Carbide Company. The structure of this material consists of aromatic rings
connected to each other by ether, lsopropylidene and sulfone linkages.
While the sulfone and ether links are knowr to be resistant to thermsl and
oxidative gttack and to the attack of concentrated alkall, the isopropyli-
dene group constituites a weask point in the polymer chain in this respect.
Therefore we acquired samples of polysulfone (polymer 360) from the 3M Co.
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which consists of a chain with ether, sulfone and diphenyl linkages
without the relatively labile isopropylidene group. This material is
supplied in pellet form of two sizes (360 and 361).

Attempts were made to dissolve those resins (361 as a free
flowing, fine powder and 360 in the form of granulzs) in DMAG. At a
solids concentration of about 13% neither dissolved easily nor completely,
. At 9% solids concentration Polymer 360 did not dissolve completely, and
left a corciderable amount of whitish, dusty residue. However, Polymer 3¢1
dissolved almost completely at this concentration, and the solution was
considered suitable for testing.

3245 Wet".‘.ing Agents

The formulation of the coating mix generally consisted of
3:1 20-50 mesh oxide: polysulfone in DMAC; however, in some cases wetting
agents vere added in varying proportions. For example, Alkaterge E was
added in 0.5, 1.0 and 2.0 percent ratios, on the basis of solid weight,
to mixes of different viscosities. The best resulis were obtained in
the cases where ‘the Alkaterge E was added in the proportion of 1%.

3.2.6 Apparatus and Procedures

3.2.6.1 Hend-coating device

The coating device for screenling purposes consisted of two
stainless steel shimstock blades set edge on edge at a predetermined
distance from each other and secured by screws to a common handle. The
plece of Webril is inserted in ‘the gap between the blades and is held
in a vertical position; several portions of the coating mix are poured
on the blades on elther side of the handheld Webril sample, which is then
pulled down slowly and evenly. This action ceuses the Webril tape to
be covered on elther aide by a smooth, even coat whose thickness is
determined by the gap bebween the blades. It is of paramount importance
that: (1) the coating mixbture be continually agltated to prevent settling
of filler (this is usually done magnetically); (2) that new coating mix-
tures be made frequently in order to avold problems due to evaporation
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of solvent; (3) that after each coating the blades and the gap be cleaned
carefully, since the polysulfone resin easily solidifies out of solution
thereby causing rough coatings on the next sample.

The procedure mentioned above, laborious though it is, didg
supply coated samples of relative uniform thicknesses possessing good
continuity. It also circumventedthe drawback of different surfaces as
in the case of films cast on glass.

3.2.6.2 Iaboratory-size continuous coating spparatus

Figure 22 shows g sketch of the experimental continuous coating
machine. The whole set-up is an improvement over the+ of Figure 3 ;
it is mounted on a supporting frame which is fa eneu to a movable plat-
form. The supporttape 3 is wound around the payoff roller and is kept
under tension by a friction brake 2. The tape then passes through an
arrangement consisting of an 8 inch long Gardner film custing knife 5
and a 9 inch long aluminum angle 6 one edge of which is butted length-
wise, at an angle, against the edge of the Gardner applicator®s knife.
This set-up serves toc adjust with some accuracy the gap through which
the tape slowly travels and which limits the amount of binder:filler:
solvent mix 4 to be deposited on the tape.

The coated tape then dips into tank 8, being led parallel to
the bottom of the tank by two 1/2 inch Teflon guide rods 7. The tank
is filled with the appropriate solvent mixture which precipitates the
organic binder out of its DMAC solution and, at the same time, extracts
the DMAC solvent thus causing porosity to be formed in the binder :filler
layer. The position of the two rods T relative to each other is one of
the many parameters governing the duration of the dip of the tape ang,
therefore, the degree of porosity of the separator.

The treated tape then leaves tank 8 and travels bstween two
rollers 9 the gap between which can be adjusted. Thus pressure can be
exerted continuously upon the ccumposite to lmprove its conductivity.
Finally, the treated separator tape is rolled up by a 2 ineh diameter
take up roller driver by & high torque; low speed motor. Heaters were
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installed on either side of the tape halfway between the compression
rollers 9 and the take up roller 10, and a circulating pump equipped with
filter has been installed at tank 8. On a large scale operation con-
sideration should be given to monitoring the composition of the solvent

mixture in the tank so as to keep the ingredient proportions constsnt.

3.2.6.3 Methods for application of coating mixture to

supporting tape

Drawbacks were constantly encountered in the course of
coating experiments carried out using & temporary laboratory coating
towe_ which employs a Gardner knife applicator; they were due to the fact
that the zirnonia :polysulfone:DMAC mixturewss difficult to apply evenly
and uniformly onto the tape mainly because the blade alignment was har!

to maintain and because the two knife blades acted as collectors or filters

for the solid oxide. Ultimately, the coat applied to the tape pocsessed
g different composition from that of the original coating mixture.

Therefore, a dip-coating method was tested as follows: the
laboratory tower was modified by the installation of a dip-pan equipped
with a freely moving roller, two wiper rods (which originally were grooved
pins; and later vere replaced by more efficient Teflon rods one half inch
in diemeter). A vertical six foot high furnace was installed: it was
heated by strip heaters and heating lamps to & temperature that never
exceeded about 5000. Experimental runs were made with and without a
coagulating and extracting bath; it was found that the
absence of the bath prevented the coated tape from drying properly in
the vertical oven.

Several continucus dip-coating runs were made in which the
ingredient ratios in the coating mixture were varied to check the effects
of viscosity and solids contents. ‘The coating mixture needed to be
agitated thoroughly in order to prevent inhomogeneous coatings, but care
had to be taken to eliminate sources of pinhules in the coated tape.
Coating speeds ranged from 0.5 to T feet per minute; at the latter speed
the coated tape emerged wet from the oven.
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The best results were obtained at a2 speed of 3 ft/min.; the
resistivity of the samples from this run (3:1 oxide:PS) was of the order

of 70 ohm-inch and the electrolyte diffusion rates were acceptable

LB e TR o s

(12.5 pH units after 30 minutes' exposure). In general, the thickness
of the coated tape remained constant, but there occurred some shrinking
across the tape.

On the basis of the results obtained in this set of experiments,
it was decided that dip-coating was a promising method for manufacturing
sterilizable battery separators in a continuous msnner.

3.2.6.4 Continuous dip-coating in industrial coating tower |

Reasonably successful coatings of 3 inch wide Webril tape using
a dip-coating method and an experimental, laboratory size coating tower
led us to attempt the scaling up of this process. To this purpose a
semi-commercial metal foil coating tower was modified to accept our

coating conditions. -

o eea

Several continuous runs were made on this tower to investigate
some parameters, such as viscosity of mix, oxide:polysulfone ratios, and
coarser versus finer zirconia. On the basis of coatability, the best
combination appears to be, at preseut, that containing a2 3:1 oxide:PS
ratio. Best results were obtained at a speed of 3.0 - 3.5 ft/minute.
The oxide used here was the 20-50 mesh zirconia. Even in this type of
‘run, however, there was shrinkage across the coated tape which resulted
in creases running longitudinzslly. The oOpen weave of the Webril tape
wasprobably responsible for the creasing.

The final mechanical arrangement consisted of a pay-off roller
from which the tape proceeds to twe driving rollers; then the tape is
dipped in the par containing the stirred coating mixture and runs between
two l-inch Teflor wiper rods. It subsequently proceeds over the top wiper
rod at a very sherp angle, down into the water:dioxane bath, around a

roller at the bottom of the bath, up through the oven and thern on to the
wind-up rallers.
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This arrangement is reasonably satisfactory for screening
purposes. However, the stirring of the mixture is insufficient.

In addition, the various angles assumed by the tape in its

course were increased to reduce tape stretching. This temporary setup

worked only with 3 inch wide tape, so that provisions were made to
replace it with one able to accomodate foot-wide tape as required

oy the contract.

Coating supporiliig tapes using a dip tank and wiper rods
had proven to be the best method tried. However, because the coating
mixture is a slurry, an efficient means of agitation was necessary to
prevent the inorganic filler from settling out. Tuais problem was
solved by redesigning the dipping *ank so that a circulating pump
could be included.

In order to reduce the amount of tape shrinksge at the
temperatures used +to give a dry coated tape, the vertical drying

oven was doubled in length. This resulted in higher coating speeds

at lower temperatures giving dry coated tapes with Little or
nc shrinkage.

Most of the work was done using 3" wide supporting tape.
several runs were made with 12" wide tepe and these showed the need
of modifying the take-up system because, with rollers being ounly
12" wide, the tape continuously overlapped them. Also better roller
alignment was necessary because the web-guiding system did wvot work.
This is controlled by a light beam and the coated tape was trans-
parent to this heam., A pneumatic web-guide, or curved spreader
rollers would probasbly obviste this prcblem.

As requested by the contract, semples of one foot wide
battery separators must be supplied. Thus the coating tower used o
coat 3 inch wide tape was modified to aecept 12 inch wide tapes new,

lerger and improved dip and coagulating tarks were constructed, together

with longer driving and ‘take-up rollers (Fig. 23).
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3.2.7 Formulations

Most of the coating formulations reported here were made using
polysulfone solutions consisting of 15 g of polysulfone per 100 g of IMAC.
The dried oxide 1le generally added to the solution in 20:15, 30:15, or
L5215 ratios (or l.33:1, 2:1, and 3:1) between the filler and the solid
polymer, and the whole ball milled. For example, a formulation may con=
sist of 80 g of dried zirconis in 460 g of polysulfone solu!ion (containing
60 g of the binder), so that the filler:binder ratioc in this cese is
20:15 (or 1.33:1). This amount of material is generally sufficient for
one eentinuous run of several dozen feet; however, when experimental
runs are longer, the practice has been to use fresh batches used con-
secutively bsecause the solvent is very hydrophilic and exhlblts e
relatively high vapor pressure, thereby causing the premature precipite-
tion or coagulation of the PS binder.

23.2.8 Membrane Properties

3.2.8.1 Effect of extraction time

Tee manner in which the coated tape esecquires its porosity is
envisioned as belng & result of & caplllary extraction of the solvent,
originally present In the coating mixture, by an extrectant soiution.
A simultaneous effect of the immersion in the extracting bath is the
cogsgulation or precipltation of the organic binder to glve & polymeric
coating which appears continucus to the naked eye,

Sinece the porosity acquired by this method is elso dependent
on the type, concentration, psrticle slze o the inorganic filler, it is
concelvable that both time of immersicn and type and concentration of
extracting solutions have a bearing on the resistivity end lon dlffusion
characteristlee of separator compositeg.

Therefore, the effect of time of extraction in several types of
extracting solutlons, as evidences by the varisvien of resistivity and ion
diffueion values, was investlgated aes follows:

After the subril samples were cogted as deseribed in 3.2+641,
they weve extracted for the vequived length of time in predetermined
extractant ~olubions, At the end of the extraction time the coated
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samples were drled gently between sheets of absorbent paper, and thelr
thickness measured.
Bach extraction run was mede in duplicate and the shim stoek
blade gap chosen wag 3 mils.
Below appears ‘the schedule followed for the investigation of
extraction time effect:
1. Time of Bxtraction: 1 minute, 30, 120 and 360 minutes
2. Extraction Solutions {by volume)
50:50 WatersDMAC
25:75 Water:DMAC
T5:25 WetersDMAC

50:50 YWetera:IMID
25:75 WatersDMBO
T5:25 WatersDMSO

50:50 WetersDioxane
25275 Water:Dlioxane
T5:25 Water:Dloxene

50:50 WatersAcetic ecid
25:75 WatersAcetic geold
T5:25 WaterasAcetic acid

Some samples were comted and alr dried (instesd of being extracted)
to be used as stenderds.

These experimsnis weve cerried oub on samples made wsing Feolon H
es & filler (Zeolon HsPolysulfone;TMAC = 20:15:100), coated on nominal
e mil Webrll tepe, end on samples made with 20-50 mesh Pio=Red Zirconle
(80 g Zx0, 460 g of 15% PSsDMAC solwbion, oxidesdS ratlo = 20:15) on the
seme Vebril. The parametsrs studied weve spscific vesistivity end electyo-
Jyte diffusion time es functlons of time of exiraction end neluve of
extractant,

In the case of the electrolyte diffuslon time it was found thet
the seperetor semples preparsd es menbioned above were frge of gross defects
(sen typical pH: bime curve os compaved with beve Webril end FUDO cellophene,
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Flgs. 24~-26) or imperfections which would allow extremely fast electrolyte
diffusion. But, on the whole, there seems to be no clear correlation be=
tween electrolyte diffuslion and extraction times or sclutions. The semples
with fast electrolyte diffusionare also the oneswith best resistivity valv.s.
The results of the extraction investigatiorn may be summarized ag
follows:
a. Dioxene - conteining extracting solutions, especlally the
ones in which the dioxene ies the preponderant ingredient, yleld battery
separetor composites (containing both Zeolon H and Blo Rad zireconila) which
have shown the best resistivity and lon diffusion-values. Thie Indlcates
wnat the pore size and distribution of these materiels are Ffalrly uniform.
b, Time of Jmmersion does not seem to be an important fector in
the preparation of satisfactory seperator meteriel. This mey be due to the
fact that the comgulation and solvent leaching aectlons are fest and simultaneous. o
¢ Alp-dried samples costed with the formuletions used in the : |
investigetion of the efrects of immersion times generally show good resis- ;'
tivity and KOH diffusion velues. {

B o P S

3.2.8.2 Hffects of veriations of oxide l-adiug
This set of experiments vas carried out using the leboratory size

coating tower equipped with Gardner knife spreeders. The formuletlons ine ;
volved oxldespolysulfone patlos of 33l and bal by welght. The oxide used S
here was oven-dried Bio-Rad. &gpecific reslstivity values and elsctrolyte :
flow values were used as criteria. The results Indleated that higher oxlde |
loadings reeult in fester electrolyte diffusion and lowwr presistivitys the T
coatlngs, hovever, are not as flexlible ss the ones mede using lover oxide 5
contentes, and ere prone 1o cracking. The hest resulis are obtalned at a o
%2l oxidespolysulfone ratlo, &b conting epesds of =4 £t/min. Typlesl |
speciiic resistivity velues involved in the 35l oxlde:P8 cage ranged from 1
70 to 136 ohmsom, at thicknesses verying from 4.2 40 5.5 mils of comced
tepe and ab copbing speeds of H-l ft/uin. The semples wilth o il oxldesPs
rable gave epeeific realstivity velues renging from 100 bo 1000 ohmecm ab
gvarege thicknesses of & mils and at spaeds of 3+ Lt/min. Ball milling the
conbting mixtures for several deys gensrally resultsd in gmoobther coalbings
end better filling of the Webrll tape voids.
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3.2.8.% Effect on resistence of tins of soaking in KOH

The effect of KOH sosking time on resistance of experimental
separetor materials was studied next. The sample used wes made from a
3:1 oxlde:PS mix; 1t vas sosked for 24 hours in KOH and then tested using
the coarse conductivity bridge. This measurement gave o resistance value
of 280 ohms. The seme plece was tested with a new, more precise meter
(Yellowspring Co., Model 31), which gave a resisiance of 300 ohms. It was
then pleced in the resistivity cell in the presence of 40 percent KOH and
its resistance measured as a function of time (see Pig. 27). The results
show that, in the case of the relatively thiék semple, prolonged exposure
to kO percent XOH brings about a decrease in vesistance of more than one
ovder of magnitude. This implies that lower resistivitiles than aexpected
might be encountered In a battery after some gctuel operation time. 1In
additlon, these experiments indicate that it would bve advisable to goak all
semples at leest 48 houre in order to arrive at meaningful, asteady resis-
tance values.

3.2.8,4 Bterilization tests

LB

The reslstance 4o sterilization in hot concentrated caustic 1s of
paramount lmportence. While flllers and some substrates vers tested in
Fhase 1, some more ingredients werve tested under the conditions set dowm
haloir,

The semples from separator meterials which were obtslned at several

speeds from eash coatlng wun, were cub to 2 % 1.5 inch size end sterilized
in 40 percent KOH for 40 hours at 135°%. The coabting muws from which the
samples are derived ave ldentlfled in Table XTV.

The containews, in which the samples to be sterilized were placed

in contact with 4O percent KOH, were steinless stsel cups with Teflon liners.

They vera sealed by eteel covers, Teflon washers end ¢ clamps, end exposed
to heat In e box contalning sand. The procsdupe and tho spperetus lauvolved
ere deseprlibea in detell in the Filrat Monthly Beport of this contract.

The elfset of holb caustie stsrilieetion on ssparator membranes
vas neasursd Iin terms ol

St .

i:“.:::::l;;w

L)

Y ™ e da e

ok B apbehe o

S S e S g g




l. Bpeclfic reslstivity before and alter sterilization. |

2. WVelight before and after sterilization. §

3. Thickness before and after sterilization. «

A sample of a new Webrll fabric batch clalmed to be more uniform
than earlier types, also underwent the sterilization cycle, mainly to de-
termine its welght loss. Since it was found that the polysulfone PS5
1700 welght loss from sterilization was negligible, it was assumed that
the welght losses observed in this work were due only to the dissolution *
of the oxide and of the Webril into the KOH. By determining how much weipht
Webril would lose, the oxide welght loss could then be determined. It must
be noted, however, that the resistance of polysulfone 361 to hot caustic was
not determined, but it was assumed to be as negligible ag that of P& 1700,

Table XV gives the results of the sterilization cycle of a total
of 16 coated samples (uee Table XLV) und of plain Webril.

The date shown in Table XV indicate that Polysulfone Folymer 3(]
1s not sulted for use as a blader in battery separators which must withstand -
attack by hot, concentrated caustic. Indeed, samples from C58-20-1 down, all
conteining PS %61, Llost all thelr comting es indicated by their elevated welught.
losses and reduction in thickness after sterilizetlion. XOH demege was also
demonstrated by the presence of yellow color both on the separator sample
end 1n the KOH solution, after sterilization. However, this color could be
vashed off the samples, which then resembled very clcsely the original, plein
Webrll tepe. The thicknese values after sterilization indicated very strongly
that all that remeined was Webrlil, and that the coating mixbwre went completely
lnto solution.

The situwationwae Qquite different in the cege of the coating wmixtures ;
contelning polysulfone P 1700, Here the thickness of the coated samples bew : ;
Pfore wnd after sterillization remained generzlly constant and no change vwas :
detected in the separators after aterilization. In soma cases the sample
reslstivity readings wers so close to the blenk readings that no values vere
recordeds The velght losses were falrly constent ab eround 8-9 pevcent, from
whleh the weight loss exhibited by plein Webril showld be subivected. I
operation of the sterilizeble babttery cen withetend it, saturation of the KOH
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golution with free zirconia would probably reduce the welght loss of
separetors. In any case, this level of welght loss might not be signif-
lcant in terms of resistivity end mechanical characteristics; it might,
however, be lmportant wlth respect to sllver and zinc ion diffusion.

3.2,8.5 Effects of different oxide loedings and
concentrations of wettingLagents on
sterilization resultse

Sterilization Table XVI shows the results of exposing samples of
8ix continuous runs (C58-43-1, -53=2, «56-1(A), =57-1 and -58-1), and of
five new Webril fabrice, to a sterllizing cycle consisting of 60 hours immer-
sion in 4O% KOH at 1359%. The teble immediately below shows the compositiona
involved in the above mentioned runs.

Tdentification of Semples for Reslstance to Sterilizetion Tests

Sample No. Oxide¥#:P8 Ratio Solide Content Additive Oxide Mesh

C58=43=1 2 10.7 - 20-50

058-hh~1 %5 .9 “e 20-50

058~53-2 % .9 1% Alkaterze B 8050 -
058-56=14 I W9 1% Alkaterge B 100-200 i
058-57=1. 3 4.9 0.5% Alketerge E 80=50

058=58«1 3 W9 gk Alketerge E 20-50

% The oxlde was Blo-Raed Zirconia, 20-50 mesh

In the case of the coated tapes; in gensral, sterilizatlon brought

the resistivity values dowm, in many instences bolew the top permissible SN

resiativity limit (about GO ohms-ineh). The welght losaea averagad 1O% 3
and moat of the coaled samples ware not physlcelly afivected by the sterlli- f@ﬁ‘
zetlon gtep; thiskness of samples befare and efter storilization also seemed J

relatively unchanged.

Ta eadition, the samples obtained from mixtures conteining 1P
Alkaterge 1 (an amine Lype wattlug egent) exhibited velatively low resise
tivities both before end after sterilisation, although thelr waight losses
wvare slightly highsr then normel. This mey have been due to yei another
change in the quality of the Wehril tape. '
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All the plain Webril samples exhiblited low welght losses, com-

parable to those sustalned by the first obtained Webril samples under the same

conditlions. In a few cases the thicknesses ilncreased after sterlllzation
especlally in the case of NT7359 end HTSl. It was thought thet some swelling
Liquid hed been retailned by the semples after washing and dryings however,
prolonged drylng did not reduce the thicimess values measured after sterilli-
zation nor did 1t increaese the welght loss. This probably means that the
Webril fivers were permamently rearranged by the KOH treatment. The yellow=
green colory present in the KOH solution after sterilization, and the curling
of the semples may indicate the presence of bonding agenta in the non-woven
Webril. Four of these new tapes were so tightly made that they showed some
resistivity even wilthout being coated. The reawlts of the sterilization
cycle on the new plaln Webwrll tapes, some of which are too thick, lead us

‘to the conclusion that the tepe used untll now may ve satisfactory, even
though 4t 1s of & coarse grade.

5:2:8.6 Determination of silver ion diffusion
throuzh membranes

A continucus method of silver lon determinatlcon was wequlred which
would not involve a change in the volume of the solutions under study. The
method of anelysis chosen was that of polarography. The instrument used
wes & Heath built polarogreph, woedel IUW-LO2 M employing & dropping mercury
electratde (DMB) es the working electrode and & messive, axternal mercupye

mercuric oxide electrode {in LO% KOH) as the reference and counter slectrodes.

This allows one to gean from 0 v to «=L.5 v with reapsat 4o the ccunter alece
trode., The cathodic atep due to silver long colneldss with the limlting
value of the polerogrem, apdeing from the ancdisaticn of meroury.

The limiting or Aiffusion cuzwant for 40P KOH 46 0.025MA. With
silver lomp diseolved in LOP KoM, the Aiffusion cwrrent lnevesses lineaxly
with incrsase in silver ilon concentraticn. A saturated silver golublon wae
prepaved by dissolving silver aliprate in LO% KOHe Afhey flltaring, portions

of this soluticn were dilwbed to diffeyent extents with 40% KOH. Bach solution

was analyvead by a 'wat! chanlcal method and a polarvogram ales obtained, The
ehenical enalysis was carmied oub as follows: tha sample was acidified do

albag



0.1N with respaet o nitric acid. The sllver was extracted with dithizonate
in caroon tetrachloride. The excess dlthlzonate was removed from the carbon
tetrachloride with dillute anmonium hydroxide and the determination was come
pleted by spectrophotometric measurement of the residual silver dithizonate
colors.

The following results have been obhtained;

Celibration of Polarograph for Detection of Silver in 4O% Caustic

gilver Content Diffusion Current
by the Silver Content Diffusion Corrected
Dithizonate Iesa Blank, Current, for Blank
gemple Method, DePells Pe Ps e 10% nA 107 ua

40% KOH blank 0.9 o= 2.5 <
Silver sol. 1 3.8 2.9 15.1 12.6
Silver mol. 2 9-6 8.7 3006 ..].801.
Silver sol. 3 2%.4 82.5 55.8 33,3
Silver sol. 4 e R S04 635 61.0

Several satles of battery separator membrenes, which were pre-
viously Tound to have & satisfactory reslstivity and sterilization properties,
undervent tests to measurs polarographically the flow of silver ilong through
them ga & function of time. S8pocilal cells were uged to contain the concane
trated KOHi1Ag aclution.

Measuremente were ocarried out continuously over a perlod ranging
Trom & to 140 hours for each membrane sample which was placed between two
Teflon cells, one containing the known Ag solution in 40P KOH and the other
stralght %0% KOH. The rups wers made under a blanket of N to prevent for-
mation of potassium carbonate.

The resulis of this sorles of experiments were: of six samples
teated, flve hed negliglble Ag ion flow aftor nc less then 45 howrs of ex-
posure to a eatwrated KOH-Ag solutions in fact, one legted 140 hours without
percepiible lon fow. A sixth sample showed the passage of 35 ppm Ag after

118 houra, bub 1t ook about k8 hours te show the pasmage of only about 4 ppm
of Age
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3.2.8.7 Determination of zinc ion diffusion rates

Preliminary experiments have shown that the measurement of the
zincate ion canmot be caryried ocut satisfactorily by polarography. The
hali-wave of the zincate lon occurs very close to that for the reduction
of waters In practice, a characteristic zincate platean was difficult to
identify ir 40% KOH. TPurther, in solutions conteining very small amounts
of zincate ion, of the order of 15 perts per millicn, no such step was
observed.

Therefore, analyses Tor zinc jou diffusion wes carried out using
flame abscrption spectroscopy.

The apparatus consisted of two Teflon vups (2" I,D., 100 ¢e¢) each
with & flat edge. A hole (1/2" diam.) wes driila¢ ia sech flat face, a
square of separstor to be tested placed between the holes, and the cups
clamped together. One oup was filled with 40P KOH end the other cup filled
with 40% KOH containing 40 ppm zinc ions. Semples of 1 ec were taken at
regular intervels and the zinc concentration measured by flame ahsoyrption
apectroscopy. The samples tesued had previously heen tested for ailver ion
diffusion. The results showed that the rate of zincate lon diffusion wes
of the same order as silver ion dlffusion, with a maxlmum of 4.2 ppm efter
150 hoursa.

%.2.8.8 Rifects of aging in 40% XOH with silver preaent

In crder Yo find out vhether lobg term aging in concentrated caustic
in the presence of sllver affected the electrlcel and physical propertles of
battery separators, the samples of Webril-polyswulfone-zirconis separators
used to determine silver lcan transfer were tested for resiativity and for
physical damage. They had been aged for about three mentha. The resistivity

teats were carried out as foilows: the firet serdes was run on the samples as
they came out of the original XOR solution; sud the second series was run

after the samples hed been vigorously washed in water (in an attempt o re-
move the black sllver or silver oxlde precipitate) end then had been rescaked
in KOH before teating.

in ?5% of the cases the long term aging in KOH with silver pregent
haa no deleteriows esfect on the specific realslivity of the untreated semples
(see Table below)s However, the simple ect of washing the semples with waber
resulted in greatly increaded apecific resistlvity valuwes. Tt 1s concelveble
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that the washing ection shock loose the solid particles of the silver or silver
oxide precipitate, which then redistributed themselves and obstructed the

pores of the separator composite. No obvious correlations could be mede be-
tween the resistivity valves and the different formulations snd coating

speeds of the semples. No phyeicel changes were observed.

Effect of Long Term Aging in 40% KOH in the Presence
of Precipitated Silver or Silver Qxide

Coating Formulation Specific Resistivity, (-in
Ratics by Wedght After Aging
Sample No. ZrQs  Polysulfone Before Ag Test After Aging and Washing
¢58-18-1 =
3 To Mo 2 k3 30 3l > 1000

%%%— o 1 28 130 > 1000
£58-18-1
Crjum 2 . 3 %9 -

8u5]
g?"ﬁ:%"fﬁiﬁ 3 1 65 100 > 1000

058=lw] L
2 ft?ﬁin

G5Bl
5 Te/nan

C58=25w], -
P * 3 3L 120

\7‘8,, -
%ﬁ;—ﬁ 2 1 100 L5 560

J. 3% a1 310

1 36 11 370

7.8.8.9 Effacts of addltion of free zirconla to
gterilization system

The posaibility of redwclng the welght loss, sustained by battery
geparatar materlal as a reswlt of sterilization, by introducing frees zirconia
in the Teflon cells wsed in the sterilization cycle, wae lavestigaited. Fresh
ssmples of rume which had already heen teated were gsterdlized in the presence
of 0,01 g of 80-50 meak zirconia (approximately 10% of the weight of sirconia
in the zsmple). The resvlits in Teble XWIT indiceted thamt, except in one
care, the preaence of free sirconia lovered the weight logs jinduced by the
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sterilization step; in three cases the specific resistivity values also de-
clived, and in all cases the resistiviiy was below the Llimit imposed by the
contract.

This effect was fuxther evaluated by increasing the smount of added
zirconie to Q.03 g (epproximately 30% of totel zirconia present). Tt was
shown that a lerge amount of free zirconie im the cells Further reduces the
stevilization weight loss (Table XVEII). The figures in parcutheses ave the
welght losses in the presence of Q.01 g alz. Again, except in one cese,
the resistivity values also decrease as the amownt of zireoniea in the cell
increases. On the basis of these results 1t seems advisable to 2dd Free
aireonia, in theamount of between 10 end 30% of the weight of the battery
separator composite, to the battery cell in order Lo reduce hath dissolution

of zirconia from the separator into the electrolyte and the resistivity of
the separator.

3.2.8.10 Effects of pressure on conbinuvously fabricated

separators
Throughout the work deseribed in the second phase of this report
and especially in the instances whers the separators were fabricated con~

timvously in the industrial tower, no particular effort was made e invesbi-
gate the effect of pressure on the electrical properties of the experi~
nental separators. The reason for this was that, in general, we were able
to obtain acceptably low resistivity values without the direct application
of pressure. This, of course, simplified the fabricabing _pmeedures
significantly. On the other hand, the pulling and stretchivg of the tape
during conting, extracting, orying and rolling mey actvally resuls inm the
same effect as that c:ausaa oy c:cmprassmn.

3+2.2 FREPARATION OF FQOT-WIRE STERIIIZAEL.; SEE‘ARA‘IOR MATERIAL

Heving esteblished that the coaﬁihg nixtures used in nost of the
experiments yields satislactory resulis * the substrate tape vemaing the

- varigble: paramater In-the heat steriliseble battery separator systém.- Kenﬁal;};’—‘a.- -

Webxil B 3403 (e.ve; thickuess 0@002 meh) vhich oviginelly gave good suppeit,

~ had de’oeriomte@. in Quelity o & point wheve it geve nomreprodueible results. . |

. Webrll EM i&‘ZG (a\fa, Thickness mec:ar inch), ms claimed *bo have & fulter

o struc:‘mre and to be: staconger thm B JAO{;. :Ee:!.:!.on ’cape a;LILQ ms ..lsa sons :u.dered L :
| "l:.o Ye pmmising.r : | B
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Teble XIX indicates some results obteined from tapes whose sub-
strates are Pellon 2140 (3 and 12 inch wide) and Webril EM LT76. It can be
seen that in the case of the 3 inch Pellon, the weight lc. ' is relatively
low and that the sterilization step resulted in .. slightly lower thickness.
The specific resistivity values of the samples from this run before steril-
ization were quite high (more than 100 chms-inch) immediately on testing;
nowever, several hours' soaking in 4O% KOH brought these values down to the
lower, constant level reported in the table. A trend 1s shown, where spucific
resistivity decreases with increasing speed of coating. After the steriliza-
tion step, the resistivity values dropped consicderably, being well within
the limits set by the contract (59 ohms-inch). The rate of electrolyte
flow through these samples is low, especially in the case of the 7 foot/min
coatingy it would indubitably rise if the samples had been soaked in 4O% KOH
for some time. The conclusions to be drawn from this experiment are that
Pellon 2140 coated with our polysulfone:zirconia mixture gives satisfactory
results as far as weight loss and resistivity are concerned. The low
electrolyte flow rate sand high initial resistivity are due to the greater
thickness and tighter construction of the uncoated Pellon tape. If the
valatively high thickness of the coated tepe can be tolerated, this
system is to be recommended. ‘

A coating run was made in which the Pellon =140 used was 12 inch
wide. The coating mixture consisted of 1440 g of 20350 mesh Bio Red
zirconia (well dried), 3680 g of polysulfone:DMAC solution (15% solids) and
19.2 g of Alkaterge E wetting agent. About 210 cc of additional DMAC was
used to cui down the viscosity of the suspension. The coating was done at
6 and 5 feet per minute, &t an average tower tumperature of 72°C. The mix
wetted the tape well, and the coated tape was dry and pinhole-free at beth
speeds. Here again the weight losses were relatively low, and the specific
resistivity values were very low after sterilization. Rate of electrolyte
flow are good for the sample coated at 6 ft/min, exd slow in the case of
the 5 ft/min sample. The comments made for t“e 3 inch wide tape can be
applied here.




e

In the case of Webril EM 476, it was noticed that all the rclls
obtained from Kendall were made up of materials which were thinner on one
edge than on the other by ebout 0.% = 0.4 mil. This non-uniformity often
resulted in difficulties during coating in the towei, because the thin edge
stretched more than the other, thereby causing creases in the coated tape.

Run C58«Th«1l was mede using EM 476 and the seame coating mixture
as that used for the Pellon runs. The tape was coated at 5 and 6 ft/min,
at an average tower temperature of 80°. In genera. the mix wetted the tape
well, and the coated tape was free of pinholes and was smoothy however,
longitudinal wrinkles and creases marrel the uniformity of the product. The
rate of electirolyte flecw was relatively fast, most likely related to the
lesser thickness and looser construction of the tape. The weight loss
after the sterilization test was reasonable, but higher than in the case of
Pellony the initial specific resistivity values were relatively high before
sterilization, but decreased to acceptable levels aiter sterilization.

Another rur (C58-75-1) was made using a new EM 476 roll and the
same mix as above. Particuwlar pains were taker to improve the alignment
of the tower and to avoid wrinkling of the tape. However, stretching of
the Webril tape occurred ageain and resulted in longitudinal wrinkles --
great difficulty was experienced in winding up the ccated tape, since the
web guide could not be made to work properly because of the lack of opacity
of the coated tape. In fact, all the runs made using 12 inch wide material
were made difficult by the fact that the coating tower used for this work
was originally designed for coating 3 inch - 8 inch wide metal foily theve-
fore a great deal more labor and care had to be exercized during these runs
than would be necessary if there had been the possibility of adjusting the
equipment proverdly.

The coated tape C58-75-1 gave approximately the same results,
after sterilization, ac those obtained from run 058-71;-i; however, the
electrolyte flow rate was lower, probably due to the slightly greater
thickness of the coated material. In any case, runs C59-75<1 and C58«Th-1
demonstrated the feasibility of using Webril EM 476 to good advantage. Most
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of the dqifficulbles in obtaining uniform coated ‘tapes were traced to mechanw
leal problems in the conting bower.

fable X shows the chavacteristics of five additionsl sosting
wms performed on Webrdl EM 476 snd on Pallon 2140. Rung g58-75-2, 761,
T7=1 and 77-2 used the Webrll tepe, while run ¢58-78«1 employed Pellon 2140,
In the lattor cose tests were tum only on the section obbained at 5 £it/ming
the samples from the other coating speeds (k.5 and 6 £4/min) were not tested
becanse Lt wes declded nou to unroll the final voll of coabed tape. However,
the untested sectlons looked as good as the sectlon tegbed.

Ag frequently mentioned befove, the Webrll tape cauees considep-
able diffienlty in that 1t englily stretches oud of shape while belng coated
in the towers dbte quality is relatively varveproducible and lts physical
measurements vary from babeh to batehs However, 1t hag the advantage that
it can be oblained in relatively small thickaess (2% mils), so that, even
when coated, 1t does not exceed 5§ mile in thickness. This low thickness
resulte, on one hand, in more chances for pinholes snd flaws, and, on the
other hand, in fagber electrolyte Llow.

Pellon 2140 starte by belng thicker and sironger. OCosting of this
tupe has invarigbly resultbed in excellent sepsvator materlal from the point
of view of evenness, homogenelty and lack of pinboies. The electvolyte flow
through this materdal ls necessapily aslower, especislly ab the beglnuing,
Howevey, expoture of this materiald to 4O% XOM for & few hours peduces its
resistence to the flow of electvolyte very conzidersbly (Fig. £8). Pellon
shows, in addition, lesser welght losg than the Webwil on sterilizetion.

As Mable XX  shows, again the sbepilizetlon step beings the speeifie

resilebivity values down, well within the limlts specified by the conbract.
The speclfic vesistivity values befove stewiiizetion of the wuns
shown in this table ave congistently higher than those shewn in the table,
Mhis may have been due bo the node-weproducibility of some of the properties
of the mix. It was noticed duming the ruus wepovted heve thab the wetbing
of the ﬁapea:%&'%ﬁéndﬁé&iﬁ@:ﬁi&‘#ﬁﬁﬁﬁﬁafﬂand'inéaﬁéiﬁféﬁf;’aﬁa that, in ab
1easﬁlone,éaéé (05B=TT=-1); the coating seemed nobt 4o penetrate ints the

dnberstices of the tape but bo Iie over Bhe taps structive. This vesulted
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in the peeling off of the polymeric coating to give a high weight loss,
and also in a lack of small pores through which the electrolyte can flow.

Again, the coated Pellon showed the least weight loss; were it
not for its slightly greater thickness and its lesser avallability, this
material coated with our polysulfone; zirconia mixture would be the pre-
ferred combination.

It must 2lso be repeated here thet many of the difficulties in
coating and rolling the Webril tape are due to mechanical problems exist-
ing 12 the coating tower used here.

The following table lists the significant parameters of the
sarples sent to JPL for evaluation. All the coated materials are one

foot wide, and include only the organic substrate tapes which gave the best

results, namely Webril EM 476 and Pellon 2140.

Identification of One Foot-Wide Battery
Separator Material Shipped to JPL

Westinghouse Coating Speed, Formilation and
Number Substrate it/min Procedural Comments
C58=T3=1 Pellon 2140 5 The basic coating mixture
C58«T3-1 » 6 formulation used consisted
C58-Th=1 Webril EM 476 6 of 720 g of 20:50 mesh Bio-
058-Th=1 " 5 Rad, 1840 g of PS:DMAC
C58-75-1 " 6 (13% solids) and 9.6 g

58-75-1 " 5 Alkaterge E (1%). The
C58-75-2 5.5 oxide: P8 retio was 3:1.
C58-76-1 " k.5 The extraction bath con-
€58-76-1 . 5¢5 sisted of 2 gallons of
€58-76-1 . 6 water and 4 gallons of
C58-77-1 . 5 dioxane.
C58-TT=1 " 6
C58-77-2 4 6.5
€58-78-1 Pellon 2140 5
€58-78-1 " 5.75
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4, CONCLUSIONS AND RECOMMENDATIONS

The total research effort of this contract has primarily led
to the fabrication of composite membranes able to withstand sterilization
conditions. In the second phase of this project the best separator
ingredient combination was selected, tested and fabricated, while the
first phase led to the development of several instruments and of testing
proceduree, in addition to the screening and formulation of a number of
promising systems.

It is cconcluded that one foot-wide composite separator membrane
can be fabricated by means of a continuous dip-coating process. This
type of separator remains dimensionally stable after one sterilization
cycle consisting of exposure to 40% KOH at 135°¢ for 60 hows, In
addition, this separator allows only very slow migration of dissolved
silver and zinc compounds (less than 35 ppm in 120-150 hours' exposure),
while exhibiting specific resistivity values of the order of L0-50 ohms-inch
and low resistance to the flow of electrolyte.

Specificelly, it 1s recommended:

1. That the support tape be Webril EM 476 or Pellon 2140. If
the former polypropylene tape is used, one can expect fairly uneven void
distribution, void size and thickness: this may lead to the generation of
pinholes and may be the source of creases and uneven stretching. However,
separator composites made using EM 476 will have thicknesses smaller then
6 mils and will exhibit the required low resistivity and relatively high
electrolyte flow even before being soaked in 40% KOH.

If the latter tepe, Pellon 2140, is used, one will obtain a very
strong, entirely coated, pinhole-free composite which is not affected
appreciaoly by the mechanical stresse