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flocculation was with an applied electric field, With the flocs thus formed,
they were cemented into permanent units with a SiCli‘ treatwent, The second
problem examined was the preparation of a white pigment with a stable con-
ductance showing resistance to oxidation. It is pointed out that more work
on this latter problem is needed before a completely satisfactory paint is

developed,

Conduct/ive hite radome coatings are needed to protect USAF aircraft
radomes in a the 1 flash environment. A highly reflecting white pigment
in a radome coating will reflect most of the visual and infrared wavelength,
incident energy in a thermal flash environment. Nonconductive radome
coatings build up a static charge as the radome is propeiled through the air.
A conductive coating provides a path for dissipation of the static charge.

The use of white conductive coatings on radomes will provide for the
satisfactory use of USAF aircraft radare in normal operational, environment

and hostile thermal flash environment.
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1 INTRODUCTION AND SUMMARY

The overall goal of this program has been to prepare a stable,
erosion-resistant, white conducting coating, based on titanium dioxide
(Tioz), zinc oxide (Zn0), or tin oxide (Snuz) pigments with a fluoro=-
carbon or polyurethane binder., The pigment volume concentration (PYC)
mupt be low for erosion resistance, and the pigment must be made to
conduct in a wav thut leads to stability aga‘nst the effects of oxygen
in air, Thus, the program has two specific objectives, The first is to
establish continuous conducting paths at low PVC, by controlling floc-
culation to simulate that of carbon-based paints (namely to induce a
“snowflake' or "lacework” floc structure), With such a structure,
continaous particle~to-particle conducting peths through the coating will
be present while retajning an open structure for a low PVC and hejace
good erosion resistance., The second objective is to develop doping
techniques such that the conducting pigment will 'e resistant to slow

oxygen adsorption,
The approdbh we have been taking entails several steps:

(1) Determine how to induce chain flocculation of the
pigments,

(2) Determine how to stabilize the chains to prevent
their destruction during dispersion in a paint vehicle,

(3) Using the chain flocs, formulate and test a conductive
paint of low WC,

(4 DNetermine the optimum technique for donor and surface
additive incorporation using best results obtained in
steps (1) and (2),

(5) Determine how best to stabilize the conductivity against
slow oxygen adsorption,




We have emphasized (1) and (2) in the present research , working
on both problems simultoneously, IL{ was considercd desirab'e to complete
(1) and (2) before initiating (4) and (5), becausc with favorable f{loc-~
culation an improved coating can be formulated immediately using staudard
methods, Steps (4) and (5) represent another distinct improvement, best
taker now that (1) and (2) nre satisfactorily completed, In the present
summary we 1iscuss our work in the order anown in the above listin;;, as
this orde» is logically clearer, In the detailed technical report,
Section 11, hovever, we first discuss the work or step (2), studies of
coupling agents, and then the work on {locculation, because the approaches
chosen for flocculation werc detemined by the results of the coupling

agent studies.

Chain Flocculation

Several methods were tried to induce chain flocculation of the
pigner;its, both with the piyment present in a liquid suspension and with
the pigment introduced as an aerosol. These methods are described

briefly here and in detail in Section IIB.

Zeta Poteatial Studies

To cause chain flocculation in a liquid suspension, it was clear
that an accurate control over the zeta ({) potential of the particles
was neecded, The { potential partiicularly in an agueous solution but
‘o a great extent in & nonagueous solveni as well, is assocjiated with a
double layer that arises at the surface of the particles and that keeops

the particles from flocculating.

According to the litortturu.‘ chain flocculation should occur if
the 7 potential is controlled to be in a very aarrow range of values,
To induce chain flocculation directly by such { potential control, the

lpprotch1 1s to lower the ( potential to the point of very slow flocculation,

‘—.. e ————EE




At this { potential value, by theory the flocculation ahould be in the
form of chains, Then when the chains have grown to the dJdesircd length,
the concept is to make the { potential high and, thus, stop further

flocculation of the material,

With other means of chain flocculation, such as the use of an
electric field, { potentin]l is still needacd o avoid general flocculation,
In other words, we want the { potential high, so the pigment particles
will not flocculate, but low enough that the imposwed force, the elsctric
field, will just suffice to cause chain flocculation., Then unwanted
flocculation will not occur, Thus, in any method of inducing <hain
flocculation in a liquid, scme control over the { potantial is desirable,
Therefore, we have apent some effo-t in srtudies nf the ( potential of
pigment particles and its contrel, studying rol only the use of additives
to change the ( potential and, thus, induce floccuvlation, but also the

direct measurement of { potential itself.

Elerctric Field Induced Flocculation

The us> of an electric field at a fine wire or ut a knife edge to
attract the pigment particles by dielectrophoresi: was identified as
the most direct woy Lo induce chain flocculation, We have not eliminated
the uge of other methods, and at come future time it may be desirable
to return ‘o other techniques of inducing chain flocculation (such as
directly by { potential ccatrol) because the rate of chain Zlocculation
at a fine wire or at a knife edge is of necessity relatively low,
Howovey, for the limited quantities of paint needed for present puxrpnses,
the rute seoems satisfactory, and bscause the method is direct and

satisfactory we have continued in this direction,

Dielectrophoiesis is tue attractiou of pigwert particlea using an
ac electric fieid, usially a nonuniform electric field (see the theoretical

discussion in Section IIB), Because the piguents of interest have a very

7]




high dielectri¢ conaiant, they are atiracted to the high field regicn,
the attraction being independent of the sign vt the field and, thus,
independent of any electrostatic or ela2ctrophoric efiects, Tle use of
an ac electric field, depending on the dielectrophoresis etfoct, thus
avoids problems dues to undesired electrostatic charging of pigment

particles,

We have obtained satisfactory chain flocculation with a high ac
voltage applied to a knife edge introduced into a slurry of pigments
particles in a nonpolar solvent or to a fine (0,003 inch) wire intro-
duced into an aerosol of pigment particles in air or nitrogen, The
particles sometimes form branched chains and show the snowflake or

lacework atructure desired for the present purpose,

Stabilization of the Chain Flocs

Once the flocs are formed, eliher at the surface of a wire from a
gaseous aerosol or at knife edg» from a liquid solvent, it 1s desired
10 bond or cement the particles to make the chain structure in the floc
permanent, The object is to promote enough bonding so that the chains
can be removed from the wire or knife edge and introduced into a vehicle
without destroying their open siructure, even if light milling is re-
quired. The method we adopted to try to cement the particles together
while on the knife edge or on the wire is to use bifunctionnl coupling
agents to bridge between particles, with one functional group attached
to each of the adjacent particlea, The behavior of many coupling agents
at the tin oxide, zinc oxide, and titanium oxide surfaces were tested
and two apprcaches were selected that provide good bonding strength to

the chains, one useful in a liquid solvent and one in an aerosol.

In the ~ase of chains formed in a liquid solvent, a titapium phos-

phate bridging agent that could form a permanent bond at room temperature




was selected as optimum, However this liquid-phase/titanium phosphate
approach has not been studied in detail. The use described below of

the gas phase technique for chain production in an aerosol was highly
developed by the time the titanium phosphate bridging agent was ideutified.
It was concluded at that time that the most direct solution to the overall
problem would he reached by concentrating on the gas-phase approach to

chain floc generation,

The coupling agent identified for use in the gas-phase work was
tetrachlorosilane (SiCll) which, when introduced at high temperature
(about 400°C or higher), induced substantial strengthening of the inter-

particle contacts,

Generation of Stabilized Chain Flocs -

An apparatus was constructed for the preparation of chain flocs
from an aerosnl and the simultaneous or subsequent exposure of these
chain flocs to tetrachlorosilane as the bonding agent, It was found
in separatc experiments that the preferred method of removal of the
chain flocs from the wires wos a mechanical approach--simply scraping
the chain flocs from the wire, Thus, the apparatus, as finally developed,
includes a gridwork of wires to form the chain flocs from an aerosol
passing bLy; facilities for the introduction of tetrachlorosilane to
adsorb onto chain flocs; facllities for heating the wire to 400'C, or
substantially higher, to induce a bridging reaction of the tetrachloro-
silane; and, finally, facilities for moving the wirec through a scraper
and allowing the chain flocs to drop into a collecting hopper. All of

these functions can be done automatically.

As the final phase in the current program, the use of conductive
titanium dioxide in generation of chain flocs was oxpliored o determine

wvhether specific problems associated with the conductivity arose, It

.
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was found that the conducting titanium dioxide hehaved ratlier hetter than
the insulating titanium dioxide~~the form of the chain flocs was more
1inear and more inscnsitive to the exact electric field applied, and

the introduction of the tetrachlorosilane substantially increased

the interparticle conductance,

Future Wozrk Needed

Before a usable paint is available, several steps must s+<ill be
taken, Large batches of chain flccs must be prepared, sufficient for
the development of satisfa:-tory flow and settling properties of the
paint, and sufficient fnx the development of satisfactory film-conductunce
properties ir the paint, Additives to control the settling of the chains
must be introduced, and the conditions required with respect to chain
size must be explored to satisfy the stability requirement, With large
quantities of pigment available, we can more easily study the control
of the conductive properiies of the paint and develop apnpropriate bulk
and surface treatmeats for the pigment itself, The problems anticipated
include ~stablishm: it of the desired initial conductance and also pre-
vention of the slow oxidation of the pigment particles leading to the

removal of electrons from the particles and, thereby, a slow decrease

in iuterparticle conductivity,
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11 EXPERIMENTAL PROGRAM

A. The Addition of Coupling Agents to form Interparticle Bonds

) Development of Methods of Testing Bonding Strength

Although there has been a report in the literaturez that
coupling agents added to pellets of oxide materials tend to form an
intergranular hond between the oxides, only qualitative observations
were made, and no quantitative tests have been developed. Thus, we
were required to develop our own ilesting methods concurrently with the
development of techniques for depositing the coupling agents, Several
testing techniques were examined, Three methods were considered for
determining whether strengthening occurred when the coupling agent was
added to pigment agglomerates, and two methods were examined for deter-
mining whether strengthening occurred when the coupling agent was

deposited on pressed pellets of the pigment.

Sand milling as a test of the strength of agglomerates showed
no significant ability to distinguish the effective coupling. Un-
fortunately, the sand milling test was examined very early in our studies,
and it was found later that at that early time the techniques for addi-
tion of the courling agents had been ineffective, so the sand milling
tests were not given a fair evaluation. In the tests, the agglomerated
pigment 1is introduced into a sand mill, and the particle size of the
emerging pariicles is examined microscopically, If the coupling agent
is effective, the particle size would be larger than in *he corresponding

untreated powder,

Another techuique tested for measuring the hardness of agglom-
erates is the pressure/volume relationship as measured in an Instron

7
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mechine, Here the concept is that 1f the treated agglomevrates have an
anusually high strength, substantially higher pressure should he required
on the Instron mechine to compress a pellet of a given dimension, Un-
fortunately, in these atudies it was found that the difference between
a treated and untreated material was insufficient to provide a reliable

discrimination,

The test found finally to distinguish successfully the strength
of coupling when the coupling agent is applied to an agglomerated pigment
18 a screening test., In this test a certain screen fraction is initially
selected, After treatment with the coupling agent, the powder is returned
10 the screen and mechanically vibrated, The rate of which the particles
are further fractured simply by abrasion against the screen is found to
give a satisfactory indicaiicn of the strength of the material. Tests
of harder umaterials can be made by adding glass balia {0 the povder toc
provide nore forcible abrasive action., As will be discussed below, a
significant reduction in the rate of abrasion of the agglomerates over
the rate for a blank is nheserved following pretreatment with a successful

coupling agent,

Two testing techniques were investigated in which the pigmen:
was pressed into a pellet before exposure to the coupling agen:, One
was f acture of the pellet, but it was found that the foice necessary
ior fracture was much too irreproducible to provide a suitable hurdness
test, The second, which was found reasonably reliable and i3 the basis
for many of the studies reported below, was the measurement of hardness
using a diamond point, the Vickers hardneasa teat, In this test, a
diamonrd of pyramid shape is pregsed ir o the surfance of the pellet wvith
a definite force (usually the order of 100 grams), and the depth of
penetration of the diamond is determined by measuring the width cf the

imprint under a microscops,



2, Addition of Coupling Agents from Solution: FKigh Temperature
Curin

Studies were made on the possibility of bridging pigment
particles in a slurry using alkoxide %titanate ester compound, with a
titanium eater diphosphoric acid, and with a dichlorosilane and various
dichlorosiloxanes as the counling agents. The results as described
below were unsatisfacinry compared to the methods later develcped,
reported in subsections 3 and 4 below, The pigments used in these
studies were titanium (Iv) oxide (Zopagque R=-88 from Glidden) i=inc oxide
(SP=-500 from New Jersey zinc), and tin (IV) oxide (Alfa Products),.
Treatments were made in solvents such as dry methylethyl ketone (MEK),
dJdry xylene, and dried tetrahvdronapthalene (Tetralir)., Treatments in
MEX and .n xylene were maode at room temperature, Treatments in tetralin
were aade at reflux temperature, 207°C. Table ) summarizes the results
of our studies in liguid-phase addition of coupling agents, In particular,
the table gives the sedimentiction time afier treatment to indicate whether

adsorption of the ccupling agent occurred, The details of the various

A e e

treatments are given in the s=2ctions below,

R. The Adscrption o? Titanium Phosphkate Coupling Agent

One of the bridging expesinents entailed an attempt to
tie titanium (IV) oxide pigment particles together through wn alkyd

ester by means of trandesterification with the phosphate function of an

PO PP Brby e e o

isopropyl tri (diiscoctyl phcaphats) titanate (TTOP-i2), 18 g R-88
rutile and 1720 g Ottawa sand, ASTM Cl90~20-3C mesh, werae loaded into a
ceramic jar and dried for 2 hours st 200°C, After cooling, 38.6 g dry
MEK ani 3 drops o' ic acid were added, The jar was closed, anu the
contents shaken for 1-1/2 iours in a ked Devil paint shaker, The sand
was then filtered off, ani a dispersion or T102 in MEK was obtainod (I).
A similar dispersion (11) was prepared without the oleic acid addstion.

Four test samplos werxe then prepaied froa theae dispersions as in Table 2.
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After TTOP-12 addi.ion, the formulations were stirred
for 23 hours in a closed container using & laboratory magnetic stirrer.
They were then tested for sedimenteiion and were wmicrophotographed after
having been further diluted with MEK, It was found that the treated
TtO2 formed slightly larger particles, as seen under the microscope, and
settled sowmewhat faster in the sedirentation test when compared with
tests on the untreated oxide, Although these results are in the desired
direction, we cannot be certain that the strengtl of the agglomerated

particles increased., Sedimentation times are shown in Table 1.

b. Chlorcsilanes as Toupling Agents

A second bridging experiment entailed an attempt to tie
'1‘102 pigment particles together by wmeans of a dichlorosilane, chloro-
methyl methyl dichlorosilane, In this experiment, half of the reactive
TiOH surface sites were prereacted with a monofunctional coupling agent,
TTOP-12, and the remainder of the sites with the dichlorosilane., A
ceramic jar was loaded with 12 g R-§8 rutile and 80 g Ottawa Sand, 20-30
mesh, and dried for 2 hours at 200°C. After cooling, 26.4 ml dry MEK
and C drops oleic acid were added. The jar was closed and shaken for
1-1/2 hours in a Red Devil paint shaker. The sand was then filtered off
to obtain the 'l‘to2 dispersion in MEK. ® g of this Jdispersion was mixed
with 20 m]l dry MEX and 3 drops of Span 20, This was haken on the paint
shaker for 10 minutes, TTOP=12 (0.16 ml) was then added, and the dis-
persion stirred for 1 hour with a magnetic stirrer, Then 0.04 ml chloro-
methylmethyl dichlorosilane was added, and the dispersion ottrred’tor
an additional hour, It waz found that the treated titanium (IV) oxide
formed much larger cgglomerates than the control on microscopic ex-
anmination and settled much fastor than the control in the sedi-;htntion
test, However, the treated 'H.O2 vas not tested for agglomerate strength.

Sedimentaiion ti=3s are shown in Tavle 1.
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In the third experiment, an attempt was made to bridge
Zn0 pigment particlos together by means of the dichlorosilane, chloro-~
methylmetlhyl dichlorosilane, The procedure followed is identical to
that described for the second experiment involving titanium (IV) oxide,
The treated sample showed almost identical results to that of the control
when tested by sedimentation rate and on the microphntographic studies

of agglomeration, Therefore, we conclude that ro bridging has occurred,

c. Siloxane as a Coupling Agent

A fourth set of experiments was performed using 1,5
dichlorohexamethyltrisiloxane as a ccupling agent for bridging metal
oxide pa_—ticles with the hope of impsovement by having separation between
functional groups in the coupling ajent molecule, In these experiments
the amount of coupling agent was va-ied, and the dispersion time, using
sand as the dispersiug agent, was a_so varied if the vigorous 1-1/2 hour
mechanical agitation used in Experiment 3 was cleaving the chemical bonds
of coupling agent to zinc oxide particles., All ingredients used in these
experiments were dried as previously described, i.e¢., pigment and sand
at 200°C for 2 hours, and MEK dried over calcium hydride. Samples were

prepared as listed in Table 3,

The sedimentation tiwme of these formulations is shown
in Table 1. These results show that the 1-1/2 hour sand dispersion
causes agglomerates to be broken up, They also show that the dichloro-
siloxane treatment, when not accompanied by the sand dispersion step,
gives faster settling time, Predispersion of pigment, such as in
Formulations 5 and €, resulted in a lesser xelative speed of settling
as compared to the use of undispersed pigment. The microphotographs
bore out the conclusion that the 1-1/2 hour sand dispersion used in

Formulations 3 and 4 separated agglomerates into small particles,

The fifth experiment entailed a study on the effect of
mixing time on zinc oxide dispersions coupled with 1,5-dichlorchexamethyl

13
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trisiloxane. The formulations were sand milled for various times up to
10 minutes, and the sedimentation results noted, Thec sediment (in ml)

after 10 minutes of settling is shown in Table 4,

Jt is obvious from the results of Table 4 that although
the sampling egent speeds up the settiling time, sand milliig leads to

axglomernte broakup with slower settling times,

d, Use of u Catalyst

There is evidence from our gas-phase work that dichloro-
silane: require a tumperature of over 200°C to effect good coupling with
the reactive surface Sn-OH sites, It is likely that similar temperatures
might b required with zinc oxide and titanium (IV) oxide, Our experi-
ments with dichlorrsilanes and dichlorosiloxanes were done at room
temperature. A <ixth set of experiments was performed in an attempt to
determine if there was evidence of room-tempcrature catalytic enhancement
of coupling usin: pyridine as the catalyst, The formuiations were as

fol.ows:

Formulation No,

1 2
Zn0 1.5 ¢ 1.5 g
MEK 20 ml 20 ml
1,%=Dichlorohexamethyl 0.0105 ml 0.0105 ml
trisiloxane
Pyridine ¢.002 g 0.002 g

Essentially no difference was found in the sedimuntation time of
the two formulations, nor were there any marked diffrcences between the

microphotographs, Sedimentation times are shown in Table 4,

18
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Table 4

FORMULATION OF ZINC OXIDE DISPERSIONS FOR TRISILOXANE COUFLING

Mixing Time with Sand in Paint Shaker

— e Tormulation Number _ __ (min)
1 0 1 3 10
nl of sediment after 10 min 2.8 11.0 16,5 9.5
settling time
2(b)
ml of sediment after 10 min 0.7 4.5 4.8 4.4
settling time
(a) Formulation of : ZnO 7.5 ¢
MEX 100 ml
(b) Formulation: Zno 7.5 g
MEX 100 ml

1,5 dichlorohexamethyl 7.5 x 10 ' moles
trisiloxane

16




e, Use of High-Temperatury Solvents

The seventh experiment was designed to couple tin (1V)
oxide with 1,5=dichlorohexamethyl trisiloxane by reflux in tetralin,
bp 207°C. All solvents were prciricd over sodium and distilled., Three
grams of tin (IV) oxide were added to 100 ml xylene. Then, 0.0972 g
of chlorotrimethyl silane was added, and the xylene mixture was refluxed
for 2 hours. Then, 100 ml of tetralin was added along with 0,021 ml of
dichlorohexamethyl trisiloxane, and reflux was continued for 2 hours,
with water and xylene separation being effected by the use of a Dean
Stark trap. A control sample run was prepared in exactly the same way
but without coupling agent., The sedimentation time for the coupled tin
(1V) oxide particles was slightly faster than that of the control.

Sedimentation results are shown in Table 1,

Another experiment was designed to answer the question
of whether the 1,5-dichlorchexamethyl trisiloxane, which has a bolling
point of 148° at 760 mm, was lost at the reflux temperature of the
boiling tetralin, at 207°C, The next higher homolog, 1,9-dichlorodeca-
methyl pentasiloxane, was prepared using the partial hydrolyais method
of Patnode and Wncock.3 This compound has a boiling point of 138°C at
20 wm or above that of the tetrasiloxane, which hasa boiling point of
222° at 760 mm and 111°C at 20 mm, This was used to couple rutile
titanium (IV) oxide by the following procedure.

Five gram3i of rutile, R-88 from Glidden, was added to
100 ml of tetralin in a 250-m]l round-bottom flask and retluxed for 18
hours, and the water was collected in a Dean Stark trap., 0,212 z of
1,9-dichlorodecamethylpentasiloxane was added and reflux continued for
2 hours. The tetralin was decanted sff, after cooling, and the aolids
were washed tour times with mothylspe chloride. It was il air Aried

and submitted to a screening test for agglowmerate strength, However,

17




because of the dispersion of the original agglomerate of 'NO2 particles
into small individualized particles during the reflux opcration, no

meaningful mechanical amtiengih seusui'omerts could he med-~,

3. Addition of Titanium Phosphate Coupling Agents Using a
Room-Temperature Cure

Another set of experimerts involved the possibility of coupling
surface metal hydroxide groups with a diphosphoric acid functional com-
pound, titanium (IV) bis[(di-2-ethylhexy) orthophosphatu] bis [(mono-2-
ethylhexy) orthophosphoric acid) also known as ''Thiphos.”' This compound
is cvailable from Research Organic/Inorganic Chem‘cal Corporation and

has the following structure:
((R0) ,P(0)0],T1[0(0)P(OR) (OW) ],

where R = 2~gthylhexyl.

We were interested in the possibility of coupling Thiphos to
the pigmwent at room temperature, In the first experiment, 5 g of
titanium (IV) oxide, R-88, of 24-32 wesh aygglomerate size, was dried in
a flask for 2 hours at 200°C, It was then stoppered and cooled, One
gram of Thiphos was added to the 'rto2 along with 75 ml sodium-dried xylene.
The slurry was stirred for 2 hours with a magnetic stirrer. After
standing overnight, the solvent was decanted off, and *‘..? rutile washed
four times with methylene chloride and then air dried., The agglomerate
size remained unchanged as a result of these operations, Tae dried '

sample was subjected to a screening test for agglomerate strength,

The screering test indicated significant improvement in the
agglomerate strength resulting from the presence of the coupling agent,
Without the coupling agent, 83% of the powder was retained in the screen:

with the coupling agent, 9% of the powder was retained after a 5-min

treatment,

18




With this encouraging result 6 an improved test adapted to the

liquid aystem Lased on the Vickers Hardness method was developed,

Titanium (IV) oxide and /or zinc oxide pellets werc pressed
into pellets of 1,27-cm diameter and 0,20-cm thickness at 6,000 psi.
The pellets were immersed for 16 hours in xylene containing 1 x 10-4
moles of coupling agent per gram of pigment, The solution was then
decantcd off and the pellets were air-dried for 18 to 24 hours prior to
testing, Controls, containing no coupling agent, were run in a like
manner. The tin (IV) oxide pellets were rendered so fragile by the
treatment that breakage occurred on subsequent handling, Therefore,
the hulk of the tests were performed on thc less fragile zinc oxide
pellets. However, because the solvent soak decreased the hardness of
the zinc oxide pellets to some degree, comparisc s of coupling agent

effectiveness were made ngainst results obtained with sclvent-exposed

control samples,

Thiz weakening of the pellets by solvent immersion, although
awkward at this stage ot testing, will not be a handicap during chain
formation and cementing. During the real process, thc particles, while
in the liquid, are forced together by the electric field; simuitaneousiy,
the coupling agent acts to cement the interparticle contacts. Thus,
the strengthening reported below is the important observation--the

weakening of pellets by immersion has no bearing on the proposed system,

Studies were made using the above measurement technique on the
possibility of bridging pigment particles not only with a titanium {(IV)
bisphosphate bisphosphoric acid compound (Thiphos, from Research Organic.’
Inorganic Corporation) but also with several new polyfunctional titanium
phosphato ind phosphito coupling agents supplied by Kenrich Petrochemicals,

Inc,
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Zinc oxide pellets treated with tetraisonropyl di(Liotyl-
phusphito) titanate were found to give the highest Vickers !l >rdness
readings. Treatments with tetra(2,2-diallyloxymettyl-l-buteroxy)
titanium di(ditridecyi phosphite) also produced high hardness meas._ements,
and treatments with titanium di(dibutylpyro-~-phosphate) oxyacetate and
tetraoctyloxy titanium di(Dilauryl-phosphite) produced a small increase
in hardness, Thiphos-treated zamples showed little ox no change in
intergranular strength or conductance, The hardness values for the

other previouslv listed treatments are shown in Table 5,

4. Additicn of Coupling Agents from the Gas Phase

Two techniques have been used tc deposit coupling agents onto
pigrnents from the gas phase; the first with the coupling agent conveyed
by 8 carrier gas such as nitrogen or air, tuoe second with the coupling
agent admitted to an evacuated sample chamber, The first technique is
ciearly the most practical, The second technique is of greater value in
studying the details of the reaction and the influence of the key reaction
variables, A large number of process variables are possible including
the couvplirg agent, the pigment, the temperature, the pressure, the time,
the introduction of water or other reactive material, and, perhaps,
temperature cycling., Clearly, these variables could not all be examined
systematically, and it will be clear in the discussion to follow that
the approach was quasiempirical, attempting to develop a satisfactory
treatment in the minimum possible time,

In studies of the deposition of coupling agenis using a carrier
gas, the procedure used was to alternate the coupling sgent treatment
with a treatment using water vapor, Figure 1 shows typical results
where two cycles of StCl4 or TlCl4 and water vapor are used on tho
sample, In these studies, the sample was in the form of agglomerates,

and the acreening test was used to determine tﬁc strength increase, The
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Table 5

STRENGTH OF TREATED ZINC OXIDE SAMPLES

Coupling Agent Trade Name

None (exposed to xylene

only)

Tetraoctyloxy titanium di OTDLPI-46
(dilaurylphosphite)

Titanjum di(dibutylpyro- GTDBPP-158DS

phosphate)oxyacetate

Tetraisopropyl di(dioctyl-~ TTOPI-41B
phosphitn)titanate

Tetra(2,2 diallyloxymethyl- TTMDTP-~55
t-butenoxy) titanium di
(ditridrcyl)phosphite

Iscpropy!, tri(dibutyl- TTBPP-58CS
pyrophosphato) titanate

Vickers Hardness

36

41

14

86

66

12
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parameter varied was the temperature of treatment, and it is observed
that, above 200°C, effective strengthening of the flocs has occurred,

The curve does not clarify the effect of the coupling agent beiow 200°C,

Presumably, the adsorbed water at this low temperature acts as a reasonably

effective bridging agent and the agglomerates arc strong, Above 200°C,
debydration normaily weakens the agglomerates, but the addition of StCl4

restores or increases their strength,

More stringent tests using glass beads contirms that the 81C14
is ineffective in strengthening the agglomerates below 200°C, No sig-
nificart improvement in strength with TiCl4 is observed in these studies,
Thue, in all iater work, reported below, SiCl4 is the coupling agent

studied,

The resiults obtalred in measurements with the pellet first

evacuated, then exposed to SiCl vapor, were similar to those found when

4
a carrier gas was used, In these studies, Zn0 (NJZ-SP-500) was used as
the pigment because stronger pellets were obtained initially with Zn0
than with T102. The influence of several parameters was examined with
this experimental technique, and many of the more recent results are
sumairized in Tahle 6, For example, we can consider the influence of
temperature, With the blanks (Ssmples 19 and 2€), there seems a slight
increase in strength with a temperature above 200°C, but (compare

Sampl2s 16-=18 with 27-28) the strenpthening i1s much more substantial if

a Jmall aliquot oX stCl‘ is admitted,

Ac an aluninum hydroxide or silica coating is normally present
on pigment materials for stiablliity, tests were made with such coatings
on the ZnO pigment, A comparison of the hardness of Samples 34 and 35
indicates again the substantial improvement as the treatment temperature

13 made greater than 200°C,

The results of Figure 2 indicate why the high temperature is

preferable. These curves are chossn because they show results where no

23
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product gases appear, ard thus the rate of 51C14 consumption can be
easily monitored, It is seen that the consumption of SiCl4 at 400°C

is relatively rapid. A comparison between samples 34 -..d 35 with respect
to gas evolution reconfirms the picture. The release of HCl, determined
mass spectrometrically, only occurs for Sample 35, As the desired inter-
action of SiC14 with OH surface groups should yield HCl, it is possible
that with Sample 34 (250°C), the StCl4 consumption represents simply

adsorption, and for the strong reaction the more elevated temperature

400°C is required.

Y

The conclusion from the measurements of Takle 6 i{s that effective
and vapid cementing of chains of silica-coated ZnO should be realized
at a temperature the order of 400°C, with the coupling agent SiCl4 intro-

duced from the gas phase,

B, Chain Flocculation in a Liquid Suspension

1. Flocculation by Zeta Potential Control

s, Neasurement of Zeta Potential

The close relationship between electric charge on pigment
particles and flocculation of their dispersion in uqucoun4-6 and non=
aqueous  media is well established, Because our goal has been to
control flocculation, it was considered desirable to control the charge
on the particles., The charge originates from an electrical double layer
at the surface of the rigment caused by preferential adsorption of cations
or anions and by dissociation of surfsce molecules (e.g., dispersant).

The magnitude and sign of the double layer is measured by the zeta

poteatial, which according to the Huckel equation,

{ = 6¥M/¢
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is a function of ') and €, the viscosity and dielectric ‘'onstant of the
medium, and u, the electrophoretic mobility (velocity of the particle

under unit potential gradient).

The zeta potential was measured in both nonaqueous and
aqueous media, The nonaqueous medium i{s probably of greater significance,
because we would like to initiate chain flocculation in a sclvent com-
patible with the binder resin, e.g., methyl ethyl ketone (MEK) for
{luoropolymers, To determine zeta potential, we measuvre the electro-
shoretic mobility of the particles by microscopic examination, Our
first electrophoretic cell was very simple and consisted of a micro-
scope 3lide with a cylindrical well that contained the pigment slurry
and that was covered with a thin, glass cover slide., This cell was
suitable for measurements in an aqueous mediim, but it was not suitable
} r nonagqueous media, because the organic solvents evaporated at the
interface between the cover slide and the microscope siide, The resulting
movement of the liquid media interfered with the electrophoretic measure-

ments .,

To eliminate solvent evaporation, we constructed a closed
cell simiiar to that used by Mc Gown et ‘1}0 This cell consists of an
optical path of depth 1 mm, height 10 mm, and length 50 mm. Angled
side-arms, terminating with female ground-glass joints, were fused to
the ends of the cell, Platinum wires were fused into male ground-glass
Joints, forming stoppers for the side arms. The microscope was supported
in a stand at a 90-degree angle to its normal working position so that
any sedimentary deposit accumulated out of the field. The illuminator
was fitted with filters to remove infrared light, which may cause thermal
stirring, and to remove ultraviolet light (< 4700 nm), which way cause
elec .ronic excitation of the pigment particles,

Electrophoretic mobilities were measured on some of the

suspensions of pigments for which settling times were measured,
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Theoretically, purticles with a high mobility (i.e., high zeta potential)
can be expected to produce stable suspensions, with a long time for
gsetting. Table 7 gives the comparative resulta of mobility and settling
time. For the electrophoretic studies, the coucentrated pigment sus-
pensions from the settling studies were diluted with dry MEK., VWe
verified that true electrophoresis was being measured by obtaining a
linear relationship between the applied electric field (which did not

exceed 7C volts cu—l) and the electrophoretic mobility.

In the case of Zn0, different coupling agent produce an
sppreciable spread in the values of the settling time, but the electro-
phoretic mobility values do no%t show the expected curresponding spread.
The settling timecs for ZnO of > 30 and > 180 min indicate merely that
settling to 1.8 ml was incomplete during the specified time; the value
> 30 might possibly have been > 180, if the operator had waited long
enough, For the remaining pigment ssmples, the values of mobllity and

settling time are not remarkably different ia their spread,

b. The Effect of Additives on Flocculation

Flocculation can be controlled by the surtace double
layor (essentially the zeta potential) and such double layers can occur
iu agqueous suspensions by adjusting pH and by adding exchangeable ions,
such as fluoride ions. The ion exchange on T1i0O_ will occur with the

2
hydroxyl groups of the pigment surface as follows:

- TIOR + F = -~ TAF + OH

The position of the ion exchange equilibrium will strongly depend on

the concentration of fluoridy and on the pH.

.




Table 7

COMPARISUN OF ELECTROPHORETIC MOBILITY (u)
AND SEDIMENTATION TIME (t) FOR SEVERAL
PIGMENTS IN NONAQUEOUS MEDIA

Pigment Reference Solvent(‘) Coupling Agent u(b)
8 6s7) _sec}
vV em-l
Zn0 4-4 MEK ClCHz(Cﬂa) 2S ic1 24
4-8 MEK TTS 18
8-1 MEK (dry) t:lC}lz(Cﬂs)zSiCl 26
SnO2 5-1 MEK None 27
5-6 MEK TS 31
8-3 MEK (dry) ClCHz(CHq)nsicl 38
‘1‘102 6-1 MEK None 26
8-5 MEK (dry) CICH2(CH3)281C1 33
(a)
MEK = methyl ethyl ketone; dried over CaHz.
(b)
All particles negatively charged, i.e., moved to the aunode.
(c)

Time for pigment in 10 ml of slurry to settle to about 2 ml,




We have examined the effects of ion exchange on the floc-
culation properties of TiO2 by two techniques: optical microscopy, to

observe the shape of the flocculates, and electrophoresis.

Microscopic examination of chain flocculation was made
on some aquecus 3uspensions of TiO2 (chloride-processed pigment with
about 0.1 monolayers of surface alumina) as a function ot suspension
pH (3 and 12) and amount of fluoride ion (0 and 0.1 mmoles/g Tioz)

applied to the Ti0_ at the given pH. These pigmeuts were dispersed

2
with the ald of an ultrasonic generator, By use of an optical microscope
(x130), the state of flocculation of the pigment particles was examined

in suspension and after drying on a glass slide.

The results show that the pigment flocculated much more
in a concen’rated suspension (2 wt%) than in a more dilute suspension
(0.2 wtt). Chain flocculation appeared to be present in samples of
~he dried, concentrated sumpensions. The shape of the flocs depended
' the fluoride and pH pretreatment of the pigment. In the assence of
{luoride, finer chains were produced for pigments prepared at pH 3 (20 x
50 4m) than at pit 12 (3G x 130 um). The nomingl dismeter of the pigment
particles is 0.2 ¥m. For pigmentis treated with flouride (0.1 mmoles F_/s
Tloz) the flccs berame larger, but they were more chain-like for pigments
prepared at pH 12 (40 x 130 um) than at pH 3 (100 x 200 pm),

Electrophoretic measurements were made on the four pig-
ments suspended in water. The particles were charged negatively for the
pigments prepared at pH 3 and positively for the pigments prepared at
tH 12. Fluoride did not have much of an effact on either the sign or
magnitude of the eloct.ophoretic mobhility. However, these results may
not have been reliable, because the auspensior used for the electrophoretic
measurement was very dilute, and the final pd could have been dominated

by the pH of the water.
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Some evidence that =luw floccuiation leads to chain floc-
culation, as predicted by theory, wai obtained in preliminary experiments
on the flocculstion of T102 in anhydrous cyclohexane. The cyclohexane
was dricd with metallic sodium, and the flocculation of the Tto2 became
very slo#, Under these somewhat ill-defined conditions, the flocs
developed in chain form. This very preliminary observatfion may suggest

a direction for later, more detailed study.

2. Flocculation in an Electric Field

a. Theory of Field-Induced Chain Flocculation

To assist in the design of cells for field-induced chain
flocculation, wo need analytical models of the process. The two general
technigues for chain formation that will be examined and compared are
first chain formation in a uniform electric tield and second chain

formation at a knife-edge electrode or a fine wire.

Chain Formaticn in a Uniform Electric Field--The field

between two parallel plate electrodes is given by
E =V/d (1)
o

where d is the spacing, V the applied voltage. A particle of high
dielectric constant distorts the electric field in its neighberhood,
and this distortion attracts a second particle, initiating chain

formation.

The field near a conducting particle of radius a in an

14
insulating medium is given by

E = Eo (1 + aaa/ra) (2)
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where r is the radial distance from the particle, and rfor simplicity
we consider only ® = 0, where 9 is the angle between the radial vector
and the electric field. The charge on the surface «f a conducting

spherical particle of radius a in a field E is given approximately by
2
g= 4 X coﬁ a (3)

where ¥ is the dielectric constant (100 for 7102) and where the separation
of charge is taken as equal to the radius a. Equations (2) and (3) are
slightly different i1 form if the particle is nonconducting (with a high
dielectric constant) but for our approximation the difference can be

aneglected,

Now the energy of a particle having an induced dipole

with charge separation a in ukfleld is given by

U =0 Es (4)
and the force by

F = 3U/ar (%)

Combining equations (1) through (5), we have that the force on a particle

due to the tield distortion caused by a nearby particle is

F = 48 ﬂcoﬁoz(l + 2;3/1‘3) ne/r‘ (8)

By Stokes Law, the velocity of a particle v dus to such a force (here ‘
the velocity of two pigment particles toward each other) is given by:

SOV

v, " F/6qMNa &)




1f, for example, the viscosity T is 1 poise as in a typical solvent, and
the mean separation of the particles [r in Equation (6)]is 10 ., we have

from Equation (7)
v ~ 2.4 u/s (8)
o

7
vhere we have taken a = 0.5 ., Eo z 10 V/m, and K = 100. With these
values one could expe:t the particles 1o coalesce and could expect chatn

flocculation.

On the other hand, with a more dilute slurry the mean
separation increases, and the velocity v0 decreases, from Ecuations (6)
and (7), as r-é. Thus, if r = 50 ., the particle velocity leading to
flucculation is lower by almost a factor of 1000, and flocculation will

not occur.

Chain Formation at a Wire or a Knife-Edge Electrode~-In

cestimating the field at a wire or a knife edge, we use the fcormula for
the field between two concentric cylinders, an inner cylinder of radius
r1 (in our case the radius of the wirc or knife edge), and an outer
cylinder of radius ro (the counterelectrode), The field at distance r
fram the center of curvature of the wire or knife-edge is then given
approximately by

.
R

E = vV/2n r log (ro/ri) (9)

A spherical pigment particle in this field, from Equatiomns

(3), (4), and (5), will be subjected to a force at a distance 1 of:

F = (as/rs) {Ke Vz/ﬂ(lr; r/v )2} (10)
o o 1
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and with log (rofri) ~ 5, we have from (7) the velocity of particles in

-6
where a = 5 x 10 m, r = 100 .

Thus, in a few seconds all particles within 100 um of the

knife edge will be attracted to t he growing flocs.

In the case of an electric field applied to a wire in an
aerosol, the pigment particles are in a medium of viscosity about 2 x 10-4
poise, so the particles will be swept to the wire from a greater distance
than in the case of a liquid medium. We will assume a particle in the
aerosol, moving parallel to the wire under the influence of the following
gas, spends & time to = 1 second in the neighborhood at the wire. To
collect all particles within a distance rmax' the field at the distance

rmax must be great enough to impart the velocity v; where

v'/=r /t (11)

nax

to the particles.

Fron Equations (1) and (7) we have that the teiminal

velocity imparted to the particles at distance rmax as glven by

7 ‘1 3 : 2 2
= (6 . . ' /Lo
v (6mNa) (a/r ) {Ke vV /M(log r /ri) } . (12)

EquatinF (11) and (12), with | = 2 x 10-5 decapoise for air, V = 104 velts,

K = 1, and the other values ‘he same as above, we find
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r ~ 1 mm (13)

suggesting that it a particle comes within about 1 mm of the wire, it

will be incorporated into the growing chains,

Conclusions fxom these Calculations--For the case of a

uniform electric field it appears tinat initiation of chain flocculation
is only practical with a dense slurry. In our studies to date, where

a thin slurry has been used to facilitate observation, chain flocculation
in a uniform field has been unsuccessful, and the calculations indicate
why.

The knife-edge or the wire approach is more effective
because the field varies as r- compared with r—a in the homogeneous
field case. Thus in these cases the particlez arc affected by the
field inhomageveity over much larger distances from the slite of chain

formation.

b. Experimental Observations with a Liquid Suspension

Chain flocculation of 'l‘:lO2 was examined in these stulies,
A priori, it should be the pigment most amenable to chain flocculation
in an electric field, bLecause of its high dielectric corstant, Several
geometries for cells in which to induce chaix: flocculation from a liguid
were sxemined. Of most interest are those involving a uniform electric

field and those involving the electric ficld at a knife-edge (or point).

Attempis to date to induce chain flocculaticn in a
uniform electric field have peen unsuccessful with either ac or dc tields
and with various solvents. The reason for the lack cf success with a
homogensous field is discusaed above under theory. However, the theovy
suggests that there may be advantages to flocculation in a uniform
field if the technique can be made successful, becsusc morc accurats

chain formation may be possible. Also there may be advantages in scaling up.
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We have succeeded in inducing chain rrmation at a knife
edge electrode. The preferred solvent is cyclnhexane. DSer.zene has also
been used successfully. No success has heen observes in MEK, preasumably
because of its larger dipole momdnt, but also possibly because of an
unknown zeta potential effect. Alternating voltages scem preleruble,
although with the cyclohexane solvent, success was sometimes obtained

with a dc tieid.

Figure 3 shows the flocculation cell tested. The knife-
~dge electrodes are simply stainless steel razor blades. The ends of
the cell. shown open for clarity, are of course closed, and the four

inlet aond outlet tubes are the only ports,

1n measurements to date, a T102 slurry was introduced,
passed through a l-mm s8lit, and the formation of chains at the slit
was Observed visually, Figure 4 shows vesults in an ac field indicating
the voltage range of interest. The TtO2 wus Qispersed by the deflocculant
Aerosol O0.T. (1,74 monnlayer). The ordinate gives the time necessary
to form chains of Tio2 about 0.25 mm in length; the abcissa shows the
voltage applied (680 iiz). 1t wag abserved that a too high voltage caused
turtulence in the slurry and destxoyed the chaina., Thus, there is an
optimum intermmediate voltage (field) for rapid chain formation. At
voltages below this optimum, the chailns were finer, which is a desirable
feature for our puryose. Presumably, therefore, & voltage lower than
that corrcsponding to the maximum rate will be found most desirable.
All the veariables have uot beev identified, and firsher work is neacessary

to mak:. the technique cxpletely reproducibvle.

In the experiments to duate we have used only two ports
of the cell. As indicsted in Figure 3, the cell is dexigned with iwo
extra ports to permit the introduciion of wdditives coupling agents.
Such additives, as discussed in Section A3 above, are introduced to form

interparticle bridges and stabilize the chaits once they are formad.
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C. Generation of Chain Flocs from an Aerosol

1. Apparatus Development

An apparatus was designed to provide pre-formed flocs suitable
for introduction 1into a vehicle, where the flocs are induced by an
electric field in an aerosol and are cemented by being exposed to SiCld.
The concept involves the use 0f the high clectric field associated with
a fine wire. Because pigment particles are carried as an aerosol past
this wire, the pigment is depesited in the form of chains., The wire is
heated tc a sufficient temperature (> 400°C), and the coupling agent
SiCl4 is introduced, and tﬁf chains are, thus, cemented into permanent

flocs.

Figure 5 is a schematic diagram of the preliminary apparatus
for chain floc generation. Most of the results discussad below were
obtained with this system. The essential parts are: a high-vcltage
ac source that generates a high field near a 3-mil wire in the reactor;
8 heater supply that heats the wire, permitting the silane bridging

reaction, a source of SiCl _; and a mechanism to provide a fine aerosol

4
of the pigment. The pigment particles, attracted to the wire by

dielectrophoresis nction,ls form chains because an approaching particle
moves to the end of an exiating chain where the field is highest. The
SiCl4 interacts with tho pigment surface, and is the pigment is heated

by the hot wire, the following reaction goes to completion:

S:I.Cl‘ + Ti-OH - ‘1'1-0-81C13 + HC1

1f cne stc14 molecule interacts with OH groups on adjacent particles,

the bridging or camenting of the particles is effected,

Two major problems were encountered with the apparatus shown

in Figure 5. First, it was determined that the best way to remove the
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chains was by mechanically scraping them from the wire., However, such
a process is tediocus with that design., Second, it became clear that
to accumulate reasonable quantities of pigment, i+ would be necessary
to cycle the process. Thus, to avoid excessive delay, an automated

process is required.

Figure 6 shows the redesign of the system to permit automatic
operation. The electrical features are unchanged from Figure 1, except
that a 6-wire wand is used rather tha&n a s._agle wire. The important
change is the inclusion of a unit to move the wires through a scraper,
and a flask under the scraper to collect the pigment particles. In
addition, a light-scattering module has been inciuded for measurement

ol the ‘0s0]l density, permitting better control o. the process.

The wand will be positioned for one-half cy.le in the reaction
chamber where the chain floca will be produced. In the second half
cycle, it will be moved across the scraper to collect the pigment and
then be returned to the reaction chamber. Wwith optimum floc growth,
calculetions (see beluw) indicate a few thousand cycles per gram will

be » x:v a feo fment generation with this simple design.
2, Results

Photog" *nhs of chains and flocs are shown in Figure 7. The
flux of pigment -iicle was about 10-3 g/min. The upper photo shows
particles prepared early in the period using a platinum wire at 1500 V;
the particles were removed from the wir> by scraping onto a glass slide.
The lacework texture is clear, but, apparently, during the scraping
the chains folded into themselves. In theory, they should unfold when
introduced into a vehicle together with a dispersing agent. The lower
photo shows flocs prepared on a nichrome wire at 3000 V. Because of a
limited depth of field, only a few of the flocs are in focus; and even

in those cases, because each floc has a tree¢-like structure, parts are
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out of focus. The length of the atructures is about 10 um. Figure B
shows an electron microscope picture of & floc (magnification 20,000)

prepared on the apparatus of Figure 6 at $000 v,

In the development of the technique many general observations
werc made and the rest of this subsection describes these. [t was
determined that the wire temperature must be about gooqc to obtain a
pignent temperature of greater than 400°C, the tempersture (as determined
experimentally, see Figure 2) required for rapid bridging. The pigment
temperature was estimated by the depth of color cof the T102. (Tio2

hecomes an increasingly strong yellow as the temperature rises,)

1t was found that the electric field (the applied voitage) is
at an optimum value st some intermediate magnitude, The observed
behavior suggestzs that it the field is too low, the collection of
particles is not influenced by the fieid, and if the field is too high,
the trajectory ol the particles is unaffected by previously adsorbed
particles. In elther case, the particles become depusited randomly,
and, in the case of a high tield, the particles form a uniform coating
over the wire surface. The region of 1 to 3 kV on a 3-mil wire seens
satisfactory for chain formation. More recent results {(see below) using
conductive pigmonts show ithat with suck pigments much higher voltages
can be used wiile still obtaining chain formation.

Most of the work was performed using a platinum wire; this
was chosen because we counsidered that the more noble metal, with no
oxide present, would form wesker bonds to the silane and, hence, allow
eusier romoval of the pigment. However, in later studies we have used
nichrome because of the poor uechanical strength of piatinum at 900 to
1oooqc. Supericr chain formation that waa less dependent on voltage
and aerosol density was obaurved with the nichrome. Tho reason for

the better results is not ciear.

4
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Methods of removing the flocs from the wire were examined.
We have tested heat, high ficlds (ad and dc), ultrasonic vioration of
the wire (both in gas and in an aerosol environment), various gases
such as H20 and HC1l, and the use of a ribbon rather than a wire. Nome
of these methods proved effective. Thus, we have adopted the technique
of mechanically removing the flocs by brushing or scraping, incorporating
the process in the design of the "automated’ Cevice of Figure 6. However
there has been some indication in recont experiments, reported in the
next section, that under certain conditions a dc field can he used to

remove the flocs.

The mechanical removal of the flocs from the wire must be
done with cnre to minimize crushing of the flocs into spheres. Such
crushing is observed with a "dull" scraper, and it may be deleterious--we
have not determined whether the structure damage is reversible. 1In
experiments using & ceramic scraper, such damage to the floc structure
were observed and interpreted as due to crushing at the dull edge. A
sharp metal scraper wags used 10 remove the flocs shown in Figures 7 and 8,

maintaining their open strucrture during removal.

To a first approximation, both the lengtk and the total
volume of the chains increases as the square of the applied voltage.
Thus with 7 kV applied, well-resolved chain formation is still observed

with chains the order of 150 um long. The high-voltage chains are

heavily branched at the top, narrow near the wire; thelr shape resembling

that of an oak tree. We estimate from this data that with the semi-

automated apparatus we can produce about 3 mg per pass; that is we will

produce chains at the rate of 1 gram per 300 cycles. %
i
!
H
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D, Preparation and Flocculation of Conductive Titanium Dioxide

1. Electrical Properties of Bridged Pigment Particles

It 1s found, surprisiugly, that the use of SiCl4 to cemeni
pigment particles together actually incresases the iuntergranular com-
ductance. This is simply shown iu pressed-pellet experiments, illusirated
in Figure 9., 7The pressed pellet is initially e’ acuatad at 400°c Lo
desorb adsorbed oxygen, thus enabling satisfactory intergranular con-
ductance, In Figure 9 the conductance temperature characteristics at
this stage are indicatud by solid curves. The coupling agent is added
in the normal fashion, the sample re-evacuated, and it is found that
for both ZnO and Tioz, the conductance of the pellet substantially

increases (dotted curves),

It is ulso necessary to anticipate the effect of the 51C14
treatment on interfioc conductance. 1In the chain flocs, which are the
ultimate objective of this program, it is necessary to have good electrical
conductance between one chain (co2ted with the coupling agent), which
is in physical contact with an adjacent chain, Lo get overall conducting
paths through the final paiqt. _ﬂhe effect nf the coupling agent on the
interfloc conductance was tgﬁted as fcllows, Firsi, the coupliug agent
was sdded to the pigment pﬂ:ticles, then the pigment particles were
pressed i.to a pelle»lln the normal fashion, and the pellet was evecuated

at 400°b. It was found that the conductance of pellets wnere the
coupling agent was dejosited before pressing the pellet differed only
slightly from the high conductance observed in Figure 3, where the

coupling agent was introduced after the pellet had been pressed.

Thus, it would appear tha:, contrary to expcctations, the
coupling agen¢, silicon tetrachloride, provides a substantial improvement
both to intergranular conductance and to interfloc conductance. 1f this

characieristic is retained into the final paint with no deleterious
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effects, it may substantially simplifv the attainment of the goal of

a suitakly coanducting white paint.

2. Preparation of Conductive Titlanium Dioxide

Conducting pigments were prepared for preliminary study in the
early apparatus, With 1"102 we have found the best color (light tlue)
for combined high conductance and anticipated flar’: resistance is obtained
with Nb-doped material. T¢ avoid an insulating surface layer, the material
is best quenched to room temperature from the diffusion temperature
(IOOOOE). Alternatively, the material can be etched lightly to remove
the insulating surface layer. The insulating surface layer is presumably
formed when oxygen is adsorbed (T < 400°C) at temperatures high enough
(T ;'2oo°b?) for rapid electron transfer or Nb movement, This observation
illusti‘ates the problem we will have to solve in a later phase of this
study, namely, the slow formation of insulating surface layers by reaction

with atmospheric oxygen.

Our final recipe, with which we prepared 100-g lots of concuctive
'rto2 for the studies of chain flocculation described below, includes

impregnation of the powder by precipitstion of NbCl_, calcining at 11oo°t.

5
quenching in water to room tempersture, followed by ball milling.

3. Chain Filocculation of Conductive Titanium Nioxide

It was found . hat well-defined and well-separated chains are
much e¢asier to form (on our 3-mi) wires) with conductive pigwant than
with the nonconductive material studied ear®.er. Preanmably thic occurs
because the field gradignt at the tip of a growirg chain is higaer if
the tip is at the voltage applied to the wire (as is the cause with
conducting pigment), 80 that an uppriaching particle is attrected more
strongly to the tip. Additionally, 1t was Jound tiat the growich at

the tip is more continuous with totrachlorcailane present--an abservation
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thut is consistent with our earlier observation that the silane increases

the interparticle conductance.

Ther. has been some indication that, with conductive pigment,
if the chains become too long (in the absence of silane) they cun be
broken by the repulsive electrostatic voltage. We have not ol.served
such rupture with an ac vcltage when the silane is present to cement
the chains as they grow. However, with a high dc voltage applied, there
hag been scattered evidence of breaking of chains even when stabilized
by the tetrarhlorosilane, This effect is emphazized 1f the wire ie
cooled tefore¢ the application of the voltage. This, 1f found reproducibtle,
may be of substantial ben=2fit, as the technique could lead to a non-

mechanical method of removing the chain flocs ircm the wires.

A series of studies was made compering chain formation of
N¥b-doped Truz on a hot {circa BOOOE) wi,e versus a wire at room tomper-
ature. This comparison yielded results interprotable, ay above, that
a highly conducting pignent (the 900°C cane) forms chains more eaally

<han & poorly r-mducting pigment.

With the vold wire, the pigmont saowed a marked tendency to
coat the wire, that is to deposit as an even layer. Over the whole
voltage range theve was a narked tendency tcowerd improvement for the
hot wire over the (»ld in the charscteristic <t chain formuation. including
longer chain lengths., This behavior is highly beueficial in tnat it
Fermitted operation st & much higher voltage atsd, thua, faster rates of

floe formation,
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IIT TUTURE DIRECTIONS

Of the five steps to tiie developmeut ~f u satisfactory coating,
{ a8 Qattlitned in the second paragraph of Section I, the first two nave
been complieted satisfactorily and we ere about halt way through the
taird. As discussed in the ‘ntroduction, we can in principle »repare

an improved coeting with the present flocculation methods. However,

the results to date show no *eason to deviate from systematic progress
through these vwrious steps as the way to produce in the shortzst
possible time a superior coating. Some of the investigations that will

be made Iiret are discussed in the last subsectiou of Section I,

As irdicated in the text of this report, however, we¢ have at each
decision point chosen the most direct route to the objective. When the
primary objective is realized (satisfactory conductive coatingi) it may
be of value to back up and test some of the other approaches indicated
in the text, because some ©f these approaches may lead to substantial
cost benefits in volume prepsration of conductive coatiugs. 1in nparticular
at thics time, we can point to the possibilities of zeta potential control
for diroct chain flocculation, or to chain flocculation and curing by
an electric field in a nonpolar solvent, These techniques for the

formation of chain fluocs may in the end lead to much lower cost coatings.
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IV ENVIRONMENTAL IMPACT

It is cleer that with the teckrique used in cheiu floc formatiom,
surplus aerosol and surplus 81C14 must be removad frou the exhausc
to avold tdvercy savircumentel effects, Howevoxr, it is not anticipated
that such removael vwill be difficuit because excess pignent is easily
removed by filiration and/or electrostatic precipitation, and the silane

hyirolyzes roadlily and, thesefore, is removable by water treatment.
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