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PREFACE

The work reported in this final report was carried out under
NASA Contract NAS8-21270, SRI Project 7083, and is basea on our studies
of surface redox couple additives and on plasma calcininy of zinc ortho-
titanate pigments., Earlier work on the project has been completely

described in the following reports:
Interim Final Report April 1974

Interim Final Report June 1973

Interim Technical Report No. 5 August 2, 197.
Interim Technical Report No, 4 February 5, 1971
Interim Technical Report No, 3 May 8, 1970
Interim Technical Report No, 2 July 30, 1969
Interim Technical Report No, 1 August 15, 1968

In addition a series of 33 letter reports, covering the period from
May 24, 1972 to July 31, 1975, were issued, presenting our month-by-month

progress,

In view of the extensive documentation of past work already presented
to NASA, a brief background review has been d..emed sufficient for the
presentation of our current results. This review is found in Section II

of the report,
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I INTRODUCTION

The emphasis during this fipnal effort in the study on passivation
of pigments was on preparation and testing of pigments and pigmented
paints for evaluation of their photostability. The project was carried
out under NASA Contract NAS8-21270, during the period from April 1074

to September 1975,
Our specific objectives in this effort were:

L To identify the most suitable redox couple additive for
stabilizing a zine orthotitanate pipment produced at the
Illinois Institute of Technology Research Institute (IITRI)

by coprecipitation of zine and titanium oxalates,

bt To investigate the additive concentrations and methods of
application to the pigment surface to obtain an optimum.

passivated pipment,

. To evaluate the optimum conditions for plasma~-caleining of
the coprecipitated pigment provided by IITRI, and to plasma

calcine a quantity of the pigment for additive treatments,

. To provide IITRI with a series of surface additive treated
pigments for preparation of pigment and paint samples for
electron spin resconance measurement (ESR) at SRI and space

simulation teste.

* To assemble the results from the ESR and space simulation
tests to evaluate {(a) the efficacy of the redox additives
for passivating pigments and paints, and (b) the potential

of the ESR technigue as used at SRI compared to spectral



2,

fo

reflectance measurements Ifrom space simulation tests
for screening the photostability of thermal control

pigments and paints.

. To evaluate the ESR technique for quality control ef

pigments and paints.

In Section.II, we review the technical background for our current
research, In Section I1I,the preparation of a matrix of 48 samples
consisting of pigments and pigmented paints is described. The resﬁlts
obtained from testing these samples by ESR and by in situ spectral
reflectance measurements in spece simulation tests at IITRI are presented
in Section IV, Our conelusions and recommendaﬁions Tfor further research

are given in Sections V and VI, respectively.
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II TECHNICAL BACKGROUND

At the initiation of this program, Zinc orthotitandte had been
identified as a promising candidate pigment for thermal control coatings.
. The pigment can be made reasonably stable against damage under vacuum-

" ultraviolet conditions provided the surface is covered with a silicate
coating or heated in a plasma—arc,3 Zinc orthotitanate that has been
ffeated with potassium ferro-ferricyanide has also shéwn some resistance
to proton damage.l The selection of the iron cyanide redox couple for
zinc orthotitanate was based on work performed on ZnO, but it does not
necessarily follow that the redox couple suitable for preventing ultra-
violet damage in Zn0 will be the most effective couple for proton or

ultraviolet stabilization of zine orthotitanate.

This research was therefore initiated to identify ths optimum
redox couple surface additive on zinc orthotitanate that will provide

stability gpgainst ultraviolet radiation in wvacum,

The surface additive approach was originally developed for NASA to
increase the stability cf Zn0 against damage under vacuum~uliraviolet
conditions4 and to passivate the pigment against photointeractions with
the polymer binder,? This approach has also been used in an industrially

supported program at SRI to passivate TiO2 and to decrease chalking of

paints containing this pigwent,

Mechanism of Radiation Damage

Before discussing the mechanism of the protective action of surface
additives, we will review the probable mechanism of radiation damage.
In the c¢ase ol ultraviolet radiation, photodamage to pigments is initiated

by electronic charge carriers, electrons and holes, that are produced

REPRODUCIBILITY OF 1kl
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when the semiconductor pigment absorbs photons of energy equal to or
greater then the bandgap. The chemical damage ensues from interactions
of the electrons and holes with the lattice ions, Tor example, in ZnC,

the following reactions are believed -to occuar:

0 +p-o0 (1)
Oxidation

0 +p-=1lo (2)

zn' "t o+ e o Zni+ (3)
Reduction +

Zni + 2 ™ %Zn %)

In reactions (1) and (2), the photoproduced holes p oxidize lattice
oxygen ions 0= to oxygen, which may leave the solid. In reactions (3)
and {4), tho photouprnduced electrons & reduce the zine lattice ions Zn++
and result in excess zinc, which becomes interstitial zinc, Zn - or Zn,.
The coleoration of the pigment is believed to be caused by the excess

interstitial zinc. First, the excess zinec ionizes to give cunduction

band electrons (grey coler). Secondly, the exXcess zinc, which has limited

solubility in the lattice, either causes mechanical strain in the lattice

or it precipitates at defects, such as dislocations (yellow color}.

+4
In zinec crthotitanate, lattice titanium ions, Ti , will be reduced

by photoproduced electrons according to

+4 L +3
T4 + e - Ti (8)
. , .3 . .
and give rise to the Ti color centers (or to the electrical equivalent,
oxygen ion vacancies) with spectral absorption at about 0.9 nanometers
(nm) , and to olor centers due to lattice imperfecticns with spectral

+
absorption at about 0,4 nm, Because the photoproduced species Zn.  and
1
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+3
Ti are payvamagnetic, their presence can be detected with pgreat sensitivity

by the electron spin resonance technique (ESR),

Mechanism of Surface Additive Protection

Inorganic sur:.ace additives increase the photostability of pigments
by serving as recombination centers for the photoproduced charge carriers,

" which otherwise would produce chemical damage. Tihe mechanism of the

process of recombining electrons znd holes can be illustrated by the
: SR L
ferro/ferricyanide (Fe /Te )} redox couple that has been found effective

in protecting Zno,

e ok
Fe 4+ n -~ Fe (6)

Fde o+

Fe + e = Fe (7N
No net change in the amount of the two forms of the additive ocecurs, and
the photoproduced electrons and holes have been recombined and hence

do not react chemically with lattice ions.

For a recombination center to be effective, the lfollowing requirements

must be met: {a) the surface additive must be a one-equivalent redox

couple and must be present in both valence states; (b) the oxidized valence
state must have a high capture cross section for electrons; (c¢) the

reduced valence state must have a high capture cross section for holes;

(d) the surface state energy level of the additive must be in the for-

bidden gap of the semiconductor pigment; and (e) the additive must he

chemically and photochemically stable and nonvolatile,

In the case of Zn0, we tested numerous inorganic surface additives.

We found that the iron cyanide couple satisfied the above list of require-

ments, We also found a correlation between the electron capture cross

6
section and the standard redox potential of the additive couple, By
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determining the surface siute energies of the various additives on ZnoO,
we concluded that a favorable energy level for an effective addizive,

(4]
such as iron cyanide, is 0.1 eV bhelow the bottom of the conduction hand,

Very low surface concentrations of a surface additive can provide
protection against photodamage. In 2n0, significant protection was

-3 7
observed at 10 monolayers of the iron cyanide additive. The effective

" surface coverage is probably much lower than this value, since the iron

cyanide is probably not completely dispersed but rather exists ar surface

apglomerates of much lower dispersion,

The high recombination efficiency at such low surface coverapges of
additives can be accounted for on the basis that the charge carriers have
long diffusion paths, about one micrometer in %n0. Since this distance
is the order of magnitude of the diameter of most pigment particles, it
is evident that large volumes of the crystal can be swept free of charged

carriers,

Pigment~-Binder Interactions

The surface additive also serves to decrease the photointeractions
at the pigment surface between the photoexcited pigment and the binder
of a thermal control coating. In particular, the electronic holes pro-
duced by irradiation tend to strongly oxidize some organic components of
the binder.5 In the case of ZnO, we determined the relative oxidizability
(hole capture cross section) of several solvenis for the Owens-Illinois
650 resin (0I-650) because there was evidence that some impurity in the
resin resulted in poor photostability of the coating. By use of electro-
chemical and ESR techniques, we showed that solvents, such as alcohol
and dioxane, captured holes and enhanced Zn0 photodecomposition, whereas
ethyl acetate, acrylonitrile, and pentane were essentially stable,
lloreover, we showed that the iron cyanide surfacz additive substantially

decreased the damage caused by the presence of aleohol, The QI-G50




resin has recently been modified to a more elastomeric resin, QI-650G, in
which most of the terminal hydroxyl groups have been methylated. However,
a paint made of the modified resin is still degraded in vacuum ultra-

3
violet because of interaction ef the resin with Zn2T104.

Degrudation Meagsurement Techniques

The ESR technique is well suited feor investigating the influence of
surface additives on photedamage to pigments such as zine orthotitanate,
This technique permits study of the characteristie photodamage centers

+ +3 5-8
(Zni and Ti ) in the pigment as powders and , ‘gmented coatings,

The ESR technique has alsoe been used extensgively in our laberateries
te follow the effeets of plasma-are treatment on zine mrthotitanateg
and charge transfer processes during reaction and chemiserption of gases.8
In zine orthotitanate samples that we have examined, the ESR speetra
contain twe prineipal lines: one, at a g value of 1,94, associated with
the denors (Zni+ and/or conduction electroens) uswually found in Zn0, and
the other at a g value of 1,974 probably associated with the Ti+3 species.2
As part of our study of the passivation ¢f pigments, we have investigated
the manner in which the intensity of these lines increases wh-n the
pigment is irradiated under vaecuum, In an examination ef the effeects
of plasma-arc conditions on the zine orthetitanate produet gquality, we
found that the intensity of these twe ESR lines on ultraviolet irradiatien

2
showed some correlation with the reflectance properties of the product.

Quality Centrol

Quality contrel is an important faector in assuring that the manu-
factured thermal eontrol pigments and paints will perform as expécted,
Moreover, it is desirable that measurements of performance be made rapidly
and inexpensively, It appears that the ESR téchnique is well suited to
this application fer (1) measuring photostability and (2) detecting certain

kinds (paramagnetic) impurities,
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III EXPERIMENTAL PROCEDURE

The preparation and testing of pigments and pigmented paints
for evaluation of photostability was caryied out in cooperation with
IITRY acqprding to an experimental procedure divided into six steps,

15 follows:
Step 1--Preparation of pigment LH-111(6-12) by IITRI.
Step 2--Plasma calecining of some of pigment LH-111(6-12),

Step 3--Surface additive treatment of the "as-received" ana

plasma-treated pigments with redox couple additives,

Step d--Preparation of specinens at IITRI for evaiuation of photo-
damage by space simulation tests at IITRI and by ESR

tests at SRI,

5tep 5--ESR evaluation at SRI of photodamage to pigments and

pigmerted paints.

Step 6--Space simulation tests at IITRT to evaluate photodamage

to pigments and pigmented paints.
The six steps of the procedure are described in detail below,

Step 1--Preparation of Pigment

IITRI prepared the LH-111(G-12) Zn2T104 pigment using the following:
Mixed oxalatcs having a mole ratio of 2,05 Zn:1.00 Ti were precipitated
in an agqueous medium by reaction between a ZnClz-—-TiCl4 mixture with
oxalic acid, at QOOC, over a 4-hr period., The precipitate was filtered
by repeated hot water washing until the pH of the filtrate was 7. The

)
powder was dried at 80 C for 18 hr. The dried powder was precalcined

g - s RODUCIBILITY OF HE
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at 690°¢“fqr 2 hr to remove decomposition volatiles, i.e,, €O, co,,, and.

Hzé, and to achieve partial conversion to anTiod.:"The"powder was then

calcined at iébé“c for £ hr by "flash" caléination, i.e., direct insertion
of pdhdéi (fused ¢quartz container) into a Ffurnace at 120090; and- removed
from furnace,” The resultant powder was hand-pulverized in a poreslain
mortar and-crucible to reduce the agglomerates. The precipitate was
prepared in four batches of approximately 1200 g each, which was the
capacity of the reaction vessel, These batcﬁes were designatéd LH;167,
LI-108, LH~100, and LH-110. Precaleination (600°C) was conducted as

two batches: LH-107 + LH-109 and 1H—168 + LHE~110, The final 120000
cdalcination was done-iﬁ one large bhaich t6 produce about 2000 g of Zn2T10

pigment, This pigment is designated LH-111(6-12),

Step 2--Plasma Calcining of Pigment LH-111(6-12)

The ¢original application of the ultrahigh temperatures available
within a plaéma filame to the calcining of pigment particles, was intended
to provide a short period of exposure to a very high temperature
environment, for the purpose of amnnealing out defects without promoting
further agglomeration and sintering. Ideally, an aerosol of pigment
particles would pass through the reaction chamber without affecting the

particle size distribution,

In oux eariier work, the pigment material B-229 was supplizd
with a mean particle diameter very close to the optimum size for maximum
Might scattering (&= 0.5 pm). The IH-111(6-12) pigment produced by IITRI
under the above processing procedure is quite different in particle size,
Figure 1 illustrates differences between the LH-111(6-12) and the earlier
pigment material B-229. The effect of the larger particle size on surface

area and settling rate are shown in Table 1.



Table 1
COMPARISON OF ZnZTiO4 PIGMENT PARTICLE SIZE
IITRI Settling Rate Surfgce Area  Average Partic.s
Pigment (em/sec) m™ /g Diameter
(am)
LH-111(6-12) 0.530 0,17 ' 6.5
B-229 0.053 0.75 1.5

Th: ten times faster settling rate of pipment LH-111(G-12)
necessitated major changes in the plasma caleining apparatus. TFigure 2
illustrates these changes, which included the following: The particle
dispenser was removed; the particles were allowed to exit at the bottom
of the reaction chamber; a bapg filter was replaced by a single cyclone
separator; and the angle of the particle inlet tube was reduced to provide

a longer residence period for these larger particles,

A series of runs were made at different chamber temperature (4T) to
pinpoint the optimum treatment temperature for the LH-111(6-12) pigment
powder in the moaified apparatus, The resuiting ESR peak intensity of
the resonance line at g = 1,974 after UV treatment (Figure 3) was used
as the criterion for choosing the optimum AT setting for the new pigment.
The area between the solid and broken lines indicates the UV susceptibility
of the 1.974-line. Our earlier work indicated that the most stable pigment
material showed the least change after UV treatment. Within the test
set of six treatment temperatures, the AT = 162000 material showed the
smallest percent ch nge in the 1,974-line, By coincidence, this was close
to the optimum temperature (AT = 1670°C) for the earlier, smaller particle
size pigment. Because of changes in configuration between these two

plasma calcine chambers, the AT values are not strictly comparable.

10
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A

‘used were K Fe(CN),, K Fe(CN) ., K IrCl +3H0, K,IrCl Ce(c104)3-6h 0,

iron cyanide EPe(CN) /Fe(CN) ] and iridium chloride ETrCl “/IrCl

Sféb 3--Surface Additive Treatment

Information on. the rédpx“c0uple additives, their concentration

in the sOlutions. nﬁd their fractional surface coverage oq the pigment

are summarized in Table 2 urider the headlng Additive

The three additive re dox couples studied were Fe(CN) /re(CN)

6 .
=32 4
IrClG /1101 , and Ce /Ce . The so;ution added to a p1gment allquot

"contained equal molay concentratlon of the salts in two valence states

bt a given redox couple, and the total concantratlon of both valence

" gstates - at three concentration levels is listed in*Table'Z. The salts

4 3 2 6’ 2

and.(NH ) CeKNO ) ; 111 were ot reagent grade, ‘The solutions of the
-2

1
addltives were at pH 6 oxr 7, while the solutlon of the cerium additive

(C e /Ce 4 was at pH 1 w1ch perchlorie acid so as to mair .n the solu-
bility of the“Ceridm ions, Along with these nine additive solutions,

the pigméﬁts were also treated with three other solutions: water and

0.1N HClO4 as blanks, and 0,1N HF as an alternative acid.

These twelve solutions were 1nd1v1dually applied both te the piginent
LH-111(6-12) "as received" from IITRI and to this pigment after it had
been. plasma calcined. Just enough solutidn (12 ml) containing the dissolved
additives was applied to the dried pigment (31 g) to produce a thick slurry,
which was then dried for 3 hr at 15000, unless otherwise specified, Thus,
almost all the“redox additives in the solution were deposited on the
plgment surface., Preliminary tests had indicated that if not removed,
the HC10 K6 could oxidize the 0I-650 resin paint binder during the curing

4

process, Therefore, the pipments treated with solutions containing HClO4

{(Pigments No. 2, 4, 5, 6 in Table 2), were heated in air for 3 hr at

0
250 C to drive off excess HClO4.

11
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The fractional monolayer surface coverage, 9, of additive in both
valence states on the pigment was calculated from the amount of additive
per gram of pipment and from the measured BET surtface area of 0,17 m%/g,
by assuming that the surface site density on the pigment is 1015 sites/cmz,
and that the redox couple additive is uniformly dispersed on the pigment

surface.

Step 4--Preparation of Soaecimens for Evaluation of Photodamage

Twenty-~four additive-treated pigments were prepared at SRI: twelve
pigments based on the "as received" LH-111(6-12) pipgment, and twelve
pigments based on the pigment after plasma calcining., There twenty four
pigments were sent to IITRI, where samples of pigment powders and paints
were prepared for evaluation of photodamage by ESR amd space simulation

tests,

a, Powdered Pigments

The twenty four pigments were individually slurried with water
and sprayed onto hot aluminum coupons placed in the middle of a large
heated petri dish. The pigment was essentially dry on contact with the
hot surface. The pigment-covered coupon was used in space simulation
tests at TTM™RI, and the excess dried pigment that adhered to the petri
dish was s.raped into vials for ESR examinatia at SRI, Thus, the loose
pigment and that on {the coupon are comparable in treatment and composition

of the addiiives.
b. Paints

Paints were prepared by individually ball-milling each of the
twenty four pigments into 0I-650G silicone resin. The paints were sprayed
onto aluminum coupons in a heated petri dish, baked at IGOOC for 16 hr,
and the excess paint on the petri walls was scraped into vials for ESR

analysis at SRI.

12



: Step 5--ESR Evaluation of Photodamage -

", -ESR was used to measure the paramagnetie centers resulting from

“drradietion of pigments and pigmented paints in vacuum,

‘The pigments or paints were introduced into a quartz tube (3 mm ID)

.in e column about 4 em high, This tube was fused to 2 Vac-Ton pump -

(Varian{ 2 literg/sec) and to a roughing pump (oil diffusion with two traps
in liquid nitrogen). The pigment was heated at 15000 for 1 hr while

. =5
pumping to about 10 torr, then the Vac-Ion pump was started, and the

sample-Vac-Ion assembly was sealed off from the roughing pump.

The additive-treated pigments or paints were maintained at low
pressure (10—'6 to 10_8 torr) during UV irradiation, UV irradiation was
carried out with a concentrated nercury arc (PEK Type 212 with quartsz
eptics and a mirror with an aperture of #/0.5) at a distance of 24 in,
Juring irradiation, the sample became only slightly warm to touch (< 4000).
A eingle mercury bulb was used for all the irradiations, and its light
output, which was measured at 360 mm, changed less than 5% during the

irradiations,

The ESR spectra were measured with an X-band spectrometer (Varian
E-12) equipped with a Fieldial and a dual cavity (TE104) operated from
the microwave bridge at a power ievel of 50 mW, The sample cavity was
modulated at 10-5 Hz with an amplitude of 1 Oe. The reference cavity
contained a samplé of 0,1% carbon in KCl (Varian) for wmonitoring cavity
sensitivify and méasuring g-value, and this cavity was modulated at 400
Hz, ESR measurements were made at 77°% by use of a quartz dewar with
liguid nitrogen into which the sample was placed. Because of slow
temperature equilibration of the pigment at the low ambient pressure in
the tube, the sample was precooled in liquid nitrogen for one hour before

ESR measurrments,

13



Step 6--Space Simulation Tests at IITRI

The pigments and paints on aluminum coupons were tested in two
space simulation chambers, IRIF anc CREF, in four separate runs, The
3
total spectral reflectance data were measured at IITRI &and were sent

to SRI for evaluation of the photodamage,

14



IV.  RESULTS AND DISCUSSION

All 48 samples of the matrix in Table 2 were analyzed by Esﬁ; . The
priorities for the space-simulation tests were established by consult.tion. .
between SRI staff members and the project monitors, but not all of these

samples selected were measured,

Photodamaée Parametexrs

The ESR spectra of the pigments as paints contained four main

resonarce lines:

(a) Only the line with a g = 1,974 (line width of about 60 Oe
at 770K) increased on vacuum irradiation of the samples.
It is penerally accepted that this line results from Ti

10-12
centers.

(b)“ A narrow and weak line appeared with a g virlue of 2,003,
- and its intensity varied from sample to sample in a
“ random way. The relevant paramagnetic center probably
N - resulted from organic radicals arising from-impurities

introduced unintentionally during pigment preparation,

(¢) A broad resonance line was also observed at g value of
about 2,1 and is ascribed to Cu+2 impurities in the
original pigmen’r..l1 The copper was probably introduced
dutring pigment preparation at IITRI when the motor

bearings of a stirrer burned out,.

(d} The resonance line generally ascribed to excess zinc at
a g value of 1.94 was not observed in any of the 24 pigments
listed in Table 2. However, this resonance line wes cbserved
when the LH-111(6-12) pigment was plasma calcined at the

- highest temperature (ef, Table 1).

- 15



The ESR results reported in Table 2 for the matrix of 48§ pigments
and paints include the following parameters: Io’ the peak intensity of
the 1,874-~line before UV irradiation; I, the peak intensity of this 1line
after vacuﬁm irradiation for 3 hours; AI, the increase in peak intensity,
e.g., I—IO; and AI*, the value of AI normalized for the intensity of the
Cu+2 resonance (g = 2.1) whose spin density was assumed to be constant
in the pigment. This normalization was desirable to correct for the
amount of an'l'io4 pigment actually in the sensitive volume of the ESR
éavity because of variable factors such as dilution by the paint binder,
variations in density of the samples, or variations in the physical

location of the sample in the ESR cavity, All the ESR intensity values

3
have been normalized to an instrumental gain setting of 10 .,

The results of the space simulation tests run at IITRI are
indicated by the values of the changes of spectral reflectance ARO.4 and
ARO,Q’ at wavelengths of 0,40 and 0.93 mm, respectively, as measured
from the spectral reflectance curves provided by IITRI and interpolated
at 1000 equivalent sun hours (ESH), These wavelengths represent two

types of optical damage centers in Zn2Ti0 at 0.40.nm damage to the

4
+3

lattice, and at 0.93 nm damage resulting in Ti color centers. The

exposvre chambers and run numbers of the simulation tests are indicated

in the liegend of Tahle 2,

The spectral reilectance lost on irradiation can be partially
restored by an oxygen "bleach'. The amount of the increasable change
in spectral refléctance after the oxygen bleach has been measured from
the reflectance curves and is included in parenthesis just below the

value of ARo,q and ARO

.9
The evaluation of the space simulation tests for the effects
of redox surface additives on the photostability of paints was limited

in scope because not all the paints that were given high priorities

16
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were actually tested in a space-simulation cihamber, As a consequence -

thé data on the biank paints are not available, and aiso data on the
effects ofhthe redox surface additives on the photostability of paints
based on the "as-received" pigmehf are limited to two paintsl To éppéox;
imaté the behavior of a blank paint containing the“"as—redéivedﬁ.ﬁigment
we used -the data from IITRI's space simulation results on paint LH-106
(6__-—12)/(&.13 However, these spectral reflectance curves exhibited anomalous

behavior and hence provided a poor- basis for use as a blank,

The pricrities for testing paints on the last space simulation

test should have inecluded the following paints for the siated reasons:

(1) The two blank paints containing the "as-received" and
the plasma-caleined pipments were included to provide
a basis for judging the passivation provided by the

rednx couple additives,

(2) The paints containing the "as-received" pigments that
were treated with low concentrations of the two promising
additives, Ce+3/Ce+4 and Ir016—3/lr016—2, wvere ineluded
because these paints were less colored by the lower

additive concentrations,

(3) The paints containing the "as-received" pipments that
were treated with HF and HClO4 were included because the
WS8R results indicated that these treatments provided better

passivation than the blank.

Photodamage Evaluation by ESR

The ESR results in Table 2 have been plotted to show the
effects of the various redox couple additives on pigments (Figure 4) and
paints (Figure 5), The logarithmic scale of the abscissas has been

interrupted to indicated zero coverage of additives, i,e.,, the hlanks,

17
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Gene-ally, we observe less photodamage for equivalent samples
derived from the ''as-received” pigment than from the plasma-calecined
+3
pigment, Also, among the three redox couple additives, the Ce /CeM

additive appears generally to provide the greatest passivation for pigments
-2

6 additive is almost as good.

~3
and paints, but passivation by the IrCl6 /IrCl

As the surface coverage of the surface additive is increased,
the photodamage, AI*, depends on the type of additive and on whether the
gample is a plgment or a paint. For the pipments (Figure 4), an increase
in coverage by the Ce+3/0e+4 additive generally results in less photo-
damage, except for the "as-received” pigment at © = 0,03 in Figure 4a,

For example, with respect to the blank, the highest coverages of Ce+3/Ce
results in a three-fold decrease in photodamge for the "as-received”
pigment and about a 30-fold decrease in photodamage for the plasma-calcined
pigment. An increase in the coverage of the other two additives results

in an increase in photodumage, followed by a decrease in photodamage which
penerally becomes smaller than the blank at the highest surface coverages

of the additives.

For the paints based on the "as-received" pigment, photodamage
was decreased by higher surface concentrations of the additives (Figure 5a).
However, the opposite occurred for the paints based on the plasma-calcined
pigments for which the photodamage rpenerally increased at higher surface
concentrations of additives (Figure 5b). Yote the decreased photodamage
resulting from treating the pigment with only HClO4 in comparison with
water (except f0£ the plasma-calcined pigment, Figure 4b). The passivating
effect of HClC)‘1 is in apreement with that observed earlier}o for the
B-229 pipment from which excess Zn0C could be removed by dilute HClO4 even
after an acetic acid wash, However, the effect of exposing the pigment

to an HF solution generally resulted in a large increase in photodamage.

18
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The reproducibility of the ESR data in some instances is
excellent but in other instances quite poor as indicated by the brackets

- % _
under the columns marked AI “in Table 2. This variation in the repro-

‘ducibility of data may be explained in many ways{'for example: (1) Very

large variations may result from the presence of impurities that are not
uniformly distributed in the sample, Such impurities may be introduced
in any state of the handling of the pigment, For éxample, small segments
of brush fibers are sometimes found in the plasma~-calcined pigments as

é result of the necessity of dislodging the pigment ffom the glass walls
of the apparatus with a brush, If organic impurities are present, it

is possible that during drying of the pigment at elevated ’c;':zmpe::'at:um:as‘r
or upon irradiation, the organic molecules méy be oxidized by holes

4 +3
to T1

tfrom the pigment with the concurrent reduction of Ti+
(2) samples were irradiated with a mercury lanp equipped wiih a parabolic
mirror, and the mirror was usually adjusted so that the two imapes from
the arc were in coincidence, However, this adjustment was difficult

and variations ox the irradiation #lux among the samples may have occurred,
(3) The pressure above a sample was usually 10_6 torr or less before
irradiation, but in some instarces, when samples were evacuated overnight,
the pressure was 10—7 or 10m8 torr, The =ffect of residual gas could

have a strong effect on reversing photodamage, similar to the effects

of oxygen bleaching observed in reflectance measurements,

Comparison of ESR and Space Simulation Results

One ofhthe objectives of the program was to determine whether
ESR could be used as a rapid technique to screen various pigments and
paints for photostability, The matrix of results in Table 2 provides
a comparison of photodamage as measured by ESR and spectral reflectance

during space simulation tests,

19



A comparison is shown in Figure 6 by a piot of the ESR results

*
of Al against the spectral reflectance results AR for the data on

0.9’
" the paints in Table 2, The solid points refer to paints containing the
"as—receivéd" pigment; the open points refer io paints containing the
plasma-calcined pigment, The error bars indicate the reproducibility of
measuring AI* for samples examined in duplicate. Comparable information

is not available on the reproducibility of AR measurements.

] The data in Figure 6 for the paints suggest that a correlation
exists between AI* and ARO 9° The corresponding data on the pigments
shows little if any trend ;robably because the scatter of the data is
about equal to the measured cheanges in phoitodamage, which are smaller
for the pigments than for the paints. Howev.r, no correlation is found

L .
between AT and ARO for pigments or paints,

4
It is reasonable to assume that a gcorrelation will exist
between AI* and ARO 9? since both these parameters are ascribed te the
Ti+3 color center. Such a correlation supports the model that ultra-
violet irradiation produces electron-hole pairs in the pigment and the

holes may oxidize either the lattice oxygen ions or the resin binder,

The ESR results indicate that greater photodamage, e.g., greater values

ES
of Al , occurred when the 0I-650G resin was pressnt, therefore, the resin

binder is involved in charge transfer with the irradiated pigment.

The correlation can undoubtedly be improved as the factors
that give rise to the scatter in the data is better controlled. We have
already discussed how the reproducibility of ESR results could he
improved by controlling impurities, light intensity of irradiation, and
ultimate pressure of the system before irradiation. Some errors in
reproducibility probably alse occur in the results from the space
simulation chamber tests: for example, error may have been introduced

by the use of two test chambers (IRIF and CREF}, by takiug data from

20



different runs in these chambers, by impurities, by using different light
sources, thickness of the sample on the aluminum coupon, and incorrect

registration of the infrared absorption spectral curves,

An attenpt was nmade to determine whether a correlation exists
‘between the ESR and the reflectance parameters by considering the part
of the spectral reflectance that is not zestored by oxygen bleaching,
These data, which are inserted in paremnthesis in Table 2 under columns

marked ARO 4 and Ano 9! did not correlate as well as the data shown in

Figure 6.
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V CONCLUSIONF

The following conciusion can be drawn from the current stuc; of

the passivation of zinc oriiliotitanate pigments and pigmented paints:

(1) Photodamage of pigments and paints as measured by ESR (g = 1.974)
shows some correlation with photodamapge as ﬁeasured by change
in reflectance at 0,93 nm {ARO.Q); but additional work is
required to improve the correlation, That such a correlation
should oceccur is reascnable., since both the ESR iine g = 1.974
and the parameter ARO.Q relate to the presence of the color

+3
center Ti , which is formed by charge transfer during UV

jrradiation.

(2) Plasma-cagleining of the zinc orthotitanate pigment B-229
resulted in greater photostability,* but plasma calcining of
pigment LH-111(6~12) resulted in less photostable pigments
and paints. Therefore, the effects of plasma calcining are
strongly dependent on the pigment history and plasma calcining

procedure,

(3) Photostability of pigments is increased by redoxhcouple
additives at sufficiently high surface coverage. O0Of the
y ‘s . +3 +4 -3
redox couple additives studied, the Ce /Ce and the IrCl6 /

3

-2
Iz-Cl6 additives shownd promise,

(4) Photostability of paints is increased by applying redox

couple additives to the "as-received' pigment., Again, the

E S
Paints were not prepared from pigment B-229,

22
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(5}

(6)

(7)

Ce+3/Ce+4 additive is superior to the other additives studied,
However, puints based on the plasma calecined pigment are

made less photostable by redox couple additives. “hese
conclusions are tentative because the space simulation testing
program did not follow the recommended priority for testing
the paint samples, As a ‘esult, adequate information is not
available on the photostakiiity of the blank vaints and on

the effects of the redox couple surface additives on the

paints containing the "as-received" pigment,

Perchloric acid treatment of the pigments significantly
increased the photostability of pigments and peints (the plasma-~
calcined pigment is the only exception). The action of h
perchloric acid probably results in removal of excess Zn0O

from the pigmert surface, However, according to ESR criteria,
treatment of the pigments with HF increased the photodamage

to the pigments.

The photostability of paints is generally less than that of
pigments, indicating that photodamage in paints results

partially from & pipment-resin photointeraction,

The ESR bas demonstrated its potential as a tool for

quality control., Certainly, the technique identifies
] +2

very unstable paints. Also, an impurity such as Cu

can be readily detected,
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VI RECOMMENDATIONS

With further work to reduce the scatter of data, the ESR method
may be suitable for screening thermal control pigments and paints for
photostability, At present it has the potential for quality controil,
for example to identify very unstable paints and to detect paramagnetic
impurities. The costs and time requirements for the use of the ESR
analysis of photostability are much less than those for refiectance

measurements in space simulation tests,

Space simulation tests should be made on several paint specimens,’
which were given high priority,so that adequate evaluation of the effects
of the redox couple surface additives can be made, The specimen to he
included are the remaining paints based on the "as-received" pigment,

and the blank paint based on the plasma-calcined pigment.

Further research is recommended to evaluate the passivating effects
of acid treatments, such as perchloric acid which has shown great promise

from results of the present study.

4

H

L +3, 44 -3 -
Also, the redox couple additives, Ce /Ce and IrClC /IrCl,
i3 i

which this study shows to have promise for passivating the zinc ortho-

titanate pigment, should he explored further.

To increase the photostability of paints, further work is require
to develop a chemica} barrier layer, such as aluminum hydrous oxide or
sodium silicate, to be applied over the pigment surface after treatment
with the redox couple additive. Such chemical barriers will decrease
the amount of photointeraction of the resin with the redox additive and

the pigment,
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SUMMAR

. S

ADDITIVE PIGMENTS t
AS - RECEIVED PL
]
Concn.a * E
o, Type Molarity g I I AT AT MR, AR, | I 1I
?
1 HO - - 7 48 41 a7 0,06 0,08%] 320 a3o0(
4 (0.04 0,07)] 36z a2{
416 48/
370 44l
2 HClO, 0.1 - 1¢ 32 22 18 0,08 0,08°] o0 49¢
(0,06 0,02)
3 HF 0.1 - 0 530 530 }300 17 134
0 190 180 b
= } ;
4 ce™cett ax10™% 0.3 10 7 6 0.05 0,05 8 2]
{0,05 0,02) }
ce™ cet? ax107% 0,03 ga 84 78 0 4
: - :
6 ce/cet? 4x10™°  0.003 15 15 11 7 o
7 FE(CN);4/F9(CN);3 ax10° 0.3 14 14 13 285  53(
8 FE(CN);4/F9(CN);3 ax10™t  o0.03 4 38 34 351 360 238(
- - -5
9 Fe(CN)64/Fe(CN)63 4x10 0,003 0 399 380 370 355 50¢
380 172¢
=3 = =3 ' ' ) o
10 Ircly /Ircly 4%10 0.3 o 10 10 . o011 0,02° 375
0 5 5 (0,10 0.04)] 340
11 IrClga/IrCIE x16™% 0,03 o 90 90 81 320 391
-3, -3 -5 . _
2 Ircl_ " /Irci 4%10 0.003l o0 1110 1100 890 340 138¢

aAdditive Conen, :

12 ml of additive solution containing equal amounts of sach val

8 - fractional monolayer surface coverage of additive in both valence states

YLSR measurements at 779K of line at g = 1,974:

to the intensity of Cut2 resonance,

c§g§ctral Reflectance: AR

tests to 10D0O-ESH,

dSpace Simulation Chamber:

eSpace Simulation Chamber:

<&
*Space Simulation Chamber:

gSpace Sitmlation Chamber:

FOLDOUT FRAME /

IRIF 70,
IRIF 74
IRI® 78
CLE® 17

¥

I, = Peak intensity of g = 1,974 1

4 and &R_g are differences in spectral reflectance Trom
Numbers in parenthesis correspond to the difference in spectrs




LAl e

MARY OF DATA AND RESULTS i

PHOTOLAMAGE”
PAINTS
PLASMA - CALCINED AS - RECEIVED PLASMA -~ GALCINED
I AT AT R AR I 1 AT I I T AT AR
| A .9 & Ry &gl el 4 BR 4 MR g
{ 3300 2980 - 0.04 0.06° 396 394 830 0,04 0.03% [ 145 300 155 455
/428 66 (0,01 0,01) {0.04 0,03)
484 68 81
440 70
4 490 490 460 71 71 130 0 93 93 220
9
| 1340 1330 1240 170 170 340 0 175 175 305
2] e [
i 21 13 12 06,04 0,06 47 43 63 0,06 0.05 o 835 833 ,... 0,06 o,
: (0,03 0.01) (0.02 0.01) 0D 808 808 (0,01 O.Ené
i 40 40 30 58 58 93 0 150 150 250 0,07 0,06
1 95 88 170 155 155 230 0 220 220 610
530 245 440 130 130 215 65 1930 1865 12500 0,07 0,238
(0,06 0,19
2380 2020 2400 160 160 305 115 690 575 1740 0,05 0,09F
{0.05 0.06)
500 145 | oo 310 310 595 135 425 290 1160 0,11 0.18
1720 1340 (0.08 0.12
400 25 { 159 0.08 0,01% 64 64 112 0.06 0.,02%] s50 95, 900 sor00 097 0.228
396 56 (0,08 0,01} (0,03 0,03)] 60 1770 1710 (0,03 0,10)
390 70 103 69 69 111 50 2000 1.50 19500 0,07 0,168
(0.06 0.12)
| 1380 1040 1240 260 260 500 135 315 180{ ... 0,04 0,058
: 138 588 450 (0.03 0,04)
%h valence state of additive slurried with 31 g pigment LH 111 (6-12) and dried 3 hours at 15000;

3974 line hefore UV; I = Peak intensity”of

g = 1,974 line after UV; AI

£
Io - It AT = AI normalized

from ini%tial conditions at 0,40 and 0,93 nanometers; data interpolated from IITRI's space simulation
pectral reflection at the given wavelengths between the reflectance and that

after "oxygen bleach,"
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