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t' ABSTRACT

Progress of an investigation on the mechanisms of degradiation

of white pigments used in polymeric thermal control cctings by ultraviolct
radiation is reported. The materials investigated were rutile (Ti0 2 ) with
different controlled impurity levels and surface treatmentb and high-purity

strontium titanate (SrTiO3 ). Apparatus combining a gas chromatograph

with means for measuring optical reflectance and electrical conductivity

enables samples of pigments to be investigated in a controlled environ-

ment, Changes in optical properties, produced by exposure to ultraviolet

light, are correlated with gas evolution or adsorption. Some optical

changes were correlated with gas evolution and electrical conductivity.

The gas evolved in all cases was COZ, with no 0? being observed. Car-

bonaceous impurities found in these materials are believed to play a role

in the damage process. Instrumentation and test techniques were developed,
including a recently completed reflectometer of novel design

A comparison was made between chemical reduction of various

rutile pigments and the effects of uv light: Chemical reduction produces

changes in optical and other properties that correlate with one of the two

types of effects produced by uv light (reduction of reflectance near one
micron) and the relative susceptibility of different pigments to chemical

reductions similar to their relative susceptibility to uv degradation. Com-
parison with the effects of charged particle radiation is in progress. Also,

a study of radiation effects and mechanisms of degradation of polymeric
coating • . .. Ap"'' is in progress.
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SECTION 1

INTRODUCTION

The objective of this program is to investigate the mechanisms
by which polymeric thermal control coatings are degraded by the space
environment, i. e., by exposure to ultraviolet (uv) light and charged
particle irradiation in vacuum. One of the aims of the program is the

development of a model for the damage process, both in microscopic
terms, i. e., considering the nature and behavior of the defects formed

in the pigment crystallites, and in parameter form, i. e., relating the
effects produced on the observable parameters (reflectance, electrical
conductivity, gas evolution, etc.) to dose, dose rate, and type of
irradiation.

Such a model will be of great use in the correlation of data, pro-
viding a scientific framework for the interpretation of test results,

indicating where further measurements are needed, making possible more

reliable simulation procedures for the space environment, and leading to
control of the damage mechanisms and thus improved performance. In
addition, it will be useful in the prediction of the damage to be expected
from types, energies, dose rates, and combinations of radiations other

than those actually measured. These predictions will have a greater
reliability for predicting performance than is now available. Previous
wiork on damage mechanisms inr -ile pgiments has been p.rf.orm.ed at
Lockheed and is described in Ref. 1.

In the present program rutile was again studied since it would
constitute a good pigment (high index of refraction) if the degradation in
the space environment could be made less severe. In addition, strontium
titanate was investigated. This material was chosen because many of its
fundamental properties are known(z) and because it has good optical

properties.

F! The basis of the present program is the use of a combined gas

hii chromatograph-reflectance--electricai conductivity facility that enables
measurements to be made on pigments in a controlled atmosphere. In addi-

i:i tion, measurements of reflectance changes are made by the Convair Division
of General Dynamics in-situ in a special reflectometer which enables irradi-
ation to be performed with either uv or charged particles or both.!I

p1



SECTION 2

SAMPLE PREPARATION

Z. I SOURCE MATERIALS

The materials studied in this program have been rutile (TiO2 )
and strontium titanate (SrTiO3 ), both in single crystal and powder
form. The single crystals were from stock already at Gulf General
Atomic, obtained from National Lead Company in the form of boules
from which slices were cut and polished. Crystallographic orientation
is accomplished by x-ray diffraction and impurity analysis by solid
source mass spectrometry. Typical impurity levels for rutile crystals
are: aluminum, 1. 8 ppm; silicon, 4 ppm; chlorine, I ppm; and
potassium, 0. 3 ppm. The strontium titanate crystals were not analyzed.

Powder (pigmentary) rutile was obtained from a number of
sources. A small sample of "very high purity" (99.9 percent) was
obtained in England, having been manufactured by British Titan
Products Ltd. The chief impurities found were chlorine (800 ppm)
and silicon (270 ppm), with the chlorine presumably coming from the
chloride process used. A 1-lb sample of high purity rutile made by
a proprietary colloidal process was supplied at no cost by the
W. R. Grace and C oma.,nn,,,R sanorch Dliviio~n. A. specrtrorraphic

analysis of this sample (experimental lot No. 5037-30A) showed 220 ppm
silicon, 60 ppm aluminum, 100 ppm nickel, and 10 ppm magnesium.
The specific surface area, determined using a BET method with
nitrogen is -1 m 2 /g. X-ray diffraction analysis was carried out and
showed the powder to be of rutile phase with a crystalline size greater
than-1150 J, approaching the limit of this method using KCI for
comparison. The appearance of this material is slightly off-white
(yellow tinged) to the eye. This qualitative coloration does not change
on heating to 100' to 125 0 C. Stabilized rutile pigments vere obtained
from several manufacturers. The one used in most of the work reported
here was Ti-Pure, type R-910, produced by E. I. DuPont. This
pigment (Lot 4392) was analyzed by emission spectroscopy and showed
-4000 ppm aluminum, 1000 ppm silicon, and 10 ppm magnesium. An

additional analysis was made for carbon, in view of the possible
importance of carbonaceous impurities in the oxygen loss process, and
87 ppm were found. A similar analysis of the W. R. Grace material
showed 21 ppm of carbon. This is organic carbon (determined by total



oxidation and subtracting a value for the inorganic carbonate COZ
released on acidification).

Strontium titanate pigment was also supplied at no cost by W.
R. Grace. This material (experimental lot No. 5069-10) has particles
0.2 to 3k in size and a surface area, determined by the BET method,
of -22 m 2 /g. Principal impurities are silicon in the 1000-ppm range
and lower concentrations of aluminum, barium, copper, iron, and
magnesium. The material was not calcined.

2.2 REMOVAL OF CARBONACEOUS IMPURITIES

In some experiments, removal of carbonaceous material from
the surface of the pigment was attempted. Simple heating in an oxygen
stream causes sintering at temperatures below those at which oxidation
of carbonaceous material occurs. R'ýmoval appears to occur as a
result of exposure to uv light and oxygen gas flow at room temperature.
Another technique that has been considered, but not yet tried, is
exposure to oxygen in an atomic or excited form produced by a radio
frequency discharge in oxygen at low pressure. This "plasma
oxidation" has been found to remove graphite and similar materials
at room temperature, and this should be useful as a treatment for
pigments or even coatings.

2.3 QUARTZ DISPERSANT

To make if possible to vary flow conditions in the gas
chromatograph, and to vary the degree of uv penetration throughout
a powdered sample, quartz dispersant powder was prepared. The
nuartz was first crushed with a steel ... ortar and pestic and then
further reduced with a ceramic mortar and pestle to an average of
70 mesh. Chemical cleaning was achieved in boiling HNO 3 followed
by a distilled water rinse (10 times). The last water traces were
evaporated, and the quartz powder .yas then kept in a clean container.
This material appears to be a useful inert diluent.

2.4 METHODS OF PREPARING ADHERENT SAMPLES

FROM POWDERS

Various methods were tried for the preparation of adherent
discs, that can be handled, from powdered material. Compression in
a hydraulic press, in a die usually used to prepare samples for
infrared spectroscopy by compaction with KBr, proved juccessful.
Some discoloration occurred, but this could be diminished by using
an oxygen atmosphere, with slow compression. At the suggestion
of Carl Boebel of AFML, water spraying was also tried. A
suspension of TiO, in distilled water was sprayed through an atomizer

3.
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onto a metal plate mamtained at -120 0 C. For some pigments on some
metal plates, this mnethod works very well. For other pigments, it
is very difficult to obtain; dispersion in pure water, even using
ultrasonic agitation, and it was also found difficult to obtain adherent
coat.,gsa on the stainless steel discs used in the Convair in-situ
refle-tometer. Dispersion in alcohols or Freon was usually good,
and these materials can be used at lower temperatures. Because of
the possible effects of orga.:iic materials retained by the pigments, it
was not desired to use dete. gent or other dispersive agents.

Several other methods of preparing layers were also tried.
These included casting, i. e., allowing a slurry to dry, and hot dipping,
i.e., warming a metal sample plate and dipping it into a slurry of the
proper consistency. These methods produced reasonably coherent
layers, but with a somewhat coarse surface appearance.

To obtain sufficient adhesion, the first samples run using the
Convair in-situ reflectometer employed a binder, Sylvania's well-
established PS-7 potassium silicate, used in a 50 percent mnixture
by weight. The material was applied by spraying and was allowed
to cure at room temperat ire.

4I
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SECTION 3

EXPERIMENTAL APPARATUS

This section describes the apparatus developed and used for the

present program. This apparatus consists of two facilities: 1. A
combined facility at Gulf General Atomic for gas-chromatographic,

optical, and electrical measurements on pigments enables measure-
ment of their reactions and properties to be made while they are in
a stream of ultrapure helium gas; this permits close control of

their surface condition; 2. A facility at General Dynamics/Convair
makes possible the irradiation in vacuum of coatings with combined
uv light and particulate radiation, and the in-situ measurement of

their reflectance properties without removal from the vacuum system.

3. 1 GAS CHROMATOGRAPH

3. 1, 1 General Objectives

A gas chromatograph is used to identify and measure the gas or

gases evolved when pigments are irradiated with uv light or charged
particles. The powdered material is permeated by a flow of ultrapure
helium gas, which is used as the carrier gas for the chromatograph.
Electrical and optical measurements can be made on the sample while
it is in the apparatus. The system can also be used to expose a sample
to short-duration pulses of other gases, such as oxygen, so that the

changes produced in the electrical and optical properties can be measured.

3. 1.2 Aeparatus

The gas chromatograph apparatus is shown schematically in
Figure 1. The basic instrument is a Loenco Model 15, with inter-

changeable columns to nrnvirlq- different lengths a., colmn- .m......
For the present application, the columns are packed with a molecular
sieve. Various modifications have been made for the purposes of this
study. Helium is used as a carrier gas and is purified to a few parts

per billion by passage through a cooled molecular sieve trap. A gas
sample injection loop provides for the injection of a controlled volume
of a desired gas. This may be a premcasured "standard" mixture,

5
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used for calibration purposes, or a gas such as oxygen so that the inter-
action with the sample can be studied. In the latter case, the gas
chromatograph is itself used to measurc the uptake of oxygen by the
sample, by comparing the oxygen signal found when a volume of oxygen
is injected with the sample cell bypassed with that lound when the sample

cell is in the stream. The solid sample cell is arranged, as shown, so
that it can be bypassed. Suitable cells are available for the measurement
of optical and electrical properties while the sample is in the helium stream.

If gas is evolved from the sample in a fairly short burst (-I sec),
the evolved gases are carried by the helium stream to the columns,
where they pass through at different rates and yield separated peaks on a
recorder chart. If the evolution of gas is slow, as in most of the work
performed on pigments, a different method is used, in which the evolved
gases are accumulated over a period of time in a nonreactive trap. The
helium stream passes through this trap after passing through the sample,
although the trap can be bypassed if desired. The trap presently in use
consists of silica gel, previously baked at 180 0 C, cooled to liquid nitrogen

temperatures. The trapped gases can be very rapidly released by heating
the silica gel to -125 0 C in a few seconds, and they then enter the gas
chromatograph for analysis. This arrangement works well for H 2 ., 09

N,, CO, and CO?, for which calibration measurements have shown
that trapping and release are both complete.

3. 1. 3 Experimental Procedures

After a sample has been placed in the cell, the apparatus is
purged with helium (generally overnight) and the trap is baked out.
Bypassing the sample cell and trap, a sample gas mixture is injected
to give a quantitative calibration of the gas chromatograph. The trap is

...... p d or, strearn, anduoo-- -j to liquid nitrogen temperatures, and
the background impurities in the helium gas stream are condensed for

a suitable time, typically 30 min. Typical background concentrations
are: 02, 18 parts per billion (ppb); N?, 20 ppb; CO?, not measurable
(<l ppb); CO, not measurable (<2 ppb). Background concentrations are
repeatable but appear to arise from small leaks. They can be reduced
to very small values by using an additional trap (of molecular sieve
cooled with liquid nitrogen) just ahead of the sample cell. Typical
concentrations of 0 and N? are then <2 ppb. The samnle cr11 is then

introduced into the line, and a check is made to determine that the back-
ground with the sample in the line is the same as that without the sample.
The sample may then be irradiated (with uv light, for example); and the
evolved gases are collected for 30 min in the cooled trap, then dumped

and measured by the 8gas chrornatograph. Typical readily available
sensitivities are 10- moles of most gases. Since a 0. 1- or 0. 01-mole
sample can be used, a gas evolution of 10-6 or 10-7 of the sample
weight can be studied.

7
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3. z ELECTRICAL CONDUCTIVITY

3. 2ý 1 Fundamental Considerations

Changes in the electrical conductivity of pigments are associated
with the changes produced in the optical properties by irradiation and
are expected to be a very sensitive and useful technique for the study
of the fundamental changes produced in thermal coating materials by

irradiation. By inducing changes by different but controlled means--
as, for instance, chemical reduction or through irradiation by uv light
or charged particles- -response can be measured and compared to give
a clue to the determining primary mechanisms. Measurements on

powders using DC techniques are, however, complicated by such effects
as packing of the powder and are difficult to reproduce or interpret.
Measurements using AC make it possible to separate out contact effects,

and also yield additional information. Apparatus for these measurements
will be described here.

The perturbation of the periodic potential of a crystalline
solid, such as occurs in a finite crystal at a surface, leads, within the
band approximation, to the appearance of new energy levels within the

band gap in the region of the surface. Such intrinsic surface states can
serve as acceptors or donors %\hn gas is adsorbed or desorbed, and

such charge transfer leads to a change in the conductivity of the surface
region relative to that of bulk, and, in some cases, an extensive electrical
double layer may be formed. This situation obtains in both single-

crystal and polycrystalline specimens, although a much more complicated

behavior is to be expected in powdered specimens.

,t~r 4 +), ithin uhc4am.e-:'7ork of the sLiuple b-jaiiu decriptLion, one can
attempt to describe the system in terms of an equivalent electrical

circuit, This suggests that a study of the conductivity of powdered
specimtnens as a function of frequency should permit discrimination

between the various regions of conductivity resulting, in part, from
the intrinsic surface and bulk conductivities of individual crystallites.

That such a discrimination is possible may be seen from the

following general considerations. The measured conductivity is a
volume average of the various relevant local conductivities, weighted

by the magnitude of the electric field at each point. At low frequencies,
the current and hence the electric field is determined by the conductivity.

The measured conductivity will at these frequencies be weighted in favor

of the low-conductivity regions, where the electric field is large.
Therefore, if the surface region is that of lowest conductivity, one
measures at low frequencies essentially the surface conductivity



(weighted by appropriate volume factors related to the apparent

powder density).

At high frequencies, the current is determined by the dielectric
constant. The variation of the dielectric constant over the sample is
usually much smaller than that of the conductivity, and thus the electric
field will be more uniform throughout the sample at these frequencies.
The measured high-frequency conductivity will therefore be closer to
a simple volume average. For th.e case of a low-conductivity surface
region on a high-conductivity interior, one thus measures at high

frequencies essentially the bulk conductivity (again weighted by
appropriate volume factors).

Thus, as the frequency is varied, one probes regions of differing
conductivity. The more general case,which includes other contributions

to local conductivity variation (grain boundaries, interparticle contacts,
etc. ), is, of course, much more complicated, but in principle the

discrimination between regions still obtains.

3.2. 2 Setup and Technique

The technique which is utilized on this program involves the
measurement of the conductivity of either a powdered specimen or
single-crystal samples as a function of frequency over the range 103

to 1010 Hz and of the changes in conductivity, again as a function of

frequency, rehulting from ultraviolet or particle irradiation,

An important consideration is the desirability of being able to
quantitatively monitor chemical changes which result an the evolution

of one or more gaseous reaction products from the specimen. By

aicorporating the specimen cell used for the measurement of electrical
conductivity into the stream of a gas chromatograph, both qualitative
and quantitative studies can be carried out. The gas chromatograph is
describe!! separately.

A schematic diagram of the conductivity apparatus used for

the range 103 to 108 Hz is shown in Figure 2. A Marconi Instruments
Ltd. type TF 1Z45 "Q" meter in conjunction with a type T- 1246
matched wide-band, stabilized oscillator is used as the basic setup.
la order to measure the conductivity of the powdered samples, a

single conductivity cell had been designed(3'to permit measurements

over a very wide frequency range (Figure 3). A stainless steel chamber
with a coaxial center electrode was constructed so that the ratio of the
diameters of the inner and outer conductors causes the cell to form a

coaxial line with the characteristic impedance of 50 Q. Electrical

connection is made at the upper end of the chamber, where the outer

9



o (11

.0

I j L)

00

16,~

*110



GAS EXIT TO
CHROMATOGRAPH

FROM GAS
CHROMATOGRAPH

UG-30 C/U CONNECTOR

GLASS TO METAL SEAL

ANEOPRENE O-RING

MODIFIED TYPE N
CONNECTOR UG- 21D/U

OUTER f
CONDUCTOR +'GAS RETURN TUBE

CENTER I
SAMPLE -~

CONDUCTOR

SUPPORT

QUARTZ WOOL/

Fig. 3 - Conductivity Cell

11



*I

part of a "Series N" plug mates with an "improved Series N" bulkhead
receptacle equipped with a glass-to-metal seal. A neoprene 0-ring
completes the upper-chamber seal. Tubulation at the top and bottom of
the chamber permits gas to flow through the conductivity cell. The

6 cei ter conductor terminates short of the end of the outer conductor
and is supported and held coaxial with the outer conductor by an
alumina plug which rests on the bottom of the chamber. This plug
also serves as support for the sample, which fills the lower end of
the cell and is held in position both by gravity and the downward-
flowing carrier-gas stream. Single-crystal samples are measured by
applying silver paint contacts and treating them as a parallel
plate capacitor.

At low frequencies (103 ! f S 10 8Hz), the cell and sample
combination has the characteristic of a lossy capacitor. To determine
the loss (and hence the conductivity), the sample cell is placed in
parallel with the tuning capacitor of a 0-meter and the resonant
capacitance is adjusted to obtain a resonance condition.

The Q-meter is set up as a series RLC circuit where the
"unknown," the conductivity cell with the specimen, is connected across
the capacitor terminals, The Q-meter is first balanced at the desired

measurement frequency, without the cell being connected, by using an
appropriate plug-in coil with inductance L and adjusting the internal

variable capacitor for maximum Q. The values for Q, for the inductance
L, and for the frequency are noted. The conductivity cell is then connecLed
across the capacitor teirninals, the bridge rebalanced, and the new value
of Q measured. This procedure is then repeated for other desired
measurement frequencies.

3.2.3 Derivation of Circuit Equation

The esserntial circuit is indicated in Figure 4. The complex
impedance may be written as

Z(jw) = jwL + r 1 (1)

+ frC

where r is the series resistance of the circuit, and R is the sample
resistance placed across the Q-meter capacitance. The current is
given by

12
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and thus the voltage appearing across the capacitor is
1

V (t) = 1(t) (3)C Ij~

so that
V
-- = (4)V. Z I + j•jC

R+ l-WLC) + j(wL/R + rwC)

and the "gain function" or modulus becomes

VC i c..(6)
' + 1 L C + L/R+rwT

At resonance, with w =1 it can be shown that

V
-C q (7)

V.
in

where q is the so-called circuit "quality."

Then at resonance,

1 (8).

For ordinary values oi r, R, L, and C,

(;r; $(+~iV9)

so that I

4(10)1C
r C
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With the sample in the circuit,

qin =q(i

and with the sample out of the circuit so that ideally R

q out C (12)

Thus,

li1~ T (13)
qin qout R F"3

letting

Lq- q ou - qin (14)

and rearranging, it follows that
q in qout

RLq (15)

Reduced to laboartory measurables, this becomes

Lqin qou 
(16)

0 Aq

where w 0= n f and f = frequency at resonance
ores res

L = value of external inductance

qin = circuit "Q" with conductivity cell connected
in parallel with capacitor

qout = circuit "Q" with capacitor alone (conductivity
cell removed)

Aq = q out- q in

8 10
At higher frequencies (10 < f < 10 Hz), the conductivity

cell may be treated as a transmission line, which is open circuited
at the end and terminated with the sample, which is "lossy." A

General Radio oscillator type GR 1021-P2 is used as power source

up to 920 MHz, a Hewlett-Packaid type 616A up to 4, 000 MHz, and a

15
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klystron to get a point near 10, 000 MHz. A slotted line is used to

determine the voltage standing wave ratio (VSWR) in front of the cell.

The shift in the VSWR and in the voltage minimum produced wvhen sample

is introduced into the cell is measured, and from these the conductivity

of the sample can be determined using standard microwave techniques.

16



3.3 REFLECTOMETER FOR USE WITHi GAS CHROMATOGRAPH

of samples to be measured while they are in the helium stream of

the gas chromatograph, since exposure to air produced changes in,

or bleaching of, the reflectance. The sample is in the form of a

powder contained in a quartz cell and is viewed in one of two ways.
In the first method, the powder is viewed from beneath, as it rests
on a lower quartz window. In the second method, the top surface is
viewed from above through an upper quartz window. The helium

stream can be arranged to "fluidize" the powder for uniform irradiation
by a uv lamp through the lower quartz window.

In most of the measurements reported here a single-beam
system was used, in which white light is chopped and falls at normal

incidence on the sample. Light diffusely reflected at 45 deg is
passed through a monochromator and detected by a photodetector
and tuned amplifier. The wavelength dial of the monochromator is
motor driven, and an electric signal analogous to the drum position
is fed into the X-axis of an X-Y recorder. The amplified output of

the photomultiplier situated at the monochromator exit slit is
applied to the Y-axis. Neutral density filters are positioned in the
optical path of the reflected light as required to avoid fatigue of the
photomultiplier. Traces are recorded several times with both

increasing and decreasing wavelengths to demonstrate reproducibility.

A reference sample made of MgO can be moved into the place

of the sample under investigation. In this way, reasonably good
measurements can be. mdo ls r, ..-letnce as a .lu.c.t.io
of wavelength. An MgO reference standard was prepared by smoking
with magnesium ribbon. The system response to this standard iX 6)

used in conjunction with the spectrum reported in the literature(
for the calculation of our reflectance reference curve. A Kodak diffuse

reflectance board is used as working comparator to check the system
just prior to and after each reflectance determination.

However, this single-beam system involves rather tedious
data reduction with its associated errors. Accordingly, a dual-beam

system was designed and built. The optical arrangement is shown
in Figure 5.

Light from a single source is allowed to follow one of two
optical paths, depending upon the instantaneous position of a mechanical
chopper. When the light beam traverses one path, the light is reflected
from the surface of a reference specimen, and when the light traverses
the other path it is reflected from the surface of the test sample. Both
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light paths converge on the entrance slit of a scanning monochrornator,
traverse the monochromator, and then fall on a photomultiplier
mounted at the exit slit of the monochromator. The light signal thus

presented to the photomultiplier consists of a periodic time sequence
with amplitudes related to the reflectance of the reference specimen
and the test sample.

The waveform has the shape shown in Figure 6. VI and VZ

are proportional to reflectance of the sample and references, respectively.
Transients occur while the beam is being chopped off one sample and onto

the -ther, as shown at A and B in Figure 6. To process this signal, a
gated amplifier system is used as shown in the block diagram in
Figure 7. There are two channels, the signal channel and a reference
channel which is used to synchronize the signal channel with the
mechanical chopper. In the signal channel, the composite signal,
generated by the PM tube, is first amplified by a DC amplifier. The
amplified composite signal is presented to the inputs of a pair of
analog gates. The gates are controlled by the reference channel,
with one gate being opened for a short time while the light beam is
reflected from the reference specimen and the other gate is
then being opened for a short time while the light beam is reflected
from the test sample. The gated signals are integrated by RC time

constants and passed through identical buffer amplifiers. The output
from the reference signal buffer amplifier is displayed on meter I,
which indicates the magnitude of the light reflected from the reference
specimen. This output also is compared with a DC reference voltage,
and any difference between the reference signal and this DC voltage
is amplified by the AGC amplifier and used to control the gain of the
input DC amplifier. The resulting AGC feedback loop serves to

maintain a constant output from the reference signal buffer, as indicatedp
on meter 1, and a l100 percent change in signal from the reference
specimen reaching the PM tube is reduced to a +1 percent change in
signal level at meter 1.

Meter 3 then reads the ratio of the reflectance of the sample

to that of the reference specimen at the same wavelength.

The outputs from both buffers are applied to the inputs of a
-............. r. . U cat on meter Z the difierence in

intensity between the reference sample and the test specimen. The
AGC loop maintains a constant reference signal to the difference

amplifier, so that changes in the reflectance of the test sample
are read directly on meter 2. In this way, small differences can be
readily measured, since this meter reads zero when both the reference
specimen and sample have the same reflectivity. The signal applied

to meter 3 is also applied to the Y-axis of the X-Y recorder as in the
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single-bearn. version.

Provision is made for varying the angle at which diffuse
reflectance is measured, in view of the axovr-nalous results recently
found at Lockheed using the' "light pipe" in-situ reflectometer, which
had a fixed angle of xeasurement.
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3.4 IN-SITU APPARATUS FOR MEASUREMENT OF
REFLECTANCE CHANGES IN COATINGS AFTER
EXPOSURE TO COMBINED ULTRAVIOLET AND
PARTICULATE IRRADIATION

This equipment, designed and built by Convair Division of
General Dynamics Corporation, enables eight samples to be mounted
in a vacuum chamber, to be exposed one at a time to either uv or
charged particle irradiation or both at once, and to have their
reflectance measured over the range of 0. 23 to 2. 3 i without
removal from the vacuum system.

The apparatus consists of a horizontal 12 in. diameter vacuum
chamber incorporating an integrating sphere, particulate beam tube,
sample cooling thermostat, and sample wheel as shown schematically
in Figure 8. Photographic views are .hown in Figures 9, 10, and 11.
The samples are mounted on a central axle arid may be rotated 180 deg
from the irradiation position into the integrating sphere fo reflectance
measurements. Monochromnatic beanms are provided by a Beckman
DK-2 spectrorefiectomTeter and are made incident to the sphere by
transfer optics as shown in Figure 8. Ultraviolet radiation was

provided by a General Electric BH-6 lamp, and electr'ons and protons

were provided by thC Convair Dynamitron. In the following
subsections, these components are discussad in some detail.

3. 4.1 Spectrophotorneter

A Beckman model DK-Z spectrophotometer was employed to
provide light dispersion, detection, and recorirngy, This is a dua!-beam
instrument which ordinarily is used to mneasure percent absorption as
a function of wavelength. It is readily adapted to the requirements of
reflectance measurements, since it is a ratio recording device.
With the present arrangement, it was necessary to "reverse" the
beams, i. e. , make the sample beanm follow the path conventionally
followed by the reference beam, and vice versa. This was accomplished
by a simple modification of the instrument electronics. The instrument
scans the full spectrum and provides readout on a chart.

3.4.2 Transfer Optics

Tihe transfer optics for the sample and reference beams
between the Beckman DK-Z and the integrating sIphere consist of six
front-surfaced aluminized mirrors and two sapphire windows. The
sapphire windows are a matched pair and were tested for tra nsunittance
and thermal stability before installation in the system. Each beam
employs one concave mirror and.1 two plain nmirrori:; and one window
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which serves to admit the beam to the vacuum tank as shown schematically
in Figure 8. By means of the movable mirror mounts the beam lengths
were adjusted to be identical. The front surface mirrors were checked
for thermal stability and ground, polished, and aluminized in the
Convair optical section. The full set of six mirrors were aluminized at
one time to ensure uniformity between the two beamf-.

3.4.3 Integrating Sphere

The integrating sphere employs a center-mounted sample and
is of the absolute type in that it requires no reference sample. It
has a 5 in. inside diameter, and the inner surface is coated with
2 mm of MgO.

The monochromatic sample and reference beams enter the
sphere through openings as shown schematically in Figure 8. The
sample beam strikes the sample in the center of the sphere. The
reference beam strikes the sphere wall at approximately the same
position as a specularly reflected beam from the sample would strike
the wall. This optical arrangement helps greatly to eliminate
errors due to non-uniform illumination of the sphere. The trace
corresponding to 100 percent reflectance is obtained by rotating
the sample out of position, so that the sample beam strikes the sphere
wall at a point approximately opposite that at which the reference beam
strikes the wall.

The detectors are mounted so as to view symmetrically the
point at which the sample and the reference beam strike the sphere.
A photomultiplier tube is used from 0.23 to 0.6 p., and a lead sulfide
cell is used from 0.6 to 2.3 4. The face of the end-on photomultiplier
tube and of the lead sulfide cell mount on the surface of the sphere.

3.4.4 Sample Wheel and Therrmostatting

The samples are attached to a sample wheel which is mounted
to a central axle in the chamber. Front and side views of the sample
wheel are shown in Figure 8. The side view is shown as the sample
is contained in the vacuum tank. The sample wheel can accomodate
ei -iht In rA1r At&- sarnl#P. non sample. at a tirno c-n hP irradiai;-.

The substrate discs are made from stainless steel 0. 020 in. thick.
Samples are placed in the irradiation position for application of
radiation flux and placed in the measurement position for the
determination of reflectance characteristics. This placement is
accomplished by rotating the sample wheel using a cylindrical magnet,
which can be seen in Figure 9 at the far right end of the vacuum
chamber. By using magnetic coupling for the rotation of the sample
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wheel, the difficulties associated with vacuum seals were eliminated.
A portion of the magnet housing was marked so as to provide indexing
of the wheel position in terms of sample numbers.

A sample being irradiated requires cooling to dissipate the
heat deposited in it. The metal bellows arrangement, shown in
Figure 8, was used to provide thermostatting of the sample. After
a sample is rotated into position, a 1-in. diameter metal tube, cooled
by a constant flow of water, is moved inward to a point where the angled
surface is in full contact with the sample backing. This provides
temperature control throughout the irradiation of the samples. After an
irradiation is complete, the cooling device is moved away from the
sample to allow the wheel to be rotated.

3.4.5 Irradiation Geometry

In the ideal case, the particulate and uv radiations should
strike the samples simultaneously and from the same direction, but
the constraints imposed upon a laboratory simulation preclude this
procedure since one radiation beam would have to be transmitted
through the source of the other. If the uv source were of sufficient r

power to permit its removal to an appreciable distance from the target
or if it radiated a parallel beam, both beams could be caused to
impinge normally on the samples; currently available uv sources do not
meet these criteria. To cause both beams to impinge on the sample
as close to normal as possible, it was decided to have the beams
45 deg apart, with the sample positioned so that each beam strikes
the sample with an incident angle of 22. 5 deg from the normral.

The sa..ýple, w1hein positiuned fur irzadiation, is at JA an nge

of 22. 5 deg from the normal for the flux of ionizing radiation and also
for the flux of uv light. The geometrical arrangement, shown in Figure
8, makes possible simultaneous irradiations with uv and charged
particles. Both the charged particle beamn and the uv beam are confined
by the internal defining tubes shown in the figure so as to prevent
radiation from striking samples other than the sample in the
irradiation position.

3..4. 6 Vacuum Chamber

The chamber is mounted on a zi~gid aluminum, frame, An
Ultek ion pump is suspended below 41he tank and is connected to the tank
through a 6 -in. gate valve. 'ihg ion pump is operated continuously.
Before venting the tank to atmospheric pressure, the gate valve is
closed, the pump being left on. This procedure shortens the pump-down
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time needed for the next evacuation. Four Vac-sorb pumps mounted on
a manifold can be used individually or together for initial pumping
from atmospheric pressure. The use of four cryo-pumps gives a
short pump-down time and gives a pressure low enough to avoid
problems with the ion pumps. In some instances, the pump-down
time required to pass from atmospheric pressure to 10-7 torr was
less than 15 min.

Initially there was a problem with plasma discharge from
the ion pump at the start up: these discharges can cause significant
changes in sample properties. The problem was essentially
eliminated by a change in operating procedure and a modification of
the system. The procedure now used is to ensure that the pressure
in the tank is reduced to a level below the Paschen region before
the gate valve is opened to the ion pump. In addition, an ion

deflection system consisting of alternately charged grids was I
installed to help control any back-streaming of ions that might occur.

Pressure measurement was made using a glass ion gage, with
a CVC copper foil trap installed between the gage and system to
eliminate false pressure readings from any contamination that might
be emitted from the samples.

The oil-pumped accelerator vacuum system is separated from
the clean ultrahigh vacuum system of the reflectance chamber by a
thin window. The window, which need not support atmospheric
pressure, can be of 0. 00025-in. Mylar. Currently a 0. 002 in.
aluminumn window is used, which causes an energy loss that is
negligible for electrons but severe for protons. To obtain an energy
of 1MeV after passing th.ough te window, i. r. 5 MeV electrons '1

imust be used, while for protons an initial energy of 2 MeV is needed.
A collimating aperture is provided after the window so as to eliminate
the scattered beam and provide a well-defined area. Magnetic
sweeping coils are available to scan the bearm over the sample, but
the uniformity is satisfactory without their use.

3.4.7 Ionizing and Ultraviolet Radiation

A section zf the accelerator and vacuum system can be seen
in Figure I1 with the in-situ apparatus in the background to the far
right. Electrons or protons generated and accelerated in the Dynamitron
are directed down a beam tube to a deflection magnet where the beam
is deflected 90 deg and directed into the in-situ apparatus, through the
particulate beam tube shown in Figure 8, the 2-mil aluminum diaphragmn,
and the beam diameter limiting tube. Measurements of flux are made
using a Faraday cup with an opening having the same size as the sample,
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which can be moved into the sample irradiation position. The Dynamitron 
I

can provide electrons or protons in the energy range from 0. 4 MeV
to Z. 5 MeV.

3.4.8 Low Energ Ion Source

A duoplasmatron ion source, built at Gulf General Atomic,
permits irradiation of samples with hydrogen ions or electrons with
energies from 100 eV to 60 keV. The ions are ,n-ass analyzed to remove
the H? and H3 leaviiig a pure proton beam. Electrons can be obtained
simply by reversing the sign of the extraction and accelerating voltages.

The beam of ions or electrons is not completely unifoim, and magnetic
scanning is used to provide uniform irradiation of a 1 in. diameter
sample. The current available is 10 pA of H+ and 1 ma of electrons. This
ion source replaces the particulate beam tube on the in-situ apparatus.
When using protons, the ion beam may be neutralized with electrons,
a procedure that is intended to eliminate surface charge-up of the
dielectric samples. Provision is also made for a more direct method
of keeping the sampJ.e surface neutralized, by using a flood of electrons
of thermal energy from a filament near the sample, but shielded from
it to avoid deposition of tungsten.

Since the proton flux must be measured in a neutralized beam,
a simple Faraday cup is not adequate; therefore, a special Faraday
cup is also used. Simply turning off the power supply to the
neutralizing filament is also not sufficient because (1) the beam is
likely to be partially neutralized anyway, and (Z) the removal of
neutralization will change the bearn spread slightly. The Faraday
cup has two negatively biased electrodes with apertures in front of
its entrance; one serves to repel electrons in the beam and the other
to contain secondary electrons that would otherwise be emnitted from
the Faraday cup. The Faraday cup is coated with gold black to avoid
complications from uv-induced photoelectron enmission. Measurements
can then be made without turning off the uv lamp.

The ultraviolet source used consists of two General Electric
BH-6 lamps. These lamps are mounted in a water-cooled metal box.

,oth lamps ae• e air cooled oy air jets at the locations recommended
by the manufacturer. One or both lamps may be used for irradiation.

Recently, a 3000-watt xenon arc light source has been installed.
In addition, a system for periodically making measurements of the
light source has been designed and io being installed.

31



The spectral distribution of irradiance at the sample is
required, since the output from the arc tends to decrease as the arc

ages. The decrease occurs in the critical uv portion of the spectrum.

To make an irradiance determination, the arc is repositioned
so as to enter a small integrating sphere through a limiting aperture
and (if reauired) an attenuator. The arc is kinematically mounted in
either the sample irradiation or irradiance--calibration position and can
be readily shifted from one position to the other. The Beckmnan spectro-
photometer is then used to compare the xenon source with a National
Bureau of Standards irradiance standard.

3.4.9 Data Reduction

The Beckman DK-2 produces in chart recorder form a plot of
reflectance versus wavelength from 0. 30 through 2. 10 p. A template

chart and the corresponding values of reflectance are noted. The

reflectance value at Z. 10 p is assumed to hold for seven additional
wavelengths from 2.50 to 7.00 p. The 46 values for the total reflectance
obtained in this way are then keypunched on data originating cards.
An in-house CDC 6400 computer program is used to compute the solar

absorptivity from the 46 data points for reflectance. The solar
spectrum energy used in the computer program is taken from the well

known Johnson curve. A correction is made for the approximately
6 percent of the solar energy falling outside our measurement range.
In addition, a plotting program enables the 38 data points originally
taken from the Beckman chart to be plotted in standard form, together
with sample identifying data. An example is shown in Figure 12.

A print out of the data and computer values of solar absorptance is
also given as shown in Figure 13.
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SECTION 4

RESULTS

As indicated in the Introduction, the measurements reported

here are of a preliminary nature and do not yet make possible a
detailed understanding of the mechanisms of damage to thermal

control coating pigment materials. Much of the effort has been devoted
to making reliable measurements, and this forms the be sis of the
work to be done in the continuation of this program., The. studies that

have been performed thus far are described here. One set of

measurements was aimed at characterizing the chemical and physical
processes occurring when the pigments are damaged; this involved
comparing the effects of chemical reduction of the pigments with
those of uv and particulate irradiation, and comparing gas evolution and

absorption with changes in optical and other properties. A second set
involved detailed measurements, at General Dynamics/Convair, of

changes in the reflectance of pigment layers exposed to uv and
particulate irradiation, the measurements being made 'in situ'", i.e.,
without removal of samples from the vacuum. The second set of
measurements was made on p:.ginents already charactereied by the
first set and serves to relate the performance of the pigments to the
processes found to be occurring.

4. 1 CHEMICAL REDUCTION OF RUTILE POWDERS AND

SINGLE CRYSTALS

A series of measurements was made on the chemical reduction

of rutile. These measurements were motivated by the following

consideration s. Most of the vast body of literature on color centers
and electron donors ui rutile has concerned studies on chemically
reduced rutile. It is of obvious importance to relate the u,%. effectS

on rutile, believed to involve reduction, to this body of knowledge and

to compare the two processes in terms of their effects on optical
properties, electrical conductivity, and EPR. Further, there are

numerous discrepancies in the literature regarding redud:tion of
rutile, some authors claiming that simple reduction of oxygen paitial

pressure is sufficient to promote reduction at elevated temperatures
(near 950°C) and others that hydrocarbons or other reducing agents

are necessary. There also appear to be differences in reduction between

single crystals and powders, with crystals reducing under conditions
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w~bere powders will not, This would indicate an important role of the

surface in the reduction process, and correlation of the ease of
chem4ica! reduction with the sensitivity to uv degradation might give
important i-Zformation on the mechanisms of the latter process.

'The procedures and results of the present study are described
in detail in Appendix I of this repor:. In brief, comparisons were
made (1) of the reduction behavior cf differeut rutile specimens
(powders, single crystals) exposed to the same environment and
(2) of the effects of different ambients (clean and dirty vacuum,
gaL flows).

Very marked effects of contaminants were noted. In particuL r,
materials evolved from pigments on rapid outgassing can cause severe
reduction. This can be diminished in part by outgassing while raising
the temperature slowly, giving time for the impurities to be removed.
The conclusions reached were that:

1) No reduction results when rutile powder is exposed
to a flow of purified hlium gas at 950°C. It appears
that lowering the partial pressure of oxygen in the ambient
atmosphere is not sufficient to bring about reduction
o; TiO , powders.

21, No reduction results when TiO2 rutile single crystals
are expoc;ed to a flow of purified helium gas at 9500C.

3) No reduction results fur powder at 950'C when the
(air1 ambient pressure is reduced by a factor of 10-6 as 4
Jvig aS 11O cu.La.LziIxila iJ.s ger•erated or permitted to

enter the system,-. This contrasts with numerous reports
of reduction at 9500C or less at pressures up to several
rnillimetei s Hg.,

4) A trapping train of molecular sieve and activated
charcoal cooled to liquid nitrogen temperatures i.s effective
in blocking contamination from a mechanical forepump. I
5) Desorption of impurities from "ab received" powder
cun lead to reduction even in a "clean" vacuum system. i
6) Condensed contamnination in the system may not be I
removable by heat alone but may require chemnical means.

7) Even small quantities of methyl alcohol, introduced
in the vapor phase, cannot be removed from the powder by
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I

heating and evacuation near 2000C, and lead to reduction
of the rutile when the temperature is increased.

8) Single crystais are more sensitive to reduction
by contamination than powders.

9) The relative susceptibility of ro•ile powder to
reduction can be influenced by "impurities" in the powder,

10) The susceptibility of some rutile pigments to chemical
reduction correlates with the extent of the reflectance
degradation under irradiation.

Samples of reduced rutile powders were prepared for

comparison with material exposed to uv light. The reduction was
accomplished by flowing 10 percent H 2 /90 percent Ar (modified forming gas)
at a slow rate through the tube while the sample was at 9500C for
about 2 hr. Reduction of the TiO2 was indicated by the blue
coloration. This was checked for reversibility by heating in air to
-800'C for between 1/2 and I hr; the oxidation bleached the color
back to the original white. The reduced material was also
checked for its rutile crystal structure by x -ray diffraction.

Samples of outgassed pigments were prepared by heating slowly
up to 900'C in a clean vacuum, followed by reoxidation and cooling
in an oxygen flow. This procedure causes some sintering.

Reduction of single-crystal material was also studied for
SrTiO3. Sections cut from the center of the boipe 2ould be reduced

using either H2 or CO. However, some pieces cut from the outside
of the same boule could not be reduced under any conditions,
suggesting an impurity effect that is being investigated. Chemical
analysis has shown no difference between the regione.

Since the ease of chemical reduction of a rutile powder seems
to correlate with the resistance to degradation by uv, it is possible
that a simple screening or acceptance test for rutile pigments prepared
or stabilized in different ways could be developed.
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4.2 INVESTIGATION OF UV EFFECTS ON OPTICAL
PROPERTIES USING GAS CHROMATOGRAPH
APPARATUS

The effects of uv irradiation an the reflectance of powder
samples of rutile and strontiurn titanate have been studied using the
reflectometer and gas chroiatograph system.

Reflectance curves for a DuPont R-910 rutile powder are shown
in Figures J4 through 21. The wavelength scales are nonlinear, the.
short wavelength region being spread to show the changes near the uv
absorption edge. No smoothing of the data was undertake-. Although
scatter may account for some of the fine structure, consistency of some
of its features throughout part or all of this experimental series of
measurements indicates that it is associated with the sarnplt and not
with the apparatus.

Trace I of Figure 14 was taken with the powder in the "bs-
received" condition. For this specimen, the same response was obtained
when measurements were made in a heliuum gas atmosphere and under

a liquid nitrogen trapped. forepump vacuum with a pressure of <5 P h1g.
The specimen was then exposed to uv irradiation from the AH-6 source
at a distance of 6. 5 cm for 30 min. Gases evolved during this irradiation
were accumulated and then analyzed with the gas chromatograph.
The in-situ reflectance spectrum after irradiation is shown by the
lower curve in Figure 14. The principal degradati, a is near the uv,
but this depends on the "state" of the specimen. For this material,
which was not pretreated, one can observe a continual change in the
spectrum as the experiment proceeds with a series of uv irradiations,
exposure to vacuum, and exposure to certain specific ambient gases.
The effects of a similar 30-rain uv irradiation near the end of this
experimental series is shown by the curves in Figure 15. The decrease
in reflectance produced by the irradiation is now rather uniform across
the spectrum, but the state of the specimen was different from the initial

condition. corresponding to Figure 14.

It was observed that if the specimen was irradiated with uv
and then kept for i6 to i8 hours under vacuum, the reflectance falls
below that immediately after the irradiation. In Figure 16, the upper
curve was taken just after a 30-min uv irradiation and the lower curve
16 hours later. The same trend was noted ii. the results shown in
Figure 17 except that in this case the specimen was also illuminated
during the 18-hr period by a standard tungsten lamp. When the powder
i first reirradiatcd after exposure to vacuum for 16 to 18 hour a, the
reflectance is increased as seen in Figures 18 and 19. After an
accumulated uv exposure of 180 mirn, the specimen was exposed to an
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ambient atmosphere of 10 percent 02/90 percent He. The reflectance
spectrum at this stage is given by- trace 1 of Figure 20. The oxygen
was then removed and roonm air was admitted, which resulted in trace 2,
taken imm.rediately after the exchange. The air was then evacuated and
the reflectance remeasured, which showked a large further recovery
as indicated by trace 3 of Figure 20. The explanation for this is not
clear. Initial measurements made on this specimen under vacuum
and in ai.r have shown no change. Howev'er, the specimen surface
may well have been put into a nonstable condition as a result of the
irradiations. The larger recovery under reduced pressure may be
due to enhanced effectiveness of a surface-reactive constituent in the
air on exchanging with the oxygenated surface. The reaction rate may
be slower (less efficient) when the air is at atmospheric pressure
than after removal where the residual reactive constituent is still
abundant, while the increased rnean.-free-path may permit more effective
exchange reactions to take place. However, the role that time plays
is still not clear, In subsequent experiments, the reflectance change
with uv irradiation showed no abnormalities (see Figure 5).

The diffe -ent recovery resulting from exposure to oxygen
and air may be seen in Figure 21. Trace I is the spectrum obtained
after a total of 60 nin of uv irradiation. This spectrum was then
degraded by three irradiations of 30 min each, resulting in trace 2.
Trace 3 gives the reflectance after exposure to an atmosphere of
10 percent 02/90 percent He for 16 hr, and shows primarily a
recovery in the near IR. When the oxygen is replaced by air and the
reflectance is remeasured, the overall spectrum (trace 4) shows
recovery,
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4. 3 GAS EVOLUTION

Evolution of g'a, is assoclated with degradation cf reflectance,

and in all cases the only gas evolved has been posilively identified
as CO 2 . No evolution of 0, has been round (<0 1 of the CO,).
The amount evolved correlates ,vith th-ýe degradatiun in reflectance, and
both show a reduction in amnount or successive exposures, leading to an
eventual saturation in refl.ectance degradation and no evolution of gas.

Exposure to air or oxygen causes recovery of reflectance, and
subseqi ent reexposure to uv leads to further evolution of CO,; and

again no oxygen is detected. The amount of CO 2 is about as large as
for the original exposure, and decreqses to zero again after a number

of exposures. The absolute amount of CO 2 corresponds to about 0.5 Lgm/gm

-or TiO2 samples. Since the samples contain in excess of 100 ppm of
carbon, continued evolution of CO 2 is not surprising. The CO, is not

an artifact of the measurement system. This became clear during
some measurements made in -. parallel program, funded by Gulf
General Atomic, on coloration by uv light of alkali halide powders.
It was found that coloration of powdered materials can be achieved
although large single crystals of the same material are not colored.

Of importance from the point of view of the present program is the
fact that although e ',ition of CO 2 was seen during the first
irradiation, this was simple degassing of adsorbed CO 2 and continued
evolution was not found. The CO, evolution found from oxides is thus

not an artifact of the gas chromatograph apparatus.

In Figure Z2 a correlation is shown between CO) evolution and
reflectance change produced by uv irradiation of R-910 rutile powder.
The upper portion of the figure shows the amount of CO 2 , expressed

as moles of gas, which had been evolved for a given total uv irradiation
time. Following 3 hr of irradiation, the sample was kept in a.,

atmosphere of 10 percent 0 /90 percent He for about 16 hi. This
was then replaced by air for about 1/2 hr before the uv irradiations
were continued, in 30-min increments. The CO 2 evolution data seem to
show a trend toward exhaustion, which was estimated by the extrapolations
and asymptotic end values as indicated. The data were therefore

scale representing the amount of CO expected to be evolved. It
appears that there may be some validity for the underlying exhaustion
hypothesis. The bottom portion of Figure 22 shows the reflectance at

K = 450 nm at the corresponding times. The gas evolution and
reflectance changes obviou. ly correlate, but a more detailed analysis
from these experiments m arranted in view of the number of

varied experimental condito" iich were imposed on the specimen.
However, it is clear tha.:
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Ii (C0 is the only gas evolved.

2) There is a correlation bet-.een the extent oW

CO, evolution and of reflectance reduction.

CO, is also evolved in small anmounts from rutile pigments
when they are heated. This evolution begins at temperatures as low
as 12500, and presumably part is associated with adsorbed CO2 and
decomposition of carbonates. However, most of the evolution is
acsociated with reduction of the rutile.

4.4 COMPARISON OF TiO TREATED IN VARIOUS WAYS
2

A series of measurements has been initiated for the purpose
of comparing the properties of TiO2 that has been irradiated with

2
chre arilswith those of Ti 2 irradiated with uvlgtand also

with those of TiO2 that has been chemically reduced. Thius far,

measurements have been made of the frequency-dependent conductivity

"of single-crystal TiO2 , electron irradiated and unirradiated, and uv
chemically reduced TiO 2 powder. EPR measuremnents have also been
made on the latter, giving a single line spectrum 13 gauss wide
centered at g = 2. 0068. No useful comments can be made at the
present time, since the data are not complete. Some examples of
frequency-dependent conductivity data are given in Figure 23 for
rutile powder, one specimen of which had been electron beam irradiated.
The behavior of the single crystal, see Figure 24, appears to be similar
to that noted by Pollak and Geballe(7)for hopping conduction in silicon
and trbtdtoencrn hopn be tnwen states Jtldalt eua ul UUIU

acceptor or donor impurities.

4.5 SURFACE TEMPERATURE OF RUTILE POWDER SAMPLES

It is planned to measure the variation with temperature of the
damage rate to pigment materials by uv radiation, as this will give
information on the activation energies of the processes involved. To

obtain reliable results, it is necessary to know the temperature of the
pigmentA itself d urig nltesle irradiation from mercury lamps, which
may be expected to have a large heating effect, particularly when
the samples are in vacuum. To study this, the change in the short-
wavelength cutoff of reflectance is used as a monitor of temperature.
A sample is mounted on a holder; the sample temperature is
contrnlled by circulating fluid in the range 100 to 1700C. The holder

is enclosed in a vacuum chamber, equipped with three windows. A
central quartz window enables the sample to be irradiated by an AH 6
mercury lamp, whose distance can be adjusted to give up to 7 sunis
at the sample position. To avoid extended irradiation and possible
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consequent damnage to the sample, a removable shutter is placed
in front of the !amp. Windows are also provided for the entrance and
exit of a beam oi light used to measure tbh reflectance. This light
is derived from a tungsten lamp and is chopped by a whcel at 510 Hz.
The light diffusely reflected from the sample leaves through the exit

window and some of it enters a Jarrell-Ash 0. 7 5-meter grating
0

monochromator, set to give a band width of 2 A. The light emerging
from the monochromator is detected by an RCA 6199 photomultiplier
tube, whose output is fed to an AC amplifier and phase-sensitivc
detector, tuned to 510 Hz With a sample in place, the monochroma t or
is then scanned to give the reflectance near the short-wavelength cutoff

for rutile.

The wavelength at a reflectance halfway between maximum and
minimum was taken to be the cutoff wavelength. XC. The variation
of kc with the temperature of the sample holder was then measured,
and the sample temperature wcs assumed to be that of the holder. The

0
cut~ff wavelength Xc was near 4300 A at 201C, and shifted to the red by
S1 A/ 0 C at Z0oc, ipcreasing to - 1 A/oC at 1500C. The value of Xc
could be red to 4 A; i. e., the temperature could be determined
to 4 0 C. The AH 6 lamp was then turned on, which greatly increased
the noise on the output of the phase-sensitive detector. It was still
possible, however 6 to make measurements of Xc, although only within
an accuracy of 10 A. The temperature rise was determined for three
samples: 1) loose powder in the tray, 2) a pressure-compacted,

somewhat friable disc 0. 1 in. thick, and 3) a water-sprayed layer
-0. 003 in. thick on aluminum. The temperature rose to a maximum
value in - 30 sec after removal of the shutter from in front of the

AM 6 lamp. PAt 7 SUns intensity-, the loose sample temperature was

estimated to by 2000C when the holder was at 201C; the compacted
sample indicated 500 to 600C and the water-sprayed sample

indicated 25' to 350C.

It is concluded that care is needed in making measurements
at high equivalent sun levels, and that measurements of intensity-
dependence of damage rates may include a component from the
increased temperature at higher sun levels. However; xvater-sprayed

samples appear t o hr.-f- cnough thermal conductivity to present
no major problems.
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4.6 MEASUREMENTS OF REFLECTANCE CHANGES
PRODUCED BY IRRADIATION USING CONVAIR
IN-SITU REFLECTOMETER

4. 6,1 Comparison, of Reflectometers

A comparison was made by transferring the samples from the
vacuum reflectorneter to a Convair Cary 14 spectroreflectometer
equipped with a specially designed integrating sphere and transfer
optics. Typical results are shown in Figuie 25 for a coating of R-910
rutile with PS-7 binder. Both measurements were made in air. As
can be seen, there are noticeable differences, and the reasons for
these are being investigated. One possible source of difference is the
mode of illumination of the spheres, which can be accomplished in
two ways. Il Type A, the system used in Convair's modification of.
the Cary 14, the sphere is illuminated with a broad spectrum of light
and the reflected light is measured as a function of wavelength. In
Type B, the Edwards system used in the vacuum reflectometer, the
sphere is illuminated with monochron-matic radiation and the reflected
light is detected with a broad spectrum detector.

-The selection of the tvr- of illumination requires careful

consideration of the problems involved. One problem,which has only

recently been recognized is that of sample fluorescence. Paints
containing the pigments used for spacecraft thermal coatings often
fluoresce when irradiated with uv light. The fluorescent radiation
from the sample usually falls in the green, yellow, and red portions
of the spectrum. This can produce an error in the measurement of
refle-ctance for eitherv type of ill1u-Mination.

Consider Type B illu",inatin. When the monochromatic light
ib from the uv region, _ _.nple would give radiation in
the green to red portion of the spectrum,and this radiation would be
recorded by the broad spectrum detector to give an erroneously high
reading for the uv reflectance. When the inonochromatnc light is from
the visible portions of the spectrum, no difficulty would be encountered
unless the paint fluoresces under excitation by visible light; this does
not seem to occur for materials used for paints of importance. Now
consider Type A illumination. In the uv portion of the spectrum the
instrument should give the correct reflectance value; even though
fluorescence in the green to red region is occurring, the monochromator
does not record it. However, when the visible portion of the spectrum
is scanned on the spectrophotometer, a high value for the reflectance
will be obtained in the green, yellow, and red portions of the spectrum due
to absorption by the sample of light in the uv part of the spectrum, and
reradiation in the green, yellow, and red end of the spectrum. Thus,
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for both types of illumination a fluorescence error can occur: but in

different regions of the spectrum.

In the present procedure the Gary 14 irstrurerit meassures
the reflectance of all samrples before insertion into and after removal
from the vacuum reflectometer.

Results were obtained with the vacuum reflectometer at Convair
and the reflectometer at Gulf General Atomic using the same sample,

and good agreement was found.
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4. 7 REFLEICTANCE DEGRADATION MEASUR-EMENTS

Iln thib section, the results obtained using the Convair in-situ
reflectometer to perform measurements of rutile degradation are
presented. In all cases the absolute diffuse reflectance is plotted as
a function of wavelength. The data are presented in groups of curves
plotted using uv irradiation, clcctron irradiation, ambient condition
(air, vacuum, or ox/gen mixture), tin-j2, or other variables as a

parameter.

The first specimen coupon (TiOx-R--91O//9s',-ll) was prepared

from DuPont R -910 stabilized rutile titanium-dioxide powder by
spraying with Sylvania PS7 potassium silicate binder as described
above. The response of this sample to uv exposure in vacuum is
shown in Figure 26 for various accumulated irradiation times. Also
shown is the reflectance spectrum taken in air when the sample was
first installed, about a week before the irradiation run was started.
The curve for the initial reflectance in vacuum is incomplete at the
lower wavelength due to temporary failure of the photomultiplier
detector. Evacuation appears to increase the reflectance over the
entire spectral range. The irradiation by uv is seen to result in
degradation, which is more rapid initially, with the IR region

becoming increasingly more resistant to further degradation.

After a total exposure of 100 esh had been reached, the sample
was exposed to oxygen so that recovery effects could be studied. As
seen in Figure 27, the resulting reflectance increase is relatively small. r

The average reflectance change was r1 percent, and the uv exposure
sequence was therefore continued. The reflectance after an
additional uv irradiation of 80 esh (to a total of 180 esh) after the oxygen
had been removed from the vacuum chamber is compared in Figure 28
with the reflectance measured in oxygen. The degradation continued

to be more pronounced at the shorter wavelengths.

The sample was then exposed to air, rather than just oxygen,
to check for recovery characteristics. As sho,.vn in Figure 29, the
reflectance recovery is minimal, the most pronouncedi effect occurring

in the IR. lhe n ir-.-a iatio, sch ed ..t.er ... .... .

The reflectance after exposure to a total of 445' esn is plotted in
Figure 30. Although the decrease is definite, it should be noted that
the exposure increment is greater than the entire exposure to this
point, which lends emphasis to the observation that the damage occurs
almost entirely during the first po-tion of the irradiation,
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I

The next irradiation of the specimen was of a particulate
nature, namely by 2-MeV electrons. The bombardment was
conducted without breaking the vacuum or removing the specimen from
the apparatus. The reflectance after the sample was exposed to an
electron flux of 10 1 2 /cm 2 is compared in Figure 31 with the
reflectance spectrum at the end of the 445-esh uv irradiation. The
reflectance decrease is small and is uniform over the entire spectrum
except for the low wavelength region, which seems unaffected. The
specimen was then left in vacuum and reexamined after 7 days, with
the results shown in Figure 32. The sample was remeasured again
after 65 days had elapsed from the time of the bombardment; during
this time the specimen was exposed to the same gaseous ambients used

for the experiments on the succeeding sample fTiOx-R-910/PS7-12),
although it was shielded from uv and electron irradiation. Examination
of the curveq of Figure 32 shows that for .vavelengths of <1 , the effect
of the 7-days period of standing was to remove the reflectance damage
produced by the electron bombardment. After the 65-day period,
much of the combined damage history had disappeared, and the sample
had a final reflectance spectrum similar to its spectrum after 10-esh
uv irradiation (shown in Figure 26).

The effect of cumulative uv irradiation has been summarized

in Figure 33. The small recoveries due to admission of oxygen and
air, described above, have been graphically adjusted in the construction
of the curves. The initial vacuum response curve has been extrapolated
for 0. 0.65 .L and is indicated by a dotted line. This composite graph
shows that this spccimen was very sensitive to the initial uv irradiation.
However, it must be recalled that the reflectance of the sampl, had
apparently been markedly "improved" by its initial exposure to the
"vacuum ambient (Figure 26). There appears to be more degradation
at the lower wavclengths but the effects reach into the IR to -1. 5 P.

The general fall-off with increasing wavelength of the diffuse reflectance
spectrum, starting in the visible, appears to be due to the effect of
tLe binder, since the spectra of the pure pigment generally appear flat

before irradiation.

A second sample, made at the same time and having the same
composition as the first vas also measured'. This specimen (designated

nit'r5 I nc.-/ý , i,, - -T....-R--, ±u,/-a,- ±] vwab mounted simultaneously with the first sample

The intention was to study the effects of electron irradiation made
before uv irradiation. A third sample was to have had simultaneous
irradiation with uv and electrons, but this experiment has not

been performed.
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in the in-situ apparatus and thus both samples were exposed to the
same sequences of ambient gas and vacuum. The initial reflectance
spectrum in air of the second sample compares favorably with that
of the first saniple, as can be seen in Figure 34. A remneasurement of
the second sample after 26 days, during which the experiments on
the first sample were conducted, gave the reflectance plotted in
Figure 35, and a subsequent reflectance spectrum taken after the
second sample stood for an additional 7 days in vacuum showed no
deviation from the previous curve.

A series of electron bombardments (1.75 MeV) was then
performed, with the reflectance spectrum being determined in-situ
after each irradiation. The irradiation sequence was: 1010, , 101
1011, 3 x 1011, 101?, and 3 x 10 1 /cm 2 . The resulting changes
were small and not monotonic. The smaller doses appear to
produce a definite increase in reflectance at the low ,vavelengths and
in the visible region which rounds out the shoulder but also sharpens
up the absorption edge. However, the two higher doses, 101Z and
3 x 10 12 e/cm 2 , caused some degradation of reflectance at the
lower wavelengths. The results are shown in Figure 36 The total

accumulated dose for this specimen was about 4.4 x 10 e/cm .
The degradation is primarily at the short )velengths and becomes
noticeable at doses above 1012elcn-.

After the electron irradiation, the specimen was kept for 7
days under vacuum and then remeasared, The spectrum had remained

stable. Ultraviolet irradiation was then started with an initial dose
of -. 5 esh. This brought about the slight recovery of reflectance in
the visible region and in the IR between 1.4 and 2 P. Subsequent uv

exposure resulted in degradation over most of the spectrum, with
the fin st irradiation again apparently being considerably the most

effective, as can be seen in Figure 37,

A potential problem with this apparatus is that if scattered uv

irradiation reachinq samples not intended to be exposed. The
purpose of the shield tube is to p,-event such exposure.
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Interspersed with the uv irradiation sequence was an exposure
to oxygen gas at the 5-esh point, which had a negligible, if any, effect
on the reflecta7 ce. This ,vas followed by reevacuation and bringing
the system up to air. This produced a slight degradation at the short
,vavelengths. After reevacuation the uv exposure sequence was continued,
with an interruption at the 215-esh point, when the specimen was kept
for 19 days under vacuum. This standing in vacuum resulted in a
reflectance recovery as indicated in Figure 38. Since it was not
clear how this recovery would affect the subsequent sensitivity to
uv exposure, the recovery was not taken into consideration in the
summary plot given in Figure 37. After the uv irradiation was
carried to 430 esh, the experiment on the second sample was terminated.

A sample was prepared of high-purity rutile material;
(5037-30A, described in Section II). A coupon was obtained without
the use of a binder by using the hot-dip method. (also described in
Section II). The specimen was mechanically sound and showed a
stable reflectance when exposed to the vacuum environment, and uv
irradiations were begun, starting with short exposures. As can be
seen from Figure 39, degradation of reflectance in the short
wavelength and visible regions is produced by even very low exposures
of uv, while an increase in reflectance appears in the IR. The rather
round shoulder of the reflectance spectrum before irradiaticn is
refjponsible for the off-white tinge of this material, and the absorption
edge seems to be less sharp than the stabilized DuPont rutile. The
experiment was terminated by mechanical failure of the specimen
during manipulation in the apparatus.

Another specimen was prepared similarly with high-purity
rutile, and the coated paddle was permitted to dry in air.
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Measurements of reflectance spectra were made in vacuum
between exposures to uv irradiation. This samole showed no change

in reflectance on standing in a vacuum of'-10"5torr for 2 days before
the irradiations were started. The initial 0. 75 esh of irradiation
produced an increase in reflectance near the low wavelength shoulder,
as shown in Figure 40. An additional 0.75 -esh uv exposure resulted
in a general increase in the reflectance for vavelengths longer than
0. 5 4, while the region near the shoulder remained unaffected. A

further exposure of 0. 75 esh produced only the slight effect shown
in Figure 41, with possibly a small increase in the reflectance in the
IR region and a small degradation in reflectance near the shoulder.

The specimen next was held under vacuum for 14 days, after
which the reflectance spectrum was remeasured, with the result
shown in Figure 42. The increase in reflectance produced by the

previous uv irradiation has been removed, and furthermore the
reflectance is at all wavelengths below that measured before
irradiation. A subsequent exposure to 1. 5 esh again resulted in
an increase in reflectance, most markedly at wavelengths longer than
0. 5 ji, as shown in Figure 43. A further exposure to 1. 5-esh hardened

the shoulder while the refli ctance of longer wavelengths remained
relatively stable, as shown in Figure 44.

The specimen was then exposed to 1 atm of N 2 . This produced

no change in the reflectance spectrum. After reevacuation the uv
irradiation was continued up to a total cf 21-esh. The reflectance
again showed an increase after uv irradiation over that previously
measured in vacuum. Another specimen prepared from the same slurry

but which had been kent as a control in a dessizator was mounted In the•h
apparatus and irradiated to a total of 13. 5 esh. This specimen displayed
the same phenomena. It should be mertioned that these specimens made
from a slurry, have a rather long outgassing period, which may account
for some inconsistent changes of reflectance with time in a vacuum
environment. Water-sprayed samples may be outgassing less, since
they are prepared in thinner layers at a higher temperature.
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APPENDIX

REDUCTION OF TiO2 POWDERS I
AND RUTILE SINGLE CRYSTALS*' II

There are n)umnerous discrepancies in the literature on
reduction of rutile, some authors claiming that a simple decrease of
ci-xygen partial pressure is sufficient to promote reduction at elevated
temnperatures (near 9500C) and others that hydrogen, hydrocarbons,
or oth-er chernical reducing agents are necessary. It also appears
that there may be a difference in reduction between single crystals
and powdt.rs, with crvstals reducing under conditions where powders
will not. This would indicate an important role of the surface in the
reduction process. Further, reduction in a hydrogen atmnosphere is I
known2 to result in introfluction of hydrogen into the rutile lattice,
ann it is desirable to know whether reduction is possible without this
introduction. The measurements reported here were made in an attempt
tu risoive some of these discrepancies in a qualitative fashion, and
also -to conmare the chemncal reduction of rutile with the reduction-like I
behavior found in rutile powder exposed to uv and possibly charged
particle radiation.

The approach taken was to observe the reduction behavior of
several samples of vutile of a different nature treated simultaneously
in the same way in various gaseous ambients. If simply decreasing
the partial pressure of oxygen at elevated temperatures is sufficient
to result in reduction, then reduction should be achieved in either a
clean vacuum system or in a stream of an inert gas such as pure helium.

The apparatus used was kept simple to minimize sources of
potential contamination. A multicompartment quartz boat contains
several specimens of various powders of single crystals and is
centered in a quartz furnace, and the specimen temperature was
determined by a thermocouple sealed in the furnace tube from the
downstreamn end. A thermocouple junction is in thermal contact with
the specimens but does not touch them. The :ating procedure varied

To be submitted to Journal of the Physics and Chemistry of Solids.
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somewhat, depending on the particular experimental objective, but
the specimen powder charges were usually purged of air at roonm
temperature for at least I hr. Control temperature was reached
within 60 to 90 min after starting the heating cycle. The specimens
were kept at the desired temperature, usually for about 3 hrs, and then
allowed to cool to room temperature by shutting off the furnace. During
cool-down, the gas (or vacuum) ambient was maintained in the sample
cell. The appearance of the specimen was then observed, and the
occurrence of reduction was correlated with the experimental conditions.

The rutile powders and single crystals examined came from
three sources:

1) Ti-Pure powder, type R-910, produced by E. I. DuPont.
This material was chosen since it is fairly typical stabilized
pigment. Emission spectroscopy showed: alumilum,
-4, 000 ppm; silicon, 1, 000 ppm; and magnesium, 10 ppm.
Analysis for carbon, which is important in view of the
possible role of carbonaceous impurities in the oxygen loss

process, showed 87 ppm.

2) Experimental high-purity powder material (Lot 5037-30A)
from the W. R. Grace Company. Spectrographic analysis showed:
silicon, 200 ppm; aluminum, 60 ppm; nickel., 100 ppm; and
magnesium, 10 ppm. Carbon analysis yielded 21 ppm. The
specific area is -1 nl/g, according to the manufacturer, as
dt-termnined by the BET method. The appearance of this
material is slightly off-white to the eye; this does not change
even after prolonged initial heating at 2000C. X-.ray
diffraction analysis was carried out and showed the powder
to be of rutile phase with a crystallite size greater than
-'1150 R, approaching the limnit of this method using KC1
for comparison.

3) A single-crystal specimen. obtained fro'- the National
Lead Company. Similar material showed: silicon, 4 ppm;
al.uminum, 1. 8 ppm; chlorine, I ppm; and potassium, 0.3 ppm.

The results obtained are summarized in Table 1. Those
experimental conditions under vhich the specimen did not reduce are
presented in the upper portion of the table, while the conditions which
led to total or partial reduction, expected or unexpected, are shown in
the central portion. After each run which produced a reduction,
reoxidation was carried out in air, as indicated at the bottom of Table 1.

Supplied through the courtesy of Dr. R. G. Rice.
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For the experiments conducted using a vacuum ambient, the

status of the various traps is indicated, A marked effect of

contamination was found while leak-checking. Using methyl alcohol
or acetone as a leak indicator would give a color change on subsequent
specimen heating to high temperatures even if only a small leak had

been present. This reduction process would take place even after
attempts were made !o drive off the methyl alcohol vapors at temperatures
between 1000 and 200 0 C. Other vacuum-testing methods were therefore
substituted, e. g., helium gas and a mass spectrometer leak detector,

or comparing the rate of pressure rise at room temperature with the
sample tube closed off from the pumps. Another effect of contamination

was found on initial heating of some powder specimens when the

outgassing pressure rose to -1, 000 ýi Hg while a heating rate of -lb5C/min
was employed. This effect was associated with a slight reduction, even

though the fully trapped system was used. It appears that initially the

powders contain absorbed reducing agents which, during their desorption,
can cause chemical reduction. A similar observation was made by

Gebhardt and Herrington 3. After repeated contamination-caused reduction,
and subsequent reoxidations, made to ascertain the reproducibility of
the results, the furnace tube itself became a souice of contaminant

which apparently condensed on it during cool-down and could not
completely be removed during the following air-oxidation treatment

at a lower temperature. After the quartz furnace tube was slightly
etched vith a mild'HF-HNO 3 acid solution, "clean" conditions were

reestablished. This seems to indicate that only a low concentration
of contamination is required for the reduction reaction to take place.

Generally, it was found that the single crystal was most easily

reduced, the experimental W. R. Grace pov.wder bcing intermediate,

and the DuPont R-910 being least severely affected by those
experimental conditions leading to a reducing reaction. For the powders,

the relative susceptibility to chemical reduction corresponds to their

relative susceptibility to damage (reflectance degradaticn) by uv light.
This is presumably due to the protective role of "impurities." The

much higher susceptibility of the single crystal to chemical reduction

appears tz demonstrate a protective role of the surface layer in pigments,

-which have a much higher fraction of their volume near the surface.

The following conclusions were reached for the powders and

single crystals examined:

1) No reduction results when rutile powder is exposed to

a flow of purified helium gas at 950 0 C. It appears that

lowering the partial pressure of oxygen in the ambient
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atmosphere is not sufficient to bring about reduction
of TiO2 powders.

2) No reduction results when TiO. rutile single crystals
are exposed to a flow of purified heliunm gas at 9500C.

3) No reduction results for powder at 950 0 C when the (air)
ambient pressure is reduced by a factor of 10-6 as long as
no contaminant is generated or permitted to enter the
system. This contrasts with numerous reports of reduction
at 950 0 C or less at pressures up to severl nm Hg.

4) A trapping train of molecular iieve and activated
charcoal cooled to liquid nitrogen temperatures is effective
in blocking contamination from a mechanical forepump.

5) Desorption of impurities from "as received" powder can
lead to reduction even in a "clean" vacuum system.

6) Condensed contamination in the system may not be
removable by heat alone but may require chemical means.

7) Even small quantities of methyl alcohol, introduced
in the vapor phase, cannot be removed from the powder
by heating and evacuation near Z00°C and lead to reduction
of the rutile when the te-n.perature iss increased.

8) Single crystals are more sensitive to reduction by
contamination than powders.

9) The relative susceptibility of rutile powder to reduction
can be influenced by "impurities" in the powder.

10) The susceptibility of some rutile pigments to chemical
reduction correlates with the extent of the reflectance
degradation under irradiation.
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