OF

pum————

&~ - il 4

"N63 1733 (TOA-169(3330- 12} TH=7; S20-TNR-53-109). KONLQUILIBREUM ELECTION TEMPERATVBE INCLASSHPIRE
- TFFECYS R WEAKLY JOREZED STAGMATION BIGHDAAY LAYERS,

CARD 3 of § {00t 3

hEhZST0o

NN ‘84V) AHVHEIT HO3L

I,

I
¢




MICROFILMED
'FROM, BEST
~ AVAILABLE

cory

%

iy

0N ‘gayy Advugq HO3;

il

i




Y,




p—— _ . i .
.- v .
- b _ -
. f T 3 - ""T""""""\w‘ .
f o - o
L s [ .
ro- )
N, oo i ' of
! CONTENTS - S 8
' . ; -, ‘
SESSION IV - SPACE ENVIRONMENTAL EFFECTS N
é *  Chairman « Gerhard B. l-'euer. George C- Marshau Space Flight Center”
' I - 7.3 7
' { .
Some Fundamental Aspects of Nuclear Radiation Effects in
Spacecraft Thermal Control Materials J. E. Gilligar and R. P. Caren ’ 1
Solar-Wind Bombardment of a Surface in Space - G. K. Wehner

+ N

The Effects of Micrometeoroids on the )
4 ’Emittance of Solida i :

Expenmental Development of » Technique for the
..Corretation of thht- aud Groand Based Studies
of the Ultraviolet Degradation of

‘Polymer Films- John A. Pnrker. Can B. Neel, ard Morton A. .‘.;olub

Ronald B. Merrill

- ~
s

‘Ultra\nolet Irradiation in Va‘.v.\um of White Spacecraft
* Coatinge ‘G, lA. Zerlaut, Y. Harada, and E. H. Tompkma ;-

S

{ ° ‘ .
The Effects of Ullrav:olet Radiauon on Low aB/e .
'Surfacea 'R. L. Olson, L. A: Mcxel!ar. and J. V Stev.art
}
Preliminary Results From a Round-Robin Study o{ )
Ultraviolet Degradation of Spacecraft Thermal- ] .
Ccexairoi Coatings J. C. Arvesen, C B. Neel: and C. C. Shaw

5"

' The proceedings will include the falb-lu additional papers under this session .
- .
1.
A Study of the' Photodegradation of Selected Thermal- X‘
f‘ontrol Surfaces George F. Pezdirtz and Robert A Jeweu
\
Alteration of Surface Ophcal Properties by H!gh-Speed N
o chron-Sue Particleo chhael . Mirnch and Hermau Mark v
- [ -
. Nuclear Environmental Eﬂecn on Spacecraft Thermal- '
_Control Materials o R. A. Breuch and H. E. Polhrd
. . .




r

N65 17318 :
4+ SONE PINDANENTAL ASPECTS QF 'NUCLFAR RADIATION EFFECTS — <
m smcscw'r THFRMAL OONTROL MATFRIALZ® ‘
and’ ,
.\ By J. B, OAlligmB. P. Caren Loz PP

AR Loturs

A (730€
'me sothods and results of an mventigauon to determine the mechanisms
idilch solar reflector thermal control systems degrade under individual
combined ultrawiolet and muclear radistions sre described. Appropriste
jticel and radiation effects theory are compa~ed with the putlished results
mdt-uon ‘experiments, in which trenspazent analcgues of certain
Alelectrle and semiconductor pigmmts huve been studied, Canclusions Lave
@ reached regarding the equivalence of UV and nuclear radiation effects,
asic causes of induced reflectance changes, and possible meana of limiti
! ."ecradation dus’ to, theze radiations. é&,

e MBODUCTIOH
‘At the cutset of the uxvmigatimt “eported in this peper, very little
8 ¥nom abmat the mochanimis respomslf-e' for the changes in thermal radiative
roperties of thermal control systems, While the detailed mechanisms still
min unknoun for many of these systems, valuable imaight has been gained in
termining the fundamental causes of Jegradation, The paint eyst ms dealt
sith in this paper oro the solsr reflsctor (vhite paint) cless, and in what
to follow, damage (degrodation) is defined as increased spectral absorptance
ﬂw golsr reglon of the elsctromgmttc spectrun,

T Ue intend to show how the reflectance spectra of irradisted pai nt systems
- ba be analysed by means of theoreticel relationships and fo shcw how
ﬂulnga mechanisms can be dedrcod therefrom. Additionally, it will bs :
how tho dedustiurs obtaiped frum thase anaolyses accord with physical
obaemuou. In Grdér to explain.the tasic causes of dagradation, it i»
epsary to undarmnd, ‘first, the fundazental properties of materials
their optical behavior; seccnd, the interaction mechaniems of
getic radiation with matter; and, third the defects which energetic
dations produce and how these Ray effect cptical properties. In section
o' yery btriaf sictch of these threo topics will be givenm. Section IV vAL2
yeo *hs_ dsmage spectre Gf ssversl typical point systeus, compare them
1itorsture dats, and spocniste on the responsiblo dunege mechanismo,
L3

18 work voo ‘;ertcmsd npder ALr Force Cantract APCH(695)=336.
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* A. Optiral Propartiest '

i

The optical properties of s0lid opaque suhstances haove heen treated by
many authors, Ref's 1-3, The ordinary developmenta of the theory seek to
ohtain mathematical expressions for the ahsorption and reflection of
electromagnatic radiation as a function of bagic material properties, Using
Haxwell's equations, Fresnel derived the rigorous expression for reflectance,
R, of a rlana wave normally incident on a smooth surfece of a material with
index of refracticn, 'm, and extim ™ on coefficlent, k:

2
R »(n«1l+k
vo(n e 1)t xS 1)
The variation of the properties n and k with photon energy (or wavelength) 1s
of irmedipte importance. ‘nown as dispersion relations, these equstiona

express the depeudence of n and k on wavelengthj they have beon derived on
both clsssical and quantum mechanicsl theory, The expressions are:, |

Clessical,
B_. e" . ! (2a)
(TR G- )4 3 .
Quantum rechanical,
(2v)

” t S
tE ? v;n ) Cc-a;'-b'} +ogjm

volume polarizadbility |
electron density
electronic chargs -
electronic mass !
circular requency i
damping constent !
oscillator strengtl. .
circuler frequency: at absorption maximum

LY

Bwalboo ™

The ¢lassical and ths exact Quantum mechanicsl expressions are nearly identical,
snd in fact, differ only in interpretation., By rationalising eq.'s%and
equating real and imaginery parts, through the reiationships:

N =n (1l 1K),

and LR IR )7 4

£

f - octivation, (ref'e 3 & 7).
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¢ . In order to show how these formlae pertain to real thermal control surface

" toatings, we nota that the optical propertius of pigments and vehicles ‘can
be gqualitatively described by theory if ths dispevsion relstions and physic.l
propertie f all the components are known., In practice, however, the
dispersion relotiona aré rarely knowry for ecmponsats of typical thermal
control. coating materials, and the refiectance of a ziren system must be
predicted from empirical correlations., Among cthers, the parameters which
deterine reflectance include the ratlc of iadices of refraction ¢f pigrent
end vehicle, pigrent-vehiczle ratlo, ard pigment particle size (s). Hence
reflecignce is not determined wholly by the onticsl properties of the
components but also by geometrie properties of the svstem, but the
dispersian reiat!tns remain valid and useful in qualitatively describing

* Ry, the dependence of reflectance upon wavelength.

rs

of - it (32

(3»)
)

B. Energetic Radiation Intersctions

In this sec*lon we wish to vary briefly sketch the important modes by
which energetic radiation interacts with matter (Ref. L, 5, ard ). Ir terms
of the .demage produced by absorptiorn of emergetic radistion, the net irmedlete
effect is the production of free elections. Gamma (Y ) radtation, through
the photoelectris effect, comptor scattering, and pa roductien processes,
releases a large nurder of free electrons. Heutrons (n) also producs then
indirectly by displacing atoms which behove ay charved particles and througn
thelr intersction creste dense ionization tracks., Ultra-violet radiation
ulso is capable of creating free electrons, by supplying the energy required
to 11f% an electron from the valence band to tie conduction band, or to the
exciton band fwom vhich it may be sxcited to the conduction band by tnarmal
Thouzh the mectanisms inv ;ived in thuse processes
are very different, it is impartant to reaslize the similarity of their end
resulis, the production of free electrons, the fate of which is of prime

|| interest in examining the observed degradation of thermsl control materials.

. Defect hbsorotion

Zor the saks of simplicity, ve refer to any radieiiin-.as.ced condition in
a mterial as a "defect.” Since a real saterial olways contains a certain
density of "natural® defects, it s of impoartonce to determine the effects of
changing their concentmtions, as by radiativn damage. A large number of
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. formmla, (Ref. 2 & B)
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different typed of Zcfects are known, but it will be of interest to identify
only those which can possibly iaflnence soclsr absorptance, As will become
alear later, this is nod a simple task; each materisl Jdiffers in the
{dentities of defects responsille for changes in apectrel reflectame, Ry .
Tho defects almost always involve electron deficliencies or excessea, vacancles,
interstitials, and the;combinations of thesa, The F-cunter for axample, is
an electron trepped at an anlon vacancy, but this defect is known as an
"Ftecanter® when two electrons sre so trapped, The important point is thet
optical properties, especially in the near infrared, viaibie, and uv regions,
are sensitive to the iocal electronic structure and physical state of the
crystal, An extensive iitersture exists describing the investigations of the
effects of radiation on the cjtical properties of tronsparent materials.
Alkal! halides have bech studied in tho greatest detail, Siilcas also have
rereived consideracls attentiar. In contrast, very littls work has been .
conducted on other meterials with the exception of certain of the semiconductors.
Along with the exparinmental phases of thase studies, much thearctical work hrs
been accomplished to ocbéain semi-quintitative estirmtes of the effects of
defects on aptinsl properties, Unfortumtely, mest of the thecretical wark
has daalt principelly with sinple sudstences such as tha helides, Many of
the thecretical works '(Ref.'s B-15), navertheless, ‘provide insight into ths
effects of radiatisn on tho optical properties of more complex .'-m.erhl..a.

An important theoretical ant experimental resalt of work with alksli
halides is the correlation of positions of absorption band maxisum with
erystal lattice parameters, Koown as Mollwo relsticnships, these expressions
are usually givan in the form \

n
Yood = ¢ , ¢ W

Vg = frequency et shsorption band maxirum | )
d ~ crystal interatomic distance ‘
n = constant depending upon the type of defect. producing the -
absorption . . )
¢ = ccastant

Ivey (Ref. 16) has improved Mollwo's arigiral carrelations and glves .
both calculated and experimerntal values for Zg, for most of the alksli. -
halides. Still another imortant exprmsaiosn.is the well--kmows Sraknla's

'ulhida relates optical ahsorption to the density of

A

/V‘. '.' - "221‘: /0'»66,%1'

-

defects produsing it,

‘Vl . : ()

L

N
+ .0’

) .
Here £, = oszillator strengih of I'M type defects

Yy = density of defects of Ith ty s, o3

n = indax of refracticn of host medium
ares under absorption curve due to I"htypa delact

4
[}

' The sbove stataments apply mainly to traasparent materials ard particvlarly
to the alkali halides., To make use of the theory touched upon here in
interpreting radloticn affects in solid opasue materials, Fresnel's
Squatior {eq. 1) and the dispersion cquations (eq.'s 3) must be applisd,

48 k increuses, we see that ths index of refraction, n, goes through a

- minizam in the neiZiborhood of an abgorption band, snd vhe reflectance

. paeses Wirough a2 mic'mm, The extension of the adove thaoretical reaults to
opaqus systcms thus sspends upon how Frasmel's lov rollows the dispersion

+ ,ralations, anc how the jparsxrters in ths l:tter depend upon defect structnre,

D. Related Experimental Rssults

Before exsmining data we will discuss the general reenlts of aany
investigators, principally those pertaining to alkali halides asu silica
stmictures. Because of the iLmensity of the date and the larze nurmber of
lmportant contributors, we have not An the following discussiors credited
specific aulhvors “ut have compiled under eppropriate beadings a representative
biblfography from u:ich we have obtained the dnlk of the information presented,
In the silicas (we use this tern broadiy to desimate any system which contaias
the basic silica strustire; quartz; fused silica, silicate glasses, etc.),
11, 38 found that several bends develop under irradiation which are spe.ific
to the Si0), system, and others which are attributable to impurity stons,
€ach band produced has been 1dentified with (eesigred o) a particular !
type of (efect, Becouse of interactions betusen defects, the assignments ere .
made in muny cases by noting how the destruction of ons tond leads %o the
forma tion or enhancemsnt of another, This latter analysis is an extremely
important one in explaining the dependence of demage upon tha wavelaazth of
damaging and/or tlesching ultraviolet radtation,

With transparvnt materials a nusber of comon res:lis ire obtalned, First,
the o ,m?ttm of defects to produce measurable abeorpilon is of the order
of ! en”7 (ref,'19) and io produce maximus absorption (saturaticu) is of the
order of 1038 en™3. (Note that Smekoia's formuls £q. 5 predicts the same
renge.) Secand, dsfecis comprised uf single electron deliciennss or excesses
produce bands at shorter vavelenghs (are zore energetic) t™an do *hose
coupri sed £ multiple type defects, (cevpare, for example, the location of
adsorption bands in el¥eli halides die to F- and M~ centers (ref, 16), Taird,
1{1loaination of xe or y-ircadiated mmterisls with ltght of wavelength(s) in
the energy reglon of induced absorption band will decrease the xana
intensity; the *holes® or electrcna liberated in the process nay beorms
treoped et other defect sites to rroduce or enhance cther bands, Fourth,

there axists for each mter{s) 57 eystan of zaterisls & vavelangth above
which the incident rodiation wlll canze o damge; uhis wavelangth alvays
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lies irn the uv reglon of #re eleetromgmne spactrun for dielectric
materiols and 1z in the infrsved reglon ‘for many gsemiconductor materials,
Fifth, the rata at' which damage 1s produced under irradistion diminishes
exponantlally with incressing doss; thid behavior eventually manifests
{tself as an -sympmtr aphreych to an equilibrium concentratlon ol
dofacts and thus to m equilibdrium optical dsmage lavel.

EXPERIMENTAL RESULTS

A. Introdustory Remrks |

In order that (the odjectives of this sectlon can be better underatood, L
we will Tirst 1ist the iemediste results of the studies and then chos how '
thess vere obtained by examining the reflectance apectrn of irridiated
materials. ! . T

1, In patnt syst +78 containing seri~conductor pigerats, 140, 2n0, . S
and ZnS (bznd gaps e 3,8 eV.), the pigtent alone determines tiie observed  [HR
damage; the wehicle influenses the saount of dsmge but doés not Lnfluence
tho character of the damags spectra. [N .

2. In pa-nt mm conuinlng dialsctric pl‘,:nsn‘.a the sams m'.mluslon X
can be reachsd s above, exvept in the case .of inorganic silicate \'ehlcwn.
whire thore aie effects delinitely m.t.mma;le w0 vehizls dmage, N

PN .
| T
3. Degredation’or suni-.tmdw*or plgnenu 1s me ﬂlnly te choto-
vednection {oxidstion of the volatile anion),.snd to a 1isser exteént ihe
fomatice of colar centers, . oo .
- 3 Lt g
L. Degradation of dielectric pigmenis (apd silirate vehicles) is
principally due to the farmstict of colir ~entera,

Coticlusions 3 & L have been reached principally on the basin of the-
results of experisents repcrted i ths-litersture, but feve been verified by :
work at iMSC and to & lesser exteni by thé -comparative studiea ¢.ccribed - .
below, Conclusion 3 is not difficult to undersisnd when it is realised- that '

. the fundamenisl absorption edges of T10,, etc. 1ie ai wuwslengths easiiy R

obtained in many. types of solar simuliting uv sources; in the casc vhere a ‘|
radiation of wavslength sherter than the edge vuveleﬂztr 1s absorbed,
an electron 1s reised froa the wvalence to the conduction band; wvhen this

occurs with the anion, the anicn. is.reduced =nd has a high predabiltly for- .- J i

eszaping the lattice structure (undar the influcnce of thoreal [ E0eTgY o ; An THEN
anion is removed, the cations are reducec eventcally 10 free métai nm; ~
the effect daring, this process is to induve free carrier abaorpuoa. R .
The dif réi-ences in degvadaiion mechanisms between aemi-oondnrtor piznnu 2
and dielectric pigrents now becrd more clear. With dieloctrics, damigze

roceurs principally in the short wavelengzths .cnd 8 due to baxd sbsorpiion, :

x b

Degradatisn in the ssmicondustor pigments stems principally. from free u-rhr

—r——— -

 abrorrilon, &nd results in decrsased near infrared reflectance.

. samples vhich have

B. Data inalysle

The -dsta presented here are spectrsl sbs~cplance data, teken from
- spectral reflectance curves in tha vavelength region 0,275 to 1l.Gmby
subtracting the latier from unity. Reflectances wure measured using
a Cary Model 1& doublebeam spsctro-photomster with an integrating ephnre
sttachnent, Adsorptance ss wsed sere 1o the retio of energy absorbed to
that incident, This must be carefuliy distinguished frem absorption
coeffictent, end ox?tnctlcn confficient, all of which have specific

meanings, .

The data presented in this section, unless otherwise noted, pertaln

sefved a nuslear radistion dgse of sprroximately 10°R

of gamma and § X 10'% neutrons (2 L.9™eV) /ew, ond approximately 200

sun hours ¢f OV irradiation., The UV and mxlesr doaisu were achleved non
currentiy, Sowme data will be given which pertain to sarples irradisted
similtanecusly by nuclear and UVj in these cuses the nucisar doses were

the szme as sbove, bul the UV dosms exceed SO0 sun hours, This ‘nformation

te glvei for the sake of complatenesy, but bears little on the qualitative
awpects of damage analysis, Except ns noted, all date pertain to irvacistions
cenducted in vacuo,

1., Silicste ts

In Fig. 1 1a uham the spactml sbsorptance of the system
Li‘thl!'ﬂx/Sadinl $ilicste. (The notation used.here is: pigoent/vehicle).
Ltuu‘.fm has the approxizete stoichiometric formmla Lip 0eAlp 03+8540;.

In ﬂﬂa figere are shoun the pre-irradiriion (control),w-y ard UV irradiated
spectn. Fig. 2 shows tde Jpectrs for the system U’ltm/?ouutua

Silics'e. An experimental system comprised of Lithims Plucrids (LiF)/Ssdium
Silicate is shown i Fig. 3. By interconparing these three figures one

. can imavdiately see the close oimllarity of UV and nuclear damage spectrs in

M

. Gamage
T+ distinguished froa ef’
. the mtn _TLtrox/Alustm= Phosphate. ‘Rere sgair ailizats damags in

silicate oyntems, Of pertisular l.lpa'unca is Fig, 3 vhich shows silicate
wvehicle (\nge; we assuw thet the 14F ‘Goes not chemleslly react with the
vehicls. The peak in the n-) spectnm at O, L5 correspomris almost exactly
vith that reported by Ivey at the FB-center asbsorption dand poak .
(Ref. 16 and Refs, themin). Further indication of vehicle émuge nay
be sgeen in Fig, ls whish shows the spectrs for (aFy/Socivm Sflicate. Tho
peak at 0,575A in the ruclear carve does not show up in the UV curce, This
effect 1s not well understood. It iz :apps¥énit from Fig.'s } and L that the
0lkalt halide daxage, Which is well kacem from the literaturw, car not accoumt
for tie totsl datage cbserved and that the vehicls must slso be damaged,
Other-data, not included, lead to the tun comclusions that the spectral
dsmage 15 not qualitatively e function of pipmnt-vehicle ratio, and thet

to astlicate s (Lithafrax, ultrox, ete.) csn not te qualitstively,
Fig. ? stvo prosents dato for

sd {n the lecation of the absarptance peaks, tc’ the differences in t.\a
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damage spactre Mtveei the sllicate and phosphate vehisles - equa ‘
apparent in both the UV and nuclear curv::’. pha hendre uy

Our aralyses have heen made on the basis of the following comsideratiors.
First, the spaotra shown have been compared with respect to '.hsnsposiuan of
absorptence pesks, sincé the various redlation sources employed will differ
in their respective ablilties to induce damge in any given hond, Since
ths bsndwidth, and to e minor extent the peak waveiength of the bend wvill
aleo vary depending upen frradistion conditions, Sccord, the uavele:gth for
minimm absorptien (extinction) will differ from that for minimun reflectance
(Ref, 3). Silica systems in genarsl develop, under irradiation, sbsorption
bands at 2.3, k.1, and 5.5 ev, The latter pesk will not significantly
influence solar ebsorptance., The 2,3 ev. and 4,5 ev, peaks ere actually
observed as cbsorptance peaks at 2,0 and 3,1 ev,, the displacements égreeing
rether well with the theoretical shift af§,/2, whure g is the width of the’
sbsorption band (in ev,) at half meximmm height., Third, all silicate
systems, with the exception of Lit¥afrax, in a muclear environment, show -
the same relative dsvelopment of ‘the 2,0 amd 3,1 ev, absorptance bands, The
very large therrwl neutror cross-gection of!iithium may acccumt for the
d1sproportionate (increased) develorment of ths 2,0 ev, absorptance hand,
Fig. 5 11lustrates tho latter pcints the positions of reflsctance mipims
sre the sam for ecch curve snd,with the exceptich of miclear irradiated
Lithafrax, the dumige,spectra are quite similar, R

Several systematic studies have been reparted im which. sodium eilicste
glasass containing varying levels and {deniities of imgurities have been
irradiated (ref's. 17, 1€, 19 and 20). (A tibliogrephy of radiation effécts
1a 5ilicas is given &t the end of the references), As a result, the.osture of
the defect which gives riss o the 2.3 ev. band hss been uell established :
88 substitutiona) Alwedinm (A)) impurity (i.e., Al atoms occupying nommal
silicon sites), Some speculstion, however, does persist in describing the .
electronic nature of this defect - whether tho neighboring axygen captures
a hols or whether the atom exists 'in the vacancy togethar with an alkall |
stom, The latter explanation seems to bo fevored, particularly in view of
the fact that silicate glasses comaining alumbmum vill not develop 2.3 ev,
bands under irradistion without a certain smount of alkali stoms. present,
(Bef, 17). Irrespective of the electronic mature of this défect. the
import of these finding lies in the possibility of purifying the silicate
gystews to rerove as wuch Al impurity as passibls, and thus achinving smth”
more stablo silicate paint . The nsture'of the 4,lev band defect - * .-
st111 remains obscure, althaugh it apparently also inwolves an Al tupurity” -
(probably interstitia) {n sssoctetion with'an P-center ar with an -alksld
stom, Purtber increcses in silicate paint syjtem stabllity sre unlikely

until the defect(s) responsible for the h.l ev. tnd are better mqn;_g;na. s

__ The.curves of damag- 3pectra shown in Fig's 1 =S digplay the ‘fact:
that''JV and nuclesr produce the samr defecta. :%e dmas-ac:g ?n mti:?

effocte 11e chiefly in the relative intensities of the bands prodeced, "The .
ssme effecte have béen foand in UV, X-, gawma end electron ‘iradistior of ™
transparent silicate glanses (see bibliogrephy-siifcas), thet.is, the. ’
sams relative developrent of the absorption bands. Jnthe present work'  ©. -

£l being
i . .UV radtat'on of wavelength longer than 3500

H | i
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! ints 1s not meceszarily to ba entici-sted - for two reasonsj first, the
neviron induced demage may te expncted to sugment the development of onp
or more bands but with a differeat "efficiency” for eachj sscond, the changes
" . reflectance are corplex functions of a1l ths bards (soe e3. 3).

Gther investigators (Ref. 21, 27 end 23) have stucfed the kineiiss of
* radfation induced color|centers., T.. rasulto of ‘their snalynes can be
expressed functionslly by the equation

! & = A-ENy [ - i
dt

| where Ny = Number of centers/unit volum
t° = tire
4 = constsant, depending upon irrsdistion rate end temperature
B =~ constant, depending upon terperature
-
The actusl expressions for the growth rate of absorption tands
inwnlve pruch mote complicated tecms than thoss given in Eq. 6, The important
resilts of ‘these studies include the qualitative prediction of rate-antd
temperature-dependance of ptical damage, and the further elucidatioo of
' bagd defect in interactions, In the came of' inorganic solsr reflectorn, rate-
dependance rarely occurs (the reciprocity law), while consicerstle temperature
dependence has beer observad. Fig. 6 shows damage spectrs of moterizls
irradiated at 77°K. .The explanatisn foc ths greatly incressed absorptsnc :

a (“in thase samples is that dafects normally unstsble or easily bleached st room

temperature are not_therzally asctivated at 779K, The defects norml
prosent in a crystal sre greetly iu~reased in rumber bty nemtron radiation,
and at 7 those are "frogzen in¥, thue incressing by one or wore ordere of

. magnitude tha number of defect sites available for electrom or hole capture .
The Varley multiple icnization mechanias (Ref, 2l) wzuld quite likely serve
't0 intensify this effect,

¢ From the qm:tx:- 80 far shewn plus those referred to, it is evident
that UV end ruclear irradistions pioduce the same defects, and, as we have
shovm, UV irradiations cause absorption bands at 2.3 md 5.1 ev,, the
latter ® meh wore broad snd intense, Egperiments have shown that uhen
R is used, the damsge spectrum
" differs markedly from thot observed when redistion of wavelengths shorter than
+ sbeqt 3000 $ is used, A simpls vay of mnderstanding ihis is to note that )
defects are aluays forxed in pairs; for exawple, when s vacancy is created and the
dispiaced oton goes into an interstitial site, or when an el :ctron, rolsed w0
. the conducticn band, 18 ceptired by a wscancy - in the lutier case, a
positive Rola 1u created at the stom wvhich lost the electzon and an F-center at
an anfon vacepcy which captured i¢, When pairs of defect sites sre created,
esch will beave opticaliy sccording to the mew slectronic envirenment fn shich
1t extsts, Thus, sach will tend tc capture whatever type(s) of particle will
Te-eotabiish local elactro-nsutrslity, Wavelength dependence wiil arisc ac &
result of the different rstes a% which these defects will apture alectrons,
" holes, excitons, or displaced stoxo and the different rates at which they vill
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absord incident radiation, = in this case, solar mdiation.

.

i
1

Bluchhg
experivents (see Biblicgraphy: silicaa), in which x< or ‘gama-irradisted
materialy are subsoquently exposed to UV andfor visible redi-tion, in
“emonstreting the inter-relationships beiween vend éelfects, have also .
pointed up the sensitivity of equilibrium band intensity to wavelength a»»d
intersity of bleaching radiation, Fig. 7 compares thé spactre ‘for the ¥

system Lithafrai/Sodium Silicate irradisted by, Tent UV &
muclear radislions, Thase curves show @ stroni inter-dependence 6f UV

and nuclear Yadiutions and, more importantly, they show that the degredation
sustained ih noneconcurrert radiations cammot be used to predict degredation

vhen these two snvironments are concurrent. |

rent

| ) t

2, Semiconductor Pigments ’ . 'I.

- In this section we will discuss the damsge spectra of paint systems '
comprised of semiccnductor pigmnt.s in both silicate and silicone vehicles,
In either cass the damage spectra, allowing for such vehicle effucts as
silicate damage and characteristic silicone absofption, will be ascribded to
induced free carrier absorption., The lack of sny band structure in the N

' damage spéctre of these psint gystems may de regarded as an indication of -

free carricr ahsorption. The faoct that the b and gaps-af these pigrents .
(ﬂ°2’ 200, and-2nS) 112 at spproximately 3.2 ev, strangly suzsesta that
thise pigments mey indeed undergo photo-redustion wher {lluminated. by OV
1ight of corresponding or greater phctom ‘energy. Experiments cunducrc\” )
at IMSC and by oth r investigators have clearly shcwn the differencis detwisn
vacuum and air irradistions of paint systems cantelning tie sé pigrents, In .
general these experiménts have estatlished the dependence of many- electronis
properties of 1405, Zn0, and ZnS upon the environment duripg UV illumination,
The ohservations 3! photoconductivity in these materisls, w’un irradiated .-
with UV photons with e.n-rgiea equal to or exceeding band zap energlés, and
of the d d of ph ductive current upmn the natvre and gressure of
the envi.x-umt, adds mrther credibility to ths arguments for i.ndncod -
fres carrier absnrption., Theory predicts that free carrier sbsorption will
follow the dispersion equations in \Ihieha’is sat equal to zem.l"fhe optd.cal
ormulse -

cinstants would then be obtained from the , o
. e } ' ' N
L] s

-k - € f 2 yrue '/1"'16. “"SJ : A (7d)- "

> WNwe oLt

; G DI

zu—tw= v,rn,c. 3; ‘ TS

o
_ . _' PR ST

™. € - dtelectric-oonstant a . :

€, = elactric permittivity’ o{htue gace . o
J‘ - attocuve mass ¢ the ) type cn-r‘.er
) - Y

-

Thage equations predtct decressing reflectance wiilk increasing frequency. In

' & real paint sys'.em, Rowever, the optical properties will bha given by a

cenbimmtion of eq’s 3 and 7, that 13, by en rxprsas‘on af +he fm
_'& € = 24;”31, &éw S‘o-g,‘ ;‘"5&. 7‘-0»0&

Since thérs are a murber of unknowns in these equucions, 1t 1s extremely
difficnlt to obtain other than a qualitative notinn of how reflectence will
vary with wavelength., This difficulty is compounded by the fasi that the "NY
and "g" values in eq. 8 will be dependeni, for a given paim, zistem, upon

the product of intensity and time, and perhaps on “each $ridzpensently, Therefare,
it should not be mrpmlng to find that the reflectsurs of a semiconcuctor
paint system with induced free carriers will not %is general display dimage
spactra typical of xre- carrisr (metallic) abscigiion, Indsed, as can be

soen frem F1g.'s 8 < 20 reflactance decreas’s with decreesing wavelength,

This can be explained by pigmn’-ku.:‘.-. ‘.teractions, sach as those due to
geometrical effects, chemical mectlon, etc. Neverthaless, the sbsence of

any induced tand structure in the Aatage spectra i3 obvious, In the

casecaf the silicens vehicles, w# rote that the dumage spectra contein the
original absorptence bands claracteristic of the polymethylesiloxans;

polymers, thus showing thit ailicone vehicle damage, if any, does act, affect
solar absorptance, Oz tha other hand, the systens with silicste vei.:es
exhidbit damage in tné 3,0 ev, region., A tentafiva explanation of these

findings is thet vehicles with loosely bound oxygen atams will give them up

to the pigment rutler easily under irrediation, thus offering the pigment

sone d.ogree ct ntadility,

Other evidence suggesting induced free carrier absorption is the
~fact that seaisonduc{or paint systems when irradiated in sir by rurleer
radiation oftanr exhibit increased, rather them decTwased, reflsiiance, This
can Be *xplained on the basis of an increasved mpeti' ton of te 2rd tern
An ¢q. 8 to dominate the spectrsl character of ine irredisted meterisl, and/
‘or by noting that tho pigment mey, initiiily, have-been slightly reduced and
is oxidized in the presence of air during irradiation,

S The siwmilarity of the (¥ and nuclesr spectrs of the semiconductor
paint_systems, as shown iii°fig's 8 ~ 10, indicates that the damsge mechanisas

are identicel. The explanation follows the same erguments offered previously

regarding the formtion of dafects in fairs. In the semiconductor systems, .

" howsver, anly cne of these defects is fmportant in effecting changes in

w.solar absarptance, From these discusaions it seems clear thnt the
sexicondnetor paint systens could be improved in stability by providing more
lnosely h)nnd miona or by nk!ng their escaps less probabls, or toth,

sy
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CONCLUSIONS | .

The imporiant remlis of this invesiigation foller directly from tho
statemaits mde 1n Scction IV A, and from seversl other observations mude o
in the body of this paper, We can sumaariso these-in *his way, Paiqt
aystems comprised of dielsctric pigrents will in general smstain roflectance
changes dua tc induced absorption bands, but since the deveiormant of
these bends depends upon the 4nitial concentrstion of defeunts, degradat!.bn
may be mininigea by reducing the nuder of initial defects. Thus, 3 the
case of silicetc pigments, damage would he lossened by minimizing initisl
eluminun impurity. Semiconductor paint systems degmdr chisfly because
of the photo reduction of ths pizment and consequent generauoz) of freoe
cerriers, The latter effsct could Ye minimised by red:aing the effactive
loss of volatile anion from the plgment. Fram therTy and fran tha dain
given in the figures, we can speculaie about the setperature dependence
of radiation induced damage. 1In the map of T iadlation, d=moge would -
be directly dependeritiupen temperature; in other wards; damage would be . -
small st cryogenic temperatures and wzuld be sewere a high umperetv_-cr N
Damage due o gamma rediation alone would produce msh'lq the #zZa wrpemtm-o
dependens», except that at crysoyents tonpemtuws, the deziige would,%e -
slightly goeater relstiva to OV. A nsutron.gammu.»:: tion mvirmxt.
would groduce severc darage at both cryogenip zifa. elevxted mpemtn:as.
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Micremeteoroid flux {number of incident particles per square

meter per '-econd)
¢

Mass of a micrumeteoroid Ve

m Cut off mass (miniraum mass of &' micrometeorotd)
. |
1 ' .

v Volume

‘¥ Velocity of tie micrometeoroid
v
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MICROMETECROIDS I'N SPACE .

. ‘ 7
Fiashes acrcss the night sky have long proclaimed the existe=:l of
meteoroids in space. In fact, an estimate of the number of metec.oids in
apace was first deduced by couuting the numbsar of racteor streaks of a certain
intensity in a certain section in the sky and thereby calculating the umber
that weuld pass through a square meter per second, This number iy called
the meteoroid flux and actually is an accumalative number because it is the
total namber of meteoroids which have a meteor inteanity greater than 2 given
intensity.

The efficiency of changing mass to the energy aoted in the mea'eor trails
has been calculsted by several investigators [1,2]) . As a result of these
_studies, it is possible to plot the flux of meteoroids greater than a given mass.
This plot results in a straight line when using a log-log coordinate system,
and can be extended into the region where meteor trails would not be obasrvable
here on the eartit. These supponed particles are called micrometeoroide, and
from the extrapolated line they are expected to be rruch more numerous than
observahle meteorites because of the negative slope of the plot.

Obsarvations of the zodiccal light'and the scattering of the F -corora
of the sun give additional evidence that a comparatively large number of micro-
meteoroids exist [ 3] . A measure of the amount of mass accretion of dsop-
sea sedimernts has also givan an indication that a large numbe: cf meteoroids
has settled to the 2arth's surface. Kecent satellite data have given additional

information.
'

Egsentially two types of satellite exveriments exist. One measures
the sound produced when a particle strikes a sounding board attached to a
piezo-electric crystal. The amplitude of the sound generated can be related
to the mementur of the particle through a ground-based calibration over a
limited particle velocity range. The other type of sueasurement either involves
percorating, or piercing, a material ard releasing a gas or shorting a capacitor.
A calibration of a device of this sort indicates that the thickness of the perforated
fnaterial is almost a linear function of the energy of the particle. Unforturately,
these two types of mea ts times disagree by four crders of magni-
tude where the microphcene dats are high and the perforation data are low.
This discrepancy can be explrined by various difficulties in calibration er
perhaps by the fact that diffarent types of phencmens ave being measured. Even
the basic assumptions may not be correct. For example, one specd is usually
asguined in all calculations in the rednction of data, depending upon the inves-..
- tigator. Thus, velocities of 15 to 30 kilzmeicre bave been assumed ar the

average {3] . An average density of the varticle is also used and if the guess

is wrong, i.e., if the :nicrometnoroid is urderdense, thea the perforation data
‘  would be expected to'bs lower than the inicrophone data, In Fig. | a plot of
the most authoritative flux laws is givew.

In the fullowing discussion, a2 parameter stady will be stressed moro
than ary one flux law because there ntill exists a large uncertzinty of the
micrometeoroid environment ‘n space.

THE EFFECTS OF MICROMETEOROID IMPACTS ON SURFACES

Micromieteoroid damage to a surface may be classified into throe types:
t . {1) the caee in which the micrometeoroid penetrates all the way through the
. materinl and ig designated as perforation, (Z) the case, related to the above,
in which the micrometeoroid does not penetrate al) the way through the ma-
terial but fcrms a crater, and (3) the case distinguished by a surface removal
. » accompliehed by cratering, and perbaps exposing a substrate surface. Einphasis
. is placed on the cratering phenomena because perforation is relatively rare
' 'ior any incident particle and real thickness. Likewise, surface rermoval vould
be extremely small even for an extremr.e amount of time, and, herce, 1t will
algo be excluded.

[ The cratering of materials for large particles has been studied e:tei-
sively. At first, a great deal of confusion cxisted in trying, even empirically,
to descrite what was happening, but now a few ideas are generally accepted.
The penetration of a particle of relatively slov: velonities is almost a linear
function of momentum and at vecy high velocities iz 3 function of energy. This
idea is depicted in Fig. 2 and is dependcai on the materizt of the particle and
of the target. At some puint greatrr than the trangition poirs, th: craters
broaden into a hemispherical shape. Tkis transition re.giow occurs around
2-5 krm/sec for soft metals, 7 Xm/sec for alumiaum, and Lighs.: for the more
brittie materials, but generally under 11 km/sec. Usuaily the <verags speed
assumed {c* micrormeteoroidy in space is equal to, or grezter than. (5 rm/cec
and would produce hemispherical cratera characteristic of the hypervelocity
region for most metals. Brittle materials have i teadency to shatter cround

. tha crater.

The cratering efficiency in the hypervelocity regica is meestred ex-
+ perimentally, althoug).x. there are son-e attempts to write a descriptive :quation.
| .The smpirizsl data can.%¢ given as 3 constant K where

i Vv = KE

L T,
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relating V (the volume cf a crater) and E /the energy of the impacting particle).
Table I lists several values for K- in the bypervelocity region. o

One would expect that the inside surface of the craters would be different
from the original surface., Figure * shows a c‘opper plate which was bombarded,
eut, and etched, indicating that'therc is a considerable amount of "'mechanical
working" neat the surface, demonstrated by the lack of large crystalets as one
approaches the crater surface. This mechanical working is very similar to
buffing and actually does not have to extend too far beneath the suriace to affect
the emissivity, since, for a metal, most of the electromagnetic encrgy is

- emitted st dspth of less than 100 A. For low velocities, feagments of the

impacting particle may be partially buried in the crater wall. These fragments
way still exist at higher velocities althcugh probably at a much emaller, siza.
In the hypervelocity rogion, the surface is nci contaminated by fragments of
the impacting particle because at thase velocitics the crater continues tc grow
cven after the particle has basa consumed, :

! ! t
ANALYTICAL DERIVATION OF THE IC'HANGE . £
IN EMITTANCE DUE TO CRATERING

The emittance of a surface is defined as the ratioc of the amount of
energy radiated per second by a unit area of surface ata particular tempera-
ture to the amount of energy that is radlated by 3 perfect radiator, (black body}
of the same area and at the same temperature. Mathematicaily this can be
written as: : .

e = W/Wb ,. I t)

Thus the ¢hange in emittance is given by:
- <

Be = o ~c B (W“/wb) - (Wo/"_"b) - (_2)

where:

the emittance -

vt . N

bs = the qha;lgo f/; e}:hittance . Lt .t \, .

en=

ec = the emiytanée inside a crater

the emittanéé of the surfase after ératering” ™ '

Fee

R ]

e, = (nitial emittance

W = radiative energy flux = cnergy radiated per
second and unit of arexz
{ Wy = radiative anergy flux for » black brdy )
, W, = radiative energy flux for the cratered surface
¢ Wo = iniifal radiative energy flux

The amount of energy emitted by the cratered sataple is given by the
sum of the energy emitted by the cratered and uncratercd portion.

| w i (Ap -A) e W, +AFW,
) al ® (3
. Ar
where : ' '
1 AT = total area of the surface of interest
! ' ' Ag = cratered area
AT-Ac = area not cratered
F=W. /Wp= configuration facter

The quantity F is the ratio of the radiative energy flux of a nzmispheri-
cal surface to that of a black body and may be'considered as a function of geom-
etry und the emittance of ‘the crater. The name 'configuration'" will be used
for thie term,

e Substituting this expressjon into Eq. (2), the change !n emittance can

be written as: .
Ac
Ae = ﬁ (F -~~eo) (4)

The configuration factor for a diffuse ellipsoidal crater can be calculated

in almost the same manner as the hemisphere although not as easily, Remember

:__;’that the configuration faétor is defined as the,ratio of the energy emitted by the
crater to the ensrgy emitted by a black body with the same size opeming Thua:

F = enernemi&ed and reflected from the cratsr

e enezrgy emitted by a black body with the same size opening
c . |

semes 2 s

.

e




The energy emitted direcuy from an eleme'nt of area dA; on the crater wall
would be: -

Energy emitted directly dA, = ecWp S22F lt;zﬂ—pﬂ dA,
"

t

~ .

ec Wy, G {1,0) {5}

b
where the quantititesiare defined in the ¥ig. 4 and where G(l 0) is the fraction
of the energy from dA, paesing through A

h
The amount of energy reflected once from the element of area dA,
would be:
L]

ec (1= ec) Wy (1-G(2,00) G(1,0) .

(Energy reflected once) dA,

(Energy reflected twice) dA, = e, (1}~ ec)* W5 /1-G (1,0))

, ! U
G(2,0 °
[{( E?coi?fi%cosﬁl} da, !
Lo
. G(1.0) ()]
1-G(1,0)

From the first mean value integral theorem, the incegral can be ex-
pressed by: (] . B

. I{Q@- 9) CoLg' cos Bl}d.Az = G(¢,0) f coz f; cos B, dA;
2N

ﬂRu

-%
Tt

(l -G (l‘, 0)) (l - G(lno))lfh

1 be approximately equal to ec(l-ec)™ Wy {1-C {1, 00"

" | where G(£,0) is a function of a constant £ where 0% § S P, For'the
B homiaphere case £ = z; and the energy reflected twice from dA, is equal to
- 8 L}
i . B
o cll e Wy (i - G100 GO, o) .
o }

R « The e::act expression for a general ellipeoidal case could easily be computed,

) B but since the apprnx:mntmn will occur only after the first refiection, it will

obviously be minor when the surfzce has a fair -sized emittance and/or whea
the crater is nearly hemispherical,
- For three reflectione, or more, the energy reflected from dA{ would
G{1,0) where *n” i8 the

) number of reflections that vccur.

[} be equal to

. . a

j " 5 'n n o,
e Wy, G(1,0) )_,o (1-e" (1 -G(1,00" 2A,
n=

e W, G(1,0) ‘ (W, Gl1,0) dA,
j c b dA,:j——b——_—
1-(l -ed(1 -G{l,0)) l*“e-ed Gn. o
c

3

and the configurition iactor then ig giver by: .

I'd N
1 T —E L g, @
N4\ +—-'—°~G G, J

if ec =0, then F 0 which means that no ama.n! of cergy emitted

s B would be equsal to zero. I ali the eritted apergy from the crater ware re-

[ flecied, then from Eq. (8}, F = ec A;/A, whichig valid. If ec =1, then

3 Fc[ﬂ;;&d,\l,,,

Thus, the amcunt of energy emitted and reflected from the crater would




N

and must be equal to one because the structure of any perfectly radiating sur-
face doeu net changs‘ita,eﬁective emittance, A

The percentage of energy omitted through the op«ning of the cratut, Ao
‘ is usually called the: geornietry {actor and can be repx-eunted by the function
G{1,0) . There are aaveral methods of finding an exprouion for G(l 0), but
the simple st seems (o be a method described by Sparrow [ 4} P Here G{1,0)
is defined by: !

i

go;ﬁx_c_es_g& . -
. G(1,0) =_[ KL, - . .
1

AN
| dv
, = 1 .{openi'ng

27 Rw
+ ‘{ ! (xg -3y) dzg - (2o - z;) dxg
m1-Jopening 2rRY -

Yo - ¥} dxg - (xg -x}).d

2%R 4 i

R -¥Y _{é;"eni’ns
)

where I;, m;, and n; are ths diroction cosines of the noyma! to the elemental
area dA; . The diraction cosines can easily be figured and are given by:

Y = r:+ (r -r‘
a Q v gt re

10y

. .

0 . . 1'~ —
0y = BB 1’9.,,! JEL!"
q Pa Ir,

where the constants and variables are»d':.iined in Fig. 5 and whcre. ina. cylm-
drical coordinate system, . ¢ -

Xo T foeO8 8
Yo

zo =

= r,8in. 0,

Zo

o
D

P s ..4
NS R "

"

and v, 2, 6y, a, {;, m; are constants when integrating over dA, . Since
tonly a line integral is being corsidered, ro = b, 2z, = 0, and 6, is theivariable.

Thus, ueing these consid-rations and several ateps later

. -
G(1,0) = 27 fopening
|

or substituting in for R?,
: + ] v

. A+C). . _BE -D(A+C)
l o, 0 = zn .{opening b ( B )’ E(D+E cos (6, - eo))} 6o 12

31 ((A+C) cos (8,-8,) +B)d6,, (11

where A, B, C, D, and E are constants given by:

~Izp
Vpt r,? + b2 - r,z)
LN e Jamye |
- =b°VL® -1y -
. - \/.P T + B (b - 1,%)
br,; ' - g’
Vi op® + bt (b2 - 1,?)

(i}lz + rlz + b |

A =

(3)

-2t|b

R? =
+

D+ E cos (6, - 6,)

"In order that this contour integral be positive, it must be integrated clockwise
-around the opening. A function of arctan ie ovaluated with a similar argument,

but since it is a many valued funcﬁon, the evt.lur.ced solution of the integrai
cquauons is:

S a4

5 r ;.
Glro) « -b [A1C , BE-DUAS *,Q]

E EVD? -

P .
/
. 4
' Q
.
[
S
' i
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1
Substituting in values of A, B, G, D, and E in terma of v, p. mdb Eq. (14\
reduces to: .

‘oz s 12 2 p2y2
G(1,0) 5 ————t [—(b’ cphye BB AP ob s |,
2ot + B - P & L 4pib? + (p? -b%)? 2f

Earlier the integral l/A~<J fG(l, 0) :!A. was shov'n that it must be equal

 to oue. After involved but straighticrward manipulation, thisc was sho'vn to be
~true for all gz;, b, and p . |

., !
The change per percent area cratered can then be written as:
\

SRk

where F is given by Eq. (8) and G(1,0) by Eq. (15).

A paramster study was perforrﬁed for several values of the depth of
the crater to the radius (Figa. 6-19). When this ratic {5 5usl to one, the
case is for a hemisphere where F reduces to the simple expression

F = 2ec an

l+eg .
One can aiso dcrive the expression for ¥ for the specular reflecting
case for a kemispbure such that
a
. Pd , .
F=ec[l +2_‘ (l-ec)'coau"i] . 18)

i=1

where .0 = 7 /2.(i+1). Tho dotted-éurve t: Fig, &0 is for the specular renecting
case and is nuar the solid line, or the difivde reﬂecting case, .

= (ecF - e o )

. thle equation is usually referred to as the micrometeorocid flur law.

' COMPARISON OF 'rmj: MATHEMATICAL MODEL TO LABORATORY DaTA
i i

The mathematical model derived in the preceding sections was compared

with experimental data,obtaiued by bombardiag surfaces with particles, A
full description of *.ese data is found elsewhcre (6] . Table II showe a com-
pariscn of the computed valude for a change in emittance and the actual moasured
+ values. The apred of the particles is leas than a hypervelocity sc that ore

wouid expect that perhaps small fragments of the particle raay still be embedded
_ in the sample, Obtaudng data for highor veiocities with an electrostatic accel-

erator is under consideratior at the present time.

: As was showp earlier, the {utal numBer of micrometeoroid particles
pageing ﬂzrongh a square meter per second is given by

8

o . N = amgo H “9)
‘l\ . o -

> Since @
and B arc constants, tha positive number of particles with masses between

m and m + Am passing through a square motsr per second is given by

4N = -efmPt am (20)

¢ '

N Lo

-

. and wbere Bisa neg:ﬂve constant. Fach particle (in the hypervelocity
= regimo) if it happens to amke any surface, will crater a volumea given by:

N 7 ’ '

\A C({m;‘r’) . 21

“ » S - m
wbere :C lo a cmtant empdﬂcally dotermined for every material and v is

. the velocity. Thua. the cratered surface area for one incident particle would
be:

mv) . (22)

'Ac = vf(%c;

S A T -

iim;_._,A

= T
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'nu- mytlml modul developed to prodict the c!m:gaun emiu:nca cem- L

—":‘A-"‘IA”“" N - - - ,— 14 P ) - V“r.~ =1 ‘/},-7/~ »—: ;; «k - - - ;{— 7
) ! - - . . P B
. ‘/‘ \ ¢ } S . . ) - it N o, . W
" The total craiered u'rea bY An particles woald be N predictod from pemﬂ:nticml measurements or Wateon's flux law {3] , the time
’ : . ’ o - o scale would be contracted by 10* ; and indeed there would be not duectabl.e
e } <oy st - change in temperature for years. When, lntormation is available from ceru.i.n
- . : A a (Ac) ) = - Ac (&aN) (8 (A) a L space ernisaivity experimems then, in eﬁect “thermal micrometeoroid flux
. N . , L R could be calculated dnd used to ,redict the change of emittance of any material
’ . . T . inlpue.
. o '_'. N = {t) ‘A)'QB (:ﬁ’l‘;‘\\/, mB §A'n o .‘.:"f v (23) et i EVEN b ' s
. ‘ ]
DN ~ . oA Ste v N “ .
Or the total crater area in time t, where A = area available to be cratered ’ °. -
! will be the integral‘of Eq. (23) from the cut-off mass m,’ o extrems ly la.rge t .
masses. l . : ) . .
’ . « . ' i
i o . , o )
A= -(ﬁ ((B': ) (—-1.7z B+§ -0 (24) ,
. my - i T T - - ] o .
. g o “ id .
. or . - ’ . - . - <
- f. ‘r v ‘\ o . . ;
Ae" =+t H’:") (3—" o) $ mo-B+§ @5 \ e ' N o
, - <t . Coe .- : s
.. ¥ ~- ~ I
_ ‘Now, A is uw’ total available area that.can be cratersd. and would. 5 - o - N .
) giveaty: I S
, (‘\1‘ A - T oY . t . i
) A . where A-r is the total area. . (26)
B T - e N N T
: . SE o ~ s ’ AN . .
- 1 Solving for the amou=t & Gme, to crater a cethin percent o! the area Ac/AT : e ! C
by e N . 5
-z - " Cea T L -
LT e e T '
- t = . 2n
L AT - A/ :as(— vz)f 9"§ i :
Sl - L A : » ’ Ve ' '
: ' . A value for t versus the percent area cratered was compuhd for s
1 ber of repr tative maturials and plotted in Fig. .21 where thc 'flox’ la.w 1.
. shown.at thé side.. The time scale cax be Cul.u.; cted or nd ‘:‘ ‘& A
H upon the flux law ﬂm!wsl used. S A R *.,
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undergo cateatiorhic chengve from the slight bembardment of the

solar wind, which colretpunds to only~ 70 monolayens par yeer.
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SUMMARY " /4

An analytical model is developed to predict the change in the eriittance
of a surface cauaed by particle impact. This model is applied $n a representa-

|
INTRODUCTICN

Beforo artificial satellites were placed into orbit, it was uncertain
. hat effects various parameutere of the space environment would have on them,
" Baiellites have been designed which have successfuily operated for mors than
gonr year in the space anvironment. Indeed, to some it is surprising that the
ﬁlpace environment is no miid. QOne such mild space enviroament parameter
¥ a the presence of a relatively large number of solid particles in apace. One
sunlly neglects the effect of the immpingement of these particles on the thermal
adintive charasteristice of surfaces partly because ever erosion- and cratering-
posensitive surfaces have not changed enough to significantly affect tke satellite's
“”'Qemperatnre. However, the question of 'what is the effect’” has veally never
3 ,b,_een answered. In the future this anewer will become more important becavse
the postulated increase in particle flux near the lunar surface and the antici-
ted use of more critical surfaczs such as leuses and windows.

This paper will be r sstricted to the change in emittance of a surface
Ae to particle impact as applied to the spuce enviroament, Hence, several
pica are discussed only in general terms mainly for a background and for
rticular information needed iz the dsvelcpment of zn analytical mode! whick
U be ‘ased to predict the change in emittance in the space environment.

i
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9 LIST OF SYMBOL:S '
) .
e The emittance ”

Le Change ir. the cmittance 4

en The ex.li;!a.nﬂo of the surface after crater'mg. 3

e, The emittance inside a crater :

e, The initial emittance of a surface

w The radiative energy flux ‘_cnerg'y radiated per second and per unit

of area) ) | |

wb The radiative energy flux for a ‘black body

W, The radistive energy flux for o cratered surface

W,  The initial ra’iative flux of & surface

AT The otal'area of the surface of interest

A Area o(".\{ae openings of a cratez

Ay Ar ea of an ellipse

F Configuration factor

dA, Element;al area on the area of the opening of the crater

; Elemental area on an ellipsoidal crater where i can'c;'f,ual
1, 2 P
» 2 3.,
]

Bi The angle with the zerpendicular of the ray fron slemental
,

area dAy to dA;_,
B; The angle with the perpendicular of the ray from 4A{ to dAy;,
]

Rij Distancs between elemental avea dAj and dAj

Gyi, j) The fraction of energy from dA; to dAy
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A "}." EXPERIMENTAL DEVEUJFWP OF A TECHWIQUE POR THE CORRELATION
OF FLIGHT - ‘AND GROUND-BASED STUDIES OF THE
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ULTRAVIOLET DEGRADATION OF POLYMER FIIMB

By Ychn A. Parker,® Carr D. Heel,! and Morton A. (;o1uv’@+. tad Pes s )
it — oreon A Uolip

e

Ty) NRSR, washimdbeon .o

The surface temperatures end the snvironmental stabilities of
thermal control surfaces have -een obsarved to change weasuwradbly in a
near-earth orbit on the'8-15 CFditing Eolar Obeervatory (080). The
. changes in curface texperatures caused Vy in-sjace ultraviolet degra-

dation 4o not correlate with predictican from ground-bared simulation

of envirommental conditions. The generel behavior of these surfaces

has suggestd a possible technique of evaluating the accurary of ground-

based simulation experimentc, mamely, the measurement of swrface tem-
o paruture of a f£ilm ccusisting 97 a well-behavad polymer system. Pilms
of buth polymers and copolymers of viryl chloride vere expused to ultra-
violet rediation in vacuum and were found to exhibit{ a regular and
quantitatively weasurable change in rolar abscrptance with tine. The
major changes produced by this exposure occwrred {n the witiaviolet and
wigible regicns. Virtually no change has beeu aobserved Jn the infrared
. absarption epectra of these films. even after exprsure te the equivalent

of T2 hours of space scler radiation. In the exposiTes to simlated
2 conditions of vecuum snd ultraviolet radiation, a linear change with

time in the rati1o of solar abrorstence %o ezmittance has been cbeerved to
{ rocesr after an initial transient periol. The regular behaicr of taesn
. ,f1lms indicates that a reasonable prediction of the temperature chunges

vhich would occir in the real spsce envir-nmen®. can uve mede.

/73z!

]

/To obtain the lesired wechanical propert’es “ar a flight test, a
surface consisting of & mmre polyvinyl chloride rerpolymer film {VXCH)
va.s cast an a poliched aliminum substrate. This moterial is found
" ! 'experimer 11y to behave aimost identically to the uTe polyviayl .

| chlaoride. Preficted texperature changen of such a surface will be
coapared with the sctual results obtained by orbiting the surface on
: | the 5-57 080. 'The amount of gamma radistion required to produce a
@lven chanpe in the absarptance equivalent to that produced oy a spe-
cific amount of ultraviolet radiatitm bas also been determined experi-
mfntnu.y/ The gamra radiation vhich would produce the ssme cffect us

--—-—__——.—.._...-——_f—- e — e,
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a 9-hour axpos:iTe to the solar ultraviolet would require a period of
3 or h years expesure in space; and, hence, would not iufluence the
sesults of the correlation of the ultruvtule’c AXFOIUre.
L]

INTRODUUTION | .

’

Roflective white paints, comus‘inef o? inorganic pigments and

orgaaic polymeric binders, have been employed as thermal control sur- A i

A variety of polymeric types cf binders
have been investigated tar this purpose. Painte based on acrylics,
silicones. phenolics, and epoxy resins have been used {rcf. 1). None
of these materiuls ere unstable in & vacuum in the range of operating
temperatures encountered on a spacecraft. The inurganic pigments,

for example, 4itanium dioxida, are relatively stable to the actiocn of
the incident electramsgnetic radiation encountered in these applica-
ticns. All avallable evidence obtainel to date points to an lters-
ticn of the molecular structure of the polymeric components produced
by, the incident ultraviolet radistion &s the principal cause of change
in the thermal control characteristics of these coatings. Kine percent
of the total energy of incident solar radiation ia near-earth orbit
lies in the region from 2200 to LOUO A and only 0.02 percent below
2200 & (ref. 2). The energy of photoas in the wave-length region from

faces for epace vehicles.

2200 to 4000 A ranges fram 5.6 to 3.1 electroa volts. These paotoms g -

have sufficlest energy to break carbon-carbon bonds characteristic of
argaalc rs, the strecgth of vhich 18 of the order of 3 electron
yolts (T2 keal per wole), &nd this can initiate molecular demege proc-
esses. The epecific chenmical structure of the no.’lymric binfter deter-
mines both the specific wave lengshs and the degree of absarpt.ien of
the incident uitraviclet radiation. The basic chemical comstitutica
of the polymer also determines the course of the ensuing degradation
reaction. R
—— I}
fhe ﬂesrada'tion reaction may produce ecissions, cross-linking,
cr functional group alteration. Ovnly vhen the damage process leads
to the production of highly absarbing groups mey one expect a sigal-
ficant change in the cpticai properties of coatings formulated from 5
these polymers. 3 -
’
‘o correlate gumrtitatively tbe effecte nf a simulated eaviron-
ment with those of an actual crbital flight on the rate of change of,
temperature of a polymeric film, a basic polywer with the fol..ovina .
properties is requived: _
. ' . N
(1) It absarba ghotons in the ravge from 2200 to s least 3000°A

and these photons should be effective in generating color-
producing groups.

v

@ !
I

{2) Its principal dumage reaction is chromophore produciion so ,
thut absurptivity changes in a regular'manner with time of
exposxre. (Under the conditions of expcsure there shoulé ‘be
no sighificant artocatalysis; that is, this reection should
be zero order with respect to the chromophoric reaction.)

! 'R

(3) It undergoés tire required chromophoric reaction without
significent alieraticn in the basic mechanical properties *
of the filw;’ that 18, its physical properties should not be
affected either by cross-linking or by scission so that the
£1lm cen endure a reasonadble orbital flight and experience
the expected temperatwre changes while still retaining its
mechenical integrity.

(4) Its specific color- -prodicing reactions are free from the
the effects of differencés in spectral distribution. The -
quaatum efficiency and both the number and kinds of groups
formed shonld oe of tke vave length of ultra-
violet radiation absorbed.

(5) It 1s sufficiently stable at the opsrating temperature of
the film that thermal degradation does not occur, and taus
camplicate the interpretstion of the ultravioclet damage
Trocess.

)
Information on the photochemical degradation reactioas of !
polyvinyl chloride and copolymers containing a substantial portiocn of
polyvinyl chloride cononcr suggests that such polymers could possibly
meet the faregoing requtre:nm’s (ref. 3).

/The spscific research co™be described Is concerned with the
evaluation of thin films of polymers end copolymers of vinyl chloride
as indicator coatings, as well as with approaches to ground-bmsed
similaticn vhich, {f successful, could be used witimstely to predict
toth the expected temperatures and tempersture chixges with time of
excposure to solar radistion. This paper discusses the rezearnch to'
date on the grornd-based phase of thir prograzm. The results ottaiic2
herein will be carrelated nltimately with an in-flight test om the 2-57
rbiting Solrxr Observatory which should provide an evaulation of the

atmulation 4echnigue. e %M/
- FXPERIMENTAL RESUITS
., 7102 -Epoxy and $10,-81licare Coatings Used as Thermal
Control. gurfacen on the B8-15 0SO Satellite

The sirface temperatures attained by T10p-epoxy apnd Pi0z-siifccne
coatings during the first arbiv of the 8-16 0SO are shown in figure 1.
It can be seen that the omximm temperature resched by the T10g-epoxy

3
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h closer oimmian of the eol.u- radiation 1o otnunea
he»yhot eni.cal repctt’csn of the coating 1s significantly

smuar fum,vere ﬁreparcﬂ from o vnv.-

“ace mleic-ac1d:(86:13:1) ter olymer {"VICE").
e m fram eoluttcm containing tolucne and methyl.
ind | wero. ma,xn s pimilar manner. .The VKCH terpolymer
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It was found comv enient to present and consider the spectroscoptc
in filns l.zl\ m of the optical density defined by the eq\m- .

oo on.-znxo/: '

vhere. Jc 16 the incident intensity and I 1is tho transmitted ‘iiten -
sity, & change in optical density (4 (0.I.)) of, say, 1.%, implies thet
the transmisaion, T (=1/1;), 1o essentially reduced tola level vhich is
107**® or about. ’: percent ‘of the original ‘transmigsion. value. The
method of representing the spectroswpie changes {n the films by cptical
Qensity rather than transmission ar other quantities, was selected so
that the ‘changes ih absorption could be~relnted dirsctly to the increased
concentration of the. color-producing groups. The /'hangu in optical
density. of the free films of pure polyvimyl chlaride \Mth time of expo<
sure to radiation in the wave-length region 2200"to 6000 A are given in
6." The e in optical demsity; as plotted, s the Qifférence
in optical density (or absorption) of the polymer -film at a given wave
length befare and after irradiation. The incréase in the' aptlcu den-
::?d;:ﬂ u;:camtt of over-all absarprion imto the visible Tegion is
erntota.lexpoemd noursthe uw'em-
Pletely cpaque to fx-mummm at 2800 A gkt N pedymer. L
The hu’.e chenistry under].yi.ng Lhm thotochenical cbme Ln wce,
based on refera\ceﬂﬁ and 5, is outlined in figure 7. The firstcstep
in this procesdd.s assumed to involve absorption of energy by trace g
impurities in the-system in the form of unsaturate? end groups, da*alyst
residue, residual solvent, etc. This energy absorption, follwed by
energy transfer to the butr polymer, {8 ‘sufficient to initiate the
resction through the removal of an emergeti- chlorine stom, leaving & °
residua’ radical on the chain as shown. Propagation of the reaction
imvummdmwgtmwmmumttom .
radical site to-fourm a'molecule of !m!rogen chlorile, t:rmnation occurs
by farmation of .a =« nondﬁmtheawhblepirofelectrm It.hu

" been chown by Bayer (ref. 6) that the continued imtroduttion of double °

bepts' by thia mechanism is a nonrandom process, indicating that the =
removel of chiorine next to the double bond ‘site proceeds nore mﬂa
tmtheremmlotchlormeﬁmsnordtmymbcr mtbcpe]yw
chain. ‘As the process proceeds, a conjuaated linear polyene sytten i.s
developed vhich' absarts strongly 'iIn“the: ultrevioiet’and visible reglod -
aof the spectrum. Todate,tbaenctemeﬁ,rstionsﬂlextmtdthecm-
Jugated:systen 2s. unknown. . Fhotochemical Luvestigatians are under 'w
to.determine the mt\a'o of -lu.s structure.
IPRYY Lo
.o'l'hechnmemoptimdmaitymrpmmmrammbert'tm
Jemhsmzawtoéoooxugnmumortmofutrmwm
tion Za shown in figure 8. This. figure shows that thefe 1o increased
apacity at all'wave lensths over ‘the’ ultraviolet and visible rmom,
and that ‘the reyfon oF hls,u. complete opacity (change in optical )

~

! (&)
]
density in excess of sbout 2.0), progressively advances to louger vnve
lengths with increased dose. Ko differencn has been observed in the
vate or ‘coloy farmation between the pclyvinyl chlaride and polyviayl
chloride terpolymers.. In the cases of both polymsers, no change 1n the
infrared apectrum of ‘the free £ilms has beén lobserved up to as murh as
72 hours of ultraviolet radistion iun vecuum.

'As memtioned before, for the proposed iflight tests, 1% ig
necassary to havc a polymer which sdheres well %0 an aluidirum metal |
substrate, and is sufficiently flexible as well, so a8 to not crack
during the expected temperature cycle (similar to fig. 1). Thes vinyl-
acetate component of the VMCH texpolymer provides in.ernal plasticiza-
tion and the maleic acid providls the necessary polar groups for
adhesion to tbe substrate. ‘Tt {a interesting to acte that the
ultraviolet -induced charges in optical denmsity of this terpolymer aie
simf{lar to those obtained for pwre polyvinyi chloride.

In eddition to ultraviolet radiation, the flight tested surfazes
arperience coliisSons with higher energy photons in space. Fo this

' . reasod, the effects of gamma radiation from 10 to 16 mev were also

exanined on the polyvinyl chloride :ilms. Figure 9 rhows the changes
in aptical density jroduced by v radiation. An essentially anaio-
goua situstion ie obtained here in the way in which the opacity at easch
< lengtk steadily) increases with increased gamsm radiation. An
increaee in optical. density with increasing dose similar to that for
ultraviolet radistion is cbeerved. The near equivalence of the effects
of ultraviclet radistica and gamma radiation 1is shown in figwe 10.
It 1p clear that a dose of ) howrs of soler ultraviolet energy produces
a change equivalent to a dcse Of gamma radiation of 10 megarads. It
would probahly take a pericd of at leaet 3 to 4 jears to obtain s dose
of thie magnitude from the higher energy photons available in the,
environent of the 080 satellite, vhareas, a siallar effct would e
produced 1a & Zew how's of ultraviolet radiatiou. These resuliis indi-
cave that the effects of higher energy pactons ia space can be ignored
in this ultraviolet degradstion comparisen.

The tempersture rise vhich occuwrred during exycsure cf the VMCH
f£ilm ca sluminum substrate to ultraviolet radiation in vacuum 1s given
in figure i1. It can be scen thot there 18 o rise in tempersture from
279 C to about 46° C in 1200 minutes. Since no change in the rate of
formation of chrooophore was observed in these tests it appesrs that
the activation energy for the dclvdrogenizauw of polyvinyl chloride
18 very small under these conditicms. . precautions were taken to
control or to carrect for the energy ux.u.ted from the back face of
these coxpueites ¢r t0 shield this swface, therefore, this temperature
rise dos3 not quartitativeiy indicate the axpected teapersture rise o
e satemte experiment .

‘The dmsemthe percent of energy reflected due to 16.5 hours
ofmud:atimﬂthtu&élmdm%tw]ymcmtoum

elmioum swbstrate is glven in figure 12. The percent reflectance as . -
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& ATOUion of wave Aongth fram 3000 to 88,000 A wo3 dotermtued Ly the
Otor Dunkel hentepherical rafjectence apectrophutometer. The ehaded;
aren {ndioatas the wave-dengih Pagion of change in rellledtance due \G
alteration 1n the £ properties, Xt can be 2een thab the largeat !
ohange 1n reflectance odowra in the vieible and wltraviolet nedion
bhelovw 7000 A, Thle corretponds %0 the region of ahange tn eptiioal
Aenuily for the frea £ilma of thia polymer, and euggeata that on the
alavivn substrate, the prodwotion of chramophaees in he polymer ‘e
3011} the prinoipel catae of change in optical propertiea. It can be
sven thad above $00Q A, there ia 11tdde change in the abegrption with
wtravioley axpos e result also artieipated from infrared abacip=
Vo apechta of the Tilma. Thie bdeharior of the reflsdtance
apechre fndicetes that a relalively acnadant velue of eatttance and &
rapid change of the salar abegrplance of Yhia ayatem with time of witras
violat {rrediation can be ted.  The fottial falua of acler abasorps
tame of 0.2] changee $0 9.43 with 16 howrs of frradiation while the
emittance Pedoing opnetent b a value of 0.6, f

The ohange 1n She tatin of qolar abaorptance Lo eatttence for the
VG terpolymar on aluminum subgtratie after irradiation ab one sqlar
oonstart botween 2000 and E700 A for axpoawre timed wp Lo 1300 wmiuuten
12 given in figure 13. It con Lo goen.that aftar an indtlel rolstively
repid rige, the ohange in the vreule of aqler ebasrptance to caittence .
aontinued %0 riee Ainesrly. The change in. ofe dver the test period
10 afgnificantly large. The teaperetura chenges caloulatved for thude
inereases in ratic’ of aclar absorpiance ¢0 emittande as a funetion of .-
exposwre time arq given in figure 1b, Theae reaulto indtcate that o
Yemporature {noreeae of 337 G over a tect poriod of L500.wiiutes can be
exprated, ! s
. ‘
QONJUTING KBNRG .

I !

Theae reaulte indioate that polynera of vinyl chloride mey beo
eatiefoctary comparatora for oorrolating the changes tu eqlar abacrps
tance produced Gy axpoowre %0 ultrevicles radiaticn tn flight and
grownd-beaed tecta. Theae polysaric fAlmy weet the erileris far o
woll-behaved aywteam, in that they undergo e regular ahange in gptical
deneity with time of axposure, and the change in solar abacrptante can.
o moasured conily as o change in tewrereture. Furtharmore, the photos
chamistyy coourring i veowum {0 free from corplioating ollde offects
auch a2 ourfece fnnv.\ and depolywerisation aharactoriatic of many

polymera. !

Begause oF the oxtyemy acnaitividy of the ultraviclet and visible
aboorpticn apectra $0 the ChromaphoTe QoRECNLIRLion, thesq filme may
£1ind application ag ascwrete witraviolet docimauara tf tt can be ehown
that the quantum effictency for tha production of these color-furning
SOPA 18 indepondent of the wove length of abooTded photons 10-tha
photochenionlly preductive regton. N « . s

]

i a Ot

t

Thoto filas vill Uo fiawn on the B+57 G0 satollite aumstine o
¢ 3964, b vhich time {t VIll bo oosibla G aGrpare tha Lowretwe
?mu Fredicted by daboratory Geota with {n-flight mnaswremente

i

Puture plans include iaprovements {n matching the phatochemtcally

o Predustive regten of the gdlar epestyum in the laburstery teste an?}v
arftical analysio of the kinetica of the chremophore reactian.

' L)

F1 3, Mekellar, L. Avt Bffects of Gpacecrart Envirornacn
s v Ay 2 ts ou Yharmal
3 Qontrol Matcrislo Charecteristica. Gpaoecrafy Thermodywantcs -
Gyuponiua, Q. 8. B. Etemand Holden Day, Tno., od., 1962,

8. Jonon, 7, 8.1 90lar Redisbion: Gpace Maveriale Bandbool:.
Q.°0. Ceatael ond J. B. Ringletary, oda., lockioed Mimsiles and

! Gm“. 0, W)‘ W R-3I7.

3 Wakler, 0. B J. Polywer 8ut., 33 3, 1959 :

"+ 4 Heol, O Bil The Stabliity of Thermal Coatings far Gpacecraf
Fapor presented at PINN Intornational Sympootws on Space .
Technology, Seph. 1963. , ' e

$. Gualaht, Rukojima and Kitta: MNechanism of Disneloraticn of
munmnw Folyrinyl Ghloride. J. of Appl. Polymer 30i., 8 659
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‘of stability ol mmrk 8 to' hnuuted space cond.lﬁons were
1 B, th'a developmental progzam of spacecraft thermal
pating iation: of spectral reflectance ard solar absorptance
> before and after axposire showed that none of the materials studied is.com-
Pletely.unaffected by:ultraviolet irxzadiztion in vacutin., However, sinc oxide
-and, to.a lesser extent, sinc sulfide were found to be wnusuaily stable white
pigmcn and formed relatively stable;coatings when dispexsed.in pure. poms
.07;1n experimentsl metbyl silicone polymers. l-:xpos.;re to 4200
: equivalm aun-boura nl.traviole' hﬂhdon in vacuum resulted in solar absorp-
n oztor oothanezpenmanul -iliconeandapotas

'/

1

: INTRODUCTION

e whcipal objecdvo of this research wag the development of a white
thermal. cnkol coating with exceptional stability to extraterreo-
; . ‘Emphesis was airected more to the change in value than
: X ol solar absorptunce. Accordirgly, the maasurement of
spectral nﬁocnnce within the solar region was directed more toward pre-

cision than tovard. aboolm accu.racy

in uﬂgatcd. The work was divided broadly into organic and imrganic
o ccaﬁnga\ In order;to reduce the complexity of the problems involved, pig-
. B paint vehicles wére sxposed individually to ultraviolet radistion in
vacuum, 'These screcning riments wese the basis for the subseguent
choice of potentially stable pain: formiulations. Determination of spectral re-

flectanice and: aola r absorptance before and after exposure showed that nv ma-

terial ‘studied’ wag completely unaffected by uitraviolet irradiation in vacumm.
Zinc aiide was'found to be an unusually stable white pigment and formed rela:
“stable coatings wheu ditpexood in pure pmssium axlicate uf in methyl

polymert.

enbed potassium: -mme and methyl eilicone paints. The
eﬂecho!ooiungcodclunmg ﬁcmungsmoemdxedhmamwto
- define thc problems anﬁcipawd dnﬂng apacecrm kbﬂcaﬂm and dnring
ladnch;

. [ _,,!..

s_mu-ex-_’.“__‘yww’ 9;:‘-_»:_, ~ .
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. The roquirement for high atability to tho space environmint includes not
.only the solar ultraviolet as a consequence of tho sun's temperature, but also
other radiations in space, primarily galactic (cosmic) proton radiation and
trapped charged particies in the Van Allen belt. :Adequta simulation of solar
saltraviolet below-2000 A, inzluding Lyman alpha ds well as the high-energy
“particulate radiations, is both difficult and expensive, Furthermore, of a total
''of 135 watts per square foot at earth-distance, léss than 0.25 watts per square
otic radistion ie radiated bolow 2000 A, wheraas about 12
watts per square foot is radiated between 2000 and 4000 A in‘the near-ultra-
violet, Sinco the development of stability to high-enorgy radiations io usaeless
uniess stability to the more prevalent near-ultraviolat is assured, space=
simulation efforts were confined'to the near-ultraviolet region from 2000
to 4000 A at a vacuwn in the range of 10-7 torr, r, .
. . ‘ i ~
SOLAR ABSORPTANCE MEASUREMENT
- \ B o
. Solar absorptance was determined indirectly by measurement of spectral
veflectance in the wavelength range of 0, 3 to 2.7 mp (300 to 2700 mpj. The
reflectance data were'integrated with solar lpectrar energy d.tal for the upper
atmosphere, to'yield solar reflectance. Subtraction of the wolar refloctance
from unity yielded solar adsorptance. Comparison of these solar spectyal
energy c4ta with the data of Nicolet? showed that solar Rbsorptance agreod
within 0.005. T 3 &
’ E i
A General Electric récording spoctroph tex, which empluys approxi-
mately normal illumination and diffusc viewing of & sample surface,. was used
for the visible spectrum, 380 to 7™0 mp; and an integrating-sphere reflectome-
ter of our own design was used for both the ultraviolet and infrared regions.
The latter incorporates a Perkin-ilmer quarts monochromator as & disper-
sing system along with appropriate sources and detectors. .

to

Both reflectometers measure reflectance relative to a standard. These
are comparison instruments, since .the sample and the standard are both i,
place at all times.. Magnesium oxide was used as the standard, and the rela-
tive reflecta data obtainer were converted io the absolute basis by mi@
the absolute reflecta dnta of mag oxide published by Middleton, % 4
Refl data which are presented in the tables are limited to valuesat
440- and 600-mp wavelength. g ' :
|

. Since it was not economical to pruvids solar absorptance values during
the extensive screening operations, for many miterials the effect of space.
simulation was,svaluated in terms of refiectance losses in the visible rogion.
This method is conaidered aaticfactory, ‘since the predominant lossas occur.
in ?ui 400- to 600-::9: wavelength region for most white and transpareunt ma-
terials, : ‘

S .
. ln many cases 3olar absorptance values are reported as %, and .0C,,
where ' : ’ o sy .

“ & “l + “ 2

PR

o o os

%, corresponds to that half of the sun's energy apectrum which lies below
760-mp wavelength, :nd &, corresponds to that half whick lies above 700 m
By splitting O into twu components, thas region of the spectrum undergoing
the most significant change in absorptance is more readily described. For
exampla, scme formulations show Little change in solar absorptance on irradi-
ation,, but their reflectance decreasos in the visible region (lm:r»\eau in 6€))
and is counterbalanced by & cories ng increase st longer wavelengths
{decrease in K3} o : )

SPACE SIMULATION -
Vacuum Simulation :

Oﬂ-Dm'u%'ion %ﬂé' ~ The vacuum of the space environment is variously quot-
ed at 107 to torr, but the attainment of such pressures in the labora-

tory. is tiine-consuming and probably ecessary for the purposcs of this

work, At much higher pressures, 10-0 torr, there is no evidence of oxidative -

degradation., Also, the mean free path of evolved molecules {s large compar-
ed to the dimensions of the chamber, so that further reduction in pressure
would not be expected to change the results of space-eimulation tests.

" These principles grided the design of the space-simulation chamber
shown {h Pignre I, which was used in the early screening operations. 1t con-
slets of a cylindrical chamber 24 inches in diameter and 24 inches high, cool-
ed by refrigerant coils on its outer surface and capped with a torispherical
head in which three Geperal Electric mercury-arc AH-6 lamps are mounted.
The distance from the iar.ps to the samples, which are mounted on a turntabie
beneath the lamps,. can be adjusted to achieve variation of radiation intensity.
The radiation inténsity varies at different distances from the center of the
turntable. so various acceleration factors are possible. The constancy of ta”
radiation is monitored by reflecting s :porticn from a €irst-surface mirror,
mounted over the center of the turntable, through s Quartas window on the head.
'The absolute intensity is measured before and after each run by using a wide-
angle, temperature-zomyensared thermopiie.

- Several types of sample turntables are available. The simplest is 8 16-
inck flat plate, suitable for use when no measurements arc to be made in the
cummber. Typically, this was used when the reflectivity of a sumber of mna-
terials was to be measured before and after irradiation. The turntable as-
‘sures that all samples receive equivalent exposures at a given radial distance.
It ie rotated by & i2-point Genova drive and 2 2-rpm fractional horsepower
motor in & welded housing which is open to the atmosphere through ventpipes
in order to eliminate the problems associated with opersting motors in a

- vacuura,

The chamber is mounted on & 10-inch oil-diffusion pump, National Re-
search Corporation model H-10-SP, with aa approximate ping speed of
4000 cfm at 10-4 torr. In practice, the pump reaches 10-9 torr routinely,

' and all ultravicles testing wae performod ag this level or below.
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"‘ . or tbe énivalent solar factor. Lo ‘- given d—

“"A-MM chunber..‘ .

“Toe' umplu were 'of many lorma. Tpigmeénied snd clou ‘Hlims ] eryo'and- on
' :ubstrue. compactod and loose powdeu. For \mcoolod sampl 3

this &q ont, the vominal spect imén temp ires wore 150°F it an’intensity
of about olat equivnlnb. ~ . s cS N L

N i N R
Ion: An“ion-pumped c8 'iamhuon chambcr waa*construom and Ly . -
WAS U T longer-term te-u Tho system provides a: crnvmim means o! b
ohuining a clun uluchi‘gh vacuum, The chamber is provided with a quarts '

samplé vable. "'The table; shown in-Figure 2;. cauv be an
“coaled vm uqn!d nurogen. ice water, or tap water aund can nccommod;to six .
1x 1 inch 'l'ha sy shown in Figure 3, consists of a 400-litex/ .

sez Vaxian V:clm pnmp. whxch isiprepumped. with both & molecular-sieve sorp-

tion pump &nd-a mechanical pump. An AH-6 lamp is mounted over the quarts . 7 -
window, w!nch is shown in’ place in Flgure 3. Reprod\;cible .equivalent solayi A
factors, &e ined with & temp 4 thermopile, wore'. B
achieved f!om 4to 18 lnf-'wiﬂe- \2000 to 1000 A). “Aplat of 1102 (D= distance

Ixou: tho Wmp' to the nsmple nble) rcwlted in’a ohllght-um reladon.'r 3
- .,, ‘ L A
. ‘Ik B 3
o ,Jy > “,;\u’x R }‘.:
The.solar ultraviolet -pectrum is. gwen in hgu'-e 4. Al-o,shown in this
ﬁguohlhecne:gyepecmmdatyps 6’18mp at ¢ a bl e
aity. The wavelengths below 2000 A cont.ﬂhnu lesn, .
gy and 80 can be disregarded without smniﬁcm ‘exror, ...

Anla '

Solar Shnuladoa

v\\l.

e

IR

'l'ha t.oul hmp intensity was, monured vnt.h a wida-mgle u;nienme-vf C .0.
pile obtai ed trom the Ep¥hy Labontorieo om. ., v o
the thermopﬂe oulpnt. the solar flctot ot z e

them

mmwlemmav&.«dwz. oinceha.lfo!ﬂwtml RS
~wnp is assumed to be below, 4670 A. The solar intensity at wwalanaan hulow L7

“:&: men detcm, ined:to be.13  milliwatts/cmé,: Caliem?/min.was con-
ve watts/cm: a lyu:g #overal conversion’ &rﬁo . vidin.
this_valize by."otie!! solir lt,ayc 44 munwamlcmz e’ rl:o: only‘"di

= .q. “htainad

Sola— thcton were determined

LU

- decreuu in peak~.ntennity at 2285 and 2535A" after 100 hours. The decrease,

muy éuring a giém ulv ‘were rmmb\y accunte and meaningful.

< ment matarhlu was a conﬂnnou activity dusing this rercarch.

.. were’ p!nced in aluminum dishes. for solar exposure.

Table‘l.“aepxe-mlve Zeflectance values are given for twn wavelmgtmi in :

'cl.uds‘cdd'l:wmﬂ study.

‘rhe AHLb'1Ampio polmoned over thp samples at a distance corresponding
to the aolu lu:to:; da irnd. A‘small recording thermopile is positioned over
the- lamp nnd 1s uaed to’ monitor c es in the lamp intensity over periods of-
time. 'l'hll tnformaﬁon h valmsble in’ Auigning an cquivalent sun-hour:radia-

e

a.

! ,d t.hn dnmsge cmued by nyace-ﬂmulauon tests could be in
pactza.l ouzpuz of thie ultrsviolet source were zeduced dispropor-
e., {f the radiation below about 2800 A decressed with lamp age at
a'higher rate- than t.hrlonger-wlvelengm witraviolet. Thervefore, sttempts
were, made to’measire the spectral output of several AH-6 lampc be!ore and
after opoxation. A Sc-,‘a-Namsob vacuum-ul:raviolet fac-
tnféd by Jarull-Aah was’ ured. LA o

Thete appearcd to be a disproportionate

LT P e

\’rhe runlzs \vore lnconcl\ulve.

i inzerpreted ‘properly, -amounted to 20%. “No such trend was diszerned for the ;
lower-wavelengih continnum. It was therefore concluded that calculations of :
equivalent sup-hours, of exposure (ESH} on the basis of the averali drop in lamp

The driteria for’ changing lamps were either a 30% decrease in the overall !
‘lemp !ntensny,\xu measured with the recording thermopile, or the inclpicnz
errauc behavior of a lainp, whichever occurred first. .

L  PIGMENT SCREENING o
e L3 £

‘The. prerequiﬁtoa tor aelectaon of. ptgmenu were that they be white and of
lngh refractive index and. pun.y. .The most, important factor. in the choice of
“materisls, i.e.. .stability to the space: envh- ient, was determined oy screen- -
ing tests and ffom limited information in the literature. The search for pig- '

" For prelhnhury lcreening tests, the smples were prepared as compactcd
po-den that wére suitabls for both solar-si re and op '
mmucmem. vadau which were not compactale into & cohesive body Lt
This'procedure precluded
d only viuu-l obsemnon of color change.

and 3
< k)
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Considerable’ colora»uon ‘dccurred in most of the pigments, ao ahown in N

e visible , 440 and 600 mp. For most of the early screening work, :
Tefléctance curves in thaivuib!e onecttum were gufficient to suggest or pra-

g gexu-nl, natital, mired rhinorals were less affected by ultraviolet

irradiation in vacoum’ than synthetic laboratory chemicals. Exceptions weéze
sinc compounds and tin oxide. For example, natural-‘vollastonite was superior
to syuthetic calcim uihcue. 3 Ca.u:mnom “of hydrated mateml- to their anhy-
drom toms enhan..ed snbﬂizy, as ev'ldenced by the hohns ;nd talc Calci- - ' L
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oation st 1000°C for.16 hours of alymina, sirconis, and sircon, huwever, /had
Hetle effect on.thair atability. . Appavently Sny loss of adsorbed or sbsorbed
wator and the possiole strain relief goined by thermal treatment did.not change
the dagradation chavscteristics of these materiils. A marked difference in
stability was apparent among difforent crystal forms of the sama material,
Matastahle gamma alumina and cubic {unstabilised) sirconia degraded mich
moxe sevarely than their stable counterparts, alpha alumina and monoclinic
airconia. Materxials other than sinc oxide which were fairly stavle wese sinc
sulfide, stannic o.ide, diatomaceous earth (amorphous silica), and fired kaolin
{mullite plus amorphous ‘silica}, Although AlSiltag 243 (forsierite) also exhibi-
ted good stability, its lowiinitial reflecianda precluded further study.

The following materials, which are not listed in Table !, were moderately
to severely degraded in short expusures to ultraviolet xadiation in vacium:
beoron nitride, calcium carbonats, calcivm fluoride, lanthanum oxide, basic
white lead, basic silicatyiof white lead, hydrated magnesium silicate {tale),

[ o alumi lithium, atrontium, and minc, and phosphates of alumi-
oum, caleium, and potassium, . ‘ ' ' y )

The data in Table 2 s’l\ow that sinc oxide was clearly the most etable pig-
ment etudied, rivaled only by minc sulfide, tin oxide, and possibly diatomaceous
earth (Table 1), Long-teym tents a% 1720 ESH revealed a surprisingly high ab-
sorpiance change in SP 500 sinc cxdde, Good stability was exhibited ix the same
teals by calcired SP 500(Figure 5) and alss by the unfired and fired forms of |
AZ:D-55L0 zinc oxide. ’

lmprovement of stability, observed in SP 500 and AZO-55L0, may be due
tc both the amaller surfacg arcs of the larger calcined particlas and the elimi-
nation af defects und may also be due in part to volatilization of Contamirants,
Lowering of the iritial absorptance results mainly from reflectance increases
in the infrared region; “hese increases may. be due to enbanced -scattering at
‘the longer wavelengths by the larger particles) ‘ o
. . t
MISCELLANEOUS INORGANIC PAINTS

:I;te:-buczﬁno;’g;nie binders which wer« iﬁv‘eadgned were: monoalumi-
num dihydregen pliogphate, colloidal silicsa, and alkai. silicates. Stability of
the bxnx;a_rs wad studied by thueir incorporation into paints which were subject-
edtoa sunula'ted spuce.énvironmsnt. The results rovealed ths inferior sa-
hth.y_o! colloidal silica-bond:d coatings. Phosphate-bonded paints 1ly
exhibited optical propert; chinges similas. to those of s_uicate-bon:le:l samples.

As 3 group, ths alkali silicates were preferable toalumimum phosphate
from the sfzdpoint of both stability and physical properties. phoszhate, .

All paint formulations contained three ingredients: pigment, binder, and
enough w.ater to achieve a spriyable consistency. Mixirg was aécompus'!ied by
tall milling with porcelain balis. Spray-painting was de=s itk s Paséche type
:\UT)E: airbxluah; limited brush-painting was done with conventicnal camel-bair

Tushes. Aluminum piecec wers roughened prior to paint application to pro-
mote adhesion. The majority of the non-zinc oxide prints were irrddhte‘:l in
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the oil--dﬂ!usion-purn!!ped system with the g.numally mounted lamps.

Teot results for a variety of paints a;‘:pear in Table 3. In this group, tin
oxide- and zinc sulfide-pigmentad coatings were the only materials which ex-
hibited stability approaching that of zinc oxide paints. However, both compo-
sitions had a higher solar absorptance than rinc oxide paints.

Dintomaceous carth and fired kaolin were relatively stable in the pigment
scroening studies. Poor stability was sxhibited by the paints incorporating
this form of silica, i contrast to the favorable data for the pigment alone,
Molochite is 2 highly caicined aluminum silicate produrcd from a kaolin low in
iron and alkali, It ie essentially cryetalline mullite plus a small amount of
amorphous silica. Fairly low zeflectance changes due to ultraviolet irradiation
in vacuum were obs,crveé for the various grades of Molochite.

Although the raflectance changes for paints pigmented with zirconia in the
short test (75 ESH) indicated fair stability, later experiments revealed that
sirconia-pigmented paints were unsatisfactory. Limited tests showed that coat-
ings incorporating zircon were relativsly unstable.

Of the non-sinc oxide paints, only three compositions were relatively
stable: those containing zinc sulfide, stamnic oxide, or Molochite #6.

ZINC OXIDE INORGANIC PAINTS

Zinc oxide-potassium silicatc paints were formulated and nbﬁlied in the
same manner 2s described for the other inorganic composisions.

Effect of Coating Thickness on Optical Properties

Studies were conducted to detcrmine the effect of coating thickness on
solar abhsorptance and emittance. Figure 6 graphically illustrates the solar
absorptances of SP 500 sinc oxide-PS7 potassium silicate coatings which had a
pigment-binder ratio (PBR} of 4. 30 and a solids content of 46, 3%. The.-data
reveal that mini solar absorp wae obtained with a coating thickness
of about 5 mils. Approximately the same thickn was n ary for mini-
mum solar absorptance of coatings pigmented aith caicined SP 500. Minimal
solar absorptance is approached at a thickness of 4 mils. The predictability of
the solar absorptance of a coating thicker than 4 mils is + 0.01. Total normal
emittance is relatively insensitive to coating thickness. Yen gamples which
range from 1 to 5 mils exhibited emittance values of 0.94 tr 0. 98,

Stability to a Simulated Space Environment

Preliminary Swdics. - In all the early studies sinc oxide paints were clearly -
more stable than other inorganic coatings. Representative results of the early

tests in the oil-diffusion-pumped system are tabulated in Table 4. Very small
reﬁec_mns:e losses, wainly in the Mo-m,z region of the visible spectrum werne
experisnced by all the coatings. -
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Total normal emittance values wers determined fox some of the coatings

before and after apace simulation. The high values, all'in excess of 0. 90,
were virtually unatfected. . .
. I

"'A number of silicate-bonded minc oxide coatirigs were deliberstely soiled . '
by immersion in Duo Seal vacuum-pump oil, . This simulates one of the sciling
problems which can be expected to occur’in satellite evaluation taste. Affer -
removal from the oil, the samples were exposed to ambient conditions for 8 -
hours. The <xcess oil was then removed with paper towelling. Two'cleaning
‘operations followed, the first consisting of wiping with acetone-soaked paper
towols and the second consioting of washing with Alconox- tap water and acour-
ing with & nylon drush. 'Final rinsing with distilled water preceded drying .
under an airblast and complete drying at.130°C. Moderate care in all tbe oper-
ations pravented any apparent damags to the coatings. Ths samples were ex-

posed to ultraviolet irradiation in the oil-diffision-puthp vacium system, '’

As shown in Tuble 4, a’ slight decrease in reflectance resulted for q;_ést\,;f .
the sailec and cleaned (S-W) samples. Exceptions to this ware some samples .
of initial reflectance lower than 80% at 440 my: thess coatiigs exbibited 2, -
slight increase in reflectance. Upaon' exposure to the aimulated'ppace environ-
ment ths samples which suffered losscs. on washing bleached slightly. On the
other hand, coatings which showed &n incrzased Yellectance on washing reveal:,
ed slight losses after exposure to the simulated 5pace enviropment. In'ail
cases, the washing appeared to have adequately. 'f'"‘""“d any degradable residu-
al oil. e . »

i
Long-Term Tests. - The loager-term tests were conducted in the fon:pimped.
vacuum System with an eéxternally mounted vitraviolet lamp. Exposures ot 450
to 4170 ESH at solar factors ranging from 8§ to 18 suns were.used. The limited
capacity of the water-cooled shelf in the chamber dictated simple geometries
of 1 inch square for maximum use. ., . \ ’

More sigrificant optical chépge- in the sinc oxide 66;'ﬁnoniﬁqng becams
apparent in the longer tests. Several treatments were found to have tittle or
no effect on stability. Ball-milling of the paint foxmulations for 6 to 8 hours
did not introduce encugh impurities to change the degradation characteristics.
Physical stresses such as fatigue and thexrmal shock also had negligible sffect
on the paint. The-lack of heat-curing was uot detrimental.to stability. .-

‘o

For t was ion of the coating, e.g., with sebum or acetons res
dre. Application of a topcoat over & poiled area was not sufficient to retain,
stability. It is poesible that cl might remove any soluble degradable -

material which may be dissolving in the second coat during respraying. Lower-
ing of the PBR was detrimental to initial-cclar absozptance and also to stabili-
ty. - w ) T

«

The randomness of som test resuits ‘lnggel;ted the possibility of :netle )
due to an aging factor, 8 les. i igated for'coring and ‘storage effects ap-~

pear in Table 5. A sample which bad been storcd for-four: montis was cit into" .
three pieces, each of which received different treatments, The data for these |
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samples, Z79, 280, and Z81,, reveal the beneficial effect of washing and maxi-
misation of stability by heatiug the paint at 500°C. In view of these results,
contamination of the painto appears to be possible. Washing extracted some of
the degradabl~s components. It is possible that additional washing may huve re-
moved even moxe, ‘The heat treatment was not at a high enough temperature to
decompose such materials as potassium carbonate, potassium sulfate, or zinc
orthosilicate bad they heen present as a countributory factor in degradation, It
appears that, on storing, the coating collected impurities which had not actual-
lv reacted chemically with the paint but instead were beld pbysically in the por-
ous coatings. 1

Sample 283 was cured in a carbon dioxide atmosphere by placing it in a
closed box with dryjice. The deleterious efiect on stability was obvious from
the change in absorptance. Poor stability was 2leo exhibited by Z84; a zirc
oxide-potassium silicate formulation has a limited, if any, shelf life. Difficul-
ties in remixing and spraying alsn resulted after storage.

' ! -

A. group of samples (Z87 throuzh 292) prepared at the same time from
same formulation was irradiated in the same test. As shown in Table 5, the
coatings received various types of crre and stocage. Surprisingly. the most
stable coating (Z87) was air-cured and stored. Its change in solar absorptance
was.the amallest noted in any of ihe exiended ( »1000 ESH) tests. The desic-
cator. cure appeared to be deleterious to stability, and no difference due to stor-
age ip air (289), under Saran Wrap (210}, ‘or in the desiccator (288} was ob-

, served. The undesirable effect of the desiccator cure was partially eliminated

by heat treatment (291 and Z92;. The elightly detrimentzl effect of curing in a
water-free and caybon dioxide-free atmosphere seema paraduxical. However,
goud stability was exhihited by all coatings in this group.

4170 ESH Test.: - The most severe space-simulation test in the progran: was

X at a solas-fagtor of.19. 6 suna, corresponding to nearly 6 mornths
of direct extraterrestrial vitraviolet irradiation. The optical changes plus
short histories of the samples appear in Tavle 6. Good stability was exhibited
by 293 (Figure 7) and 294, The comparatively superior behavior of tke coating
with.the high PBR, Z94, indicates the teasibility of increasing pigment concen-
tration. Tha beneficial effect of a 500°C hea! treatment is evidenced by the re-
sults for Z96. A limiied deleterious aifect was imparted by washing.

SCREENING OF OBGANIC AND ORGANOMETALLIC PAIN IS

" The organic’ coating vehicles which were considered can be divided into the
following chémical categories: organometallic vehicles with organic "framing"
groups, fuori ining aliphatic resins, organic polyesters, evoxy resins,

* and miscellanecus vehicles incfndh-g commercial resiny with andisclosed com-

position.” In this d&i on, er, these bindefs aro divided irto three

tegoriae; O ially availabaé eilicones, fluorice-containing aliphatic
reains, and a modified silicone-epoxy composition. More than 45 resin films
wers considered for screening. Nearly 300 pigment-binder combinations were
pPrepared, although only about 50 paints were irradiated in vacucm.
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Lc‘ . Coaﬁngo P= lO,‘P-lZ, And P-4 were Bllo p‘lgmented at a very bigh PBR

aad thexmnspecdve ‘eritical pi

jons were probably ex--

"y ‘coeded, although fairly good adheaion wAS oboerved in these paints. Of al) tiic

nonsilicone’ punt-.ﬁP -14 showed the: best resistanco to yellowing, This paint
“was the acetons. dilpe:lion o! Kel-F 8213. pigmen!-ed with 8P 500 sinc oxide.

Zl'NC oxmz-mcm'mn METHYL SlL!OONE PAINTS

Au a tmlc of the pdgment and inorganic screenina investigations, the pig-
Nmentation of- silicone-based paims was confined essentially to the use of SP 500
iiuc oxide. Rutile titanium dioxide and zinc sulfide were used in nevaxal in-
cen.'cec for the purpou of compari-on. ‘ ‘

two. phenyl-meth)l lil!cone palnu eﬂoru\wcre devoted primar-
». OF pol polymers.- The studies were
1) evaluanon of commercially available methy! sili-
—-cobe- pn!ymara. ~snd 2} vntbe.u and evaluation of expenmenm methyl silicone

Ca.
Pa.lnt Fomulation .

A.ll pﬂm were ground in a porcelain Jar mill for about 16 hourn at approxi-
,mtely two-uzirdu critu:al speed. .
'l'ho formulation 4-2-_’ faw, the silicone paints are givm in Table 8, Pigment/
Wi ¥r ratios arc chm as both weight and volume ratios. Weight ratios are.
* av4ignated PBR (pigmént/bind ratio). Volume ratios are delignated PVC
(p:lgment volnme ccncentntion). B

Syndwsu ol Experimenm Methyl Silicone Resins

o

."‘
PN

‘for methyl silicone resins is given by Rochow
- and disubstituted silicor halides {or ethoxy
uuu) is hydrolyled. cad tha resultant gilanctrials and silanediols are com-

to tke r The position ¢f the resinis controlled by

. Mels:., m molar ratio  of methyl groups-to.silicon atoms. Me/Si is essential-

Ty, the sms lor both the reactant mixture and the prodm::.

Molecnl&r weights-were obtained on a Mechmhb vapor preunre osmome-
t.er. model.301A, The- mttrnment is knnvm 28'a - “thermoelectriz"” type of os-
mometer.6 o

. d e ' .

'!'ho mperlmml reclu ware cynﬂ:e:ised (ypically as follows:
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! *  values.(a: 200°F) of 8-12 are presented in close proximity to the points on the
T N U S LA ; -, graph, The data confirm that thick coatings of approximately 10 mils are re-
A : )‘* Co i ! qulred to optimize reflectance and to avoid the neceuttyo!:lr Ncbeunc‘on::&l.k
Ay - ; . The effect of PVC on solar absorptance was pronounced only at lower film thick-
o mw uxola. (59"2 8) of dxme:byldie&oxylﬂlne (M) 50d 0. 48 mnllen ’ ' ness,. except for paint 8-26, which was pigmented at 40% PVC. Little differ-
- . ; “*SJ ;& meﬁyltr(e&&oxyl&!ﬂne (90%)-wers mixed with &5:,8 wrd::ﬂg‘z‘,m - T ence in aol:: ablg:punce wao observodp"gscn paints 8-12, S-13, and 5-27 were
) 'u,m and m‘dﬂm::&%:iﬂ;ﬂﬁ;:?%i:ﬁh:;“gox:“ﬂy for 19 hours. ." ) applied at a film thickness of about 10 mils. On the other luu:d. considerably
BN Ty cyrmwv‘:?o:l.c éolorlaés :luid of deieity greator than water te-ult:‘l‘.m'l‘he ) ;e | thinner Coatings appear to optimise emittance. ) N
o 1. :polymsar was waghed by decamﬁun until a neutzal test tc litmus was o ed; - i . Paint §-26 was pigmented of 40'70 PVC and p“““ed an exceptirually low
.' i Then 70 g of xylene wac added, sifocting sepazatici.of 8, ::;‘;i:’g:;:‘: phase. | solar absorptance. of 0. 16-at a thickness of only 7.5 mils. The low sbsorptance
* Tbe organié layer whe wuhed wnhldlsﬁu‘;d;'a t:x;nmcneed 0% resip oy volume A . may. be attributable to the fact that 40% represents a concentration equal tv or
Drierite after weighing. The- '?‘“ tant R °':n° calculnted t be 1. 46, The B greater than the crit:cal PVC, Thus the coating possessed many pigment par-
, (47% by weight), and the Mo/Si of the.pa m‘& . ticlea with an air interface and consequently had a higher avenge reiractive
. 1 wpegific 3“““’ of the resin, solution wais 0. 9! B pe e T incex ratio, which resulted in greater ing due to enh d porosity
[ e HE PR S B AT , : throughout the ing. . As a cons of the excessive pigment concentra-
' . Experimental Reain R 5 PRI S Cownon Yy ! B ‘PR = tion, the film was ’of'd"’v and fragile and' lacked cohesive strength sufficient !
ST Seooewt . Lt 2 wemmz-uitaw.xtilityL o
Three-tenths moles (38. 78 of dlmethyldichlcxonune (99. 4%) and 0. 48 ,
“roolés{72. 0 g)of methyltrichlorosilans (95. 0%) were mixed in 300 giof Snhy- . “The offect of ﬂae film thickness of 5- 33 on its solar atsorptance, total nor-
| drous diathyl ether. The resultant mixture was-added:dropwise,with-agitation, mal emittaace, &nd the ratio of the two is presented in Figure 9. This paint
e ‘overa Pw"d of 40 minutes, to 1000.g:of ice. " The éther layey; was separated ; - . was.based on the molecularly distilled experimental resin R-9 with an Me/Si
‘ -} .and-washed once with distilléd water. --It.-was theh washed with: ‘5% solution of - v c.g 1. 33, n was pigmented with SP 500 zinc oxide at 40% PVC,
~ l sodium bicarbonate, followed by three washings with distilled water. The .- -. .
- ether loluﬁc:n was dried over Drierite and evaporated at rednced'pressnte. i ; . smb;uty‘,go a Simulated spac, Environment
leaving a viscous, colorless resin.. A resin solution in tolusne was made at ) t '
67. 4% eolids by volume. The specific 8"3‘“&' °f the resin solution was 1. k°4°- . ., Prelhnina Studies. - The results of the initial space-simulation tests on
- MeISi m mmxh be1.38. - " Yoot g \ R . sever cone coatings are given in Table 9. Coatings S-1, S-3, S-4, and

“t 8-5 were irradiated in the oil-diffusion-pumped system; S-7 and §-10 -were ir-
radiated in the ion-pumped systc 2. The methyl-phenyl silicone paint S-1 ex-
hibited severe degradation, as' evidenced by the loss in reflectance at 440-
. wavelength, Four méthyl silicone paints, §-3, S-4, S-5, and S-10, exhibited
N reflectance changes of 1% or iess,- with several of the =hanges representing in-
' creases.” The increases are considered to be a result of experimental exrrors

Experhnental Resin R-9: o . —

' ) ” < R 5, methyl silicone resin ms prepared accoxding to’
I 1 cedure 'mux';eﬂ aSove.” The resultant stock resin (conninmg

s D a

. A- - :‘s’gf‘s‘oa";: ‘:.Vglz"m‘:‘l“l”“:‘:° of l,g:;c mg?ixmﬁ’,",‘l":’;&: D : - such as’ viewing d.iﬂ‘erent meaouring positions on the sample before and after
o f . !I' was collected as R-9. Its molecular weight was found to be ZAOOO. ;nd ita '> porure. .
Lk appci.ﬁ:grav‘lty was 1. 1806.0 The resin was "l°°°1°r“°d with Atlas Po r‘ o ; "Although: coatings 5-3,and S-5 possessed exceptional stability to ultraviolet |
. Darco ﬁ“‘e“ Caxbon G - , . e e IS ) : © irvadiation in vacuum, their poor physical propertics, in comparisoa with those \
ey vy PEpd L e . of 8-7 and’ 8-10, precluded their further consideration. They were more diffi - |

B } . ‘,“Nine qeﬂmm :eainn were .yu:heaised dnring t.ho prcgram {The yfe- - cult to apply, they were brittls, and. they checked at moderate tempuratures.:
ce&:e for-those. it included hem\wete identical'in P ptofor: "L - R Subsequent work was therefore conﬁned to the LTV-602 and u:penmenal
ional t3;difunctichal’ ‘.'.:' .' R N SO S . ‘methyl eilicone re-h\l.'v
. - o ¢ I T ° o "
A e, e - . e LT s . Eifect of Me/Si. 'l'he effect o! varying the Me/Si of. meu'yl silicone resing
ot Determinadou o!Opﬂca.l Properdel* sew S TARL ey . from 1. 29 to !.46 is presented in Toble 10. Examination of tie reflectance
r , N Prue el en ' and.solar absorptance changes at.various expomxes shcws that the paints based .

1 . ‘,Thc,efiect of ﬁlm thicknu. and PVC oa d:'l?h cpﬂcal propcrﬁeg‘ of sev?ral‘ B . on resins with lower MeIS: were nuperiot. "
el is ted in Figure 8. etotalnnrmalct uanca ' ] y
o7 Ao oL, T AR ] . 5 i The small charge in nohr,nh-oxpum of S-4, however, is bolied by the !

~ T . . ) v\\~ e . '~ 8evere decrease in reflectance at 440-myp waveiength. This decrease in the. - [

= otz
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- and easily cleanable coatings.

.’ -

o .
visible was counterbalanced by sn anomalous:increase in reflectance in thlel .
infrarod solar region,” While the anomaly canniot be explained &t this |
time, it is-intercating to compare coating 5-4 with the inorganic-paint Z93 (see
Figure 7). Resin R-1, tho vehicle in S-4, has thelowest Me/Si, and possesees
a structure which {e more'like that of the alkali silicates than any of the other
oxperimental resins, “Furthermore, S-4, like 293, showed an increase in
near-infrared reflectance on exposure to ultraviolet radiation in'vacuum. R-1
was eliminated from further consideration, however, because of its inherent

brittlenesy and failure when tqzeio.nlly atressed to 90°. .

. “The selection of resin R-5 rather than R-7 ior further evaluation.and for
usc as & stock polymer for moleculur distillation{studies was somewhat arbi--
trary. The decision was tased on the supp that an increase in cross-
linking ard molecular weight probably accom es molecular distillation.!
Such an increase, coupled with the fact that the R-7 stock reain was polymer.-.
ined from a higher ratio of,metbyl trichlorosilane to dimethyl dichlorosiiane, .
would produce still more brittle, glasey resins. : L

jtior

LTV-602 Paints and Effsct of PVC, - Paints were formulated from General
Electric’s LTV - polymer at 28, 25, 30, 35, and 40% PVC in order to' deter-
mine the effect of pigment concentration on stability to a simulated space en-,
viror t. Experi tal resin R-5 wae also pigmented at different PYCs, -
The results of exposure to a simulated space environment are pxesented.in
Table 11. The data for the LTV-~602 paints show the dependence of stability on
PVC, Coating S-7 at 20% PVC showed an incredse in solar absorptance of
0.040 compared with ¢, 030-0.038 for S-13 at 30% PVC and only 0. 012 for 5-26

at 40% PVC. Similarly, coating S~19 at 35% PVC exhibited a comparatively: -

smaller increase in solar absorptance than either S-11 or,S-15 at 25 and 30%
PVC, respectively, B : . Coe B
The data on LTV-602!ir Table 11 are plotted in Figure 10 to show the in-
verse relation of solarisation to PVC. The dependence of stability onPVC is
more easily discerned in less stable aystems, such as those baséd on xinc. sul-
fide~ or vutile-pigmented;m.thyl-phenyl silicones. The sinc oxide-methyl. > -
silicupe and the zinc oxide-silicate systems are, by virtue of their stability, -
more susceptible to diffefences caused by soiu;zg. measurement errors, etc,

Paints Based on Diatilled Resins. - Zint oxide paints based.on undistilled
methyl casins (e.g., R-5).undergo optical fiattening and an increase.in porosi-
ty upon curing. Even though this'process may involve thermal erosicn on the
surface of the organic portion of the resin, the cured films are very stable to
the simulated space eavironment (aee Table 11)," but their porosity and their ¥
300°F cuzing requirement provide no advantages over the porous potassium ’
silicaie paints. It was this porosity and the resultant susceptibility to soiling
which prompted-miolecular distillation experiments with resin R-5. These ex-
periments. wete aimed at the production of higher-molecnlar-weight regins in

the hope-that paints based on them would produce glossy, more soil-resistant,
. . - . R " .

Aintd

The effects of ultraviolet ir on the pai
molecularly distilled vesins arc presented in ths table below, . &

bascd on
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4} . EFFECT OF UV IRAADIATION IN VACUUM /
. semt. - % .-ON OPTICAL PROPARTIES OF ZINC OXIDE-
. . PIGMENTED PAINTS BASED ON MOLECULARLY DISTILLED
7. EXPERIMENTAL METHYL SILICONE RESIN R-8 '
" J'v,./ ,/ . . "” . J@e _t  Solar Absorptance.i
Pairs PVC, Solar & o¢ o L&
No. % . ESH __ Factor 1 2 ]
hd o - RN N
| 839 3 - "o <, 128 .128. ,283
- « ., 1000 . 10.5 136 .130 .266 013
‘8.
0 0o Flazs onr oLzet
. otV 1600 10.2 44,130 126 .257 016
PR [T M . .
s-31 ., 40 o Cb a3z 29 L2601
. 1660 9 .139 5,138,217 .016
' ) L134  .131  .265
1760 9.4  .1a6 .139 .285 .020
. Heated 1hr O , L1384 126,260
.7 5 e .8t 500°F 1780 9.4 .13 .130 .266

'
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t ' Miscellanecus Silicone Pain¢s. - The results of exposure of several miscel-

ianeous silicone painta cte presented in Table 12. Paint S-17 was formulated
from Dow Corning's 808 inetiiyl-phenyl resin pigmented with Titanox RA-NC,
a nonchalking rutile titanium dicxide. This naint was formulated for the Round

. Robin Teating Ptogx,u'n and is inciuded here for purposes of comparison.

- 5-18 was based on Generzal i’-;!sbtric'a“sii-ao resin, SR-80 was reported

to be a purely methyl silicone resin containing rinc octoate catalyst. Unlike
the other methyl silicone resins studied, however, the zinc ozidey paint (S~18)
made f1om SR-80 degraded severciy after exposure to only 1600 ESH. It in-
creased 40% in'sclar absorptance, Therefore, we concluded that the resin wao
‘t:ot putry;lzz :lwthy&;lxucone.l Infrared transmission analysis of the resin did not
how mef ~phenyl structure nor did the abs i
polydimcthylailoxane spectra. * omm"' opectza match
S-!Z.Avtai'plgmmd with Dn'.Poz;z'a new TiPure R-900-1. 'l'h; exceptional
reflectance properties of this paint aze manifested in the 6€ | and 6C q;‘ only
‘O. 099 and 0.080, respectively, Unfortunately, painis prepared from &-900-\
do not offer any other advantage over those pigmented with a dard rutile,
since 8-32 increazed 67% in solar abscrptance after anly 1650 ESH,

cre

‘Coating Q-9-0106 was formulated

|
by Dow Corning Corporation at our re~

quest. Dow Corning's Q-9-0106, Q-9-0107, and Q-9-0108 are all based on a
 propristary methy! silicone RTV elastamicr and are pigmented with SP 500 sinc
oxide,. rutile.titanium dioxide, and ezinc sulfide, respectively. All three coat-

ings a!:-dr:ied cvernight to adherent, soft, resilient films. ' The large tirvease
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in tbo solar -horpunco of Q-920)08-was" nttr! in part

Q-9-0104 compazed favoradly with 813 in ‘reaistance to’ degradaﬂon. although .
§-13 was tougher and less. éasily.scratched or: gouged.‘ “Howéver; Q- 9-0106 lp-’

50

peared to possess less tiﬂnity for dirt than §- 13. N ‘5\ .

“The, Teqults of exposire of- tnur ninc oxlde-pigmentedffnethyl i
6 4170 ESk’of nln-aviolet radiation in vacu.un are prqaented in N

'l‘lblelS._ . . coen l e N 5
o AR e .

Paint §-13.increased 0, 058 (la“) in colnr abaorptam:e. Coaﬁng S\Sl] in-
creased 12% 'in solar abcorptance, from 0.282 to 0,316, duo-to degradation. -
This speciinen was applied in a thinner coat than'uz anl, which probably l.ccounts )
for the unusually high xmﬁal aolu- .baorptance. -

Paint $-33 was !‘ormubced txom experimental reain R-9, wbich was synthe-
sized jast prior to the test. The, 4170-ESH expésure iz the only tast to which ~ ~
coeting S-33 was_ -ubjected. The prircipal différence between’R-9 and the other
upgraded resins was the pressure at which it was distilled: 0.004 mm Hg for -
R-9 and 0.04 mam Hg ‘fox the ather xeamn. §-33 increased only 9% in aolar ab-

,, k3

sorptance. . , - - ' L

. The S-33 speciren which ‘v?vaa ted to 500°F for | Bour ahawcd the great-

4170-ESH 'l'elt:‘

est atability to ultraviolst irradiation in vacuum‘of’ all the' organic and semi- - : :

anic paints studied. .The increise.in solar absorptance of only 0.011,.0%2.
4. » Lompares favorably with the best sirc oxide-:* TH
cate paint, which’ mcreaaed 0. 008 in aolar nbaorp nce ‘in the llame 4170 ESH gt

exposure. - .
DISCUSSIO‘N OF S‘PACE-SNULATION EFFEC'.IS“

)
- Radu:ion lnknmty Lot

’ . 1. AL~

. The tune-mtenlity reciprocxty of the tbexmal-comal coaﬁng- of ware-t -
was studied. The eﬂect of ultraviolet intensity on the. degrad&ticn three po-r
ilicate pai nted with sinc-oxide s pruented iniTable: M. .
Corresponding ! wete. Z69 and Z70,; 273 ‘and Z74;"and Z75 and:. 276. s
The uncalcined SP 500 pair was' formulated ‘and prepared from the.same: bahch. ',
One-inch-square samples of the calcined pairs were obuined by cutﬁngla lpx 3:;
inch painted panel. A significant increase in degradahm was apparent at thé*

LIS SN PO SO

~a_‘ LTt s K .
\*;:u\‘

" higher solar factor, indicating that 17 suns was an unrealisticaliy:harsh troat-

ment. The effect of ultravioiet intenaity on the degradation-of three.methyd ;. « .
silicone coatinge pigmented with sinciaxide and prepared nnd cuxcd alike.is’ tabd- -
lated in Table S.w ~ s B ey Y . Fd \
N * o~ X B

The data in Tablen 14 and 15 indlcate thu ﬁme-intensi!y uciproclty u not
valid between solar factors .of 10, 7.and 17, 4.int.
ed. The question of the validity of: photochemic&liredprodty. hmver. wis.
‘mot answered, because the observed increase in degradation may. :be dus in R
_whole or- in part.to therml effects, or:to a di y.in-the ent of:
“the lohr ‘{actors at’the two: imannideu.~‘l'he-choice a! ‘o:lﬂnl n tho\ﬁ.tor £or» )

[P

soas s

i hter experimenu may not be valid em:er. since no expori

‘-, through'the poixsta)

a4 prodnct ugugihe photolysis, even in the high vacuum of apace. .

ties for.the. . P

‘
. t
‘ f
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Nevertheless, accelerated mu are imperativo for ob-

ted at 1 solar intensity.

- by talning dats. ina rea-onabla amouat of tirme. C

) '»;\,» e
o Solar absorpmnce dmngea of taree paints are plotted ageinst the logarithm
. of‘exposure (in ESH) in Figure 11.~ The linear relaticoship between the absorp-
1 tance chsuge and’ the logarithm’of exgoauxelobeyl the classical Hurter-Driffield

equanon fox ph{otographic mauml .
A

‘ ‘ { {log E'- ‘1og N

where A\io the’ optlctl denﬁty, , r is the slope (the "contrast" is photography).

E is the’ exposure. or product of intensity apd time (in joules); and i is the iner-
tia (in’joules)s hmitt, and Dutton? and Schmitt and Hirt? bave discus-

aed thio relation !or unpigmenzed and ulm-rlolet-ablorbe:—containina films.

Exposure Time

\< s

The uaafulneu at the Huzter-Driffield relation io that it may pormil extra-
polation of ﬁba curvu in order to determine the most extensive damage at long
e:powrel. ' More’work needs to be done on such extrapolation of data, As
‘Phown' in Figure” ‘41, the long-term behavide of the loas stable LTV -602-based

R
s . “aint, S 13. {8 miore easily, predicted by extrapolation than the bebavior of

‘inore stable paints--especially 5-19, which is one of the most stable coatings
'tudied. The scatter in the data for S-19 precluded the drawing of a line
As dis 11 earlier, the effects of couiz:=ination are

more readily apparent in stable systernz and ace vbacured in degradable sys-
tems, where their effects are leas important.

Y T

s . Photolynio Mecbanisms
- "Much has been learned about zinc oxide and otker oxidas through

b % ent.
: s es of cstalysis and photoconducﬁvity. but rates of separation of photolysed
metal and oxygep are not kn It is ivable that solar radiation might

l!'o prev'an undesired phosolyuia. t;ha pxoblem is essuntially the opposits of
txying to make 2 good ph . Light produces an ex-

. citod state or: nonaqull.\brium condihon wtnch pe:lbtn for a relatively long time

i a photoconductor. During this time atoma in the lattice may diffuse to more
stable sites. For example, silver in silver bromids Jdiffuses toward segregated

) silver metal particles, which grow as photolysis proceeds. I the diffusion of

the silver were more restricted, the photolysis would be less efficient. A
sine” axi of:high ‘solar stahility should therefore be a poor photoconductor.
“ md ts du‘ﬂutcn rm o{ excess ‘sinc (muy interstitial Zn') should be low.
. ln the iollwh; d.ism-im linc oxide is used a3 the prime example because
_ .. it has been stcdicd more than any other metal axide, but the principles involved
- apply. to magnu!mn oxide, :ircnn!um dioxide, titanium dioxide, and other ox-
1 ides t pigr i picture of sinc oxide behavior has

|

=
~

)
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been worked out only in the past few years. oy

Collins and Thomasl® have anaiyred the behavior of sinc oxide. It is nor-
mn‘lly an n-type conductor. Whaen its surface absorbs oxygen, a negative sur-
face luyer composed of oxygen ions forms and an electron depletion layer or
space charge develops below the surface. Diffusion «f photolysis products pro-
cueds in this depleted layer. On the othax hand, when the suriace is raduced
with hydrogen or ‘absorbs sinc atoms, a ductive "eorich " layer with a
high concentration of donors forms near the suriace. An enrichment layer
having the same characteristice can he produced by photolysis. The light pio-
duces hole-electron paira ‘which break up and diffuse in the surface field. The
holes diechargo suiface oxygen ions and generate uxygen molecules which then
evaporate. Further photolysis relsases oxyyen from the lattice and leaves ex-
€es2? sinc. This zinc remains dissolved in the lattice, at least in the early
srages of photolysia, as interstitial Znt ions. These ions arr not stable in the
presence of cxygen, and they arc concentrated in the centers of the crystals.
The high free-electron concentrations that are generated by light tend to dis-
charge Zot ions and precipitate zinc metal, but other factors may hinder this
reaction. Ths rate of diffusion of the Znt is particularly important.

. 'nmr_e_.iu same evidence that the stability of oxide pigments may depend al-
mont entirely on the binding energy and ceaction rate of peroxide-type ions on
the surfaces of the pigments. Peroxide is readily detectable on ZnO (after ex-
posure to light} by the starch-iodide test. '

[
. Since Op is observed tu be evolved in a vacuum eystem when ZnO is irradi-
ated with UV tho-following steps may be postulated for photolysis: L

O-- (lattice} + hy—+0- + o-
o
. L) 2070, 4 et

b 0, —»0, (adsorbed) + ‘e c 8

Oz'(adaorbed)—;ozt' ’
On TiO we. have not beer able to detect pe’ﬁvide. but Ag* reacts (in light)

to fo'r"miAgO. The silver ion probably combines directly with O°, In otder to
make TiO; more stable, the O3~  stzte should be made more stable, -.u"the~ ’

9;' cencentration might be increased by adding peroxide additives. .

1£ Oz is strongly bonded to the surfice of the cxide, photol ’
. g nded | R . ysis would be
inlnbitnq. Perh‘apo it is. significant that ginc does form a peroxide oy non-
}):coto!yuc rgminonl. Sx}:;e hydrogen peroxide is notoricusly sensitive to suz -
(m; ;::g;,lync docomp ':-ev;e pect that much about the stability of O2°
R on surfaces can earned from the obs ili 4
the presence of various surfaces. crved ombilities of Hz.Oz o

14

- 18
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Past work on the photolysis of silver brc‘mwe is helpful in analy":i’ng possi-

ble mechanisms in pigrnents. Large eingle crystals of oxides show less photo-
lysis than powders subjected to the same exposurc. In silver hzlides the silver
ions near imperfections or surfaces are more vulnerable to reduction by free
electrons genevated by light than silver ions at normal luttice sites. These
surface or imperfuction effects covld be important in the photolysis mechanisms
of cxides. At one surfice, free oxygea may be generated; at another surface
less exposed to the light or more favorable for metal separatiorn, the free metal
may separate. In other words, light generates electric field and concentration R
gradients which are equalized by the separation of the elements in the oxide.
In fict, an analogous.argument can be advanced for the reason why quartz win-~
dows are virtuslly unaffected by uitraviolet irradiation in vacuum biit powderad
quarts (silica) is severely degraded. A simiiar argument can be advanced for
magnesium oxide windows versus magnesium oxide powder. :

In silver bromide the photolysis is sensitized by small islands of silver
sulfide, gold, or silver itself. These islands trap clectrons, which later re-
duce silver ions, Trapping is important because it increases the lifetime of
chemicaliy active excess carriers. When zinc oxide is made so that small is-
lands of zinc metal ramain in the oxide crystals, these crystals might be un-
ueually sensitive to photolysis, This sensitivity could mean that once photoly-
sis produces metal, furtber photolysia of the satellite coating might be rapid

- “and catastrophic. !

+ .
When sinc oxide crystals are exposed to zinc vapor at elevated tempera-

" jtures and cooled repidly to room temperature, they 2cquire a red or yellow

color due to "dissolved” excess zinc. From couductivity dats, Thomasll deter-
mined the concemration of excess zinc in ejuilitzium with zinc metal at temper-
.atures of 450° tc 700°C. Data from his plot of solubility (in atoms of excess
sinc per cubic centimeter of the crystal) are recorded in Table 16 .

Photolysis by light in a vacuum can produce the same excess zinc concen-
trations, When crystals which have beex: exposed tc zinc vapor are,quenched,
why does the inc not segregate? The diffusion coefficient for interstitial ex-
cess zinc in the temperature range from 180* to 350°C is given by Thomas as:

D = 2.72107% exp (-0.55/k T)

where kT is in electron volta. .

At300°K, D=7.3x10"'% Fora spherc of radius 1973 cra around a sinc
metal particle, the concentration gradient might be ahout 1022 atoms of inter-
stitial xinc per cubic certimeter per centimeter iu photolysed mate-ial. Such
a gradient could exist over a diatance of 10~5 cm between yellow zinc oxide and
the surface of a scgregated zinc particle. This dition corresponds to 4
travsier rate of about 0.C2 atom of cxcess zinc per secand to the zinc pirticle.
A cinc particle of 100-A radius would require about 1.2 » 167 seconds, or 140
days, to build up these conditiims. In other words, if nucleation started, dark-
ening dus to metal acparation could develop aver a period of months at 300° K, i
This slow diffunion rate of interstitial sinc may b~ respooeibie for the appaveat
stability of qui whed zinc oxide crystals thas contain excers zi.c.

Ao
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FParticularly eignificant is the effect of intarstitial sinc produced by pbuto-
lysis on the lifsiime of cxcese carriers generated by light. Although a hole has
the same positive chirge as interstitial Zat, high polarization effocts around
an interstitinl Zat may favor hole capture and re<oinbiniti Ii this is"the
case, the atatility of cinc oxide in light may stem from this increased redombi-
naticn after a certain concentration of interstitial Zn* is produced by the light.
In magnesium oxide, aluminum oxide, and sircorium oxide, which are more
easily photolysed by light; intorstitial cations ave not readily formed, either
because of the compact lattices or because of the large size of the Zr cationa,
This moans that magnesium, alumi and “si 3 are not as solcble in
their oxides as ginc is in zinc-oxids. Since ihere are ways of reducing excess
carrier lifetime by sdding impurities different from the host cation, the addi-
tich of impurities is of interest. Such metaods have been tried, but much work
remains to be done on correlation with the types ard quantities of impurities
added.

Binder. - Since the predominant p:atochemical reactions in a high vacuum are
‘Cross-linking and color formati iargz changes in the physical proper-
tiss of plastic structural members will nst occur in a vacuum, particulirly in
the ad of any upanying th ) effecrs. Thus, for pclymeric mater-
ials which @o uot undergo catastrophic maic-chain cleavag predominant
physical changes wiil be discoloration and surface embrittiemunt &s & result of
cross-lisking. The crossa-linking can be idered as self-limiting, since the
er material acts 28 'a filter which p seo a inction coefficient

for ultraviolet, particularly for the more damaging, shorter wavelengths.

i
T¥va, the primary céoncern in the utilization of pigmented organic, semi-
organic, sad inorganic coatings for the purposes of spacecraft thermal ontral
is the prevention of color center formation (i. ¢, coloration which i
the solar absorp e). The ndary rn is the prevention of erosion of
the surface due to main-chain cleavage, side-chain cleavage, or both,

Tho aim of photachemical investigation is 'to determine the mechaniams
' iated with the chemical change which occars when 2 substarce absorbs
u'traviolet light. The reacti are pl and the actual change measured
Therefore

fiect, often 1 itch cage effect, is associsted with the
mda@@mwmwmmh-mhanym&w
radical smbination prevails. Such an effect may account for the fact thet
the gamma irradiaticn of higher bydrocarbons at 77°K results in the cleavige
aonuz@umumc-cw.l?-l‘ ‘That is, the cage effect moay
radicals, which subseguently recombine. Lo ‘

- € ——— —

The predominant reaction ia the photoinduced @ position of polymexs
in the presunce of oxygen is oxidative, uniéss the polymer unxips to yield mon-
omer. The quantunt yields in the absence of,uxygen ase much lower than in its
pre::nca. dus to tho cage effect. When C-C berds are part of the polymer
bac they ot diffuse away rapi¢lyienough and, as z general rule, re-
combination and cross-linking occur. By contrast, when a C-H bond is broken,
the hydrogen atom formed is highly mobile/and the statistical probability of re-

tivu is reduced. Thus, the eventual reaction is the production of a
molo::ulzuf hydrogen and the furmation of a new cross-link, representing the
c of two volatile (hydrogen) frzgments and two residuzl, nonvolatile
iragroents, respectively. This does not preclude the existence of various chain
trans{er steps a8 intermedists rsactions, but these €0 not contribute to the net
reaction.

aé-c::a + hv._.ac::- + *c::n_aqf-cf:n + o )
BéH + nv—.x(;* + o} . 7
[ 1 ] ]
B¢+ !fl?-?n—-onga + "G-CB—wC=CR (3
‘" + 'ns»az’ ‘ 14)
: ¥
Thus, the creation of stahle mol=cular species is ged by: (a) hack

reaction, (b) cross reaction, and (¢} molecular rearrangement. Should the
pigher-_mlecuhr-'-v_eight radical (RC”® or FZ-CR in Eq. 2 and 3} be '.ufﬁcienﬁy
immotilized, or trapped, the possibility of providing a permancnt color center
in &fsabse_ace of oxygen or a similar reactive substance is apparent. Lawton
e! .u .chun that radical trapping in polymer systems occurs cnder three con-
ditions: (a) within the crystallites of the polymer, {b) in the amorphous phase
below the glass transition terzperature, and (c) in heavily cross-linked poly-
mers, because they may be altached to 2 network structure io a posision in
which no other radical is accessible,

!nthepruente‘d oxygen, the possibility of chain scission is much greater
Gue 1o the irreversitility of the reaction with oxygen. Moreover, ﬁn‘.nisga
chain reaction andl can therefore be expected to have a higher quantum yieid.

R¢-CR + wv—erd + (2 (s)
B + 0,~~ n{:oo' _ \ ' (6)
réoo" + h‘\';n-—.m#)on + BC m
z'é' + 0;—~R'200", etc. ‘ (@
epin = thas irradiated ingl
chloyide which mmwbmmuz.wnamgrmwmm
Chapirol? repores a lack of coloration

of the material when it is exposed to air and sutzibutes it to the formation of
the peroxy radical. St Pimenndbenhurn?s.‘nvtdi:pouihlemtmny in-
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1 Tablo ) » X Table | {cont ' a
EFFECT OF UV IRRADIATION IN VACUUM o EFFECT OF UV IRRADIATION IN VACUUM H

! ON OPTICAL PROPERTIES OF MISCELLANEQUS INORGANIC FIGMENTS ¢ JH OPTICAL PROPERTIES OF MSCELLANEOUE INO! ANIC PIGMENTS ’

} . , - - - r . Befioctance, %- . . o ﬁ% ’Bdlvecnmi

i Material Manufa ‘s Desigoati ESH Factor . & mp . &0 mp ;‘m'—" {nEac '""'n'l)e:‘)igg::m ESH " Factor @0 mp 0 mp :

: O Alocer MC . 0 160.0 100.0 o - . e -
4129 Gulton b o 180 3 240 9Ls Ly T L T vimi Alloy Meg ;g Ls. 55 98 - . -
a0, Alncer MA (gamma), 0 93.5 * g:o ‘Zr0 T e - o.' o aa:o ' 95:5 :

= Gulton Industri 5 L5 49.5 5 Cabic,
A104 25i0,- Aj'uPh.olin.e’ "o 73.¢c 845 bl Titagiom Alloy Mfg. 10 3 33.0 735 )
zH,0 2 Grorgia Kaolin 10 3 %.s' 602 . Z¥Si0, Soperpa I 8.5 ' 925
AL, 35i0;  Ajax SC kaolin, 0 73.0° 8.2 4 e Aoy Mie- e =0 . s
Geuozgia Kaolin y 200 3 6.0 810 ZoS Mwmm N 91-3 ,, 95
3A1,03-25i0, Malochite, Paper [ T 86.5 apd Bell - - 3e.0 .
+ Makers Importing €. 180 3 75.5 ~-. 8.5 . .
5,04 Naticnal Lead Co. ' 0 92.5 265 ‘ ) B :
| 7 L5 368 S0.0 - oL o ) 4 ’
casio, ic. e 8.0,  90.0 L - . : | .
Johns-Maoville % 1.5 58,0 81.0 : - e . !
casio, Wallastonite C-1, 0 92.5' 945 : ; ’
- i Cabot % 1.5 810 91.5 . ' .
MgALO Spinel, T 0 97.5 91.0 ey .
{ ¢ Linde 5 1.5 0.0 925 . ] . .
H MgO Reagent-grade powder, (] 9r.5 8.5
Mallinckroct 3 1.5 700 92.5
50, No. 140 Alabama tal-, e 89.0 9.0 :
of,0 Whittaker, Clexk and 10 3 62.0 73.5 i
~—2i1g0-Si0, AlSiMag 243, c 33.0 59.0
American 1036 15 35.5 60.0
Magnesicm GSP, 0 9.5 9.0 '
trisilicate Mallinckrodt 26 3 185 4as .

. 5i0, Ottawa Special, 0 83.5 92.5 L,

Ottawa Silica - s LS 1.5 9.0 ! .
Sis, Diatomacecus carth, 0 R.0 93.5 ‘

Dicalite WB-5, 1 3 8.5 93.0 3 . ;

Great 1akes Carhon - ' , i
=0, cr, ° 8.0 - 90.0

Fisher 00 3 %5 829
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! ' yable2 . . ~Table 3 ' ;
EFFECT OF UV IRRADIATION IN VACUUM - : 1 E#FECT OF UV IRRADIATION IN VACUUM
ON OPTICAL PROPERTIES OF ZINC OXIDE PIGMENTS : QN OPTICAL PROPERTIES OF MISCELLANEOUS JIORGANIC COA TINGS
! . All samplzs cured at 140°C for 18 hr.
.! M"ﬁf% - Solar Tt Composition® ) B
i Manufacturer s Paxticle Pun:y, Reflectance,% Absorptance o Bolids Exposure : Solar
Designation Siae, 3 ESH Factor 30w gsu"mL Ty . - Content; : . . Solar gu? " T)ﬁb"— Absorp ‘ -
. SP 500 Q.30 ”9. 90 P 95, oju 99.0 Sample Figment 1% ESH Factor mp & d8ac
. : . , 75 1.5 95,0 99.0 c2. AL, 05 63.9 15.5 75.5 . 345
AZ20-66 Q, 20 99.80 0 93.0 99,0 ¢ , IJO zoo 3 64.5 72.5 .37, ;. 026
e . 200 3 91,0 98,0 ; . C-35, Alcoa :
Useraz 030 99,80 o) s ;;: § o ° €3 CaBiOs, = 62.8 0 78.5  83.5
Az3-33 0.20 99.20 o ' o 95.0 Woilagtonite . %@ 3 23 7L3 o
. . 300 3. 86,5 93.5 ca La,0, 56.9 0 92.5  95.0
SP 500 : [} , 95.0 $9,0 180 3 54. 0 71.5 ¢
’ 3100 10 - 91,0  98.0 - - cs LIAIS , 4.4 0 59.0  64.5 .
SP 500 rn.g s 3:.: g&g :3 026 " Foo&eigg.:‘:gra.l 250 2.5 's52.0 62.5
: SP 500 {Cainined 16 hr o 92.5 97.5 .133 c1 LiAIF\ Dy,  64.4 ¢ 185.0  86.0 o,
‘ at 705°C) 1720 10,2 91.5 97.5 .140 .007 Lithafrax, [ 2100 10 .43.5 60.5 .
AZO-55LO 0,40 99.20 [ 86,5 93,5 .198 Carborundum )
; . $720 10.2 83,5 92,0 .213 .015 MgAl,04 - 37 0 (93.5 980 ' P
- AZO-5510 {Calcined 16 br 9 90,0 95,5 .156 « 204 -9 7% 1.5 ?lb. 0. 945 : :
' | at700°C) 1720 10.2 88,5 95,0 .164 008 - 5
: = : i o) MgSO, | . 56.9. © 92.5 24.5  .130 . 3
i 200 3 66.5 84.0 .219 .089
! ci 8i0; . 62.8 o 87.0 87.5  .177 :
~ ' fused quarte 300 3 . 76.0 8.0 .221 .044 2
. : : powder, GE "
C13.. SO, 61,7 ° 77.0  82.5  .264 !
: B : : 0 3 76.5 82.0  .278 . .0i¢ 3
c7 Se0, . 61.7 o 76.5 830 :
S - . 2100 10 61.¢ 8.5 .
) ! ICi8  zsS . 59.0 ¢ 8.0 9.5 .220 :
N z W S, . 260 4 g81.0 88.5 .231 .01l .
k) - [
: c19 2nS, AXXN, 56.9 o 88.5  88.0 -
: Chas. Osborne | 250 2.5 86.5 67.5
- . ‘c23 8i0,, 30.4 v 90.0 91.5 .136 ) :
i . ' } , Dicalite WB-5 300 3 77.0  8as5 .173 .037 3
J ", €28 Si0p, 26.5 0 89.0 9.5 128 K
i 0 3 73.5 88.0 .18 .05¢

Dicalite WB-5
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i Table 3 {cont,) ' ny ' . Table 4
l
EFFECT OF UV IRRADIATION IN VACUUM . : i - EFFECT OF UV IRRADIATION IN VACUUM
ON OPTICAL PROPERTIES OF MISCELLANEOUS!INORGANIC COATINGS . ON OPTICAL PRGPERTIES OF INORGANIC ZINC OXIDE CCATINGS
. "All samples cured at 140°C for 18 hr. N l All samples cured at 140°C -1 18 br,
i Compositont . . . Composiiion®
L e Espots pofacnice, % A:z“‘mj' . , NS e el
e ) . ioo - - H ey - ontent, olar eflectance, sorptance
Samipie Pigment . % ESH' Factor mmp 600 =p ke & ' Sample Pigment % PBR_ESH Factor #0mp 600 mp — & Q& -
L} ks .
€34 Molochite  56.9 0 77.5° 81.0 .25l : t zs SPS00  46.3 4,30 0 96.0  98.5  .132
. SF 300 3§ 7.0 7.0 :281  .030 s 200 3 93.5 97.5 .:138 .006
C36 Molochite 56.9 0 \ 76.5 82.5 . .243 T 8 SP 500 '56.9  4.30 0 94.5 96.0 . 146
86 . 300 3, 735  BL5 . .260 .017 ; 200 3 90.5  96.0  .150 .004
C39  Molochite  61.7. 0. , 1.5 835 . z9 SP500 +51.9 2.13 0 88.5  89.5  .258
#6 (HCL . 250 - 2.5 74.5  83.5 ! ) . 200 3 86.5 8.5  .269 .011
- ol
leached) | W zlo  SP500  46.3 4.3 0 ! 94.0 g0  .139 .
C42  Molochite | 61,7 o 75.0  84.5 : ) ' 300 3, 93.6  98.0  .142 .003
#6 (HCl . 2100 10 - 63.5 6.5, - ) .
: . Z27 SPSCO  46.3 4.30 0 91.0  94.5
leached) . . L . - S-Wek 90.5  92.5
. C45 210, . . TR0 8 . 8.0 2.0 225 2.5 99.5  94.0
; cP. L7 L5 85 905 . ® Zz29 SP506  49.3 3.58 0 89.0  92.5
A ce 20, .. 2.0 0 76,0  86.0 " 5-W 38.5  90.5
N o crP . . % . LS .5 8.0 . B 270 3 87.0  92.0
! c7  zrc,, ' 748 . 0 .. 8ot 955, et K z29 SPS0s 5.3 3.22 0O 8.5  92.5
i cp cea 75 . 1.5. 6L.5  88.0 - S-w 86.0  88.5
- c52 210, 7 644 - 0 90.5 © 93.0 140 . ‘ 225 2.5 6.5 9L0
i cP ! : 200 3. 7%5 870 . ;208 .065 ‘. Z3s  SP500  64.4 4.30 O 54.0  75.¢
. €57 Z1SiO,, 56.9 € .. .79.0. 8.5 .18 : Sw 5.8 1.0
Superpax - 200 3 . 'e3c’ 85 249 o069 R | 225 2.5 56.0 6.5
. . . S . 739 E-P730 730 4.30 0 52.5 5.0
A # The binder for : all  paints was PS? potassium silicate ®Gylvania}iexcept for . | \ g;:’ 3 ggg ;2: i
C46 and C4 h were b with alumi acid phosphate and colloidal : ' ! : .
silica xupechvely. - . Z42 XX 254 73.0 4.3 0 5.5 89.0
The pigment-to;binder ratio (PBR).wis 4. 30 for all paints with the foliow- [N Sy 0 880
ing exceptions: 'cs, 1.50; _ Cl8, 3.19: Cz3. 2.13; "C4b. 2.80; CA7. 5.3, 70 3 .0 810 . -
: . A - * The binder for all coatings was PS7, The pigment for Z35 was calcined at
- R S . 800°C/12 hr.

*% 5-W: After soiling ané washing.




(%€ *9v) veZ 1doono
eojdures ({2 30] Y4 *3¢ SUM JUNUOD PO "0f 'V 1% pPOUITIUIVA sem HAg ‘eojdwee

11% 20} 1S sem I0pUIq Oyl PUR ‘34 91/D,00L I® PPUID|ED 00§ 4§ sen JuomBud ey uopjsodwion

*sAup ¢ I0J Xi¥ U} PUI0IL Pue

*
|
]
f
}
!
12y 27 203 20IVID100P W U} POAND) /D,0t 262 m
]
|
+
1

- A)
800" 641" OL0° 6O é 0§91 - ‘IY 2 207 D,00§ 1v £)8 Uy pojucy ‘g8 R
wi* wo* got 0
‘ohwp §2
207 263VOI}80P U U} POI0IB PUV
%00° S91° 190° d»oO1° [ 0§91 '3 2 207 D ,00% 9 110 Uy pojuey ' 81 . ]
9t 090" tot" 0 '¥Y g7 203 £03WIO18OP © UL POIND /D ,0¥1 162 L]
r .
*shep 92 w -k
P16 64T #90°  GIr° 6 0591 zo5duzpy uvieg Zopun peLoss puv pa(xp . "
- - 891" €90 _zot® . [\ *aY 22 %07 2038I3169D ® U} POIND ) 4 062 m .
- v < bl . N 3
A T 5 —\o uwoauuh ] WOV ], szny ojdwieg . . A
esumdaosqy xviog lﬂw_ﬂm....mh'. : . u

.

SONILVOD RQIXO DNIZ DINVOYONI S0
SIILYTLOHd TYIILLO NO WANDVA NI NOLLVIOVYNI AN 40 ANV
. SINIL FOVHOLS ANV DONIHND FHL DNIAMVA JO S1O345H QINIHIROD

{3y g siqex -

L PR

¢

. \ P , “
. R . . 0k 20} 2fe U} PIX0Is pue Po1ap . i .
o mw“ . www : .mx—_“ . ¢ .”mf *ay Nnﬁowuuouauu.-ov © uj peand -3 682
P - = - «phup Lz 203 (juvqeoeqe . N
- . OpXOTP BOQawd w) 03jIEIsY pue - - . Ee
‘ * : ¢ 309291 €0p ©) 03120120 Hujuyeiuod pazp :
810 mw“ . MNM . MMM 8 “no— u‘o»oog-ov © U} POI0I8 puUT PAIND -3y 892 ‘ !
*9hwp L2 20} .u..cm: $1ap ' -
03 uodo P 3.
: * © got” 6 0691 -uazyaus Az0juroqe] ol . 5
200 Mm“ . MM“ * 660" 0 wmjjon yo $300ys UOIMIOQ PeI0Ig 2y 182 -

«quow8id o3 puvdengex 03 Ly
paamboz sum Buprwmie sno2o8;A .
+Ajenotacad eyiuow § POTIW pue

4 ¢ . . . oxedosd Ayjeuidizo sum uonel 24 81
£L0 Mﬁw * ”MM f— WMM ‘ §e “m: .MEqu oyy ‘ojdures 931131998  /D,091 Y82 ) o
’ * = poap
880° N@NH too” 8Lt : 66 o8Lt esoydsouss NOU ur poand iy oz m .
st €L 20t 0 e ror “
moo.. €61 LLO° 9T(° Z'OU 0091 . oy vem 162 gt 192 K}
’ : : 0,006 12 PIIOY um | . A
881 LLC 11t o vusﬁ%hﬁi puu JuefIei0p WM x4 81 :
020° 60z° SLd' SEV’  2°0f 0091 potsum sun g8z ‘pevweation  SUBL B
681 tio* 21t 0 sum gLz ‘eeamnbr ‘Ul | co-unaﬂv e .
. : ‘ : . 01U} IND suM DAOQU PPQIIY \
o MMW. MM.”. wﬁ. eot MS_ e wﬁo.: odwve UFEXTV |/D.0F1  6LZ 1l

»nY X Tx 1x “Toiseg HgA . JGoWIVeL L %30y ejdweg

'~ _amujo ’
2ougldioeqy iviog .lou:wlrh.ﬂmulwl .

SDONIIVOD HAIXO ONIZ DINVOHONI A0
$BILUALOUd TVILLIO NO WANDVA NI ZOE.SQ&x&u AN huozmnvxaou
gEWIL ADVYCLE ANV ONIdND BHL DNIA¥VA J0 SLOBALT a T

6 o1qu,

W e BB L




- o~ . 2 -
R \ .o )
h ~
AT SR R ST M T T T T T T S TR T T T T
%m VN O INH KN ON N SO v NN OO0 V- OO0 i OO ©CO
| O O¢ M UM A M SO M N N NN NS N B wm N
- N u > O~ D OO OO OO th OO~ oD OV I~ O Dee OO @ o~
<
gl ¢
a um D N 00 NU 00 OO PO 9O ®¢ I OW® N OC O o0 wno
S 1 Gl oS bt E S e G i)
mm Skl RS 32 25 3 A8 Fd 5 3¢ S 82 £ g9 s 68 g7 dd
33 ,
<& o
>0 ol 8 .
Al wEs L.
m m oh - < -« -« - -« L « < - - < < < < -
i 4 |
.. ES o o2 oy on ©g ©g 93 oy ©o® o% og °o% o ©® °g ©3 0%
. -~ mm ] m T - e 3 n iy - " 4 - S e ry - e
o .
£ 48 .
- mm m \ , = < o o 2 & ¢« © wm o w o s 3
. Bl . 6 M <~ B ©6 6 .8 ¢ & w e~ w \m s '‘c
: 5 ~ . . ! -
B m..m, . - e Z - § o8 e m. s
y - ' - o
rel BT ERg g 7 EhEd gl owow s s Sdeds
oaf FH 2 93 2 B B -SHSEs 9B 8 I3 3o 33 35d iz B2
- . mm . 2 e @ 8 & A ARFRRS AR5 %3 %8 £9 Ks.m. REJR
[ : . : . -
b & = m A . - i
m 10lul . ’ 8
) ol | i e © o o o o o 9 o 9 8
: ¢ Q [~ - ] ~ © < o (-3 (=] (=3
= ' M [ w 50 0 50 .50 So n (] n wy 50 [e)
! o b w ;] w q m g - a m w Q w w ]
: i E GBS Ba BN &S BSBSBS S BSES BS S
: PRI , “ co o . . e
P “z P.um.o. - 8 ® @ w &~ ® 2 Z 89 2 2 2 8
- R L BN Y N ] ] J ' ) U ’ ] 1 .- ] 4 1 ] "
P [ TR - "R Y - T -1 b 2 A A B [T "I
Lo LT PR N,
I B . ° - * ~ i - -
HLwe - - _ _ _ I
i NN v T T T
ic ‘ . .
. N . - K >,
.. /I,. T N
S *sojdwee =a 103 154 3} uoonz oy’ .xa ..2 3\0.2:. L] _.oso_ao,oom ds ves juemBd oﬁ.
s
- - - - A A ) .
— . ; N A T - ahnv n«, - -
et T N P - uOu zye. Ty pezole- {Iq 7 203 -
PR 7Y SRt B &. o. wo5® | ... oL .005 37 peieeq tshup 32
"R L L00ts bSTVTEGg e 101 °, poswet-o - 203 ‘WWIeA Jo-ele0ys - -
! . - oo«. So. L. 430y uoamleq ‘IR Uy vouoom 6%98 .0ty 962
5 ; , ot *Aep.¥ 20 POTIP=IT® o~
L - @) > o R . 13010 pue, adicyep A . .
0.§20% 2Ly’ So.. 2100 oLty Ty poysem ‘ekep o¢. . .
T P10~ LYT® 5907 - 860° poqsemeq 203 ‘wn({9A Jo 9300YS " - .. 2
N 1181 190% oo« * 0 goemiaq .u«w uy pezos 696 OE° {74
g et et gige  oofv R,
80O “EST " 6%0° oc« - oLy 03 Wh{]9A Jo 639948 — .
CLPEC 360 oao. [ | usemjoq ..:d uy pezolg . [ T 2 £ woN4
- T ey . ~sskep 1g .
*¥10°- 6L 6S0° 7%’ oLV nou .Eddo» 3o s90ys - : N
: 591 ° noo. 201", [ usremjoq ‘Iiw a} pelolg 6°95 ot i/ £62z
e T = u AR |, jneumesiy ..uao“bnoo ued 1dureg
4t X . ounSmuoanJ« 210y -
.9 L srs0daion)
= ALY
- - - - 3 "
R \ . Bupkap zre Aq pasn> gojdwvs [V -
) o E B SONILVOOD IAIX0 ONIZ JINVOHONI 40 STILYHLOUd TVIILIO ’
T —~ .NO WANDVA NI NOILLVIQVYMI AN 40 HSH OLT¥ J0 LOAALH
g ¢ . . - 9 o1qelT :
S )
M o e - ’ L - .
K ¢ . L L -
- = g T TN N T Tt T —
o L ’ o VAR . . i
oo c\,.w N ~ ,v.«,r xo.mu.ufn.., 0’ T S "
Lo ° L 2 o ,oCN.U. - ES i ’ (‘,
9 S g oy N AGml a i




<
-
o
pa

¢

1

S
1
,
._g;*.ﬂ'__a\w_.\«hfr

1 . " Table 8 | ! ). . _ o 12‘“_"212';‘;').1 .
R , Iae® O . 4 .
* FORMULATION DATA FOR SILICONE PAINTS ’ . FORMULATION DATA FOR SILICONE PAINTS .
N ,
- - Paint ’ - ' pve 1
Paint »Vvce Solids Lo : g . Solids
No. Ingradients, parts by wt. %  PBR % by vol. . No. Ingredients, parts by wt, % PBR % by vol.
! o - " 5-17 - . i
- $-1 - Superlith XXXN sinc sulfido 107.5 40° Z.15 © N “ gl 0.0 45 280 0 )
806A resin 192.9 . Tatrabutaxy titanium (TKT) 1.0 3
‘roluene" \ 3. , - a-Butanol 4.0 , 2
 §-3 SP 500 sinc axide 14,0 20 119 . 40 . ) Toluene 24,0 :
. XR-6-1057 resia 173,0 . - S-18 i ‘
i ' Tetrabatoxy titanium (TBT) 3.0 . Bh-00 ems, Txide S0 5 L EN 3 .
: Tolaene 108.0 ' B s SP 500 sin . :
i s-4 SP 500 minc oxide ‘ 45,0 - 25 ;38 26 a Ros '; By °r::11:° igg-g 35 268 40
! Rel exptl. resin snln, 111, 0 o e Toluene 176.0
. AN . . .
: 5-5 SP 500 zine axide - 934 25 L80 - 40 8-26 SP 500 zinc oxide 373.0° 40 3,73 40 : .
- XR-6-0049 resin 1.0348).9 R i, LTV-602 polymer 100.0 B 3
: Xylene | 0 .SRC-05 catalyst 0.5 : *
s-7 SP 500 sinc oxide 140.1 20 1,40 40 ) Toluene' 244.0 § .
. LTy ‘ggz.‘z‘{m:' 109.2 _ ' 8.27 ¥ SP 500 sinc oxide 304.0 35 3,04 40 3
’ Pyt 160.0 o ' LTV-602 polymer 100.0 :
: Toluene | ! i : SRC-05 catalyst 0.5 ¢ )
e s-8 SP 500 sinc axide 112,0 25 1.70 Y40 : \ Toluene 197.0 ) {
: R-Z expel, resin eole. - 100.0 8-29 SP 500 zinc oxide 2600 35 2.64 40 g
i oluene e : - ) R-8 exptl. resin 100, 0 '
' s-10 SP 500 minc oxide 7.5 25 178 40 :  Tetrabutoxy Bianium (TET) 1.0
R-4 exptl, r~sin soln, - 400,90 . € Toluene | 176, 0 ¢
. Xylens AT f A 8-31 Sk’ 200 sive axide 315.0 40 3.16 40 .
s-11 SP 500 rinc oxide 123.6 25 1.63 40 . .3 R-8 exptl. resin 100,10 >
! R-S exptl. resin soln, 104.0 ! - Tetrabutoxy titaniaum (TBT) 1.0 4 .
. Teluene’ 86,0 . Toluene ’ 179.0 4
! s-13 §© 50" sinc axide 240,0 30 2,40 40 : B-32 TiPure R-900-1 rutile 2370 35 2.2, 40 {
LTV-602 pol'mer 100.0 . ) ! LTV-602 polymer 100, 0 b
SRC-0S ‘catalyst . 0,5 SRC-05 catalyst 0.5 5 <
Toluene 183.8 . ) Toluene 198.5 q
| 5-15 SP 500 sinc oxide 212,030 212 40 g e
R-5 exptl, resin 100,0 . [ '
. Toluene 157.0 ot 3
: . S-16 SP 500 sinc axide 163,0 .25  1.64 2 = e
: R-7 exptl. resin 100.6 . o ' . ;
Toluene 1£3.0 ) S . ) ;

s . L o 37
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. . R ' Table 9, . , i
Xablo 2 {conte) . ' : ' ' EFFEGT OF UV IRRADIATION IN VACUUM _ ;
FORMULATION DATA FOR SILICONE PAINTS | =~ - B ON OPTICAL PROPERTIES OF SEVERAL SILICONE PAINTS i
’ { F i
: 2
i V : ) Expcsure q
§ Paint : ! P i R - . : "Compo-w.t_;n . g§ ¢
| No, Wenio'. parts by wt, L ‘::. PBR! . %s:yu g:l. ' - Palm . QT —PVC, 0 Reflectance ”m {41
! e B . No, Pigment _ Binder % ESH _Factor m——"sﬁn'_'mew m :
.5 B9 expal. rosin 11t S @ Bt s zas . sexT w0 M4 89.9 3
Tetzabutoxy titanium (TBT) 1.0 : ‘ L - : ‘ 7
Toluene 225.0 Bl 54 sPsoc R-1 2s- 0 9.0 81.5
. 200 ' g 300 3 19.3 80,5 %
Now Corni 806A . ' p y . N 83.5 3
Du Foni: Te abutoxyr:ia:a‘.lnm’g {2:0057 roain, XR-6-0049.roald, and 808 restn. 55 spsw mee- 28 S, L mes ;
General Electric: LTV-602 polymex-, SRC-04 catalyst, SRC-05 catalyst, . ' ) 0049 ? 7
. SR-80 resin, and 81932 zesin. ~ . - B s.7 8PS0 .  LTV- 20 0 87.5 92,5 ,
; 3 Lea; Tty RA-NC rutile, . . Z00 602 450 1e 82,5, 90. 5 1 . )
Nasdex Products: Siiicase 2-175. L. B s ses0 om0 00 TR0 G0
C. 1. Osburn Go. : Superlith XXXN sinc sulfide ' ! Zs0 . ' o ) s i
. ¢ { — y
\ ' T 1
3 .
\ | . 4
", | t %
- | ¢ ] - M .
. . !
1 ‘;
4
S %
' - ’ - b
; . !
° - 1 -
i B
| . ! :‘
g i )
2 { A :
|
) 3
. ! b » &
B 3 : ol f N ]
ta ‘ K ) “ | i 7 j
1 . y ¥ ]




S | R .
Table 10
nn;c'r OF uv IREADIATION:IN VACL‘UM

_ON'OPTICAL PROPERTIES OF SILICONE PAINTS o

— T o ASA FUNCTION OF MeISl : R .
. L PVC = 28%) Ve
Paint. ition ” ‘%E‘ Refléctanc AbacFptance, -
No.  BARCUITE | SSH_Fecter = e
. <0 C v oL e =P : —
S-4 R-1 .29 0 79.0  8lL.3
o T, v 300 3 79:8  '80i5-c 3
. e 83.0  85.5 L a26
e 1460 9 1o 8Lg’ Iy B
516 R-7 L33 0 80.5 8.5, e
: 615 9. 8.0 87.0. Tt
o 1.5  88.5 we27
N 100 11 a5 60 Vo2t
S-11° R-5" 1.38 0 se.'s 910 - - .\2,3
, 1460 9 82.5 885 .25
58 R-Z 1.4 -0 80.5, 92.0. '
450 10 7.0, 9.5 .
0. - 85.5  94.0 .20
1460 9 8.0 9.0 23
A

Table 11~
-EFFZICT OF UV IRRADIATION IN VACUUM

t: " ‘ON GPTICAL PROPERTLZS OF SLLICONE PAINTS

A8 A FUNCTION OF 2V/.

% Solar Absorptance
. “No. ESH Factor 1 o2 o oX
8.7 . .LTV-602 20 | 0 - ’ .220
. : - 460 9 L260 ,040
vy \ . (] ) . 240
. SRR 3350 15.6 .300 .060
| g-12 -LIV-602 25, - - O L230 !
| B e 1460 9 .260 .030
- 8-13 -LIV-602 30, [ . .230
: | 1360 9 .260 '.030
L . 0 .115 .087 .202
. . . laeo 87 L1410 L0937  .240 038
. . 0 .230
PEREEE o 3350 17.6 L2R0 .050
8-37 . LTV-602 35~ -~ 0 .107  .068 178
- : - 1600 10,2 L1371 L0158 192 .G17
i -0 106 .01 176
. 1850 10.1 .120 .03 .201 .025
" '8-26 LTV-602 40 0 L195  .056 .16l
: 1200 8.7 L1110 .062  .173 .012
§-11 R-S 25 ] .230
o 1460 9 .250 .020
8-15 B-5 30 o .230
_ 1700 10.7 ,240 .00
8-19 B-5 35 0 L1268 L0999 .224
X 1200 8.7 126,100 .226 .002
. ' ‘0 .124 .099 .223
v . 1856 10.1 L1322 .105 .237 .014
).

,4‘.;\:‘;\0‘
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Table 12

EFFECT OF UV IRRADIATION IN YACUUM
ON OPTICAL PROPERTIES OF MISCELLANEQUS SILICONE PAINTS

Compositien

Solar Absozrptaxce

_Egn:ro

No. Binder Pigment % "ESH Factor &1 &2 & A
s-17 808 - Titanox 45 [ . 296

TBT RA-NC 1600 11 .40¢ 110
s-18 SR-  SP 500 25 0 219

80 ZoO - 1600 11 L399 .11}
s-32 LTV- TiPure 35 ot .099 .080 179

02  R-900-1 1650 9 .158 .140 .298 .119
Q-7 Pro- r-TiO, 25 0, L103- L1111 . 214
0107+ prie- 1480 10.7 .165 .206 .371 .157

tary | - . {

-Q-9- Pro- ZnS 15 0 .100 .120 .220
C108*  prie- . 1530 11.1  .193 .131 .324 .104
tary .

Q-9- Pro- SP 530 25 0 .120 .168 .228
0106¢  prie- ZnO 1850 10.1 .14¢ .117 .26% .033
; ury
¢ Purnished by Dow Coruing Courp.
]
i
42

! ' M
Table 13
~ EFFECT OF 4170 ESH OF UV IRRADIAION
: IN VACUUM ON OPTICAL PROPERTIZS OF SILICONE PAINTS
N ) t
i Pairi gg%’g'iﬂ“ E—?ﬁ% Solar Absorptance
No,  Binder % Cure ESH Facior ¥1 02 & A
' ' [ .
\ §-13 LTV- 30 16 hr at room 0 .124 .087 .2ia
| 602 temperature 4170 10.6 .160 .109 .269 .058
$-31 R-8 40 1hrat 3¢0°F 0 .145 .137 .282
' 4176 10.6 .165 .15i .316 .034
8-33 R-9 40 1 hrat300°F 0 .119 .097 .216
1 4170 10.6 .128 .108 .236 .0Z0
1brat300°F , © .128 .109 .237
+1Leat500°F 4170 10.6 .134 .114 .248 .01} ! ¥
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é THE EI-'I"ECI'S 017 ULMVIOXET MADIATION Oﬂiﬂ'al a / € SURPACES

SUHARY 6'? “/’

. B ‘0o /
; rcdminsnt source of natural environmental damage to spa:ecm.ft
f.heml ‘coutrol surfaces is solar ultravioiet emergy. An cxperimental
esu@uon +of thig<damage 15 described: ¥ The primery purposes ip this
work.are (1) the evaluatitn of candidate materials, and (2) the prediction
Candidate surfaces are

‘of operational bebavior for selected materisls.
exposed 1o vacuum to near-\.lcrndolet enerxy, the effect of these

The rlmry energy source 1s the A-H6 umury-armn bigh-pressure ln:n},
] It.his is used bare end with filters. Incident fiuxes are determined with
o .caubmted photat 3 en® with thermopilés. Sample ambient pressures are
'inintained at 10-6-to 10-7 Torr; sample temperatures are varied from 70°F

..to 500°P. Incident flux .densitles are varled tenfold. Both initial
Efforts are

amage and damage reversibility (bleaching) are {ovestigated.
oncentrntcd od-white plgment-rehicle blnnry syctems; these are candidate

o low asfc spacecraft surfeces. ‘Fesults demonstrate the dependence of
upon wavelength of irradiation and upon sample tunperatum
epoxy vehicles,

3
. damage
. ‘Materials studied juclude silicate, silicose, acrylic, and
®: aod T10 m, ZrSiOb, and !.1/n1/5103 pignentf Fossible %ﬁmim

B

s

m'zmwmn

L . .

‘-,«Ultmvlolet rodiation frox’ the sun is the pr‘mry cause of damaje
to ﬂmml coatrol surfaces faian orbital eovironvent. This darage 1s
'mst severe for. surfacés selécted to provide a lov ratio of solar absorpt-

smittance’ (¢). An experimentali program has .been in progress
St h‘.westigate this danage. This progran Zas .as 1ts primary goals (1)
didate materiais, and (2) tha- yrr.‘ai"ticn apera-

the evalmticn “of"
elected -mote-i230 ) TS GIG ik W wsiilow

“1otd damage processes 15 alec sought.
g rfaces to be studied are exposed in high vecuun to
near-ul‘ravl.ole redigtion. Primary criteria for damage asre spectral
°_reflestance, data. The exposure paraxcters of irrodiation flux density
‘end’ \wavelength,<and cazple temperatire are varied.. In afdition, explora-
eory\po t-e.xposun hlannhms stmlies nave been perfomd

.
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[ . N e . d : [ - e % ) N p 7 A i g ?
ot e 3-“ “.k . R - , N - 0 ' .
N o« D ‘. [ tN LY. . /\ * o v
,J(\Jw ‘ ' e o l. 1 % fad o !
e “ia a»’ > o N . 0o ' .
. o B o a. T . . . - .. . R e |
’ N .“,r N ‘%,.‘ i o, ! 4&// ., :' e [ . ) ,‘ & { )
2, { a T ’_x : “'-’n . . R T o v «Sybtes ‘ .
; Lo N ol ! R A Charibe r acuun' Systen’
&) " lb pmvide englneering design datu, the. nau]ts or ult.ravlolet atude:~ .. v oo : .2 J
‘ oy 3 Srmieel soviveesoet wore iﬁi‘l“:ﬁ‘“‘iﬁ T it (R AR e chachage aro et a2 e by 1 "‘“’{",;ii'é Mk e -'
. . . Nl n dicmeter mounted on neh hase plates eaTple ra are vater- 3
T . & precise eavironxental simulation,is never achieved in. the labcmu;ry. 7 » coiled copper blozke mounted at duf:)rent dtbtancen?m the ultraviclet s
. . x}g ;df» ™o most ootable Giscrepancy ‘is the spectral disal:nilariey Sutween e:,(tm- . - "muatlon source, Three . axposure charbers are used. In twc of these’ 7 ~
a. ,/,N\ Lo terrestrial- solar _rediatiocn .end the .output oS sourcoa su'tuble for® | . - cbmbers pairs ofi sarple holders are permaneatl {nstalled at 3.0, 5.6, .
‘ ‘ m D “materiel s:mniw ‘and ‘development atudies. “Even’ m 6nz asSuhes that ad N - \ 7.5, Ynd 11.2.inches from. the"egurce. Theee &iztances give nominal irra. |
"Ry A a!@mc:gm sources, of orbital; donage tosthermal control ‘surfaces are - 1 . diances of 310, 5; 2 ard L "suns” of uliraviclet cnergy. A flux density
o) v, found 1o Jleboratory test chamber, a;stralghtforvard:predicticn of, , : vy of ope"surf 6f cear ultraviolet radtatfon 15 Lerein defined as the flux s
%"«" B :::'z:')' :‘::g::: _t;‘;"" 1m:??$::tiim;mzz::le- 'B;::A:;fg:ﬂeh-e . JEEEE | denolty of extraterreetriel radiation at-gne al.;t'-c wical ualt from tie ! :
. LICRCN °’“‘"8A prope 0, may. . o B i sm, 'in the vavelength interval from 20005 to 00C~. In L.e other chozber ‘ .
. "/ severel reactions, and, (2) thuidependence.qof 'the Nﬁc'-i.qnn.ondr*adinn e ' ., & .gemple holders are w.aeea 3. inches from the couice for e nomiral 4
: vavelength isvlikely to be dl.’rorent foy eacht react.l,on and ‘each ‘material.o . ; ‘fhu density of 6 "suns:” :
‘Lorge: uncertainties-in predictionu of/&ibital ntabuityz mnult.~; Beth ~to D i < Normally water is‘pessel thrcugh cupper tudes scldered to *he sample 2
reduce these uncertainties, and;to-guide mterial dévelopment prograzs,’ 4 e bolders. ‘This matataine the Spccimen timperatures betveen 63°F and 9507, :
. oformation-on- the energetics wl mechanisns off ultruvidlet ‘damage ‘s o R ) 'depending on the tap uater t.m;\eraturc nind the ultraviclet irrudiance et z A
. d#sired ‘o work reportedsheréin, therefore, DeeXs.to iovestigateithe- . 8 “n, thessemple holders: -At the 10 "sun” pesition, with no cooling eicept by 9
damcc »mccsaes 65 well:as provide ensimrin& deui@ data- : BTN ‘vediation to the chamber walls end by >xduction through the sample holder 3 ‘
e e SR s o o kY t ; " to. the’ base plate, the steady-steate earple temperature is akout. S00°P. 3 ~
. o ,,.xzmn}zgrn w?;mrr’ ¥ I 1, Tarough * ‘controlled ‘use Of ccoling water’ and- sdéiticnal corduction paths /
a Fay o2 oo o ATy N ) rm the' sample holdefs, specimen tcmperatures between 90°F and SOCOF can 3 n
) V/ 'f'ltravioletﬁg‘/lr"g q . (R " be'achieved. For ¢ryogenic cempcrntuns 11quid nitroger zan be passed
P A \ } o T e T us (f © - g through the cooling tubes.
S The.scurgejafl ultraviolet mﬂutl&n 4s-31 lﬂ A . B 4 “High. vacums in the range of 30-6 %0 10-7 Torr are maintained with 1
“mxvmmm :;;?:g:—z:::r:; ﬁa;:gtens tv hﬂw ".  electroni hieh Fmpn using standard vacuun technigues. ;
o . o S . ;
: . A T " > Gpectral Rx—.ﬂed.enoe Veasurements: - * ‘
a4 % l ~ . N i) : . 13
- m :m the top. \‘Bxe Linp eSseably czn & "’-'—Mﬂ"P \'.o change 13@8 © {RE . . - Formal spectrnl reflectance measurements are performed with a Cary ‘
e o 15*-“!‘5158 thean‘cu.m in the 5}'3'-9}! S P! 9,,_ R° - Model 1h Spectmphotom@er vith tntegrating cpbere ettechment. Th= soiar
Bz 2 et BN . | irrediance dsta of P.'S. Jobason (Ref. 1) 18'used as tb basis for calcu- )
_:’:.. o or-e J S 7" A . gt lations of aol.ar wsorpmca and ot oae "suz” of ultmrlom energy.
'ma ult—am;.et inten.sity 19 monltored witb cali.brsbed ) Nt‘ﬁbe‘ e B L S e - mma, m;sm_';s . . .
(RL‘.A 935) thut ere filtered to\mnieor radiatiocc in- the: LOOOA, - & - . @ o e .o
-; interval. Corning 7-5% filters are ‘tised to.pass only the’near ultraviclet.. - L . ‘ W“um Dependdncy of D’.mse : PRI
redistion. ~ Neutral-density rnﬁers ‘are used to rédice- m fiux density ’ TP AL . ¢
;« "incident on the dotectol, ln’gﬁr 14 seturation of “thie7 piGtotibe % ". - Wtraviolet rettation exposui? 1s beretd deﬂned ag the-product of n
- phototubes bave been)cal ibrate etry. and, with 8 toarmopile. o. .utrriiolet radiatisu intensity mnxpx.ea by the exgosure tie. The ° .
m output.of the-p s fcally. meas ﬂnﬁﬂﬁﬂom for &, unit of exposnre i{s “sun-hours.” Degredation increases vith tizcreasing B
o~ \\rev ‘minutes .every honr with a mcordi\ns e r.,_ W ired, g, » = intensity wnd wiil: lucreasing exposure tioe. :
: Corning: 0-55 fnter\..s used to . - m nsmlxnxtlng qunwn is that a mlpm.nl reluumkIp amts




waterials undsr discussion: _Ab-least pnrt of tho ‘aifficulty in atte:ptinac 7
to prove or dispmve reciprocal hehavior of a gtven material liés An’ lapg- - ¢« (e o mrMem’Cormlatmg ‘Results of
to-loap spectral cutput variations and teuporal spectml dblm of-a 5ivcn o -y . . . Acy Studies: N
] Jexmp. output. B . N a i . » \ f
> Flots.of salar sbsorptance (a;) vs.-éxposure {" :un-houra ) for 6 i At : " ﬂnt[smdnr A . A W ;
materials are given 1o Pl.a D 'nn exposure timss \aire 50 to ;275 hours . R n ) L —_— —(ﬂl
vith oominal intensities of 1, 2, 5 and 10 wums.” Ihi essumption is. made R . Sym. M-Al-swz/x,‘,sxo 5 0.78 0.0 1
, that roziprosity holds. Even if reciprocity d1d oot hold.exactly,.the - ; © L Li-m-dio 3 g -0.053 ]
i *  corpariscn of degradation of materfals at the same high™intensity should . . 2/ 3 4 0.50 ©.0k9 ' J
reflect their reletive stability for scresning purposes. < N - . Z!O,‘,-Sio 510,°.% 0.33 0.0 '
l In general, the solar sbrorptance-iacreeses vith exposure but. at & - =" 0 2/ 3 -032 !
: decressiog rete and sppears lc approach & saturatica value thet e leos ' ' POy . , L.oo . 0.0 |
! than unity (usually between 0.6-and 2:2). “The materisls are:describad " E - ﬂozluutcane : 0.53 0.05 !
more corpletely in Teble 1. It should be noted that the three coimercial . . [ d . } . . 4 53 %
paints are off-the-shelf-materisls vhich were’ “not or".sinnny‘demloped A . I m tbe’ 1 eI 3
for spece use. - Their immediate avatlsbility, ‘ease. vof* apyltcatlon,\and o .o oLl e f aeresse. in® aalar ab, + «
3 lov cost are.major reasuas for their celection.r mm“i.mportan\ly, for . N tue spectril changes fn abwmnceazg—:;v:m‘:r::tp:c :::al o iance, H
i short-1ived vehicies (less than one month's orvital iifetime)or ia loces Pprocéssia’ invoived in. degredation. The spectrel ab, study of the p
tions where a certain ¢ envt talcdamage s pemisniblz, uxase A the Ti0,/époxy surface coating are shown'in Pig. 2 somc: curve for &
materials have. provided successful themal control. t chenge fu absorptance due’to exposure o ultrarioler raauuoisl ut“ ;g:’. i ’i

The date demonstrates wbs gencral superiority of. an!.cate amnunxcone
‘mia anta - 1.'- mpnses*«ntive of f.hat wployed -

systems to arganic paints.
for engineering design lise. (RBf ), SR

Pive samples of vhite s\xrroce

Aifferent temperatures in the range :from ebout 90°P to

sure.

" An une: vas used as 8 controlvcoehing.

xposed sample
(as) wire determiried from the reflectarce: data.

Pigs. z and 3.
celly to vithin-+ 10$ as a function- of t-enwe"atm,

memv.un Depeadenc' of nmsa

# b
. contim vam exposeﬂ simltwualy t-o
! . ultraviolet redidtion at the same distance- ‘from the source.
! coolicg paths for each sample holder the sarplns were maintainsd at’ fivg .
500°7 during:exyc- .
Spectral refl::t.ance masurmnts)vere aade after an‘s 5G!
bours at & nominal mten:nty of 10 "sims” of near. ultmlolet rad*ation;’ B
Solar abwmtanceom ;
- These tcgsther uith the
- increase’In solar ebsorptance - Aog) are;given 1n Teble™ 2
¥ spectral. absorptance data for o of the five mternls :re shcvn ‘u: -

The increazse in. solar sbserptmme \A 05) has been comlatad gmphiﬂ° N
acccrmos tolther rela- "

tienstilip: . . “ ° - - N
' - . . - Ad.‘ ‘.'ﬁ o R IP
-~ . < B3 g ¢
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- ncYesss i ab:orptance\ vith'a fairly regular pattern. A sligut gmm

shepe of the curve
different process cr

E
.5
.
£88 E
Wl g
il
i

e exposure
] t.espem rease:
ce. ln.cma.es m t.be. visible and {ofrared mszo::eo;mt..e sp:é-
oet rasuit Ju an
e vlth in:maslna bcnspemtum

»
Aot g . i

With differeat

csum, of .50

oé:“’q_
Fiotso'the ’

fo

Fomi bl TP R 2

- d\c, %0‘1 n,.




. ' ‘
. ! ! 0 | )
’ N S P13 Cammbts -~ LA e A N o - -
° ; S Lo 1 Iz - PR \ - 3
® - T R 5 & Lot — B ’
. NS ' ¢ ° W b
° M :\\ a &,4 - ' . ,° bt i
o, ¥ - & Y . [
> N N < )
S S - . . |
, Sl = . s - : S . ol E
{ ARV oo L ' ) : 7 - : ! :
< fo . . . o R -t - From the:experiments descridbed, limits and ranges of threshold energles 4
‘ i . . L . . for the photo degrading and blaaching process for scme materials have been |
- _r_ P : ’ found. These are-tabulated below: '
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R .t L . AR A . . i The éxact processes of degrodation and bleaching are rot known a1 d
X L INITIAL > £ - ‘this time. ‘As suggested, removal of oxygen mav be involved. The process l
- - ~ o et - ° N T S : < of breaking one chemical bond and maXing encther may be occurring, espe- i
N ) et S et P ing’ AND T T " cially b polymeric materials. The production of electron-hole pairs in b
( % TS GRADI| 1 N N ] 3 L
o . N F", oF DF 0".3 IA"?a. <o _ue EE A S . @ielectrics liks the piguerts can happen. Subsequent trapping of freed i
N B o »"‘ V.o s o - S0 e N " - electrons at imperfeétion sites can result in'coloration. ¢ b }
B3 . BN ’ L - T et s g L : ST o The changes in the cpectral aboorptencs curve f3r the Zr02- 510/ i .
. O L o S e R - e .+ K2510y system (Fig. 6) suggests a single revevsidle process. With photon ;
PO RN LS i Tes nove T g -, ooergies greoter than bV} in vacuus there i3 a merked increase ia edbsorpt- i !
" ] o Sl oo 2 om + open ariyd 18" A . .. ance in the ultraviolet region. Fhoton energies levs than hVy 41d act :
tial state surfecs’'of low as. If surface 18 . el
: : m:wh;mmmvi:o xi than the threatold wperiy (W) the © - o | " ¥.cause this tncrease. In alr, photons of snergies beowecn hV) and bV !
) o ) for is m-;uoea-nﬂm,wm;‘m procesd ‘to the final atate. o §: «+ cauged the original changes in the spectral reflectance turve %o be almost t
" shis state is indicuted by.s shift in the adeorytiod edge to louger wave- 7 completely reversed. : . '
lengths and en incresss’ 1n is‘; Since bV, the threshold énergy for be , o‘l; [ In the 'noe/cpov systez photcn energies greater than hV) cessed the '
Feverse process, 1n.Jess than M), the threshold.enoray for the forward - - . 5 @dbsorption edge to.shift to longer wvavelengths (Pig. 4). Fuotons with
: , this pr 15 elso poveible. Boisver,’the rata isidot only " . ¢ energy less than bVy 414 not, {F1g. 5) but the absorptance increased ‘in R
dapend 'l on’ sufficient, energy but:od the Jrobebility that the redistion EEP . ‘the visible and infrared regions of the spectnum eore caan when energy
“ 1s'sbsorbed and that &l1Gf the resctents arc presént. Before ésrads- o of greater than bV was yresent. Eoth changes were partiolly reversed
- - tion Bas cccurred wo bleaching 1s possitle. As the degredstionprocess . [N - = o0 exposure in alr to photéns vith ensrgy between h¥y and hVz. Ibis
! roceods’ the rata of bleschbing will incrésse. When the retes of the twi.; © ¢ wore couplicated behavior of:the TiOp/epoxy system inficetes more than a
4. procescs, the \ . Ay = a. : o “i‘YL . -+ slogle:reversible process.. The tbresbold emergy hV) tabulated sdove is
R © ~ for the absorption edge ebift. The walue for hV2 15 for hotb reverse .
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T ' G/ ¢ surfaces saffer an isirease in G upcn exposure to ultru-
: 1 »violet redistion in vacum,; .this damage 15 enhanced both by fecreased
‘o altraviclet flux density axd by tacreased exposure time. , The suppositicn
f> ' T of & feciprocal relstionship between flux density and exposure time appears
P to be a,valid working assuption for development of rough engineering Cata. ,.
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It allows the use of accelerated tests in materials development and'evalua-
tion progrems. Solar absorptances as o function of exposure in "sun-hours”
increase at a decreasing reate and appear to approach a saturation value
hat is less than unity for all materials studied.
X Samples of vhite surface coatings degraded mm*c with increasing tempe-
rature over the tenperature range S00F to 5000F. The energ!.es cf activa-

tion for the increase 1o solar absorptance due to the tempersture effects’
during exposure for the materials studied are estimated to be in the renge
from 0.03 to 0.05 ev. Bowvever, the spectral absorptance did.not increase
with incressing temperstures over the entire golar spectrum. In fact, in
some regions the degreded abscrptance decréased. ~t

Threshold energics for the shift to longer vuelcnsth of the ultra-

studled. This edsorption edge shift is a primary Lut ot the ‘only cause
for the increase in solar sbsorpteace. Rleaching in air for the saze.
materisls occurs with photon ensrgies of less than .S av. !

S Further detailed studies are required tc identify t.hc firctiorder
damige mechanisms in- pw:ucn low ag/e mterials. This inromn*ion is
desired both to guide materfii development efforts, and‘\o fmprove predlc-
tions of opentioml perromnce based on laboratory data. I .

‘e

! . / - T
a 1. Jobmson, F. . (editor): Satellite Envirouient Ranfbock. Stantord
' University Press, 1961.

2. Lockhood Missiles snd Space Co: Thermophymics Design Handbook. <
‘' Repart No. 8-55-63-3, Lockheed Missiles and Spm Ca., 1963 )
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