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I- I 

ABSTRACT 

The work repor ted  c o n s i s t s  of (1) space-simulation tests 
on inorganic  powders and coat ings  employing both post-exposure 
and i n  s i t u - r e f l ec t ance  measurements, 
t i t a n a t e  pigment, ( 3 )  evalua t ion  of t h e  o p t i c a l  and s t a b i l i t y  
c h a r a c t e r i s t i c s  of z inc  t i t a n a t e  and z i n c  t i tanate-pigmented 
coa t ings ,  ( 4 )  solvent  s t u d i e s  p e r t a i n i n g  t o  var ious  s i l i c o n e  
p a i n t s ,  (5 )  methyl s i l i c o n e  pho to lys i s  s t u d i e s ,  and ( 6 )  check- 
out and c a l i b r a t i o n  tes ts  on the new In  S i t u  Reflectometer/  
I r r a d i a t i o n  F a c i l i t y  ( I R I F ) .  

( 2 )  s y n t h e s i s  of z i n c  

I l l  R E S E A R C H  I N S T I T U T E  
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DEVELOPMENT O F  SPACE-STABLE THERMAL-CONTROL COATINGS 

I. INTRODUCTION 

The genera l  requirement under t h i s  c o n t r a c t  i s  f o r  the 

development of thermal-control sur face  coa t ings  which possess  
very low but s t a b l e  r a t i o s  of s o l a r  absorptance ( a s )  t o  i n f r a r e d  
emit tance (eH). 
three major phases;  (1) inorganic technology, ( 2 )  s i l i c o n e  photo- 
l y s i s  and s i l i c o n e  p a i n t  i nves t iga t ions ,  and ( 3 )  general  coa t ings  
inves t iga t ions .  

The program has been divided h i s t o r i c a l l y  i n t o  

The r e l a t i v e  emphasis placed upon each of t hese  three major 

t a s k s  h a s  va r i ed  dur ing  t h e  course of the program i n  accordance 
w i t h  the urgency of t h e  var ious problems e luc ida ted  by our i n v e s t i -  
g a t i o n s ,  a s  w e i i  a s  availability of L-L'L.r N W L l A  A G-1-A-  U A A U Y  U I A U  = - A  pw& nnrennnnl Y-**--- - I 

The work r epor t ed  he re in  c o n s i s t s  of (1) space-simulation 
tests on inorganic  powders and coa t ings  employing both post-  
exposure and i n  s i t u  r e f l e c t a n c e  measurements, ( 2 )  syn thes i s  of 
z inc  t i t a n a t e  pigment, ( 3 )  evalua t ion  of t h e  o p t i c a l  and s t a b i l i t y  
c h a r a c t e r i s t i c s  of z inc t i t a n a t e  and z inc  t i tanate-pigmented coat-  
i ngs ,  ( 4 )  so lven t  s t u d i e s  p e r t a i n i n g  t o  var ious  s i l i c o n e  p a i n t s ,  
( 5 )  methyl s i l i c o n e  p h o t o l y s i s  s t u d i e s ,  and ( 6 )  check-out and 
c a l i b r a t i o n  tests on the new I n  S i t u  Reflectometer I r r a d i a t i o n  
F a c i l i t y  ( I R I F ) .  

I I T  R E S E A R C H  I N S T l f U f E  
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11. INORGANIC TECHNOLOGY 

A. Simulation Tests Employinq Post-Exposure Measurements 
Table 1 i s  a p re sen ta t ion  of the r e s u l t s  of two space simu- 

l a t i o n  t es t s  9-20 and 8-21,  on inorganic specimens. These tests 
employed post-exposure-ref lectance measurements obtained w i t h  t h e  
Beckman DK-2A spec t roref  lectometer : t h e  da t a  were obtained by 
comparison t o  f r e s h l y  smoked magnesium oxide. 

Specimens 5268 through 5270 a r e  samples obtained by t h e  
NASA program manager from NASA's Goddard Space F l igh t  Center.  
The A a  of 5268, an A1203-pigmented potassium s i l i c a t e  p a i n t ,  
was more than  twice a s  g r e a t  a s  the value exh ib i t ed  by a speci- 
men (5218) of the same c o a t i n g  i r r a d i a t e d  i n  an e a r l i e r  tes t  (see 
Table 4, Triannual Report IITRI-U6002-42). The s t a b i l i t i e s  
exhibited by CM-118 and CM-119 i n  T e s t  9-20 a r e  more n e a r l y  com- 
pa rab le  t o  those  exh ib i t ed  i n  the e a r l i e r  test. The ha's of CM- 

114,  CM-118 and CM-119 were 0.073, 0.035 and 0.058, r e s p e c t i v e l y ,  
i n  the e a r l i e r  1650-ESH test. ( I t  should be noted t h a t  Table 4 
i n  Tr iannual  Report IITRI-U6002-42 has  been found t o  be i n  e r r o r  
i n so fa r  a s  CM-118 i s  t h e  r u t i l e  p a i n t  and CM-119 i s  the z inc  
oxide pa in t  a s  determined by the n o t a t i o n s  supplied by NASA). 

The t h r e e  " w e t  sprayed" powder specimens 5275, 5276, and 
5277 underwent degradation in  T e s t  9-21 (Table 1) which h e l p s  t o  
interpret  the d a t a  obtained on these three specimens when i r r ad -  
i a t e d  i n  T e s t  1-4 (see Table 2 ) .  None of the three were observed 
t o  undergo in f r a red  degradat ion i n  T e s t  1-4. How- 
eve r ,  t h e  method of d a t a  a n a l y s i s  cons is ted  of normalizing the 

i n  s i t u  o p t i c a l  d e n s i t y  curves  a t  700 rnp, which b e l i e d  the e x t e n t  
of damage t h a t  occurred i n  the v i s i b l e  po r t ion  of the spectrum. 
Thus, the greying which was observed v i s u a l l y  i n  T e s t  1-4 has  
subsequent ly  been determined, on the b a s i s  of T e s t  9-21, t o  be 

s l i g h t  f o r  t h e  r u t i l e  samples and g rea t  f o r  t h e  
t i t a n i u m  pyrophosphate spec imen.  The p ro tec t ed  r u t i l e  d id  not 
p o s s e s s  h igh  r e f l e c t a n c e  i n  t he  so l a r  spectrum, however. 

I l l  R E S E A R C H  I N S T I T U T E  
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Table 1 

RESULTS OF 2000 ESH SIMULATED SOLAR UV 
ON SEVERAL INORGANIC SPECIMENS 

1 Exposure 
Specimen No. Mate r i a l  T e s t  (ESH)  

I 

I 5268 CM114 9-20 0 
A1 0 / K S i l  2000 2 3  

5269 CM1182 9-20 0 

L. 

Ti02/KSil 2000 

5270 CM119 4-20 0 
ZnO/KSil 2000 

527 5 T iP  207 4-21 0 

5276 TTP7T 374 9-21 0 

3 

2000 

qnnn 
L U W W  

Solar  Absorptance 

---- u1 u 2  a 3  Aa 

.lo1 .140 .241 - 

.269 .140 .409 .168 

.097 .110 -207 - 

.134 . lo6  .240 .033 

.117 .116 .233 - 

.165 . lo9 .274 .041 

.095 .089 .184 - 

.180 . lo9  .289 . l o5  

.185 .178 .363 - 

.194 -183 .377 .014 

8-21 0 . 1 7 1  .168 .339 - 5277 TTP97 374 
2000 .194 .170 .364 .025 

5278 Alumina Q-21 0 .112  .122  .234 - 5 
2000 .174 .124  .298 .064 

'2000 ESH a t  - 7 s o l a r  i n t e n s i t i e s  
2Furnished by C.O.T.R. (NASA-Goddad Specimens) 
3 

4 f t P r  o t e c  ted"  r u t  i le f r om Lexington Labor a t  or i e  s 

5Flame-deposited alumina f rom l fTe l s t a r "  

Powder specimen ( w e t  sprayed)  c 
I I T  R E S E A R C H  I N S T I T U T E  
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It should be noted t h a t  " w e t  spraying" c o n s i s t s  of spraying  
a water mull  of the pigment i n  ques t ion  onto a warm, or h o t ,  

aluminum subs t r a t e .  
t o  s eve ra l  m i l l s  and if appl ied  proper ly  do  not  c rack  or spa11 
when the water is dr iven  of f  by hea t ing  a t  200OF. 
coa t ings  o f f e r  an e x c e l l e n t  method of e v a l u a t i n g  close-packed, 
non-pressed, pigment candida tes .  

The coa t ings  can be appl ied  i n  th icknesses  

The powder 

B. Simulat ion T e s t s  Employinq In S i t u  Measurements 
The r e s u l t s  of space s imula t ion  tests 1-4,  1-5, and 1-6 a r e  

presented  i n  Table 2. 
measurement of s p e c t r a l  r e f l e c t a n c e  us ing  the appara tus  descr ibed  
i n  the l a s t  two Tr iannual  Reports (IITRI-U6002-36 and IITRI-U6002- 
42) .  Except f o r  specimen 5257, a l l  specimens d iscussed  i n  Table 
2 were wet-sprayed powders on aluminum subs t r a t e s .  The i n i t i a l  
r e f l e c t a n c e  va lues  could not  be obtained without  damaging the 

powders. 
shown i n  Table 2 r ep resen t  a r e  presented i n  Table 3 f o r  the a rb i -  
t r a r i l y  selected i n i t i a l  r e f l e c t a n c e  of 80%. 

These tests a l l  employed the in s i t u  

The r e f l e c t a n c e  changes w h i c h  t n e  optical  decs i ty  changes 

Table 3 

OPTICAL DENSITY-REFLECTANCE CONVERSIONS 
( \  = 80%) 

k 0 . D .  

.028 

.035 

.040 -. 005 
-9010 -. 050 -. 070 -. 100 

% - 
-5% 
-6% 
-7% 
+1% 
+2% 

+ 10% 
+14% 
+20% 

I I T  R E S E A R C H  I N S T I T U T E  
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Table 2 

RESULTS O F  500 ESH I N  S I T U  SPACE SIMULATION 
ON SEVERAL, INORGANIC POWDER SPECIMENS 

Sample No. 

5254 
5255 
5256 
5257 
5258 
5259 
5260 
5261 
5262 
5263 
5264 
5265 

Mater ia l  

TTP97' 
TTP7T1 

TiP207 

Zn2TiO /901 

CaZrSi05 
ZnZrSi05 
SP500 Zn03 
SP500 ZnO 
P s ~ ~ z ~ o  

P S ~ / Z ~ O ~  

r - T i 0 2  4 

r - T i 0 2  2 

T e s t  - 
1-4 
1-4 
1-4 
1-4 

1-5 
1-5 
1-5 
1-5 
I- 6 
I-6 

1-6 
1-6 

Ll0.D. (Ref lec tance)  
-4 0.4 --cL 0.7 4 . 2 . 0 , , L  1.0 

.028 .OOO .OOO .OOO 
-040 ,000 .OOO -.010 
-035 -000 -.070 -,lo0 
-000  -000 -.005 -.Os0 
.025 .015 .015 ,000 
.032 .OOO .OOO -.005 
.030 .OOO .OOO .OOO 
.010 .OGO .OOO .OS& 
.005 .OOO .OOO .045 
.025 .ClrOn ;ooo -000 

-028 -018 -008 -.010 
,013 .OOO .OOO ,005 

'Furnished by Lexington Laborator ies ,  Inc.  under NAS8-20162 
2Cabot r u t i l e  
3Heat Treated a t  65OOC f o r  16 h r .  
4 

5Heat-treated a t  70OOC f o r  5 hr .  

u0.D. = .09 a t  2.7 
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Specimens 5254 and 5255 a r e  s i l i c a t e - p r o t e c t e d  r u t i l e s  
prepared by Lexington Laborator ies ,  Inc . ,  of Cambridge, Mass. 
As mentioned i n  the  prev ious  sec t ion  ( I I . A . 1 ,  t h e  o p t i c a l  d e n s i t y  
inc reases  f o r  specimens 5254, 5255 and 5256 do not account f o r  
the greying w h i c h  a l l  three ma te r i a l s  exh ib i t ed .  The normali- 
za t ion  of the s p e c t r a l  curves  a t  7000 A assumed t h a t  no damage 
occurred a t  t h a t  wavelength. Specimens which grey u s u a l l y  e x h i b i t  
a r e f l e c t a n c e  decrease a t  7000 A which would be normalized out 
i n  t h e  d a t a  reduct ion  methods employed. 
by TiP207 (5256) i n  t h e  in f r a red  cannot be explained a t  t h i s  t i m e .  
It could,  however, be a s soc ia t ed  with l o s s  of water and t h i s  may 
a l s o  be i n f e r r e d  from the r e s u l t s  of another (single-sample) test 
of TiP207 which was d i f f i c u l t  t o  pump down. 

T h e  Zn2Ti04-pigmented Owens-Il l inois 901 r e s i n  p a i n t  d id  
not  no t i ceab ly  degrade except a t  wavelengths below 3750 A. The 

901 r e s i n  contairia a siloxane p l a s t i c i z e r  and cons iderable  out- 
gassing was noted on t h i s  and subsequent tests employing 901 
r e s i n .  The r e f l e c t a n c e  increase  i n  the i n f r a r e d  cannot be explained 
a t  t h i s  t i m e ,  however. Further work with the  901 r e s i n  was 
terminated because of t h e  outgassing problem exh ib i t ed  by the 

cured m a t e r i a l  (even though exce l l en t  c o a t i n g  p r o p e r t i e s  w e r e  
obtained w i t h  t h e  formulation used t o  prepare specimen 5257). 
Addit ional  s t u d i e s  of t h e  901 r e s i n  a r e  discussed i n  Sect ion 111. 

The d a t a  presented i n  Table 2 a l s o  show t h a t  C a b o t ' s  "Flame- 

* 

The bleaching exh ib i t ed  

Process11 r u t i l e  t i t an ium dioxide,  specimens 5258 and 5264, does 
not exhibit bleachable  degradation i n  t h e  in f r a red  a s  does z inc  
oxide,  W e  d i d  ob ta in ,  however, o p t i c a l  d e n s i t y  inc reases  i n  
t h e  wavelength range 700 t o  1000 9 which w e r e  not  normalized out 
i n  t h e  data-reduct ion technique employed, It i s  not  known i f  
t h i s  degradat ion is bleachable  s i n c e  we  were looking f o r  
degradat ion i n  the 2000 t o  2700 r eg ion  and d i d  not  make post-  
exposure measurements i n  a i r .  

* 
Contrac t  NAS8-20162, NASA-Marshall Space F l i g h t  Center 

I 
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The double zirconium s i l i c a t e s  of calcium and z i n c ,  speci- 
mens 5259 and 5260, were a l s o  s t a b l e  i n  t h e  in f r a red  reg ion .  
The in f r a red - re f l ec t ance  l o s s  exh ib i t ed  by the two SP500 z inc  
oxide specimens, 5261 and 5262, was less than z inc  oxide h a s  
exh ib i t ed  i n  previous tests. Specimen 5261 was hea t - t r ea t ed  f o r  
16 hrs a t  650OC. 

O f  s p e c i a l  i n t e r e s t  a r e  the r e s u l t s  of i r r a d i a t i o n  of two 
s i l i c a t e - t r e a t e d  SP500 z i n c  oxide specimens, 5263 and 5265, i n  
T e s t  1-6. Specimen 5263 showed no l lbleachablei l  i n f r a r e d  degra- 
da t ion .  Specimen 5265, on t h e  other hand, was hea t - t r ea t ed  f o r  
5 hr a t  7 O O O C  and the re fo re  requi red  breaking up of t he  aggregates  
p r i o r  t o  the p repa ra t ion  of the water mull  used f o r  wet-spraying 
the powder samples. This specimen exh ib i t ed  a s l i g h t  bleachable  
i n f r a r e d  degradat ion of about 1% a t  2.0 wavelength. As a 
r e s u l t  of th is  da ta  and t h a t  obtained on another program, it h a s  
been pos tu l a t ed  t h a t  ths llSreaking-upll of aggregates  formed dur ing  
t h e  heat-treatment of t h e  s i l i c a t e - t r e a t e d  powder r e s u l t s  i n  the 

c r e a t i o n  of new, unprotected z inc  oxide sur faces .  Such fresh 
su r faces  would most c e r t a i n l y  behave l i k e  the unprotected z inc  
oxide powder and can be expected t o  absorb in f r a red  i n  s i m i l a r  
fash ion .  The r a t e  of s p e c t r a l  absorptance increase  would there- 
f o r e  depend upon the  f r a c t i o n  of new su r face  exposed. The  s t u d i e s  
p e r t a i n i n g  t o  the  s i l i c a t e  treatment of z inc  oxide a r e  now being 
funded under Contract  951737, Subcontract NAS7-100, from t h e  
Jet Propuls ion Laboratory.  The IITRI p r o j e c t  number i s  U6053. 

C.  Zinc T i t a n a t e  Piqment Inves t iqa t ions  
1. In t roduct ion  
The r e s u l t s  of i n v e s t i g a t i o n s  of a commercial z inc  t i t a n a t e  

p i g r e n t  w e r e  p resented  i n  the l a s t  Triannual  Report (IITRI-U6002- 
4 2 ) .  The only z i n c  t i t a n a t e  t o  have both high r e f l e c t a n c e  and 
good s t a b i l i t y  t o  u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum was found t o  
be N e w  Je r sey  Zinc Company's A-54-2, which was chemically designated 

I l l  R E S E A R C H  I N S T I T U T E  
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a s  Zn T i 0  the o r t h o t i t a n a t e .  The r e s u l t s  of 2000-ESH space 
s imula t ion  tests on s e v e r a l  methyl s i l i c o n e  p a i n t s  pigmented 
w i t h  t h i s  m a t e r i a l  a r e  d i scussed  i n  s e c t i o n  111. A. 

2 4 '  

An at tempt  t o  ob ta in  l a r g e r  working samples of A-54-2 was 
unsuccessful  and i t  became necessary t o  prepare  z i n c  t i t a n a t e  
i n  our own l a b o r a t o r i e s .  T h e  ensuing paragraphs p re sen t  a d i s -  

cuss ion  of our s t u d i e s  of z i n c  t i t a n a t e  pigments of measured 
composition from which w e  hope t o  formulate  c o a t i n g s  of improved 
performance. 

2. L i t e r a t u r e  Search 
A sea rch  of the l i t e r a t u r e  on Itzinc t i t a n a t e "  revea led  a t  

the onset  some very i n t e r e s t i n g  c o n f l i c t s  between va r ious  r e s e a r c h  
pape r s  on the s u b j e c t .  Ca re fu l  work h a s  been performed by some 
l a b o r a t o r i e s  bu t  a t  the t i m e  w e  commenced work i n  our own labor- 
a t o r i e s ,  complete agreement existed among a l l  sources  only on 
one z i n c  t i t a n a t e ,  the o r t h o t i t a n a t e  (Zn2Ti04). 
i s  a s p i n e l  w h i c h  is  formed f r m  2 mzles of ZnO and 1 mol of 
T i 0 2 .  

The l i t e r a t u r e  on the sub jec t  of z i n c  t i t a n a t e  begins  i n  
France i n  1888 w i t h  a r e p o r t  by M. Lucien Levy ( re f .  1) on h i g h l y  
co lored  z inc  t i t a n a t e s :  the co lor  was due probably t o  i r o n  impuri- 
t i es  i n  the "ac id  t i t a n i q u e " .  Levy ' s  second paper ( ref .  2 )  was 
publ ished i n  1889 and was e n t i t l e d  "Sur Qua t r e  Nouveaux T i t a n a t e s  
de Zinc"; it describes b lack  c r y s t a l s  of " t i t a n a t e  dibasiquell 
(Ti02-2ZnO), a "jaune massell of " t i t a n a t e  sesquibasique" ( 2 T i 0 2 -  

32110) and a I lv io le t te  masse" of " t i t a n a t e  neut re"  (Ti02-ZnO). 
O t h e r  t i t a n a t e s  mentioned by Levy ( r e f .  1 , 2 , 3 )  a r e  the ortho- 
d i t i t a n a t e  Zn3Ti207, mesopentat i tanate  Zn T i  0 

ZnTi307. 
W i t h  the passage of y e a r s  t i t a n i u m  dioxide  became a h i g h l y  

important  commercial white pigment and r e f e r e n c e s  t o  the h i g h l y  
colored t i t a n a t e s  disappeared except when d e l i b e r a t e l y  c r e a t e d  
w i t h  Fe, C o ,  N i ,  C r ,  Mn, etc. ,  introduced i n t o  the s p i n e l  s t r u c t u r e  
( ref .  4 ) .  In  1930, Taylor ( r e f .  5), an a s s i s t a n t  p ro fes so r  a t  
the Unive r s i ty  of Minnesota, but neve r the l e s s  pub l i sh ing  in  Germany, 

The o r t h o t i t a n a t e  

and p a r a t i t a n a t e  4 5 1 4  
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found only the o r t h o t i t a n a t e  2ZnO=TiO2 which he made from 2 moles 

of z inc  oxide and 1 mole of T i 0 2  heated a t  105OOC f o r  24 hours.  
H e  r epor t ed  the c r y s t a l  p a t t e r n  i d e n t i c a l  l i m i t  dem F i l m  e i n e s  
na tu ra l i chen  S p i n e l l s  von Ceylon." 

Since,  i n  1930, the only commercially produced t i t an ium 
dioxide was ana tase ,  it appears  t o  be the c r y s t a l l i n e  form used 
by Taylor and other workers i n  the f i e l d  dur ing  t h e  1930 ' s .  I n  
1937 Cole and Nelson ( r e f .  6 )  of t he  Nat ional  Lead Company noted 
t h a t  w h i l e  e a r l i e r  l i t e r a t u r e  claimed the ex i s t ence  of a meta- 
t i t a n a t e  ZnTi03, no experimental  d a t a  had been of fered  i n  sub- 
s t a n t i a t i o n .  They then proceeded t o  i n v e s t i g a t e  compositions 
i n  the range 67/33 t o  41/59 percentage ZnO-to-Ti02. 
the ana ta se  form must have been employed s i n c e  they r epor t ed  
t i t an ium dioxide  a s  having been prepared from Ililmenite s o l u t i o n " ;  
they  showed d i f f r a c t i o n  l i n e s  of T i 0 2  only a s  ana tase  and repor ted  
the i n i t i a i  reaction t ezpe ra tu re  between z inc  oxide and t i t an ium 
dioxide  t o  be 430OC. The conclusions of Cole and Nelson ( r e f .  6 )  
i n  gene ra l  supported Taylor ( re f .  5)  i n so fa r  a s  they repor t ed  
only one z inc  t i t a n a t e ,  Zn2TiOq; however, they  added much da ta  
t o  s u b s t a n t i a t e  the ex i s t ance  of s o l i d  s o l u t i o n s  of T i 0 2  i n  t h e  
o r t h o t i t a n a t e  w i t h  a corresponding change i n  s i z e  of t he  u n i t  
cel l .  

Once again 

I n  1960, Dulin and Rase (ref.  8 )  of t h e  S t a t e  Univers i ty  
of New Yorkls College of Ceramics published a s tudy of "Phase 
E q u i l i b r i a  i n  the System ZnO-TiO2.I1 They confirmed the ex i s t ence  
and s t r u c t u r e  of the o r t h o t i t a n a t e  but  a l s o  r epor t ed  the d e f i n i t e  
ex i s t ence  of me ta t i t ana te  a s  a compound (ZnTi03)  having the hexa- 
gonal s t r u c t u r e  of i l m e n i t e  and s t a b l e  up t o  a temperature of 
925OC. They d id  not  detect any evidence of t h e  s o l i d  s o l u t i o n  
l isted by Cole and Nelson. They employed both ana tase  and 
r u t i l e  t i t an ium dioxide.  

I n  1961 Bartram and Slepetys  ( r e f .  9 )  published a paper 
w h i c h  t o  some e x t e n t  c l ea red  up the d i sc repanc ie s  i n  prev ious  
s t u d i e s .  They l i s t e d  t h e  o r t h o t i t a n a t e  a s  most e a s i l y  prepared 

I I T  R E S E A R C H  I N S T I T U T E  
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from s u l f a t e  type ana tase  and zinc oxide: a r e a c t i o n  t i m e  of 
3 hours a t  800° t o  1000°C i s  required.  The m e t a t i t a n a t e ,  they  
found, r equ i r ed  c h l o r i d e  process  r u t i l e  and an optimum temperature 
of 850OC. 
writers appeared t o  be explained by t h e  c la im of Bartram and 
Slepe tys  t o  a t h i r d  z inc  t i t a n a t e  (Zn T i  0 ) .  This  i s  a d e f e c t  
s p i n e l  s t r u c t u r e  made from anatase  and z i n c  oxide i n  r a t i o s  of 
2 moles ZnO t o  3 moles T i 0 2  reac ted  a t  a temperature of 7OOOC 

f o r  a t  l e a s t  100 hours.  

The s o l i d  s o l u t i o n  phenomenon claimed by e a r l i e r  

2 3 8  

I n  1962, B.A. Loshkarev and a s s o c i a t e s  i n  three papers  
( r e f .  7,10,11) found only o r t h o t i t a n a t e  a s  a compound us ing  
only r u t i l e  and z inc  oxide and temperatures up t o  1400OC. The 

r e a c t i o n  between r u t i l e  and z inc  oxide d i d  not begin below 740OC. 
This  may be compared with Cole and Nelson ' s  f i n d i n g s  of a r e a c t i o n  
s t a r t i n g  po in t  of 43OOC when anatase was used. 

The continued ex i s t ence  of unre . r r ted  z inc  oxide i n  t h e  
f i n a l  product ,  r e g a r d l e s s  of composition, temperature or t i m e ,  
is confirmed by the Russian papers.  They r e p o r t  "very i n t e n s e  
shrinkage" (from 15 t o  18%) i n  forming the o r t h o t i t a n a t e  a t  
temperatures above 1000°C. They t h e r e f o r e  recommended slow hea t -  
i n g  when reaching  t h i s  range. ( W e  followed t h i s  advice i n  our 
samples A-132 and A-133 described i n  t h e  next sec t ion :  the high 
shr inkage was q u i t e  apparent ) .  The Russian papers  do not concede 
the existence of t he  me ta t i t ana te ,  ZnO*Ti02, nor the s e s q u i t i t a n a t e  
l i s ted  by Bartram and Slepetys .  

The most r e c e n t  pub l i ca t ion  on t h e  sub jec t  is a Japanese 
paper by Kubo e t  a 1  ( r e f .  1 2 )  w h i c h  appears  on cursory examin- 
a t i o n  t o  be the most complete t o  da t e .  
obtained i t s  t r a n s l a t i o n  and have been unable t o  make f u l l  use 
of it thus  f a r .  However, they acknowledge t h e  ex i s t ence  of the 

three t i t a n a t e s  and succeeded i n  making t h e  me ta t i t ana te  of 
except i ona 1 pur i t y  . 

W e  have only very r e c e n t l y  

I l T  R E S E A R C H  I N S T I T U T E  
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Summarizing the l i t e r a t u r e ,  a l l  workers agreed on the ortho- 
t i t a n a t e  a s  t o  composition, c r y s t a l  s t r u c t u r e  and c h a r a c t e r i s t i c s .  
A f e w  agreed upon the ex i s t ence  and s t r u c t u r e  of the me ta t i t ana te ,  
and one only  claimed the ex is tence  and s t r u c t u r e  of the defect 

s p i n e l ,  Zn2Ti308, which w e  w i l l  refer t o  i n  the f u t u r e  a s  the 

s e s q u i t i t a n a t e .  It was considered best t h e r e f o r e  t o  f i r s t  
a t tempt  t o  form an o r t h o t i t a n a t e  us ing  the method of Bartram 
and Slepe tys  s l i g h t l y  modified t o  f i t  our own equipment. 

3 .  Experimental Procedures 
Six ba tches  of z inc  t i t a n a t e  have been prepared and eva l -  

uated t o  da t e .  Although the p e r t i n e n t  composition and r e a c t i o n  
information a r e  summarized i n  Table 5 ,  the complete s y n t h e t i c  
and eva lua t ion  procedures  a r e  d iscussed  f o r  ba tch  A-104 i n  the 

fo l lowing  remarks. 

Sample A-104 

Tiq!@iPure FF ana tase)  
H20 ( D i s t i l l e d )  
NH40H ( t o  p H  of 8 or 9 )  

ZnO (SP 500) 
H20 ( D i s t i l l e d )  

80 gms 
320 gms 

2 drps 

160 gms 
285 gms 

A and B a r e  each s l u r r i e d  f o r  5 min, combined and 
s l u r r i e d  toge ther  fo r  15 min. 
The s l u r r y  ( C )  is vacuum f i l t e red  t o  a cake us ing  
a Bgchner funnel .  
The cake (D) is removed, spread on an aluminum 
sheet and d r i e d  a t  100°C f o r  3 hours  i n  a forced- 
a i r  oven. 
The ma te r i a l  ( E )  i s  broken up t o  a f i n e  powder 
w i t h  a g l a s s  mul le r ,  packed i n t o  a porce la in  
c r u c i b l e ,  and f i r e d  a t  8 O O O C  f o r  3 hours .  

I l l  R E S E A R C H  f N S T l t t l T E  
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The r e s u l t  of t h e  above process was a very  white pigment, 
b r i g h t e r  t o  t h e  eye than any of t he  z i n c  t i t a n a t e  samples obtained 
from ou t s ide  sources and present i n  s u f f i c i e n t  q u a n t i t y  t o  per- 
m i t  the l abora to ry  f ormulation of thermal-control  coa t ings .  The 

pigment a l s o  appeared whiter than either of t h e  pigments from 
which it was made. 

The absolu te  hemispherical  s p e c t r a l  r e f l e c t a n c e  of pigment 
A-104 and s e v e r a l  other pigment candida tes  w e r e  determined on 
our Edwards-type integrat ing-sphere attachment f o r  the Beckman 
DK-2A spectrophotometer.  Figures 1 and 2 show the n e a r - u l t r a v i o l e t  
and v i s i b l e  r e f l e c t a n c e  spec t ra  of " w e t  sprayed" powder specimens 
of N e w  J e r sey  Z i n c  Company's A-54-2 and Titanium Alloy Manufac- 
t u r i n g ' s  (TAM) I I B I I  and "CP" z inc  t i t a n a t e s ,  r e spec t ive ly .  ( A l l  

r e f l e c t a n c e  spec t ra  discussed i n  th i s  s e c t i o n  were obtained on 
" w e t  sprayed' '  powder specimens prepared according t o  the pro- 

cedures  discussed i n  a previous s e c t i n n ) .  Figure 3 i s  a presen- 
t a t i o n  of t h e  r e f l e c t a n c e  spec t ra  of z inc  oxide,  r u t i l e  and 
ana tase  -- the ing red ien t s  from which z inc  t i t a n a t e  i s  prepared. 
Figure 4 shows t h e  r e f l e c t a n c e  spec t r a  of I I T R I ' s  batch A-104 
z i n c  t i t a n a t e  both a s  prepared and e x t r a c t e d  with a c e t i c  ac id .  
Figure 5 con ta ins  the spec t r a  of two m a t e r i a l s  which a r e  a l s o  
of i n t e r e s t ;  Merck's f o r s t e r i t e ,  or magnesium s i l i c a t e ,  and 
TAM'S z i n c  magnesium t i t a n a t e .  

The r e f l e c t a n c e  curve f o r  batch A-104 (Figure 4 )  showed 
unmistakably the formation of a compound w i t h  a r e f l e c t a n c e  i n  
the near u l t r a v i o l e t  and short  end of the v i s i b l e  spectrum t o t a l l y  
un l ike  any other  w h i t e  pigment prev ious ly  t e s t e d  except f o r  
e a r l y  ba tches  of N e w  Je rsey  Z i n c ' s  A-54-2 (no t  shown) w h i c h  a l s o  
showed t h e  Ifstep18 i n  the r e f l e c t a n c e  spec t r a  a t  about 3500-8 
wavelength. The l a t e s t  and f i n a l  batch of A-54-2 (Figure 1) 

does not  show t h e  severe s t e p  exh ib i t ed  by previous batches and 
by t h e  pigment obtained from TAM (Figure 2 ) .  

I l T  R E S E A R C H  I N S T I T U T E  
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c The ' 's tepii  i n  the r e f l e c t a n c e  s p e c t r a  of ba tch  A-104 a t  
3500 A was i n t r e p r e t e d  a s  be ing  due t o  unreacted z i n c  oxide. 

The z inc  oxide was e x t r a c t e d  from the A-104 specimen w i t h  a c e t i c  
ac id ;  5.7% ZnO was found. The  r e f l e c t a n c e  s p e c t r a  of the A-104 

pigment a f t e r  e x t r a c t i o n  (Curve B i n  Figure 4 )  closely resembles 
t h a t  of N e w  J e r s e y  Z i n c ' s  A-54-2 z i n c  t i t a n a t e  (F igure  1). The 
higher r e f l e c t a n c e  shown by A-54-2 i n  the 3250- t o  3800-A r eg ion  
may be due t o  d i f f e r e n c e s  i n  th icknesses  of the two specimens. 
It  is not  known i f  the A-54-2 i s  e x t r a c t e d  of i f  it r e p r e s e n t s  
more c a r e f u l l y  c o n t r o l l e d  r e a c t i o n  c o n d i t i o n s  and p ropor t ions  of 
the i n i t i a l  r e a c t a n t s .  

A p o r t i o n  of batch A-104 was r e tu rned  t o  the furnace and 
c a l c i n e d  f o r  2 more hours ,  th i s  t i m e  a t  900OC. The a d d i t i o n a l  
h e a t i n g  r a i s e d  the iistepil i n  the s p e c t r a  from 20 t o  37% r e f l e c t -  
ance a t  3500-A wavelength ( F i g u r e  6 ) .  Ext rac t ion  of ZnO w i t h  
a c e t i c  a c i d  produced a pigment which possessed an u l t r a v i o l e t -  
r e f l e c t a n c e  s p e c t r a  (Curve B i n  Figure 6 )  somewhat higher than  
than  t h a t  exh ib i t ed  by t h e  A-54-2 specimen. However, a s  mentioned 
p rev ious ly ,  it i s  very  d i f f i c u l t  t o  prepare  powder specimens a l l  
a t  the same th i ckness  and i s  even more d i f f i c u l t  t o  measure the 

t h i c k n e s s  of powder samples. 
It  was therefore concluded t h a t  900°C i s  the minimum temp- 

e r a t u r e  r e q u i r e d  t o  produce a s a t i s f a c t o r y  pigment and t h a t  

e x t r a c t i o n  of the unreacted z inc  oxide i s  a l s o  e s s e n t i a l .  
Subsequent ba tches  of z i n c  t i t a n a t e  w e r e  made a t  higher 

tempera tures  and f o r  longer furnace t i m e s  according t o  the sche- 
d u l e  shown i n  Table 4.  These syntheses  r e s u l t e d  i n  lower unreacted 
z i n c  oxide r e s i d u e s  and higher r e f l e c t a n c e s ,  p a r t i c u l a r l y  i n  the 

near u l t r a v i o l e t  r eg ion ,  bu t  i n  a l l  c a s e s  some z inc  oxide s t i l l  
remained unreac ted ,  confirming a l l  p rev ious  r e fe rences .  Hence, 
e x t r a c t i o n  of r e s i d u a l  z inc  oxide is  necessary t o  ob ta in  the 
pigment de sired. 

I l l  R E S E A R C H  I N S T I T U T E  

18 IITRI-U6002- 47 



I - 

I 

I 
I 
I 

I 
I 
t 
I 
1 
I 
I 
1 
I 
I 

I 
I 
! 
\ 
I 

I 
I 
I 

I 

1 

' 8  I !  

I 

i 
I 

' i  
j 
, 

I 

I '  

I 
I , I  , 

1 

f U 

la 
w 

i 

I 

19 1 
Y 



Table 4 

SYNTHESIS SCHEDULE O F  S E V E R S  ZINC ORTHOTITANATES 

Batch Temperature, T ime  Not Reflectance 
N o .  o c  Hrs Extracted Ext rac ted  (F iqu re  No.) 

A-111 800 16 X X 7 

A - 1 1 1  9 10 18 X X 8 

A-114 1050 > 16 X X 9 

A-115* 900 15 X X 10 

* 
2 Non-stoichiometric i n so fa r  a s  a s l i g h t  excess of a -Ti0  

was used. 

A sample of e x t r a c t e d  zinc t i t a n a t e  pigment was analyzed 
by X-ray d i f f r a c t i o n  a ~ c ?  t h e  m a j m  csiiiposition was r epor t ed  t o  
be z inc  o r t h o t i t a n a t e ,  Zn T i 0 4 ;  however, some z i n c i t e  was a l s o  
p re sen t  i n  spite o f .  t h e  e x t r a c t i o n .  This  led t o  our ques t ion ing  
t h e  e f f i c i e n c y  of our z inc  oxide-extract ion process  and the 
a n a l y t i c a l  procedure employed. W e  a l s o  questioned whether the 

o r t h o t i t a n a t e  was e x a c t l y  what w e  wanted. A more e f f i c i e n t  
z i n c  oxide-extract ion procedure was t h e r e f o r e  developed and 
tested q u a n t i t a t i v e l y  a s  descr ibed i n  t h e  Appendix. A re-survey 
of t h e  l i t e r a t u r e  was a l s o  made t o  f i n d  p o s s i b l e  methods of form- 
ing  other  t i t a n a t e s .  

2 

Five z inc  t i t a n a t e  batches of varying composition w e r e  pre- 
pared a f t e r  a re-survey of the l i t e r a t u r e  and a f t e r  the new 
e x t r a c t i o n  procedures w e r e  developed. The p e r t i n e n t  information 
a r e  con ta ined  i n  Table 5. One batch,  A-129, was c a l c u l a t e d  t o  
produce the  maximum y i e l d  of me ta t i t ana te ,  ZnTi03. 
A-130 and A-131, w e r e  devised t o  obta in  the maximum y i e l d  of 

t h e  s e s q u i t i t a n a t e ,  Zn T i  0 S imi la r ly ,  ba tches  A-132 and A-133 
w e r e  intended t o  produce the maximum y i e l d  of the o r t h o t i t a n a t e ,  
ZnZTiO 

Two ba tches ,  

2 3 8' 

4' 
I I T  R E S E A R C H  I N S T I T U T E  
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Table 5 

SYNTHESIS S C H E D W  O F  SEVERAL DIFFERENT ZINC TITANATES O F  
STOICHIOMETRY 

Ref lec tance  
N o .  ZnO T i 0 2  OC H r s  S t ruc tu re  (F iqure  N o . )  

Ra t io s  of Reac tan ts  Temp. Time Batch 
-- 

A-129 1 mol 1 mol ( r u t i l e )  850 17 meta 11 

A-130 1 mol 1 mol ( a n a t a s e )  700 64 sesqui  1 2  

A-131 2 mol 1 mol ( ana ta se )  700 64 sesqui  13 

A-132 2 mol 1 mol ( ana ta se )  1050 17 o r tho  14 

A-133 3 mol 2 mol ( ana ta se )  1050 17 o r tho  15 

Examination of the f i v e  pigments shown i n  Table 5 
appear t o  confirm the ex i s t ence  of the three z inc  t i t a n a t e s .  
Batch A-129, w h i c h  was intended t o  produce z inc  m e t a t i t a n a t e ,  
produced a very  f i n e  pa r t i c l e - s i zed ,  sof t - tex tured ,  w h i t e  p ig-  

ment. On e x t r a c t i o n  wi th  10% a c e t i c  a c i d ,  only 0.785% z inc  
oxide was found and i t s  ex t r ac t ion  made abso lu te ly  no d i f f e r e n c e  
t o  the r e f l e c t a n c e  curve of the pigment (F igure  11). The r e f l e c t -  
ance spec t r a  d i f f e r e d  g r e a t l y  from the o ther  four  and resembled 
somewhat t h a t  obtained from TAM'S l lCP1l  z inc  t i t a n a t e  (Figure 2 ) .  
The formation of t h i s  me ta t i t ana te  i s  i n  good confirmation of 
the f i n d i n g s  of Dulin and Rase ( r e f .  8)  and Bartram and Slepe tys  
( ref .  9 ) .  The X-ray d i f f r a c t i o n  p a t t e r n  of t h i s  pigment h a s  not  
been determined a s  y e t ,  nor has  t h a t  of TAM'S TPIl z inc  t i t a n a t e .  
S t a b i l i t y  under u l t r a v i o l e t  r a d i a t i o n  a t  h igh  vacuum and subse- 
quent l o s s  of r e f l e c t a n c e ,  i f  any, s t i l l  h a s  t o  be determined. 
Hiding power (o r  t i n t i n g  s t r eng th )  of the pigment w i l l  a l s o  be 

obta ined  and compared t o  the o r i g i n a l  pigments from which it 
was made and t o  o ther  ba tches  of z i n c  t i t a n a t e .  

I I T  R E S E A R C H  I N S T I T U T E  
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Batches A-130 and A-131, which w e r e  intended t o  produce 
the maximum y i e l d  of s e s q u i t i t a n a t e ,  a l s o  produced c l e a n  w h i t e  
pigments, so f t  i n  t e x t u r e  and low in  unreacted z i n c  oxide. 

Batch A-130 showed 1.45% r e s i d u a l  z inc  oxide: ba t ch  A-131 showed 
1.00% r e s i d u a l  z inc  oxide. The r e f l e c t a n c e  s p e c t r a  f o r  t h e s e  
t w o  ba tches  (F igures  1 2  and 13) a r e  d i f f e r e n t  f r o m  the ortho- 
t i t a n a t e  and a l s o  d i f f e r e n t  from the m e t a t i t a n a t e .  They reflect  
further i n t o  the u l t r a v i o l e t  than the m e t a t i t a n a t e  bu t  by no 
means a s  f a r  a s  the o r t h o t i t a n a t e .  O f  the t w o ,  ba t ch  A-130 is 
s l i g h t l y  supe r io r .  An i nc rease  i n  u l t r a v i o l e t  r e f l e c t a n c e ,  
though s l i g h t ,  r e s u l t e d  from e x t r a c t i o n  of z i n c  oxide,  bu t  the 

shape of the cu rves  d i d  not  change. T h i s  may be compared w i t h  
the m e t a t i t a n a t e  where the e x t r a c t i o n  of the z i n c  oxide makes 
no d i f f e r e n c e  whatever and w i t h  the o r t h o t i t a n a t e  w h e r e  the 
e x t r a c t i o n  of the z i n c  oxide makes a very  g r e a t  d i f f e r e n c e ,  bo th  
i n  i n t e n s i t y  of r e f l e c t a n c e  and i n  the shape of the s p e c t r a l  
curve.  

A s  i n  the case  of ba tch  A-129, the X-ray p a t t e r n  h a s  not  
been obtained f o r  these pigments; t h e  s t a b i l i t y  under u l t r a v i o l e t  
r a d i a t i o n  a t  h igh  vacuum a s  w e l l  a s  the h i d i n g  power ( o r  t i n t -  
ing s t r e n g t h )  have y e t  t o  be determined. 

I n  ba tches  A-132 and a-133 w h i c h  w e r e  o r t h o t i t a n a t e s  c a l -  
c ined  a t  1050O t h e  pigments show a s l i g h t  yellowing and extreme 
hardness ;  they  s c r a t c h  g l a s s .  T h e  Russian papers ( re f .  7 ,10 ,11)  
l ist  the hardness  a s  5 mho. Our impression, awai t ing  confirm- 
a t i m  w i t h  a c r y s t a l  of o r t h o c l a s e , i s  t h a t  they  exhibit a hard- 
n e s s  of 6 mho. Batch A-132 i s  by f a r  the supe r io r  of the two, 
be ing  i n  complete accord w i t h  the  l i t e r a t u r e .  Although pigment 
A-132 shows the highest percentage of unreacted z i n c  oxide ( 2 . 2 % ) ,  
i t s  s p e c t r a  reflects the furthest i n t o  the u l t r a v i o l e t  p r i o r  t o  

e x t r a c t i o n ;  the step occurs  a t  57% r e f l e c t a n c e .  The step dis-  

appears  e n t i r e l y  w i t h  the e x t r a c t i o n  of the 2.2% z i n c  oxide. 
The r e f l e c t a n c e  s p e c t r a  of Batches A-132 and A-133 a r e  presented  
i n  F igu res  14 and 15, r e s p e c t i v e l y .  

I I T  R E S E A R C H  I N S T I T U T E  
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Extreme hardness may be a source of t r o u b l e  i n  making com- 
merc ia l  p a i n t  batches,  but  may be avoided by techniques employed 
i n  the  ca l c in ing .  The l a s t  t w o  o r t h o t i t a n a t e  batches must  a l s o  
be analysed by X-ray d i f f r a c t i o n :  a d d i t i o n a l l y ,  their h i d i n g  
power and t i n t i n g  s t r e n g t h  w i l l  be determined. Their s t a b i l i t y  
t o  u l t r a v i o l e t  under high vacuum i s  not expected t o  be any 
d i f f e r e n t  from s i m i l a r  batches of o r t h o t i t a n a t e ,  w h i c h  have been 
e x c e l l e n t .  Their s t a b i l i t i e s  w i l l  be determined however. 

Some observation should be made a t  t h i s  po in t  concerning the 

three commercial samples of zinc t i t a n a t e :  the A-54-2 of New 

Jersey  Z i n c  Company and the l1CPIt and IIBll z inc  t i t a n a t e  from TAM. 

From the r e f l e c t a n c e  spec t ra  (F igures  1 and 2 ) ,  the A-54-2 
is  d e f i n i t e l y  an o r t h o t i t a n a t e  with not  more than a s l i g h t  t r a c e  
of z i n c  oxide present .  T h e  TAM T P 1 I  z inc  t i t a n a t e  appears 
d e f i n i t e l y  t o  be m e t a t i t a n a t e ,  al though we have not  analyzed 
it f o r  composition a s  y e t .  The TAM z inc  t i t a n a t e  I I B I I  appears 
t o  be either a s e s q u i t i t a n a t e  or a mixture of sesqui  and ortho- 
t i t a n a t e s .  It w i l l  be necessary t o  analyze these  commercial 
samples by X-ray d i f f r a c t i o n  a t  the t i m e  we  d e t e r m i n e  the 

ba tches  l is ted above. W e  a l s o  intend t o  e x t r a c t  the free z inc  
oxide,  i f  any,  and t o  f i n d  what d i f f e r e n c e  t h i s  produces i n  the 

r e f l e c t a n c e  spec t r a  and i n  u l t r a v i o l e t  s t a b i l i t y .  

4 .  Space-Ultraviolet  Simulation Tests on Zinc T i t a n a t e  

The s t a b i l i t y  of s eve ra l  z inc t i t a n a t e  powders, f o r s t e r i t e ,  
Powder s 

SP500 z i n c  oxide and z inc  magnesium t i t a n a t e  t o  1000-ESH of 
u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum was determined in  T e s t  9-22. 
T e s t  Q-22 involved post-exposure r e f l e c t a n c e  measurements employ- 
ing  t h e  Edwards-type integrat ing-sphere attachment f o r  the Beckman 
DK-2A. The t e s t  was f o r  1000-ESH a t  about 6 s o l a r  i n t e n s i t i e s .  
A computor program has  not y e t  been completed t o  accomplish the  
r educ t ion  of d a t a  obtained on the l labsolu te"  attachment f o r  t h e  
DK-2A, The  s p e c t r a l  da t a  a r e  presented,  however, i n  Table 6 
fo r  s ix  wavelengths. The da ta  show the  e x c e l l e n t  s t a b i l i t y  of 

I l T  R E S E A R C H  I N S T I T U T E  
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Table 6 

EFFECT OF 1000-ESH UV ON THE REFLECTANCE 
OF SEVERAL PIGMENT POWDERS~ 

Specimen 

5279 

5280 

5281 

E 9 0 9  
J & U L  

5283 

5284 

5285 

5286 

Mater ia l  

ZnMgT io3 

Forsterite 

Zn Ti04 2 (A- 54- 2 ) 

A-111-A 
Ext rac ted  

N S  -_ Zn T i 0 4  3 
( A - l l $  

A-115 
Extrac ted  

SP500 ZnO 

E S H ~  

0 
1000 

0 
1000 

0 
1000 

9 
1000 

0 
1000 

0 
1000 

0 
1000 

0 
1000 

Absolute H e m i p s h e r  i c a l  Ref lec tance  
Wavelength, Microns 

0.35 0.40 0.45 0.70 1.0 2.0 ------ 
45.0 73.0 87.5 90.8 91.3 88.8 
42.0 68.0 78 .2  89.7 91.0 88.0 

8 2 . 8  90.2 92.9 91.5 91.0 88.8 
37.6 50.2 63.0 88.0 90.7 88.2 

75.0 88.8 92.0 94.4 95.3 92.9 
73.8 86.2 88.0 90.0 90.0 88.2 

54.2 no r )  nr) n nr) o n? n ncI -I 
0 O . L  7 L . V  705.0 7 2 . 0  7 L . 3  

55.8 88.0 91.2 92.3 93.5 91.3 

71.5 84.9 87.3 88.0 88.5 88.3 
70 ,O  82.0 85.2 87.5 88 .2  87.1 

71.0 90.3 93.8 94.0 94.5 93.0 
70.0 89.0 92.0 93.7 94.5 92.4 

74.0 88.8 92.0 92.3 92.4 91.4 
72.0 85.5 89.5 91.5 92.0 90.3 

4 .2  84.5 92.5 90.5 88.5 86.7 
2 . 8  83.5 91.5 89.8 87.2 85.2 

~- 

'Tes t  9-22  

21000 ESH a t  about 6X s o l a r  i n t e n s i t i e s  
3Non-Stoichiometric ( i . e . ,  excess a - T i 0 2 )  
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I 
the z i n c  t i t a n a t e  powders: the d a t a  a l s o  i n d i c a t e  t h a t  the syn- 
thet ic  f o r s t e r i t e  i s  very  uns tab le  and the z i n c  magnesium t i t a n a t e  
i s  t o o  uns t ab le  t o  be f u r t h e r  considered a t  th i s  t i m e .  The 

ZnMgTi03 was ob ta i c rd  from TAM and the f o r s t e r i t e  from Merck, 
The s l igh t  degrada t ion  t h a t  i s  shown i n  the i n f r a r e d  by 

the N e w  J e r s e y  Zinc specimen, 5281, cannot be explained a t  t h i s  

t i m e .  Furthermore, the ace t i c -ac id  e x t r a c t e d  experimental  z i n c  
t i t a n a t e s  (5282 and 5284) exh ib i t ed  s l i g h t l y  i n f e r i o r  s t a b i l i t y  
i n  the 0.35- t o  0.45-p r eg ion  compared t o  the unext rac ted  speci- 
mens (5283 and 5285). 
t ec t ive  z i n c  oxide and/or t o  r e s i d u a l  a c e t i c  a c i d  contamination. 
Fur ther  s t u d i e s  a r e  planned t o  e l u c i d a t e  t h i s  p o s s i b i l i t y .  

Inc.  

T h i s  may be due t o  the absence of pro- 
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111. METHYL SILICONE PAINTS 

A. Simulation T e s t s  Employinq Post-Exposure Measurements 
The r e s u l t s  of two 2000-ESH space-simulation tests, 8-20 

and Q-21, on 11-54-2 z inc  t i tanate-pigmented s i l i c o n e  coa t ings  
a r e  presented i n  Table 7.  Specimens 5266 and 5267 a r e  prepared 
from Owens-Il l inois Type 901 g l a s s  r e s i n  and G E ' s  RTV-602 s i l i c o n e ,  
r e s p e c t i v e l y .  The e x c e l l e n t  s t a b i l i t y  of both the A-54-2 
Zn2Ti04 and the 0-W 901 r e s i n  a r e  manifested i n  the Aa of only 
0.027 exh ib i t ed  by t h i s  coa t ing  when i r r a d i a t e d  f o r  over 2000 
ESH. The i n i t i a l  s o l a r  absorptance of 0.115 i s  the  lowest we 
have ever recorded fo r  a non-inorganic coa t ings .  

The poor s t a b i l i t y  exhib i ted  by specimen 5267, a z i n c  t i t a n -  
ate-pigmented RTV-602, i s  a t t r i b u t e d  t o  the add i t ion  of excessive 
c a t a l y s t .  The formulation requires the add i t ion  of 0.5% SRC-05 
c a t a l y s t  based upon the  weight of RTV-602; a concent ra t ion  of 
5% was erroneously added, nowever. The excessive c a t a l y s t  was 
a l s o  thought t o  be r e spons ib l e  f o r  t h e  i n i t i a l  as of 0.147, which 
i s  higher  than expected from previous s tud ie s .  

The specimen (5271) of A-54-2 z inc  t i tanate-pigmented RTV- 

602 i r r a d i a t e d  in  T e s t  Q-21 was catalyzed with 0.4% SRC-05 c a t a l y s t  
and compares very favorably  with the specimen (5267) i r r a d i a t e d  
i n  T e s t  8-20. Exce l len t  s t a b i l i t y  of t h e  A-54-2 z inc  t i t a n a t e -  
pigmented Owens I l l i n o i s  650 r e s i n  i s A m n  by two specimens, 
5272 and 5273. The ~ a ' s  f o r  t h e  two specimens w e r e  0.015 and 
0.010, r e spec t ive ly .  The i n i t i a l  solar absorptance of 0.18 i s  
higher than a n t i c i p a t e d  and is  a t t r i b u t e d  t o  t h i n  samples and 
n on - op t i m u m  pigment volume c oncentr a t ion. 

B.  S o l u b i l i t y  S tudies  of S i l i cone  Resins 

1. General E l e c t r i c ' s  RTV-602 
The s o l u b i l i t y  c h a r a c t e r i s t i c s  of General E lec t r i c ' s  RTV- 

602 s i l i c o n e  p o t t i n g  m a t e r i a l ,  which i s  used a s  the veh ic l e  i n  
the 5-13 and S-13G z i n c  oxide p a i n t s  and i n  our r ecen t  z i n c  
t i t a n a t e  formulat ions,  was determined employing a wide v a r i e t y  
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Table 7 

RESULTS O F  2000 ESH SIMULATION TEST ON 
SEVERAL ZINC TITANATE-PIGMENTED SILICONE PAINTS 

Spe c imen s Mater ia l  

5266 Zn T i 0 4  
o d o 1  

CI 

5267 L Zn T i 0 4  
RT6602 

527 1 Zn2Ti04  
RTV602 

4 6 1  E 3 7 3  L. Zn2TiO4 
OW650 

5273 Zn2Ti04  
OW650 

T e s t  
No. 

9-20 

9-20 

9 - 2 1  

0-21 

Q-21 

1 Exposure 
(ESH) 

0 
2000 

0 
2000 

0 
2000 

21 
2000 

0 
2000 

Solar  Absorptances 
9 “ 2  &a ---- 

- .062 .053 .115 
.088 .054 .142 .027 

- .083 .064 .147 
.127  .070 .197 .050 

-071 ,053 - 1 2 4  - 
.090 .059 .149 .025 

.088 .UY5 .183 - 

. lo0  .098 .198 .015 

- .087 .092 .179 
,094 .095 ,189 .010 

’2000 ESH a t  -7 so l a r  i n t e n s i t i e s  
*Excessive SRC-05 c a t a l y s t  used 
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1 -  of s o l v e n t s  and d i l u e n t s .  
sented i n  Table 8: t hese  experiments involved flow-out tests 
on g l a s s  p l a t e s ,  

The r e s u l t s  of t h e s e  tes ts  a r e  pre- 

While RTV-602 i s  q u i t e  so luble  i n  a v a r i e t y  of so lven t s ,  a 
smooth pour,  f r e e  f r o m  "crawling,i1 i l r i d g i n g , "  discont inuous 
breaks,  and "rainbowll bands was observed us ing  the fol lowing 
s i n q l e  so lven t s  only: isopropanol,  isopropyl  a c e t a t e  and isopropyl  
e t h e r .  The d i l u e n t  petroleum e the r  ( w h i c h  i s  not  a s o l v e n t )  a l s o  
r e s u l t e d  i n  a smooth f i lm.  

T h e  isopropyl  e t h e r  gave the  best s o l u t i o n  and f i l m  but  
r e s u l t e d  i n  extremely r a p i d  evaporat ion and was, t h e r e f o r e ,  t o o  
f a s t  t o  handle.  Based upon these tests, a th inner  was formulated 
a s  fol lows:  

50% Isopropanol 
25% Petroleum ether 
25% Isopropyl a c e t a t e  

Although use of t h i s  t h i n n e r  i n  p l ace  of t h e  toluene r e s u l t e d  
i n  a h igh ly  super ior  f i l m  compared t o  toluene/RTV-602 f i l m s ,  
t h i s  th inne r  formulation appeared t o  preclude s a t i s f a c t o r y  cur- 
ing  by des t roy ing  the e f f e c t i v e n e s s  of the c a t a l y s t .  W e  have 
t h e r e f o r e  r e tu rned  t o  to luene  w i t h  a small  percentage of iso- 
propanol (10%) and n-butyl a c e t a t e  (5%) added t o  give a lower 
v i s c o s i t y  and smoother spray with S-13 p a i n t s .  

2. Owens-Il l inois Type 650 Glass  R e s i n  
The  type  650 g l a s s  r e s i n  i s  suppl ied a t  40% s o l i d s  i n  normal 

butanol .  I t  i s  f u l l y  so luble  i n ,  and g ives  a smooth flow-out 
over g l a s s  and meta ls ,  when poured from the following so lvent  
comb ina  t i ons : 

5 p a r t s  of t h e  40% s o l u t i o n  of 650 i n  butanol  
3 p a r t s  of e i t h e r  of t h e  fol lowing so lvents :  

a .  isopropanol 
b. isopropyl  a c e t a t e  
c. methyl i s o b u t y l  ketone 
d.  ce l lo so lve  
e. isopropyl  ether 
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This  i s  t h e  so lvent  combination p r e s e n t l y  being used t o  prepare 
p a i n t s  based on t h e  Owens-Il l inois Type  650 Glass  Resin.  

3 .  Owens-Ill inois Type 901 Glass  Resin 
The r e s u l t s  of s o l u b i l i t y  s t u d i e s  employing numerous 

hydrocarbon and a lcohol  so lven t s  a r e  presented i n  Table 9. 
Addit ional  tests showed t h a t ,  except f o r  cyclohexanone, a l l  
ketones a r e  i n e f f e c t i v e  a s  so lven t s  (o r  d i l u e n t s ) ,  a s  a r e  a l l  
esters and ethers employed. Cel losolve and methyl c e l l o s o l v e  
s o l u b i l i z e  the Type 901 Glass Resin,  however. On the b a s i s  of 
these tests, a mixed th inner  of to luene  w i t h  butanol ,  MIBC or 
c e l l o s o l v e  is  recommended. 
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I- 
I V .  SILICONE PHOTOLYSIS STUDIES 

A, In t roduct ion  
The ob jec t ive  of t h i s  phase of the program i s  t h e  syn thes i s  

of methyl s i l i c o n e  polymers t h a t  a r e  t o t a l l y  r e s i s t a n t  t o  s o l a r  
r a d i a t i o n .  This  phase of t he  r e sea rch  program h a s  received the 

lowest p r i o r i t y  of the numerous t a s k s  assigned and no work was 
performed dur ing  the  f i rs t  nine months of the calendar  year .  
T h i s  i n a c t i v i t y  r e s u l t e d  from (1) the n e c e s s i t y  t o  d iver t  t i m e  
and monies t o  the  problem of i n  situ-measurement of o p t i c a l  
p r o p e r t i e s ,  (2) a funding lapse of s e v e r a l  weeks e a r l i e r  i n  the 
year and ( 3 )  a long de lay  i n  ob ta in ing  the necessary adaptor 
t h a t  was requi red  t o  perform the i r r a d i a t i o n s  wi th in  the mass 
spectrometer I s pumping system. 

the inherent  s t a b i l i t y  of the b a s i c  s i l i c o n e  s t r u c t u r e ,  ( 2 )  t o  
determine the mchanism nf the l~ltr=violet=de~~=dati=n precesses, 
( 3 )  t o  a s s e s s  the inf luence  of var ious  side-chain or s u b s t i t u t e n t  
groups,  and (4) t o  a s s e s s  the influence of contamination on the 

p h o t o l y t i c  processes  and t o  i d e n t i f y  those  contaminants w h i c h  

promote or otherwise a f f e c t  polymer degradat ion.  

The  immediate ob jec t ives  of t h i s  t a s k  a r e  (1) t o  determine 

It was planned t h a t  u l t r a v i o l e t  photo lyses  of s i l i c o n e  
polymers would be followed by (1) u l t r a v i o l e t  ( d i f f e r e n t i a l )  
absorp t ion  spectroscopy, ( 2 )  mass spectrometry and ( 3 )  e lec t ron-  
spin-r e s onance spectr oscopy . 
experiments w e r e  not  performed dur ing  t h i s  r e p o r t  per iod  due t o  
the dec i s ion  t o  c o n s t r u c t  an i r r a d i a t i o n  f a c i l i t y  which would 
employ t h e  i n  s i t u  measurement of s p e c t r a l  t ransmi t tance  i n  
the 0.2- t o  1.0-micron wavelength region.  T h i s  f a c i l i t y  i s  
c u r r e n t l y  being cons t ruc ted  by NASA-Marshall Space F l igh t  Center ,  

the sponsoring agency, and w i l l  be a v a i l a b l e  f o r  use on the pro- 
gram d u r i n g  the  next calendar  year.  

The u ltr a v i  o l e  t spectr osc opy 
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Twelve polymer b e t h y 1  s i l i cone )  specimens w e r e  i r r a d i a t e d  
with u l t r a v i o l e t  i n  vacuum about one year ago. The resll ts  of 
these  tests are summarized in  Triannual Report IITRI-U6002-31 
(November 9 ,  1965). The mass spectrometer and apparatus  employed 
i n  these e a r l i e r  tests a re  described i n  Triannual  Report IITRI- 

C6014-26 ( J u l y  20, 1965).  

performed on appara tus  shown i n  Figures  16 through 19. Figures  
16 thraugh 18 a r e  schematics of t h e  i r r a d i a t i o n  t r a i n  t h a t  i s  
a f f i x e d  t o  t h e  Hi t ach i  RMU-6D mass spectrometer ,  which i s  shown 
i n  Figure 19. The spectrometer i s  s i n g l e  focuss ing  (M/dM = 2000) 
and equipped w i t h  an e l ec t ron -mul t ip l i e r  de t ec to r  f o r  high-sen- 
s i t i v i t y  d e t e c t i o n  ( f r a c t i o n s  of a ppm). Compounds w i t h  mole- 
cu la r  weights  up t o  1500 can be analyzed with u n i t  r e s o l u t i o n .  
Mass spectrograms are produced on an a s c i l l o g r a p h i c  recorder  
providing r a p i d  record ing  a t  high scan r a t e s  (m/e  of 12-500 i n  
3 sec). 

The i r r a d i a t i o n  experiment descr ibed  i n  t h i s  r e p o r t  was 

The e lec t ron-  spin-res onance spectrometer i s  shown i n  
Figure 20. 

B. I r r a d i a t i o n  Procedure and Analysis of Mass Spectra 
The S u p r a s i l  I electron-spin-resonance tubes  shown i n  

F igures  16-18 w e r e  f i l l e d  w i t h  t he  s i l i c o n e  r e s i n  under i n v e s t i -  
ga t ion .  This  r e s i n  was a l i q u i d  specimen (LP-5) of low molecular 
weight methyl s i l i c o n e  polymer with a M e / S i  mol r a t i o  of 1.6. 
The polymer was prepared i n  d i e t h y l  e t h e r  and the raw m a t e r i a l  
possessed a s l i g h t  odor of ether when charged t o  the i r r a d i a t i o n  
tubes.  

The samples of l i q u i d  s i l i c o n e  polymer w e r e  evacuated over- 
n igh t  a t  room temperature us ing  the pumping system of t h e  mass spec- 
t rometer .  The lowest p re s su re  a t t a i n a b l e  a f t e r  pumping overnight 
was approximately 1 x t o r r ,  i n d i c a t i n g  t h a t  the polymer 
had a vapor pressure  of approximately low5 t o r r  a t  room temperature.  
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A mass spectrum was obtained w h i l e  pumping and w h i l e  the 
sample was held a t  room temperature.  Masses out  t o  625 t o  630 
w e r e  noted i n  t h e  spectrum. Peaks a t  everymass w e r e  v i s i b l e  
out t o  250 mass u n i t s .  Beyond 250 m/e ,  d i s t i n c t  groups of peaks 
w e r e  noted whose corresponding major peaks r epea ted  every  14 
and 16 mass u n i t s .  T h i s  uniform r e p e t i t i o n  i s  due t o  success ive  
l o s s e s  of -CH 
and 28. 
either i n i t i a l l y  i n  the sample or formed by rearrangement i n  
the  ion source.  A reasonably  in tense  peak a t  m/e = 15 i n d i c a t e s  
CH3+ fragments from polymer. 
the spectrum is complex and shows a r e l a t i v e l y  small  amount of 
hydrocarbon peaks. 

-0- and -Si- w i t h  r e s p e c t i v e  masses of 1 4 ,  16 

The presence of mass 3 1  i n d i c a t e s  a CH30+ ion p r e s e n t  
2- ’ 

Other than  these observa t ions ,  

The sample was then  cooled w i t h  l i q u i d  n i t rogen  and u l t r a -  
v i o l e t  i r r a d i a t i o n  of the sample was i n i t i a t e d .  A t t e m p t s  t o  
ob ta in  mass spec t r a  a f t e r  20 minutes and 1 hour a f t e r  s t a r t  of 
i r r a d i a t i o n  f a i l e d  because of instrument malfunction. The sample 
was s t i l l  a t  -192OC f o r  these at tempts .  

Pumping on the samples was i n t e r r u p t e d  by c l o s i n g  the va lve  
t o  the mass spectrometer and i r r a d i a t i o n  cont inued for  another  
1-1/2 hour w h i l e  the sample was h e l d  a t  -192OC. A t  the end of 

the 2-1/2 hour i r r a d i a t i o n  per iod the u l t r a v i o l e t  lamp was turned  
o f f ,  pm at tempt  was made t o  leak  i n  whatever products  had 
accumulated i n  the sample t u b e s .  Although a pres su re  increase  
was observed when the va lve  was opened and the sample was a t  
-192OC no s p e c t r a  was obtained again because of instrument mal- 
func t ion  a 

A t  t h i s  t i m e ,  the instrument d i f f i c u l t y  was c o r r e c t e d  but  
i n  the  meantime the sample was allowed t o  warm up t o  room t e m p -  
e r a t u r e  o While warming cons iderable  bubbl ing was observed i n  
the sample a s  i t  became more l i qu id .  When the bubbl ing subsided, 
a mass spectrum was obtained;  the  sample was then a t  room temp- 
e r a t u r e .  
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The mass spectrum obtained under t h e s e  f i n a l  cond i t ions  
j u s t  mentioned was s i g n i f i c a n t l y  d i f f e r e n t  from t h e  i n i t i a l  
spec t ra  where the  sample was a t  room temperature before  i r r a d i a t i o n .  
Most s i g n i f i c a n t  was the l ack  of spectrum beyond approximately 
350 mass u n i t s  whereas peaks out t o  625 t o  630 w e r e  noted pre- 
viously.  This  suggests  removal of the higher  molecular weight 
fragments by some means such a s  polymerization induced by t h e  
i r r a d i a t i o n .  The i n t e n s i t y  of mass 31 w a s  considerably increased 
along with masses a t  27, 29, 41, 43, 45, 59 and 74 and a decrease 
of mass 73. The o v e r a l l  i n t e n s i t y  of t h e  f i n a l  mass spectrum 
peaks increased,  b u t  t he  inc reases  or decreases  w e r e  dispropor- 
t i o n a t e l y  magnified. Some of the  peaks ( m / e  = 27, 29, 41, 43) 
i n d i c a t e  s a t u r a t e d  hydrocarbons w i t h  2 and 3 carbons.  The changes 
i n  m/e = 45, 59 and 74 could ind ica t e  an increase  i n  the q u a n t i t y  
of lower molecular weight S i  molecules or increased branching i n  
the polymer. The t o t a l  spectra was again very complex and inter- 
p r e t a t  ion beyond t h a t  j u s t  discussed was not  attempted. 

A t  the completion of t h e  per iod of i r r a d i a t i o n  one of t h e  
sample tubes  was sea led  o f f  and, w h i l e  s t i l l  i n  l i q u i d  N2, s e n t  

t o  t h e  ESR l abora tory .  Mass spec t ra  a n a l y s i s  was performed on 
t h e  remaining sample. 

The mass s p e c t r a  d a t a  obtained on thissample should be 

rechecked because of t h e  instrument malfunction and t h e  ensuing 
changes i n  some of t h e  c o n t r o l  vo l t ages ,  which obviates  p r e c i s e  
and unambiguous i n t e r p r e t a t i o n  of the da ta .  Although the da ta  a r e  
thought t o  be r e l i a b l e ,  the p o s s i b i l i t y  of i r r e g u l a r i t i e s  e x i s t s .  

C .  Analysis  of ESR Spectra  
The  electron-spin-resonance absorp t ion  spec t rum observed 

i n  the u l t r a v i o l e t - i r r a d i a t e d  s i l i c o n e  polymer LP-5 i s  e s s e n t i a l l y  
t h e  same a s  those observed by other i n v e s t i g a t o r s  ( r e f .  13,14). 
Trace record ings  of t h e  spectrum a r e  shown i n  Figures 21 and 22, 
w h e r e  Figure 22 is the same a s  F i g u r e  21 mul t ip l i ed  i n  amplitude 
by a f a c t o r  of f i v e .  T h i s  spectrum is  e s s e n t i a l l y  t h e  same a s  
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Figure  21 

ELECTRON-SPIN-RESONACE-MSORPTION SPECTRUM OF 
LP-5 POLYDII43THYeSILOXANE IRRADIATED WITH UV AT 77OK 
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F i g u r e  22 
ELECTRON-SPIN-RESONACE- ABSaRPTION SPECTRUM OF 

LP-5 POLYDIMETHYLSILOXANE IRRADIATED WITH UV AT 77OK 
(Same a s  F i g u r e  21  w i t h  Gain T i m e s  5 )  
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t h a t  observed i n  t h i s  laboratory on t h e  i r r a d i a t e d ,  s o l i d ,  
cross- l inked polydimethylsiloxane ( r e f .  1 5 ) .  Note i n  Figure 
22, t h e  weakest l i n e s  labe led  ai. Although the l i n e s  a and 
a* a r e  observed i n  t h e s e  t r a c e s ,  i f  t hey  a r e  pos tu l a t ed  t o  e x i s t  
so  a s  t o  form a q u a r t e t  spectrum, t h i s  group of l i n e s  may be 
i d e n t i f i e d  with -CH3 r a d i c a l s  which a r e  uns tab le  a t  77OK. 
probably e x p l a i n s  their l o w  i n t e n s i t y  s ince  these spec t r a  w e r e  
taken s e v e r a l  hours  from the t i m e  of i r r a d i a t i o n .  

2 

T h i s  

The  unpaired e l e c t r o n  of t h e  methyl r a d i c a l  i n t e r a c t s  w i t h  
three hydrogen n u c l e i ,  each having a nuclear  sp in  quantum number 
of 1/2. Four magnetic d ipo le  t r a n s i t i o n s  a r e  expected f o r  t h i s  
system corresponding t o  t h e  nuclear magnetic quantum numbers 
m = 3/2, 1/2, -1/2, -3/2. The m = + 3/2 t r a n s i t i o n s  a r e  the 

outer  l i n e s  labe led  a l  and a4 i n  F i g u r e  22. 
be the l i n e s  labe led  a2 and a3  and a r e  predicted t o  be three 
t i m e s  more i n t e n s e  than  t h e  m = 2 3/2 t r a n s i t i o n s  s i n c e  t h e r e  
a re  more ways of adding up the ind iv idua l  magnetic quantum 
numbers of the three hydrogen n u c l e i  t o  give m = 2 1/2. Energy 
eigenvalues  f o r  t h i s  system i n  the s t rong  f i e l d  l i m i t  a r e  given 
by ( re f .  15,161 

- 
The m = 2 1/2 would 

E(M, m) = gPHM + AMm (1) 

where P is  t h e  Bohr magneton, H i s  the e x t e r n a l  magnetic f i e l d ,  
g i s  the gyromagnetic r a t i o , A  is  the hyper f ine  s p l i t t i n g  cons t an t ,  
and where w e  have neglected the nuclear  Zeeman i n t e r a c t i o n .  
T r a n s i t i o n s  labe led  a l  and a4 correspond t o  the m = 3/2 -+3/2, 
M = 1/2 --j 1/2 and m = -3/2 j -3/2, M = -1/2 j 1/2 t r a n s i t i o n s  

where M i s  t h e  e l e c t r o n  magnetic quantum number having two 
p o s s i b l e  va lues  2 1/2. The condi t ion f o r  resonance of these 
t r a n s i t i o n s  a r e  obtained from Equation (1) us ing  the  s e l e c t i o n  
r u l e s  AM = 5 1, Am = 0 giv ing  
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I. 

where H ,  and H4 a r e  the resonance f i e l d  p o s i t i o n s  of a and 1 
Since these t r a n s i t i o n s  occur a t  cons t an t  microwave frequency a4' 

v , we set Equations ( 2 )  and ( 3 )  equa l  t o  h v  , div ided  by Sp 
and solve f o r  A and g. The r e s u l t  is  

A = H4 - H1 sp 

2h u 
1 9 =  H + H4 

( 4 )  

( 5 )  

From the experimental  d a t a  we  have H1 

a t  Y = 9627.8 M c / s .  S u b s t i t u t i n g  these va lues  i n t o  Equations 
( 4 )  and (5 )  g ives  A/@ = ( 2 2 . 1  2 0.5) o e r s t e d s  and g = 2.0037 - + 
0,0010. These r e s u l t s  a r e  i n  good agreement w i t h  the va lues  
a/gP = (21.9 2 0,2)  o e r s t e d s ,  g = 2.0026 (1) and A/@ = 22.9 
o e r s t e d s ,  g = 2.00242 (8)  f o r  CH3 r a d i c a l s  t rapped i n  Z e o l i t e  
and CH4 ma t r i ces ,  r e s p e c t i v e l y  (ref. 15,161. The e r r o r s  i n  the 

parameters  for  the p r e s e n t  ca se  a r e  l a r g e  s ince  the s p e c t r a l  
l i n e s  a r e  weak and no t  completely reso lved .  

= 3400.2 oe,H4 = 3466.1 oe 

Although Tsvetkov e t  a 1  ( r e f .  13) have given t e n t a t i v e  
assignments t o  the remaining spec t ra  labe led  b and c i n  Figures 
2 1  and 2 2 ,  it i s  not  c l e a r  t h a t  these i d e n t i f i c a t i o n s  a r e  c o r r e c t .  
For example, the l i n e s  which they c a l l  group b appear t o  be a 
supe rpos i t i on  of a t  l e a s t  t w o  spec t r a  whereas t h i s  p o i n t  was 
p r e v i o u s l y  overlooked ( re f .  1 4 ) .  It  i s  not  obvious t h a t  l i n e s  
l a b e l e d  b belong t o  a t r i p l e t  spectrum a s  suggested by Tsvetkov 

( ref .  1 3 ) .  
of the l i n e s  a t  va r ious  temperatures t o  determine i f  these 

It may be p o s s i b l e  t o  p r e f e r e n t i a l l y  b leach  out some 
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I 
assignments a r e  v a l i d .  T h e  g-value measured for the c e n t r a l  
component labe led  c i n  Figure 22 is given by g = 2.0026 2 0.0005. I 

i 

I 
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V. THE I R I F  

The I R I F ,  an acronym for  " I n  S i t u  Ref l ec t ance / I r r ad ia t ion  
F a c i l i t y ,  II i s  a multiple-sample u l t r a v i o l e t - s i m u l a t i o n  f a c i l i t y  
posses s ing  i n  s i t u  hemispherical  spec t r a l - r e f  lectance-measure- 
ment c a p a b i l i t i e s .  The I R I F  was designed on t h i s  project w i t h  
NASA funds (Contract  NAS8-5379) and cons t ruc t ed  w i t h  I I T R I  funds. 

The des ign  was i n i t i a t e d  because of the requirement for 
more d e f i n i t i v e  s t u d i e s  of t h e  behavior of thermal-control  
m a t e r i a l s  i n  vacuum a s  measured by hemispherical  s p e c t r a l  ref lect-  
ante i n  s i t u  . Recent s t u d i e s  by a number of workers, includ- 

ex tens ive  s t u d i e s  a t .  I I T  Research I n s t i t u t e ,  have shown t h a t  
i n g  z i n c  oxide,  f o r  example, undergoes an e a s i l y  b leachable  
(oxygen) degradat ion i n  t h e  i n f r a r e d  w h i c h  cannot be observed 
by the u s u a l  post-exposure r e f l e c t a n c e  measurements ( ref .  1 7 ) .  

( 1) capability of makil?g hemispherizal-spzztra:-rzf:zztanzz 

* 

C r i t e r i a  f o r  the des ign  of the I R I F  included t h e  following: 

measurements i n  vacuum w i t h o u t  removing the samples from the 

vacuum chamber: ( 2 )  c a p a b i l i t y  of i r r a d i a t i n g  s e v e r a l  samples 
simultaneously: ( 3 )  p rov i s ion  f o r  main ta in ing  the samples a t  
c o n t r o l l e d  temperatures  between 77OK and 370°K dur ing  i r r a d i a t i o n :  

( 4 )  c o n s t r u c t i o n  of a device which i s  e a s i l y  a t t ached  (and de- 

tached)  t o  the Beckman DK-2A spectroreflectuneter: and ( 5 )  capa- 
b i l i t y  of adding a t  a l a t e r  d a t e  a low-energy pro ton  i r r a d i a t i o n  
source t h a t  would be compatible  w i t h  the system design.  Because 
it was d e s i r a b l e  t o  make l labsolu te l f  s p e c t r a l  measurements us ing  
an Edwards-type sphere, i n  which the specimen is loca ted  i n  the 

c e n t e r  of the sphere, a s i x t h  requirement was the n e c e s s i t y  f o r  
c o n s t r u c t  i n g  a sample -tr an sf er  mechanism. 

A schematic of the f a c i l i t y  cons t ruc t ed  is presented  i n  
F igure  23 and a s e c t i o n  of the assembly drawing is  shown i n  
F igure  24. The i n t e g r a t i n g  sphere is  pa t t e rned  a f t e r  Edwards 

* 
I n  S i t u  means, i n  r e a l i t y ,  measured i n  p o s i t i o n .  In  the context  
of t h i s  d i s c u s s i o n ,  i n  s i t u  i s  taken t o  mean measured " i n  vacuotf 
wi thout  removal t o  another environment. 
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e t  a 1  ( re f .  18) modified for  the  Beckman DK-2A s p e c t r o r e f l e c t o -  
m e t e r .  The  major f e a t u r e s  of t h e  f a c i l i t y  include:  (1) oper- 
a t i o n  of the i n t e g r a t i n g  sphere i n  vacuum a t  Torr by 
pumping through a manifold (through w h i c h  the inc iden t  l i g h t  
beams p a s s )  and through t h e  shu t t e red  sample a p e r t u r e  between 
the sphere and the vacuum chamber; ( 2 )  a 12-sample sample-inter- 
change mechanism which maintains  the specimens i n  c o n t a c t  with 
a temperature-control led sample t a b l e  ( - 77 t o  37O0K) and w h i c h  

permits the t r a n s f e r  of any one of the 1 2  samples t o  the in t e -  
g r a t i n g  sphere f o r  masurement  and the subsequent r e t u r n  t o  t h e  
sample t a b l e  f o r  cont inued i r r a d i a t i o n :  ( 3 )  a dismounted Beckman 
DK-2A photo-mul t ip l ie r  tube  sea led  t o  the sample p o r t  and a 
dismounted DK-2A lead s u l f i d e  c e l l  mounted t o  the i n s i d e  w a l l  
of the evaucated i n t e g r a t i n g  sphere;  and ( 4 )  a qua r t z - i r r ad ia t ion -  
window-flange des ign  which w i l l  permit the cons t ruc t ion  of a 
mult iple-source housing above the sample t a b l e  t h a t  c o n t a i n s  both 
a low-energy proton source and an AH-6 lamp. 

in te rchange  mechanism i s  shown i n  Figure 25. The bottom drawing 
i s  a side v i e w  showing two cut-away samples i n  p o s i t i o n :  t h i s  

view i s  a l s o  shown i n  Figure 24 a s  a d e t a i l  from the assembly 
drawing. The samples a r e  held by p i n s  i n s e r t e d  i n t o  each. T h e  

p i n s  a r e  a t t ached  t o  a c e n t r a l ,  r o t a t a b l e  column. They a r e  
pressed t o  the l iquid-cooled sample t a b l e  by the sp r ing  mechanism 
shown i n  the drawings. The samples a r e  r e l e a s e d  by p r e s s u r i z i n g  
the bellows, whkh r e l e a s e s  the p res su re  on the sample t a b l e  by 
l i f t i n g  the samples a s  shown. The e n t i r e  sample-holding device 
can t h e n  be r o t a t e d  by a bellows-equipped indexing arm; t h i s  arm 
is des igna ted  by the le t te r  A i n  F igures  26 and 27, a top-view 
d e t a i l  of the assembly drawing. 
des igna ted  by the letter B i n  Figures  26 and 27 ,  moves the sample 
from the p i n  t o  the sample boa t .  The boat  is subsquent ly  t r ans -  
ferred i n t o  the i n t e g r a t i n g  sphere fo r  rreasurement us ing  a simple 

r a c k  and p in ion  arrangement. The p in ion  i s  des igna ted  by the 

A schematic of the sample-table assembly and the sample- 

A second bellows-equipped arm, 
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SCHEMATIC OF THE SAMPLE TABLE ASSEMBLY AND INTERCHANGE MECHANISM 
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Figure  27 

SECTION OF I R I F ' S  ENGINEERING ASSEMBLY DRAWING SHOWING 
THE UV-IRRADIATION CHAMBER ( T O P  VIEW) 
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Figure 28 

SECTION OF I R I F '  S ENGINEERING ASSEMBLY DRAWING SHOWING 
MANIPULATORS, RACH AND PINION, AND MAGmTIC CHUCK 
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l e t te r  C i n  Figures 26 and 28: the  gear i s  ac tua ted  by a magnetic 

chuck which i s  designated by the  l e t te r  D i n  these  same f i g u r e s .  
The sample boa t ,  w i t h  a sample i n  p l ace ,  i s  turned 180° w i t h  a 

bellows-equipped manipulator p r i o r  t o  t r a n s f e r  i n t o  t h e  i n t e g r a t i n g  
sphere.  The manipulator i s  designated by the letter E i n  Figures  
26 and 2 8  and a f f e c t s  the sample r o t a t i o n  w i t h  two gear segments 
(designated by t h e  let ter F ) .  

Figure 29 shows the I R I F  mated t o  the Beckman DK-2A spectro-  
photometer with the  operator  opening the s h u t t e r  p r i o r  t o  t r ans -  
f e r r i n g  the sample i n t o  t h e  i n t e g r a t i n g  sphere.  Figure 30 is  a 

photograph of t h e  400 leter/sec Varian Vac Ion pump showing t h e  
chamber t h r o a t  and the heavy-duty do l ly .  The e n t i r e  f a c i l i t y  i s  
pos i t i oned  by t u r n i n g  down the set-screw l'stand-downsli i n t o  
chocks permanently mounted t o  the f l o o r .  T h i s  procedure in su res  
mating wi th  t h e  removable o p t i c a l  interchange w h i c h  was cons t ruc ted  
t o  r e p l a c e  the Beckman's llcommercialll i n t e g r a t i n g  sphere. 

Figure 31 i s  a t o p  view of the chamber showing the samples 
and sample-cooling t a b l e :  the photograph a l s o  shows both the  
indexing arm and the  sample-manipulator hook a t  approximately 
1 2  and 9 o ' c l o c k ,  r e spec t ive ly .  Figure 32 shows the permanently 
a t t ached  hemisphere of the i n t e g r a t i n g  sphere w i t h  the sample 
holder  (minus a sample) extended t o  the  measurement pos i t i on :  
the s h u t t e r  i s  shown closed i n  t h i s  photograph. 

i n  Figure 3 3 .  The I P 2 8  photomult ipl ier  tube i s  epoxied t o  a 
s p h e r i c a l  segment which i s  i n  tu rn  sealed t o  t h e  i n t e g r a t i n g  
sphere with an indium gasket ;  the P M  tube can be seen  through 
the e l l i p t i c a l  opening i n  the spher ica l  segment. The lead sul-  

f i d e  c e l l  w i t h  a 20 x 10 mm a c t i v e  su r face ,  was obtained from 
Beckman and is  mounted on the vacuum side of t h e  s p h e r i c a l  seg- 
ment ;  t h e  PbS-cell l eads  a r e  soldered t o  copper leads  t h a t  a r e  
loca t ed  i n  f i s h  sp ines  epoxied i n t o  small  h o l e s  d r i l l e d  through 
t h e  s p h e r i c a l  segment a s  shown. The c i r c u i t y  f o r  bo th  t h e  PM 

tube  and t h e  PhS c e l l  are adapted from the Beckman f a c i l i t y  and 
a r e  mounted i n  the housin t h a t  i s  a t tached  t o  the hemisphere. 

The i n t e g r a t i n g  sphere I s removable hemisphere is  presented 
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THE IRIF'S 40; LImR/SEC 

Figure  30 

VAC-ION PUMP AiiD HEAVY-DUTY DOLLY 
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Figure  31 

TOP V I E W  OF THE IRIF'S UV-IRRADIATION CHAMBER SHOWING 
SAMPLES, SAMPLE TABEE AND MANIPULATOR ARMS 

67 IITRI-U6002-47 



E w 

68 IITRI-U6002-47 



69 IITRI-U6002-47 



D i f f i c u l t i e s  w e r e  encountered i n  vacuum checking t h e  IRIF: 
t h e  p r i n c i p a l  l eaks  w e r e  i n  the main-chamber and f lange  w e l d s .  
These have been sealed and an i n i t i a l  pump-down of 5 x 
t o r r  was achieved i n  the MgO-smoked i n t e g r a t i n g  sphere.  The 
second pump down r e s u l t e d  i n  a vacuum of 2 x t o r r  i n  t h e  
main chamber. 

O t h e r  d i f f i c u l t i e s  which were encountered but which have 
been solved include: (1) cons t ruc t ion  and mounting of the dual-  
de t ec to r  assembly on the sphere segment, ( 2 )  development of 
a s u i t a b l e  integrat ing-sphere coa t ing ,  ( 3 )  i n c o r r e c t  geometry 
of the  i n i t i a l  sample-manipulator hook and indexing rod (both  
ac tua ted  through bellows equipped l e v e r s ) ,  ( 4 )  weak cons t ruc t ion  
of sample-manipulator hook and indexing rod ,  and ( 5 )  a poor ly  
designed shu t t e r - c los ing  mechanism. In  a d d i t i o n ,  a lever  hold- 
down was r equ i r ed  t o  prevent  the  sample-manipulator hook from 
depressing the r ack  ( t o  which the sample boat  i s  a t t ached)  when 
t h e  sample is i n  t h e  i n t e g r a t i n g  sphere:  depression of t h e  r a c k  
throws the sample out of p o s i t i o n  and could even tua l ly  r e s u l t  
I L L  jfLLi.L"&Ac;t 2zfzrz2tizxl +_'I?.. r3Tk 

The in tegra t ing-sphere  coa t ing  c o n s i s t s  of a f i r s t  coa t  of 
a z inc  t i tanate-pigmented Owens-Il l inois Type 650 r e s i n  p a i n t  
followed by a l i g h t  smoking (0.5 mm) with magnesium oxide. The 
z inc  t i t a n a t e  p a i n t  possesses  high u l t r a v i o l e t  r e f l e c t a n c e  
down t o  wavelengths of 3400 A even without t h e  M g O  t o p  c o a t ,  

The sample-manipulator hook and indexing rod w e r e  r e f a b r  i ca t ed  
from s t ronger  m a t e r i a l s  with a cor rec ted  geometry: t h e  shu t t e r -  
c l o s i n g  s p r i n g  was replaced with a bar which c l o s e s  the s h u t t e r  
when the ac tua to r  lever  i s  moved i n  t h e  opposi te  d i r e c t i o n  t o  
t h a t  w h i c h  opens it. 

A more s turdy  opt ical- interchange assembly must be designed 
and cons t ruc t ed .  Although the assembly f i r s t  cons t ruc ted  can be 

used w i t h  c a r e ,  it can be e a s i l y  knocked out of alignment.  
the  sample-holder rod w i l l  eventua l ly  have t o  be rep laced  with 
a s t ronger  rod.  

A l s o ,  
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I Should w e  cons t ruc t  another f a c i l i t y ,  a window would be 

placed i n  the top  of the  housing i n  w h i c h  the p in ion  and gear- 
segment manipulators a r e  mounted: t h i s  would f a c i l i t a t e  mating 
the two gear segments which t u r n  the sample through 180O. F i n a l l y ,  

I 
I 

i n  a d d i t i o n  t o  cbns t ruc t ing  seve ra l  sub-assemblies from s t ronger  
m a t e r i a l ,  we would re-design the sample manipulator assembly 
r equ i r ed  t o  move t h e  sample from the t a b l e  t o  t h e  boat and back. 

The mechanical opera t ion  of the I R I F ,  though not simple,  
can be performed e a s i l y  with a l i t t l e  t r a i n i n g .  Removal of a 
sample from the cool ing  t a b l e  t o  the i n t e g r a t i n g  sphere r e q u i r e s  
from 1 t o  2 minutes.  The spectral measurement i t se l f  r e q u i r e s  
no more t i m e  than w i t h  the standard comparison-type Beckman 
i n t e g r a t i n g  sphere. 

~ 

I 

~ 

Current  s t u d i e s  involve f a t i g u e  and vacuum degradat ion 
s t u d i e s  on a p a i r  of 10-cm x 10-cm lead s u l f i d e  pho toce l l s  
beries dark res i s tance  1-5 megohms) t h a t  w e r e  mounted i n  series I 

I t o  r e p l a c e  the  PbS ce l l  obtained from Beckman (which was accid- 

I e n t l y  shor ted  o u t ) .  Should vacuum f a t i g u e  or degradation e f f e c t s  
- -  7 - ------ m n r r n t  thn PhS p p 1  1 s 

i - -  D e  S l C p l i i c d i i i ,  A C  f l y l i ~  uL 

ou t s ide  t h e  sphere behind a sapphire window. I n  th is  respect, 

lead s u l f i d e  ce l l s  a f t e r  December 31, 1966; the 2 0  x 20 mm ce l l s  

I Eastman Kodak w i l l  no t ,  we a r e  informed, accept orders  f o r  

I suppl ied  by Beckman have been purchased from Eastman. W e  have 
purchased two 10 c m  x 10 cm c e l l s  from In f ra red  I n d u s t r i e s ,  Inc.  

and w i l l  t e s t  t h e m  mounted i n  s e r i e s .  The p a i r  now i n  use 
(unknown manufacturer) d i f fer  from the 20 c m  x 10 c m  c e l l  fur -  
nished by Beckman only by t h e  f a c t  t h a t  t h e  s l i t s  open a t  2 .5  
r a t h e r  than  2.7-p wavelength. 

t h e  gene ra t ion  of the fol lowing da ta :  (1) a 100% l i n e ,  (2) a 
curve showing t h e  uniformity of sphere coa t ing ,  ( 3 )  comparison 
s p e c t r a  between the I R I F  and our other  Edwards-type sphere 
attachment f a r  t h e  Beckman ( i n  a i r  and i n  vacuum), and (4) da ta  
on i r r a d i a t e d  specimens of SP500 z inc  oxide,  S-13G, s i l i c a t e -  

O t h e r  s t u d i e s  contemplated f o r  t h e  immediate f u t u r e  include 
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I 

I t r e a t e d  z i n c  oxide,  and z inc  t i t a n a t e s  among o thers .  The f i r s t  
Itproduction" s imula t ion  test is planned f o r  l a t e  i n  December. 
The General Electric AH-6 mercury-argon high-pressure qua r t z  
lamp w i l l  be used w i t h  the IRIF in  s imula t ion  tests funded under 
t h i s  con t r ac t .  
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V I .  SUMMARY O F  RESULTS 

The most important r e s u l t s  and conclus ions  a r e  summarized 

(1) The p ro tec t ed  r u t i l e s  from Lexington Labora to r i e s ,  Inc. 
i n  the fo l lowing  paragraphs: 

though l ack ing  i n  h igh  r e f l e c t i v i t y ,  w e r e  s u r p r i s i n g l y  s t a b l e  t o  
u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum. They possessed h a 1  s of only 
0,014 and 0.025 a f t e r  2000 ESH of i r r a d i a t i o n  ( a s  wet-sprayed 
powders) . 

( 2 )  C a b o t ’ s  tlflame-process” r u t i l e ,  A-54-2 z i n c  t i t a n a t e ,  
and the double zirconium s i l i c a t e s  of calcium and z i n c  d i d  n o t  
develope the oxygen-bleachable i n f r a r e d  degrada t ion  which char- 
a c t e r  i z e s  z i n c  oxide pigment. 

( 3 )  Very white specimens of z i n c  o r t h o t i t a n a t e ,  m e t a t i t a n a t e  
and s e s q u i t i t a n a t e  w e r e  prepared. The  z i n c  o r t h o t i t a n a t e  was 
whiter than  either the SP500 z inc  oxide o r  the TiPure FF ana ta se  
t i t a n i a  from which it was p r d u c z d .  Althsugh the o r t h o t i t a n a t e  
powders contained excess  z i n c  oxide which served t o  suppress  their 

n e a r - u l t r a v i o l e t  r e f l e c t a n c e ,  i t s  e x t r a c t i o n  by a c e t i c  a c i d  
r e s u l t e d  in  a pigment 01 exCepiiluriai I G ~ ~ ~ ~ ~ ~ ~ ~ ~ -  - 

A wavelength and e x c e l l e n t  s t a b i l i t y  t o  u l t r a v i o l e t  i r r a d i a t i o n  
i n  vacuum. These s t u d i e s  have shown t h a t  900°C is  the minimum 
temperature  r equ i r ed  t o  produce a s a t i s f a c t o r y  pigment and that 

e x t r a c t i o n  of z i n c  oxide i s  a l s o  e s s e n t i a l .  

- -  0 . - -  zi--,- t h  ?Ann 

( 4 )  Commercial z inc  t i t a n a t e  ( N e w  J e r s e y  Z i n c l s  A-54-2) 
was used t o  prepare  s i l i c o n e  p a i n t s  based upon RTV-602 and Owens 
I l l i n o i s  Type 650 g l a s s  r e s i n .  The e l a s tomer i c  p a i n t  based on 
RTV-602 possessed one of the lowest s o l a r  absorptances w h i c h  w e  
have observed for  a non-inorganic c o a t i n g ,  namely 0.12. Its 
La of 0.025 f o r  2000 ESH of u l t r a v i o l e t  i r r a d i a t i o n  was a l s o  
e x c e l l e n t .  ~n Owens-Ill inois p a i n t ,  though it possessed a 
higher u of 0.18, exhibited a ha d only 0.01 i n  2000 ESH of 
u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum. The u of 0.18 was due t o  
the t h i n n e s s  of the coa t ing .  
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i ( 5 )  It was found t h a t  the combination 85% to luene ,  10% 
isopropanol and 5% n-butyl ace t a t e  provides  t h e  best so lven t  
system f o r  RTV-602-based p a i n t s .  Also,  i t  was found t h a t  t he  
fol lowing so lvent  combination provides  the best o v e r a l l  pro- 
perties f o r  coa t ings  based on Owens-Il l inois T y p e  650 r e s i n :  
50% 19Op e thano l ,  25% to luene ,  13% c e l l o s o l v e  and 12% methyl 
i sobu ty l  ketone. 

( 6 )  Though more experimental  d a t a  a re  r equ i r ed ,  the 
r e s u l t s  of mass spectrometry and electr on-spin-resonance absorp- 
t i o n  spectrometry of t h e  low molecular weight LP-5 polymethyl- 
s i loxane  of 1.6 Me/Si i n d i c a t e  t h a t  the predominant r e a c t i o n  a t  
77OK i s  dimethylation. 

( 7 )  The IRIF, an acronym for  " In  S i t u  Ref l ec t ance / I r r ad ia t ion  
F a c i l i t y "  h a s  been completed and pump-downs t o  2 x Torr 
w e r e  achieved. 
f r s m  a r?,echanical and o p t i c a l  s tandpoint .  

It  h a s  been found t o  opera te  s a t i s f a c t o r i l y  both 
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APPENDIX 

The z i n c  oxide e x t r a c t i o n  and determinat ion which w e  have 
used with z inc  t i t ana te -ba tches  A-129 through A-133 i s  the 

method of Warning and Stone a s  found i n  Low's Technical Methods 
of O r e  Analysis  (ref.  1 9 ) .  

Enough pigment t o  conta in  an es t imated content  of z inc  
oxide of 1 t o  2 grams i s  ex t r ac t ed  w i t h  50 m l  of 10% a c e t i c  
ac id  us ing  an Erlenmeyer f l a s k  of 250 m l  c apac i ty  and a ' I w r i s t  
a c t ion"  shaker.  The mixture i s  shaken f o r  16-24 hours.  The 

e x t r a c t  i s  then  r i n s e d  i n t o  an open beaker with d i s t i l l e d  water 
and 30 ml of a 20% so lu t ion  of ammonium sodium hydrogen phos- 
phate  and 10 m l  of 20% ammonium hydroxide a r e  added. Ammonium 
hydroxide (20%) i s  then  added dropwise u n t i l  t h e  s o l u t i o n  i s  
neutral t~ phefiophtha1ein (pink end-point) .  The s o l u t i o n  i s  
next  back t i t r a t e d  with 10% a c e t i c  ac id ;  one m l  of 10% a c e t i c  
ac id  i s  then added t o  completely p r e c i p i t a t e  t he  z inc  ammonium I 

the bottom of the beaker ) .  The p r e c i p i t a t e  is  f i l t e r e d ,  r i n s e d  I 

with hot d i s t i l l e d  water ,  i gn i t ed  and weighed a s  z inc  pyro- 
phosphate.  The z inc  oxide is ca l cu la t ed  a s  

, - .  I 7 - 2 . -  ---;a - -L<-L . c - , r ? - i r J l ~ ~  c n + + l p q  +n I 
- &  

piliibpiiaLt: ( a i iiiL ."L 1 G L . ~ A ~ ~ . . -  --_ -- - 

I 

I 

Zn2P207 

1.87 
ZnO = 
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