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TENSILE MICROSTRAIN PROPERTIES OF 

TELESCOPE MIRROR MATERIALS 

By John W. Moberly 
Stanford Research I n s t i t u t e  

SUMMARY 

Fused s i l i c a ,  ULE fused si l ica,  and Cer-Vit a r e  nonmetall ic mirror  

ma te r i a l s  being considered f o r  use i n  d i f f r ac t ion - l imi t ed  o p t i c a l  sys- 

tems. A c r i t i c a l  p roper ty  of materials f o r  these sys tems i s  a high 

microyield stress. Micros t ra in  t e n s i l e  tests were made t o  measure the  

microyielding behavior of the  three  ma te r i a l s  and these a r e  compared to 

an a l loy  of beryll ium p lus  5 w t %  copper. 

the  t e s t s  was 5 x 10 . 
The s t r a i n  s e n s i t i v i t y  f o r  

- 8  

It  was found t h a t  fused si l ica,  ULF fused s i l i c a ,  and C e r - V i t ,  

having etched su r faces  behaved i n  an e l a s t i c  manner showing no micro- 

yielding.  T e s t s  on fused s i l i c a  and Cer-Vit having unetched sur faces  

produced s i m i l a r  r e s u l t s ,  i n  that  no microyielding w a s  observed. The 

samples were s t r e s s e d  t o  34 t o  38 MN/m2 (5000 t o  5500 p s i )  or to t h e i r  

f r a c t u r e  poin t  i f  it occurred a t  a lower stress. The beryllium-copper 

a l loy  showed a permanent s t r a i n  a f t e r '  loading t o  above 21 MN/m2 (3000 

p s i ) .  

The r e s u l t s  on the  etched nonmetall ic samples agree w i t h  r e s u l t s  

determined by previous s t u d i e s .  However, t h e  behavior observed f o r  t h e  

unetched samples does not agree w i t h  t he  e a r l i e r  r e s u l t s ,  which showed 

microyielding. 
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INTRODUCTION 

The s u i t a b i l i t y  of a material f o r  use as a mirror  s u b s t r a t e  i n  a 

high p rec i s ion  o p t i c a l  s y s t e m  is based on seve ra l  cr i ter ia .  These in-  

c lude t h e  dimensional s t a b i l i t y ,  the  q u a l i t y  of o p t i c a l  su r f ace  t h a t  

can be obtained, and t h e  s t r e n g t h  of the  ma te r i a l  with regard t o  i t s  

use i n  o p t i c a l  systems. Strength,  here, r e f e r s  to  the  s t r e s s  l e v e l  to  

which the  ma te r i a l  may be subjected without i t s  being permanently 

( p l a s t i c a l l y )  deformed. D i f f r ac t ion - l imi t ed  mirrors should have a 

s t r a i n  s t a b i l i t y  of b e t t e r  than lo-', approaching lo-'; the  i d e a l  

ma te r i a l  would be p e r f e c t l y  e l a s t i c .  The ob jec t ive  of t h i s  program w a s  

t o  determine the  t e n s i l e  mic ros t r a in  c h a r a c t e r i s t i c s  of fused si l ica,  

ULE (ultra-low-expansion) fused s i l i c a ,  and Cer-Vit. The tests were 

t o  have a s t r a i n  s e n s i t i v i t y  a€ 5 x lod8.  Both as-ground (unetched) 

and etched specimens were t o  be t e s t ed  t o  determine how the  su r faces  

inf luence the  micros t r a i n  behavior.  

A c r i t i c a l  in f luence  on the  mechanical and micromechanical be- 

havior of a ma te r i a l  i s  its p r i o r  thermomechanical h i s t o r y .  Surface 

e f f e c t s  have r ecen t ly  been observed i n  s tud ie s  on the  th ree  mirror  

ma te r i a l s  ( R e f .  1 ,2) .  As-ground fused s i l i c a ,  ULE fused s i l i c a ,  and 

C e r - V i t  showed microyielding a t  low stress l e v e l s  when tested with the  

su r faces  i n  a ground condi t ion.  However, chemically e tch ing  the  

sur faces  t o  remove t h e  damaged l aye r  caused by gr inding produced speci- 

mens t h a t  exhib i ted  no microyielding a t  t h e  same stress. These measure- 

ments were made using a s t r a i n  s e n s i t i v i t y  of lom8.  
made using tens ion ,  compression, and to r s ion  loading. The e a r l i e r  

r e s u l t s  were t o  be confirmed, i f  poss ib l e ,  with the  tests conducted 

i n  t h i s  program. 

The tests were 

A l l  measurements of s t r e s s  i n  the  present  s tudy were i n  Engl ish 

u n i t s  ( p s i ) .  This r epor t  i s  w r i t t e n  t o  conform to  NASA s p e c i f i c a t i o n s  

using u n i t s  recommended by the  I n t e r n a t i o n a l  Union of Pure and Applied 

Physics -the I n t e r n a t i o n a l  System u n i t s  (meganewtons per  square meter). 

2 



Since these u n i t s  a r e  unfamil iar  t o  many readers,  the English u n i t s  a r e  

included i n  parentheses i n  t h i s  t e x t .  



EXPERIMl3N”AL PROCEDURES 

Microstrain Tes t  Equipment 

The t e s t i n g  procedure used here f o r  measuring microstrain is basi-  

c a l l y  a hoop-stress technique wi th  hydros ta t ic  loading appl ied to  the  

i n s i d e  su r face  of a ring-shaped specimen through a t h i n  elastomeric 

membrane (Ref. 3 ,4) .  The appl ied pressure  is  the re fo re  always perpen- 

d i c u l a r  t o  t h e  specimen su r face  and i s  p e r f e c t l y  uniform over the  

e n t i r e  r ing  periphery.  The specimen t o  be tested is unconstrained 

( f ree- f loa t ing)  during the  test .  There a r e ,  t he re fo re ,  no clamps or 

holders  t o  cause misalignment or loca l ized  stress concentrat ions.  A 

diagram of the  t e s t i n g  head is shown i n  Figure 1. 

The bas ic  t e s t i n g  head is  a two-section s t a i n l e s s  s t e e l  assembly. 

A porous t h i n  metal  s h e l l  is in se r t ed  over t he  base of the  t e s t  head 

and a rubber bag is then  s t r e t ched  over the  s h e l l .  A t  the ends the  

rubber is tucked beneath the  s h e l l ,  and a leak-proof seal is  accom- 

p l i shed  by t w o  O-rings t ha t  a r e  placed between the  metal s h e l l  and t h e  

t e s t i n g  head. A cap is then posi t ioned over t he  end of the  t e s t  head 

and r i g i d l y  held by a pin, as shown i n  the  drawing. 

( i n  t h i s  case, water) e n t e r s  t he  assembly a t  the  end of the  t e s t  head 

and passes  through the  thin-wall  metal s h e l l  t o  i n f l a t e  t he  rubber bag. 

Hydraulic f l u i d  

The tes t  specimens are r i g h t  c i r c u l a r  r i ngs  55.88 mm (2.200 i n . )  

o.d., 50.80 mm (2.00 in . )  i .d. ,  and 3.35 mm (0.250 in . )  high. To e l i -  

minate any f r i c t i o n  between the  specimen and the t e s t i n g  head, a s m a l l  

gap is l e f t  a t  the  ends of the  specimen. This gap is kept small  to 

prevent t h e  rubber from protruding and thereby applying a load t o  the  

ends of the  specimen. 

A capaci tance sys t em is used t o  measure changes i n  r ing  diameters.  

The specimen and assembled capac i tor  p l a t e s  a r e  shown i n  Figure 2. 

Small t abs  are fastened d i ame t r i ca l ly  on the  r i n g  with epoxy adhesive.  

In to  one t a b  is screwed a f l a t  28.6 mm (1.125 i n . )  diameter s t a i n l e s s  

steel capac i to r  p l a t e .  A yoke assembly holding a second s t a i n l e s s  

steel p l a t e ,  diameter 25.4 mm (1 i n . ) ,  is  then at tached t o  the  o the r  
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TA-8631-1 

FIGURE 2 TEST SPECIMEN WITH CAPACITANCE GAUGES 
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t ab .  The p l a t e s  can be al igned p a r a l l e l  by the  b a l l  adjustment a t  the  

top of the  yoke. 

as to  produce an i n t e r p l a t e  capaci tance of about 30 picofarads.  

The p l a t e s  a r e  spaced about 0.10 mm (0.004 i n . )  so 

The capaci tor- t ransducer  is  c a l i b r a t e d  t o  determine the s t r a i n  

s e n s i t i v i t y  by a t t ach ing  s imilar  capac i to r  p l a t e s  to a Fabry-Perot in-  

terferometer  and determining the  dis tance-capaci tance r e l a t ionsh ip .  

The s e n s i t i v i t y  is then checked during each test  by r e l a t i n g  t h e  

Young's modulus of the  t e s t  sample t o  the  appl ied mic ros t r a in  s t r e s s  

and c a l c u l a t i n g  the  s t r a i n .  Corre la t ion  of the s t r a i n s  by the  t w o  

techniques has been exce l l en t  and allows f o r  d e t e c t i o n  of s t r a i n s  of 

less than 5 x 10". 

capaci tance t ransducers  of about 2 mV pe r  lod6 s t r a i n .  

t i v i t y ,  the  s ignal- to-noise  r a t i o  i s  approximately 50: 1. 

This represents  a vol tage output  s i g n a l  from the  

A t  t h i s  sens i -  

The s t r e s s  on t h e  tes t  specimen is  determined by recording t h e  

appl ied hydros ta t ic  fo rce  on the  sample and c a l c u l a t i n g  the  stress from 

e l a s t i c i t y  equat ions.  The resolved s t r e s s e s  wi th in  the  r i n g  a r e  de- 

f ined  mathematically by 

- Pr  i ro2 ) G - 7 -  - 
r 2 - r L  
0 i )  

(Tr 7 

where 

crt = t angen t i a l  t e n s i l e  stress 

ur = r a d i a l  compressive stress 

P = h y d r o s t a t i c  pressure  

r = specimen r ad ius  a t  (T 

r = i n t e r n a l  specimen r ad ius  
i 

or  or t 

' r = e x t e r n a l  specimen rad ius .  
0 
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The t e n s i l e  s t r a i n  is given by the  r a t io  

l?d - -  bit- e =  - - 
r d 

During a t e s t ,  t heas sembly i s  contained i n  a double-walled box to  

minimize temperature changes. Because of the extremely high s t r a i n  

s e n s i t i v i t y ,  it i s  poss ib l e  t o  d e t e c t  the  small length  changes caused 

by thermal expansion and con t r ac t ion  of the  test  sample and s t r a i n  

de t ec t ion  f i x t u r e ,  even though the temperature f l u c t u a t i o n  during a 

test  i s  usua l ly  l e s s  than 0.1OC. 

e l e c t r o n i c  changes, a r e  observed as continuous d r i f t .  

However, t hese  changes as wel l  as any 

The e n t i r e  t e s t  assembly is placed on a g r a n i t e  block t h a t ' i s  

f l oa t ed  on a i r  pi l lows.  Thus the  measurements are not influenced by 

v ibra t ions .  

About four  hours i s  s u f f i c i e n t  f o r  temperature s t a b i l i z a t i o n  be- 

f o r e  a t e s t .  The specimen i s  preloaded t o  0.69 IVIN/m2 (100 p s i )  to ac- 

commodate any minor displacement i n  the loading mechanism. T h i s  s t r e s s  

then becomes the reference l e v e l  f o r  a l l  f u r t h e r  measurements. The 

pe r iphe ra l  t e n s i l e  s t r e s s  i s  ca l cu la t ed  from hydraul ic  l i n e  pressures  

according t o  Eq. (1). 

The hydros t a t i c  pressure is measured by a d i a l  gauge ca l ib ra t ed  

t o  0.5%. 

3.4 MN/m2 (500 p s i ) .  

then unloaded t o  0.69 IVIN/m2 (100 p s i ) .  

meter is recorded a s  r e s idua l  p l a s t i c  s t r a i n ;  the t e n s i l e  s t r a i n  i s  

obtained by Eq. ( 3 ) .  

The test sample i s  loaded and unloaded i n  increments of 

Loads a r e  held f o r  30 seconds. The sample i s  

Any permanent change i n  dia- 

Test  Specimens 

The th ree  ma te r i a l s  evaluated were: 

(1) Fused s i l i c a  - Corning G l a s s  fused s i l i c a  No. 7940 (mirror 
blank q u a l i t y ) .  
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(2) ULE Fused s i l i c a  - Corning G l a s s  fused s i l i ca  No.  7971 
(mirror blank q u a l i t y ) .  

(3) C e r - V i t  - Owens I l l i n o i s  Cer-Vit No.  C - 1 0 1  (premium grade 
mirror blank) .  

Fused s i l i c a  i s  high p u r i t y  s i l i c o n  dioxide having a g l a s s  s t r u c t u r e .  

ULE fused s i l i c a  is also a s i l i ca  g l a s s  but  w i t h  the  add i t ion  of 7% 

t i tanium dioxide ,  The e f f e c t  of t h i s  add i t ion  is  a s h i f t  of t h e  r e .  

g ion  of near ly  zero  thermal expansion from -2OOOC (as f o r  fused s i l i ca)  

t o  ambient temperatures.  

Cer-Vit i s  a d e v i t r i f i e d  lithium-aluminum s i l i c a t e  containing 

approximately 10% g l a s s  phase. 

than one micrometer, Cer-Vit, l i k e  ULE fused s i l i c a ,  has a zero  co- 

e f f i c i e n t  of thermal expansion a t  ambient temperatures.  

The g r a i n  s i z e  is extremely f ine ,  less 

The samples of each ma te r i a l  were obtained from t h e i r  respec t ive  

manufacturers. The Cer-Vit r i n g  specimens were received i n  the f i n a l  

t e s t  dimensions. The fused s i l i c a  and ULE fused s i l i c a  samples were 

obtained oversize,  and f i n a l  gr inding was done a t  a commercial ceramic 

gr inding laboratory.  

I n  addi t ion ,  an i s o t r o p i c  a l l o y  of beryll ium plus  5 w t $  copper, 

f ab r i ca t ed  a t  SRI, was evaluated. The purpose w a s  t o  compare the  

micros t ra in  behavior of a m e t a l  w i t h  t h a t  of t h e  th ree  nonmetall ic 

mirror  ma te r i a l s .  

T e s t  Procedure 

NASA s p e c i f i c a t i o n s  required that the  samples be ground on a l l  

The sur faces  to a su r face  f i n i s h  of a t  l e a s t  0.4 p m  (16 p in . )  r m s .  

Cer-Vit r i n g s  were very good q u a l i t y  i n  t h a t  there were no v i s i b l e  

chips  or cracks on any sur face .  The sur face  f i n i s h  as measured w i t h ’ a  

sur face  prof i lometer  was 0.33 t o  0.40 p m  (16 p in . )  rms. 

s i l i c a  and ULE fused s i l i ca  samples a f t e r  f i n a l  g r inding  were not as 

The fused 
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good as the  C e r - V i t  samples i n  one respect-- there  were s m a l l  c racks and 

ch ips  on the  sur faces ,  genera l ly  a t  the edges. However, t he  su r face  

finish--0.13 to  0.15 pm ( 5  t o  6 p in . )  r m s - - w a s  somewhat b e t t e r  than 

t h a t  on the  Cer-Vit samples. 

The ground r ings  were stress re l i eved  by anneal ing i n  a i r  a t  525'C 

f o r  one hour and then slowly cool ing t o  room temperature. 

Two samples each of the  fused si l ica,  ULF fused s i l ica ,  and Cer- 

V i t  were etched to  remove 0.10 t o  0.12 mm (0.004 t o  0.005 in . )  from 

a l l  sur faces .  For fused s i l i c a  and TJLE fused s i l i ca  the e tchant  w a s  

a 48% aqueous s o l u t i o n  of hydrofluoric  ac id .  'For the C e r - V i t  samples 

the hydrofluoric  ac id  w a s  d i l u t e d  t o  24$. Figure 3 shows photomicro- 

graphs of the  th ree  mirror ma te r i a l s  before  and a f t e r  e tching.  

I n  an i n i t i a l  s e r i e s  of experiments the mic ros t r a in  behavior was 

somewhat e r r a t i c  and the  r e s u l t s  from dup l i ca t e  samples were not i n  

good agreement, and large s t r a i n s  were de tec ted  a t  the  p o i n t s  where 

the  s t r a in -de tec t ion  capacitance p l a t e s  were mounted w i t h  epoxy cement. 

These s t r a i n s ,  de tec ted  by an o p t i c a l  b i re f r ingence  technique, were in-  

troduced when the  specimen was cooled from an epoxy cur ing  temperature 

of 15OOC.  Since the re  must be corresponding s t r a i n s  i n  the epoxy, 

e r r o r s  i n  the micros t ra in  t e s t  r e s u l t s  could be from s t r a i n s  i n  e i t h e r  

the  specimen or the  epoxy, or both. The problem w a s  cor rec ted  by using 

a four-day, room temperature cure  f o r  the  epoxy. N o  s t r a i n s  were found 

i n  the  r ing  samples when t h i s  slower curing procedure was used. 

A second s e r i e s  of t e s t s  w a s  then made using the room temperature 

cure.  A s u f f i c i e n t  number of Cer-Vit specimens remained f o r  t h i s  re- 

pea t  t e s t i n g .  However, add i t iona l  specimens of fused s i l i ca  and TJLE 
fused s i l i ca  had to  be obtained from the manufacturer. 

A s  before, t he  fused s i l i c a  and ULF fused s i l i ca  specimens were 

ground to  f i n a l  dimensions. I n  t h i s  s e r i e s ,  t o  prevent breakage and 

chipping, the  specimens were annealed a t  525'C f requent ly  during 

grinding. Even w i t h  these  precaut ions only fou r  fused s i l i c a  and t w o  

ULE samples were produced. The sur faces  were near ly  completely f r e e  

10 



UNETCHED FUSED SILICA ETCHED FUSED SILICA 

UNETCHED ULE FUSED SILICA ETCHED ULE FUSED SILICA 

UNETCHED CER-VIT 

FIGURE 3 PHOTOMICROGRAPHS OF THE 
AND AFTER ETCHING 

ETCHED CER-VIT 
TA-8631-2 

THREE MIRROR MATERIALS BEFORE 
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of cracks and a l l  had exce l l en t  sur face  f in i shes ,  about 0.13 p m  ( 5  p i n )  

rms. These and the C e r - V i t  samples were given a f i n a l  annealing a t  

525°C. T e s t s  were made on Cer-Vit and fused s i l i ca  i n  both etched and 

unetched conditions,  but due t o  lack of samples data f o r  ULE were only 

obtained i n  the etched condition. 
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RESULTS 

One sample each of the three  materials i n  t h e  as-ground condi t ion  

was t o  be t e s t e d  to f a i l u r e .  The purpose of t h e  f r a c t u r e  tests w a s  to  

i n d i c a t e  the approximate l i m i t  of stress l e v e l  to  which samples could 

be loaded without being f r ac tu red .  The i n t e n t  was to  preserve the 

specimens from subsequent s t r a i n  tests f o r  poss ib l e  r e t e s t i n g .  The 

ULF fused s i l i ca  specimen cracked during mounting of the  s t r a i n  gauge 

for measurement of Young's modulus; therefore ,  only fused s i l i ca  and 

C e r - V i t  were t e s t e d  t o  f a i l u r e .  The r e s u l t s  of these t w o  t e s t s  are: 

M a t  e r i a 1 Frac ture  S t rength  Young's Modulus 

Fused s i l i c a  49 m/m2 71  MN/m2 
(10.3 x lo6 p s i )  (7000 p s i )  

C e r - V i  t 76 MN/m2 81 MN/m2 
(11,000 p s i )  (12.6 x lo6 p s i )  

These two specimens were r ep resen ta t ive  of t h e i r  respec t ive  

c l a s s e s  i n  t h a t  the  sur face  q u a l i t y  w a s  good. However, these  f r a c t u r e  

s t r eng ths  should not be taken a s  a t r u e  measure of the s t r eng th  of the 

ma te r i a l s  due to  the  p o s s i b i l i t y  of microcracks and s t r e s s  concentra- 

t ions ,  which would cause premature f r a c t u r e .  A l s o ,  t h e  f r a c t u r e  

s t r eng ths  here a r e  the  t angen t i a l  s t r e s s e s  on the  inner  r i n g  diameter, 

which is  about 10% higher  than the  stress on tk o u t e r  diameter--see 

Eq. (1). However, the  Young's modulus values f o r  both ma te r i a l s  

should be a s  meaningful a s  one can expect from s i n g l e  t e s t s .  

The micros t ra in  test  was based on s t r e s s i n g  t h e  samples t o  about 

34 MN/m2 (5000 p s i ) .  

the t angen t i a l  t e n s i l e  Stress on the  o u t e r  r i n g  diameter.  

The s t r e s s  reported for  the  mic ros t r a in  t e s t s  is 
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Fused S i l i c a  

The mic ros t r a in  behavior f o r  fused s i l i c a  i n  the unetched (as- 

ground) and etched condi t ions  i s  shown i n  Figures  4 and 5. 

y ie ld ing  was observed i n  e i t h e r  of t h e  t w o  unetched samples. Sample 

FS-11 behaved e l a s t i c a l l y  when s t r e s s e d  to  38 MN/m2 (5500 p s i ) .  

p l e  FS-12 did show a s t r a i n  of 5 x lo-* ( t h e  d e t e c t i o n  l i m i t )  a t  21 

MN/m2 (3000 p s i )  but  d id  not y i e ld  f u r t h e r  when loaded higher, u n t i l  

34 MN/m2 (5000 p s i ) ,  a t  which po in t  the  sample f rac tured .  Considering 

the t o t a l  s t r e s s - r e s i d u a l  s t r a i n  curve it  w a s  concluded t h a t  t h i s  s a m -  

p l e  a l s o  was e l a s t i c  t o  wi th in  the s t r a i n  d e t e c t i o n  l i m i t  of the 

measuring sys  tem. 

N o  micro- 

Sam- 

The r e s u l t s  of etched fused s i l i c a  a r e  near ly  i d e n t i c a l  t o  those 

of the unetched. N o  microyielding was observed when sample FS 14 was 

t e s t ed  t o  34 MN/m2 (5000 p s i ) .  

what appeared t o  be microyielding--a t o t a l  s t r a i n  of about 5 x 

when loaded t o  the same s t r e s s  l eve l .  This  is the  t o t a l  s t r a i n  meas- 

The second etched sample (FS-13) showed 

ured and is  the  accumulated value from each of the  previous stress 

l eve l s .  

t h i s  t e s t  t h e r e  was s i g n i f i c a n t l y  more time-dependent ( a n e l a s t i c )  

s t r a i n  recovery than i n  any of t he  previous tests. For sample FS-14 

there  was a t o t a l  a n e l a s t i c  s t r a i n  of about which appears t o  be 

f u l l y  recovered i n  about s i x  t o  e i g h t  minutes. A l l  but  was re- 

covered i n  about fou r  minutes. Sample FS-13, on the  o the r  hand, 

showed an  a n e l a s t i c  recovery of over twice t h i s  amount, approximately 

2.5 x 

corresponding increase  i n  time--over twelve minutes. T h i s  g r e a t l y  

increases  t h e  d i f f i c u l t y  of comparing the i n i t i a l  base l i n e  of s t r a i n  

to  t h a t  a f t e r  loading, and e f f e c t i v e l y  reduces t h e  s t r a i n  de t ec t ion  

l i m i t  t o  about 2 x lo-'. T h i s  r a i s e s  an uncer ta in ty  a s  to whether the  

permanent s t r a i n  measured f o r  FS-13 was r e a l .  Considering the  r e s u l t s  

of the other etched and unetched fused s i l i c a  samples, i t  is  concluded 

t h a t  no microyielding occurred. 

The onse t  of microyielding was a t  17 MN/m2 (2500 p s i ) .  I n  

a f t e r  being s t r e s s e d  t o  about 28 MN/m2 (4000 p s i ) ,  w i t h  a 

14  
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ULF: Fused S i l i c a  

Due t o  the f r a c t u r e  of specimens i n  f i n a l  g r inding  the  tests on 

ULE fused s i l i ca  were l imi ted  to  samples whose su r faces  had been etched. 

The r e s u l t s  a r e  shown i n  Figure 6. Sample ULE-11 showed no micro- 

y ie ld ing  when t e s t e d  t o  31 MN/m2 (4500 p s i ) .  

what is concluded t o  be zero  microyielding u n t i l  i t  f r ac tu red  a t  34 

MN/m2 (5000 p s i ) .  These r e s u l t s  a r e  e f f e c t i v e l y  i d e n t i c a l  w i t h  the  

r e s u l t s  from etched fused s i l i ca .  

Sample ULE-6 also showed 

C e r - V i t  

Etched and unetched Cer-Vit samples were a l s o  e l a s t i c .  However, 

one unetched Cer-Vit sample 

a t  28 MN/m2 (4000 p s i ) .  

p r i s ing  inasmuch as the  i n i t i a l  f r a c t u r e  test specimen of t h i s  ma te r i a l  

(unetched) d i d n ' t  break u n t i l  76 MN/m2 (11,000 p s i ) .  

t h a t  these f r a c t u r e  s t r eng ths  a r e  not i n d i c a t i v e  of t he  t r u e  f r a c t u r e  

s t r eng th  of the  mater ia l ,  but more a measure of the  su r face  q u a l i t y  

(microcracks).  

f a i l e d  a t  34 MN/m2 (5000 p s i ) ;  the  second, 

See Figures 7 and 8. This was somewhat sur-  

This aga in  shows 

One of the  etched Cer-Vit samples was loaded to  a stress g r e a t e r  

than 49 MN/m2 (7000 p s i ) .  

was observed. 

The sample d id  not f a i l  and no microyielding 

Be r y  1 lium-Coppe r A 1  lo  y 

Two samples of an a l l o y  of beryll ium plus  5 w t %  copper were t e s t e d  

Af te r  f a b r i c a t i o n  and machining, the  specimens were etched w i t h  a mix- 

t u r e  of hydrofluoric  and n i t r i c  ac ids  t o  remove 0.10 mm (0.004 in . )  

from a l l  sur faces .  The r e s u l t s  of the  mic ros t r a in  tests are shown i n  

Figure 9. N o  microyielding was recorded f o r  e i t h e r  specimen up to  

21 MN/m2 (3000 p s i ) .  

t o  31 to 34 MN/m2 (4500 t o  5000 p s i )  

of s in t e red  beryll ium. 

A s t r a i n  of was then measured a f t e r  loading 

This behavior i s  c h a r a c t e r i s t i c  

17 
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DISCUSSION 

No microyielding was de tec t ed  f o r  the  three mirror  materials-- 

fused s i l i c a ,  UIE fused s i l i c a ,  and C e r - V i t .  This  is f o r  fused s i l i ca  

and C e r - V i t  i n  t h e  etched and unetched su r face  condi t ions and ULE fused 

s i l i c a  i n  an an etched su r face  condition. The test specimens were sub- 

j ec t ed  t o  stress l e v e l s  of 34 t o  38 MN/m2 (5000 to  5500 p s i ) ,  and a 

s t r a i n  s e n s i t i v i t y  of 5 x was used. 

The only sample t h a t  exhibi ted any poss ib l e  i n d i c a t i o n  of micro- 

y i e ld ing  was one of etched fused s i l i c a  (FS-13);  i t  showed a s l i g h t  

permanent deformation a t  stresses over 21 MN/m2 (3000 p s i ) .  However, 

t h e  r e s u l t s  were p a r t i c u l a r l y  d i f f i c u l t  t o  i n t e r p r e t ,  due t o  what ap- 

peared t o  be excessive a n e l a s t i c  recovery of the  sample. The l a rge  

a n e l a s t i c  recovery had t h e  e f f e c t  of reducing t h e  s t r a i n  s e n s i t i v i t y  

of t h e  measurement t o  as  low as 2 x lo-'. This is  because of the  un- 

c e r t a i n t y  of r e l a t i n g  t h e  s t r a i n  of the  0.69 MN/m2 (100 p s i )  reference 

l e v e l  before and a f t e r  loading. 

magnitude as t h e  s t r a i n s  recorded a t  the various s t r e s s  l e v e l s  when 

t h i s  fused s i l i c a  specimen was tes ted.  T h i s  is about t he  s e n s i t i v i t y  

l i m i t  of t h i s  one tes t .  As  such i t  i s  not poss ib l e  t o  conclude t h a t  

t he  r e s u l t s  of t h i s  t es t  i n d i c a t e  microyielding. 

A s t r a i n  of 2 x lo-' i s  about t h e  same 

, 
I t  i s  d i f f i c u l t  t o  give an accurate  account of the a n e l a s t i c  be- 

havior. The r i n g  test  apparatus as p re sen t ly  used is  a r e l a t i v e l y  

"soft" t e s t  machine as compared wi th  test  machines using mechanical 

loading. Apparent a n e l a s t i c  behavior is introduced due t o  recovery of 

the  rubSer bag through which the  load is transmitted., A l s o  what may 

appear as a n e l a s t i c  s t r a i n  i s  the e q u i l i b r a t i o n  of t he  water i n  the 

pressure l i n e s .  Although estimates can be made of t he  various effec.ts 

by comparison of t h e  behavior of samples of d i f f e r e n t  materials, the  

p rec i s ion  of a n e l a s t i c  s t r a i n  i s  low for t h i s  test  technique. 

Eul and Woods ( R e f .  1) and Woods (Ref .  2 )  observed microyielding i n  

unetched specimens, but not i n  etched samples. There were, however, t w o  

22 



d i f f e rences  i n  the t e s t i n g  procedures and t e s t  condi t ions  used i n  the 

previous s tud ie s :  

(1) S t r a i n  s e n s i t i v i t y  was f i v e  t i m e s  g r e a t e r  

( 2 )  Specimens were s t r e s sed  t o  about twice the  l e v e l  reported here 

Although tens ion ,  compression, and t o r s i o n  (Ref. 1 ,2 )  t e s t i n g  a l l  

showed microyielding f o r  t he  unetched specimens i n  the  previous s t u d i e s ,  

t he  t o r s i o n  tests were t h e  most s e n s i t i v e .  I f  the  microyielding i s  a 

sur face  cont ro l led  e f f e c t ,  i t  would be more pronounced i n  a t o r s ion  tes t ,  

where the  stress gradien t  is zero a t  t he  cen te r  of t he  specimen but 

increases  t o  the  maximum value a t  the  sur face .  N o  such l a rge  stress 

gradien ts  e x i s t  i n  tens ion  tests. 

Comparison of the  present  da t a  does show discrepancies  w i t h  t h e  

previous r e s u l t s .  T h e e a r l i e r  r e s u l t s  f r o m  t o r s i o n  tests can be sum- 

marized a s  i n  Table 1. 

Table 1 

MYCROYIELD RESULTS OF WOODS (Ref. 2 )  FOR UNETCHED FUSED 

SILICA: ULE FUSED SILICA: AND GER-VIT 

, 
Materia 1 Approximate S t r e s s  to  Produce Approximate S t r e s s  t o  Pro- 

1 x Residual S t r a i n  duce 5 x Residual 
S t r a i n  

Fused s i l i c a  30 MN/m2 
(4350 p s i )  

50 MN/m2 
(7250 p s i )  

ULF, fused silica 30 MN/m2 50 MN/m2 

Cer-Vi t 20 m/m2 
(2900 p s i )  

40 MN/m2 
(5800 p s i )  

23 



A s t r a i n  of is only twice the d e t e c t i o n  l e v e l  used i n  the 

present  study; however, a s t r a i n  of 5 x lo-' would c e r t a i n l y  have been 

measured. Most of t he  t e s t s  i n  the  present  s tudy involved loading t h e  

samples to  34 t o  38 MN/m2 (5000 to 5500 p s i )  which, according to  the 

parevious r e s u l t s ,  is  not  q u i t e  s u f f i c i e n t  t o  produce a s t r a i n  of 5 x 

However, one unetched fused s i l i ca  sample (FS-11) w a s  t e s t e d  t o  

38 MN/m2 (5500 p s i )  and exhib i ted  no microyielding. 

V i t  sample ( C V - l ) ,  broke a t  about 34 MN/m2 (5000 p s i ) ,  again without 

microyielding . 

One unetched C e r -  

The normal design s t r e s s  l i m i t  f o r  nonmetall ic o p t i c a l  ma te r i a l s  

is  14 t o  17 MN/m2 (2000 t o  2500 p s i ) .  

for microyielding, but r a t h e r  as a s a f e t y  f a c t o r  t o  prevent f r a c t u r e .  

These l e v e l s  a r e  about 5% the  f r a c t u r e  s t r e s s  t h a t  was observed f o r  

samples i n  t h i s  inves t iga t ion .  Using a stress l i m i t  of 17 MN/m2 

(2500 p s i ) ,  no microyielding has been reported from any s t u d i e s .  

problem of microyielding is then important only i f  s t r e s s e s  g r e a t e r  than  

17 MN/m2 (2500 p s i )  a r e  appl ied.  

This  has been e s t ab l i shed  not 

The 

A mirror  i s  b e t t e r  represented by the  unetched sur face  condi t ion.  

The r e s u l t s  on the  t h r e e  nonmetall ic mirror  ma te r i a l s  i n  t h e  present  

s t u d y  a r e  i n  agreement w i t h  recent  work by  Goggin ( R e f .  5 ) .  He used 

small mirror  blanks 100 mm ( 4  i n . )  diameter f o r  micros t ra in  measure- 

ments on t h e  same th ree  ma te r i a l s .  The mirror  test  specimens were 

polished by  normal o p t i c a l  po l i sh ing  techniques.  T h i s  included sur face  

gr inding w i t h  var ious s ized  abras ives  followed by f i n a l  o p t i c a l  

pol ishing.  A l l  processes  were mechanical with no intermediate  chemical 

e tching t reatments .  The specimens had extremely smooth and f l a t  sur- 

faces ,  and w e r e  not etched before t e s t i n g .  The mir rors  were then 

stressed by bending t o  apply a t e n s i l e  stress t o  the  polished sur face .  

N o  microyielding was observed when sur face  stresses up t o  

69 MN/m2 (10,000 p s i )  were appl ied.  

tests was about lo'*. 
The s t r a i n  s e n s i t i v i t y  i n  these  

24 



Beryllium-Copper Alloy 

The r e s u l t s  observed f o r  t he  a l l o y  of beryll ium p lus  5 w t $  copper 

is  i n  c lose  agreement w i t h  previous t e s t s  a t  SRI on o t h e r  samples of 

t h e  same composition. Permanent deformations were f i r s t  measured a t  * 

24 t o  28 MN/m2 (3500 t o  4000 p s i ) ,  t he  specimen then showing sub- 

s t a n t i a l  deformations a t  s l i g h t l y  higher  s t r e s s .  This t rend i s  near ly  

i d e n t i c a l  t o  the  r e s u l t s  of Woods (Ref. 2 )  who tested a s i m i l a r l y  f ab r i -  

cated a l l o y  of beryll ium plus  0.2 w t %  i ron .  With the  i ron  a l l o y  the  

stress f o r  onset  of microyielding was about 10 MN/m2 (1500 p s i ) .  The 

e f f e c t  of t h e  a l loy ing  add i t ions  is  t o  r a i s e  t h e  c r i t i c a l  resolved 

shear stress f o r  s l i p ,  thereby increas ing  t h e  microyield stress of 

a l l o y .  

25 



CONCLUSIONS 

i. Micros t ra in  t e n s i l e  t e s t s  wi th  a s t r a i n  s e n s i t i v i t y  of 

5 x show t h a t  fused s i l i c a ,  TJLE fused si l ica,  and C e r - V i t  a r e  

e las t ic  when loaded t o  s t r e s s  l e v e l s  averaging about 34 MN/m2 

(5000 p s i ) .  

chemically etched t o  a depth of 0.10 mm (0.004 i n . )  and i n  unetched 

samples having mechanically ground sur f  aces. 

This w a s  observed both i n  samples whose sur faces  were 

2 .  These r e s u l t s  agree w i t h  previous measurements ( R e f .  1 , 2 )  

which showed no microyielding i n  etched specimens, but  do not agree  

w i t h  the  r e s u l t s  t h a t  showed microyielding i n  unetched samples. 

3. Microstrain t e n s i l e  t e s t s  ( s e n s i t i v i t y  5 x lo-') on a w e l l  

annealed, i s o t r o p i c  a l l o y  of beryll ium plus  5 w t %  copper showed zero  

micros t ra in  a t  s t r e s s e s  below 21  MN/m2 (3000 p s i )  but  showed a micro- 

s t r a i n  of a t  31 t o  34 MN/m2 (4500 t o  5000 p s i ) .  
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ABSTRACT 

Fused si l ica,  ULE fused si l ica,  and Cer-Vit a r e  nonmetall ic mirror 

mater ia l s  being considered f o r  use i n  d i f f r ac t ion - l imi t ed  o p t i c a l  sys-  

tems. A c r i t i ca l  property of mater ia l s  f o r  these  systems is a high 

microyield stress. Microstrain t e n s i l e  t e s t s  were made t o  measure the  

microyielding behavior of the th ree  ma te r i a l s  and these  a re  compared t o  

an a l loy  of beryll ium plus  5 w t $  copper. 

t h e  t e s t s  w a s  5 x 

The s t r a i n  s e n s i t i v i t y  f o r  

I t  was found t h a t  fused s i l i c a ,  ULE fused s i l ica ,  and Cer-Vit, 

having etched sur faces  behaved i n  an e l a s t i c  manner showing no micro- 

y ie ld ing .  T e s t s  on fused s i l i c a  and Cer-Vit having unetched sur faces  

produced similar r e s u l t s ,  i n  t h a t  no microyielding was observed. The 

samples were s t r e s s e d  t o  34 t o  38 MN/m2 (5000 t o  5500 p s i )  or t o  t h e i r  

f r a c t u r e  poin t  i f  i t  occurred a t  a lower stress. The beryllium-copper 

a l loy  showed a permanent s t r a i n  a f t e r  loading t o  above 21 MN/m2 (3000 

p s i ) .  

The r e s u l t s  on the  etched nonmetall ic samples agree  with r e s u l t s  

determined by previous s t u d i e s .  However, the  behavior observed f o r  t he  

unetched samples does not agree w i t h  t he  e a r l i e r  r e s u l t s ,  which showed 

microyielding. 
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