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This final report was prepared by J. Vaughn Hackworth and

Lawrence H. Kocher of Bell Aerospace Textron, Buffalo, New York
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Laboratory, Wright-Patterson Air Force Base, Ohio. This contrac t

was initiated under Project No. 73140 “Nonmetallic and Composite

Materials”, Task No. 7314007, “Coatings for Energy Utilization,

Control and Protect ive Functions” . T. L. Peterson , of the
Elastomers and Coatings Branch, Nonmetallic Materials Division

was the p ro jec t  mon i to r .
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SE CTiON II

EXPERIMENTA L INVESTIGATION OF RAIN EROSION OF INFRARED
WIND OW MATERIALS

A. General Experimental Details

The response of selected infrared tran 8m itting ma terial: :

to impact by a single water drop was determined using a liquid

drop generator installed in the AFML/Bell erosion facility . This

generator arid It- s operation have been described previ ously.

Basically, individual drop s of water are generated by gravity feed

at the end of a hypodermic needle . The size of the drop is governed

by th e b ore 01 ’ the hypodermic needle and the rate of drop formation

Is controlled by the length of the needle . For all of the stogie

drop experiments described in this report , 0,080 in. (:~.O mm)

diameter drops were used with a forma t-Ion rate of abou t one drop

per second .

The rotating arm with the attached specimen was brough t

“I’ to the selected veloc i ty before the drop generator was turned

on. The number of drops which ‘mp acted the specimen depended on

the length of time (number of :9volut-lons of the arm ) before the

flow was terminated . The size of the drops and their rate of’

Impac t - on a specimen at a given set of conditions were verified

periodically by tests with specimens of poly m ethy lmetharry lat-e .

I~x cep t fo r a series of tests to investigate the effe c t s of imp a ct -

t i ng l e , n u l l  specimens  were  Impacted  at  an angle  01’ L)C) degrees .

Th at  Is , t h e  su r f aces  of the spec imens  were  p e r p e n d i c u l a r  t o  the

t’ 1 ;ln l e of rotation of the arm .

The materials Investigated in t-he single drop e x p e r i m e n ts

tn - s~’iu d e d  the f o l l o w i n g:

(11 h omogeneous ma terials — :uinu ’ selenide , 7 1 1 n ’ sul fIde .

s i l icon , magnes ium f l u o r i d e , s pin e l ,  sa p phi r e , and n t
developmental fine-gra lned zinc selen lde .

(f’ ) A nt i reflec t i o n coatings applied to zinc’ sulfid e

and gns Ilium arsenide .

‘I 

~~~~~~~~~ ~~~~~_.. _,.
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~
) Bilayered specimens with thin zinc sulfide outer

layers bonded to cmi - ’ selenide substrates.

~~~~~~1 ~‘-Imul ated bimedia window specimen .

The nnu ltl ple drop experimentation included i n n p s n ~’t  l u g  c u t - ’
::s ’ l en’t i d e  wit i t  overl :s.pp ing  single drops to follow the progress of

eras ion d:sm:sge, amid exposure of severa l specimens to a small-dr~a 1
n’ss in l ’ield esj t’oI ;n Iiy designed and installed for this program . The
spec i mens exm auu ed to this rainfield included the following:

(11 Homogeneous materials - zinc selenide , zinc sulfide ,

and spinel .

(~‘ 1 A n t i r e f l e c t i o n  c o a t i n g  on z i n c  s u l fi d e .

(
~~ 

P i l ay e r e d  specimen with thin zinc sulfide layer

h onded to  a cin c se le rn i de  subs t r a t e .

tie -
~ Inc u’elenide and z i n c  s u l f i d e  spec imens  were

~aIvo r y s t - n l l i  tie and produced by chemica l  v apor  deposition . The I
s i l i co n , m ’ n g n t e s i u u r n  fluoride , and sapphire specimens were single

‘ryst~s uls . Ihe gallium arsenide specimen consisted of a few

e x t r e m e l y  l a r g e  g r a i n s  and can be cons idered  a single  c r y s t a l  w i t h
respe ct t a  he si ce  of the drops . ~- in g l e  c r y s ta l  sp inel  specimens
were used for the single drop experiments while both single c r yst a l
and ~- cti ,vo n’yu ;t :illIne , fusion-cast spinel were used for the rainfield

e xp en ’ i :nerst s .

All specimens were procured with a pol i shed f i n i s h
having a sc r a t ch - t o - d i g  r a t i o  b e t t e r t h a n  60_ 140 and a f l a t n e s s  of
‘I t o  

~~~~~~~~ 
They wer e norm a l l y  0 .875 I n .  x 0 .875 i n .  x Q,37t~ in . t h ick

(‘.22 cm x ‘ .22 cm x 0 .95 c m ) ,  except  for  the bilayered and bimed ia

s1-e~’lmens which were somewha t thicker , and the fine-grained zinc

se len ide  spec imens  wh i ch  were  t h inne r .  De ta i l s  of the b l l u n y e r e d ,
t~i rned~~s t , and f in e — g r a i n e d  z i n c  selenide specimens are inc luded in
the appropriate section [‘elow .
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B. Single Drop Impac t Experiments

1. Zinc Selenide

a. Effect of Impact Velocity

Specimens of zinc selenide were impacted with

0.080 in. (2.0 nun) diameter water drops at 300, 400, and 500 fps
(91, 122, and 152 m/s) to establish the damage threshold velocity.

Microscopic examination at a magnification of 135X disclosed no

evidence of damage on the specimens impacted at 300 or 400 fps (91
or 122 m/s); however, r ing frac ture patterns were found on the
specimen impacted at 500 fps (152 m/s). A typical ring fracture

formed by impac t at 500 fps (152 m/s) is shown In Figure 1. The

cr ack s penetra te d to a max imum depth of about 0.0016 inches

(0.04 mm ) based on their projected length on the plane of the

specimen surface at a magnification of 6)40x. This approximation

assumes that the cracks penetrated at an angle of 45 degrees to
the surface .

A fourth zinc selenide specimen was impacted

with single drops at 4~o fps (137 m/s) to define the damage
thresho ld ve loc ity to a narrower range. This specimen showed no

evidence of damage, so the damage threshold veloc ity for z inc
selenide is somewhere between 45o and 500 fps (137 and 152 m/s).
This seems abou t as close as practical to establish the damage

thres hold veloc ity because of the sta tist ical nature of the
fracture strength of brittle materials such as zinc selenide .
Frac ture strength, and there by damage thre shol d velo city, is

strongly dependent on the nature and the s ize di s tr ibution of
flaws present in the material.

Raising the impac t velocity to 730 fps

(222 m/s) increased both the number of cracks and their depth as

shown by the ring fracture In Figure 2. Attempts to examine the

cross section of the impac t site in Figure 2 were not successful.

5
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a. Unettnhed - M~g 1 lOX

~~~ , ‘:~~
b. Etched - Mag 440X

Figure ). cro~ Sectio n of Single Dro p Impa ct Site on Zinc Sclenide, 1 .00 in. (2.5 mm)
Diameter Drop Impacting at 730 fps ( 222  mI s).
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b. Transmitted Light

Figure 4. Damage on Zinc Selenid e fro m 0,080 in. (2.0 tutu) [)iamet cr Water Drop Impact at
I I  20 fps (340 ni/si. Mag , 30X
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b. Effec t of Impact Angle

Four z inc  se len ide  specimens were impacted
w i t h  0.080 in . (2.0 mm ) diameter drops at 730 fps (222 m/s) at
impact angles of 75, 60, 45 and 30 degrees , respectivel y. Tmpact

angle is d e f i n e d  as the angle between the specime n sur face  and
the velocity vector of the specimen as shown in Figure P . This

definition of impact angle neglects the contri bution of v e r t i c a l

velocity of the drop which is small relative to the horizontal

veloc i ty of the specimen since the drop falls only a few inches
before impact. - -

Micrographs illustrating the effects of

impact angle on the ring fractures are presented in Figure 7. The

ring fracture formed at 90 degrees is the same one shown
previously in Figure 2. The ring frac ture formed at an impact

angle of 45 degrees is shown at a magnification of 135X because
the cracks were not readily visible at the lower magnification

of 30X. No evidence of damage was detected on the specimen

impacted at an angle of 30 degrees . The top of each micro-

photograph as shown is oriented in the same direction as the top

edge of the specimen during the test.

The ring frac ture patterns at impac t angles

less than 90 degrees were circular and surprisingly symmetrical ,

although there was some evidence of more extensive damage in the

area toward the top of the specimen . This trend was most evident

in the f~-actures formed at an impact angle of 60 degrees . A

po lyrne t hylmethacrylate specimen wa-s subsequently Impacted at an

angle of 60 degrees to investigate further the effect of impac t

angle . The assymmetrical nature of the loads generated by impact

are quite apparent in a typical impact site shown in Figure 8a.

Both the inner and outer boundar ies of  the indente d area are
approximately circular; however, they are no t concentr ic as was
the case for Im pact at 90 degrees (Figure 8b).

13
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The effects of impact  angle on the r a d i i  of
t h e  annular areas of ring fractures on zinc selenide tire shown

in Table 1. As can be seen from the data ~n this t a b l e , t b o

i n n e r  r a d i u s  remains essentially constant while the outer radius

decreases significantly as the angle  of impac t  is lowered from
an~ degrees- to 11 degrees . The same trend is also apparent in

table 1 when the impact veloc ity is decreased from 730 I l - s

(
~ 

m/s ) to t
~Q~) fps (152 m/s) at an i m p a c t  angle of 00 degrees .

In t a c t , the ring fracture pattern in Figure 1 which was formed

a o. o8o i n .  (2 .0 mm) d rop  i m p a c t i n g  at  500 fps  ( l0 ’ m/ s ’~ and

t i n  - t n g I e  of 00 degrees is q u i t e  s imi l a r  to t h a t  in  F i g u r e  ‘ d
whi ch was  formed by a s im i l a r  drop i m p a c t i n g  a t  730 fps  (Z22  m/ s~
and ti n t i n g l e  of )

~o degrees . For the l a t e r  case , the com l -c -ne n t

of th e  c’e~~oc i ty  pe rpend icu la r  to the surface of the spec imen  is

~i6 fp s  (157’ m/ s ) .

The component of the velocity p e r p e n d i c u l a r
to the s u r f ac e  of the specimen appears to control the impact

damage , at least to a first approximation . This assumption was

subsequentl y verified by Impacting a zinc selenide specimen w i t h
0.O~3o i n . ( 2 .0 mm) d iamete r  drops at 630 f ps (192 m/s ) and t i n
i n n p a ~- t  ang le  of 550 degrees . As shown in Figure  0 , the r ing
f r a c t u r e s  o b t a i n e d  for  th is  case were comparable  to those
p r e v i o u s l y  01 t -t i ined  at a veloc i ty of 730 fps (222  m/s ) and an
i mp a c t  a n g l e of t~0 degrees . The component  of v e l o c i t y  perpen-
d i cu l ’ tr  to the  s u r f a c e  was 632 f p s  (193 m/s ) fo r  th i s  l a t t e r  case .
A d d i t i o n a l  e x p e r i m e n t a t i o n  is required to establish the usefulness

of this tt p p rox lnnni t ion , particularly for predicting the rate ci ’

transm itt ance loss in a rainfield as a function of angle .

2. Zinc Sulfide

F The single drop experiments on zinc sulfide

reported in Reference 1 were extended by impacting specimens at

1120 fps (3140 m/s) with 0.080 in. (2.0 mm) diameter drops .

17
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Figure 9. Similar ity of Damage on Zinc Selenide Impact ed by 0.080 in. (2.0 mm) Diameter Drops
when Normal Components of Velocity are Eq ual. Transmitted Light. Mag. 30X.
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Figure 10 comp ares the ring frac ture formed at 1120 fps (3140 m/s )
wi th  tha t formed at 730 fps (222 rn /a ) obtained from the prior
work . The increase in the extent of damage wi th  the I nc re a se I n
velocity is dramatic. Additional tests at (~30 and 

t t ( 0 fps

(192 and l7~ m/s ) showed the damage threshold  veloc i ty was  J u s t
below C ,7c~ fps  (175 m/s).

The ring fracture produced on zinc sulfide

by an Impact- velocity of 1120 fps (340 m/s) is similar in appearance

to tha t produced on the lower strength zinc selenide by a lower

impact veloc i ty of 730 fps (272 m/s’) shown previously in FI gure 2.
For zinc sulfide impacted at 1120 fps (3140 m/s), the inner radius

of the annulus of fracture was 0.008 in. (0.20 mm ’
~. The major

extent of cracking w a s  encompassed w i t h in  an outer  r ad iu s  ci ’

0.020 I n . (0.bO mm), although cracks were found out to a r a d i u s
of 0.040 in. (1 .0 mm). For zinc selenide Imnacted at 7~0 l ’i ’ s-

(2~2 rn/s ’), the corresponding dimensions for the annulus of

fracture were 0 .027 in. (0.18 mm’) for the Inner radlus,and 0.010 In.
(0.~48 mm ’) and 0.078 in. (0.71 mm

’) for the outer radii.

Figure 11 presents - the cross  s ect i o n  of ’ t h e

1170 fp s  ( 3)40 :n/s ) impa- c t s i t e  shown i n Figure 1 21— . The surface —

c racks  prctrtlg :i ted at an angle of  :tpproxim:t t eJ y 14~~~ degrees t o  a
m: t x ia ’ws - de th at ’ a p p r o x i m a t e l y  0. 005 in c h e s  (0 . 70 mm ’). The
S i m i l a r i t y b e t w e e n  the damage to :~inc s u l f i d e  t - a d r o t —  I :~ ) ‘ t~ - ’ i i

a t  110 f t - s  ( 3140 rn/a ’) and the damage to ~ in o  selenide P a d rop

i m i — t i c  t n~ at a lower velocity of 730 f r ’s  (722  rn/s i ago in
1 p p t t  r e n t  ~hen F ig u r e  11 is comn-ared to Fl gu e 3 .

-~. Z i l i c o n

7 t ’ec lmen s  of s ing l e c r y s t a l  s - i  ii’on were I r a — a c t e d  a~
000 and  l 1, ’7 fr ’ s ( 77-i a nd  ~

)
~2 m / s - ’ )  w i t h  0.2~O i n . (2.0 “ - “ ‘) d i a m e t e r

drops . ~~ i - ron -on In extirt i na t i on c—f t te spe c  r e  u I mt ’tt - ‘ I ed a 020

(2 7 ) 4  m ’s-) disclosed only the single c r a c k  shown In  Fl u r e  l2:t
;h e  damage th re shold  veloc i ty f ar  s i l i c o n  t a i l - t i c  ted with this -  s i n e

10
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- - .  - ~~~~ - -- - - .  -— - --



r ~~~~~~~~~

--
~~~~

--

~~~~~~~~

- - - - -

Fig ur e I I .  Cross Section of Impact Site in Figure 10. Mag. SSX
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~2.0 mm ) Diam eter Water L)rop.
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drc— r’ ap p e a r s  t o  be ol igh t ly  below 900 fps (2 7 14 m/ s ) .  A c o m p l e t e
r i ng fr a n  t ure  ~‘tt  t tern was formed by a s i n g l e  drop I m p a c t  i t t

i 1 ’ O f t — s  ( ~~~~) :ii/s-) as Illustrated In Figure 11’b . T h i s  ri nt:

f r - - i ’ ture i — a t  t e r n  i s -  ch a r a c t e r i s t i c  of the cubic c r y s t a l  n t run

of t~ 1 1 I co n . The face of the specimen is the (100 ) plane and ‘Ote

t r t t - t u r t ’s ret—resent cleavage of the (010) and (001) planes .

~~. Single Crystal Magnesium Fluoride

Figure 13 show s the ring fracture pattern formed
ott m-ig ne slum fluoride by impact with a 0.080 in . (2.0 mm ’)
d i a m e t e r  d rop  at 1170 fps (3140 rn/a ’). The pattern reflects the
c u t - ~~c c r v n t t t I lattice of magnesium fluoride . The face of the —

s-t- e clrn en is the (100 ’) plane and the fractures- are c leavage  of
the { 212 } and (001) planes , itS was the case with silicon .

The specimen had t een first impacted on the

op t— oni te surface with similar diameter drops at 900 fps (27L( :a~ s~
with no detectable damage produced . Additional tests were not  t
t - e r t ’o rated t o  e s t a b l i s h  the damage threshold velocit y. Ju d g in g
by the extent of the  f rac t u r e  in F igure  13, the  t h r e s h o l d
v e l o c i t v  )s r ’r o t - t i b l v  close  to , but somewha t less than , 1100 f s

(~~~~~
‘ - at “n ’ )  .

~t—Ine1

St— en :iiens of s I ngle c rys t al sp ine 1 of s to i ch  I omet i - ic
cOalpOs - It I cii ~, ~‘~g0 . Al~~0 ~ ) were impac  ted a t  veloc i t ies  of 1300, 1 ‘—00,

and  1 - ‘-—O fps- ~‘)t - , 14~~7, and 533 :n~’s’) w i t h  o .o8o In. (2 .0 mm~
d i a m e t e r  d rops . Examples of the damage formed at each v e l oc i t y
t i r e  p resen ted  in Figures  114a , b , an d  c . A single fracture was

d e t e c t e d  on the specimen impacted  it t 1300 fp s  ( 30t-t m/s ’) as

sh own in  F i g u r e  114 a . The damage th resho ld  v e l o c i t y  f or th i s
m a t e r ia l  can  t h e r e f o r e  be t a k e n  as 1300 fp s  (30~ m/ s ) - Figure 141 —
show s one oi ’ several  s i t e s  of damage formed by drop im p a c t  a t
l’ — OO fp s ( ) 4~~7 m / s ) . The frac turing a t  these s i t es  was considerabl y
more ex tens ive  than that formed by drop impact at 1300 fps ( 3c)t-~ m s - i .

I:
23
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Figur e 13. Damage on Magnesium I- luori dc from 0.080 in. (2.0 mm) Diameter Wa ter Drop
Impact at I I 20 fps (340 mIs). R ellecte d Lig ht . Mag. 30X
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a. 1300 fps (396 mIs) Impact Veloc ity.
Reflected Light with Nomarski Contrast

Figure 14. Effect of Impact Velocity on Ring Fract uring of Single Crystal Spine!
Impacted by a 0.080 in. (2.0 mm) Diameter Wate r Drop. Continued.
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Transmitted Light.

Figure 14. Concluded.
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Complete ring frac ture patterns were formed

n Im er i  t tn p : t c  ted at  17 0  fps (b33 rn/s) . ~~o s-unIt sit tn;

st ; ; l ; owti Iii 1- i g u re  114c . The penetration of the surface crank

a I I m p : t n  t S i t e  A Is shown by I rarismitted light In Figure l~~.

h i c; ! on I t s  p ro j ec ted  length  and the assumption tha t i t

p t tle t r t t  f e c  a t  14’~~ deg ree : mn ~- 1 c , the upper crack in Figure 1 1 t
n t - t i e  t ra t t - s -  t a i t  dep th of 0. 00L1~ (0.2 ~ mm) below the surface .

Sp i e l  bus a cubic crystal lattice and t h e

S p t ’ ’ i met :; we m •c or I ‘‘n t cii such tha t the ( 11 1. ) p1~ nes formed the

o u t  i - n  s - u r f - t~ ’e . The I n t er s e c t i o n s  of thc ( 100) cube  p l a n e s -

w i t  li t t t  sp ec  itit ’: surt ’:~ -e would t hen ex hi  h i t -  3 — f o l d  s y m met r y
su ch  i t s -  I t ;  - i t p t t m - e t i t  i t t  i i  I f e  A I n  l” 1~~i t r e  114c , Thus , t h e  t ’ranture

i t  1 i t t  t t - : i  r:; t h - n 1 c it \‘ a ‘ 0 ‘h e  n U  h i  c i t t  c i ’  p 1 a nè - I t  i t

1 1 1) t t n t - : ;  a r t ’ t i t ’ p nt  Ce ret a c Ic-i i-age planet; for- a p i  nel

l a n e s -  wet-c not i ’ ; t n o r a b i y  o r i e n t e d  fo r  c l e a v ag e

a & -cu r fr o m  I l i t  radial t e n s i l e  s t r e s s - e s  induced  b y  drop Imp act .

- S;t M h l  re

Sp e c i m e n s -  o f  single c ~ \ ‘S t i i l  sap phi r e were  Imp a c
- i t  i - n l c t ~- i t  l n : ;  i ’ l ’~00 , 17h0 , and  2000 f 1’s- (14 1,7, 535 , and ~~10 in s - I
w i t h  > .~~S0 I - . (7.2 mm) diameter d m a — i - c - . No damage was d e t e c t e d
c i ;  I H : - ~ i’ H ;e t i  i ttucin t ed ; t t  l hOO C i- ; ;  ~~~~~ rn/s . Figu re k - t i  sh ows-

t \  s - I t t : ;  at ’ d t c r’ i n w a nt  t t  1 St) ips ( ‘ H ~~ i t t / S I .  It is :tpp:trent

f m - c : ;  - 
- t - 

~ - ‘ :~~ c i a - i  n i t  ‘ r t n k I t i ~ it these sites th a t t i l l -  d am ag e  t h f- ec -

ho l i i  -1 cc v far :;i p 1— hl re I ;;  n o t i s -  I d e  rably I es-s  t h a n  ‘ ‘O  Spi
a : 1 .

t \ i i  a l m o s t - t u - —mp l t - t e  ring f r a c t u r e  formed by it

I a t -  - -
, - i  7002 Ct-: ; ( I  - 1 0 in ‘5 1 1 s- show n i n Fl gure i t — I — . C r a n k  c t n t

: a ’ , ’ t l  f~’ ttt;i a ; ’  four s - i de s - of ’ ;t  h c x : t g ~- :. i  I : ; h ; t i  t’ ii 1 - : t t  t i - n i t .  J— ’ i gu n t ’

I t a - s-how itt to hi r c xa tap I t’ o C d a u n t  gi- produced by a d rop I tapt i  n t ;t

~00 f ;  ;i -10 :n ‘i t  . he n r u - - k s -  ii t I ( t i  s- a It e a I no e x h i  h i  t t i e
( t n t - i - - t o l d  - t i -  i - v  at ’ a h e x a go n , a l t h o u g h  v - r a n k s  t i r e  j m - t - s - e n t  a t ;

an iv w a of ¶ H - s - i  x s I dci ; •
I
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Figure 15. Penetration of Cracks formed on Single Crystal Spin el by 0.080 in.
(2.0 mm) Diameter Water Drop impact at 1 750 fps (533 m/s).
Transmitted Light.
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The sapphire  spe c imens  had a hexagona l c rys ta l
l i t  I tnt’ and were reported by t he  vendor to have the n — a x i s -  i t t

; t t i  an g l e  at ’ t O  degrees from t he norm a l t o  the spec I men sur ftt-e

S i t — p h i  re p r e f e r e n t  l : t l ly  pa rt t ;  o t t  the { 10 11)  r - h o m b a h e d r t t  I p l an e t ;  -
!‘he I u t  er se - I ion  of these planes - w1 t h the  s-pen I me n su r fac e  wo uld
form a foreshortened hexagon be cause oi ’ the t i l t  01 ’ the n — a x  ~ .

The p a r t  i t t  1 hexagozt;t I p a t  te rn  formed by the c rack s  In Figure i t —I—
does no t  ;l I—t— ca t ’ to be p a r t  I eula n y  Co res -hortened . In fac t , the
t i n g l e s -  ot’ I ntersec t i on of the iilanes of the cracks  In  b o t h
Figure s  lt — l — and I t — c  a re about i - O  degrees w hich  I n d i c a t e s -  the
a 1—s -es -c e of foreshor ten ing .

F i n e—t l r a i ned  7111 c Selert ide

Frior s i n g l e  d r op  experiments had Indi cated that

much of the  su p e r i or  e ro s ion  r e s i s t an c e  of :~i s-ic sulfide as

conu a red t o  :~i n c  s e l en i d e  was a. result of the order of magnitude
smal le r -  g ra i n  s i ze  of the  z inc  su l f I d e .~~~ The small g r a i n s
w ou l d  l l m . t t the d e p t h  of t h e  c l ea v a g e  c r a c k s  because they m u s t
traverse gr a i n  bounda r i e s  and undergo  d i r e c t i o n a l  changes  In
n e i g h t - c —  r ing  gr a In s -  w h i c h  have dl  f f er e n t  c r y s ta l l o g r a p h i c
o r i e n t a t i o n s .  I t  was  conc luded  t h a t  the eros -Ion  r e s i s t a n c e  of

~ 1m ; c se le n i de  c o u l d  be I m pr ov e d  b y a reduc t i o n  of its grain size .

A d e v e l o t — m e n t  e f f o r t  to produce  f i n e  g ra i n e d  ;-Inc se l en ide  was
s u b s e q u e n tly  I n i t i a t e d  :i t - t h e  Resea rc h D i v i s i o n  of t h e  Raytheon
C o m p ; i m ;y .

Specimens of the i n i t i a l  f ine -gra ined  z inc
se lenide  p roduced by th i s  deve lopment  e f fo r t  were received for
eva lua t ion  by single drop Impact  t e s t s , These specimens were
0.1 11 — In . (~‘.95 mm) thick , as compared to the thickness of
0.375 in . (°.5 mm) for all prior  single drop experiments , so
compa rably thin specimens of standard grain s i z e  z inc  selenide
an d sta ndard zinc sulfide were Included for c omparison . Figure 17

com pare s the microstruc tures of the fine-gra ined zinc selenide

specimens to that of the thin , s tandar d zinc seleni de . The

33
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specimen from Lot ~ had an extremely fine grain size tha t could
not he resolved at a m a g n i f i ca t i o n  of l3bX . The specimen from

lo t 12 exhibIted it mixed grain size . The smallest grains were

n ot  as small as those of the specimen from Lot 1~ and the largest

gr:t i n s -  were not  as large as those of the thin specimen of standard

zinc se lemil de .

Ring fractures produced on the zinc selen ide

snec l inens b y l i n t — t i c  t w i t h  SIngle  0 . 080 in . (2 .0 mm) diameter drops

~ t -: ~~ frs - ( 220 rn / s a re shown In Figure i~~. The reduc t ion  i n

g r a i n  s l oe  ~:!~~n 1 f i c : u i t l y Improved  the erosion resist-atine Of - I n n
selenide as- - - i t t  be seen f — v  c o m par i n g  l-’ Igur e  I~~b w i t h  F i g u r e  l - ~ :t .
A l 1 of the r !i~~, fm - ic t u res  produced  by s- i ngle drop l mp ;t c  t on t h e

C l n e— ~ o-:t i -ted i t t - e n  I m e t i  fm - o t t i  l o t  — were less e x t e n s i v e  t h t u i  t h o s e

O i l  t h e  t h i  n , s - t  in ~ I : t  rd g r a i n  si z e  s p e c i m e n . -rhe depth of p ene —
tration of t h e  c s - t i c k s  was also decreased by the reduction in grain

s I z e  i t s  n a n  be seen by c ompar ing  the  pro~ ec t i ons  of the c r a c k s
under transmitted ligh t In the mi c r o p h o togr a p hs at 135X magni-

t ’ l c at l o n .

The Cine-gralned specimen from Lot 10 exh ib i t - ed
site — t o - s ite variat ion In damage co r r e spond ing  to the v a r i a t i o n
in gm- - ti n size . Come of the ring fractures -O i l  this material ,

e . g . ,  S i t e  A in Figure l8c,were comparable to those on the

s’cecl :nen from rot - o. Others , e.g., Cite I~ in Figure l~ c , wer e
more ex t ens ive  and compa rable t o  t hose  on the thi n , standard grain

s l oe  sp e c i m e n .  - 
-

I I  ~u r e  10 c o m p a r e s  a r i n g  f r t t c  tune on fine— grained ‘ -

~- 1  t i - - s-el e s - i d e  w~ t h  t h o s e  on s t a n d a r d  z inc  s u l f i d e . ~‘he : iy ve t ir au ’e  of

the f r - - h -  t u r - es were enhanced  by e t ch i n g  t he spec  I metis I n -a hen  t e d  - 
-

s-al ut - i on ‘~~n t  ‘i I n i  ng ~i0V by volume MCi In  w a t e r . l’he r t~s I s t~t s-ce I o

drL p im~—a t dit~s-tige of fine —gra l ned z i n c  se l e nid e  approached  tha t of

zInc s-u~~fide ; however , zinc sulfide was still s i g n 1 f i c~t n t l v  m ore
r e s i s t a n t . I’he I m p a c t  s i t e s  on f i n e — g r a l n e d  zinc ’  selenide

- i t t — C a  i-ed 1 e xh  I b I i t  grea ter n u m b e r  of c t - t i c k s  than did t h e

~ I i
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i mp a c t  s it e s  on z i n c  sulfide; however , the depth of the c r - t c k s

are comparable on both ma terials based on their p-ro~Iections in

~he :a icro ~~r i p h s  at 6~ OX magnification . If it is assumed tha t-

the nra-ks tire -i t an angle of 4h degrees to the s u r fac e , t hey
penetrate to a depth of 0.00O~ in. (0.010 mm ) in the fine-grained

sin - - selenide -and t o  a dep th of 0.00028 in . (0.007 mm) in the

z i n c  s u l f i de .

Interestingly, the ring fractured annulus on the

th i n s-~ -ind: t rd zinc selenide specimen (Figure 19a ) was considera~Hy

s ma l l e r  tha n tha t on a th ick  specimen tested under similar conditio ns
(Figure 2~~. A similar conclusion can be made for the -frt-intures on

the thin zinc sulfide specimen (Figure 19c ) versus the fractures

on a t h i c k  spec imen (Figure 1gb). The thin specimens of zinc

selenide and zinc sulfide were supported by back-up pieces of

polymeth~ imethacry 1ate (F~vU~lA) in the specimen holder which was - 
- -

des igned  for the thicker specimens .

It is not readily apparent why the differences in

t h i cknes s  or the FMMA ~ack-up would affect the ring fracture

pa tterns . For examine , the time for the dilatational wave

generated by the drop impact to reach the back face of the thin

srecimen would be 0.71 c-sec for zinc selenide (Dilatational w a v e

Cpeed = 1.360 x 10~ fps or 0.
L~ll x 10~ m/s). I t  would take an

additional 0.71 c-sec for the reflected wave to reach the f r o n t

f a c e . At a time of 0.71 ~Lsec after impact , the radial tensile

stress has alread y peaked and decayed at radial locations of less

than 0.050 in . (1.25 mm) from the center of impact (see Figure 72).
This is well beyond the value of 0.028 in. (0.71 mm) reported in

Reference 1 for the outer radius of the anriulus of ring fractures

formed by a 0.080 in. (2.0 mm) diameter drop impacting a t  7~~O f p s

(222 m/s). Thus, even on the thinner specimen , the ring fractures

are formed long before the effects of the impact pressure are f e l t
at the back face of the specimen.

) 4Q
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Differences In the material s- from which the t h i c k

and thin s p e c i m e ns  were fabricated could possibl y account for the

d i f f e r e n c e in s i zes  ot ’ the ring fractured annul i ; howevi-r , this

a p p e a r s  u n l I k e l y for two re:i sons. Fl rs t , the ml c rot; true t-u i - i - ; ot ’

the thin standard gr;i i t t  s-I ze zinc seleiti de and zi  ti c sul fide

s-pe - I rn en s -  were compa t-;ib 1 e to those  of t he thi eker s-pee I mens of e;t -h

ma ten a I previousl y tested and I t I logi cit 1 tha t. I he pen I m t ta I -

w o u l d  h ave  s-I nil T a r  response t,o drop  I mpt t c  I - ~ec ond , I he s-:1:;a-

et ’l’ec 1- of t h i c k n e s s -  w a s  a p p :t r e r i t  f o r  b o t h  z i n c  s c i on  I d i -  a r i d  s l i t  -

s-ui t’ide . i t doi~s- not seem p r o b : i h i i -  tha t t h e  same u n k n o w n  ma • i - ~~~ : i l

di t ’f e ren c e  b e t w e e n  the t h i n  a r i d  th in k spec i mens w - ’ i ild i i -  i -  t- - : i ’

i n h o t - h  ma t5eri :i I

The purpose  of t h i s -  ser ies - of I t-s - I s  was- t o  e v : i l i t  i t s -  
p

t h e  effec t of redueed grain s-i so for z i n c  s e l e n l d e  r u t t i e r  than

t h e  et ’ fec t of  s-p en irnen t h i c k n e s s  - Add It I ona 1 expe riment t ;  w i t - h
s -p en  Ps -ens-  f r om t l i e s - t i m e  i — t i  I ch of ma t - ct - Ia I tire r-equl red to es t :ii— l I s - l i
tie f i n i tel y I i s - i t -  t h e  observed  e f f e c t  01’ t h I c k n e s s -  I t -  real .

A t it I r et . I cc t- I a r t  - i~~ i t I ngs

A s - i ’  r I es- of’ s- I im ~~ le d i -op I n ip : i c  I experiment s- were

1 ’ t i at-med t o  i n v e s t  i 1 ’~a I t ’ t h e  r e s - p on s i ’  of t i n t  I r e t ’ l e n t  I o n  co:i I I n~ts-
a rp  I I i~-d t~ a -

- I n c  s -u I  f’ I d i~ and  ~t ; i  I I I urn : i r t a - n i  de . I h e  coa t  ¶ n~’, s- I i  i - I  t,~
j

l e t  ow w e t - tn -‘ i i  pil ed t o  four z 1 t i ~- s -u I  f’Ide sliei -l mt ,-ns i — v  i l o r i t - w e l  1 ,
1 i s - - . , who dt -v e  l o p e d  I l i t - r n  u m i d e  r A. l r l - o  r~- t -  c a n t  r a n  t . . ~~

• I : i  n I ha nu rn f l u o r i d e  (Ta 1- ’ ) m o n o l : iv e  r

• ~‘ i -  — d ’ m i  I us - i V I no  i - I  do (N d  I- :ttoriol aver

• Thor i urn 1 1  uot- i tie ( ‘ I l m I • ’ , ) m o n o  1:1 v o n

• I nn s - e l i  -n .i de ( ~1 r u i e r  ‘I and neod ym I um 1’ 1 t i c  ri de-

( o i i  Icr h i  layer (T hc e  ~N d F  , I

A ¶ t ’ ~~I’i t n t  t i r y  - o t t  1. 1  t i g  01’ u n k n o w n  t -omp o s -  I t  i no was- ap p l i e d  to one

I 111111 :1 r s - e t i  I de s-p en  i s - t i - r i  by l ine r h i— t. c , I t o-  —

It I
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~i i -  c L ia t -d spec linen m s were e xp o s e d  t o  1 !tI l ci ~ t by

C) _ O~~~ Iii . _ ) s-s-n i di :une t en w a t  or d r o p s  :i t  
‘ -;

~~~ f 1-i s - (2 ~~~ -n ‘: ‘t .

‘‘ ht- -. I no - s-ui  lid  t -  s-i’enlme n coa t ed with l a P  ~ showed rio e vl d t-i- - -i - of’

ica t i - i .  drt ’i Is - ti — ti c I damage  so a second  t i - s t  w a s  po rt ’ormed a r t  t h i t s

s- m t ’c Is - i i ’ m : . A c - - i  In , t o —  ev I d ens - - c a t ’ I ms -I — in ’ I d :im :ic-e was found - A l l
o t h t e m ’  s t — i ’  i s - tort s - tested Iii b oth s e r i e s-  of ’ e x p e r i m e n t s -  in  which the

I :il ” s - c a t  tal  s-p en  its-en was I mi ~- l uded ( l id  e x h i b i t  ev i d e n c e  of wu t or
d r — p  I ms-pa c t - Th I s s- ugge s- t 5 111:1 1 t h j e  T~~tl ” c ott ii ng somehow ç ri’v or 1

d - i r s - t i c - I ’  I ’ i- os-i w: i  t o  r d r o t —  i mj~:n - I - a  t -i() fps ( ‘:~~ rn/s I . c -u n  i t  t i

- -ann h i s  I on mirs - t h e  t e n t  :i  t ly e  s-I l i i ’O I t  I s  sti ll pos sible thu

t h e r e  - -on  I d  h a v e  I — e o n  a ma l f u n c t i o n  at ’ t h i t -  s-I ngle drop gem~e i - t i  tar

du r im i c-  b o t h  ( i - s - I  5 of ’ the i:il ” c o:i I i d  s- r~~
- l inen . A s- wi I i  h — c  P

dl s - - i  i s - s i - d  l i i  a s ub s e qu en t  se c t i o n  on r : i i n t f l e l d  e x p e r i m e n t s - , (lie

I - i l -  ~ ~‘o ; i t  ed spe cimen did not - ap p e a r  to  he m o n - c  er o s - i o n  resi s t : i r i t

t h i s -  tim -o tt I t-d : i n i c  s-ui t ’Id e  when exposed to a r t i i n f l e l d  e mi v i  i-o s-me ri t

RI  ri g t’ra s- tures  s - i  ml la r in ;ippe a  rance t i m i d  s - i  ze I ci
t h o s e  fc  ntned o m i  ur ic ott  t ed inc s-ui  f i d e  were 1’ound on the spec I mo n t

- — - i t  ed w i t  ii N di-  ~ a t ;  shown Iii Figure d. There appeared t o  he no

I as - s  — f id hen ¶ on a t~ t t i e  c oa t i m  c- a I t he i ni l —: iL - t s i t  e 5 . An e xtini p I e

~, t  t h e  I t s - p a t - I  s - I l  es- f o u n d  ott t h e  s i r s - - n u T  f i d e  spec i me n c o a t e d  w i t h

I s- ; hi oi-c n Ira } ‘~ c-ti re c- i  — The r i o ,  f ra n l i t r e s  in  t h e  Thi- 14
s - o tt t t t i c -  a t  I l te  t e n  ~ ~ N-k p o s i t  Ion are somewha t s- irs - i i s - n to those

t n  i-- n -d on tini’ ott t ed :- , its - - s-ui fide — A s-p i m~: i 1 pa I I em of c rti s-k I rag a I ’

( l i t -  s-oa t I t i c -  c a n t  he seen on t h e  opposi  I-c  s i d e  at  t h e  t ’o u r  a i c l L 1 k

I — o s -  I t  I c i — . T h i s  I ~-~—e of i — a t t e r n , found o n ly  cit  t he  spe t ~ Im en  s-os-  l i d

wI t-h ~i iI- )~ , rn :ty he rela I ed to t i - it’ ms-ce han I sin of grow t P of I-i t t -

~ o:i t I t ic- du r trig do pas I t  I on - I I . bea rs a re semb Ut r a ce  I a t h e  grow t P
of :i c r y s t  : i  I a round :t sc rew d i s l o c a t i o n .

Ot  i t e m -  examples of’ s- t—~ 
m l  c r a c k  pa t . t  erris on t im e

‘I hF1~ c oa t I t i c -  tire shown In F~i gu re 22. A port I on of the c aim t I rig

was a I so removed at ti-ic Impact . Si te shown I n Fl gu t-e c-c-it . No

evider-tee of damage to the zinc sulfide w :rt; appa rent tnt I he :i re - i

where the coating was removed . There were also o t h e r relat ivel y

L  - _ _ _
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large areas on the spec imen where the coa t ing has been remove d ,
suc h - i as are present-  on each side of the Impact site shown in

FI gure c- c- b . No evidence  of damage to the z inc  su l f ide  was found
In these large a re a s .

The ZnSe/NdF3 bilayer coating on sine sulfide

exhibited poor perfo rmance it s- Illustrated by the I m p a c t  s - I  te In
Figure 23. An annular a re a of the b i layer  coa ting  was  completel y
removed front the sine sulfIde :t t  each sit-c of drop Impact - The
NdF~ also adhered poorly to the c-uSe inner layer: c l e a n i n g  t h e
spec linen wit h t i  i s- t i ci sotip solu t Ion before I he microscopic

exams -i n a  I I ant removed is-os t a t ’ the NdF3 -

The r e s t — a r i s e  of t h e  :~r ac - e /Nd I - ’ -~ cci t t  ted s~i no s -u i  f i d e
w a s -  c o n s-  i d e r t i t — l y  di f t ’er e nt  t ’rom t h a t - of uncoti t-ed s i n e  s-u i  F i de ,
t i l t  h i cu c -h  s- nine i m p : i s - I  s - i  l o s -  h in d a few i soltt ted surf ace s -r a s - l cs

si r s -h  as -  ‘ ti n  be s- t- ’en i n  1 ic -tir e 2~ c . At-  f i r s t  c - I  a l i c e , t lie datnac-e

on the s - o t t  ted I n c  sir ifi de appe ared  to he s i m il a r  t o  I h at  on s l i t ’
selenide impact-ed under identic al conditions . Thi s  s i m i i i l t t r i t y
was i - : t r t l s - u  1 t in y tii— p are ni t at low i n t i g n i f i  cat i o n  u s i n g  re t ’l eeted
l i g h t w i  tb  No marsk  i c a r t  t m’s - st . h owever , ex ams - I n u t  i on :i I h ic- h e r

r n : i c - r i i  f i s - a l  ion e s t a l — l i  shed the  u n i q u e  h e h t l v l L -— r  oi~ I he c o a t e d  : l i t ’

su -i i’ide s-~— e - I men - i s -  i i  lus t r a t ed in  Fl gu i~~~ c-’i — Surface t’ea 1--u m - i — t -

th:t I look 111cc s - l I  ~ s teps  n e ar  I l ie  i n n e r  r a d i u s  of t h e  d a t n : t t -:ed
tire s- can i~e s c o t t  i t  Ft gu m - c  c-i t t —  — N o t h i n g  111c c t h i  S h o t s h — e o n  seen

1— efore on t i n  :- . i t s -  s u l f i d e  or : I n c  s-e l  en i d e  spec  I s -t en .  P i i t i t t t p i — i - t t r
0 — 0  r I  ng f t - t i c  tures t i  t os-er t n I c - I L I  t~h ca t I on (F  ic-ti re : s - 4:t 1 cols H

li ke i t - i  rr ow s- t r ’ ~— s of s-os-ic so-n - t of dep os i t on the t’. 1 nc s- i ;  I I ’  do
Surface when v I etced t h i  c-It em - m: igruifit -:t l i on (Figut-e :~~~c I .

i h i t ’ s - i t t  m eN ‘ct  t o r t  cou ti c - w i t s  r ets -aved l rc -;- , t i ’

c-a 1 I l t i t : ;  :t r : i - - , - I do ni- i - r a I a rge a n i r m u  i t t  m - r - ec -  ci i  s-u r r o u m i i d  i rag it -
s - I - t~~ ci  i t - - — ;  i ’ s - i - - i -  t t i n  t :  t o w n  I n 1- ’ Ic-tire 2 - ti  . N I I h  i t .  s- r i - c - i  an

i t t ’ r t -  s - u s -  t i  s - i t t — u  I em :ini t iu I us  I hat t i  I I’ I m’s - I i t - i - o t t  i-ed 1 s- I e t i  i - i  t ic-

t~ r ~
- t - i i  i - i - i - a  t I e m  • h I i — a  I t e r n  • sh own  a I hi ghe m s - t i  c - i t .i t I s - ti  I I o u t

I ra 1’ 1 c-ti  Si’ - ‘ —b . had t i n  u nu s u a l  a m-p0tu ma i t s -  e i m i d  did n o t  so s e t s - I  i i ’  

~~~~~~~
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Contrast. Mag. 40X Con t ras t . Mag. 40X
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i~ Si r -  No. .‘~ I ij iisniitti-d Light . Mag 160X

Figur e 23. Sites oh Impact of i Wa ter  Drop on tinc Sulfide wit h a Hh la ve red Aut irehl ecti on (‘nati ng
Consisting of an Inn er ta~ et of / inc Selenide -and an Outer Lr~ ’r of Neodymium Fluoride.
0.080 in. t2. 0 m i n i ) l) , ame ter I ) u op at 730 fps ( 2 2 2  mats).
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b. Area A at Higher Magn ifica tion c. Area B at Higher Magn if icat.oii
Showing Slip Steps. Mag. 620X Showing Strips ot Coat ing Ri’

masn inq on Zinc Sulfi de Sri . tact ’ .
Mag. 620X

Figt ir e 24. I)e arl s of Features Found at the Site of im pact of a Water  l)rop Oi l /inc
Sulfide wit h a H iI a~-~’red Anti re f le ct io n (‘eati ng Consisting ot ati Imi mie r
l ayer  of tinc St’lcnide and an Outer I a~ ci of Neod~ mfl iu mn t-Itioridt ’.
0 080 in. ~ 2.0 tu tu )  Diame t er Drop at 130 ills (222 in s)
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t h o s e  on un eour  t e d  c- t i  I l i u m  a r s e n i d e . ; u t l  11 is-n u t i ’ s - e n i d e  i t ’

cs - s - em i t i t t  ly a s-i ugle c rys- t a l  s-nd the nimtg frum s - i  t ;n - e s  l ’ n -os:  s - i  i - S

drat — impact e x h i b i t  c r y s t t i l  l o g r t i ph l c  orientation as- s-has-n

F I c-ur e - is- t a k e n  t’i-om Reference 1.

R ep i i c :t s -  of d rop  i t n l ’ u u c t  s- i  tes on t h e  s - o u t  cci

c-a! h is-n ttmsenl de were ex:tmlried in t t  transmi ssion elec t ran tt ti s - m-c —

s-c a t — c  - This  exits -ti m i t t  t I on d i  sc 1 os-ed t hut I t h e  p at  te rn -i was- st :mde ut
-of r e l at i  vely  long and nar row S tnt ps 01’ s-out t-i rag reins- I ni m i c -  o t t  his-
s u r f a c e  of t i i e  c - s - T I  lurn arsenide , rather t han c r a c k s  l i t  i t t ’ s-u r f t t -c

of tie gallium arsenide . l-~xs-mpl es of these st i - ips - t i 1-o s- lt as-il itt

he electron is-i c rographs in Figure 27. Ih e  presence at’ a r I m t c -
i —at I em it c otn t — r ’ i  s-ed at’ str i ps ot~ t h e s - o t t  1 h u g  I n  t i n t  unusa-t .i

t — h e r t o : n e i t : t  f c r  s - h i  s-h there is rio e x i — l u u r i u t  t I am ;  t t  l i i i 5 1 “ i.’ —

Figure ~o shows an interestI ng lts -t’ t ;c I s i l t ’ s-hero

tar-I I attn af the ant - i reflec ti on s - ou t  t im ig n e t s - i t t  ned bonded hi

c -t i  I I I t n t - . a r-s t- t t  ~i e su b s -  t ma te in the regi on at ’ hi c-hen r’ns-

s- t res s- es  he n - i  s-ic- p at  t e r n  formed or -i t i - m e g a l l  1 us -u - n - n o t  I ~i t  u - v
I lie n - i  r n - a s -  s - t  r i  u s  of c o a t i n g  s - t i n  I - c  Set ’tt 111 t h e  I l t  St ’ t ’ t t  Si - S  Ic t o ro

t h e  s - c ut I I tg s-t in n -c- saved 1—v t h e  I u — ic I . V x t t s - t i  i t i t  I s-u of I t - i I t I  t I O I

regi ons of the s - o a t  ~ ra g t m t  u . ’0X t t s - i g i t h  f i s - t i  I I o t t  wi l i t  ~ as- t t m s - k I s-an S s-

rc—s-e.t Ted no t’r t t s -  tures of the s-ott t lug i t s -  1 1 : 1 1 5  ~ r um cci i t  i - - t i r e  ‘2 .

}.
~i c-tire - s- shows a s- i t o s - i t o  n -c i —ti m I s- It o - - att it- 

hu t  s ets - a l ited 1—arided a t ’ t or a ci ra t - ~i su—tu s- t s - i s -  s - u i —  s-c t u o : t  I I \

t t  se.~ ct t d  d m a ; -  w h i c h  ¶ s h — t tc ted i u e t m r t — y .  i t e  n - i  t o  of it s ; - c at

n s-es -  and citat i t ;  s - i  t u u — i — e t i  rs i n  t he  - t i  u — c r  ml c -i t  — butt r t d  s - a r t  u r ’ n - s- f

i-i gure - • :\s- s - : t t l  1— c seen , the i~1 rag i—a I t  e rn at  I ho f i t ~:~ I d r a m -

1:n ;-tt ct s i te  l i - m d  n o t  formed I n  the  mi res- where I I t e  s - c u t  I tri g s - t t S  t a t

i-es-m oved l v  the  t I i- n t  i s - n—t u s - t

No evidence of Li tu s - It ig e I s -  I s o  gmi I1 I us-. a n t - e m t t  do s - - t n

f ound  dii r i  ng the  o pt  t e a l  and elec t ran s-tic ross-at—I c OXtls -t I i t s -  I t ot - , of

l s t p : u c t  s i t  es . he spe cim en was e s-t e d  a se c s - i t d  t i s - t o  I s -  a l  a

- c _i
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Figure 26. Ring Fracture formed on Gallium Arsenide by a 0.080 in. (2.0 mm) Diameter
Wate r Drop Impacting at 730 fps (222 mIs). Mag. 60X
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Figure 27. Electron Micrograph s of the Ri n g Pattern Formed at the Site of Impac t
of a Water Drop on Gallium Arsenide with an Antir eflect ion Coating.
a080 in. ( 2 0  mm) 1)iamete r Drop at 730 fps (222  m/s).
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Figu re 28. Partial Removal ol’ Coati ng at Site of Impa ct of a Water I)rop on Gallium
Arsenide with an Antiretl ect ion (‘oa ri ng. 0.080 in. (2.0 mm) Diameter
Water Drop at 730 Ips t 2 2 2  in ~~) .
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Figure 29 . Site of Impact of a Water Drop on Gallium Arsenide with an Antir eflection
(‘oating Illustratin g Formation of Incomplete Ring Pattern. 0.080 in.
(2.0 mm) Diameter Drop at 730 fps (222 m/s). Mag. 30X
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Site A - A R  CodtnIi g Sou nd wi- it-n Drop Impa cte-tI 
F

Site B - AR Coat ing Removed by Neun rby Prior Impac ts
betore Drop Impact ed

hiFigure 30. Sites of Impact of Two W ater Drops on Ga lliun t Ars enidewith an An t ir eflect ion Coating. 0.080 in. (2M mm) l)ianieter DropsImpact ing at 730 fps ( 2 2 2  m/s) Mag. 40X
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fractur es produced by a 0. 080 in . (2 . 0 mm) diameter drop impacting
at 730 fps (222 m/s) did not penetrate through a 0.010 in.

(0.25 mm ) thick layer of zinc sulfide.

This prior work was extended to include a decrease
in layer thickness and an inc rease in impac t velocit y. Four H

bilayered specimens were prepared with zinc sulfide outer layer
thicknesses of 0.005, 0.010 , 0 . 020 and 0 . 040 in. (0 .12 , 0 . 25,
0.50 and 1.00 mm) bonded to zinc selenide substrates . Lens
cement was used for bonding th e layers so they could be removed
in decementing solution after the impac t experiments .

The specimen wi th  the layer thickness of 0 . 005 in .
(0 . 12 mm) was impacted with 0.080 in . (2 . 0 mm) diameter water
drops at 730 fps  (222 m/ s) .  The ring frac tures appeared to just
penetrate the zinc sulfide layer as shown in Figure 31. Exam i-
nation of the back face of the laye r after it was removed from
the zinc selenide substrate verif ied thi s conclusion as show n in
Figure 32 . The large crack running across the impac t site in
Figure 32a re sulted from handling of the thin layer after it was
removed . Micro scopic examination of the front face of the
substrate after the outer layer was removed revealed no damage
to the zinc selenide .

The three specimens with zinc sulfide layer
thicknesses  of 0.010 , 0 . 020 , and 0. 040 in . ( 0 . 2 5 ,  0 .50 a-nd 1. 00 mm)
were impacted wi th  0. 080 in. (2 . 0 mm) diameter water drops at
1120 fp s ( 3)40 m/ s) .  The damage produced -by a single drop impac t
on the specimen with the 0. 010 in . ( 0. 25 mm) thick layer is shown
in Figure 33 as observed from the front surface of the specimen
before the zinc sulfide layer was removed . The extent of damage
on the zinc sulfide laye r as revealed by reflected light (Figure 33c )
was more extensive than that on homogeneous bulk zinc sulfide
tested under similar conditions (Figure l O b ) .
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Figure 3 1. Impact Site on Front Fa ce of 0.005 in. (0. 12 mm), Thick I ul\ - e’r of Z inc Sulfide
Bonded to Zinc Seknide. Surface Impacted by 0 080 in. (2.0 in n t ) Water L)r op
at 730 fps (222 m/s). Transmitted Light. 
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a. Transm itted Light. May. 30X
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b. Focused on Back Face. Reflected Li ght . May. 250X

Figure 32 Impact Sit e in Figure 3 I as Observed a ft er Removal of I he Zinc SulI’ide I ayer .
Mirro r Image of Figure 3 I 
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a. Transmitted Lig ht . May. 18X r, dilsrl - i i t t , ’ t I  I i~~l it Maq. 30X
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c. Reflected Light , May 30X

Figure 33. Impact Site on Fron t Surfac e of 0.010 in. (0.25 mm) Thick L~iyer of Zinc Sulfide
Bonded to Zinc Selenid e. Surface Impact ed by 0.080 in. (2 .0 mu ,) I ) i a mett ’r
Water Drop at 1120 fps (342 m/s). Contin ued .
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d. Area Outlined in Fig. b, Focused on
Front Surface . Transmitted Light . May. 135X
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b

e. Area Outlined in Fig. b~ Focused on
Zinc Selenide Substrate. Transmitted Light. 135X

Figure 33. Concluded.
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The outer ring of cracks in Figures 33a and 33b
appears to originate at the in ter face  and penet rate i n t o  the zinc

selenide substrate . This fac t can be be t ter  seen in Figure s- -~3d
and 33e which show higher magnificat ion micro g’~aphs of’ the a rea
outlined in Figure 33b. By f i r s t  focusing the microscope on the
front surface of the zinc sulfide layer and then on the z i n c
selenide at the interface , i t  was possible  to conclude Iha t the

cracks marked “ a ” extended through the zinc sulfide layer and
stopped at the interface;  c rac k “ b ” wa -s a shallow crack on the

outer surfac e of the zinc sulfide layer; and cr a ck  “ c ’ i n i t i at e d
at the interface and extended down into the z i n c  s e l e n id e  s u b s t r u u t e .
These conclusions were subsequentl y v e r i f i e d  t~y ex a m i n a t i o n  of the
back face of the zinc su l f ide  layer and the front - fa c e  of ’ t h e  z i n c
selenide substrate a f te r  the layer was removed . F I ~~ure 314 show s-
the same I mpact  s i te  as Figure 33 af ter  remova l of the  zinc sulf id e

l u t v e r .

The damage produced by a single drop Impac t on the
s- r ’ec lmen w i th  the 0 .020 in.  (0 . 50  mm ’) t h i ck  laye r is shown in

Figure 35 as observed from the fr ont  surf: ice of the sp e c i m e n  l’eI’on-e

the z inc sulf ide layer was removed . L’ ven a t  thi s increased
thickness , the extent  of damage on the z inc  su l f ide  l a yer  as
revealed by ref lec ted  ligh t (Figure 3 ’ui ’) was more e x t e n s I v e  t h a n
that on homogeneous bulk z i r -ic sulfide tested under mu i s - ul la n -

condi t ions  (Figure l O b ) .  F igures  3 1-cc :und  ~ cd show t h a t t h e  c n - : m c k m u
ha ve j ust  penetrated the zinc su l f ide  love r at  t h e  cut en - n - : m d l um u
of the frac tured area . T h I s  conc lus on w a s -  su h s e q u c m u  I I y v o n  f l e d
by examination of the buic k  face of the s - i n c  su l t ’ide l :uver u i:ud the

front  face of the zinc s e l e n i d e  subs t ra te  a f t e r  the layer wa s -
removed . Figu re 3t ’ shows the sor t ie I mpac t s i t e  mis F t  ~un- e ~~

- - un mu

viewed from the back face of the z inc  sufl’lde layer . 1- x ami -

n a t i o n  of the front  face of the s - I n c  selen ide sub s t r ot  e n - ev es - ’ ed
no evidence of damage . 
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a. Fracture on ZnS as Viewed from Back Surfa ce of Layer . b. Area Outlined in F igure a. At 1-iryher Maq~nticot on . F ocused

Mirror Image of Fi gure 33b. May. 30X on Back F ace. May. 135X-

- 

-

- 

- , _.% .
. -  - 

- 

- ~ 
~~

I

.
-. 

a 
- .  ) : W”, -

-
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Figure 34. Impact Site in Figure 33 as Observe d after Removal of the Zinc Sulfide Liver.
Transmitted Light.
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a. Reflected Light . May. 30X
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b. Transmitte d Light. May. 30X

Figure 35. Impact Site on Front Surfac e ot 0.020 in. (0.50 mm) Thick Layer of Zin c Sulfide
Bonded to Zinc Selenide. Surface Impacted by 0.080 in. (2.0 inm~ Diameter
Water Drop at I I  20 fps ~342 m-s1 .
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The damage produc ed on the specimen wi th  the 0 . 0)40
in.  ( 1 . 00 mm) thick layer is show n in Figure 37. The f r a c t u r e s
did  not penetrate the zinc sul f ide  layer . In fac t , the damage
produced on thi s layer was s i rmn l lar  to that produced on homogeneou s
b u k  zinc sulfide tested under similar condi t ions  (Figure l o b ) .

The zinc sulf ide layers on the three h ilayered
specimens impacted at 1120 fps ( 340 m/s ) and the 0 . 005 in.
(0. 12 mm) zinc sulfide layer on the specimen impacted at 730 fps
(222 m/s ) were etched in a heated solution of HC 1 and water
( 1 :1  by volume ) to reveal the grain structure . A r ange of
struc tures was found as i l lustrated in Figure 38.

The 0.010 in. (0 . 25 mm) layer (Figure 38a)
generally had uniform , small grains wi th a few scattered areas of
elongated grains . The average grains had a diameter of approxi-
mately 0.0002 in. (5 ~m) which was comparable to the grain size
previousl y found on all the 0 .375 in. (9 .5 mm) thick zinc sulfide
specimens previousl y tested .

The 0.020 in.  (0 . 5 0  mm) layer (Fi gure 38b) had
an unusual structure In which boundaries outlining large grains

appeared to be superimposed on a structure of smaller grains .
The large grains had diameters of up to 0. 002 in . (50 p.m i . The

0.040 in.  ( 1 .00 mm) layer (F igure  38c ) had a small grain size ,

although the grains were somewha t larger tha n those of the 0. 010 i n .
(0 . 2~ mm) layer. The 0.005 in .  ( 0 . 12 mm) layer had uniform ,
small grains comparable to those in the l e f t  hand microphotograph
of Figure 38a and so is not inc luded in the figure .

Except for the specimen with the 0.020 in.
(0 .50  mm) laye r , the grain s ize  of the bilayered specimens tested
as part of th is  program appeared to be normal. Thus , grain
struc ture did not appear to contribute to the enhanced damage
found on ei ther  the 0.005 in. (0 .12  mm) layer impacted at 730 fps
(222 m/s ) or the 0.010 in.  (0 . 25 mm) layer impacted at 1120 fps
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(3)4o m/s). However , the large grains of the 0. 020 in.  (0 .50 mm)
layer impacted at 1120 fps ( 340 mn/s ) probabl y contr ibuted to the
enhanced damage found on th is specimen .

The zinc sulfide layer of three b ilayered specimens
tested at 730 fps (222 m/s ) during a previous program ( R e f .  1)
were also etched to r eveal the grain struc ture . The 0.010 in .
( 0 .2 5  mm) layer had uniform , small grains c ompa rable to those
in the lef t  hand microphotograp h of Figure 38a . Grain structure
did not appear to contr ibute  to the enhanced damage p rev ious i ’,’
reported for th is  spec imen.  The 0 . 020 I n . (0 . L ,Q mm ) t h i c k  1 : n v e i -
also had uniform , sma 1 gr a I n s w i t h  occasional  roset tes  co-~ipon ~ed

of elongated grains . Th e 0 . 040 In. ( 1 . 0 mm) thick layer c o n s i s t e d
of areas of large grains I n te rm ixed  wi th  r e: of smLLll gra ins as

illustrated in Figure 3~1 . Th ese two t h i c k e r  layers had e x h i b i t e d
damage somewha t more extensive than tha t found on smn al l gra ined ,

homogeneous zinc sulfide tested under s imi lar  conditions.

The large grain structure found on some of the
bilayered specimens was not a result of heating in  the decem ent i ng
solution. Neither of the 0. 040 i n , ( 1 . 0  mm) layers was removed
before etching: one layer had re la t ivel y sma ll  gra ins  (F igure  ~~c )
while the other had a mixed struc ture wi th  large an d s m a l l  g r a i n s
(Figure 39). Of the four layers removed before e tch ing ,  only the
0.020 in. (0 .50 mm) layer (F igure 38h ) exhibi ted large gra ins .

The unusual grain struc tures must ha ve been
present on one side of the original 0 . 1?~ in . (3.2 mm) t h i c k
zinc sulfide plate from which the p ieces were cut  to pi ~epa r e
the outer layers for the bilayered spec imens . I t s  rand om
appearance in the etched spec i mens depended upon whit -h s i d e  of t h e
original laye r was cemented to the z i n c  se l e n i d e  and  how !nUi~h was
ground off to obtain the f i na l  layer t h i c k n e s s .

I



---

~~~~~~~

- , -

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - •
C - C. . -

~ 4 ~ - — 4 ‘C
- 

. • -
-. ~~ 

~~~~~~~~~~~~~~~ *
‘ ‘

~~ ( . . q P p~~~~

- 
\ . 4 .  .. 

~
. a

i ~~~~~~~~~~ .

Figure 39. Grain Structure of 0.040 in . (1 .00 mm ) Thick /~inc Sulfide Layer on Bilayered
Specimen Impacted with 0.080 in. (2.0 mm ’I l)iameter I)rops at 730 fps (222 m/s).
Layer Not Removed prior to Etching .  Mag. 470X.

7’

_____ ____
_ _  j



Regardless of i ts  or ~ g~~1 , the unusual grain
structure of some of the z inc  su lf ide  layers did not affect the

conclus ions  dra-wn from the r esul t s  of th is  series of experi men t s .
Zinc s u l f i d e  outer layers of 0 .005 and 0.020 i n . (0 . 12 and
0.50 mm) th ickness  prevented  damage to zinc selenide subn~t r :tte~
at impac t veloci t ies  of 730 and 1120 fps (222  and 340 m/ s ) ,
respectively. However , the f a c t  that  the r ing f r ac tu re s  d i d
completely penet ra te  the z inc  su l f ide  layers at both  o~ these
cond i t ions  proved tha t the in t e r f ace  a f f e c t e d  the response of
the specimens to drop impac t .

The maximum penet ra t ion  dep th of r ing  f r a c t u r e s
formed on bulk , homogeneous z inc  su l f i de  by the impact - of a

0.080 in.  (2 .0 mm) d iameter  w a t e r  drop at  730 fps  (222  m/s ) w:n~
previously estima ted to be 0. 0003 in .  (8 iim ) based on the

projected image the cracks  made w i t h  t r a n s m i t t e d  light . This is

only 6% of the th ickness  of the layer which  was pene t r a t ed  unde r
comparable condi t ions . The maximum dep th of r ing  f ractures
formed on bulk , homogeneous z inc  su l f ide  by impact- of a similar

drop at 1120 fps ( 340 m/s ) was measured to he 0.008 in. (0.20 mm).

This is only )40% of the t h i cknes s  of the layer  w h i c h  was p e n e t r a t e d
under  comparable condi t ions . This exper iment  demons t i -ated  the

poten t ia l  of the bonded l ayer  app roach ;  however , the outer  layers
must  be s u f f i c i e n t ly thick to e l imina t-e e f f e c t s  of the in t e r f a c e .

10. Bimedia Window 
C

As described above , the b i l a ve  red approach is a way

to improve the erosion resistance of an o therwise  d e s i r a b l e  infra-
red window mater ia l .  A var ia t ion of th is  h i l aye red  approach i s  t h e
bimedia window where the th in , erosion re s i s t an t-  ou te r  layer is  not
cemented direct ly  onto the subs t ra te, bu t  is sepa ra ted  from I t
by a layer of l iquid.  The purpose of the l i qu id  is to m o d i t y  the
pressure which is t ransmit ted  to the outer layer  during the impac t

of a water d rop and, thus, reduce damage to this layer.
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The f e a s i b i l i t y  of the b imedia  window concept .
was invest igated us ing a simula ted bii r iedia specimen w h i c h  had a
sof t , pol yurethane elastomeric layer to s i m u lat e  the liquid .
The specimen consis ted of a 0. 040 in .  (1 .0 mm) thick zinc ~u l f i d e
outer layer and a 0.375 in. (9.5 mm ) thick zinc selenide substrate

bonded togethe r wi th  a 0.080 in.  (2 .0 mm) thick layer of poly-

urethane rubber.  The outer layer of z inc  s u l f i d e  used fo r  t h i s

b imedia specimen had been removed in decementing so]ution from
one of the bilayered speci mens wh ich  had not been t e s t ed .  The
bimedla spec imen was prepared and tested before the zinc su l f ide
layers on the bilayered spec imens were etched to reveal the
unusual gra in  s t ruc ture of some of the layers as d e s c r i b e d  In  the

preceding sec t ion .

The s imula ted  b i m e d l a  spec imen was impacted  w i t -h
0. 080 in.  (2 .0 mm) d iameter  drops a t  730 fps  (222 m/ s ) .  Figure h O

compares a typical  r ing f r a c t u r e  formed on the outer laye r of
the bimedia specime n w i t h  one formed on a 0.375 in .  ( Q . i~ mm )
thick , homogeneous zinc su l f ide  specimen . The annular  area
encompassing the ring f r ac tu res was smaller  on the b i m e d i a  window
specimen . The r ing  f r ac tu res  or-i the himedia window spec imen were

quite  s imi lar  in s ize and appearance  to those formed previously
on the th in  specimen of zinc su l f ide  w h i c h  was hacked w i t h  FM~4A
during the test  (Figure l9c ) .

Etching the bimed ia specimen in  a heat -ed s o l u t i o n
of HC 1 and water (1 :1  by volume ) revealed tha t the  z in c  s u l f i d e
layer had grains wi th  diameters as large as 0 .OOln t o  0.00IC1 In.
(40 t o 50 ~m) as show n in Figure )41a . The g r a i n  s i z e  of t h e  0 .~~7
in. (9.5 mm) th ick  su l f ide  specimens  had pre v1 ou ~~ly been found  t o
be general ly smaller  in diameter  than 0 .0004 I n .  (10 ~t m ’i . ‘l’h e
bimedia specimen would he expected to s u f f e r  les~- damage ( f ewer
and less ex t ens ive  c r acks )  than  shown in Figure  140a I f  ( -h e g r a In
s ize  of the z inc  s u l f i d e  outer  layer  were  sma l ler.  The b i m e d l a

approach demons t ra ted  s u f f i c i e n t  promi se  t h a t it should he

inves t iga ted  f u r t h e r .
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C. Mult iple  Drop Impact Experiments

1. overlapping Single Drops

Once 2ormed by impac t of a single d rop ,  r 1n~
frac tures on z inc  selenide , z inc  su l f ide , and ga l l i um a r s e n i d e

were found to be s u r p r i s i n g ly r e s i s t a n t  to a d d i t i o n a l  damage f rom

the impact of a second or th i rd  drop whose r ing f r a c t u re d  are a
overlapped that of the ~i r s t . ( 1)  An example of this resist-~nice

is shown in Figure 42 which  is a cross sect ion of o ver i a p~~ing

doublet r ing frac ture s formed on z inc  selenide by two 0.100 i n .

(2 . 5  mm) d iameter  drops impac t ing  a t  730 f ps (222 m/s). The

specimen which  was cross sect~ oned was from the p r i o r  work
described in Reference  1. i t  is not  known w h i c h  im p a c t  occurred

f i r s t ;  however , as can be seen , the cracks  i n  the reg ion  of
overlap are not appreciably deeper than  those  at -  t he  o p p o s i t e  

F
sides .

As part of the cur ren t  program , an expe r imen t  was
performed to inves t iga te  in more de ta i l  the progress of damage t o

zinc selenide as addi t iona l 0. 080 in. (2 .0 nun ) d iamete r  drops
impacted the same area at a velocity of 730 fps  (222 m/ s ) .  For
this  experiment , the specimen was exposed for  a sequence of Ion~
increments of time to the envi ronment  created by the s i ng l e  d r op
generator. Photographs were taken of several  preselec ted areas

a f t e r  each inc rement of exposure . The progress of damage a t  one

suc h area is shown in Figure 243.
Figure 43b shows an area where r ing f rac t u r e s  f rom

four d rop impacts overlap . These f r a c t u r e s  are numbered in  the
micrograph made w i t h  t ransmi t ted  l ight . No e~iection of material
to form a surface p i t  had occurred where the  fou r r i ng  fr a ctu r e s
overlap. Figure  143c shows the same area a f t e r  a f i f t h  drop  had
impacted the same location:  s t i l l  no e jec t ion  of m a t e r i a l  had
occurred . As the number of exposures to the single drop environ-
ment increased , new impac t si tes could be seen to form in areas
where previcxisly there were none;  however , i t  was  imposs ib l e  to
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determine how many impact s had occurred at a given location onc e
the entire area became covered with overlapping impacts . The ring

fractures formed an approximate close-packed , hexagonal array

which Is apparent in Figure 43g. This pattern predominated with
l i t t le  change in appearance as the number of drop impacts increased
during the f inal  increment of exposure (Figure 4 3h) .

Figure 44, microphotographs from another  area on
the specimen taken af ter  the la t te r  increments of exposure , also
shows the formation of an approximate close-packed , hexagonal

arrange of ring frac tures . From an exposure of 140 minu te s
(Figure  244b ) to an exposure of 290 minutes  (Figure 4 )4 d) ,  t he on ly

change in this pa t tern  appears to be an increase in subsur face
damage . This is evidenced by the general decrease in t r a n s m i t t a n c e
visible in the lower lef t  corner  of the microphotographs  taken
w i t h  t ransmit ted l ight .

This series of overlapp ing single drop experiments
wi th  z inc  selenide demonstrated tha t  an area covered by an initial
arra y of ring f rac tures  responds to subsequent  drop impac t  in a
manner completely d i f f e r en t  from tha t of the i n i t i a l  undamaged
surface . Once a crack pat tern  has been formed , s t ress  wave
propagation in the material becomes extremely complex. Then,
impact  energy appears to be more readily absorbed by ex t end ing
exis t ing  cracks rather than forming new ones . This  would account-
for  the increase in subsurface damage shown by the sequenc e of
microphotographs taken w i t h  transmitted light in Figures  44h , c ,
and d.  The microphotograph s taken w i t h  r e f l ec t ed  l igh t  show only
the in tersect ion of the ring frac tures w i t h  the spec imen sur face .
It is d i f f i cu l t  to detect any inc rease in the surface damage of
the area shown in the lower lef t  corner of the reflected l i g h t
microphotographs in the sequence of Figures 244h , c, at-id d .
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.‘. ~nta I I Drop Ha t o t ’ I e 1 ci

C a l l  br a t I ot t

1’lUiflt ) i U~ I t i~ t :i 1 l ed  t o  1 i ’ d u 1 ’ e ’  tn~t I 1

d rop ra lnt ’ le  Id i i i  t h e  AFMIJP e I i  e ros  ~~ r~ c l i t  y .  (~~ t o  I h i

t I me , t he  ra I n f l  ci ci I n  t he t ’~t o  I i i  t v had n tne: i  ci ci I ni t ’  I t ’  r
o t ’ 0 . ~i’0 I n  - 1 . nun and a i’: I ci t ’a 1 1 r~i I e o t ’ 1 • 0 I i i  Ii  r ‘ r
T h I s  r a t n t ’ i el d , h e r e af t er  ret ’e r red  t o  ~o; t h e ’ :~t : e t t d : i  rd i ~I o t t ’ ’ ~J
j 5  p r oduoed by fo u r  r io : ~ .‘ ~e~i in outi  t ed i i i  ( l i e  ~ ‘ t ’t t e’ r o I t h t ’  ~

‘ h:unht ’  r • ‘

~~~

as t o  ~;pray up and ou t  I n  a r a d i a l  d l  ret ’ t b i t  t ow: t  rd I l i t ’ w~ t I 1~ c i i ’

the  ‘hamt’e r • The small! d rop  ra 101’ e I ci, ci~ I he ot . he ’  r h n i i d  •

produ( ’ed by e i g h t  noz :~ 1 t’~.; equa l I y sp~ioed round a I r~~u I r L

m aul  f o l d  w h i o t i  i~ .‘t t t a ~’ht ’d t o  t h e  w a l l  ot ’ t h e  t ’ t i a mt e r .

1’a~’h iio~~ le  ha~i a ~o l !en o i d  o t i — o t ’t ’ va l ve . I ntu I t  ie ’ 1 ’t i ~; 
~h ’ t u :i t o n

ill

o t’ these  va i v e pe rut ! t the  rap id bu I 1 ci — u~ ai ni t t’ ru t  I i i~ 1 1 o t t  1’ t t a ’

r ai n t ’ ie ld  tha t t~ r e q u i r e d  t o  f o l  1.ow the  ro~~r e’~~~ ol ’ t ’ro~~t on

du r I ng a se~iuen~’ e ot ’ s h o r t  expo sur e  t Ime~ .

1’he ~nia 11 d rop  r~i I ii (‘1 e Id  w~t ~‘: i  I t h  i~~ t e d  t o t ’

drop s i ze  t ’v m e a s u r in g  I he ’ d i a m e t  er~; of ci rop~ ~‘~ I i ’ t  ur ed  l i i  p e t  r I

ci I she s d I ~; t r i  bu ted th roughout  t l i e r~’ I nt ’l t’ I ci i i  ( l i e ’  ‘a ( I i  ‘t ’

spel ’ Im en  r ot  ~t ( 1  ot t . These d l  ~t ie~ 1 ’ o i ’ t  ~i l ned t w o  I : ty  e ’ r~~~~ot ’ o l  1

the  bo t t out laye r had n i ;p t ’ t ’ i t ’ I ~
‘ ~ rn v i  t v ~‘, re : i  t t ’r I i t  . o ~ nd t he ’

toi’ layer  had a spec I t’l c gra v i  t y 1 e’~~ t l i t i  i i  . 0 . ‘~~:i I e ’ t ’ d i ’~ ’~~’~~

t rapped  be tween  t hese  t w o  l ayers  re t  ~i I t i e d  t l i e t  r i~p l ie ’r I~~’ i  1 ~~t t : t b ’ t ’

and the d l  ant e t e rs o on d he re ’a ci I I y mcii su red . I t  i t’ ci I I r I i i  I I ‘ i t

of drop si ze p rodue ed by th .1 ra l i i i ’ I e Id I hown l i i  i I gu i s ’
The drop dl ante te  rs had t in  a I uto n t . i t o  r un t  1 d l  t r t  t ’u t I on w i t  I t  ~s me:l  i t

d i a m e t e r  of ’ 0 .0 ~0 l i i .  (0 . ‘,‘‘~~ mm • The r a t  i t t ’ :s I I r :t t e I t h e ’  t ’ l ow
set t I ngs used t o  prod u~’ e t t t  I n  d r o p  I .~e’ w~t 0 . ~ l i i  i’ 1 . C ~‘ u  h r

b • Frosi on of I n c  ~ eI en I cli’ ~ind ~ I t i ~ ’ ~u i t ’ I de ’

~ pe c imens of ~ I n~’ ne ’ le n t  de ~s id .~. I t ic nit l t ’i ds ’
we re exposed to  the sma I~ —ci rop ra l o f t  el d fo r  ne ’ve r i  I t i t ~’ r emet t
of t ime at  7 ~0 fps ( ‘.~~.

‘ rn/s ‘I to cha rac te  r i  ~‘t ’  t he I rog re ’n 0 1 ’

damage . Cumula t ive  exposure t imes for  the ~~. t i i ~’ ne’ I ccii de’ npe ’~’ I n ie’ i t
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were 25, 60 , l~ u , 150 , and 180 seconds . Cumulat ive exposure t imes
for the more erosion resistant zinc sulfide were 6 , 12, 15, and
18 minuteS. Before the tests, and after each increment of

exposure, transm i ttanc e of the spec imens was measured over the
wavelength range of 0.5 to 2.1 i.~m with a Cary Model 114 spectro-

photometer and over the wavelength range of 2.5 to 20 p.m with a

Perkin-Elmer Model 621 spectrophotometer . Photomicrographs were

also ob tained after eac h increment of exposure . The tests were

term inated when the t ransmit tance at the lon ger wavelengths
dropped to below 50 percent .

The effects of ra in eros ion on tran sm it t ance
between 0.5 and 2.1 p.m for  t he two mater ials are shown by the
curves in Figures 46 and 47. Loss of transmittance at the shorter

wavelengths, e.g., 2.0 p.m, appears to start off at one rate and
then change to a greater rate as cumulative exposure time increases.

Of course , the rates are different for the two materials , but both
show the same trend . The change in slope is particularly apparent

for zinc selenide (Figure 46) between cumulative exposure times
of 60 and 120 seconds . Unfortunately, a cumulation exposure time

of 90 second s was eliminated because the transmittance had not

decrease d very much after the f irst two inc rements of exposure .

A similar change in slope is apparent for zinc sulfide (Figure 47)
between cumulat ive exposure times of 6 and 12 minutes.

The effects of rain erosion on transmittance

between 2.5 and 20 p.m for the two materials are shown by the

curves in Figures 48 and 49. Examination of the curves in

Figure 48 discloses that zinc selenide lost transmittance at a
slower rate at wavelengt hs between 10 and 15 p.m than at wave-

lengths between 2.5 and 9 p.m. A d i s t i n c t hump in the t r ansmi t t ance
curve had developed between 10 and 15 p.m af ter a cumula t ive
exposure of 120 second s. Zinc sulfide (Figure 49) did not exhibit
this phenomenon . There is also evidence of an incubat ion  period
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before  loss of t r an s m l  t t an c e  at  t h e  longer  w a v e i e n g t  t i n , l~ t r t  Iou-

l a r l y  fo r  :‘~t n c  n u l  t’id e .

The ourve n have been r e p l  01 t e d  I n  I i  gure ~C

t o  nh o w t ransml t-I :iric e at ‘ p.m arid 10 p.m v e r n i i n  oumi t  I t t  I l y e ’
exposure  t i m e  so t h e  t r e u dn  di  n c u n n e d  above  a t -c  more  i p p a r e t i t

F 1 gure 11 p resen  t n  t’or comp a r I non n Intl I a i’ p I ci t  of  do Its cl I: s I ned

f o r  In c  sul! t ’1 de d u r i n g  p r e v i o u s  expe  i-I  men I s .1 11 1 he n t a  n da rd
r a t  t i r i e ’ l d . ( 1  As c : s r i  be neen i n  1” 1 gure I I I , I r : t n n m l  I t o r n - c  :i I

- p .ni bega n t - o ci t’ I ’ re:i se I mated I a tel y upon cx I’~ ~n u re’ t a t h e  I a t id t i  rd

i’a l i i i ’ I c  Id  and  c o r i t  I rui ed t o  dcc re u se a I I I  n e ar  r at  e —
ex t ended  I ncu h : t  t. I on per  I od e x t  n t e d  be t ’o i-c  i o n s  ci - t r : snnn t  i t  I a I I I ’ e’

l I e ga n t i  t i_ U lint . 1’ r ann tn l I to in ’  e 1 on S a t - 1 0 I 1 i ~ a pp~~~i red to l’e

c:i u~~e ’d by the fomma I I o n  mid grow l ii oI ’ l ar g e  su r f a c e  p1 I n :  I

I n c u l c t  I I on p e r i o d  w :is  o sn oc  Ia  I cci w i t  bi I-tie I l u t e ’  re iu l r ed t o

two 1 e:i t e’ these p I t  s - (
10 I he p r evi  cnn e x p e r Im e n t  I n I i i  t h e  n I : s t i d a r d

i-a i n t ’ I e l  ci , damage  1 o in c  sd en id ’?  had occurred  a t I on ~I rca 1 a

r a t e  t o  o b t a i n  t h e  number  ot ’ e xp o su r e s  l I e I ’e n s a  rv  l o t -  r e l : t t  I i l l - :

ons  of I r a n n m i  I I o n c e t o  eros I o n  d : IT I I : I g e . It w:ts a n s t l u l e d  I ha I

e x c ep t for  a d i f f e r e n t -  t i m e  54 ’:S le , Inc s ’ I en I d e  e x t one ’d 10 t h e
sinai 1 d r o p  ra I n i t ’ I e I ci W O U  1 d cxlii b I I  h e f t s  v I or  n I t t  I i  a t ’  I ~- I Ito I

fo u n d p r ev i o us  1 y f o r  :~I n 4 ’ nu .i I’Ide expo sed  t o  I he ’ n I : t i t d : t  i’d n ’ : t  I n —

I ’i c i  ci • C ompa ri son ci’ F i g u r e  ICI I w i t h  1’ 1 ~~it  me  0 n I t o w s  t b - t i  n
o l v i otis  ly was  n o t  t h e  cas e , T h e  h e l t a v i  or  o f  ‘ 1 n t ~- n o  I Cl  d( w:nt ;

,‘ \rs ’ i l  dl ft’eretit in I lie t w o  ra I of I e ’ i d s  :ss c o l t  1w see r t  I v  ~-o m i , t  i - i

i gu i -c ’  I 
~~~~ w I I i i  i’ I gu me 1

I h o t o in i I ’ rogr:iphts C I t  I he I w o  n t ’e ’ I 1 t e I I t ~

xp osod  t o I he nina I i  ci r ap ra t n t ’  I c  I ci a me ~~~~~~ t t  cci I i i  1” 1 j- ’ I l t  r t ’n

and  ~. These t u b  n ’ o g r a i - h i t ;  show I I n t l  I r a n s u t  I I I :1111 - c ?  I o n s  I c r  1 1 w

I cog wo ve leitg thto w:nt-~ not  u n s o c i a l  cci wit hi t itriti c e p 1 I t , ~ u r t : s I ’e

I’ we~’e t i o l  51 ~~I11 1 1  ~~~ ~ n 1 ~~‘ n e l e n i  I dc ’ a t ’ I  cm :s c - t o n - t i  T a t  I Vt ’

exposure  ot  1 ’ C  s econds  F l  gure  11 ‘ I’ h ow e v e r , I ,‘:tntsmb It on c e ’ :11
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Figure 50. Transmittance of Zinc Selenide and Zinc Sulfide Vs Exposure Time in the
Small Drop Rainfield at 730 fps (222 rn/a).
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Figure 51. Transmittance of Zinc Sulfide versus Exposure Time
in the Standard Ra intield at 730 fps (222 mIs).
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Figure 55. Comparison of Damage Produced on Zinc Sulfide by Small Drop Rain l ’ield
and Standard Rain field. Mag. 30X.
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the specimen exposed for 30 seconds in  the  standard r:t l ntl ’leld .
Transml t tanc e lass  was c ompa u - nh  le i’o r b a I t :  s pe1’ I mt - n  :5 i t s  shown
by the data  in  I’able  ~~~. Figu r e 1 , t~ co m par e s  the S I n t o  nu~ C i d e

specimen exposed fo r  1 I~ m inu t en Iii the sm-a I I  c i t -at- i-a I of I old

w i t h  the  spec linen exposed for  ~~-_ 1/ 3 m i n u t e s  ( ~ . 0 sc4 -a::do 1 i t t

the s tandard  r a in t ’ leld .  A g a i n , as shown by the cia I a In laf to

the t ransin i t t  anc e loss w as  c om~— : c r ub le  f or  L ’ at  Ii s pcI ’ I t rio n :: - 1::
genera l , the small  d rop n’a i n t ’i e I ci p roduced ma u ’e ox t cit s I y e : i t  S t t ~~~’ : cc
damage than d i d  t he i t t  rge r d ro t ’ s I :cnd :s rd t - t t  I n f l  eld - l i e I t - :  do: :~~~\‘ I a

re t-a lt: t h e  I n i t  I :cl I ~ t on -m ed 4 ’ l o n e —  i n n -  Ic ed t t e x : t g o u n :  1 a r n - -  \‘ 0 ’ u - i  ng
t ’r :cct -ure s  W a n  tu na s t  r o n : n e r  I n :  I t : e sm: u l  I dr a r  u - a l n t t ’l e l d

5- 0 5 5  : :e. ’ t I ann  a: ’ t he s u e - - i  :oenn e x t - -ni -ed ‘

t h e  tw o  ni t  I of I c  1 ci n were tu 1 so u - n - e u ’ : i  rod 1 0 ch :s u ’ - t c  t e t ’ I : ’ t -  C : :  r - h o t ’

t he dl  fCc  n - en - - en I n  d : t t o - t  go m e c h : t n l  stun t ’oduc cci l v  I to t w o  I’ : I . C t  a -

The d e p t h  and t ru c tu re on ’ th e nu l l : :  t u r f :  cc ’ 0 t’ : c Ic n we re I t o : n - en d I I  ‘- 
V

revealed w I th  on t 1 4 ’ -a 1 to 1 ~‘ ras~’ a ny  u s i n g  u — a  I : s r ~ 1 :~ ed 1 1gb 1 • :

cross see t I on: of t he z i no se let: I de nec I men ex pa:; cci f o r  I ~0
seconds In he sma 11 drop u - i t  I n f i e l d  F I gu n- c ’ ‘ - I showed t ’V I de : .~ -e
of deeper and more ex t ens  I ye n u t -  :;U t’I ’ : i- ’ 0 ~i : tm t ge t h u n t  t - -

selenide  speL - I m e n i  exp osed Car  ~~ k e I ’ Ln th. I n  t ho St  t o d - i rd r u b  : : C I e  ‘c i
( F ig u re -c ,’ 1 . - I’he sit  r u ’ :n -es ot I t i e  I ’ r n - k s  I ’a r:ne - d i t - . - I n - , ’ so I o t t  do

i n the  sina i I d s- o r -  ra I n f l  e ld :s I no  dl :- I t  vt~ 4i I I IO  t ’0  dl  n I l n . - 1 f a t- I a t ’
o lea vage n 1 :lr:OS as can: t—e seer :  1 v  c omp.i  v i  nt.~ t he :1 t o m  ‘in l’V tt —
t’ica t ion pho t orn Ic  rogra pbs I n :  F I gun re s - - :t rid

l’he c ross  S O 4 ’ t I on a : ’ I he - - I t o  s a l  t i  de ’ 5 t ’ e n ’ 1 111011

exposed f a t —  l u i m I n u t e s  i n :  t he soos .I l c i t - a : -  u- u i n f i e l d  I - ’ I n n  i t ’ -n

al so sho~~d ev i d e n c e  at ’ mor e c- - x t e n u s l  ye s u t l - s t u u - 1 ’ n’e d u n n t - - e  t h a n  I ho

si~e~’ linen exposed f o r  ‘ - — 1 n i l  n u t  en , ~. ‘0 s c n - _ ’n :ds  1 l t  t i e  . 1ht I I I

ra i n f i e l d  F igu r e  ‘~~) ‘I - ‘l ie I c t -w i Sc ’ c t n t , - Ic g r ow l 1: 0 I ’ a m l

f r act u r e s  ar t  the I n - ’ sul t ’ide s t - t ’ ,- l : n e - : - i c -x : - a s e d  t o  l n e  :~ “:- I c i t ’.’:

ra i n f i e ld are e v i d e n t  i n  t h e  h i  gh or  - :ns ~-:, : I ’I  on I ¶ a r t  :- n o  I a o l  - - :‘ - 
~~~ 
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Figure 56. (‘ross Section of Zinc Selenide Specimen Fxposcd for 1 80 Seconds to Small
l)rop Raintie ld at 730 fps ( 2 2 2  m/ ~) .
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Figure 57 . Cross Section of Zinc Selenide Specimen Exposed for 30 Seconds to
Standard Rai n field at 730 fps ( 2 2 2  m/s).
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The number of drops I mpact ing a un i t a rea

of a specimen per unit exposure time a t a g iven  v e l o c i t y  I n  a
rai nfield in the AF MI J Be 11 eros ion f a c i l i t y  can be cnl -.- - tnia te d

by the equation below .

N = 

1j (r~ - i’~~) d (0 . 0178 v)
‘ ,7, bOO ~Tigh 1 

r3

wh ere : 
- -

N is the number of drop imptt c t s~~In c h ’ /sec .
j is  ra infa l l  rate In I nches / hr .
r .~ and r 1 are rad ia l  d i s t a n c e  In  Inches

to t h e  outboa rd and inboa rd
1 oc a t I on s of the un I t a rca of
intere s t - .

d is the height at’ the n pe n I men 1 n I 04’ hes -
V Is the rotationa l vel ocity in ft/sec . 

-
g is the gravi tationa l constant . In ft-/nec ’ -

h Is the d i s t a n ce of d ro p fa l l  I n  feet .
r I s  the r a d i u s  of the drops In  Inches .

The approach used to den ye th l s equn t. l o u t  h:t n b een i p t ’ev I oti s 1 y
described . ( ~ I T h i n  equa t ion  p r o v i d e s  t i n :  : n p p r o x i m a  t e va hue si  n -ne
i t  assume s tha t a l l  drop s have d iamete rs  equa l l .a the me an .

A spec l inen  rot  ti ted a t  ~O t’ps : 2 2 m  ‘n I w i l l

impac t approxima tely (~~~ d r o p s/ i n c h ’ /sec (5 .? drop s  ‘~‘m ‘seo ’t I n
the standard rainf leld and app r o x ima teI~’ ~‘O drops ’inch’  ‘sea

(57 drops/cun2/sec ) In the small drop ra I n f l  eld . Th us • a u n i  t a rent
of specimen is Impacted by (-‘ . - t i m e s  as many drop s per ne - -nod in

the small drop rai nf leld as in the standard rain flel d. However ,

the mass of the mean drop In the small droi~ r a in f i e l d  I s  on l y
0. 072 tImes that of the mean drop f r i  t h e  st an i d ar d  r a l s t t ’ l e ld . The
small drop r a i n f ie ld  therefore ln t p u ’t rt r 0. -lI S t i m e s the  nuni s u: 01’
water per uni t -  a rea per unit  time than d oes t h e  s t - an i d a  rd u-a l n t ’ i e i d .

I I  ~
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Based on the a s s u m p t i o n  tha t damage (loss  01’

transmittan ce) a t  a g iven  Impact  ve loc i ty  I n  d i r e c t l y p t - o~- o r t i o n m a i

to to ta l  mass of w a t e r  I m p a c t e d  per u n i t  t n t - o t t , a sp e c im e n  would

have to be exposed close t o  t w i c e  as Long I n n  t he  s m a l l  d r ’p
r a in f I e ld  as In the standard m u  n f l e l d  fot ’ in n  equ l  v t n l e n t  :u m 4 a t n !

of dama ge . How ever , the data i n n  Table  2 show t h a t  f a r  equ I va l e n u t
loss of transmi t tanee , the r a t io  01’ exposure t i m e  In  t h e  s t in t  1 1 di ’ L ’1~~ 

V 

-

ra inf le ld  to exposure t ime In  the s t a n d a r d  r a l n f l e ld  w a n  son: :e w lua t

greater than 6 for  z i n c  se lenide  and abOU t 3. )4 for  :11 t t t ’ su 1 i’I de -
A sim p le mass equ i valency does not  appea r  to be a d e q u a t e  4~

correlate damage rates w i t h  r a in f l e l d  drop d i a m e t e rs .

As demonstrate d by the resul ts  of these
expe r imen ts , the relationship of damage r at e  and drop n I t - v  t u l s a

depends on the material. The relative erosion res i s t a n c e  at’ n i n a
sulfide compa red to zinc selenide proved to be less In the small

drop rainfleld than in the standard rainfield . The r e l a t i o n i s l : i ps

among envir onmental pa rameters , material properties , eros io n
damage , and transmitta n ce loss are complex . Ad dition a l exp eri-

mentat ion w i l l  be required to formula te a damage p r e d i c t i o n :  inn — d e l .

c. Er osion 01’ a LaF~ A n t i r e f l e c t i o n  2oat l n g
on Z i n c  S u l f i d e

The I n c  sulf ide spec I men w i t h  the l a n :  I l u a n u i n

fluoride a n t i r e f l e c t io n  coa t ing  was exposed for 12 m i n u t e s i n :

the small drop r a in f i e l d  it t a velocity of -‘30 fps  (~~~2 ni/s I .
This specimen had previously appeared to suffer  no damage d u r i n g
two d i f ferent  exposures to impact by s ingle  drops as d i ro u s sed
In Sect ion II , A , 8. For a compa rative standard , an un c o a t e d
zinc sulfide specimen was a lso exposed t o  the  r a i n f i e l d  f a r  1.
minutes at a veloc i ty of 730 fps (227  m/s ) i m m e d i a t e l y  f o l  l o w i n g
the exposure of the coated specimen.  T r an s m i t t a n c e  of
eac h of the specimens was measured between ~- ‘ .1 and : 0  ~t m 1—ef ore

and after exposure to the r a in f i e l d .
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Figure t-’O presents curves of transmittance
versus waveleng th for the coated and uncoa t ed specimens . The

in i t ia l  improvement In t ransmit tanc e t-~etween 8 and 10 ~iin I mparted
by the az n t i r e f l e c t i on  coat ing  I s  ev ident  wh en the  before exposure
curves In Figures 60a and (‘Ob a re compared . The c o a t i n g  in

inc reased transmittance between ~ and ~4 run . F o l l o w i n g  t h e  l :

minutes exposures , the tra nsr n l t- t - arnc e of the coa ted spec i men w a s
c omparable at all wavelengths to  tha t of t h e  un coated s t a n d a r d .

Microscopic  e x a m i n a t i o n  re vealed no t i’a~’e of
the lanthanum fluoride coa t ing  on t he area of the surt ’ace
exposed to the environment. Compa rable types and m a g n i t u d e s  of
d amage were present on the coa t ed and uncoa ted spec imens  nun
Illustrated by the photom lcr ogr a ph s in  F igure u- i .

The single drop imp act expen- Intents discussed

earlier , demonstrate d tha t- an t i r e f l e ct i o n  c o a t ln -ngs can have a

significant influence on the response of t h e  m a t e r i a l  t o  d rop
impac t , seeming to reduc e or e l i m i n a t e  r ing  fracture s In many

cases. However , the ini t ial presence at’ the l a n t h a n u m  t’luo r ide
coating did not a f fec t the o vera 1 1 be hit v I a r at ’ t h e  I nc sit  i i ’ 1 d e
ex posed to the r a i n f ’ ie l d . The r n n i n t ’ Ield t es t  v e r i f i e d  t h e
general problem of poor adhes ion  of a n t  ir e i ’iact  i on: coa t - logs  on
zinc sulfide which  became apparent -  during the s in g l e  drop  I m p a c t
experiments

d • Eros ion 01’ R 2n~ n~ e H I layered 2pe~’ l inen

A hi layered spec l inen h n i v i  n ig a 0 .020 1 n’ n .
(0.50 mm) th ick outer laye r ot ’ z i n c  sul 1’I dv b on -n ded w i t h  l o c  I - I t  e

adhesive to a 0 •37~ i n .  (Q .~~~ mm ’h t h i c k  : ‘ ln :c  s e l e n ld e  s u b n t - rni t- e
was exposed to the small drop r a i r u f i e l d  t ’or 17 m i n u t e s  n i t in

velocit y of 730 fps ( ‘22 rn/ s ) . F I gu re ( — i  - show s t l ie  t nit n snn i t t  a n o t ’
between 2 .1 and 20 Rüi for this spec linen b e f o r e  and a f t e r  t h e
ra ln f’I eld exposure . The strong a d so r p t  t o n  t— ar:ds at the nid hen i ye

make i t  d i f f i c u l t  to compare d i r e c t l y  the  b e h : nv i o i ’  at ’ t he

li-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — -
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a. Zinc Sulfide with Lanthanum Fluoride Antiref lect ion Coating
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b. Uncoated Zinc Sulfide

Figure 61 . Effect of Lanthanum Fluoride Coating on 1)amage of Zinc Sulfide Exposed
at 730 fps (2~2 m/s) to Small Drop Rainfie ld. Mag. 30X.
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b ilayered specimen wi th tha t of the z inc su l f i d e  standard

(F igure bOb ) . However , the differences ifl b e f o r e  and a f 4 er
t rant - ;-ni t tance of 14, 13, and 4~~~ fo r the  I l i l a y e r e d  s p e c l n e n n  at

waveleng th s of 2.5,  4, and 10 i-tm are c o m p a r a b l e  to the
d if ferences of 13, 8, and 3’~ for  the s t anda rd  spec imen a t  the
same wave leng ths . The 0 .020 In .  (0 .hO mm ) t h i c k  layer  of z i n c
sulfide appeared to beha ve in a manner  s i m i l a r  to the  t h i c k e r ,
homogeneous standar d .

Microscop ic e x a m i n a t i o n  of the b i lay ered
spec imen showed tha t damage on the zinc sulfide layer was

compara b le to that on the z inc  su l f ide  s t anda rd . This can be
seen by compar ing  Figure 63a w i t h  Figure a l b . The r iui ~ fractures

had pene t ra ted  to the back face  of the  z i n c  s u l f i d e  layer  as V

i l lus t ra ted  in Figure 63b . No e v i d e n c e  of d a m a g e  to t h e  : in~’
selenide subs t ra te  was de tec ted . E t ch i n g  the speci men in  a
heated so lu t ion  of HC 1 in water  (1:1, by volume ) revealed  the

small , u n i f o r m  grain s ize  i l lustrated in Figure 64.

The cross sec t ion  of the z inc  s u l f i d e  su - e c lm en
exposed to the small drop r a i n f i e l d  far  18 m I n u t e s  ( F i g u re c~~
showed c racks tha t had pene t rated to  a depth  s l i g h t ly grea t-er  t h a n
0 .020 In .  (0.50 m m ) .  Onl y 12 m i n u t e s  was  requ i red f o r  a ~‘ra ck

to pene t ra te  the 0.020 in .  (0.50 mm) t h i ck  z i n c  s u l f i d e  l a y e r  on
the bi layered specimen . The presence of the i n t e r f a c e  a f f e c t e d
somewha t the response of the z i nc  s u l f i d e  ‘. iyer .  ln c re ~~s~~n~ . t h e
layer th ickness  to 0 . 040 in.  ( 1 . 00 m~z~ sh o u l d  u - r o v l d e  b i ! a y e r e d
performance equivalent  to tha t of homogeneous z i n c  s ui f i d c .

e. Erosion of Sp inel  H

A specimen of single cr y s t a l  sp i u t e l  was exposed
to the small dr,p  ra in f ie ld  at a ve loc i t y of l~~’~0 fp s  ( -33 nu/s ) for
a period of 5 minutes .  At  the end of the run , the spec im en  was
found to be broken w i t h  three pieces s t i l l  r e m a in i n g  in  the f i x t u r e .
The surface of these pieces showed s i g n i f i c an t  dama~~e i n  the  form
of’ large p i t s .  The pieces were not s u i ta l i e  for  me a surem ent  01’

transmittance .
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Ref lecte d Lig ht Transmitted Li ght

a. Focused on Front Surface . Mag. 30X
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b. Focused on Back Surface. Transmitted Lig ht. Mag. 135X.

I:igt ,r~ _~~. l) anhlgL ’ on BiLiycred Spt~-iii ~cn Fxpost~d for I 2 Nu n. at ~30 fps ( 2 2 2  Ut
to Sitiall I)rop Rali tf ield .  Specimen h a d  0 020 in. (0 50 mm) Thick Outer
Layer ot Zin c Sulfid e Bonded wi l h Loc tit e Adhes iv e to Z inc Selenide
Su bs trat e
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Figure 64. Grain Structure of 00 20 in. (0.50 mm) Thick Zinc Sulfide Layer on
Bilayer ed Specimen Exposed to Small Drop Ra infield. Mag. 470X.
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A specime n oi~ fu s~ on — - ’ast  s 1ne ~ was  - - e ~. expo sed
for 2— 1/2 mInutes to  the  s m a l l  d r au - ral f i e  41 a :ie sa!!.e ‘- t- cc j v -

of 1750 fps ( 533 m ’s ) . rhe a u -u - ca t - an - -e at  o t -ocl ed 5 ~x - i a  - -e a t ’ . h i s

specimen is shown In  Figure c - - . ra~~s:nIt  t a - c e  e fo  5t~ a:~d a I~t er  t .~~
- 

-

ex posure i s shown Ia  FI~ ure t - ~~ . - he t r ansm~ a c e  ~e t w een a a d
4 i-tm dec reased by abou t  Iy~~ of th e  I n !  l a l  v a l u e . h l s  d ec r e a 3 e  w a s
less than the percent  of t o t a l  s a t - f a c e  w h i c h  was  u - i t  t ed , i t  w a s  

I

not  poss ib le  to draw a ny  coia- ~asia n a t :  t :ie ~-a :: :t-a ra - 1 ye e t -a s i~~n I

res i s tance  of the two d i f f e r e n t  t a  t-m s a t  s u - I nel ~ased aa :ese f i  t- s~
r a i n f l e l d  t e s t s  w i t h  these m a t e r i a l s .
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Figure 65. Damage on Fusion Cast Spine! Specimen Exposed for 2½ Minutes at 1750 fps
(533 mIs) to Small Dro p Rainf ield. Ma g. 6X.
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SECTION I I I

THEORETICAL PREDICTION OF STRESSES GENERATE D BY DRO P IMPACT

In pr ev ious  work , an a n a l y t i c a l  model was used t o  compute ,
as a func t i on of ti me and l o c a t i o n , the ~~ t r esses I 11du1 ’( -d by :1

single water drop Impact on zinc selen ido , zinc s u l l ’ i d o , g a l l i u m
arsenide , and  poi y’me thy l me t -baa  ry l a t e . ( l )  me p r e d i ct e d  lo I ’a 1 1  0 1) 5

of the inner radii of’ the ring fra c ture an n u l i  agreed w i t h  the

e x p e r i m e n t- a l r e su l t s  I n d i c a t i n g  tha t the a n a l y t i c a l  mode l  p r o v i d e d

a reasona b le rep r e sen t  :~ t I on at’ t lie d rap I nip :t ~- t proc es S -

-rh e mod e I w as  based on :t me t -hod d ov e  1 oped by 1~l owe r~ 
¶ a

ca lcu la te  the t r a n s i e nt  s t  ress d i  s t r i b u l I o n  w i t h i n  a l - i e ’ :is- t j a

ha l f—space  sub lee t ed t a :1 u t i  I fa  nit pres Sn ro I a :t d l  Fig d l  s I r I t a t  I ed
over an exp a nd in g  a I rcu I a r re~-H - I n .  ~ A per t ’e c  I I y camp t ’O SS-  i b I  ~~ .

spheri c-a I water  d r o p  ao l  l i d  I r ig  w i t - l i  a r i g  I d s u i- f a ae  Wa a a ssumed

for the caluc I a t -  i o n  of the r ad in s  of’ 1-he 1 o:tded regi cii  :ts ‘i

f unc t ion  of ’ t i m e  , The p er  fec ti y a oinpre ss i  1 - I c  wa 1 or d rap mp :1c

is i l l u s t r a t e d  by the ske t ch  in  F i g u r e  - ‘ . The r a d i u s  of the

loaded region  is labe l ed  a ( t ) .  A one—dimen sIonal shoc k w a - 4 -e

r e l a tio n s h i p  fo r  a w a t e r  d i-op s t -r ik i  ug a d e fo r m a  h - i c  s o l i d  w as
then used t o  c o m p u t e  the  m a g n I t u d e  01’ f -he  p r e s s ui -e  l a n d i n g .

The as sumpt ion  t h a t .  the  p res su r e  ( t i  1 to ox i-n id I i  g 1 4 5 I  I ICd

a rea rema m e d  c o n s t a n t  w i t h  t i  t11 ( ’ was f’el t t o  I -e a ma ¶ a ,- -
_ ot ’tu - i - am I so

incor po ra t ed I n t o  t h e  m odel - Mod i t ’ ! c~~t .1 ot i s  of t h e  mc~l s -  I t

I ncorpor a t -e a f i  rs t o rder , I I me d e p e n d e n t  p res s - i t re f a n ~’ I a n .

A.  Mod 1 f l ea  t i  on of I he Pre ssure  1-unc t I & -n

The t ime d e p e n d e n t  p res su re  ch o s e n , ç- re~~~nt  o i l  I t
F igure 68 , was d e r i v e d  f rom work b y  R o s e n t - l a t t  et . n j ,

~~~~~~~~
’

The pressure  f u n c t i o n  :issumes t h a t- :t t - t h I ’ I i - is I a n i t  01’ 1 i n p i - - I he
pressure is the wa ter hammer p i-es sur e  l~~ ~- ~\‘~~ ‘

. - fl i - : r s -s u re
then inc reases t a  a pe :tk v a l u e  

~k a t  t ‘-- I , w h e r e  1 , I : ’ 1 1 ( 0

at which  the velo city at’ the m o v i n g  b c u n 1 l — :  ry l - e ’omi’a  5 a 1 — : a i - . I c
w i t h  respec t t o  the speed ci ’ s o - m d I n  t h e  l m l - ’ a - t  l u g  w~t t E ’ V’ d i ’ -j ’ _

This e f fec t has been demons- I r a t e d  i - v  d e t  - i l  l e d  s l i o i ’ t

of l i qu id  drop  l t n p a c  t s  u s i n g  I I to W~ VF - T ~- r c g , - a-l . ( 1 , t

lv ’ )

4
p
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Figure 67. Perfec tly Compre ssible Liqu id Drop impact ing a Solid Surface
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Figure 68. Modifi ed Pressure Function for Turban Pro gram
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The value of has  been chosen t o  be tha t of the

pressure p r e d i c t e d  by the o n e - d i m e n s i o na l shock w a v e  r e l a t  I -) fl -

sh ip .~~ ’~ Predic ted  peak pressure s from 4 -h e  WAVE - [~ so~~a t  b i t  are

somewhat higher  than  p r ed i c t ed  by t h e  o t i e - d i t n e t i s l o n a l  s l i a - ’k w -- v e

r e l a t i onsh ip ;  however , they onl y occur  over a very cm;tll t-o ~~t- ion

of the c i r cu la r  loaded region . The  average  pressure  i - i -ed lcted
by the WAVE-L so lu t ion  agrees  q u i t e  well  w i t h  tha t pr ed i a~~ed ~~~~

the one-dimensional shock wave relationshi p.

After the time t , the pressure is assumed to decay

exponentially as t - ‘ 
. To compute the decay coefficient a,

it is assumed tha t by the time a shock wave travels from the
point of impact in the liquid drop to the back s u r f ace  of the

drop, the pressure on the i n t e r f a c e  has decreased to a v a l u e  of
p 0V0

2 ( from momentum eq u a t i o n ) .  Al though th i s  c r i t e r i o n  i s
a rb i t r a ry, the r e s u l t i n g  pressure f u n c t i o n  agrees r e a s o n ab ly
well w i t h  the WAVE-L p r e d i c t i o n s  as shown in  Fi gure .

The c o m p u t a t i on  of stresses for  the t ime dependent
pressure d i s t r i b u t i o n  is approx ima ted  by the e q u a t i o n  below .

a (r , z , t )~~~~ P ( o ) o 0 (r , z , t~ ( r , z , t , — i ) T ~~(i~~d t

where P ( t )  assumed pressure  f u n c t i o n

t~ — d F ( t )
~~ /~~~~dt

o0(r ,z,t)  = any stress component computed fo r  a c o n s t a n t

pressure loading

o (r,z,t) = new stress

The above equation is exac t when the original pressure

loading function is truly independent of’ time . In the original 
V

Blowers ’ formulation , the pressure was assumed constant ; however ,

the area over which it was applied was a function of time . Thus,
the above equation does not provide a rigorous solution for the
time dependent pressure loadi ng, but~ rathe r a first order ap-i-roxi-

matlon . This approximat ion assumes the pressure mt - i g n i  tude and
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160 - - _ _ _ _ _ _ _ _

— 0 020 in. Const ant Pressu re
(0.50 mm) — — Variable Pressure

120-
r 0.O3 in.
(0.75 mm)

8 0-

r — 0.01 in.
40.25 mm)

1 ‘I

40~

Radial
Stress. 0

120 
02 0~4 0

1
6 0

1
8 1~0 1 2

Tim.. I*ec

Figure 70. Comparison of Radial Stresses in PMMA due to a 0.080 in. (2.0 mm) Water
Drop Impactin g at I 100 fps (340 mIs), where the Contact Pressure is
As,umed Constant and Variable with Time
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area over which it acts are separable with the above equation

being applied to account for a time dependency in the pressure

magnitude .

FI gure 70 compares the radial tensile s tress  in pol y-
met hime thac rylate (PMMA ) due to a 0.080 In . (2.0 m m )  water drop

impacting at 1120 fps (3)40 m/s), when the cor . tact  pre s su re  ~s
assumed to be constant and when it is assumed to he time dependent - .

The stresses were calculated at a depth of 0.0002 in. (C ~m) at

three radial distances from the center of impact . For the constant

pressure case , the magnitude of the pressure computed from the one- —

dimensional shock relationshi p was 106 ksi (731 MPa). For the van -

able pressure case, the pressure was assumed to equal the water

hammer value p0V0C0 = 72.5 ksi (500 MFa ) at t = 0; increase line-

an y  to the one-dimensional shock v~ lue of lob ksi (731 M m )  a t
t = t~ 0.07)4 ~ see ; and then decay exponentially to zero .

For cons tant  pres sure , the stress curves are character- 
-

-
V

ized by an initial tensile spike which becomes compressive , asymptot-

ically approaching a value of -84 ksi (-580 MPa). For variable

pressure, the Initial part of the stress curve at each radial
position is similar to tha t for constan t pressure, w i t h  t h e
exception tha t the predicted peak tensile values are about 15~-
lower . The stresses then become compressive , reach a maximum
negative value, and finally decay expontentially to :ero . -~f
particular interest are the predictions at r = 0.03 in. ( 0 .75 a i m) .
At this radial pos i t i on , tensile s t resses  ex is t  for  a r e l a t i v e l y
long time for both cases, approximately 0.6~t see; however, he

magnitude is sign if icant ly  lower for stre sses base d on ~- - t i ’ i a L l e
pressure .

It is felt tha t the stress/time curves computed u s i t a ~
the time dependent contac t pre ssure are much more realis 4ic’ t i t a n

those computed by the origina l ana ly t i c a l  model .  The m c - d i r  t ed
model retains the relative computationa l s implicity ~~t ’ t i e  .‘- r i ~~~na1
program . No significant increase in  computer time I s  r equ i r ed .
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B. l’red h:’ted stresses i.ii ::t~~ t - ’ ~- 1e!1 ld e

f t  ng 1 e • ~~~~~~ 
‘t U .  ( ~ — mm ‘t d I : i t t a - or vu ci’ d t -a r ’ ~.t a - ’ i t

Inc seleni de were ana l y:aed fam’ it’~~~ a ‘t  v o l  - -
, I t- s at. - f . i 

-

~ -
arid 11 .‘O t’ps (luf , fff , and ~!1L ~ m - s  u s  I ti~-; t t ~ anad i t ’ od y na- c ~~~~~

Fred Ic ted pres so res and rel a t  ed pa ra :tte t crc tecen so rv a d t ’  ‘ l o t -

the time dependent p res sure  fun a  I an f a r  he t it - to vo l a- ’ ‘ a a-

cansidered are i -r e s e n t e d  In  T ab l e  ~~. ft res :05 resul : ‘ t’ - t.  t o

d r ap  Impac t we m-e a a auth ted  a t a d e n t  Ii - t ’ ~~ . - 4 1 - ta t a -

r ad i a l  p a s it  is en c o mp a s s i n g  re~~i a i s  w h e r e  ex i ’e r l : t a i o :t  S t a d  st a i n

frai5 - tunes t~ accu r .  ‘Ihe d e p t h  v a t s  I n - -r ca sod f ra :  ( ha t a n e d  t a t ’

t-he test case w t~h FNMA . F a t  i- e du c ed  t t o  1-r a l ’  I e t a ’ t i l t ’ ret — i n

t-he numerical e v a i l u a t i a n  a t ’ t he t n t  e~~i’ u1  a ’ used in t h e  c a : t h -u t  - ‘ ba n ,

~- :~ rt lcul i n y  In  the v ia I n It y at ’ tao hay lo I 
~‘a~ vu  i c  I rafla -

Figu re H p r e s e n t  s ito n r t ’d ta t ~-d I c l a r a  ~1 d r or an

at ’ r a d i a l  tensi ~e st re ss  at  v : t r i a u c r a d i a l  l a c a t i  a t t n  t a r  an b m a - : t c t

veloc I t  v at ’ ‘ -t~~O fp: ( I a ’ - S • ~u a i  f b ’ o t t  ens I it - st  i-es sec at  i-c 
- 

-

produced i t rod I a I I as a c c  e~~i m :i I a at -  
~

-: r ot or l i o n  H t~~-~~f I

(0. ~O mn ) . Fh is ~‘: t n c  is aeon t h e  da~a a i ~~e h r e s h a b  d ccl aa I v i - : t a  I c l - i

was found ex~ er-lme:’t a l i v  a he s o m ew h a t  t i-sn th ou -dt) t t s  ( I ‘ ‘T ta

.A few r I a~ t ’ i-a .’ a t  ron ace F t  t a  r u e d  ~
‘ d r a t -  I at  a I a - - f T  I s

( le a ’ m s , I - a t  t c a t ’ ~~a d e del cc t ed  a : ’ e ‘ ~i rat- u t-ac :t a, -
~~~ ft-s

1 s ’ , ’ :~ • he t i  ‘ • he u - i - e d i c t  .‘d e t c  I I e s ir e s -es ta i’ d rat -

I m p a c t  i t  1 -H’ 1 of ‘a s “ at i-i- aba se a t i - e a t  tatired a: I t  - a t t i

st r e n g th  at ’ t~ - kn ( • t ‘~~ :‘ ‘r .~ i t - . - ’ :01 en do a t a r e e n  ac I I  h at -
e x p e r l m e r - t - ’ t l i y  - I t - t ’ r - -  ~u -i t h t ’ ’ c t i a b d  : r l a c b : v . :h i s a~~ t ’t - t~~’- l ’ a - ’

demons t r ti t a  - i - v a i l - i  ‘ - . a’ • t ’ : ‘aadl  tied au - i  iv I I cal atadi-

l’ - t : - e-- d on .~ t i l t - a  t’ u - ~c t a t  to ’ c l i ’  e ia ~z t h  as t O e  fa i l l t r ~’

~- r 1  ~e r l a n , t - r ~
‘ t ’~ ‘t  ‘n . ’ -~ ~

- t ’  t- r c d i ’ t  i’d a c ’aut- at

loc a t I a r t s  r a t  :~~
- ‘ - -  - ~~~~~ ~ n - i  1 i - S c  I t  i i . h’~~ I n .  H ‘ - -

t a s n :ewh :i g ri’ a 0 ° a . i u  t ’~ . T~ ‘T I . .  ( - T . ~~ mm ’ . i x ‘e r I o u t  a l ’
t ’ r i a tu res we no • ,t  t • W O e ’  - r’ ,i I ~ 1 1 cc at I I a - s at’ r = i ’ . a

0. 0if~i In. 
( 

t~ . • t~ I a -~ . “a’ - I . .A~~re euut e r t a o tween p r e d i c t  Ott - t i n t

experiment r e s u l t s  i s  ~~-ad t ’a r  t a - lac :-t t a t  at ’ t h e ’ t u ne r  i’: -. f l a z s

I i- -’
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Figur e 71. Temporal Distr ibution of Radial Stress at Depth z 0.0004 in. (10 p m)
for an 0.080 in. (2.0 mm) Water Drop impactin g ZnSe at 500 fps ( 1 5~ m/s)
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at ’ t h e  ~t imu I us at’ r ing ft- -i - ‘tot - es- . have V t ’ r , ‘ I a t ’ i- rod a t  od at:  I c ’ t’

oa t  l i t  g r e at e r th t i n was t’au ad t ’x i - o r l m e ’ a t  a I l v .

u u ¶ t a c t ’ p 1 a I s at .  i- -ni b at 1 t in a c t  e’ at t t ’ e i a  s i t ’ ‘ a - a ‘ 1_ t a o  f a t ’
Impa ~’ t cc l  a ’  I I I C ’s a t. 7 ~f ai ad 1 1 _ ‘C) t’t- s T~’

_ ’ and “- .f at S - i  to ’

p r e s o t i t  ed in l”l~,t ’aros 7.’ md . Pr o d  b a t  i ’d t t ’ u a s  I I t ’ a~ t i’essi’s a - ,- -

I - a t  Ii a t ’ t ta’ s e V t’ I as I t I e a t  a l t - C  so vi ’ ra 1 I I me at I i t t ’  I ’ t’ a t c  t une
n t  r e n gt h  at ’ ~

- ta s e l e : a i d t ’ a c r i d  t at ’~ - t ’~~1 a t t aver - at a a a a : a l i  ba. r~’ i ’r ji

a tutu itt r re ’ g I o a t  a at - i - a t  i’~~~d I a I l  at ’ ‘ -aT O at  1 ‘a ’ a ’ — 
~‘ a t a ’ 0 - h

\ t  4T t ’ t - ~ a •
‘ ‘ t ’a a t ~, l i t ’ aae ’ i : a a : retj  , t : a aa , a l ac r t .u  i ’  t a r t ’  : a u a e

was I - c t  w e o r a  r . - a t ~~d T . T , h  b u t  - ( T • 1 t~ ai r td  T - ‘I auaa ’ a - 
- hi ’

Inner rad ton ~~~ I to ’ ~ t a t a r od t’rat ’ t u r e  :aaac ’ a i s , r o t ’s w e l l  a i t  i t  t a t e
p red I a a r t  • I-u i at I t  t Ito ‘ ‘fT ft- a ~‘ a t  at o , t t ao  at u t  1•v s  I I i t d  I a a t t t ’S

t’r aatu  ~- e’ a; s l t a a a  1 d a a a a a r  w e l l  ca t  t i~ do I l i t ’ :a a t ’ . t  a t a , :  rod a ’ r a t s  t o  so - - c a n ’

The p red I a a i’d I o u t s  ¶ I t’ a~t r e s - c  at i l _ I  t w I  ‘ e t ito ft’ is tta no i t t  ro ts I -
a c t  at r a i d  t a t  I d l  st  a : a e  at .  f . f t- f  111. i, 1. - - aua , aua

\ I 11 ‘-f ft - s  ~‘4 f an - s I , t h e ’ m e t  s - t i  red a t t a  at r t’ r a t s I n i t ’

.-one was be tw eeu r H TI -~ a i d  f . f ’ -t’ I i t , . ~~ a n d I , i~ I ‘- t a t

Based on tlu,t 5 1 i t t  i t  a t ’ r t a  t u re it t ~-C a t~~ I i  f ar  I t a t ’ t’al I u t-e - ‘ t -  I c u’ ¶ a a

f r i s  I at t ’ e’ W a t t  I d  I’ e’ r red - ‘ tat a cc ’ ~
- at I a t  i s a ’ t ’ a t y ou  F a t  aS I r i g “ i - can

rai d t a r  I I a ’ -’r t I cnn m’ < )~ -~~~ I n . ~, f . f T  aataa u ‘ a a r f . faa ’ t o  • , 1 •~~~~~
‘ ‘ aaa” a —

quasI s - t a t  1¼ ’ f ro s t-o r e  i t t  ren~~t P ta ’’cuae at at li ’S at t a O  I t  a lt ’  1 e’ t ’ - I b i t t _ i,

cr  ¶ t e r - I a r t  at s t he I ‘ t a t - a t  a t vt -5 1 cc i t  v I i t s  ro tc  a t e ’ a~ -

:1 f I r s t  a rd er -  b a t - i t ’  r ’~-v ement  at ’ t h e  I ’ a l I l a : y ’ o a r t t  ou ’ 1  c u t  t~
inv e st  ¶ g a l  t e d . I h I  at  w ar k  w a n ~ ia a 1~te~1 ar t  at ‘ a o l  h ad  :- i - a t - , ’ a t -d I -v  H I  or
an d l~u t  , ‘h or  

- 

cud u sed  I - v  E a c e r a t ’  t a t  t t e I a t  • a c l t t ’ r - e t ¶ ‘t at ’ I a ’

in t roduced  t n t  a t a t ’  f a t  1_ l o r e  a t ’l t e n t  an.  Cu t ’ r e u t  at t a t  I v t  I a  a 1
method s aft c i  ‘a red 1¼ ’ t t C a  at lie s - t n e a t s e a  I t  C \ ’  Oa S- a’, ’ t i e ’ a - i t i ’
u l  t ima Ii ’ S I i’erag I P a t ’ the ma t e n  b a t  ‘I I - a i’eg I a t ’s  w h e  i- e I ’ rat , ‘ t t t  n ’ s

are n a t  a t - se rved . ‘El t~ as “ol a t h a t  t I t a t’ I “to do ‘. t a I a t  w l ’ae ‘5 t t t !‘ t 55

exceed s  at aune c r 1 1  ¶ an I it t  nea t a t na n v 1 o a t  0 1 “ - a -a r t  t i n t  ; ‘at t ’ k” . e ~ r’ . : h e

cr1 te r’I an I u t t it ed as f a l l  own whe re ~ , I at I t a o  a t t  r oss  f a t  o r -

p arame te r :
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Figure 72. Temporal Distribution of Radial Stress at Depth z = 0 0004 (10 tim)
for an 0.080 in. 2.0 mm) Water Drop impacting ZnSe at 730 fps (222 mfs)
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K T = I f ( a ) d t

where t’(a) = (a- s ) for a>~
f ( 0 I  = c for a~~
a = a ( t )  a r t  any point

= critical stress value (positive )

t = t l m e

The a p p l i c a t i o n  of th is c r i t e r i o n  t-o c o r r e l a t e ’ t h e

s t r e s s - t i m e  curves  in  F igures  71, 7.’, and ‘
~
‘
~~ 

w i t h  the exp er i -
menta l  d a t  t a r  i s  shown In Figures  714 , 7’ s , a cnd 7 - . ‘i’hese l o t  (-e n
f i g u r es -  p r e s e n t  the  s t ress  fa i lu re  p a r a m e t e r , K r , pl ot- t ed
- i t s  a func  ti on of rod t a l .  pos I t l o n  for  Va niou s v - it lues  of ~‘ a c t
the three I m p a c t -  v e l oc i t i e s  cons ide red . A l s o  shown on t h e
f i g u r e s  are the e x p e r i m e n t a l l y  measured :aones of f r a c t u r e

For a n y  selec ted va l ue of ~~, the curve s-  al l  peak
w i t h i n  the band  of r a d i a l  l ocat ion  where the m aj o r  e x t e n t  ot’
f r - i cc  tor i  ng wa s  t’ou nd t a occur .  The va lue  01’ the St  ress i’a i l u r e

~
- -

~ 
r am ete r  I s at i so somewha t- l ower  a t~ the ou te r  r ad ius  a t ’ t he

measured  t’r :c~’ture zone t h a n  - it t - the  i nne r  r a d i u s  1’or ea c h ~~
‘ r i  I i  c a t  1

:;t ress . I’h ls i s -  t o  be expec  ted s in c e  the  f r - i t o  tu re  s t r e n g t h  at ’

I - r i  t t i i ’  r n a i t  0 n a t  i s  i 5 I n v e r s e l y p r op o r t i o n a l t a f t  ow s I z e
La rger vo lume s-  of m ateri al a i-c samp led t ’or each  I n c  r e m e r i t  a n

l n c re’.-r a a ’ i n  radius so the 1-r o l - aihi 1.1 ty 01’ :1 larger  flaw being

present at I so i t t - a r e - i t s - e s  w i t - h r a d i u s . Thus , some f ra a  t or i  n~ w o u l d

he exp ec I ed a t t  t h e  1 a rger i’aid I al 1 ac - i t  t- I ons even t bough I l i t ’ s t i-eat

f a t  11 ore pa t  r a n m o  t ox -  h a s  a 1 over  value I ho ii a I s-mo 1 ~i e r rod i t t  I

1 o~’ a t I ar t  a;

t h e ’  re a t no r i o  on I que vat  1 t i e s  of t h e  s - I  re t ; at t ’ a t i l i t  no

pa r ame t en an  - ‘ i - i t  I c  t I a; t re t ; s , , Wh 1t~h p red I -a I f rat ~‘ t ii to’ a t ~ 11

t h r ee  v e l o a i I l e n . To keen  ‘ a r i s - t - a r -i t  t h e  v - i t t ic at ’ t h e  s - I  re sa~
f- i t t l u r e  p a r t c m r ’t  or  w h i ch  d e f i n e s -  t h e  t ’o u i i d a c n l e s  of t h e  f r an ’  h ired

one , I he s e I e~’ t ed  Va in . at ’ ~ mus t be i t  1~’ i- t ’a l s-ed w I t h a n i t o ’  re — c a t e

1. ~it~
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Figure 74. Streis Failure Parameter versus Lower Limit Stress ~ and Radial Position
for a 0.080 in. (2.0 mm) Drop Impactin g ZnSe at 500 fps (152 mI s)
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in veloc i ty. Me rely I n c o r p o r a tin g  t ime in to  the f a i lu re  c r i t e r i o n
d oes no t ap pear to b e sufficient. There is evidence that the

frac ture stren gth of brittle materials is sensitive to loading

rate if slow crack growth can occur.(8 ’ 9) Thus , the dynamic
f r acture streng th of the ma teri al must also be considere d in

the formu la tion of the fai lure c r i t e r ion .

Two a d d i t i o n a l m o d i f i c a t i o n s  of the pressure f u n c t i o n  ‘1
were evaluate d. Figure 77 compare s these additional functions ,

d enoted Cases 00~4 and 005, to the or ig inal  m o d i f i e d  f u n c t i o n ,
denoted Case 001. Case 001 is the function defined in Figure t~ l

which was used to compute the stress curves in Figures 70, 71,

72, and 73.

Case 004 has the same initial and peak pressure

values but decays at a faster rate than Case 001. For Case

00~4, a was calculated based on P = I’~~ at t1= 0.
1OC d/V0,

This relationship was determined empirically using dat .a generated

by Rosenblatt et a1.~~
5’ ~~ For Case 005, i t  was assumed tha t t he

pressure was c o n s t a n t  and equal to the w a t e r  hamme r v a l u e  (p 0V 0c~~
from t 0 to t = t c~ then decayed to 1~~ a-n t t

1
= 0.1h~ d/\T

0.

Figure 78 presen t s  p r e d i c t e d  peak radial stress -es

versus r ad ia l  pos i t i on  for  the three pressure distr ibutions
shown in Figure 77 and compare s them to values p r e d i c t e d  b y t h e
WAVE-L so lu t ion  in Reference 5. There is v i r t ua  l i v  no d i i ’f e rer ic e
in peak s t resses  be tween  Cases 001 and 00)4 where onl y t h e  d e cay
constan t was changed to produce  a f a s t e r  r a t e  of’ p ressure  d eca t ~~.
This tends to  Indicate tha t the peak s t r e s s  a i t  any  r a d i a l  i c - c a n t  l a n a
is not dependent  on the decay p a r t  of’ the pressure  curve , 1- u t
seems to be more s t rong l y in f luenced  by t h e  m a igni t ude  c-f t h e
i n i t i a l  pressure, or possibly the peak pressure .

Reduc ing  the peak pressure  to t h e  w a t e r  ha~x aaaaec’  v a l u e
as in Case 005 resul ted in  a s l i g h t  decrease I n  t h e  pr od  i - ’Icd

peak stress a c t  each r ad ia l  loca t ion  as would 1-c e x p e c t e d . i - c i t

1)42
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the general shape of the curve remained unchanged . The results
from all three cases show relativ ely good agreeme nt with the
WAVE-L results at smaller radial locations , but diverge at
radial locat ions greater than 0. 016 In . (0 . 40 m m ).

The primary difference between the two analytical
models lies in the description of the pressure func t ion .
In the WAVE-L model, pressure is a function of both time and

space ( P ( r , t )  ) .  In the analytical model modified in this program ,
the pressure Is uniform over the loaded area and varies only with
time ( P ( t )  ) .  This lat ter model is simpler than the WAVE-L
model and requires much less computer time for a solution . it
should aid in the formulation of damage prediction . For example ,
the model can be used to s tud y the trade-off between drop diameter
and impact velocity to produce comparable states of stress .
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SECTION IV

CONCLUSIONS

A. Experimental Invest igat ion

Damage threshol d velocities , define d as the lowes t

velocity of im pact by a 0.080 in. (2 .0 mm) diameter drop w h i c h
produc ed a frac ture detectable by optical microscop ic ex am i n a t i o n ,

were found to be as follows:

(1) ZInc Selenide - between 450 and 500 fps
( 137 and 152 m/ s) .

(2 )  Z inc Sulfide - app roximatel y 57’~ fps
( 175 m/ s) .

(3)  Silicon - approximatel y CcOO fps
( 2714 m/ s ) .

(14 ) Magnesium Fluoride - between 900 and 1120 f ps
(274 and 340 m/ s) ,  but
closer to 11CC fps .

(5) Spinel - approx ima te ly  1300 f ps
( 396 m/ s) .

( 6 )  Sapphire - between 1500 an d 17~~C fps
(4h 7  an d 53’~~ m/ s) .

As the veloci ty  was increased above th e damage t h resho ld ,

the num ber of fractures formed by a single drop impact- inc re a sed
and , if the veloci ty were high enough , a c omplete r i n g  fr a c t u r e

pattern was formed. These patterns cons i s ted  of fr a c tur es w h i c h

form ed a ring around an undamaged area . Compl ete ring fr a cture
patterns were formed on zinc selen ide at 500 fps ( l ~~~ m/s ’) ,  ~ 1nic

sulfide at 730 fp s (222 m/s), silicon a t 1IC~) fps  (3 140 m ’sA ,

spinel at 1750 fps (535 rn / a ) ,  and sapphire at C000 fp s  (t -~l0 m — s ~~.

The circular nature of the rin g p~nt - t e rn s  formed ~ the

trans granu lar frac tures on pol yc rysta lline : inc  se le n ld e  and

zinc sulfide have been previously des cr ib ed .~~
1 ’

~ The r i n g

patterns on silicon, spinel , and sapphire were cha rac t e r i s t i c
of the c rystal lattice and orien tation of these single c r y s t a l
spec imens. Silicon exhibited a square pa t tern  repr esen ta t ive
of the 14-fold symmetry abou t the a , b , or c -axis  of I t s  cubic

1146
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la t t ice .  Spinel exhibited an equilateral triangular pattern
representat ive of th e 3-fold symmetry abou t the [ 111 1 di rec t ion
of its cubic la t t ice .  Sapphire exhibited a hexagonal pattern
representative of the 6-fold symm etry abou t the c-axis of I ts
hexagonal la t t ice .  The hexagonal frac ture pattern did not appear

to be foreshorten ed as would be expected if the c-axis was t i l ted
60 ° from the norm al to the specimen surface  as was reported by
the vendor. Magnesiu m fluoride exhibited two in tersect ing sides
of a square pattern consis tent  wi th  the 4-fold symmetry of i ts
cub ic la t t ice.

Reduc ing the grain s ize  of zinc selenide significantly

increased i ts  resistance to damage from water drop impac t . In
fac t, the resistance to drop impact damage of fine-grained zinc

selenide approached that of zinc sulfide of comparable gra in s ize
based on the size of the annular, ring-fractured areas . However,

based on the number of cracks within the annular areas, zinc

sulfide was still significantly more erosion resistance than fine-

gr ained zinc selenide .

The extent of damage to zinc selenide from single drop

impact decreased with the angle of impact between angles of ~C’~
and 145° , at a cons t an t  impact veloc ity of 71~C fps (CCC m/s). 1’he

Inner radius of the annular pattern of ring fractures remained

essentially constant while the outer radius dec reased as the

impact angle decreased. The appea rance of the ring fractu re
pat terns suggest tha t , to a first anr-roxiinatlon , damage is
controlled by the component of the impact v e l c c lt y tha t is

perpen dicul ar to the specimen surf ace .

The overlapping single drop experiments performed w i t h  z i nc
selenide showed tha t previously  formed r ing  f r a c t u r e s a n r ~- sur-
pris ingly r e s i s t an t  to increases in damage when subsequent drops
Impact the same area . Once a hexagonal array of ring fractu res

has been form ed, it is almost impossible to detect the location

1:7 
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of impac t of a subsequent drop. Upon repeated d r o p  irn~’a c t , t h e

exis t ing  ring fr actures  do u l t i m a t e l y grow deep er as e v i d e n ce d
by a dec rease In opt ical  transparency. This behavior  I n d i c a t e s
the complexity of the propagation of s t res s  waves  once the I n i t i a l
patt ern of ring tr a ct  res ha s formed and p o i n t s  out  the p r o t l t ~as

inherent in a n a l y t i ca l l y  model ing t h e  ea r l y s tages of the e ros ion
process for this type of m a t e r i a l .

C omparison of the resul t s  fr om the small drop r a i nf ie l d

experiments wi th  zinc selenide and cin c su l f ide  to those fro: ~a =

prior standard r a inf ie ld  experiments ( R e f .  11 provide s  sever a l
Interest ing conclusions on the e f f e c t s  ci’ drop size . The r e l a t i o n -

shi p between erosion damage and loss of transmittance for  the  same

mater ia l  was d ifferent  in the tw o rai nf iel ds . For a gi ven l oss or ’

transmittanc e, the specimen exposed t o  the small drop rainfield

suffered more subsurface damage by extension of t h e  r i n g  f ra c t u r e s

and less surface damage by pitting than did the specimen exposed

to the standard rainfield. The erosion res i s tance  of z i n c  s u l f i d e ,

relative to that of zinc selenide , was less in the small drop

rainfi eld than in the standard r a i n f i e ld . A s imp le  equ i v a l e n c y

of total mass of water  Impacted per u n i t  are a is n o t  adequa t e  t o
correlate damage rate in the two r a i n f ie~~ds . P red ~ c t i ve e craat i on s
wi l l  have to Incor porate dro p diameter effects .

The single drop im~-a ct  e x p e r i m e n t s  proved tha t an a n t i -
reflection coating with a thickness of  on ly  a few m icr on s  can

modify the response of the substrate t o  water dror  i m n a ct . ~\

thorium fluoride coating prevented damage to zinc sulfide ,

although the coa ting fractured and/or completel y dehonded at

the site of Impact. A proprietary coating on gaIlium arsenide

also prevented damage to the substrate , a l t h o u g h  I t -  too was
removed in an annular area surrounding the center or’ Impact . •\

lanthanum fluoride coating, wh ich appeared to suffer no damage

In the single drop experiments, d id not improve the erosion
resistance of zinc sulfide In the small drop rainfield . Both single

drop and rainfield experiments demonstrated that lack of adhesion

1i48
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of the coa t ings to the subs t ra tes  is a pro bl em which requ ires more
attention .

Single drop impac t experiments demonstrated that a t h in
outer laye r of zinc sulfide did protect the zinc selenide layer
to which it was bonded if the layer was sufficiently thick.

However , the presence of the inter fac e did affect  the re sponse
of the zinc sufide layer to drop impac t. At an impact veloci t y
of 730 fps (222 m/s), ring frac tures penetrated throu gh a 0.005 in.
(0. 13 mm) thick layer as c ompared to a pene t ra t ion  of onl y
0.00028 in.  (0 .007 mm) in thick , homogeneous z inc  su l f ide . At an
impact  veloc i ty of 1120 fps (340 m/ s) ,  r ing f r ac tu res pene t ra ted
through a 0 .020 in .  (0.50 mm) th ick  layer as compared to a
p e n t r a t i o n  of onl y 0 .008 in . (0 .20 mm) in th ick , homogeneous
zinc  su l f i de . A b i layered  specimen w i t h  a 0 .020 In .  (0 .50 mm)
thick zinc sulfide layer gave performance comparable to tha t of

th ick , homogeneous zinc su l f ide  in the small drop r a i n f i e l d .

The potential of the bimedia concep t was demons t ra t ed  w i th
a specimen whIch  used a layer of rubber  to s imula te  the response
of a l iquid between an outer  layer of z inc  s u f i d e  and a z i n c
selenide s u b s t r a t e . Impact  of 0 .080 in .  (2 .0 mm) d i ame te r  single
drops at 730 fps (222 m/s) produced smaller annular, ring-fractured

areas on the z i n c  su l f ide  outer  layer of the b imedia  specimen than
were produced on th ick , homogeneous zinc s u l f i d e ; however , more
c r a c ks  were present  w i t h i n  the  a n n u l a r  a reas  on the b i m e d i a  sn e c i m e n .
The larger tha n norma l gra in  s ize  of the z inc  s u l f i d e  l aye r  on the
bimed!a specimen probably contributed to the greater number of
crac ks. The b imedia concept shows promise and should t- e investigated r
f u r t h e r .

149

_ _  _ _  ~~~~-~~~~~~~~~~~~—--- -~~~~~~---



B. Theoretical  Pred ic t ions

The m o d i f i c a t i o n  of the :ina lv t ical drop lm r ac ~ ~ o~le1 - 
-

to incorporate  a decay w i t h  t irue In the impact pressure  r e s ult e d
in more real is t ic  s t r e s s—t ime  curves than were cor~puted by t he

or ig ina l  model in which  p ressure  was assumed to  remain c on st ~~n t .

At a given radial  location , the Initial n:trt of the stress—time

curve for the variable pressure case was s im i l a r  to  t ha t f o r  the
constant  pressure ca se, except the peak tensile stress was abou t

2~~ lower. Use of variable pressure also significantl y reduced
the magnitude of the relatively long duration tensile stress

which followed the peak tensile stress pulse at larger radial

loca ti ons .

The modified model predicted tensile stresses ct

to 14.5 ksi (80 to 100 MPa ) in zinc selenide imp ac ted by a O.C)~~ in .

(2 . 0  mm) d iameter  w a t e r  drop a t  500 fps  (l~-2 m/s ’~. T h i s  is ~us~
above the damage threshold velocity which was found experimentaJly

to be between 450 and 500 f ps (137 and 152 m / s ) .  The f a ’ t  tha t the

pred icted tensile stresses for this case were close to  the u l tima te

s t rength  of 8.5 k s i  (58 .~~~ MPa ) for zinc se~ enide demons t rated the

v a l i d i t y  of the modif ied  a n a l y t i c a l  model .

As impact  ve l cz i t y  was inc reased  above  the dam:t ge
threshold velocity, quasistatic fracture strength became a less

sui table fa ilure c r i t e r i o n  for  z inc  selenide . Fa i lure w a s  n r e d i c t e d

to occur at much greater radial locations tha n were found e xn e i i -
mentally. Incorporation of the duration of the stress pulse  i n t o

the fa i lure c r i t e r i o n  by assuming a s t r e ss  f a i . u re  p a r a m e t e r  e~~u - ui
to the value of the impulse (area  under  the s t r e s s - t i m e  cur v e~
above a c r i t i c a l  s t ress  C provided an im r r o v e m en t . For any selected

value of a , the curve of the s t ress  f a i l u r e  p a r a m e t e r  versus

radial location peaked wi th in  th e band of radial  loc t~t i o n s  where
the major extent of fracturing was found experimenta ll y to occur.
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However , there was no uniqu e ~‘a l u e  for e i ther  the stress f a i l u r e
pa rame ter or the  c r i t i c a l  s t ress , a , w h i c h  p r e d i ct e d  fa i lure for
the three velocities investigated (500, 730, and 112 ) fps or I : ,

7~2, and 340 m/s).

To keep c o n s t a n t  w i t h  v e l o c i ty the va lue  fo r  t h e
stress pa rameter which defined the boundaries of the f r a c t u r e d
zon e, the selected value of a had to be Increased with an In cr e a s e

In veloc i ty. Merely incorpora ting the  d u r a t i o n  or ’ the s t ress
into the failure criterion does not appear to he sufficient - . The
d ynamic  f r act u r e  s t r e n g t h  of the ma t e r i a l  m u s t -  a l s o  he c o n s id e r e d
in the f o r m u l a t i o n  of the fa i lure c r i t e r i o n .

A dd i  tional mod i f i c a  t i ons  of the ana ly t i c a l mode a re  t i o t

f e l t -  to he w a r r a n t e d  a t  t h i s  t ime . The mode ’ as nOW I ’o r m ul a t ~ed i s

si m p le and requ i res m i n i m a l co m p u t e r  t i m e . A greemen t  be tween  ‘omjut ed

stresses and experimental , results Is as good as can be determined

given the  c u r r e n t  s t a t e  of fa i lure c r i t e r i o n  for  dynamic io :tdi nit.

The model should prove to be a useful tool to stud y such th1n~t s as

the damage th resho ld  v e l o c i t y of m a t e r i a l s  and the tr ade— oft ’ be1 -~een

dro p d i a m e t e r  and impa t- velocit y for a gi v en amount- of d:una~~e .
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