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DESIGN, CONSTRUCTICIN , AND INITIAL RESULTS 

FOR AN EROSION-CORROSION TEST SYSTEM* 

J. E. Keiser 

ABSTRACT 

Eros ion  and eros ion-cor ros ion  are among t h e  most 
s e r i o u s  forms of m a t e r i a l  deg rada t ion  encountered i n  
c o a l  convers ion  and combustion systems. To improve our 
unders tanding  of such phenomena, a unique system has 
been cons t ruc t ed  t o  perform e r o s i o n  and eros ion-  
c o r r o s i o n  s t u d i e s  i n  a s p e c i a l l y  modified scanning 
e l e c t r o n  microscope. Th i s  microscope i n c o r p o r a t e s  a 
gun t h a t  shoo t s  e r o s i v e  particles a t  a t a r g e t  specimen 
and a l s o  a ho t  s t a g e  t h a t  can hea t  both t h e  test speci- 
men and a c o r r o s i v e  gas  d i r e c t e d  onto  t h e  specimen sur -  
f a c e .  I n i t i a l  r e s u l t s  show t h a t  t h e  system is capable  
o f  novel  s t u d i e s  of e r o s i o n  and eros ion-cor ros ion ,  
which should l e a d  t o  improved unders tanding  of t hose  
d e g r a d a t i o n  modes. 

INTRODUCTION 

Eros ion  and eros ion-cor ros ion  can cause  cons ide rab le  material 

d e g r a d a t i o n  Ln sys t ems  such as gas t u r b i n e s  and c o a l  convers ion  sys t ems ,  so 

many r e s e a r c h e r s  have s t u d i e d  those  problems. Genera l ly  t h e  work is  per- 

formed wi th  a gas gun, which d i r e c t s  a gas  stream loaded wi th  s o l i d s  onto  

t h e  t a r g e t .  The e r o s i v e  p a r t i c l e s  are approximately t h e  s i z e  of p a r t i c l e s  

i n  t h e  systems of i n t e r e s t .  Because many grams and even hundreds of grams 

o f  p a r t i c l e s  s t r i k e  t h e  s u r f a c e  be fo re  t h e  s u r f a c e  i s  examined, only cumu- 

l a t i v e  e f f e c t s  are measured; l i t t l e  o r  no th ing  is l ea rned  about t h e  

r e sponse  of t h e  t a r g e t  material t o  i n d i v i d u a l  impacts.  

S t u d i e s  i n  which s i n g l e  pa r t i c l l e s  are used t o  i n v e s t i g a t e  t h e  b a s i c  

deformat ion  response  of t h e  t a r g e t  have employed p a r t i c l e s  cons iderably  

Research sponsored by t h e  U . S ,  Department of Energy, AR&TD F o s s i l  * 
Energy Materials Program [DOE/FE AA 15 10 10 0 ,  Work Breakdown S t r u c t u r e  
Element ORNL-3(C)] under c o n t r a c t  DE-AC05-840R21400 wi th  Martin Marietta 
Energy Systems, Inc .  
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l a r g e r  than  those found i n  t h e  systems of i n t e r e s t .  Consequently i t  i s  not 

c lear  t h a t  t h e  material  behavior observed i n  t h e  experiments is charac te r -  

i s t i c  of t h a t  under impacts by much smaller par t ic les .  

An a d d i t i o n a l  shortcoming of most work performed up t o  this t i m e  i s  t h a t  

mater ia l  r e a c t e d  a t  e leva ted  temperature  i s  no t  examined u n t i l  i t  has 

cooled.  The change i n  temperature can r e s u l t  i n  s p a l l a t i o n  of scales o r  i n  

a phase change, s o  t h e  material examined a t  room temperature  is not  

n e c e s s a r i l y  r e p r e s e n t a t t v e  of t h a t  existjing a t  operat  Lng c o n d i t i o n s  of t h e  

systems of i n t e r e s t .  

We have cons t ruc ted  a system t h a t  permits  s t u d i e s  of t h e  impact 

e f f e c t s  of s i n g l e  p a r t i c l e s  of t h e  s i z e  found i n  c o a l  conversion systems. 

Furthermore,  t h e  t e s t  samples  can be examined a t  temperature  and under 

c o r r o s i v e  c o n d i t i o n s  with a scanning e l e c t r o n  microscope. 

EXPERIMENTAL SYSTEM 

OVERVIEW 

T h e  experimental  system i s  based on an I S 1  Super X I I A  scanning e l e c t r o n  
* 

microscope (SEM) s p e c i a l l y  modified t o  permit i n - s i t u  s t u d i e s  of the 

e r o s i o n ,  c o r r o s i o n ,  and erosion-corrosion c h a r a c t e r i s t i c s  of metallic or  

ceramic s u r f a c e s .  The nliljor a d d i t i o n s  t o  t h e  SEM are R gun, which shoots  

i n d i v i d u a l  p a r t i c l e s  a t  a sample a t  h igh  v e l o c i t y ,  and a hot  s t a g e ,  which 

heats t h e  specimen and t h e  c o r r o s i v e  gas  and d i r e c t s  t h e  gas onto t h e  

sample s u r f a c e  e 

The v e l o c i t y  of t h e  e r o s i v e  p a r t i c l e s  f i r e d  from t h e  gun is  measured 

by  a p h o t o e l e c t r i c  t iming device i n  the gun b a r r e l .  The p a r t t c l e s  are 

p r o p e l l e d  by pulses  of g a s ,  which are regula ted  by a s p e c i a l l y  b u i l t  

d e v i c e  t h a t  c o n t r o l s  t h e  d u r a t i o n  of e lec t r i ca l  p u l s e s  t o  t h e  so lenoid  

v a l v e ,  Thc p r o p e l l a n t  gas  i s  r a p i d l y  reinoved from t h e  SEM chamber by a 

turbomolecular  pump t h a t  supplements t h e  s tandard  SEM pumping system. 

A eonmercial gas flow c o n t r o l  system d e l i v e r s  a stream oE c o r r o s i v e  

g a s  t o  t h e  specimen s u r f a c e -  D i f f u s i o n  of t h i s  gas  i n t o  t h e  SEM f i lament  

area i s  mintmized by rap id  removal of t h e  gas  wi th  t h e  turbomolecular pu~np. 

. .. . . . . -. . .. . . . . . . 
f 
Manufactured by I n t e r n a t i o n a l  S c i e n t i f i c  Instruinenta,  I n c . ,  M i l p i t a s ,  

C a l i f .  
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During e leva ted- tempera ture  o p e r a t i o n s  and c o r r o s i o n  s t u d i e s ,  r a p i d  

a c q u i s i t i o n  of a h igh -qua l i ty  image i s  impera t ive .  Because o p e r a t i o n  a t  

h i g h  tempera ture  o r  i nc reased  gas p r e s s u r e  can degrade t h e  image and 

because  t h e  SEM camera r e q u i r e s  a t  least  t h r e e  minutes per  p i c t u r e ,  an  

image enhancement system w a s  added t o  t h e  SEM t o  permit r ap id  a c q u i s i t i o n  

o f  images whose q u a l i t y  is cons ide rab ly  b e t t e r  than  those  obta ined  i n  t h e  

normal manner. 

EROSIVE-PARTICLE GUN 

One of t h e  most s i g n i f i c a n t  a d d i t i o n s  t o  t h e  SEM is  a gas gun t h a t  pro- 

p e l s  0.343-m-diam (0.0135-in.) t ungs t en  c a r b i d e  b a l l s .  Many r e s e a r c h e r s  

have b u i l t  guns t o  shoot  par t ic les ;  iowever,  most have been designed f o r  

l a r g e r  b a l l s  o r  f o r  m u l t i p l e - p a r t i c l e  shots . ’  ,2 

tw ice  modified t o  improve t h e  method of r e load ing  and b r ing ing  t h e  next b a l l  

i n t o  f i r i n g  p o s i t i o n .  The f i r s t  desLgn inco rpora t ed  a sp r ing -ac t iva t ed  

r e l o a d i n g  mechanism and a c y l i n d e r  t h a t  r o t a t e d  on an  axis perpendicular  t o  

t h e  b a r r e l .  Although b a l l s  were s u c c e s s f u l l y  f i r e d  from t h i s  gun, t he  

r e l o a d i n g  mechanism never worked s a t l s f a c t o r i l y .  The second des ign  had a 

d o v e t a i l e d  s l i d i n g  connec t ion  t o  move b a l l s  from a spring-loaded b a l l  ho lde r  

i n t o  t h e  f i r i n g  chamber (F ig .  1). This  gun w a s  used f o r  t h e  i n i t i a l  

exper imenta l  s t u d i e s ,  b u t ,  as wi th  t h e  f i r s t  des ign ,  r e load ing  was a 

problem. The b a r r e l s  of t h e  f i r s t  two guns were f a b r i c a t e d  from type 304 

s t a i n l e s s  s teel  hypodermic tub ing  I0.635 mm (0.025 i n . )  o u t s i d e  diam, 

0.330 mm (0.013 i n . )  i n s i d e  diam]. The gun bodies  were machined from 

b r a s s .  

The c u r r e n t  des ign  w a s  

The t h i r d  and la tes t  gun is eas::er t o  r e l o a d  and has a b u i l t - i n  veloc- 

i t y  measurement system. Th i s  gun, shown i n  Fig. 2, is b u i l t  on a f l a n g e  

t h a t  mounts d i r e c t l y  on t h e  SEM chamber. On t h e  o u t s i d e  of t h e  f l a n g e  are 

t h e  gas  i n l e t  tube ,  a 14-pin e lectr ical  connector f o r  communication with 

t h e  c o n t r o l  and measurement pane l ,  arid a r o t a t i n g  knob f o r  advancing a b a l l  

i n t o  f i r i n g  p o s i t i o n .  On t h e  i n s i d e  of t h e  f l a n g e ,  t h e  t e e t h  of a gea r  can 

b e  seen  between two b r a s s  p l a t e s .  This gea r  i s  r o t a t e d  by a gea r  connected 

t o  t h e  hand knob. A s  shown i n  F ig .  3 ,  i t  r o t a t e s  t o  p o s i t i o n  t h e  projec- 

t i l e  between t h e  gas supply tube  and t h e  gun b a r r e l .  The gea r  has  40 pre- 

c i s e l y  d r i l l e d  ho le s  a r ranged  i n  two c o n c e n t r i c  r i n g s  of 20 ho le s  each. 

The o u t e r  r i n g  acts as an alignment guide  f o r  p o s i t i o n i n g  t h e  p r o j e c t i l e s ,  
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VERTICAL DRIVE 

F ig .  1. Schematic drawing of the secoud version of the erosive- 
particle gun. 

. .  
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ORNL-DUG 86-7609 

NOT TO S C A E  

Fig .  3.  Schematic drawing of t h e  c u r r e n t l y  used e r o s i v e - p a r t i c l e  gun. 

w h i l e  t h e  i n n e r  r i n g  carries t h e  p r o j e c t i l e s ,  i .e. ,  s e r v e s  as a 20-shot 

r e v o l v e r  c y l i n d e r .  A l i g h t - e m i t t i n g  d iode  and photon c o l l e c t o r  l oca t ed  

n e a r  t h e  bottom of t h e  gun are used t o  p o s i t i o n  t h e  gea r  so t h a t  a h o l e  (on 

t h e  i n n e r  r i n g )  b r i n g s  a p r o j e c t i l e  i n t o  alignment wi th  t h e  gas  supply tube  

and gun b a r r e l ,  which are e x a c t l y  180" away from t h e  bottom hole .  Proper  

p o s i t i o n i n g  is  i n d i c a t e d  when t h e  s i g n a l  from t h e  c o l l e c t o r  i s  maximized as 

i n d i c a t e d  by a meter on t h e  c o n t r o l  panel.  

A charge  of gas  of c o n t r o l l e d  p r e s s u r e  and d u r a t i o n  p r o j e c t s  t h e  b a l l  

through t h e  b a r r e l .  Carbon d i o x i d e  has  been used as t h e  p r o p e l l a n t  gas .  

It  has  t h e  advantage t h a t  t h e  ambient equ i l ib r ium p r e s s u r e  between gaseous 

and l i q u i d  carbon d iox ide  i n  t h e  gas c y l i n d e r  [about 6.4 MPa (930 p s i ) ]  

cannot  exceed t h e  maximum p r e s s u r e  f o r  so l eno id  va lve  ope ra t ion ,  thus  pro- 

v i d i n g  a safeguard  a g a i n s t  r e g u l a t o r  f a i l u r e .  For t h e  same p res su re ,  

h i g h e r  p r o j e c t i l e  v e l o c i t i e s  could be a t t a i n e d  by us ing  gases  of lower 

molecular  weight , l  so ,  i f  h ighe r  v e l o c i t i e s  are needed, a l i g h t e r  pro- 

p e l l a n t  gas w i l l  be adopted. I f  lower v e l o c i t i e s  are d e s i r e d ,  lower car- 

bon d iox ide  p r e s s u r e s  a r e  used. Pa r t i c l e  v e l o c i t i e s  used i n  experimental  

s t u d i e s  are g e n e r a l l y  i n  t h e  range 15 t o  45 m / s  (50-150 f t / s ) ,  but ve loc i -  

t i e s  as high as 90 m / s  (300 f t / s )  have been a t t a i n e d .  



6 

The t i p  of t h e  b a r r e l  is v i s i b l e  i n  Fig.  2 ,  which a l s o  shows t h e  

w i r i n g  ha rness  and p r i n t e d  c i r c u i t  (pc) boards t h a t  are mounted on t h e  

b r a s s  p i e c e  t h a t  suppor t s  t h e  b a r r e l .  Th i s  w i r ing  ha rness  and t h e  pc 

boards  are t h e  main components of t h e  v e l o c i t y  measurement system, which is 

desc r ibed  below. 

s t a i n l e s s  s teel  c a p i l l a r y  tub ing  [1.59 mm (0.0625 i n . )  o u t s i d e  diam, 

0.254 mm (0.010 in . )  i n s i d e  diam]. 

d r i l l i n g  t o  be s l i g h t l y  l a r g e r  t han  b a l l  d iameter .  

of  t h e  gun, i nc lud ing  t h e  l a r g e  g e a r ,  a r e  made of b r a s s .  

The b a r r e l  f o r  t h i s  gun w a s  f a b r i c a t e d  from type  316 

The i n s i d e  diameter i s  en larged  by 

The o t h e r  l a r g e  p i eces  

'me gun Is t i r m l y  a t t a c h e d  t o  t h e  SEM sample chamber, and the  specimen 

h o l d e r  and ho t  s t a g e  are t i l t e d  t o  change t h e  ang le  of impact of t h e  e rodent  

p a r t i c l e s  on t h e  specimen su r face .  

t o  90" ( a t  90" t h e  p lane  of t h e  specimen s u r f a c e  is normal t o  t h e  f l i g h t  

p a t h  of t h e  e rodent  p a r t i c l e s ) .  

The impact ang le  can be v a r i e d  from 10 

As b u i l t ,  t h i s  gun shoots  s t anda rd  0.343-mm-diam (0.0135-in.) t ungs t en  

c a r b i d e  b a l l s ,  which are purchased from a b a l l  bea r ing  manufacturer.  Cobalt- 

bonded tungs t en  c a r b i d e  i s  used because of i t s  high hardness.  The 0.343- 

s i z e  w a s  chosen because of t h e  l i m i t e d  a v a i l a b i l i t y  of smaller s i z e s  and 

because formidable machining d i f f i c u l t i e s  would be encountered i n  

b u i l d i n g  a gun f o r  much smaller b a l l s .  

VELOCITY MEASUREMENT SYSTEM 

It is e s s e n t i a l  t o  know t h e  v e l o c i t y  of a b a l l  when i t  s t r i k e s  t h e  

t a r g e t  i n  o rde r  t o  re la te  t h e  impact damage t o  t h e  momentum o r  k i n e t i c  

energy .  A t ime-of - f l igh t  device  w a s  designed by eng inee r s  i n  t h e  ORNL 

Ins t rumen ta t ion  and Cont ro ls  D iv i s ion  t o  record  the  t r a v e l  t i m e  of t h e  pro- 

j e c t i l e  over a f i x e d  d i s t a n c e  through t h e  b a r r e l .  L ight  beams from two 

l i g h t - e m i t t i n g  d iodes  sepa ra t ed  by 25.4 mm (1.00 i n . )  are d i r e c t e d  

through a p a i r  of a l i g n e d  narrow ho les  i n  t h e  b a r r e l  and i n t o  a c o l l e c t o r .  

I n t e r r u p t i o n  of t h e  l i g h t  beam by a p a r t i c l e  causes a pu l se  i n  t h e  

e lec t r ica l  s i g n a l  from t h e  c o l l e c t o r .  This is a commonly used technique ,  

and t h e  des ign  and c o n s t r u c t i o n  of such a timing dev ice  would be s t r a i g h t -  

forward i f  i t  were not  f o r  t h e  small  s i z e  of t h e  b a l l s .  To ensure  t h a t  t h e  

column of l i g h t  i s  completely shadowed by t h e  b a l l  as i t  passes  through t h e  
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. 

b a r r e l ,  t h e  l i g h t  s h a f t  is  conf ined  t o  0.25 mm diam (0.010 i n . ) .  

r e s u l t s  i n  a r e l a t i v e l y  small s t eady- - s t a t e  source  of l i g h t  energy reaching  

t h e  c o l l e c t o r ;  consequent ly ,  t h e  electrical  c u r r e n t  s i g n a l  i s  r e l a t i v e l y  

weak. In a d d i t i o n ,  a b a l l  t r a v e l i n g  30 m / s  t o t a l l y  i n t e r r u p t s  t he  l i g h t  

beam f o r  only about 10 ps; t h u s ,  t h e  e lectr ical  s i g n a l  p u l s e  is very s h o r t .  

Because of t h e s e  c o n d i t i o n s ,  f a s t  high-gain p r e a m p l i f i e r s  are requ i r ed  t o  

c o n v e r t  t h e  s tar t  and s t o p  c u r r e n t  s i g n a l s  i n t o  s i g n a l s  t h a t  can be used t o  

c o n t r o l  d i g i t a l  t ime-of - f l igh t  measurement c i r c u i t r y .  The t i m e  between t h e  

d e t e c t i o n  of t h e  f i r s t  and second p u l s e s  is measured by us ing  t h e  pu l ses  t o  

s t a r t  and s t o p  a 1-MHz c lock  t h a t  i s  connected t o  a coun te r .  The r e s u l t i n g  

count  d iv ided  by t h e  1-PIHz c lock  rate equa l s  t h e  p a r t i c l e ' s  t i m e  of f l i g h t  

w i t h  T l -ps  accuracy .  The v e l o c i t y  (&If, is then  determined from t h e  

t i m e  of f l i g h t  ( t f )  and t h e  s e p a r a t i o n  d i s t a n c e  of t h e  d iodes  f d s ) :  

This  

GAS PULSE DEVICE 

Gases in t roduced  i n t o  t h e  SEM can cause  damage t o  t h e  f i l amen t  used t o  

supp ly  e l e c t r o n s  for t h e  microscope and can cause  focus ing  problems. 

Although extra pumping capac i ty"  h a s  been added t o  t h i s  system, It is 

d e s i r a b l e  t o  keep t h e  amount of gas in t roduced  i n t o  t h e  sample chamber t o  a 

minimum when t h e  gun is f i r e d .  Therefore ,  it is important t o  l i m i t  t h e  

d u r a t i o n  of t h e  gas p u l s e  used t o  p rope l  t h e  p r o j e c t i l e .  This  r e q u i r e s  a 

f a s t - a c t i n g  so leno id  va lve  t o  open and c l o s e  t h e  gas supply and an e q u a l l y  

f a s t  e l e c t r o n i c  c i r c u i t  t o  c o n t r o l  t h e  electrical p u l s e  t o  t h e  so lenoid .  

The p r e s e n t  c i r c u i t  provides  a shor t -du ra t ion ,  h igher -vol tage  s i g n a l  t o  open 

t h e  va lve  qu ick ly  and then  main ta ins  a lower-voltage ou tpu t  t o  hold t h e  

v a l v e  open f o r  a preset t i m e .  For most a p p l i c a t i o n s ,  t h e  f u l l  pu l se  dura- 

t i o n  is 15 m s ,  a l though t h e  d u r a t i o n  can be v a r i e d  from 5 t o  1000 ms. 

Thus, t h e  p u l s e  d u r a t i o n  can  be opt:lmized t o  achieve  t h e  needed p a r t i c l e  

v e l o c i t y  wi th  t h e  minimum gas  load .  

- 
*See subsequent d i s c u s s i o n  of .:he turbomolecular pump. 
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HOT STAGE 

Hot stages for a SEM with and without the capability to heat and 

Our direct a corrosive gas have been deacribed in the literature.3'6 

first hot stage, shown in Pig. 4, was fabricated from a machinable glass 

Y-PO €45 1 
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chosen because of its fabricability and relatively good insulating proper- 

ties. A commercially available* ceramic heater, 12.7 mm in diam (0.5 in.) 

and 1.59 mm thick (0.0625 in.), provided an upper temperature capability 

of 700°C. 

passing them through a channel machined into the body of the hot stage. 

Both ends of the channel were terminated by a female tapered ground glass 

joint. Quartz tubes were machined to fit these joints, and the quartz tube 

at the gas exit was bent into an inverted J shape so that the hot gas could 

be directed onto the hot surface of a sample mounted on the hot stage. The 

quartz inlet tube was connected to a coil of plastic tubing that led to a 

gas feedthrough on the SEM door. The hot stage was equipped with four 

chromel-alumel thermocouples to measure the sample temperature, control the 

heating element, and monitor the temperature in two locations at the base of 

the hot stage. 

Reactive gases used for corrosion studies were heated by 

During early studies with the hot stage, it was found necessary to add 

a cooling system that would maintain the SEM stage mounting disk at an 

acceptable temperature to accommodate adjacent nylon gears. The original 

brass disk was replaced with a copper disk to which was brazed a coil of 

copper tubing 3.18 mm (0.125 in.) in outside diameter. Flexible coils of 

plastic tubing connected the copper cooling coil to feedthroughs on the 

SEM door. Air or water was passed through this cooling coil. 

A new hot stage was fabricated to our specifications by a SEM equipment 

This hot stage, shown in Fig. 5, includes a gas preheating supplier.? 

system similar to that on the first hot stage and a water-cooled copper heat 

sink. It is capable of operation at temperatures of at least 1100°C (2012°F). 

GAS FLOW CONTROL SYSTEM 

The supply of corrosive gas to the hot stage is regulated with a com- 

mercial gas flow control system. This system uses a flow measuring trans- 

ducer that gives a signal to a controller. The controller compares the 

flow rate measured with the controller flow rate setting and then adjusts a 

solenoid valve to give the desired flow rate. Because only a very small 

volume of gas is needed (typical flow rates are 2-8 cm3/min), the flow 

Hittman Materials & Medical Components, Inc., Columbia, Md. * 
?Ernest F. Fullam, Inc., Latham, N.Y. 
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J 

Fig. 5. Bot stage purchased from Ernest F. Fullam, Inc., with capa- 
bility for operation at l l O O ° C .  

transducers used were the smallest-capacity units commercially available. 

The partial pressure of the corrosive gas at the sample surface is estimated 
from a form of the Herte-Langmrir equation used by E c a ~ p : ~  

Jms = A P { / ( 2  u R T M i ) ' / 2  , 
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where 

J,,, = molecular flow rate (mole/sec), 

Pi = gas pressure (dynes-cm-2), 

M i  = molecular weight of gas (g-mole-l), 

R = gas constant (8.31432 x lo7 g cm2 sec-2 mol-’ K - l ) ,  

T = temperature (K), 

A = exposed area (cm2). 

TURBOMOLECULAR PUMP 

The turbomolecular pump, Balzers model TPU-330,* was added to the 

system to rapidly remove gases introduced into the microscope when the gun 

is fired or when corrosive gas is used during in-situ corrosion studies. 

The turbomolecular pump used has a rated nitrogen pumping capacity of 

300 L / s  and permits continuous operation of the SEM during corrosion studies. 

To attach the pump to the SEM, a 5l-mm-diam (2-in.) hole was cut in the 

right side of the sample chamber (the side opposite the mounting location of 

the SEM detector tube and the erosive particle gun), and a large-diameter 

vacuum-tight tube was connected to the pump. A bellows was included to aid 

vibration damping. 

IMAGE ENHANCEMENT SYSTEM 

A Crystalt image enhancement system was incorporated to improve the 

quality of the displayed image and to make a permanent digital record of 

the image. In addition to standard noise reduction features, this 

system accepts a slow scan input signal and has the capability to digi- 

tally store images on a hard disk. The standard features include signal 

averaging, integration, crispening, and filtering. In signal averaging, 

the image displayed on the monitor is a running average over an 

arbitrarily selected number of frames; this provides an effectively real- 

time image with greatly reduced noise levels. The integration feature 

provides a frozen image which is an average taken over an operator- 

selected number of frames for noise reduction. Crispening and filtering 

- 
Manufactured by A. Pfeiffer GmbH, Asslar, Federal Republic of Germany. * 
*Manufactured by Quantel, Palo Alto, Calif. 
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features can be used on this frozen image to improve the resolution of 

surface features. The image storage option allows the Crystal system to 

digitally store up to 32 of these noise-reduced, edge-enhanced images on a 

hard disk. Hard copies (photographs) of the stored images can be made 

from the Crystal monitor or the SEM photographing monitor. 

. 

0 THER MODIFICATIONS 

The heat radiated into the SEM sample chamber during operation of the 

hot stage, along with an increased partial pressure of the corrosive gas, 

can cause degradation of SEM components. The scintillator disk and the 

final aperture are especially susceptible to declines in performance. 

Problems with the final aperture are solved by cleaning or replacing the 

aperture. The problems with the scintillator disks are minimized by using 

quartz disks with a carbon coating over the phosphor instead of the stan- 

dard aluminum coating over the phosphor on a glass or plastic disk. This 

technique was described in more detail by Castle and Hunt.5 

COMPLEMENTARY EQUIPMENT 

Two pieces of experimental equipment (not part of the modified SEM) are 

being used as accessory tools to provide additional, complementary experi- 

mental information. 

two-dimensional scan of surface features resulting from particle impacts or 

corrosion. Impact crater depths and diameters can be determined from 

recorder traces of the profilometer scans, and the height and extent of 

extruded lips can be estimated. 

microindentation apparatus, is used to measure the hardness in and around 

impact craters. This device performs a constant strain rate indentation 

test to determine the hardness as a function of depth by measuring the force 

needed to move the indenter to progressively greater depths. 

An Alpha-Step 200* profilometer is being used to make a 

A Nanoindenter,? which is an ultralow-load 

* Manufactured by Tencor Instruments, Mountain View, Calif. 
?Nanoindenter Instruments, Inc., Knoxville, Tenn. 
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INITIAL RESULTS 

The system we have desc r ibed  w a s  completed i n  January  1986. However, 

w e  performed s e v e r a l  experiments dur ing  and subsequent t o  c o n s t r u c t i o n ,  and 

c o n s i d e r a b l e  informat ion  of s i g n i f i c a n t  s c i e n t i f i c  va lue  has been ~ b t a i n e d . ~  

Because t h e  purpose of t h i s  r e p o r t  i s  t o  d e s c r i b e  t h e  exper imenta l  system 

r a t h e r  t han  t o  provide  d e t a i l e d  exper imenta l  resu l t s ,  ,only examples of 

r e s u l t s  w i l l  be p re sen ted .  D e t a i l e d  exp lana t ions  oE t h e  d a t a  and t h e i r  

s c i e n t i f i c  s i g n i f i c a n c e  w i l l  be provLded i n  subsequent papers .  

A b a l l  f i r e d  from t h e  gun damages t h e  s u r f a c e  of t h e  t a r g e t  material i n  

a manner determined by t h e  p r o p e r t i e s  of t h e  b a l l  and of t h e  t a r g e t .  For a 

d u c t l l e  t a r g e t  material and a b a l l  w i th  s u f f i c i e n t  v e l o c i t y ,  an  impact 

crater  i s  formed. The impact ang le  nas a s t r o n g  i n f l u e n c e  on t h e  crater 

shape ,  wh i l e  t h e  b a l l  v e l o c i t y  and t n e  p r o p e r t i e s  of t h e  b a l l  and t a r g e t  

material  determine t h e  c r a t e r  depth .  F igure  6 shows impact craters formed 

by b a l l s  s t r i k i n g  a t  30" and 90". Bath impac t s  caused e x t r u s i o n  of material 

from t h e  c r a t e r s ;  f o r  t h e  30" impact,  cons ide rab le  material p i l e d  up a t  

t h e  e x i t  end of t h e  crater,  whi le  t h e  90" impact produced a lower mound of 

material  a l l  around t h e  c r a t e r .  

The dimensions of an  impact crater are determined wi th  t h e  profilom- 

e te r .  F igu re  7 shows a SEM micrograph of a crater and t h e  p ro f i lome te r  

r e c o r d e r  trace of t h e  same crater.  C l e a r l y  t h e  p ro f i lome te r  d a t a  provide  

b e t t e r  measurements of c r a t e r  l e n g t h ,  c r a t e r  depth ,  and l i p  h e i g h t  than  

t h o s e  ob ta ined  from SEM micrographs. 

A s t anda rd  microhardness tester makes i n d e n t a t t o n s  about t h e  same s i z e  

as  t h e  craters made by t h e  tungs t en  c a r b i d e  b a l l s  we use .  Because we need 

measurements of t h e  p r o p e r t i e s  of t h e  s u r f a c e  in and around t h e  craters,  a 

small i n d e n t a t i o n  hardness  t e s t e r  w a s  needed. W e  u se  t h e  r e c e n t l y  developed 

Nanoindenter* t o  measure t h e  hardness  nea r  and a t  t h e  c e n t e r  of a crater.  

Recent s t u d i e s  wi th  a nickel-base a l l o y  i n d i c a t e d  t h a t  t h e  material in t h e  

bottom of a crater is g e n e r a l l y  ha rde r  than  t h a t  on t h e  una f fec t ed  sur -  

f a c e .  

s i x  i n d e n t a t i o n s  made by t h e  Nanoindenter. 

F igu re  8 shows a 90" impact c r a t e r  on a n icke l -base  a l l o y  and t h e  
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JK537 

25 pm 

( b)  E25 

Fig. 6. Craters formed in 4340 steel at room temperature by impacts 
of spheres traveling 30 m/s with impact angles of ( a )  30" and ( b )  90". 
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'4, 1 * 

Fig. 7 .  (a) Secondary electron image and ( b )  profilometer trace for 
an impact crater formed on Berylco 25 by the 30O-angle impact of a 
tungsten carbide bal l  at  30 4 s .  
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Fig- 8. Impact crater on Hastelloy C-276 formed by 90" impact of 
tungsten carbide ball traveling about 30 m/s. 
hardness measurements with the Nanoindenter are shown in the crater. 

Indentations formed during 

The hot stage has been used to heat a sample for elevated-temperature 

impact studies and for corrosion experiments with low-pressure oxygen. 

growth of whiskers and nodules of oxides has been monitored on iron, nickel, 

and cobalt alloys. An example of nodule growth on an 80% Ni-20% Cr alloy 

is shown in the photographic sequence in Fig. 9. 

The 

Eventually, erosion and corrosion will be performed simultaneously on a 

sample in the SEM. 
erosion studies have been performed on samples oxidized outside the SEM. 

Figure 10 shows the impact crater made by a ball hitting a preoxidized 

type 304L stainless steel sample at a 30" angle. Further studies will 

determine if the apparent ductility displayed by this oxide scale is typical 

for impact and oxidation conditions. 

Although our studies have not yet reached this stage, 

SUMMARY 

A unique system has been constructed t o  perform erosion and erosion- 

corrosion studies in a specially modified SEM. This microscope incor- 

porates a gun that shoots particles at a target specimen in the SEM and 8 
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60 min 30 min 

Fig. 9. Example of the formation a d  coarraaniw of oxides on 80% 
N i 4 0 X  C r  sample oxidized at 56OOC in about 6 x atm oxygen. 
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