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A ve ry  s  irnple attachrnent has been f i t t e d  t o  a  scanning E l e c t r o n  M i  croscope 

t o  produce back- re f  l e c t i o n  Kossel 1  i ne p a t t e r n s  o f  s e l e c t e d  d i  f f  r a c t i o n  

areas.  A1 though t ransmiss ion,  back r e f l e c t i o n  Kossel 1 i n e  p a t t e r n s  and 

pseudo-Kossel l i n e  p a t t e r n s ,  have been ob ta ined  u s i n g  the  E l e c t r o n  M i c r o  

Probe Ana 1 yser, the re  a r e  no repor ted  exper i  ments o r  recen t  t h e o r e t i  c a l  

s t u d i e s  concern ing the  minimum usable volume o f  the  s e l e c t e d  d i f f r a c t i o n  

areas o r  the  c o n t r a s t  o f  t h e  p a t t e r n s  ob ta ined .  I n  the  p resen t  paper,the 

authors s t u d i  ed some parameters a f f e c t i  ng t h e  contrast  i n  the back- re f  l e c -  

t i o n  Kossel 1  i n e  p a t t e r n s ,  s i n c e  such p a t t e r n s  p r o v i d e  i n f o r m a t i o n  frorn 

srnal l e r  volumes than the  pseudo - Kossel 1 i n e  p a t t e r n s ,  where the x- ray 

source l i e s  o u t s i d e  t h e  sarnple. The parameters a f f e c t i  ng the c o n t r a s t  here 

considered were: a c c e l e r a t i n g  v01 tage, x- ray f i 1  t e r  and g r a i n  p e r f e c t i o n .  

I n  o r d e r  t o  have a  l a r g e  nurnber o f  g r a i n s  and a  wide range o f  d i f f r a c t i n g  

areas, a p a r t i a l l y  r e c r y s t a l l i z e d  low carbon s t e e l  sheet was prepared.  I n  

t h i s  sample, 181 g r a i n s  were s e l e c t e d  t o  o b t a i n  Kossel l i n e  p a t t e r n s .  The 

a n a l y s i s  o f  the  1  i n e  c o n t r a s t  ob ta ined  u s i n g  t h e  back r e f l e c t i o n  Kossel 1  i - 
ne technique leads t o  t h e  f o l l o w i n g  conclus ions:  ( i )  i t  i s  p o s s i b l e  t o o b -  

t a i n  dynarnic d i f f r a c t i o n  p a t t e r n s  frorn s e l e c t e d  areas as small  as 1.5 mi- 

crornsters; ( i  i )  photographs c o n t a i n  l i nes produced i n  volumes o t h e r  than 

the  se lec ted  one, b u t  such 1  ines  can eas i  l y  be i d e n t i f i e d ,  and ( i  i i )  the re  

i s  a  correspondence between the  g r a i n  p e r f e c t i o n  observed m e t a l l o g r a p h i -  

ca l  l y  and the  d i  f f r a c t e d  1  ines  sharpness a n d m c o n t i n u i  t y .  

* Pos ta l  address: C . P .  1191, 20.000 - Rio de J a n e i r o  RJ. 



Para p r o d u z i r  l i n h a s  de Kossel de d i f r a ç ã o  de ra ios- x ,  a  p a r t i r  de áreas 

selecionadas, f o i  adaptado um s imples acessór io  a um Microscõpio E l e t r ô -  

n i c o  de Varredura. Com o uso da Microsonda, j á  se tem o b t i d o  f i l m e s  de 

Kossel em r e t o- r e f l e x ã o  e transmissão, bem c o m  f i l m e s  de pseudo-Kossel . 
Todavia, não ex is tem t raba lhos  e x p e r i w n t a i  s, ou estudos t e õ r i  cos recen- 

tes,  sobre o volume d i f r a t a n t e  ou o c o n t r a s t e  das l i n h a s  o b t i d a s .  No p r e-  

sente t raba lho ,  os autores estudam alguns parâmetros que afetam o contras-  

te.das l i n h a s  de Kossel em r e t r o - r e f l e x ã o .  Essas l i n h a s  fornecem informa-  

ções de menores volumes d i f r a t a n t e s  que as l i n h a s  de pseudo-Kossel, onde 

a f o n t e  de r a i o s- x  l o c a l  iza- se f o r a  da amostra d i f r a t a n t e .  Os parâmetros 

que afetam o c o n t r a s t e  e que foram aqui considerados são: v01 tagem de a-  

celeração, f i 1 t r o  de r a i o s- x  e p e r f e i ç ã o  do grão d i  f r a t a n t e .  Para o b t e r  

um grande número de grãos e uma l a r g a  f a i x a  de áreas d i f r a t a n t e s ,  f o i  u t i -  

l i z a d a  uma amostra de aço b a i x o  carbono parc ia lmente  r e c r i s t a l i z a d o .  Nes- 

sa amostra, foram selec ionados 181 grãos, e  ob t idos  os f i l m e s  de Kossel . 
A a n á l i s e  do c o n t r a s t e  o b t i d o  fazendo-se uso da técn ica  de Kossel em r e-  

t r o - r e f  lexão, conduz ãs segui n tes  concl usÕes : ( i )  é poss i v e l  ob te r- se  1 i - 
nhas de d i f r a ç ã o  dinâmica de áreas selecionadas, com 1,s m ic ra  de diâme- 

t r o ;  ( i i )  os f i lmes  contêm l i n h a s  produzidas em regiões adjacentes à área 

selecionada, mas essas 1 i nhas podem, todavi  a, s e r  f a c i  lmente i d e n t i  f icadas; 

( i  i i )  há uma correspondência e n t r e  a p e r f e i ç ã o  do grão observada metalo- 

g r a f i c a m n t e  e a con t inu idade  e c o n t r a s t e  das l i n h a s  de d i f r a ç ã o .  

1. INTRODUCTION 

The E l e c t r o n  M i c r o  Probe Analyser  (EMPA) has been used t o  o b t a i n  Kossel 

l i n e  p a t t e r n s  (Peters and O g i l v i e  ', 1965; Maurice, Seguin and ~ i x i e r ~ ,  

l 9 7 l ) ,  mos t -o f  them i n  t ransmiss ion  and a few i n  back- re f lec t ion  (Bevis and 

~ w i n d e l  l s 3 ,  1965). The EMPA was adopted i n  p re fe rence  t o  the  x- ray M ic ro-  

focus, bo th  because o f  avai l a b i  1  i t y  and f o r  the f o l  lowi  ng reasons: 

( i )  the o b s e r v a t i o n  f a c i  1  i t i e s  ( o ~ t i c a l  and scanning microscopy) , i n  EMPA, 

a re  ve ry  h e l p f u l  i n  s e l e c t i n g  the  d i f f r a c t i o n  areas; 

( i  i )  the  p o s s i b i  1  i t y  o f  o b t a i n i n g  x- ray d i f f r a c t i o n  p a t t e r n s  f rom smal l e r  

v o l u m s  than can be obt.ained u s i n g  the  x- ray Microfocus u n i t ;  and 

( i  i i )  b o t h  Kossel and pseudo-Kossel l i n e  p a t t e r n s  a re  produced i n  EMPA i n s -  

tead o f  pseudo-Kossel l i n e  p a t t e r n s  o n l y .  



The users o f  the EMPA technique general ly  agree tha t  i t  i s  possib le t o  

measure l a t t i c e  parameter and o r i e n t a t i o n  from Kossel l i n e  pat terns obta- 

ined on grains o f  an apparent diameter c lose t o  10 micrometers; however, 

t o  the authors' knowledge there are very few reports o f  experiments or  re- 

cent theore t i  cal  work concerni ng the m i  n i  mum v01 ume o f  the selected areas 

tha t  provides t h i s  type o f  d i f f r a c t i o n  pat te rn .  There are on ly  the e a r l y  

experimental work by Voges and ~ o s s e l ~  (19351, and Von Laue's d y n a m i c a l  

ca l cu la t i on  o f  the l i n e  i n tens i t i es ,  summarized i n   ames" book (1962 )  , 
concerning the minimum volume o f  the selected areas. 

I n  the present paper, the authors repor t  some resu l t s  acquired i n  a sys- 

tematic survey o f  the Kossel l i n e  pat te rns  contrast ,  obtained on a poly-  

c r y s t a l l i n e  specimen. The d i f f r a c t i o n  pat terns were obtained from thespe- 

cimen a t  the beginning o f  r e c r y s t a l l i z a t i o n  ( less than 10% volume f rac t i on  

recrys ta l  l i zed) ,  w i t h  the aim o f  f i n d i n g  the o r i e n t a t i o n  d i s t r i b u t i o n  o f  

the new grains and t o  have a b e t t e r  understanding o f  the tex ture  f o m t i o n  

by g r a i n  growth (Teodósio and ~ e r r a n ~  1975). Most o f  the pat terns were ob- 

ta ined i n  a scanning e lec t ron  microscope (SEM), which has a sa t i s fac to ry  

reso lu t i on  f o r  observing and se lec t i ng  d i f f r a c t i o n  areas. 

2. EXPERIMENTAL METHODS 

2.1. Kossel Attachment 

A very simple attachment has been f i t t e d  t o  the SEM Stereoscan MarkII,  t o  

record back- re f lec t ion  Kossel 1 ine  pat te rns  produced on smal 1 areas o f  the 

specimen. The d i f f  r ac t i ng  areas were selected using the scanning imaging 

system, wh i le  x-ray f i l m  blackening has been avoided dur ing t h i s  observa- 

t i o n  per iod  by using a remvab le  shut te r .  

A sho r t  specimen-film distance - 1.9 cm - was used: 

( i )  t o  decrease exposure time; ( i  i )  t o  record the pat terns w i t h  a large 

s o l i d  angle (r radian) and ( i i i )  t o  have a working distance in  theSEM (2.9 

cm) tha t  nevertheless a1 lows o f  good image reso lu t i on  w i thout  any modif i- 

ca t i on  o f  the lenses. 



A single-coated x-ray f i l m  w i t h  f i n e  g ra in  s i ze  was adopted (Kodak s ing le  

R) t o  see f i n e  d e t a i l s  i n  the d i f f r a c t i o n  pat terns.  Typical exposure t i -  
cv 

mes a t  2.5 x 1 0 - ~  Amps using a th in ,  12.5 micrometers, i r o n  f o i 1  f i l t e r ,  

were 18 minutes a t  16 k\l, and 5 minutes a t  28 kV, f o r  grains l a rge r  than 

6 m i  crometers. 

2.2. Sample Characteristics 

The sample was a low carbon (0.03%) s tee l  sheet, p rev ious ly  co ld  r o l l e d  

68% and then p a r t i a 1  l y  recrys ta l  1 ized. Using the p o i n t  count ing technique 

over 185 subareas (lJnderwood7 15168)~ the volume f r a c t i o n  o f  recrys ta l  l i z e d  

mater ia l  was estimated t o  be 822. Figure 1, taken i n  a region o f  new grains, 

l abe l l ed  by N, shows a t yp i ca l  metal lographic view o f  the specimen: the 

new grains are grouped, forming colonies and are surrounded by a recove- 

red mat r i  x wi t h  a corrugated appearance R, and no recovered matri x wi t h  f l a t  

surface, D. 

A l i n e a r  grain- size d i s t r i b u t i o n  was obtained (Figure 2, step curve 2) by 

measuring i n d i v i d u a l l y  the diameter o f  1500 new grains on a plane sec t ion  

o f  the sample. Since the d i f f r a c t i o n  occurs w i t h i n  the volume and the d i -  

ameters measured on a plane sec t ion  are smal ler  o r  equal t o  the corres- 

ponding gra in  v o l u m  diameter, the two dimensional g ra in  s i ze  d i s t r i bu t i on  

was t r a n s f o r m d  t o  a three d i  mensional one ( ~ i  gure 2 curve 1) us i  ng the me- 

thod proposed by Saltykov and described by ~nderwood~(1968) .  Such a sam- 

p l e  o f f e r s  a wide range o f  d i f f r a c t i n g  areas ( f  rom 1 t o  20 micrometers 

approximately) and f u r t h e r m r e  contains a la rge number o f  grains.  

2.3. Accelerating Voitage 

The acce lera t ing  voltage, f o r  the electrons used t o  produce x-rays, p lays 

an important r o l e  i n  the back- re f lec t ion  Kossel 1 ine  c o n t r a s t ~  Since t h i s  

parameter has not  received very much a t t e n t i o n  - only yakowitzB (1966  ) 

considered i t s  e f f e c t s  on the transmission Kossel 1 ine pat terns - we shal 1 

m k e  some comments about penet ra t ion  depth and l a t e r a l  resolution,and the 

r e l a t i v e  i n t e n s i t y  o f  both c h a r a c t e r i s t i c  l i n e  and whi te rad ia t i on  spec- 

t r a .  The e f f e c t i v e  eiecti-on range z ,  representing the maximum depth s t i  1 1  

producing c h a r a c t e r i s t i c  x-ray emission by inc ident  electrons, depends f o r  



a given mater ia l  on the acce lera t ing  v01 tage. Theoret ical  expressions f o r  

z can be obtained by i n teg ra t i on  o f  the Bethe energy loss formula. The ex- 

pression usua l ly  used i n  microanalysis i s  due t o  castaingg (1960): 

where E i s  the acce lera t ing  voltage, E the e x c i t a t i o n  vol tage t o  produce 
C 

a cha rac te r i s t i c  l i n e  (both i n  k ~ ) ,  A the atomic weight, Z the atomic num- 

ber, and p the densi t y .  Another expression, due t o  ~ e e d "  (19661, indica- 

t i n g  the depth w i t h i n  which 99% o f  the t o t a l  x-ray cha rac te r i s t i c  rad ia-  

t i o n  product ion takes place, i s  

I n  Table 1, values o f  z ( i n  micrometers) were calculated,  f o r  i ron,at  se- 

vera l  acce lera t ing  voltages. Furthermore, the experimental data o f  the l a -  

t e r a l  spreading measured by Russ and ~ a b a ~ a "  (1969) i n  a SEM are i nc lu -  

ded, showing much smaller values. These measured data were determined wi th 

a beam cur rent  o f  10- l2 Ampère. Table 1 shows the advantage o f  wÒrking a t  

low acce lera t ing  voltages: the maximum depth o f  the x-ray source i s  smal- 

l e r  and the wh i te  rad ia t i on  should decrease; t h i s  l a t t e r  e f f e c t  i s  more 

important i n  back- ref l e c t i o n  Kossel 1 i nes than i n transmi ssion, where the- 

re  i s  an important s e l f  f i  l t e r i n g  e f f e c t .  

La tera l  spreading, D, i s  def ined usual l y  as D = d i z, where d i s  the beam 

diameter, and z the e f f e c t i v e  penet ra t ion  depth. When the beam cur rent  i s  

small, the beam diarneter reaches small values and the l a t e r a l  s p r e a d i  ng  

measured by Russ and ~ a b a ~ a "  i s  c lose t o  the penetrat ion depth z. To de- 

crease d, one p o s s i b i l i t y  i s  t o  increase the acce lera t ing  voltage,E, kee- 

p ing  the e lec t ron  beam current ,  im, constant, as shown i n  the r e l a t i o n  

i = Const. x E d 8 I 3 , ,  
m 

bu t  then, as was shown e a r l i e r ,  z increases. Another p o s s i b i l i t y  i s  tode-  

crease im, keeping E constant. The l i m i t a t i o n  t o  t h i s  i s  the decrease o f  

x-ray i n t e n s i t y  production, since the f i l m  exposure time i s  d i r e c t l y  pro-  

po r t i ona l  t o  the beam current ,  a l l  the other parameters being constant .  



FIG.l - Scanning E l e c t r o n  Micrograph o f  t h e  p a r t i a l l y  r e c r y s t a l l i z e d  i r o n  

sample (segment l e n g t h  16 micrometers) , N new g r a i n ,  R recovered m a t r i x .  

0 . 9 ~  26 4 A 6 A 8 A  IOA 

LINEAR GRA iN S ~ Z E  [pm] 

FIG.2 - Grain s i z e  d i s t r i b u t i o n  f o r  1500 g r a i n s .  (1) Three dimensional;(2) 

Two dimensional;  (3) Two d imensional ,  on 181 d i f f r a c t i o n  p a t t e r n s .  



Furthermre, dur ing  long exposure times (t > 10 minutes) beam shi  f t  some- 

t i m s  occurs and the pa t te rn  i s  useless. 

F ina l l y ,  the acce lera t ing  vol tage cannot decrease too much i n  the SEM, 

because i t s  reso lu t ion  degrades rap id ly ,  specia l  l y  a t  long worki ng distan- 

ces such as 2.5 cm. I n  the present case, E was kept  a t  leas t  a t  14 kV. 

TABLE 1. E f f e c t i v e  e lec t ron  penetrat ion range 2 (microrneters), i n  i ron,  a t  

several acce lera t ing  v01 tages. 

Accelerat ing 

Vol tage 
-- 
CASTA1 NG (1960) 

REED (1960) 

RUSS & KABAYA (1969) 

Experimental 

TABLE 2. Normal (x) and l a t e r a l  (y) paths w i t h i n  the sample, necessary t o  

1 6 k V  

0.80 

0.43 

O.  3 

produce a f r a c t i o n  G o f  the t o t a l  d i f f r a c t e d  i n tens i t y ,  f o r  several values 

o f  4 (un i t s  i n  micrometers). 

1 2 k ~  

0.38 

0.22 

1 4 k V  

0.58 

0.32 

1 8 k V  

1.03 

0.56 

- 

2 5 k V  

2.35 

1 .O2 



3. DIFFRACTION PATTERNS OBTAINED: RESULTS AND DISCUSSION 

3.1. Patterns Obtained 

The selected areas f o r  d i f f r a c t i o n  experiments (new grains N i n  Figure 1) 

were chosen between the lower 1 i m i  t (0.9 micrometers) and the upper 1 i m i  t 

(20.3 micrometers) f o r  a 1500 grains d i s t r i b u t i o n ,  bu t  the smal ler  number 

o f  grains studied ( d i f f r a c t i o n  pat terns obtained - 181) d i d  not  reach such 

l i m i t s .  The diameter o f  the rninimum area producing a d i f f r a c t i o n  pa t te rn  

was o f  1.5 micrometers. I n  Figure 2, the step d i s t r i b u t i o n  3 represents 

the gra in  s i ze  d i s t r i b u t i o n  o f  the 181 d i f f r a c t i n g  areas. 

The se t  o f  d i  f f r a c t i o n  conics expected from the Bragg law and the s t ruc -  

tu re  f ac to r  are: 12 r e f  1t:ctions o f  type (1  101, 6 o f  type (2001, 24 o f  type 

(1 12) and 12 of type (2;!01 f o r  each wavelength o f  i ron Kal, Kap and KB, 

but  no Kf3 pa t te rn  was observed. 

The non- recrystal 1 ized f r a c t i o n  o f  the specimen showed two d i  f f e r e n t  mor- 

phologies: 

( i )  areas w i th  corrugated appearance produced on ly  one o r  two (110) e1 1 i p -  

se por t ions  and they were c l a s s i f i e d  as recovered mat r ix  R, as shown i n  

Figure 1; ( i i )  f l a t  areas o f  i r r e g u l a r  shape, 0, d i d  not  produce any d i f -  

f r a c t i o n  pa t te rn  and they were c l a s s i f i e d  as non-recovered matr ix .  

In the set o f  181 photographs obtained on new grains, a11 o f  them had di f f rac-  

t i o n  l ines .  The b e t t e r  cont ras t  (o r  s ignal- to-noise) r a t i o ,  i s  shown by 

some (110) l ines ,  fo l lowed by (2201 , '{112} and (0021 i n  order o f  decrea- 

s i ng  cont ras t ;  l i nes  I110} appear i n  every f i l m ,  but no t  always the o ther  

l i nes .  

Figure 3 shows schematical ly the r e l a t i v e  pos 

d i f f r a c t i n g  plane and specimen surface, where S 

source. Actual l y ,  the i o n i z a t i o n  o f  the L s h e l l  

specimen sur 

and the poin 

4 ,  the angle 

sma 1 l e r  than 

42 

t i o n  o f  the x-ray source, 

represents an x-ray po in t  

takes p l  ace between the 

here i s  e l a s t i c  scat ter ing face, excluding a t h i n  layer  where t 

t, S, a t  a depth o f  the order o f  the penet ra t ion  range z .  When 

between the specimen surface and the d i f f r a c t i n g  planes, i s  

the Bragg angle 0, the pat te rns  obtained are e l l i p s e s  o r  c i r -  
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FIG.3 - R e l a t i v e  p o s i t i o n s  o f  X-Kay source and d i f f r a c t i n g  p lane  back-re- 

f l e c t i o n  Kossel l i n e  p a t t e r n s :  (a) e l l i p s e s  and c i r c l e s  (p < O; (b) hyper- 

bo las 4 > 0.  

I 

HYPERBOLA iron sample " 1 .,. ---- + ---- + - - - -  ,. ---. 

i ron 
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FIG.5 - Produc t ion  l i m i t s  o f  b a c k - r e f l e c t i o n  Kossel l i n e  p a t t e r n s  shown 

schemat ica l l y  f o r  ( a )  hyperbolas (p > O; (b) e l l i p s e s  o r  c i r c l e s  4 O ,  + 
f i l m  c e n t e r  (see Table 2 ) .  



FIG.4 - Detai l  o f  a  back- re f l ec t i on  Kossel l i n e  p a t t e r n  (segment length 10 

mi I l ime te rs )  w i  t h  the same cont ras t  as the o r i g i n a l  f i l m .  



c les  (4 = O) ( ~ i ~ u r e  3a). I n  back r e f l e c t i o n  technique when @ > O, hyper- 

bola l i n e s  are recorded on ly  i f  the x-ray source i s  w i t h i n  the specimen. 

As shown i n  Figure 3b, the d i f f r a c t i o n  volume i s  l i m i t e d  by the surface 

o f  the specimen and the source S. I n  these experiments, the depth o f  the 

po in t  S should be: 0.3 < z < 0.8 micrometers, as was shown i n  Table 1 f o r  

acce lera t ing  vol tage o f  16 kV. 

The (110) hyperbolas represent 80% o f  the whole number o f  recorded (110) 

pa t te rns .  ~ h i ;  la rge number o f  hyperbolas can be explained cons i de r i ng 

the Bragg angle f o r  the (1101 d i f f r a c t i o n  - 28.5' - and the geometrical 

l i m i t a t i o n s  o f  the f i l m  holder, t ha t  on ly  produces v i s i b l e  i r o n  pat terns 

f o r  96' > I$ > 13'. Such condi t i ons  reduce the recorded e1 1 ipse patterns t o  

the range o f  28.5' > 4 > 13', wh i le  the (110) hyperbolas can appear i n  the 

range 96' > 4 > 28.5'. So, the r a t i o  o f  the angular range avai lable f o r  hy- 

perbolas t o  the whole angular range (96' - 28.5')/(96' - 13') = 81% is ve- 

ry  c lose t o  the observed f rac t ion .  

3.2. Pattern Contrast 

Figure 4 i s  a f i l m  p o r t i o n  showing the d i f f r a c t i o n  pat terns indexed. The 

e l l i p s e  {1011 i s  the more intense one, wh i le  the hyperbolas { i10) ,  ( i i 0 )  

and {110) o f  the same fami l y  o f  planes are much weaker. This d i f fe rence 

i n  i n t e n s i t y  depends on the relat. ive p o s i t i o n  o f  the x-ray source, d i f -  

f r a c t i n g  plane and specimen surface as shown on Figure.3. Contrary t o  the 

Kossel and voges4 (1935) remark, the observed hyperbolas are not  more i n -  

tense o r  sharper than the e l l ipses ;  furthermore, on the recorded pa t te rm,  

the i n t e n s i t y  o f  both conics decreases w i t h  increasing values o f  $. 

Considering, i n  Figure 3, another specimen surface through the po in t  Sand 

p a r a l l e l  t o  the f i r s t  one, the hyperbola produced i n  Kossel back - re f l ec -  

t i o n  can be compared - as a rough approximation - t o  d i . f f r ac t i on  through 

a c r y s t a l  p l a t e  (LAuE case). For such a geometrical se t t ing ,  t h e  p l a t e  

thickness g i v i ng  the maximum i n t e n s i t y  f o r  mosaic c r ys ta l s  i s  t = cos @/v 
 ames'^, 1962) when I$ = ~ / 2 ,  and i n  the present case t (1 10) = 15 micro- 

meters. 



At  t h i s  p o i n t , i t  i s  wortt iwhile t o  g ive the primary e x t i n c t i o n  distance E 

(110) = 0.38 micrometers, t h a t  was estimated from the r e l a t i o n  

where ; i s  the average a t tenuat ion  c o e f f i c i e n t  i n  the middle region f o r  a 

pe r fec t  c r y s t a l  se t  i n  the r e f l e c t i n g  p o s i t i o n  ( w a r r e n l  3 ,  19681, N the 

number o f  atoms per u n i t  o f  volume, X the wave length and F t h e s t r u c t u r e  

fac to r .  Since t (110) >> z E (110), the hyperbola i n t e n s i t y  r e c o r d e d  

cannot be explained by the kinemati 

theory f o r  pe r fec t  c r ys ta l s .  Since 

case i s  so s ~ l l ,  i n  such a region 

A1 though Figure 3 shows schematical 

cal  theory but  on ly  by the dynamical 

the i r r a d i a t e d  volume i n  the hyperbola 

the c r y s t a l  may be per fec t .  

l y  t ha t  the d i f f r a c t i n g  volume respon- 

s i  b l e  f o r  product ion o f  e1 1 ipses i s  beneath the po in t  S,  i t i s  o f  i n t e r e s t  

t o  have a quanti t a t i v e  es t imat ion  o f  the volume producing a given f rac-  

t ion ,  G, o f  the d i f f r a c t e d  i n t e n s i t y  f o r  m s a i c  c r ys ta l s ,  as i t  was done 

f o r  hyperbolas. The fo l l ow ing  re la t i on ,  due t o  ~ u l l i t ~ ' '  ( l959),  . 

3: = -  I Rn---I cosec (O - $1 + cosec (O + $1 I- '  , !J 1 - G  

gives the penetrat ion depth, x, normal t o  the surface; t h i s  re la t ion  leads 

t o  the conclusion tha t  the path length w i t h i n  the d i f f r a c t i n g  v01 ume i s  

(1 - V) ~ n p / ( l  -G)], independentl y o f  the O and $ values. The path compo- 

nent p a r a l l e l  t o  the surface i s  

1 = g n ( l i e  . 
1 - G cos $ 

Table 2 gives values o f  2 and y ( i n  micrometers ) f o r  i ron, re f lec t ion  ( 1  10) 
o 

(O = 28.5 ) ,  ca lcu la ted f o r  severa1 values o f  G and $ ($ < O f o r  e11 ipses). 

Table 2 shows tha t  x changes rap id l y  w i t h  4 but  not y, f o r  a f i xed  value 

o f  G. Considering tha t  the average gra in  diameter i s  5.1 microns, the x 

and y values on t h i s  Table show tha t  the kinematical theory could account, 

on the average, f o r  less than 20% o f  the e1 l i pses i ntens i t y  . Thus , the di f- 

f rac ted i n tens i  t y  o f  e l  1 ipses must be explained by the dynamical theory o f  

d i f f r a c t i o n .  There i s  a f u r t h e r  observation requi r i n g  the dynamical theo- 



r y  t o  be understood: the convex s ide o f  the lower in tens i  t y  e1 1 ipses and 

hyperbolas i s c learer  than the adjacent background. 

3.3. Minimurn Diffracting Volume 

A noteworthy observat ion was the presence o f  (1 10) e1 1 ipses, t ha t  coul d 

not be indexed coherentl y wi t h  other 1 ines Ihkk)  a1 ready i ndexed i n the 

same f i  lm,  because t h e i r  measured in terp lanar  angles d i f f e r e d  f rom the 

cor rec t  c r ys ta l  lographic values. The "non-i ndexed" (1 10) l ines, present i n  

many f i  lms, may be d i f f  racted from gra i  ns adjacent to, o r  beneath, the se- 

lec ted areas as explained i n  the fo l l ow ing  paragraph. 

The m a n  g ra in  s i ze  masured i s  5.1 mi crometers (5.1 x l o m 4  crn) and the 

mass absorpt ion c o e f f i c i e n t  o f  i r o n  f o r  Ka rad ia t i on  o f  i r o n  i s  510 cm-'; 

the photoe lec t r ic  law o f  absorption, I/Io = exp(-W) , f o r  such data shows 

t h a t  the generated x-rays s t i  11 keep 75% o f  the i  r o r i g i  na1 i n t e n s i t y  a f te r  

going through the average recrys ta l  1 ized grains on the sample surface. Con- 

sequently, d i f f r a c t i o n  by the x-rays s t i l l  ava i lab le  w i l l  o r i g i na te  con- 

t i n u o u ~  e l l i p s e s  when the mater ia l  i s  rec rys ta l l i zed ,  broken ellipseswhen 

the mater ia l  i s  recovered, and no 1 ines a t  a1 1 when the materi a1 i s  not  

yet  recovered, such mater ia l  being located i n  each case beneath o r  around 

the selected areas. 

I t  was a l so  observed tha t  19 photographs were not showing (110) hyperbo- 

las, bu t  showing some (110) e l l i p s e  l i n e s  running over the whole f i l m  o r  

a p o r t i o n  o f  i t .  Following the arguments given above, one can assume that 

the 19 pat te rns ,  w i  thout  {110) hyperbolas but  w i t h  some {I101 e1 1 i p s e s ,  

e i t h e r  o r i g i n a t e  from regions beneath the selected areasor tha t  there was 

some e lec t ron  beam s h i f t  dur ing the exposure. 

A f t e r  t h i s  analysis o f  the Kossel l i n e  pat terns was obtained, there wasno 

problem i n  recognizing the d i f f r a c t e d  1 ines: those ( 1  10) hyperbolas and 

other ( 1  101, 1220) e11 ipses associated w i t h  them, making the cor rec t  i n -  

te rp lanar  angle, o r i g i na ted  i n  the selected area. The basis i n  e s t a b l i -  

shing such correspondence l i e s  i n  the f a c t  t ha t  (110) hyperbolas only o r i -  

g inate a t  a depth smal l e r  than 0.8 micrometers (Table I ) .  The other e1 l i p -  



ses {110), (112) and (220) - incompat ib le  w i t h  the  {110) hyperbola -should 

come f rom reg ions  ad jacen t  t o  the  s e l e c t e d  areas. 

The r e s u l t s  ob ta ined  a f t e r  s t u d y i n g  t h e  b a c k - r e f l e c t i o n  Kossel 1 i n e  pa t-  

te rns  on a p a r t i a 1  l y  r e c r y s t a l  l i z e d  i r o n  a r e  summarized schematical l y  on 

F i g u r e  5: the  {110} hyperbolas a re  formed o n l y  on a t h i n  layer  beneath the  

. sur face,  the  depth o f  which depends on t h e  p e n e t r a t i o n  range z, and i t i s  

drawn i n  F i g u r e  5 f o r  16 kV. 

The (110] and a l s o  t h e  .:112}, (220) and {200) e l l i p s e s  ( @ > O ) ,  may o r i g i -  

nate a t  a depth o f  the  o r d e r  o f  z (dynamical p a t t e r n s )  o r  1 / ~ ,  as shown i n  

Table 2, i f  the  g r a i n s  a r e  l a r g e  enough; i n  the  l a t t e r  case the  l i n e  w i d t h  

would be l a r g e r .  

F igure  5 a l s o  shows t h a t  the  l a t e r a l  r e s o l u t i o n  f o r  t h e  p r o d u c t i o n  o f  ( 1  10) 

dynamic p a t t e r n s  i s  poorer  than the  depth r e s o l u t i o n ,  which i s  o f  the  sa-  

me o r d e r  as the q u a n t i  t a t i v e  r e s o l u t i o n  d e f  ined by Reed (1966) f o r  e l e c -  

t r o n  microprobe a n a l y s i s ,  n e g l e c t i n g  f luorescence.  I n  t h e  present  exper i  - 
ments, the  l a t e r a l  r e s o l u t i o n  i s  between 1.5 and 2 micrometers, a t  16 kV 

and 1 .O x 1 Amps. 

I t  i s  now p o s s i b l e  t o  d iscuss t h e  reasons why r e c r y s t a l l i z e d  i r o n  g ra ins  

o f  apparent sec t ions  sma l le r  than 1.5 micrometers d i d  n o t  produce any s o r t  

o f  d i f f r a c t i o n  p a t t e r n s .  ( i )  Th is  cou ld  be r e l a t e d  t o  the  poor l a t e r a l  re-  

s o l u t i o n  and beam s h i f t ; ,  c e n t e r i n g  t h e  0.3 micrometers diameter beam would 

l e t  rough ly  0.8 micromet:ers a t  each s i d e  o f  the beam, f o r  hav i  ng dynamic 

d i f f r a c t i o n  when I$ = 90"; f u r t h e r m r e ,  any smal l beam s h i f t  would make i t 

very  d i f f i c u l t  t o  o b t a i n  such d i f f r a c t i o n  p a t t e r n s .  ( i  i )  The next  exp la-  

n a t i o n  i s  r e l a t e d  t o  t h e  p e n e t r a t i o n  depth o f  e l e c t r o n s :  as i t  was ca lcu-  

l a t e d  and measured, one d i d  n o t  take  i n t o  account the p o s s i b i l i t y  of e lec-  

t r o n  channe l l i ng ;  i n  the present  experiments, the  new gra ins  a re  n e a r l y  

p e r f e c t  and consequently t h e  i o n i z a t i o n  o f  Ka i n  i r o n  a t  16 kV could occur  

s t i  1 l f u r t h e r  down than 0.8 mi crometers by e l e c t r o n  channel l  i ng. ( i  i i )  Ano- 

t h e r  r e l a t e d  p o i n t  cou ld  be t h e  f a c t  o f  n o t  t a k i n g  i n t o  account the secon- 

dary  f luorescence y i e l d  o f  Kcx r a d i a t i o n ,  t h a t  i s  produced deeper than the 

e f f e c t i v e  e l e c t r o n  p e n e t r a t i o n  range, b u t  wi t h  the  smal l overvo l  tage u t i -  

1 i z e d  (E/Ec 2.2) one would n o t  expect an impor tant  c o n t r i b u t i o n .  ~ h e  



f i n a l  reason ( i v )  i s  t o  consider t ha t  two e x t i n c t i o n  distances are not  

enough t o  produce observable dynamic d i f f r a c t i o n  w i t h  the present expel-i- 

mental se t t ings .  
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Kasutake Kohra. We g r a t e f u l l y  acknowledge the f inancia1 support from CNPq 

and BNDE. 

REFERENCES 

1. Peters, E.T. and Ogi lv ie,  R.E., Trans. AIME 223, 89-95 (1965). 

2. Maurice, F., Seguin,R. e t  T i x i e r  R., "Determination Precise du Para&- 

t r e  C r i s t a l l i n  au Moyen des Diagrammes de D i f r a c t i o n  en FaisceauxXDiver-  

gents1',6th In ternat iona l  Congress on X-Ray Optics and M i c r o - A n a l y s i s  

(Osaka, Japan, 1971). 

3. Bevis, M. and Swindells, G., Phys. Stat .  Sol. 20, 197-212 (1967). 

4.  Kossel, W. Von,and Voges, H., Ann. der Physik, 5 fo1 .,23,677-704 (1935). 

5. James, R.W., The OpticaZ PrincipZes o f  the D-iffraction of X-Rays, Chap. 

VI I (London, Bel 1 and Sons, 1962) . 
6. Teodosio, J.R. and Ferran, G., "Use o f  the KosseZ Technique to Stucty 

the P m m q  RecrystaZZization Texture i n  Low Carbon SteeZ) 4th European 

Col loquium on Textures (Cambridge, England, 1975). 

7. Underwood, E. E., Quantitative Microscopy, Chap. 6, 162-168, Edi t o r s :  

De Ho f f  and Rhi nes (~cGraw H i  1 1 ,  New York, 1968). 

8, Yakowitz, H., J. Appl. Phys. 37, 4455-4458 (1966). 

9. Cas t a i  ng, R.,Advances i n  EZectronics and ~Zectron ~ h y s i c s ,  317-325; Edi- 

t o r :  L. Marton (~cademic Press, N. York, 1960). 

10. Reed, S. J . B . , 4 t h  Internationa2 Congress on X-Ray Optics and Micr~Am- 

Zysis. Edi t o rs :  Castaing, Deschamps e t  Phi 1 i b e r t  (~ermann, Paris, 1960) . 
11. Russ, J.C. and Kabaya, A., Proceedings of the 2nd AnnmZ Scanning EZec- 

tron Kcroscope Symposiwn, 59-6 1 ; Edi t o r  : Ohari ( ~ h  i cago: I TT Research I ns- 

t i t u t e ,  1969). 

12. James, R.W., Loc. c i ted ,  Chap. 2, p. 46. 
13. Warren, B.E., X-Ray Diffract-ion, Ch. 14  (Addison-wesley, London, 1968). 

14. Cu l l  i ty,B.D., EZements of X-Ray Diffraction, Ch. 9-5, ( ~ d d i s o n  Wesley, 

London, 1959) . 


