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1. · Introduction 
,·· 

• .. ·' r_ 

•.. ' ·! .. 

Metallography is the branch of metallurgy which is concerned with 
. ' 

-- -'· the· study of structure and constitution of solid metals and alloys 

· .:J ... : · . _ .. __ · and its relation to the properties of these materials and also to their· 
' .. , 

manufacture and treatment. 

. ' .· The structure of materials can be studied directly by va.r:ious 

,~~·-· ... >. : ~ _.: ·. · microscopical methods. The ability-to resolVe features of t.'he structure 
·. . ·~·. 

•r·' ...... ', l• 

-... depends. on the wavelength of the. illumination used and the efficiency 
\.. ' ,:, ,; L 

· ·: /:<of the optical system, i.e., the perfection of the lenses used in· the 

•'t' 

·:.· 

-:·.; 
. ' --~: . 

,,- r ., 

,J . ; ~, ·.,. 
·, ··. ,. 

~ .... 

.·. '! 
-··. 

.•... ·.:·_: ·:- : j; 
,,_,; 

. I 

.,. 

. · ... ~:: .. ~. '.' 
. . . . . .,1 ' . 

--; 
' .:···.· .· :.·,. 

, ·>. ... , . 

. _.-.. , ··.-., . -
...... · '''\' 

·• .: .. 
'·' "•,•, _.. ,: 
. . ' . . ~ .... ·' . 

microscope. The resolvable separation d of two objects is given by 

the well known optical relationship ·.·._.· 

~- ' . 

:t 
c 

·' .. 
.·'· . :-:' 

...... -~ ~: . 

' ·: . :: .. ~. '. -0.61 A. 0.61 A,,, 

N 

.. ~ ' ' ;,_ 

•"' d = = 1.1 sin a, .. 
' _-.. · .. ·.·. -~ ·': •. .··. 

'!' \"' . ,• . 

. .. ~ ' 

. ·,,,··· .. 
,. ; ,; Where d 7' wavelength, '1.1 = refractive 'index, :a.nd:.l-1 sin ·a,_.= 

-, 

'·. . c- ';_: •• · ,,. numerical aperture of the lens~ 
·, ~ 

To improve re_solution it is obviouS:· 
.I,.:· ... _.·,. 

~· .. 

.· .. ·. 

; that. A. should be made as small as possible and N as large as pos~ible •.. _..> ; 
· .. ; ~ 

. r · · - For light optics the follow:ing resolutions can be obtained: · ··_,' · 
., ....... ··.·.,' . ', ) ...... . .. ··, 

white light, A. 
0 

... 4200 A N ... 1.~ (oil immersion) 'd 
·' :. <: ,. 

0 ., : :_,;.,·::.,_ = 1800 A .. _. .. ·· ..... . •,···. ' . .... _. .~ ... 

. N = 1.4 
. 0 

d = 1100 A 
. ·... ~. . 
• ~ ~. . . ~ f. j. 

~ 
·I 
J 
I 

t 
I 
! 
i 

-! •• .( ,_·. 

f, . -. t ···. ;, .•. J 

-' ' i 

i 
: ., 

·~ ! ,.. 

t :·t 
:' ~ /' . .'' '_· :· 

.•• :;r< . .i ~ : , ,. ,-. : ·~ . 

- '· 

'. ' 
.\t' ;. ·. ;.·.~ '·, ;~ ', .1·.1''-:, 

• j ~ 

l,., 

-" ' ' '' ·; 
',: 

.. \ 

• • ~ ~ J ' ' 

t . ,• ~, 

' : -~ . ., ... . ~ ' 
.• .... 

·.~.. ' ~ . 
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systems and in practice the effective aperture of .an objective lens_::t..._s_· -·-.7; .. 
, -2 -3 

· ··. "'10 to 10 radians. This small value is used in order to minimize ~- . . ' 

' . •'. ·. • . : • /,·- -~' ! I ~ 

·; ~.': · . '· .· .. ,·· , • · · the four most important sources of error in the images diffraction 
'-:· . 

•• r_ ! .·.' 

. . : ~ ' .. ~;. ~ . 
. • f -. J ' • ' . -:·. 

:' ' . ' .· ·: .. ·"- .t~: ~' 
:"'~r. ":· . error, spherical aberration, astigmatism and chromatic aberration. AB . . . .· . . 

:' . .:::·•.'·' .: ... _ ...... ,' ' ' . 0 ,• . ' :·-.: ... ,·, ,· 

~:···.>:·:::·,.,;>o"·.a result, 'even for electron -wavelengths as smail as 0.037 A (100 lCV electrons),,~< 
; : ·- ...... .f. ~~ . ~-- · ... _.. • • •· ' • • 0 

.· }.< ·: · ·~ : , . the optimum resolution in electron microscopy is "' 4A which is insufficient 
.... . ·. .. - . ' 

., / . ' • ·• . •• ~.. • •• J ' • · .-.:: .:>> . for atomic resolutiono · The only imaging system capable of resolving 
. ~. . "' .- . ·. - . . . .. f: , . . ' .. ~ . 

·. ·.: · .·· .. ' .· atoms is the field ion ~croscope. 
:•" ~. . 'i. 

. l- . ~ -- ---·- ----~-·- ·;'·•·-::-· 
'.' 

·-.-~·:-· 
. ··, ~·-

Although for many purposes a high power microscope is essential to 
... 

·._; 

: .... · >. r:<<:.·}\. the metallographer;: some obvious st~ctural features can be observed by .· 
• , :. ··: ·1 .:.. . 

.. · ·--- . ,· . ~-:"' 
. ' . 

·. ~ ··, ., - ' . "-•. 

Such macrostructural details . ~ .. · . :~·: :: .. ·· ; eye or with the use of a low power hand lens. 
. -\. ', . ~:· .. '-~ .: 

··. : ... ;;;>. incl"U:de cracks, porosity, segregation in castings, grain size1 fracture·. .. 

... , · · · :.''.: ·~; characteristics and flow lines in :l'org:t~ ·or extrusions, etc.. The ·· ... : ..... ,. ·> 

·. ( 
~~ ... ' 

·- -: j 

~-." . 

. ,; : > : Magnai'lux and Magnagl.o processes are extr~ful for detecting small > ' :: , 
... · • ~ ; .. :··~~ .-· ·.·~ . ':· macrosc~pically invisible surface 'flaws which may be dangerous. In the . : ~;,: . . · '' . ·• ··,·.: / 

·' · :rornier method magnetic particles are made to collect at discontinuities. · ;: ·, .· 
<'' ' ....... ·; 

,· ._,. 

in the surface • 
....... ,•,, .. ·· 

o • ------ ' •' I ~'· • , o ' ', • •. 

For non-magnetic materials a dye c·ontaining oil is ·allowed · ., · .. , •. : 
o I ·, , . • , .·" ' ,::' 

........ ·._ t ·: ,:· , 'r 

. ... ~. ... . . . . •' . 
. i • ......... · ... ~ 

· to penetrate into the cracks (Magnaglo Process) and are visible under . · .... ~ ·: .. ~ ... ':··."',.· 
... · ...... . 

' :\ .t.t'~~-· · • · · r 1 • • ~·... ~"'-· r;:~ 

. ': .:'·.ultraviolet .light because then the dye fluorest.:~a. Various non-destructive ··· · .. 
• ·• . ! •·':{.-:,· 

-· . -~ :>-' . ·. ' 
~- '. . • ' • ~ . ! ' . } 

~. : ·. '., . 
, , , •• ... , r 

. . . ·. -~- <. ' · .. 
... _:_·-•• ,t' ' ·. !' . 

• ~·1 . • . ' . .. ·,' 

techniques .can also be used for detecting internal flaw, e.g., by 

ultrasonic testing. 

·:·-< 
~ I • ·, ,..,: .~ . ~ 

. • .. .. I . : : -.. - • . I~ 

·• ;,Y .· ,:';:·_.;.: •. :' 

* . . ' 
This year (1963) marks the Sorby Centennial. Sorby: has. become known 

..•.• ·' "·. • . .; ~. :,.- ... "·:<'" ~ . ' 'f. •. • •. ..• ,·_,,,y .· ' ' ... ·.--.:::· :'.' 

~~:~~ ~;~( 
. ' . ' ' ~, . ' 

t • • ~ •• ,, ~~ . . 

f ;, .·~~ •,' i'· I . ''~:, 
. ': . '·· . . \~ .. "' .. 

' . ~ 

the work of Sorby and .others .. who .~ave done s.o much to esta~lish MetallurigcU 

Science (to.be·published by Gordon & BeaCh Science Publishers on behalf of· 

the A.I.M.E.) o .. .;·' . . 
. ',\, . . ' ~ . 

'·' 

·' .· ·· ... 

' . ~ 

'.· .. · ," I ', o' • •. ·.' ~: 

• ·, f • .... 
" . ( .. ,.·. 
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.... 
_;~ - .':.:.!:' . 

. . \· 

. of an historical, but still beauti:t'ul micrograph,' ta.kem by Wildma.nstatten ;': .: · .. · 
. ;. 

·:·.' 

.. : ·' ;;. from a meteorite • Widmanstatten' s name now adorns all microstructures 
· .. :· ... 

. .... 
·"' ·: .... . ' 

. ' 

,. .. . ) : :, :·,:/·.' ;~- ·:.· . :tn which :preci:pi tated :phases are· crystallogra:phicalJ.Y: related to 'the . ,l' ... ; . · .. 
I\ ',·· 

, .. 

:parent crystal. .· , .. 
. • . . 'i.. .• ~ ' 

The usefulness of the light microscope has now been well demonstrated ': 

... -

but many :properties were not explained by what· could be seen in this . 
. . .... 

" ' ... ~ 

~- ,• . ·. - .. ' instrument. Ind±rect structural determinations were made using x-ray ''.' ' 

., ,,:: \: '~ . •. 

diffraction techniqu~s· and f~r example, GUini~r· and Preston in/ 1938 showed.~.· 
. :."·!-: . 

" I. 
' '·_.;. -~- .: 

•, . 

} j.• 

. !~ ' .r• • 
in~ib~~:f.very·.siba.iJ. :phases. The .term substructure then became used to· ::-· ~; .. 

I• ,_.,· ;! '~- ··.~: .. ~:·;(i ·". 
. ·~ .... ·:_.·, describe structure not:·:resolved by the light microscope. The mechanical behavior ·· __ ~-

• ."• • ., ·"< ·~· \: ~·~ ' .' ' ·, \· ;' I . ' ' ' ' 

·~ ':·:. :::::·;--.::;,~.,)}:';":· ·tJf me.tais ::-was :explained~qualltativell.·by;;·the:·:theor;r.:. or.. dislocations· as long 
•• ,,., __ •• • •• :; • "; ,:: ' • • J • • • 

:. :.~ ), 

· ... •, 

. ··:·_ago as 1932A but dislocations were not resolved until quite recently when _;_ .... ·: . 
. ,. . . 

';.•: 

·. •.· 

~. '," .. •' ' . ' 
. ' . . ~ 

•t •• .•·• ·' 

.. . ~ 

. 1 • 

' '• : I '. '' I '~· 

X-!ray and electron microscopy techniques-were developed. In the latest 
~ • • • \. '. 4 w • 

~ . l 
'··; ·''. 

:phases of metallography the development of the :f'ield ion microscopy has· . -·. '· <-
.., __ 

/ . ' 

... ··; . now enab:led the individual atom to be resolved. 
-." ., .. 

'· . 

. It is the object of this :paper to describe generally but briefly the 

-latest techniques which 'are avaiiable for direct structural observations: ·_, .. ·-·~: .. '. . ... 

.. 
is to hint at the type of woi-k that is being done :a.nd .. 

. ,. ., 
' ~ . ' . 

.. . . . :. --~ 

. .... 

"·:·,· . .: .. 
. ·./· . :._~ ' :;.J ' 

_____ ...,_,..,...~I •.-' j ., 
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'· ~- .. , . -

. ' . ·~ 
~ ·.,.·_ ;· . ,. 

. : ·. . ~ - ~ ·-~· ~- -· · For over seventy years, the light microscope has proved to be · ... -._ 

· . : : : . .';- ·: .: .. :· immensely valuable in understanding the structure of ma.ny mate.rialS but [ ·. ~ 
~ -' - I • I ' ' .. ··.: 

-. . . - ;~ 
0 

.. . . .: ~ . unfortunately since the best resolution obtainable is ~llOOA most of the 
. ~~ -: . '':: ;. .. 

·., ... ·. 
J. 

~ :,~ ~~' 

··· important substructural features in metals, e.g., dislocations, small ·.·· . 

~ . . 

.... ·.·: •' 

.. . . 

' . •' -~ 

-. • ~: J.'· -

particles,· etc., are not observable. Recent reviews of metallographic 

techniques for liSh~ microscopy are given in Ref. 1. 
-·'· 

. -.:·"' 

. ~ . '. ' 

Figure 2 shows the s~ructure after def.ormation· of a steel containing ·;· 

martensite and retained austenite (a) polished prior to deformation. 

-.. ~- repolishing (b) the slip lines in the austenite have been removed but 

. ,· '.·· 

·'· 
••. T 

.. the deformation markings in the martensite remain. This simple but ~ . . : 
... · .. ··-.· . 

. , ' elegant demonstration-shows that this type of martensite deforms by 
' -.-. " .... '~- ~ .:- ·• 

··..: ;· ..:··· . 
' .·,.. 

mechanical twinning. In low carbon steels, however, the Ill8.rtensi te deforms ; ... 

' .. /·' 
/ 

Recent work using transmission electron microscopy (see Section.6) 
. . .., . , ·I ' 

. . .. t .·:..·~ < ·, 
·- . ·.· -
. :; ~ .· : . . . .. -~ 

• -... ! :_ .• ~. '~ 

. ./ ' ',.· .. '",•; ........ has sho-wn that in the former case the martensite contains very fine ·-;· ·.-... ' ..... ·. 
'-: .. . . . . 

. , . . . . transformation twins not resolvable. in the light microscope.· This · is 
. . •.,_ . " .. ~ 

. .. •. . . . '. ~ . 
·, ;_ -~ ::· 

,_~ . . . 

·· ·: :,., :_· · :·.· . . · · ·: . an example where the combination of light and electron microscopy is ·. 
~ .;, • -.-. • •• • • •• -~. '. 1 • I . • . : • '• 

. '· 
_:.~ .· 

extremely valuable in helping to understand cpmplex phenomena. 
":..:.-'·'. 

1' ~ ,. : . .. ; . 
..... \ 

In modern times the light microscope has been . used to study dislocations ... -: 
" .. 

. ·- _. }-· in crystals by means of the etch pit technique .. - The devel9pment of the . _ .. : ··.l. -... . , 

;,·{·:_::',:·\_-:;·~~-;· :· __ : ·:·method -owes much to the pioneering efforts of Vogel et .. al (2 ) who ':-.; ~·: ':~·-, ::_:;, 
• ... . • '·. ' :.~ • ·:·.:' ~' '. . - J . t . _. . : .. • •· 

;~·.,::?,; · . <'( .' · ~-,: established a one-to-one correspondence oetween etch pits and dislocations ~ ._.:' :¥-

; ,;J A•,i i ; ''U• ·. : in german:! um •. · Rei!el et~ a1, ( 3) ll'ohnstan, ( 4) Forty ( 5) and Mitchell ( 6) . : . \. . t 

.''t~;!l!lr:v(···· ~::::~~=~~h~~~~~::~::~:t:<:~~·:::::::: ;::t::~··&~~~ ::·~······ • 
. ::::}:J.:f ',: ; : .. ·. . ' ' ' ' . .., . 

. ,,,·,~.~·IJJ-'\•'?' :•:·.;· i'.·:~. ;;"'~' -~.~~; '·t·_._-, 

, ~~· • ·:·:~·~-:.· ; .. ,~<-~~-.I \. ·a .-~: ~: 
0 

'1 ' '. 1 1 • ,.· ·.·, - •.· ' I· • -' 

• ." '• : : .... i -. : ·'· . . ~ . ' . ': .. '.· ' • . : ~ ~ .. I,' 

1

.;·- ·:.:._(_:' ·. ... .. ,_· ·'.' ... :: -.. .. -··:'.I .. ,.,... ·-,-
., '·'' 

I •,' • ,> ·, ' '• d '. ' ,·,· '• ', • .·'_,/ ",·: • ~ ' 

··/. 

-;:' 

...... ': ,, • 'l 

,,,· _ . .- ' .. , . 
' ... ' .. -~ . ~ ! ... : '; . . ) . ' , .. ,. ,. 

... 
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'j 
'I,. 

·;' .· ... 
. .. 

' -~ _.. ·- \ ~-

places at the surface 'Where dislocationS emerge. Often only certain . : :·!·') 

.,·-

· / crystallograp~ic faces respond to the 'etchant. Dash(T) found ~~at.-~-.'.<. 
1 

•··. ·:<:/: ·~-~:{ ~; ~:\:f·~~:·· ::'·.~-:-.: 
.·. ' .• .. · . 

'' 
'~ .. 

~' ;' ·. . ·; ·: ·. ~.~ \.::~ :::'.~ 

:: ~··:;;.::,g~~·-. _;:::.all faces could be etched in silicon samples. if tl;ley were left· overnight ·. · ;' ·.~.!"> ·~ ~, .::~ .. 

: .. :~~-·:·:~· . · . in a solution· of .l.part HF, 3 parts mro
3 

and 10 parts glaci~l a~etic . • .· . . ·. ·· . , ~· 

· :,: ·./.~ .~~::,_·:~_:.j · · acid. Figure· 3 is an example of etch pits at .isolated dislocations and ··· ··:. ·· . ··.. · 
.··, ;·1,: I! ,.)-:· 

dislocations in slip bands in a crystal of MgO • 
. :~- 'l • 

~ .• ·, In metallurgical research considerable attention is being paid to 
:' ,;i 

·.':. ..-·. ,..t. f'. 

·· ' · · · : ·.·;:.>· the behavior of bee metals in order. to understand yielding behavior. 
.•.: 

: .:" .. . ~ 
.. ' . ~ 
~ . .. 

. • • t . . 

. : ,·-. f:.,· ~-.• :/ .' . . ; ~ .· 

; -~ . ·.~. ·• .· · Since it appears that the yield phenomenon is related to the m.unber and · 

···.:.:.:~>·: .. .':<velocity of mobile. disi:ocations(B) estimates of these numbers are needed.·•·. · ... ·· .. : .. ·· 
• '7 • ~.-._(. : _ _- ':')"· • I ·' ', ', \: ~·_', ' i.'' 

. . . 'i ~ 

i •. ·;· . ,·:·.:~ Table I gives a comparison of the methods (and their imitations). whereby_ . ·:·;<.· 
1. • .•.• • •. 

i · . .,._ • · ·>~dislocation. densities can be estiiila.ted. The I ·: . ; " . _:.·· ·;, . ; . . . classical. etch-pit experime~tsf·of·· ··.· .. •.: · 

·. ·:_:,.: -Low et. al(9, lO) demo~st~ated the velocity 
·.,_ 

. •. 

I. 
' 

stress dependence of 
.. ;--

I . >!,;• dislocations in -iron. -~ ·.· ',' 

1-
j • ~. 

I,· •.. · 

J. '.· , :.:ir ·:; , : .': exam;p~e, a Count o:f dis ~ocati an . etch pitS in a sllp bond usua:Lcy has no 

;:':,:., ... : , . . . relation to. the number of moving dislocations. This is because the pits 
I .. : ,:·-> • .-:'. ·: ~ · .. ,:·.. . . . . . . . ·. . . 
. ·,_ . :·.- ... :, ~-;' . denote immobile dislocatio~ in the form of loops 

. . (11) 
Washburn has .made some· criticis~ of the etch-pit method ... For •' ' ,; . -~ · .. ~ ... 

{·~·. ', •· '. 
. . ; . 
'· ; .. -~ 

' : ·. 

•. · .. '.· 

. . _ ... ,t 

· ·· ;'·· .. <.:·"·..-:::,. \ The density of pits also has nothing to do ~With the shear strain in the· 

·•: . . ~ •...,) ... .::/. :,r.-~· : .. :.:, is an electron micrograph of MgO showing .. numerous 

-· ·;:.,· • ·.:r .-.. , ~ 

and dipoles. Figure 4. : :0,:. :. ;:> ~- ·. ~ ~-

loops. and dipoles. (J2) ... ;:··.· 
. ·')1 .\'.'. r· • 

·" 
'• .·· 

.. , . 

·._. .. ·.··;,;~~:·.:.::::·;:~·· •. '.band, siri.ce the latter is determined by the'number of dislocations 'that ..... :,-''·. _)_·; '; 
: ...... ' .. . .- .. ;·- . . ; . . . . .. ~.. ''' ', '· . 

I '' ··~ ; r , 

J.: t :. 

j '· •• '· • ••• 

·. have traversed the slip planes and left t'4e crystal, and, is .not necessarily··:'·, .. 
' -~ . 

, : . .related to 'the debris .lef't behind. . ~ . · .... - . ... ''· 
. ' . 
. ·• 

" .. ·, .. , ;'. 

Although it was thought that etfh pits could only be formed at .·. 
- ·.' . J( \ .. ' . . . . . -. >~ :i:: ·· .. \. -.: : :.<_ .:;· ·• 

dislocations 'Which had impurities ~sociated .with them it is now believed ,. ·:t:: ·: . ·· · .. ' ._ .. :· -;: .. t'- · .. ,' ~ 

\ 
that "clean". dislocations can ·also b~ revealed (see Ref. 6). · D~coration 

y, ... 

·•' 
.: .. · 

' ';.: .•. 

~ • l . • 

. ·:_ ~· . 
'· .,/, 
.• f .•. •'.1., 

: -.~· .· 
' ... 

. ' . ·, 
t''·· 

. .. 
. ' ' • .. -.> •• ' .• 

. . ~: . ·,(, : ' .. 
~ : • '' t . '. ' . 

... ~ '·. . ' 

'· 

• ( I' 

~' "' 

·'. . . ' 

. • I 

. • I 

' . 

:1 .. 

I 
I: l', 

.... 

:._ -~-- ·, ·.~ i '; ' . \.;'·,.' 
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'· 
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Table 1 

The· Methods for Estimating . 

* Maximum Dislocation Densities 

Speco Thickness 

·. must be > 1000 A.'(**) · 

0.1-1.0 mm 

< 2~ (min.) 5~ ·(max . ) 

~1~ (depth of focus) 

no limit 

* (4) . Based on w. G. Johnston. 

+ Optical limit of resolution of etch-pits • . 

i · 

Width of. 
Image 

0 

"' 100 A 

+ 
0-5~ 

UCRL-11067 

Ma..·dmum 
Density 

lif1
- lrY-2 /cm2 

104 105 , · 

106 107 

2 X 107 

** In very thin foils dislocations may be lost as a result of thinning. 
0 

For 100 kV operation 5,000 A is about the upper limit of transparency 
., 

; . 

. . 

.,., 

'I 
v 

- -
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of dislocations by precipitates enables them to be observed in transparent 

crystals(7) and in metalS by replication techniques.(l3) (see Fig. 14). 

The etch-pit method is power~ul, rapid and non-destructive. 

Dislocations can be revealed by applying stresses after etch pits have . 

been formed and. then .. located in their new positions by a further etch. 
/ 

The main limitations are knowing whether all pits always correspond to 

dislocations. The ability to produce dislocation etchi ng depends 

critically upon the orientation and state of the specimen surface and on 

the precise composition of the etchanto Pits are not formed on .low 

index faces which dissolve at the highest rates in a particular et~a_nt.,_,__ 

and the shape, resolution and size of pits depends on the nature and 

concentration of the controlling impurity, e.g., bromide ions for copper 

8 etches. If the density of dislocations is mu~h above 10 interactions 

between overlapping pits renders resolution of individual pits difficult 

·if not impossible . Surface replication and examination in the electron 

microscope is helpful under these circumatancesa Ideally all the methods 

shown in Table I should be used on the. same specimen if the most reliable .. 

information is to be obtained. 

3. X-Ray Microscopy 

.since x-rays have greater penetration into matter than either light 

or electrons microstructural features can be investigated in opague 

a:pecimena. However, th~re e.re · d,:l;ffio:ult~~ making x-ray microscopes 

in that lenses for refracting x•rays are impractical . (l~) Projection · 

microscopes have been utilized for mostly biological work but some 

I 
I 
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r 
: · : ~ -~-~~;;·.::·· ·. · applicati'ons to segregation and alloy. structUres have b~en carried out. ( ~5'. 16) 

,. 

! . l <· .. '•. • ' . '. ·' . 

• 

1 

: • ·•• : 

1 
• :.;:- · ' Direct x-ray magnification is .obtained by placing the sample close to the _ 

:·· ' ,( 

,j 

. . . ·. ·' .. :·.·:_:;_>·- .. ·;-,'.;:::··x-ray source and the phot()graphic plate some distance away. -For a 
... · :_~ ... :_~-:~·~~-: ~-~··:~.' . 

magnification· of lOOx in a camera of length 10 em •. the sample is 1 mm • 

' . (14) 
·_ from the source. 

. · t ~ ..... : 
.,_. ,., ), 

When the sample is placed next to the photographic .. · 

. ~ .. 
~ .. . . ·. . . ~-

··· ··,: .. Plate c'ontact microradiogr~phs are obt.ained .. In this case there is a 
,·:. 

:· ·, <: _;. · ;.' _: 1:1 magnification~ Both methods rely upon the relative absorption of 
. . "': .'. 

' .. 
·- :·· · .;., · .' x-ra.ys from. areas of the specimen containing different elements. Since '"' :. ~ 

'-·, . 
' .. ~ • ·> -~ 

:. ·, ,\ .• 

microgradiography and projection microscopy have been considered in great 

~ .... ' - ' 
(14-17) · detail elaewhere no further mention of these techniques will be 

... _:; 

·-' ~ ;·-

".:- .. -.1.-.·· •· -made here .. 
• ~ • ~ ·.- . • • • •• • • . . ,I..&V.;.If 

. ~ .· .... 

.. -~ ~- . ·, ~-- t.·:::· 
: '~···I 'i •;. _.: . X-raY diffraction micrographs are now being obtained which resolve _. _;,; .. ·; 

• - ;J. ~. . • • . ' · ...... . ;·' 

... 
·'! ... .. 

' .. 
- · · ·· ·~ : .. : substructure in materials, including individual dislocations. The techni<l'.te ; _ 

__ .· -.. . ' . . 

. ,· 

.,, .. ,.:, 
.. -;··. ::· · has some advantages over electron microscopy and etch pit methods in· that ~.; · · · :- · 

.• . . I ... _·, . 
'· •, 

· ·,· . the specimen can be observed non-destructively and without subject to damage;· 
--~- '1:_':~:- . ~~:-.:·_ -~· ..• ' : . : •.. 

i:: Also thick specimens can be· studied. .Two.' main techniques 

; ·'>;. , '· ·viz, the Berg-Barrett(~B, l9) and the Lang(20) meth,ods.· 

are employed, 

The former is 

~ ... 

.· . 
. •t 

' . ~ '. . ' ' . . ~- ~ . : 
. I . ~ '• ~, . 

simple SJ?.d inexpensive whereas the latter requires more complex apparatuS,. : · 
; ...... 

.I',• 

· · ; . · · ~-.:. , . ..,, · .. · thinner crystals and long exposure times. for photography. 
. ~; .... ' ·, 

'· :;. 

The principle of the two methods is shown .in the sketches of Fig. 5· .·~-· .. :: ' .t ,, ·, .... 

. ·· The methods rely u,pon d:l.ffraction of x-ra.Ys 'When~ver Bragg's law: 2d sin G :~ A.:·.·\_> 
. .,. 

: ~· 
' ·~: 

. ' 
. ;;, : . ~ ~· ' ... '. 

· . is satisfied. Since the images are formed of the diffracted beams they_ 
. . I . 

~ -:· :: . 
',' ·: .. 

'· >~ ." . • I 

I~ 1 • ·. ~- .. ,~~'~.:·: 
• .. 

' ...... .-·!':, .. · _., 
. . . ·' .· . " ' .. •, ~ 

. ' ( ·. • . . ~ .• * 

•. ,; r -~:. ' (. ; 

... are dark field images •. 'rhe Berg-Barrett method dm be used for ·thicker · 
~ i. ·.: '· 

. :crystals by taking reflecting photographS. (Fig.· 5b) and both techniques... 
. . . . ' . . 

.. ,·" '• ~~- . '• 

.' ,... · .. · : \} 
, -.. .. . 
. · .. -t! ····.· ; 

.:~- -~.- ~~ .' 

. . ~ 
(Fig. 5ajc) are suitable for tmnsmis.sion work. ::· > ·· · · 

" . ; ) 
. ·• 

:-. / 
·. _; .. ~ ••• 'r ' 

. ,./.. 

. I 

'··_,, J• \ : -~~-• . ( " 

11 .• ·!;: ;.··. 
·,' ' 

~~·,:~!,'•,~~··· I 

·.. . . . . . . . . ~ . 
.·- ;... . .· ..... · 

. .. 
"' . / -~ : ... 

I' .• ·•<' 
.... · 

i •, . ,:• '·. 

' .. , .· . ' ' " . ~. 

f.·.·. 
; :. . : ~ '· ...... . 

..: ·'' 

===========================~S·========================~=-~~-
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... 
.-9- . 

·,. 

,";.. ·~ · ... ,. • ' ·.: . . ; 'r \ ' .•. :, i 
,(· ·:i ·.. / ·~ . ~::_ i t. 

·-,{' . 
. ·~. . .. . . : .. •' 

', . ·.I' . \ >' .'~·' .• • c, ; 

Transmission Berg-Barrett . . ·· . · · . , ! 

Parallel x-ray beams from a line; x-ray source are u.e~ so tha~~:~; .. \ : ; ;;;<'' I 
.'·::: ... 
~ ·'· ·,· 
:· .. :·: 

' ~t' c'· , photograph or a given wi~th or crystal can be obtained With ozi1y one .·;:-' · .· · 1 
."- ~-: ·.: . ' 

.. /.:.~j_;,: .. ·.·.·:.:,':'.·,~.:·' .. I 
v . ' . :~.--· 

·i ,.: • • · Since 1 t is difficult to remove the K lines the resolution is lim1 ted · .. • 
:,. . . '. ~"·~:·. . a: . 

• .. <• . ~·-:: .- .. :·.·· . ·2. 

exposure. 
' 'I' ·: \'. _:' • ;·',· . 

An ordinary sealed-off x-ray tube is sufficient as the source ... \; . , 
• • • 4 ·_, '; •• ':.":_·. 

. .. . ''.• .... ·. 

._· '· 

. \ . . ·,. :·.···;:' .. ',._.)···by the dispersion of K . and K e For ·example, when a focus of l·mm. · .·- ··· · ~ 

. .•... < ~.' length horizontally .,;. 0~5 m,::wi~th vert~ is u.ed ;.,d the source- , , , · · · I 
< ~. :.·specimen distance is 50 em., the specimen-plate dlstance is l em., the ' .:.,. :;, ·> . .. ·: ' -' .. 1 

1 
; . ··. .· . .. _.!' .• 

't' .. 

· resolution is lQJ. and 71-l respect! vely in the normal and );>aralle~ ' ••. ·.; . .1, •••. , 

:directions using MoK reflected by (lll) silicon. . ct 

A number of investi~~tions have been reported.(l5, 

.............. ----,._ 

21, 22, 23) 

.i 

', 
.. has sUill11lS.rized the use· of the Berg-Barrett method for observing imperfections · o'. 

~ . \ 

: . ~ ~ ;' :~. 
. ; ' . ~: ..... :-~. . ~ . 

~ I',: ' ' 
'>,-. 

·< .•.. and Fig. 6a is· an example of a recon~tructed LiF crystal 'from several .. 
- . . . . 

..·' 
·~: ._-t. 

x-ray micrographs showing slip lines, sub-grains and_. grown-in· dislocations. · 

::':_/:.Figure 6b shows a comparison of an optical and a diffraction micrograph 
'· ... . 

,,~' :: ~ .... . · 

" _::· ·. 

. : :~ .... ·~ 

. · :. ··~ from the same a:tea of a Fe-~%. Si crystal. . The correspondence between the: i . ·.·'; .. • >< · 

: ·'"; ·.· 
,.;: ';"·<.: two is clear • . __. ~ . ;. 

. . . , .. 

.. 

Lang Method 
... . ., 

.· ,.,· 
. · ... ,, 

As shown in Fig .• 5a 'if a point focus ·x-ray source (characteristic~_ .. 

. · · · , . ·,_·:··.radiation) is used the K line only can be used. to illuminate the· 
:s:·;\~~>· . -:_;<. . .· . - ·. a.l . . .. . -. .· . . 

~:~::)/:.:_, ,,. 0": .. specimen.. .A:f'ter diffrac'\iion, .the diffracted beams only reach· the ' 
~ f ~~ •:,: I ""s' ' }' • ~ ., ' I • ... 

·.l''.+'i·f~·F;:.·::, · . photographic plate (placed normal to the beam) since the transmitted -:. 
';-',::.-::•2 ::~·.';' J•' -~"'• r • ' , • 

:·~:·_.::\'~·~:.:.;:~"::::\;-:-·.~beam is' stopped by the. slit s~. · In order to obtain a projected image · 
.~·:,··~_~\~··~·::·{ ·~:.·.:~, ... ~.t.:···.· ' . . . ., . . . ' . . .· 
-;:. · i'' /;' ... : • over a wide area of the specimen both the crystal.,and plate are . ;" 

Jft:~.;::\:' simultaneous~ m~dto the let:t an~ dght. •. The IIDages ot: ea~ ""ea >i' , , • . 

... 
. ·'· ' 

.· .~ 
t ',. 

'·: ;' 

. . ~ ... 
'.•,,· (I 

.·.· ... :•. ,.· 

. · ,. .• • !''' '·. 

1 '1.• ', .' , ~·. : ; .; ,o' ,·, ./~ :; , ' ' I ' l

1 0 0 

• f I " • , 

·;;. :'. ~/,.,:'_. ; ".:·-.···!·~·. '' :·.\·.~ ... :·~ •./' .. ·;~ 
.··', <:'1·.1 "'' 

',·:· { ... '; 
· .. : . ; .,r . ' ~ 

' ' ' •• ; . ~ • j ' • ' 

·' .·.' . .' . 
~ J ' I 

', .··1 
.,. .. 

·., 



.,-
.'-t;-

~- ;· .... '. . •\. Y.; 

,, :: ... ·.(' ... · .. , ·,., 
• : '! ' -: ~ ., • ..; .• ' 

:~:~-<·: ·~ ·.,. . .. ·:~ ·_ ... ~ . 
•: J• 
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I •-

. ~ ~ :~· •, . 
.-... • . 
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are thus recorded continu6usly. In both techniques the images are 

magnified optically for observation. The resolution possible with 
. ~ .. ::::- ' .· ' ... 

. ' ·... '· ~ . ... ' ., ... '·~. . ,• · .. ·; 

·:. ~><: _ _.·• >·· · this arrangement is -0.5~ ~ In obtaining images of dislocations, the :·. -:,: ·· :·_· 
' . . ' ... _, · · _ , , , _ -·· .. • __ · :._. ·.: <c_T __ ', 
'··.-.~ ,, \ . .... _, 

. ._. :resolution of the camera should be -41 giving an image width of 10-50 ~· .. · -:·· . : - "'·' 

. ~ . . ~ :; - . 

·., 1, ., 

. ·. ·~ 
·:· 

-· 
'. '•• 'r' 

'·' / ' ' ;_ ··~;· .. ' 

For this reason investigations can ·only be carried out on ccystals ·With. · ':.' -

8 2 . . 
a relatively low dislocation density (10 /c:m · or less). Lang cameraS a.re .. • _ 

·~ . ,.._ 

_-__ ·~\~,: 

·. • · · ' .- ·:' . made commercia~. 
\' ., 

,. 
. - .. : 

-. 
' ~- . . . .. 

Determination of Burg~rs Vectors of Dislocations 
\.-. -. 

!·. •, .. 

' . . 

".\• .. 

... / ;· ., ·-~-

•· .. :~~-· .. -.~- ·_.;;::.~t ~. ·\ - ·.... '-+ ' ' . . - ' 
vector R lies parallel to the reflecting plane does not change the 

As will be seen in Section 6 (Fig.20) a. defect whose· displacement 

. ··' ., 
~~I I'~ 

• .. : ~· ... ··~ ... 
.;· .·' .:~ ·.: .·. >direction of the -diffracted beam and so the defect is then invisible. 

.. .' ,' ~: . 
- ' . .. . . .. 

<'"~ • ~ '·.. • .. -. .. 

.:~ ·. -~ : "<. . . : 
'.'> . 

' •• ·.: .... J. 

,:.·-, 

~ /. ·.•• · _ ~<.-· -: · :, Since the reciprocal lattice vector ·is normal to the reflecting plane • ... < : ,·, : .:' ... 
. : .. ·_,-·::: -~·.,:. ' . ' ... -+ . .. . ' 

· : ·- ·. ·:· the criterion for visibility is thus g•R f. o. · Thus by examining different 

.:: .. .. ~ > .: .-< ;:_-reflections and nottng t'hat when -g.-it f. o the dire·ction of 'R can b~ ·_-,::<-- .. ··.··· 
l· ... 

· •:: · - .... determined (see Fig. 21) • However, the image is relatively insensitive '·/ ... · 
- .. 'f ', ... 

/ .. · 

.. .. ... : ' . 
· ... -{· to the sign of .RJ .so for dislocatio~s only the direction of the Burgers :: · --,· ... > <~ 

~ •• ~ ' 0 • .'<·: ·.- .•.. ' 
. ' . ~ .. : .. ~ ', ·'' 

·. vector ca.n be determined. Example~ of the use ·of this method can be· 
.• ·, ~~' • .• t 

' ' 

• ~- ·:. (.! •. _._ ~·r . -:···· 
.. ·. found in Refs.- :71 :201 21 and 23 • 

. '···; ·'·· .. 
'i-·~ t •; 

4. Thermionic Emissioti Microscopy 

~ r ... ' :. . ~ .~ ·:; . 

~· •. . ·~ 

.• • .. 

,· ... ·'·. ·' 
... ,\- .· 

! '· .... ' ; • ~ .'-; . : .• .I 

','·1' ·.: .j f. ', •. 

.: ;., ,' . ~·)~, . ' ~.· · .. •, 

:, . ; ·. 
• 'f. 

< ' ' '' 
.:. ·;c . 

'( . .. - ,• 
. ·.·· ··. 

,. 
'' ·.: ': ,', 

.{ . ••. ;.•.1 . ... 
· ...... · ...... 

._,· ... ' · . 
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. .. · ': ' ' . ' . 
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In order to optain electron emission from the specimen the 

(1) reduce the w-ork fUnction of the metal> ... ·: 
' ~ .•' ~· \ .~· 

.· .··:,~~:::·}·:~('\:: _;:_ ..... and/or (2) raise the energy level of' the electrons and/or (3) reduce th~· ~:'. >: · :. -~.'.' · ' 
'·· ~- i. '· .~· ·:·· : • •• . ' ' ' ', ._ .... ' 

'.,': ·; · · ·· potential barrier. All three methods are used in practice to increase .. ·. .... .· ,;. .. •"•. · .. ·. 

:-.·::(.j(;~ .... :;· ):.:;,:'.;·;>.the probability of electron escape :from the ·metal surface. The work 
... ,;. ~;\::· -.~.'-:<:.::·..... ' 

fUnction of the metal is lowered by activation with barium or strontium' '·· 
")•' 

carbonate. An accelerating voltage of 20-50 kV is applied to reduce the .,. 

· potential barrier,· and by_ heating the· specimen, enough thermal Emergy 

is supplied so that electrons can leave the metal.( 30) ~1e specimen 

i tsel:r is used as the electron source and is in the f'orm. of a fl~t sheet .. : · 

. . -~ '~ : . 

. • . ~ '; ' . . • I 

7 I' . 

'. · .. -
'... ~ The emitted electxons ·are accelerated by the electrical field and focussed by ·, :·: .' .. ,,, 

., ·.: .. ·., . . -·' 

. /. either an electrostatic or an electromagnetic lens, which forms the illlage :: !'. :''::> · ·· ., 
';• ;. .. ;· . . ~-·~ .. . ~: .·. . .. '• 

.. : -.~. ·. ·: .. " ,· ' ! . 
· ,. · · • · .. .:: of' the specimen surface on a phosphorescent screen. A photograph and a'·: · ... i '. 

·<·r. '· .. 

·.: , ~ < ,·· · ~ ., · · section· of a typical microscope is shown in Fig. 7. 
~ ' , ' ', ':" ! • . . I . . 

..· . ~,:. 
;~ ' ' 

. . \ .. · .. - --~·-· . 

. The mi:Dimum operating temperature in order to obtain a satisfactory .. ' 
. · :. ~. ·' 

,· .. , 
.~: ',' 

~ .. 
..- .... ;- ·-·· ·-·, 

.. t ~·-. 

_pictln-e_, if surface activatfon with barium carbonate is used, is about .. ·.;:·.>:. ~-- ,_;. · 

. 450~C. ( 7) The picture one obtains is exactly like a metallographic on~' :···~~·-f;"} .. · :·'.:' ·. ·, . , . ~ 
.. ,t-'. 

... • ' . -: J '~-_. : •, 
1, .• · 

/ .. "<· ;·,_:.:_. 4 

. . . . . ., ~ . . ... ' -~· I ·~ ' . : . 

. but the resolution obtainable. (---500 A) and the contrast is considerably ·· · ... :::· 
. . . 

··/ . 
:·· 

·, ~- . 

...... . ~ -.:· .. ' .. ' better than in a light optical image •. Furthermore, dynamic events can 
I •. ' • } :· ... ·, •,:' ' • ~ ' 

... /·'-. · .;·', ·':be followed_, by us~ng movie cam~ra techniques so that:-'precipitation, 
... _-.. 

{. · ,.. ·, '· ·. recrystallization} etc.,· all can be studied direct:cy, provided the 
.';-~ -~-- ·:_. 'i .; ...... __ . 

't' 

.. · .. - -· 
-.. :. >. 

' > 

... . ~ 
j •• ' • 't .. ~ ' ·' . !'; ~: • 

:: ~ ·' ' . 
~ ' . . ... . .. ' 

\i{Ji~~{;:+ ' ' ::::~ occurs at a ~erature 1n excess of that required to obtain ; , , ~- ~ ' ' ; 

~J}tJl~l; ,;', ' .. ·. · The contrast . in the image depends u,p,on the r.~ti ve emissL from - • , . ·· • : · < 
;;;;:..-;,,;.!,>;::-;.;:-, .. , .various parts of'. the specimen •. · The emission is orientation dependent 
:·-~.~~-.~;,.~-~:_·.--~·;_:.:·~-:-~l}t--;/!·!· . ' . / ~:. . 
· <;,:~~-:.':.~~:.i:.~~~~>_:~~·'so that individual grains show different intensitieSJ solute atoms can 
'j; t\ ~-;<::~~-:··,::· .. l <; . . . . . . . . . ' 
·. · · ·• <';· ,.':·:_. · increase or decrease the emission. · For example, . carbon and copper in · 

','·~~;.··,:: ~····. . . ·" · .. · ' ; . :: ' ' (> 
... ' :· '~ ·:··; :·~ ~.·' . '.f : .' / .. t ; '' '... • •• . .• 

' .\ ·· .. 
',• . . ' 

'· 

·.· ,._ .. 

::. 
:· _ ..... ·. 

~- .. · . -.. . ., .. ·. 
. ;. ,i 

'' ' 
·', 

., 
l 
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• ' 1··. ' '· -. ~. 

.\, ~; . ' . . ' 
. . :·. '· . ; .... 

·· · ·' '~•. iron i:Q.creases ~-emission while chromium and silic'on in iron decreases . 
,. :· ; : ·.~ ·, ;. . ' . ~ .. · .. -~' .' 

,. . ~. . • .! -~ \; 
"• .... __ ';: .. 

, ·~ ',: ::·'. ·the· emission. 
••• • 4 . . 

Stress concentrations or gradients also affect the emission. . . ' 
. ' 

~ .. 

~-·:··~-~ <"(;.· . . . . .. ..... ' . .. 
,' ·;. ::',·<r.'.' .::>·/. 

: ·., ··.: ,. 
· Figure 8 is taken from a movie film showing the r-a. trans.formation . . ; ,. . . . ]· '• , J' ·. " 

", ·.u ~.;._ ., 

i.i· .. :· ' . 

\ ·i::· :< .. :.~_,,·./~/ .. ;,_;;.in ~e. iron~ : 
;._. 

The twins in. the r phase are clearlY· resolved (Eichen, · · .. •. . .. 
.. ·:\>·: ,. 

.... ,.>, ,'\:- ~-: ··.;,; ·; priv. comn.) ~ The s.pecimen has been activated with barium carbonate.·· · 
,-•·':'· 

/ 

.. · .. ~ ... ' .·. '· · .. ····~ .. , . 
. ,/"" . 

· ... r.· ·The potentialities of the technique are great and the following is a list 
' . ' ...... . 

.! 

· .. · 
·'' .· 
,•\· ,. 

,•... /· 

. : ... . . ;· . 

-~. '· . 
' 

; ,· -~ I' ':• •,• 

• ~: • 4 #; ..• : : . : ·.,- ~ ' 

. ·.· .. ' .- .,/ 

'· 
I_ •• 

'. I , .. '_,,I 

.- . .-· t, ~ ~ ' • · . ·.-;_:· 

. .. . ~ - ' 
•• -.•.. !: \- ··.: ' . 

·of. some poss.ible investigations which can be carried out: (30) . ' 

.· 
,'•1 

,·'> ',: ': 

' ... ~·-
:· .. , .. -~ ... 

. ,:·.: . 

_l. 

. : .. ;. 

1. Phase transformation, phase boundar,y~temperature relations. · 

· 2 ~ Recrystallization and grain growth 

3· · Cold work 
., , . 

4. · Creep 
.. ': ,.,. . 

-·-.· -l ,' l 

' ... ,·, 

._., 
' . 

. : -._ 

·~ :" ' 

.· ,: 
_.,. .... -:.;... .. 
~/ .. _(····. 

'1 

, ... : 

: _; 

. 5· Diff'usi<n;l 

6. · Segregation 
') .: ._. : 

. : -~ •. ~· _,. . - ~- ; . : .. .; ; ~ 

7· 

8. 

9· 

:• ,. 
' Solidificat;l.on . ·~. 

'~-: . .. . .. 
., 

,.,. ~ ..... ' ' ... - .:· ·.-

SUrface adsorption and other surface reactions 
·,_ .;.. 

: ~ .. . :' . ' ._, .. 
.. 

Electron emission] measurement 'of work fUnction. 
.... --~-- ~--.--· . ..,.---· •. ·--.. ~ ....... :,·. 

An important recent development in thermionic emission microscow is ··· ··: · ,. !::; 
_ .... 

• 1' 

::.< -·~ > ·;: ···<:; surface ~ctivation with ions· (Duker, priv. comm.). 
: ... _.: 

The electron. emission 
·- ~ . . -_ '• ... ' . . -. ' .... ' 

~- :; 
';-' ~ ' ' . 

• . ' . ~: .. i ,1. -~- -; _. 11 

.. . . . ~ 

·.is obtained by energy inparted to the specimen from an impinging beam of ..... : ·' ··>:r 
: .. :t .~ ... -· . . -

. ·,· : · high energy ions· accelerated from an ion gun. 
.•. ·~. f • ' 

The advantages of this 
·. ::_<·:· -·. . ~ ~ ': ~ 

. .• · .. : ... ·.-·.--~:.<.' 
' . ~:-

~-: • ·.: .) ·"t • ' 

.· ·~- --::_ --~ ·. ·, .. : 
:··' t' . ' ' _-t. 

·. \;··technique are1 ·; :>; ':· ;(•i 

. .. , . , , , . ' ~) The ~utiace is_ ~pt c~~on bombardment, . • . ':' ~. : ' • ·~· .. 
· · '' . : :_ :·.:·: -'<· (:· 2) No. activating substance need· be used on the specimen ·. ; ·: ·· liil '( 

, "surface.. "-.. · '/~~~- <·:;: ; . · ·I 
' . ' ' • • ·, • '---........... , \ ~ • • •, • ,. ~~I • 

.:- ..... · 
'· 

~ ~- . ~- ;._:,)}:)~-.i :. 
'· (',. '. ·' , ... 

,::r .. ~,-~\!~: .·. 
... ,.;· 3) Operation at as low as room temperature is passible. · · · ; 

, .-; ·.> ,: .<·~. :· ·. ' 
·•, 

". 

·_ ~·-•' ;_ . . •,' 

. ~' .. 
•• ••. :· .. :·'. >: 4_ ) 

. ~ 
Ga.Ses can be selected so as to produce chemical . . ... _\-.· .... ~ ·• ~' . ' ~ ~ ;'. ' 

#·~- . . .. ; '' 
~ . . . . ' . enVironments Which enalbe oxidation and corrosion · .; .. ~. ' •* \ -~-· '!······· 

'•'' ~ · -:. · ... : . , . · ·· : ... . phenomena to be studied direct~., 
'• . .. :. 

, . 

. • I' 
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. :/ --:--~/_·:·:':····."';, ,. . . .-:·~·:·:.·~-·~ 'i. .. 

·:1 ·The ion acti.y;_ted :·~lectron· ... ~.~· emission microscope is termed the· metioscope. :/<~ ·. : .' 
·.: .!t. 'i: . •• . 

• ···: ·•• t .-.: .. '· "'!: .••• 

and isnnow· being manufactured in Switzerland. 
• ..... •. ., . 
'' ,,. ,. 

'. ' 
.., ... ·. ·:. 

. ~ . ' '• ., . ·,, 
:· ..... . ' ' •,· J 

. }". . ·~ . Field-Ion Microscopy 

. ~ .' . : 

.. ..,· 

·.···: 

._ ... ·,. 
'!' •• ·-. 

This type of microscopy is a newer version of the older field emission 
> •• : •• 

.: . .. 
' . 

~: microscope in which the image of a herirlspherical surface of a finely· · . t. 
' .. 

. ~.' ~ 

( :' ··. ·. pointed specimen is radially projected onto a phosphor screen by electrons.···~; 

· .. ·:emitted under an applied field. ( 3l) T'ne resolutl~n is limited to "-30 A· ... ; . :,. '. \. 

",; '-: ,'-.·· 

·'· ' . 
. "l· :: .• , •• 

,·, 

I.~ : • 

. ::•.·1. 

.·). ·' • v 

and as such is inferior to the eiectron micros'cope. However, in 1951, ·.;,' ··~.~-: ;. :~·· .. 

M""uller( 32 ) succeeded in resolving the individuai atom by imB.ging .the fine·.:·~.·.>::<;~:~. 

The field ion microscope thus has the highest resolution · :·. · 0:'. ·.-L , .. : 
•. • r'• 

· .. ·_ :.-. t 

A schematic sketch of the microscope is shown in Fig. 9· The metal· ... : 

' . ·~.·~: > spec~en is in· the form of a fine :.~~ electropolished at one end to obtain:.:" ,, .. ,1 . ' 

:.-. 

;;-._ .· 

t' ......... ,'_ .. i' .. :'. . .. 
,.· 

"_f.·. a sharp hemispherical tip of -300 atoms.or less in radius. The specimen . . : ..... 

is welded at the opposite end;to a filament 1:> tween t'Wlgsten electrodes 

0 

· ... ··: 
: ',, 

~. ,· 

,.,·. 

.. ' .. . ~ ·. 
", ·; ·~ .. ' ,· 

. i 

.. •, 

' .. •, ~ :. ... . ' . 

. :.:,:-· ·;: liquid nitrogen is a sufficiently good ~oolant to g:e t::~~:e:o~:i: .. ·,. · ' ? ,:/ 
... · .. 

'·. which are cooled in liquid nitrogen or hydrogen • 

• • • • I ~~-~~·I ' 

'-\<··>~: .. :··' . u ' 
·;.. . ... -. -~t 

f • ~ _;. ·' 

. ' "··~~ 

The specimen is •Qh~g_-e~ relative to the screen to a positive ·potential o:f'<. 
. ; 

.. , ·.;:,r>-· · ·:.- ,· . 5 to 15 kV. As shown in the figure straight lines of electrostatic force·· <' · · 
~'- ~·~· ',i·.~··. ·.~ • 

. ::· · · .,:; < '· ... ::. · · .. • thus run 'radially from ·the tip to the screen. In the . field emission · · · · ·· · " -. ~ ·' 
,.·~. · .... ~-:~,' .. :~~ ... ·· . ':. . . . ' . · .. ·" .. - . :~ .'· \' . · .. ~ . 

p - ~ .= .. :; : · •. ·' 

·.:;;t:~~.:;:,.··. ::. · : lnicroscope the tip is negatively char.ged so that t.'lle image is formed of . ·· · > · · · 

·''}{j::i~B~~ . .; '·::.> .. those electrons which reach the screen .. , However, .. since. these electrons-:;::;;.~~.·. :.-~r:.::.:: 
>..:tf"f:;_;:··.-:<·;,, . 0 .. ' • ' . • ' . . :~·· •• :::.~·f '::·::·:, ~; 
:···;. ;-· :;~:·· . . ·' . · are emitted With appreciable velocities normal .to the lines of force, the -.--, ·" .... <>. ,,. 

~: .. ;-:)</)':·:'.;: ~~! .·. . . . . ; ·: ' . •. .. : iJ 

.. ;· :.-:·~:9·)-:: ~:. image is blurred and there is loss in ir~ol."'~;kQn.-... · ·; - .' ·: .~> · · · · · ·~ ··. ·· .. ~[f '-' · : 
;'·,~; ';.r:- I.·,·. •,~ ·, ; '. .'.· ·.• . ' ' .• .. ·· ,: ;' ' ,'. ·~ ( . ~· .. ·: ,:. :· ·:''.'' ~:• .; .,'.,. • ,•: 

'' ;-..;_;:, I • ~:.;_ .··' • f f:..= ·•' "· ' '• :., · ,' ': ·~ ,: ' ,• ,•.. . • 
1 

l_,", ., 1 • ' ' .~ 

,: .. )·_-·i~· .. ·: .. ~.~;.:.:.~,: ... : .. • .::·~ ~. ~:- . \.: ' . ' ' '.... :. •... : ,. . . . -~ .: 
• . - ;: ".:·~".·. ' , -~.: r ' . , '' : . • "i ••• • • .-~~- •.• , • '· 

' ~ .. . . ., 

~' • •' ~: \' .: ;· ' ._J.' .• • -... · .• • <. • .... ' • ,.. • • ··.<·· '. .: ' 1 •• ~ •• 

,.1. 
t. ,· !,' ,,. 

.·. 
'. .• 

-~·: . . , , :r . · ... · _._,· .. ·. \ . . .· .. · . ~ .. !'... . 
. • r ~ • .t • ,•' ·,.' 
'' :" '• I • •·' !• ,•· ·., ..... 

. . . :. .. ~ '· ·, ,, ·· .. . '~; ,, . . '' ,·1 \ ·.·.: 
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B.r positively charging the tip, the free electron cloud is pushed 't •· 

~·· .. \:· . 
.. :\·.:·:' · . i ·F.'· .. ·.·. : .. -.. ·~:. . 

· ·· :.··~·;• ;_.<':,·slightly into the metal os that positively charged·metal ions ,are carried< : ,.;; ·, · 
· .. ~····~-..... "' .... t::~ ... :_' .. -'i,_ •. ; ! • J .. -~~,.:.:··::, 

': '., . _,_(_:.'_;.:.;<·.::.;,_ to the screen by a gas atom_ (He or Ne). The gas atom on raching the tip 
. ... .. ·. _; ·, · . .-~_,,·: ;". . . . . . I .. ,. 'I 

·~ t . 

: .. ·· .. ::·-~;. . . gives up an electron to the metal·and becomes a positive ion~ Under the ·-. ; . 
... :·,,:-:t'.! ... ~.:~:-.;''\_.:_.:, ;_~-~-.' ,c••'\ :~~ 
., ': -:_. ·_ ·- · field of' force this ion is accelerated along the line· of force ·and ~' 

. ; . . . '. ~ . ··.. . ·.': 
·r·} ·· -.~-~- ~~ ·: ~ ~ • . ··· 

·' · ·,; produces an .image at the. :point it hits the screen. The image obtained is 
• ! 

thus one of bright spot~ each correspo?-ding ·to the helium ions emanating ·. -· .< . 
. : 

from each ionization cente~ on the surface. The·clearest atoms seen are 
... ~ 

...... 
those in exposed positions, e.g., at edges of planes or in the faces of 

·".'{:; hi5h index· planes (see Fig. 10). 

.·.· .. 

- ... 
·._.;:. "· 

./ A critical condition for atomic resolution is that surface conta.mina.tion _.~ !. :-··, '-· 

:at the tip must be avoided.· A unique-feature of the He orNe operated field 
.··., ,; ·~ '.'' '. ',i ;' I • .... , • '· 

·.· · .. :-~:-~;;.ion .microocope is that under imaging conditioD:B, because of the high-:_'_ 

·: ~-. · .. 
. ·· ...... 
. '• ._: ·.;· .... 

r,: 

ionization potential :r'equired for He atoms:~ other gaseous ·atoms ionfze 
'·.·· 

'·,'..: before they reach the specinlen and therefore do not contribute to the ~ge. ·_.~;.(:. · .. ··r 

·:·. ' ~; ~ . . ... 

. >: .. · _:_ ·::-· ·/.~. · Thus the . tip does not become contaminated by inlpuri ties in· the gas •. 
.. . .... -... .. . · .. '' . ···;." . 

'· .·· : ·. The specimen can therefore be kept atomically clean w1. th only modest 
'·""'· 

. <·vacu~ requirements-~-(:;3) The :ilnpa:l.n:q.~ effect of thermal vibrations on ,; ... __ : ,· 
. : :' 

the atomic reso~utiOn. is minimized by lbperating at .the low temperatures.· :: '::· · 
. ;.: 

:.: . ·: . 

·'Field desorption and field evaporation s:erve~~:to ~lean the specimen-";.: 

· .... ·.; 

' ·. -~ 
',. 

' ~ · . 

. · ·.~ ' .. ' .. ·' ., ·"' .· ..... ~. :·:· 

i",t(i;iw::.~.;-.···: :::::.~~::::1:::::~::~:::~::::::? F~::e 10 ~:;·(:;.~~~i.·:,···, 
··.~·;::>·/_:;,~;_-~~.~:C_:~; .. :: . is an example of·~ platinum image in which niissing atoms· can be seen at-~' -~:-'_'X:".~~_ ·,.: . 

. ... , . .. (3'+) ... F::· , . . .. 
<?\:~.::~.; : .various places. . · · ·· . · ·.: !:_-' ·· , 

_ ;::;1_-)U. -·•• -- Field evaporlitiOn limits the appl1~b1~ty ~ the F ;r.M. to ~~- .:< ' .~;: ·:: _· 
~ .··;· _.:.;· .-·.·· · ·:< melting point metals since the evaporation field must be greater than ,. · 1 ~. 

·.!.·_.:.:/::·:·:~:,;/~.~;,' ... · . '. •,, . . . ' . . ' ·:·· .. ; .· ' .. .... ·: .. ··•':'·. '. ' ' ,, ~. 
- .• ~· .... ·,. • . ..../ l• ·~·~.-: .. ··~:-·'4 :~ : ;:.·.-./ •• ~.·. ~ ~.. •• '... ,· •. 

" ; .. • .. <r \ • • •• ' ~ • ' i ·;' . : . ' ', . . . ' ' . ').. : ~.·. ,. ;, ' ·• 11 • .' . .' . ·,·. . 
,·.: •. ·f~, ..... _',!''.~. ~~ o ... \.' ...... I ..:• '.'~•;·~·:,:~ .... ' f ' ' • :: • .-: .;: •; • • ... "~ ' I 

•,: ... ,,.' '' ',; .'"·,' •.' I • 1' , 
. 'J (-· ... 

. .. : ·.i,::. 

'· ,. ~ . ~ .... -·-·;:~· ..... ' .... · ... -~·· 

-~--=-=-· _._--:;;=.;...:.=··""'-"'-"'"="·======================-=='-""'",....,_"'·~-===;;;:-=-:;:;~ .. ""'-·'=--:;:;. ;,_. 
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Ironj cobalt ~d nickel li.e ~t the limit/ for helium: .· 
''' 

0 ' 

. . : ·:. · . · : . ~· .. the imaging field • 
. :\ .• ·, t ~ • 

. . '··' · ·:~':·: ·;. · . ··.· · .. ion images. 
.;· .. · .. ·:>:·:;/; /·-: '. , . .,J : " •• '. 

:;:':·y:·.;, ~;·melting point metals but since the image brightness for Ne 
1
is -20 times 

;: . . , .. smaller than for He· it is essential to employ an image intensifier. 

Neon images will make it possible to resolve atomS in lower 

"! ",'· '· 

' ',I . ,~ . . .'· . .' ·~.- . . 

::J.· ~\ · ·;.·:,:- Without intensifiers, a helium ion current "' 10-9 amp enables a photograph 
' . ~. ' ' 

.·_,_>. 

·, .· 

,,"I 

': to be obtained after several minutes exposure. 
I ,,•. I . . · .. 

The :magnification of .the image is "'·screen-tip dista.ticeftip radius,· · ·· 
,.· : 

i.e., about -one million~ The image coosis:ts of dome-like regions of a ·.· • ..: ! 

'• .' ,· 

., . ;. ·, stack of concentric desks, and from its' pattern. the orientation and 

\. ·:, .. ~~: ... · ~: ·. crystallographic character lbf the features can be determined (Figs. 10, 11) •. ·· 
.. ~·->.· .. ·. :··· . ' 2 

. ·; 

. ] ; 

.. ~ ·, · The specimen itself is subjected to stresses "' 1 ton/mm for an 
': ... ·~-· . 

~.<. '. • '· .• 

<~·:·.t .. i ;:/: . 

. ::"· ·.:~. 

applied field of 450 liN/em. ·This is perhaps one of the sertous disadvantages 

of the technique, since all specimens are observed.under this hi&h stress. 

· ··. · .. Since the atoms in metals are resolved, vacancies, interstitials, impuritY 
...... . : ~.. .· . 

. ~ . /_..,_ .... · . . . ' 

· ·. :,. . · atonia, segregatiOn.,..-· order, dislocations, grain boundaries, etc., can all · 
\ : . 

·, . 

,.,·r 
,··:·· <, 

·be observed directly (see Refs:- 35-37 for reviews of applications). Figure ll'. 

.; . .. ·• .' .· 
, .. ' 

. ' / . .· . 
. • '! :~ 

.. r ·~- r ...... 

shows examples of inte:rstitial· damage (ar!•owed) produced by a.-particle· 

irradiation of tUngsten •. ~Uuer( 35) suggests that the. large bright spots:_;:·: 

in the image are due to the f'ollowingo The lattice strain surrounding 

. .;· . ~ . 

·i .. '· 

. ' ·:' 

' •' . . ~- \ 

__ .....,.-c.·'•." 

·~ ' the interstitial relaxes when the defect is just below the f :irst s~f'ace 

. ;·-. 

'' 
This area is then rearranged to form a hump of atoms w.1. th reduced -· 

coordination causing a bright large spot to appear in the ion imageo s . . . . ..... 
-~ (~ • -. I\,. 

·. :However, many. of the contrast effects observed in field ·ion iina.ges. are ... 

not yet completely ·understood~ . Recently Brandon and Wald (38) were able·:,:· 
' ' 

to. follow directly th~ production of point defects· by· ion bombardment of 

· "tungsten specimens inside· the microscope.· · 
'':·· ,_ .. 

· .. -.'' : 
I ' 

.·' 

. ' ... 
··.··.'. 

:. . 

· ... 

'' ... ·, 
. ·:\:.-, ... -··--- ·~· ...... -. ~~···· 

>' <_.; . 
' . : ·--~ . 

·,, . ' 

. ·-·. 

.. 
··' 

··· ... 
. , 

. :-. 

,. 
--~.' . 

1:-·-

. , .. 
. .. 

'·,._· . 
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The field ion microscope is very promising and when a wider range of · 

:-; ; .'·:_;· ·~::::{;<.'::·metals can be examined more people will undoubtedly start to use the 
' '. ~ . 

. : .. < ·\ :~7 ,f·~;:- ('. ,, . · .. ' . 
' .. ··~· technique. Since the atomic structure can be directly resolved the method 
•' '!' .,:. ' . 

~ ' .. . . .'. ' . : ~- . :":: :. :: .. 
• · ','· .. · ,·· should. be very useful for distinguishing between l~cal order and clustering 

' . . • I ,•· ~·:· ' 

··. ·: . · ..... ~- ': ~ .. :· . ~ .. ·\~··. i : . 

. " 

. ·. , . · :. · . .. :·: · ·and .other .e.ff'ects which cannot be. resolved by any other means .. 
,·r '· ·:·· 

_ ....... 
. . ~.. : .. ·. '· 

·.··, . .-.··:_ 6 . 
'· < ~. '· :: " Electron .·Microscopy 

· .... 
('" ~- · .. 

The optical arrangement of lenses in an electron microscope is : 
.. ··. 

,- :·-

_.1 •• .:-_·._. 

· ··similar to that in the light microscope as shown in Fige 12~ In modern 

·instruments ·the lenses are electromagnetic and because high currents are 
.... ·· 

The · ., .. . . often. used· in the lens coils, the lenses may be. water cooled. 
.... _:·.> '; ~- "•_ ·:.\,·: .. 

: :.' .. ; '·:. ... . • . 0 

'. 

... ' ~ 

.. ; ~ ' 
'\ . . ,• 

' : '1j'. 

. .. ·· .. > ·. electron source is a fine tungsten wire 'Which when heated to > 1000 .C . 
. · : . ;, ... ·. ·~ . ' . . . _, < .,, .. · 

-~'>:· '· . '~ emits ele~trons •. These are .then acceler~t_ed at -40 to :..150 XV (q.epending >: :_.,I 

·.-.• 
. \I .·.-. 

. ·' 
.) ;:.';._ 

on the instrume~t) ·through an .anode at ground potential. A pair of . 
• i _- . 

. . . . '··:·,. :- · ...... condenser lenses then narrows the beam such ·that a minimum spot diameter 
.~ . ~. . . . ,· ·'· . .. . : 

··".-· 
. :. '. ~--~ .-
. ' of ~ is possible at the specimen.. lh: .. :thi$i~wa.y the fine focus high , 

.. ·, ·· ., , . . intensity beam enables better transmissio~ through metal foils/ to be 
'.' 

···, 
\ . . . ' ., . ·. ~~- . :: 

. ~!-' ~ -.. ~ ... :' '·. '(· attained than if a single condenser .lens is used • Also, double conde.nsers": 

:· .• t_• ••· ,.· 
• ; .• ,; !•·' 

. : . . 
minimize thermal overloading of the specimen due .to beam heating • 

• •.· I 
··.··.·: 

. ; .. ,·1 . .. 

':' · .,. . . . . .The ... .objective •,:.: lens· :;:usually:!.'. of .:::smal~, .. focal .. • .. · i ·, 

.·.: './ .'. 
r~, •, ..• 

. . -,·· -·: .. >·: .~ . · . length ( ""'3 nnn.), ·projects an magnified image : of the object onto the 

;~:t;.):::':··.: ., .. front focal plane of the projector.. Us.u.alJ.y a total of thtee stage 

·,··.~- .. 

'·.' 

,', .· .·· . ~--

. magnification is obtained by the use .. of an intermediate and ~:projector · '" 
... , 

,.· 
lens after. the objective.. If the speci_m.en ·is crystalline a diffractioz.l' f'..' .. ,- .I.>' 

'· .... ~ -· 
image is formed at the ba.~k focal plane ot the objective)(Fig .. 13). 

: l ~. 

·-.. .,-._;: 't .• :. 

,. 
~ :. :· . .-;· ::· ; ...... .When the intermediate lens is defocussed to zero magnification the . · ... ~ •••• > 

· .. ' ... ·.·-·· ~· . . 

.. -· ··.diffraction :pattern .can·be displayed at the fluorescent screen. By 
' . . . . . . 

·· ... ~ ·:- : ~ ·. . : . . . .. '' 
. -~ ··' -.. . :· ·_.: 

-· .-· .... · 
~ " .. • t-

: 'l ~--- . 

·.' 
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' ·• ,<, ' '-~·. 

' . :~ . 
. ··". 

.. ·, 

. . . ·· .. increasing the current in the intermediate lens an ima.g~ of' this • • I' . •, , .. ' '• .. 
·. ~ .. 

-~ ... 
· ' · · ' :pattern can be formed at the. screen. 

I .. ·. " . 
·.--~ .. : ~ .. · ,· ~ ~:-~. ~: . ' .. 

"·~. ' 

.. '/ :patterns can be obtained from different. :places in the specimen and 

Thus selected area diffraction 

.. ,, . '.·. ~ .. ~·· ' .· 

:; ·. · '·' ·· .. contrast.·arises :primari~ through diffraction. Iri amorphous films (e.g., 
. '~. ·, ', ..... ' 

. re:pllcas) mos~ of the contrast arises f'rom ~s thickness scattering· '.~ · .. ,.· 

. . ~· . 

> so that thick areas will a:ppear darker than thin areas. 
• I."' •" 

."t' 
t 

I 
f 

t 
~ 

~ 
~ 

t 

. !' 
. ' 

' ! 
I 
l 

. . t 
. . . I . 

. . f 
One of the· major advantages ·of electron microscopy is the gr~at ' ..... . 

···~ . . ' 0 ' ' . . 

.resolution :possible ("'4 A) and because the de;pths of field and focus. 

. ... . _., .,._· 

. ~ . . .. .,_,· ' . ; .... . . 

are very large. 

:~ .·' ~ 
. ' f ) . ~ . ·- ... ..: . . I .;·,· .·,., ... ·' 

Thus a focussed image at· the screen is also in focus. . . ·. .. ·: · · · 
.., ·:. 

at the :photographic :plate position (below the fluore.scent screen).· A 

35 mm. cB.mera can also be :position~d above· the screen for use when a large .. · " . ·, > ,"'~:'i ;~ . ~· .. ··<.' _, 

.... · 
'' > number of :photographs need to be rec.orde,d with the minimum of time~ Since· . , , 

·' :< 5 .. · .. the ·penetration of electrons through- materials is limited, very thin '·. ··'. 
..... 

.., 
' .. ':·: ·. , . specimens must be used •. NoWadays techniques are available f'or preparing. ·: ... · ... 

• ! . ' . . . ·~ 

thin sections of' aJ.Jnost a.ny material that needs. to be examined. ( 39, 40) · · :~· · .. , 
;' . 

. .. .: 

'.; .. . •. ·,.;• 
• • l. ~ ·• 

. . ·~ · .•. ~! '· ·, .. (' ' 

• . • 'i . ". ~. , 

Roweve~, the correlation of microstructure in thin films with bulk 
... -.· . 

··'; .. 
. ~ ':I ' ' . , · -~ I ·~ :. t 

·· .. ·. 

:properties must be mad,e With some reserva,tions particular~ With regard . 
, l. 

'; 

<· .. ·' ·, •.', ... ..··.' .. , . 
.. '• • lJ 

,', ... __ ;. ·.to dislocation behavior, e.g., because·of :possible rearrangements ·during-··, 
' ' ..... __ ,· 

.· . ~ ,; 
., . '· 
·.:1'' ,., ' .• 

·~~·· 
Furthermore, since on~ a small .volume of material is examined 

·,·· -. ···.·· 
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Replica Methods 

The earlies~ - application of electron microscopy to metallurgical 

research invol~ed surface replication . (39-43 ) The usual replicas now 

used are carbon or SiO, while for Al and its alloys their own oxide 

film can be used. The metal surface is covered With a replicating 
0 

medium of 200-500 A thickness. In the case of C and SiO films these 
·--~ 

are~produced by vacuum evaporation after the specimen has been prepared 

metallographically in the usual way. Oxide films on aluminum and its 

alloys. are produced by anodising the surface. Second phase particles 

usually do not form a coherent oxide film so that holes at these regions 

in the replica delineate such particlesq As example for an Al-4% Cu alloy 

is shown in Fig. 14. The replicas must be detached chemically from 

the metal by electrolytic polishing or etching (see, e.g., Ref • .39)·. 

In the case of !ferrouS materials since precipit.ates are cathodic with · 

respect to the matrix etching through the film allows particles to be 

extracted in the replica. (3 ) All example of extracted chromiUm. carbide 

particles from a low alloy tempered steel is shown in Fig. l5o These 

extracts can be examined by fluorescent analysis (e . g . , in the probe 

section) in order t~ obtain information re~ding their composition. 

Also since they are crystalline the selected ~diffraction technique 

may be used to distinguish between the various phases which may be 
'-.. 

present, as well as to obtain' structural information (Fig. 15b)...__ 

. 0 . 

The maximum resolution possible with replicas is ~20 A. The. repl~ca · 

technique has been widely used to study surface features associated with 

slip (Fig. 6), precipitation phenomena, fracture, etc . , (see, e.g~ , ·:.· 

Refs. 391 43, 44, 45). However, with the advent of thin foil techniques 

an~ the development of better microscopes, r eplica methods are now being 

superceeded. 

. I 
I 
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Transmission electron :inicroscopy of thi.~ foils is. now the. most 
, ~ . , , . ~,.· ~ r 

. '. ~ . ' . : ':·· .. . .~ .. : 
. r· -~:: .... 

.. •, 
'•, .;, . :•' 

' '/ 
.. ·i ' 

widely us,ed of the modern metallographic techniques~ The tremen~ously' 
'-'i · .... · 

~~-. '·,.• . ' . . . (39, 44, 46-48) ', " ' r 

,_. 

. rapid growth .,of the method over the past ten years · . · · is . ·.-< · ·_' · • 

;· 

··· mainly due to:. 

... ·· .. ·:· · .. :-. 

~ ' ..... ... 
'. 

- '· 

(1)_ Development of techniques for preparing specimens thin enou~ <:.:·:" · .. .';:_:;>_ 
·.•n 

· to be transparent to electr.ons ( < 0. 5!i) • I 
. •. • ·:·- \ .·;·~- :i ~\ ... '• 

(2) The availability of electron Irlcrosco:Pes with ·double' c.ondenser - · · 
., . 

· ... 
'· ·.:: ;_ -i: :;_: · :lens s~tems, ·selected area diffraction and high· voltage fac,ilities; _: · ·· 

l'f • . • . •. 

. ,' . :< . .;_· ·, ~ 

(3) Development and application of the theory of electron diffraction . ··"· 
' ... ·, •· -~ 

. '··.. . ) :. ~ ·: :.: •} 

. ' ..... 
' ·: . ~' •' .. 

· · whi(!h fa'cilitates the interpretation of the often complex _images observed.· 

' 
.. ..... •'.'/ .. _ . 

. :···· 
';.··; .. · ........ .. 

. ' .·. ·. "'~ . . ' . 
. ·- ~ 

Because of the low penetration of electrons·:,through matter., specim~ns , . . . 
. • . • • ..f. • ~ 

0 . . . . (3 40) . " 
have to be prepared.~bout 2000 A thick in order to obtain transmission. 9, , . ",l• 

•• i_l ·: .,> .• -
.. 

.... ; ,·: 
. ;. . . .. ' -~ 

__ ;·'.• 

Reflection electron microscopy does not ~equire thin specimens but due to· ., ' · · : · 
·'' ,, ...... 

the poorer resolut;ton possible ("'80 A c~tn~ed to .say 4 A for transmission)·· ·: ., ...• 
. ·· .. · . 

. '· 
. . . ~~ : . .' ~ . · ... 

-: 

·this method has not been very widely used, except for surface observations 
' .. '•) 

. ·'. . . ~-. . • :-·1[ . . •• . ~ : .. ;. : . . . 

·. of wear damage, fatigUe ~d for studies of surface films 1 e.g., after 
•" 

~. ·-

. . ; :- . 
. ·",', ~- ~r.-.. ~:~-:-:.···:·~ 
. _, ' .. :· corrosion (see Refs. 43, 44, 46, 47)> Figure iT is ·a.n exainpl~ of a ,::' :. , ·• 

, ' 1 ' </.., • > 
0 

;~;· :I ·l } • ' 

. ;' ;__;· ., .- ... ·.:' reflection electron micrograph.showing··_e,Xtl;'UeiooS': .. ~ from a fatigued aluminum'<>>',·. · . 

. ;:;i~;.>~-· ': cns:r¢ ·. · .. 
~. ·.: :, ... :. · . .;-:: 

. . ' . ' . . _ .. _ 

. :J.· 

are many complex interactions which occur when electrons travel ... . . ; . 

. ··.·.· < . through crystals.: · The niost important of these iS .. diffraction since this 

:'r_~).);::,.tk-:: r,· ;_J:,:\s the major phenomen:6~ giving rise to contr~st in the image. ( 49) The·.:. 
<;·:~:;~f~::~~~/: ... ',:\ :< . / . . . . . ': .·· . ' . ·. ' . 
· ;-:~.<·~~ ; _:.:: ·. · ··interpretation of contrast phenomena thus depends entirely on the 'theory 

:.·~.:\/(.:'·:_ .- ' of q,iffracti~~. ( 49-52 ) Thist theory has now be~~ developed to accdunt for 
.. • ~;··-)·::~<-<~/ ~ ." .. \ r __ •. 

unusual effects associated with :absorption.and prOvides extremely uSeful 

' '• L: ,• .. , '·• 
. ,' .·, ,!,,,r 

·.-·-. :·'·· 

. __ ,. :,' 
. :. ~- . 
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·L· ... 
··.: J .• ··:_. ,-j:' 

and detailed information. ( 52 ) Because .of the small wav~~gth_ of elect;·ons 
. .. . . . -----. •.. . . 2 . ·-

the 'diffraction angles are .very small (~10- r~d.) so that only planes 
j I 

·: .. 
-:I', ... 

'. c 

,~. ·- .. : ·~:. :which ar.e ·approximately normal to· the foil sur·face will diffract. It 

. ' .. ··~· should also be remembered tm t the image is a l'roJection of the ccystal. 
~·; . · ... t ··, .-· 

·-.. 

l ' .• 

.. t • ..••. 

~ ' . ~ . 
... 

~ .. - ·, -:. . ·, .· 
. so that geometric.al factors must be allowed for when the images are being 

interpreted. i '• .. 

. In .order to accomplish direct lattice resolution, the transmitted and·< . l;'' .. . . ·._ -~ ... / 
... ,:: 

diffracted beams must combine at the image plane. Hence, the angle 2G 
: ... 

· ··,. · · ... between these beams (Fig. 13) must be ;t.ess than ·the effective aperture of ·.· · ·. 

-~ ' 

· .. · ·· . :<·:. tb.e objective lens. In order t.o minimize aberrations the lens aperture 
,\ 

I. ··~- • 

. : 2 . . 

.: · a. is ,..., 10- radian. Hence the res·olution limit is - X/2 a. · ~ 
.,: .. 0 . . 0 

For 100 kV . ; 

; . -, 

··;·,_· .. - .... 

0 ··. 

= 0.037 Aj hence the minimum resolvable spacing is just below ·. · ·.·. 
~ •. ' . ,.-L,': 
,_;, .··.·. 4 A. For this reason lattice planes in metals cannot be dire~tly resolv~d': ·~ · 

· .. , ·.' 

although P.lanes have been resolved 'in pthalocyani~e and Mo0
3 

crystals~ 
0 . - '· ~- : .. -. 

,· .. Figure 18 is .an example of 12 A resolution •. Indirect resolution is possible .. · . 

.-:> '·"'' 

. '· 

... ~· .' by means ~f moire images. (53) 
-~ .. ... ~- .. 

. . ~ ., 

··. 
With metallurgical specimens_, .. contrast is obtained by not allowing 

·. 't • 

. . · the diffracted beams to contribute to the image. This is accomplished , . ~ .. . . 

·. ~ . ; ... 
' . . " ·' .. '· ·.,' 

: · ·· . by the use of 3<>t.L apertures in the back focal plane of the objective. lens · :: 

- ... 
. ~ ,• -~- .. ~ 

., ;"., . .. :-·~ ~ . ·.. . ' ' .. 
• -•.1 

:< •'.' ,· •• •:1•. 
l ~ .. ; ' 

.. ., ·, '~··· ., . ::· .:~ 
·.,,· : ~ .. 

·: ,· 
'·,~ ' : . .'::...': ;:< 

,- ;· . ; .. : .. ·, :.1 .1·· ~:· 

. -: -~ 

'. ' I ' ~· , ... 
... ,_''.' : ~ .. ' 

~.' ' ·. . .. 

•.-., ,_ . ... 
~ .: ' 

; .. ·.·• 

. : .. 

·.•, 

~ .' · . 

-···"· •'. 

I 
i-
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.·.· ·. "· The, transmissio~ technique is very powerful for investigations of 
. . ' . . . 

·.·lattice defects (for·reviews.'see, e.g., Re:f's._39, 48, 54)iAd.efect 
' ' ' ~ . : '. . 

•'' ·.! . '. . ·. ~ .. ; •. ·, . . 
'' · .. ';·: . : : :· .:~ ·. . . ' ., 

·e ... 

. : ~:j.·.'' . -+ . ' 
producing a displacement R caUses a change in phase of the diffracted 

.,. ~ 
··;. •. 

beam so that phase contrast is obtained in the image. 

. ' -· ,~.; . . .·'··t:/ : AB can be seen from Bragg's Law illustrated in Fig. 2.01 when R lies , 

.· ··' "; ··: .. : ··: :'.· .. :. ::· in the reflecting plane, the :path (or phase) difference is the same as for· 
_ l:}·. :.-:· :_ : .. ' ; . ~ ~- ..;' . . . . . . , . . . . . 

. . :· -+ 
a perfect crystalo Since the reciprocal lattice vector g i~ perpendicular 

to the reflecting plane. the con~·tion for ~nvisibility ~s g•R = o. (49) AB. 

. ·...-·: 
' ... · .. ·. 

, •.. !·. 

. ,·, ... 

··::. · discussed earlier with regard to x-ray images (Section 3) several reflections 

.· .. , .... ·. 'i < ,_:, ' must be studied in order to evaluate R. Similar rules apply to lattice 
. , ,'· 

-.<·:: · / .. .'strains arising 
'.': .. ,.. . .. 

"'':' ,; ', .. , . . ·(48) 
.·.·· :::- · ",:: . zones). 

from coherent precipitates in alloys (e.g., Guinier-Preston 

I 

' ~ . ... Figure 21 shows dislocations forni.ed in silicon af·t~r a diffusion 
·, 

· ;. <": · ; .'. treatment. In (a) the-040 reflection operates and.both sets of dislocations 
\·-

I •,. ·. \: · .... 
''• .• . 

are visible.. After tilting the specimen so that the 220 refil,;ection 

operates (b) one set disappears,_hence the invisible set must thus have 
. · . 

, ....... · .. · .. · .the :Bw:"gers vector a/2 [llQ] and they are edge dislocations. 
. . - ~· , . . . .. . 

•-.:-. 

'··,·· ·. 
·,'.l 

, . ~ : .: ' 

.· ... 
.' , . 

. :, ··. ) ~ ,;. 
,. 

~- ' .. . . .... 
. ,· 

Defects lying on an inclined plane give rise to oscilliatory images .. , ., 

due to dynamical interactions between the. transmitted and diffracted beams: 

..· 
''!-' 

";. , _ 

. ·."' ~ 
.. '. . ~ 

··--
'· . 

·,; 

• !_. 

. .t . 

. . Typically, stacking faults J twin boundaries, grain boundaries, thin precipitates· :, ' ·· · .,_:':· ~ ... \ .. ~:; 

.. ··~ ·, ... ~<·: ,., all show extinction--f'Z:inges (Fig. 22). ·.·The extinction distance( 49-52 ) -.. · · ·, 
., .. •.·. / ,;.· 

... :· -~~:_~---~~-·: .. :.~i .... . . i, .. · .... •. ~- . /.:: ' .. . .-!. 
<~!· .. :; .. -:·." · .- depends upon the operating reflection and the. wavelength of electrons and · · .·. · 
/7.{.·;_;.~{~<;~: .. ~ } ··._: ~ . ...... . ~~ .. ·- ··.-:. ·::.~:-.·-<~>·,~ 

... ':.\. ":·._,' .. ' ... < · · SOI!).e values are given in Table II~ These. values are several orders of. ··-.- ··~·· 

:);;~;~~;1;,': {, magnitude smaJ.ler, than the c~esponding x-ray extinction di,stances. 

'::.: :~·;:>·;4~~:·:·:.: .. :(ij~:···. Besides being. able to determine the direction of the disp4cement 

.._.:·:;/- ;~i~~>~?:. · . vector R it i~ also possib~e to find its sign. ( 49-52 ) Thus positive -·an--d-·---=:--··'';·_ 
.: ... ::: · •. ;:~.. ' ,· . . 

... ~-

:-.. negative dislocations, intrinsic and extrinsic! stacking faultsJ vacancy • <#I •. 

,· . ' 
'· '. 

.... 
"•\ .. ·.: .. 

" ~ ·. 
. ~-

,·_, 

' . .- ·. : : ' ~--
'.:· .,, . ,. · ... , 

...... 

. . \;, . ;·,_' 

. :-' ' ·~ · .. ' 
· .. :. . ·.:.\ 

. . . . · . ,. ~. ,;· ... 
..:- '1,.! :··· 

., .. -~ .. ::(·· 
·:._ • .•• : _!.-. 

. 1,' " ..... ~. ·. ·~ 

. :-... ~ :·· 

~· . . ~ . 

'r ,. 

••. '! 
.\ 

· .. ,• 



... ,·, 

'.·. 

,·_·; 
._,. ,· .;" 

I

.·' 

Y: ... · 
~: ' 

~ ; : .•- ;. ; 

··\·,,· ·. 

~}. :· "; 

,r .. 
-·.:..,· 

·,,_ I 

'.·· 

.,; .. 

._.- .. 

'' ··. 
··' 
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Table 2 

Extinction distances t for low order reflections (two beam case), A=0.037A 
0 

. . . 
. ·_ :.' .. ·. 

. . ... 

•f ... • : •• 

·Metal 

.; 

~- ·. . { . ' 
·.;-~· 

.. : . . -~ . : 

.:.·. 

.. , 

-~· ·~ 

. . ~· . 

/' .' 

;\ 

::.. 
; ' 

't.:. ... ,, . 
. . :.• .. ........ . 

... 

. ,. 

BCC 110. 200 '. 211 _________ ;...._-+----~:--~--------------- · .. '· 

v. 23 370 

a.Fe 295 

Mo 42 ··260 
' .. •·.· 

w 180 

FCC·. lll 

' -~ . 

13 64o 

Ir .77 170 

.· .. ... -.. 
hc:p 00.2 

·' 

Mg 12 935 

Zn 30 38o.· 

-540 

4lt-5.' 

.. 385 

··. 250 

200 .. 

770 

190 

01.~ 

ll55 

500 

.. :··' 

--~ .... , .. 

•·""= 

710. 

590 

465 
~- . ' 

310 

'• 

220 . 

124o 

270 

01~0 .. 

1770 

·.·:.785 

i 
j 

(l) These values are obtained from scattering. factors based on the . rest 
j 

mass of the electron and are not corrected for re~ativityo 
.:· . ' - ... ~. t ·- ; 

, . 
• . : t _-! -' .·.)' 

•: .. ·~./~ they are aboU.t l(J{o too large. ·.:. 
. ·~ ' 

.. -~ ~ . 
... , ~ 

. . 
. .I 

· .... 
~ ·.. . 

:·: __ ;'· 

. : .~:;... ':. . ... ,·:_ .. 
'; ·,. 

,.,_ ~ .-... 

' . 

. '. ,. 

,:' .. 

.. •"' 

·: ,.; 

·'.· 

,. ·, 

·,. 

., ~ . ... 

... 
'; ,· 

... _ .. 

._, 

·, 
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-;.; .... ; 

.and interstitial loops and tensile or compressive strain fields from 
• • •• ~· 1 f ; : . •· 

,. ·: .. ::_.{'.::.;,~>_;:··:·::coherent p~~cipitates can be distin(SUished (for review see Ref. 55).· 

\ ~··:-:.-.:; ·:.: .·:·:.~· ·. The thin film technique can be applied to all phases of metallography,:'~ .. ·. , · 
-~ \ 

. and consequently a very large amount of information concerning substructure : · .. · 
·:-.. ' • • . . ··'1 

· .. · is being accumulated. ( 48) The imp~rtance of stacking fault energy as a . 
. , ·.; ~·, . ·. _'.. . : i:· . ·:'_ . . t 

:;~ ·:·~ L.·· <, ·.·, .: parameter determining the arrangement of dislocations in defo!J!led crystals 

, . ·• ·, > . ·.·:. • : has been amply demonstrated since the initial, ~portant :work of Whelan ( 5~) 
' .. ' ;· ' · ... 

., ' . 

'. ·:· 

... 
\ ·. 

.. ·; ·.· '·, ,: · .. _ •' '";-,•";.' 

(see Fig. 23); Stack~g fault energy an~ ordering have·been shown to be 

important with regard to transgranUlar stress corrosion/57' 
58

) One of 

... 
. . ·, 

_)· ... ') "· 

·;' \_ ·.' ,.·; .: 
,',4-," ·. 

,._ .. _ 

• ' o I • 

(: 
. :-:. 

-~-- :: 
· . < ·.< .... ·:. ; · energy can be estimated .. directly from the. radius of curvature R. of extended 

;_ :-: _.~:.: -'/' ·: 

· · dislocation nodes, ( 56) by using the relation 

., . :.:._ ' ,.-.! 
; ·~ 

·:.-

. '. 
. . 2 . 
I = Gb /2R 

.· 
' ·.··.·. 

.> .'. :. '.· where. G = shear modulus_, and b = Burgers vector of the partials at the 
, .. , ; ·:i. I 

,'l·• 

~ . ·_~ · ... _. .. -.·. I . 
., .. ' ··.,· . 

Figure 24 is an example (·:Of;: ext.en~edAJ.od.es .... , in ex.-brass tram which · · ··. <: : · · 
~ ·. ' 

. . . , 
:. ,. : ~-

. , . ·node. 
. ' . : ' . .- ~ :.-:· ,:.- ~< ... 

r is estinia.ted to be ,..., 2ergs/cm2.' The morphol.'ogy ~d type of pre'cipitates. · ..... · '· >:· . 
. ·;· 

....... and dislocation-precipitate..:interaction.S and their relat.ion to alloy strength · '•· 
.. , 

·.·, :. ··' can be directly observed and have been extensively ~tudied (Fig .. 25). 
.... . .-.·· :.:· ;. ~~- -: .. · ;.. . -:- . 

. : :·.-..:.- .·. Direct observatio~ of disloc~tion glide, (59) climb, (_60' 6l) and:··:· :.' .... ,;·.·- ·· I 

, /.;): :{ : · pr~cipi te.tion ( 6:2, 63) he.ve been carried out, e.rid the c~l.ex ~iructures 
64 6 

.· • :C ·I 

·- ', ~:.' ' · , of martensites both in ferrous and non-ferrous alloys have been studied. ( · '· 5) ' 

/;:~:;·:·L> . ., :: Mu~h work has been done ·.on ordere~ alloys ( 66)a.na. on ma~etic ;materials .. ( 47) :< .· · <:; . · · I 
. ·'· ''-i_.., ' .. . . . . . . .. . ... .' - . ' ' ' . .:· . ·, 't 

.•: .. 

:"<;_'·~,The pres~nce of magnetic ·or electrostatic -::t'iel~ in certain materials ~eads >: ... :: .~ · .· t 
': :. : to refraction of the incident electrons by the. specimen itself. In the : ·.. .. ,· .. ··· ... ~ ~ 

... ~. : 

, . ' . · .. ' i . . .. ' ~ 
case of a ferromagnetic _specimen, the electron beam is sp+it acro~s a !! 

·' . . . , 

·domain boundary and the intensity at the boundary depends on whether the .· · · 

.. 
'.· ·'•· 

! . . . . . 
'.··, 

. . . 

. ~ :. 

•:. 
· .. 

;-' . 
1- •• 

., ,\ (_·. :.-· ... 
•I 

.d. •':- .... 

. ~1 

tl 
: !j 

\i 
:' 
~-: ,, 
!I :; 
:: 
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. ,.• 
. ·. 

deflected electrons diverge or converge. Domain boundaries are thus 

: ; 

.. alternately dark and light as shown in Fi.g. 26. · · ··:·' 
/ \ .. 

. -~: From this brief account it can·be seentha.t the transmission electron 

. ·: microscopy technique is an invaluable tool for almost all phases of 
'» 

physical metallurgy· • 
. _, ,; .·.,.'' 

7• Electron Probe·Microana.lysis 
' ~; • I ' ' 

Whilst microscoJ?Y and diffraction yield information regarding size, 
. . 

shape, morphology and atomic arrangement they do not provide inforlna.tion 
.J ...... -. ·t. ···.' ·; .' 

. ,. ·::· :-. . '· ~ 
-: '· 

regarding the kind and concentration of elements that may be present in 

'. ·::·;.~--~·,-.·\. a. specimen. With the rapid development ana; use of the electron probe 

,., ·'L::: .,, ; .. (originally devised by Ca.staing( 67)) a range of elements from Z == 12 to 
• • ~ J • 

. ·' .. ·:. ·.·· ·. Z = 92 (Mg-U) can _be identified and quantitatively determined a.s well as. · 
,' '. 

their position to be found metallographically. A number of reviews and 

.. ~ . ~ ' 

. I., 

... : · conference proceedings describe many applications of the probe technique ~14' l5) · . 

' . :·· 

_,._ 

·,.'-'' 
'('" 

(.AJ..Bo Refs. 68-70). 

The incident electron beam is produced from a. tungsten filament with . ' 

a. consider system so as·to Obtain a fine focus beam of diameter about~· 

The illumination· system is . identical to that used in convential double 

.. 

,··. 

condenser lens electron microscopes~ · As a resuJ.t of. electron irradiation ·. ;, 
~ ~·· .. ' . ,7-· !~ : 

:.t' 

. . . . x-rays are emitted from the sample and these can be analyzed for. 
··. '· .. ' 

' :. · rr ·:_ •,·. ~~. ·_:; -~~. ~._: • .' 
; ;. -. ~ 

: ·--~.- -~.-~ ~~Jj~::t·-.. . "·. :t characteristic radiations so that-individual elements can be identified. 

.: ·· j;_:_;. · :· ;:·: A number of probes are now manu:t:a.ctured commerica.lly and are being 
~ ·, ~ •• ··.~ f ~~;~~' • '. ,. I, ' ' \ ' 

used.:· 

·:.·:t:4 _: ;.; in many industrial research laboratories o · 
. f . ,. ·--~~-~~ ~: .... _, ~::.-:_:~ . :. 

',;.:~-~:·.· ,(.1 :. ' . .' 
.. } . ,: 

~ ·. (. ' 
•·'. 

, r' .· •. 
·, . 

. '.-·· ''.·· .. , ' 

.,. 
.. ·. '!' '',· ./i-~:_.' 

·. ~ _.··. ~-- .. ~_::~~:·:: ' 

·.' ..... ·!.', 

. ":.~ .. 

The principle of the meth~d is illustrated in Fig. 27. If thin 

specimens are used some .electxons are trans.nii tted so::.· that the lower. 

part of the instrument can be used a.s a transmission electron microscope~ 
/ 
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· The characteristic x-ray intensity emitted from the sample is a maximUm r .'· 

.... 

spectrometer 10-20° above the specimen .surface. The back scattered· 

electrons are detected by a phosphor followed by a photomultiplier. If 

deflecting coils are used, to scan the incident beam over the object an 

'image of the object is obtained with a resolution of "'lj.J.• :Both the 

electron images and x-ra;y images can be displayed on cathode ra;y oscilloscopes 

just as. for television. An optical microscope enables the specimen to 

· . -,:_,. " "· ... be viewed by the operator during scanning • After each scan a characteristic 

. ~·· ) .. : These 
· . .,!."1. 

. ; : contamination spot is formed where the beam strikes the surface. 
..~ :. • 'l ' • ~ •• · : •. 

/ 

:"·.· ,: .. 
' ,> ' • ·":', • I i'•' ~; 

.. 
. ..•. 

. . . ·. : ~~·· . ' 

. 1\ • 

spots are useful for identifying the areas examined.(Fig• 30a)o 

selecting various characteristic wavelengths of the elements in the 

material their location in the specimen is readily detected. · For example, 
:-: . •,. 

' . 

(_ 

·' .. 
'l" •. 

<· 

·. · .· .:·: · · · in Fig. 28 taken from an .AJ..-30'{oAg alloy the x-ray image of the AgK emission .. · ., .. ' 

. . . . • a. . 
~ ' ! : : ... : • 

• l• ~· • 

; .. :. · ~ is 'shown together. with the intensity _trace· after scanning across the boundary~-· . 
.. · .. '· . 

. ' . . ·.· .. ' 

The depletion of Ag on opposite sides of the boundary is quite obvious •. ' ... 
·: . .-; 

. ....... Figure 29 is a similar picutre but taken with the reflected electrons • .• ...... 
·;,·. 

'• ' ~ 

.· .. _ The AgKa. in~ensi ty trace· is superimposed, illustrating again' 'the depleti'on- ·: : · _. ' '· 
.· ... 

'· :~ .:,:_·_. · .: ;. ·'cf ·l:til~r.~.adj.acent-·.t:o. the grain bound.ary. ,... ,.\.. ' ·, 

:·.: .· .. :·. ..; .. ; 

. ~- ' ; .: ,'· .... ~ ; . 
It is important to prepare flat surfaces:, because hills' or valley.· 

··~·~ ~- .. ~---· 
',. 

-" . . . ~ '. 
~ ...... : ·', : . ' 

·. ·:;~·.. :-- ( .. ·~ . 

. ; 

.. _will erroneously indicate enhanced or depleted _material. . In practice . ~· . . . 

' ,. : :·'· . : . f 
.. ··.· .... 

po,lishing with ljJ. diamond· is satisfactory. Surface films can be a ' : ·.. · 
. ..·' ~· I ~ ... ' • ' ( . . -· ' ~ ' ·:; ... ·~- . . ; .-~ ..... -

.-~<:;.<~:~)/ .. >;: .·> :. nuisance so cleanliness ·'is essential. If intensities_ are to ·be measured. ·_(:·~ -·~ . . ::-: ... _ 

, it is important to set up a system of standards all of ·which ~ treat~ /~:.\~-~:::::{::· ·: ,::·-:­

in identi~a.l fashion to the material be-ing investigated.:. The absolute·<_',·.',··· .1: ...... . ·: .. ~:' -.· . _: 

',; . 

. '. 
·"".'. 

; · .. ~':. .·magnitude of the· concentration of 8.n eleme~is- difficult. to meas~e 
, .. _ · ' :·:· :· >, ._ .. , becauae of uncertainties associated with a.bso~on ~ro~esses~ ; 
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' --. . 

< .- ,· It can be seen that the :probe technique :is: .extremely valuable for . '· .. ~ · •· 

; I,' 

. ' .. ' 
~ . '• ' . studies of :precipitation,. diffusion, segregation, inclusions, corrosio~,: "··.· ... ; .. 

·.·· ·, 

,· ·.: 
. . . . . . . etc.; Figure 30 is an example of a diffusion experiment. In (a) the 

graphite region is at the far left. The area of the reaction zone 
., ... ;:-- . ... ·.;: 

··.! 

,· .. ~-· .. .traversed by the electron microprobe for x-ray spectral analysis is 
•, >-·· 
"identified by the characteristic contamination traces. X-tay analysis 

showed that the layers adjacent to .the graphite and tungsten to be ~ . ': . .. ',' 

. ~ .. . :~~- ·:-. ·"'. zrc·(88 wt. '{oZr). and w
2
zr (23·wt.% Zr) respectively, as a result of ... 

.. . _; ... ... ,.·: . .. . .. ' 
'· . . 

": ; ~ ' ' : :: .• I' J ~ . 

· ·· · the diffusion reaction. The central region is a mixture of large w2zr_ .. · 

<·.::>·;.t;'·~··<.< grains in matrix of 96% Zr. The probe is also now widely used for :". '-.-~.-. 
·' 

.·._ ·, :...,_ ~: ,• . 

· ... 

__ ; ' 

. .. 

"· ·:';·mineralogical investigations. The technique has already :proved to be '· : 
. . I ~ 

'·~.: .. · '. · .. 

· <· : .. immEmsely valuable in metallurgical resea,rch. It can be a:p:plied to most. 

- ... ·• · -~. :,<-:. ,. · situations in which there are significant variations in concentration. of 
·: ' . . ~ ~~ . . . .• . ' . 

. .. ·,,\. :'• 
·• .• ':'"1' .. -·. 

.. ,. :·· elements.over distances. of microscopic order. It should Slso be :possible ' - . ..,._ 

. . ... . .. ;~: .•. ·_, . 
'-.. • .. '. ~. 

to use the method for establishing :phase . diagrams. In ferr~us metallurgy ~ ·. ·~ 
.. : . ~~. ..•· 

'·· .·. 
._ .... 

:: 

it is not yet :possible to distinguish carbides from nitrides when :present::: ,: ·· · 
\. . .· .. _,· 

in small quanti ties •. 
.· .· .. 

'. 

( ': { .. ·• s: 
. ~· . 

. ~ ~· ·,: . '·• Kossel-Lines 
. ·' I. ~. 

:. .. 

: .~- ·. (~: .. '··· ·. :· Since; the :probe :provides a fine focus electron beam, a s:pec~en can.~-.,~~· ... I 
" :·:.. ·.:~;:···;:·.··be U.Sed as· a target for :,Producing a divergent x-ray diffraction :pattern ... :·;: .· •. ,.. ~ 

:; ; :i<:·· .. i; ·.:~:.. . .I'. A single crystal gives a large number of light and dark lines called .. I 
, ·:y:,,:; .i ·_ Kossel lines (

7
l, 7

2
) ~~;;)•hi,;, the most accurate determiDations ff lattic: , . • _ I 

. .;_, : .. :, .. , . . . :parameter can be made.. . In order· to avoid -electron transmi~ion. and- :.:··:;· ·>· ·.>~ :~· 1 
> -'··. :~(., . ·:; ·. . . ; . . .... , .· ·. .. .·I 
:, ~/ <'~'·, .·, .. ) . ,, .. to :produce. optimum x-ray diffraction,_ the thickness of· the s:pecime~ must.· ,._ · '· · ! 
: •, '·, • .:•· .·,•, ~ ~ I'< , ' ' • , :--' ' ' I • ( • ' '·,"' . •' • ~ 
· :.>)::··,·.: .:·;:be -.oo4 to .• 01 ins .. :: On a_positive :photographic :print the dark Kessel ·<::>:. 1 

; Lo ,:.} ~ # <. '' ) 0 ;-'•• '! ~ 

; · .. :.' , '. lines correspond to absorption conics.. . Figure, 31 is an example of Kessel : . , . . J 

1 
... 

;: : .~;;·: /.· ~-~. .. ' ' ·.· 
lineso .. · .. . 

··.·-..: : ·. '., . . ~ . 
•, . . ~ .. " . .· · .. _ : . . .. 

. . ···.: ... 
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'"-._, 

·Kessel patterns can also be obtained using a micro-focus' x-ra.y,j;ube. 

This technique can be Feadily combined with projection x-ray microscopy 
' ' . . ' (14) 

since the specimen p~sitio~ is the same in both methods. · 

Besides the advantages of obtaining very accurate lattice :parameter 

.... - ... . . '· measurements and orientations the technique is a sensitive one for . :· . 
' ~- . .. ·,·· 
_--~ . 

. -/' 
· ... · 

.. ·•. 
,. : 
: ~ .' ...... 

., 

·-·' 

' ' 

• r.· .. 

--, ... ._·, ·studying crystal perfection, e.g, from strained materials the Kessel lines.· 

· .. ·· "'·· 
:· ·., are splito' ~om measurements of the fragmentation information regarding 

. •i 

~ ., 

internal strains . in the. material can be obtained. ( 14' l5) ·. · · 
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: . ~- Fig. 1. 

Captio' .. · 

Widmanstatten's micrograph of a met~e 
of the a. phase. 

showing precipitation : · /· .. I : '• r 

• ' .•• • • '. ~·. '-~ ,r,, "-
CoUrtesy Professor R. F. Mehl~ . . --. . ' 
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Fig. 2o Martensite and ·retained austenite. in Fe-28% Ni-0.45% G steel~ >· 
The specimen was polished prior to compressive ~oadi~g. In (a) 

slip markings in the austenite and deformation markings in'the 

martensite are visible. After further polishing the slip ·- , .. 
. ' 

markings have been J::.emoved but the markings in the martensite 

i ·{ ' 

~ _;· .. . ··.~ -:: ·,·_,.'l . .' 
~.. . : ~: .. ' . . . . . remain. Thea~ are thus due to mechanical twinning. xl500 

.' ·, ·: 'r .-·~ ;. 

..... ; . ·'·, :' ; ~ . ;: ......... 
. ·;: 

... •: 

...... -. 
·'•·;.; 
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" : "· 

. -.'-
, .. :--··· 

• ,· j 

Courtesy R. Munson and D~ Scbmatz ,, 
· For~ Scientific Laboratory. 

Fig. 3. -·Etch pits at slip ··.bands::.andiindividual dislocations in MgOo 

Courtesy J •. Washburn •. ~ ··.-.. :. ' ~ ... ' 

. .. . . 
Fig. 4. ·Transmission electron micrograph .of MgO showing that the debris ·., .. . 

•J,: .· .... · 
,· left in a glide band contains many dislocation dipoles and : ·.··· 

.f~{· . • ' ' 

·. loops. ,: . ;\~·:·, ·->·:,_··, 

Courtesy Phil. Mag. and · · .·. 
Washburn et. al (Ref. 12). · ·: ·:, 

. ' . '··· . _ ... ,' .... 

... ·. 

Fig. 5· Schematic diagrams illustrating the experimental arrangements 

:for x7"ray di:ffract'ion micrography (a) Lang method, (b) Reflection 

,· . ... 
Berg-Barrett, (c) Transmission :Berg-Barrett. ,,:_.1· •.. 

. _.... :• . ... ,-.. 
. · ..... ·· .. 

: -~f .. . :: · __ .. ~ 

Fig •. 6. (a) A r~constructed LiF crystal as observed by the Berg-Barrett .· -~· . · · · · . . . 
. ! j '· 

; :, · technique;_subgr.ain boundaries, slip lines and gro-wn-in dislocations •· . : .~- , · .. 

are visible .. •.:·· ... 
' :~-·, 

Courtesy J. B. Newkirk and , , 

·''! 

.,, 

. ·Trans A.I.M.E.. (Ref •. 23). ;. j-
. :' ~ 

',·~.-:\~-~/_, .. :·· ;···; .. .·· .' ~J • : ... ,· '; ,. 

•I' • • 

, .. / ._::_., . f, :;:::_~;.:·. ·;· ~ ,(b) A ligh:t; mic;rograph (LHS) showing the etched surface of a 

> ::·< ; . ,·. :; .. , _·.; ... ·.. . , Fe-4%· Si crystal containing sub;_ boundaries and etch pits at 
... ; ' .. , _., . , . ·. -~ ; , , r. :', . ' ' ... ~ ::: 

:' · .. ·<:·:· >. -~- :_: · . '·. ·'. dislocations. Notice the corresponding but better resolved . ' ' .. ~ ~ ' 

·-···· .. ,'-.'· 

.. , 

· :·.. . ., structure observed by x-ray micrography (RHS). 
:· -~-~ ..... ·' :. ·,'·: .. · .. · · · courtesy J. B. Newkirk and .. · .. : " · 
·:··, "•·: .,· ·· ... .. . , _, .. Trans A.I.M.Eo. (Re:f'. 23)._..··~ 
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Fig. ·7· 
· .. > 
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(a.) Cross· section of a. thermionic emission electron microscope 

shown in (b). 

Courtesy E. Eichen 

. \.' .·~ .' •' 

,. 
' ..... . 

.. : .; .~ ' . 
I i,r f,, 

...... ¥ • 

j. 

1: .. , 

:•. ,-: 
;•,, ,:·_. ,. 

Ford Scientific Laboratory/ ' .·.· ·;' .. 

Fig.; 8o. .. Sequence from a. movie film showing the r-a. tra.nsformaticon in 

. pure iron. Notice the tw;tns being consumed in. the r phase. 

Courtesy Eq Eichen . 
Ford Scientific Laboratory.· 1 . 

J. ••• ,,· 

9· . Schematic section of the field-ion microscope. .... ' 

. . : 
···.-··· 

Courtesy E. '·w) J1uller. : · · '· .. · 

Showing numerous surfac~ vacancies due to corrosion of' platinum. 

surface ~robably caused by N
2 

(see Ref. 33). 

is ( 001). ·.· · 

The central disc 
,,.· 

.. ' ; - .· .. , 
, . Courtesy E. w. Milller a.nd . 
· J. Chern. Phys. (Ref. 34). , 

"· .. ;,;. 

.·. •', 

·; __ 

··.,t· 

' .. ~ . . ·. ",._ . 

,• ... 

11. Showing interstitial damage (arrowed) 
.. ' 

in· a.-irradiated tungsten. . . 

Courtesy E. W. MUller a.nd · ·· 
·' ·. .J. Phys. So.c. Japan (Ref. 35). . , 

,. 
.; ·.·:·.,. ;,> ·Fig •.. l2. Scheme showing .the ray path~ in a light a.nd a.n electron microscope.·:. , .. 

: ·; :,<:; .. >"::/!-.; Fig. 13. Show.tng focusing action of the o~jective lens arld the formation · .. :.·';<,: .. 
·..:.: .. ::. ·: · of the diffraction pattern a.nd its relation ·to the image. Notice .;:· :' ... 

'·· ··:·,I ,. 
:. that directions are inverted in the image w.tth.respect to the .. 

;~ 
. ·:' ... •!._ ::\' 

. "', :. ~ . ··, · .. 
' ~: ~ ' ' . ;.' . . . . . . . 

-:.:_,.,; · .. ,.·, .... ,··· 

; diffraction ~ttern and the specimen. ' The bright field image is 

obtained by allowing only the tra.ntamitted beam A to enter the 

>.·. : 
,•', 

· .. 

~ ' ' 

image pJ.a.ne. . 

, .····Fig .. J.4 .. Oxide replica. of' a.n aged Al-4% Cu alloy. The white areas 

•i' . ; denote position of gt particles.. .Notice arra:y at. dislocation . 

,', s1tes. 

_-,, 

: ,_. .... 

i -~ 

·;_ .·. 
r-' '. 

Courtesy Inst. of' MetalS (Ref.':l3)~· 1 
,,· " 

'::.::r<. .. Fig.·l5 •. ·Carbori. ext/:ractien replica. (a.) ~d (b) select.ed area dif'fracti~n. • 

. ·· · i · . '. , . ·pattern f~om the large chromi'lm( carbide particle in (a) •. · ... 

.->~~ Fig. i6~···0xide ~eplica sho~g slip band stru~~e in quenched Al-"Ag': 
. . .· ' ,• . . . . / 

• •., , : '.~·~, :-. ! -.;~ I'' .... • 
, . ... · ·' alloy. after tensile deformation. · · , · ' · · ... · 

': .. -~,;-: ., . -. ' .. '. 
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'· .-~. '' ·. :-·· ·Fig. 17. · Reflection electron micrograph showing extrusions ·from a 

. :'-. 
,: 'f. 

,,- .. : l 

.. - ; 
fa~ 'specimen of .aluminum. 

' 

.·.· .. ' 
.,,._: .. '• 

. . . . ~ 

\. ~ : , .. ·_ :·-
Courtesy Inst ~ . of Metals •. . ~ .. ,.,. ... 

-·' . ~ . . -~·:·-~. > -~ 
.· .. · ·.: ~:+, Fig. 18.- . Direct lattice resolution of. (20l) planes in copper phthalocyanine; 

.•_" . · .. , the spacing between planes is 12 ';;jo · 

·.,· \. - . :·· 

.. - . ~ i -~ .. ·. 

· . ~· ·.:Fig. 19. Images of twins in explosively ·defo~" copper: 
. ·."•; . 

· . (a) Brigh~ field image showing two twin orientations~ 
. '-... . . . 

(b) Diffraction pattern of (a); matrix in. [5ioF··--~-· . 

I• ,• ' ' 'I ... 
., . -~., . 

I 
. I 

. . ' 
" ' ... 

.·' . . . , .-.. 
-~- . . ; . 

··, ',. :· 

.. .... : -·],, (c) Dark field image of 1~ twin spot. · · · · . ..._,.. 
. 1 

. '· . 
~-- .-- .-, ... ·._ ... . .. . . ~ . . :·-··. 

'• . -· ' ... ·.- . 
-~ . ·. . .. :· ' ;' .. : -... -

·.·. 
' . 

. '. (d) Dark field image of 11~ twin spot. 
2 

Notice ·reversal of contra.St from· (a) to (c) and (d). 

'''.! 

.- ~ . ; 

·Fig~ 20·.. Illustrating _Bragg's Law, the sphere of reflection construction in ·:; · :,. · ~-
.. . . . . .:.+ _.. * ·,; -~ ~: t . 

the reciprocal lattice, and the condition g•R = 0.. 0 B is the ... : ·:•. ··· " 

· _:·rec-iprocal lattice vector for the reflecting planes (hke) • 

the sphere· cuts thrqugh B, Bragg's Law is satisfied. 
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~- ·> Fig. 21. Dislocation networks in silicon •. 
. ~· ' 

,. , · . the 040 reflection operates and in ... · --·. 

. , : ··:. . . .In (b) one set is invisible. 
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Orientation [001]. In (a) 

(b) the 220.reflectiono 
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> ~: •' >··:_:··.·:··::·,:, .': Figo. 22o Stacking faults bounded by partial dislocations in 18/8 stainle~s : · . .._. · 
, .. 
. i 

' . 'steel.. Notice characteristic extinction fringes at the faults, 
,, .·. ·.. .. . 

.: , Fig. 23 •. Showing _that .stacking fault energy is a f~ctor in determining . 
. - "~-··_: . . ' ~-

~ . . . . .' .. ··. ,·· }.·.-.:' 

·'- 1 • ' • ~ ·:_~ < ..:: : i . the dislocation arrangements in deformed crystals (a) nickel . 
. . . . 2 . 2 

, (r -100 ergs/em ), (b) stainless steel (r .-20 ergs/em ) • Notice 
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.. :· .:, ·~;:· .. ' /:·: ,· .; · ·Fig. 24o: Showing extended nodes in Cu-33t % Zn.· The stacking :f'atilt energy is .· : .... 

';,:::@{i:,;J~:;i,j: : - 2 ergs/ oi. , , . . .. ~·. , , <; ' · 
· ·---'·<~j)~~L~ .. ::. ~· :Figo 25'1 . Showing dislocations being_ held up at. thoria parti~les in ·>···;. ... . !<· .... 

. ;;·:·/~-~·, ... <'·:· · · · . dispersion strengthened T.D .. nickeL · · .. · · :: ... · ···;, · · ·· •. . ~ .: :~:!;:t;"_:j~. . . . . . , . . : ', .. ' 
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Fig. 27. Sketch illustrating the ,principle of the probe microanaly_z_e~J.:.A.-· ---'......_.. .. ·., ., 
. . 

Fig. ·28. AgKci x-ray image of AJ..:..3afo A€. _ aged 72 hours at 375°C. The Ag 

~ig. 29. 

. ' · 

Fig. 30. 

intensity trace across the boundary in the middle photpgraph 

is shown 6n the right. 

Courtesy .B • .. E-l . V. Clark, 
Ford Scientific Laboratory • 

Similar. to Fig. 28 but · the image is of the reflected electrons. 
• . 

The Ag intens.ity trace is superimposed. 

·Courtesy B. Eo V. Clark, 
Ford Scien~ific Laboratory. 

-·-· ~ ... ---· .... .. 

Dif:f'usion reaction zone of a Zr bounded W-graphite .specimen. 

(a) optical micrograph, (b) scanned electron image of similar 

area shown in (a). Notice contamination spots in (a) where 

probe analyses were made. In (b) the dif:f'usion zone can be 

clearly seen (see text for description). 

~~--· 

Courtesy Materials Analysis Co., 
\. Palo Alto. 

Fig._ 31.· Kessel line pattern · of (lll) single~tal of germanium. • 

(b) Histogram of lattice.' parameter mea.sur.ements . made from the ·r. 

Kossel pattern. ' 

,,. 

~ • ' 

Courtesy R~- Potts, G~ L. Pearson 
· · and· V. G. Mac?es-o S.tanford 

University. 
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Fig. 4. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B . Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, ·to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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