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Qﬁfffiff‘?ti'l;l Introduction i o B >

L . Metallography is the branch of metallurgy which is concerned with 5;};“7“T’j-

o - N . . , B ‘. o . : ‘ '.-‘““ .
e > the study of structure and constitution of solid metals and alloys
"§?5‘5fliftfﬁand its relation to the properties of these materials and also to their"f~@j,‘

e manufacture and treatment. i
The structure of materials can be studied directly by various 1-f;;ifif{j”‘«v- -

fvﬁiftimicroscopical methods « The ability ‘40 resolve features of the structure :;fhﬁfg-;iJ:

‘ifﬁ.depends on the wavelength of the. illumination used and the efficiency ;;jif

- of the_optical system, i.e., the perfection of the lenses used in’ the J\f;;i

. ) microscope. The resolvable separation d of two obJects is given by .
- ;:the well known optical relationship
B 4 o 061X 0.61
. peine., | N
Where d = wavelength, u ‘= refractive index, and 1) sin o, = N is th ¥
{V“ff'numerical aperture of the lens. To improve resolution it is obvious
. o that x should be made as small a8 possible and N a8 large as possible.;;f
TQ ' ;gﬁf'For light optics the following resolutions can be obtained‘ |

'white'light, A= l2o0 A o= L. (ofl immersion)' "a = 1800 A

'rulh"a.viole‘,‘t light, » = 2537 & W=l ,: ‘ '» 4= 100 A
. The optimum resolution in light optics is thus ~1000 A. Smaller R-ﬂ“
lﬁwavelengths are possible by using x-rays and electrons. In the former,‘
tcase lenses for refracting x-rays are impractical but in the latter case

,}electromagnetic or electrostatic 1enses can be used to focus electron .iﬂ

}g;beams.-,Unfortunately electron‘lenses cannot be made with large,aperture'
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' systems and in practice the'effective aperture of an objective lens-is;;;s_g;fﬁ =

«-lO-2 to‘lo'3 radians. This small value is uged in order to minimize‘ 'f35j

;f the four most important sources of error in the imagez diffraction

?? error, spherical sberration, astigmatiem and chromatic aberration. Aﬁ.»t - ;
ai3a result, ‘even for electron wavelengths as small as O. 037 A (100 xv electrons),: *ﬁif
~v{":_the optimum resolution in electron microscopy is ~ hA which is insufficient 'ﬁ:nilf{?
ﬁ;afor atomic resolution. The only'imaging system capable of resolving | S
"fut‘atoms is the f£ield ion microscope.‘ - _:; | "- .-,lééliigagigﬁe,';
Although for many purposes & high power microscope is essential to -_5

_ithe metallographer, some obvious. structural features can be observed by

”eye or with the use of a low power ‘hand lens. Such macrostructural details;‘
yinclude cracks, porosity, segregation in castings, grain size,vfracture itliqr

.icharacteristics and flow lines in forgings‘or extrusions,'etc. The

;?TMagnaflux and Magnaglo processes are extreme ‘ useful for detecting small :
v};macroscopically invisible surface flaws which may be dangerous. In the-
1'thormer method magnetic particles are made to collect at discontinuities
‘:';_ in the surface. For non-magnetic materials a dye containing ;ilfis allowed
t;'é to penetrate into the cracks (Magnaglo Process) and are visible under _:;yi :
:;fultraviolet light because then the dye fluoresCGS- Various non-destructiveli
y;”techniques can also be used for detecting internal flaws, €8s, DY T
oL ultrasonic testing. ‘

This year (1963) marks the Sorby Centennial. - Sorby hes. become known ;E¥‘H

fpas the father of metallography although much of his work wBs done using

"the polarizing microscope for petrographic studies.ﬂ Figure l is an exampleVLEi

The Soclety for the History of Technology 18 publishing a bock describing : _
.- ‘the work of Sorby and others'who haye done BO much to establish Metallurigcalhi
St Science (%o ve- published by Gordon & Beach Science Publishers on behalf of . f“ﬁ'“:‘

- the A.T.M.E. )b Lo ey I | “'




", of an historical, but st111 beautitul micrograph, taken by Wildmanstatten -

from a meteorite. Widmanstatten 8 name now a.dorns all microstructures S

in which precipita.ted phases are’ crysta.llogra.phica.lly re]a.ted to the ;‘ ;

The usefulness of the light microscope has now been well demonstrs,ted" SR

but ms.ny properties xezere ‘not explained by what could be seen in this

j instrument, Indirect structural determinations were ms.de using X-ray j o

diffraction techniques and for example, Guinier and Preston in 1938 showed.

that age-hs.rdening in alumimnn a]_loys was due to precipita.tion of the, then,

invisible very sma.ll phases. The term substructure then became used to

_’:_‘.describe structure not:resolved by' the light microscope. The mecha.nica.l beha.vior i

.j'. of metals was - eXplained qualitatively byuthe theory o:ﬁ‘ dislocations as long : ;

ago as l932,gbut dislocations were not resolved until quite :rec-:—znt],}r when

’: x—ray and electron microscopy techniques were developed. In the le.test -

L phases of metallography the development of the :E'ield lon microscopy has
' /

- now enabled the individual atom to be resolved. |

It is the ob.ject of this paper to describe generally but briefly the

ls.test techniques which ‘are a.va.ila.ble for direct structure.l observations.

A1l T éan do here is to hint at the type of work that is being done a.nd

“,»the ree.der should not be misled by- ny brief descriptions. The references

» given are typica.l but not exhaustive, since: the litera.ture describing

.each single technique a.nd its applications is now voluminous. Btch pit

_f,techniques ’ electron e.nd x-ra,w,r microscopy, themionic emission a.nd field
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-”C?;}'72. Optical-Metallogra?hy. .

For over seventy years, the light microscope has proved to be 7_ '
F”;immensely valuable in understanding the structure of many materials but

;:unfortunately since the best. resolution obtainable is ~110QA most of the*&

‘{”f'important substructural features in metals e.g., dislocations, small
"*:fparticles, etc., are not obgervable. Recent reviews of metallographic

.:g?_techniqnes for light microscopy are glven in Ref. 1.

" Figure 2 shows the'structure after deformation of a steel containing fﬂ?""”t'

» ?f"martensite and retained austenite (a) polished prior to deformation. Aftétg

v:repolishing (b) the slip lines in the austenite have been removed but
'Jthe deformation markings in the martensite remain. .This simple but
,;elegant demonstration -shows that this type of martensite deforms by -
;Cumechanical twinning._ In low carbon steels, however, the martensite deforms;
tﬂiby 8lip. Recent worklusing ‘transmission electron microscopy (see Section. 6)'
;has showa that. in the former case the martensite contains. very fine i;ff;if
'iﬁttransformation twins.not resolvable-in the light microscope. This is
"(f;;..an example where the combination of light and electron microscopy is
;g_extremely valuable in helping to understand complex phenomena. ' _
In modern times the light microscope has been used to study dislocations
;; in crystals by meaus of the etch pit techniqueo« The development of the.é*l'x

% method wwes much_to the ploneering efforts of Vogel et. 218 a0 . EEER O

!
o

3fhave reviewed etch pitting techniques. Proceedures and techniques

)
;. are described in the fommer two references. P I the etCh plt method _
"f'it is necessary to find e chemical solution which preferentially attacks
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Jli.places at “the surface uhere dislocations emerge. Often only certain
g?crystallographic faces respond to the etchant. Dash(T) found that e 'y
?}all faces could. be etched in silicon samples if they were left: overnight
giin a solution of 1 part HF, 3 parts HNO, and 10 parts glacial acetic f,li
liacid. Figure 3 is an example of etch pits at isolated dislocations and
;-dislocations in slip bands in a crystal of Mgo. _

| In metallurgical research considerable attention is being paid to ;f“’;;'-
»i}the behavior of bcc metals in order to understand yielding behavior. f‘f{
;;;Since it appears that the yileld phenomenon is related to the number and

fivelocity of mobile dislocations(s) estimates of these numbers are needed.A 4'>

iTable I gives a comparison of the methods (and their imitations) whereby

v:dislocation;densities can be estimated. The classical etch-Pit experiments Offﬂtgﬂ:'l

vggiLowvet. 51(9’ 10) demonstrated the velocity -~ gtress dependence of

(11)

ZS: :haiudl;ff‘. AwaShburn “hes. made some criticisms of the etch-pit method. .For'

s
!
i
!
}«xji?ffﬂf:;:;EfdislocatiOns in dron.
l
!
i

ot example, & count of dislocation etch pits in a slip band usually has no :'

© . relation to the mumber of moving dislocations. Tnis 1s because the pits
:‘ff:denote immobile dislocations in the form of loops and dipoles. Figure hﬁ
i;is_an electron.micrographjof4MgO showinghnumerous loops and dipoles.(l?>-T
né,The'density of pits'also has‘nothing to doiWith the shear strain in thei”“”
iiband, since the latter is determined by the number of dislocations that - :
ihave traversed the slip planes and left the crystal and is not. necessarily‘it
arelated to the debris left behind.'_ R '. o _
Although it s thought that etﬂh pits cculd oniy'be formed at :l:__

idislocations which had impurities associated with them it is now believed
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Table 1
- The Methods for Estimating

' ' #*
Maximum Dislocation Densities

A Width of ~ Maximum
Technique Spec. Thickness _ Tmage Density
Electron Microscopy ~  must be 3 1000 A (%) ~ 100 & 101 10*2/en?
‘X-rey Transmission - 0.1-1.0 mm . . 10¢ - 105 -
X-ray Reflection <2y (min.) - 504 (max.) _' op 106 - 107
' Decoration " ~10u (depth of focus) ‘ 0451 2 x 107
Etch-Pits | © no limit g, R e 0.5u" 4 x 10°

UCRL~1106T

* (h).
Based on W. G. Johnston.

¥ Optical limlt of resolution of etch-plts. .

-
7

WK

In very thin £611s dlslocations may be logt as a result of thinning.

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

“for moft metals.
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of disloéations by preqipitates enableslthem to be obgerved in transparent
crystals(T) and In metals by replication techniques.(l3) (see Fig. 14).
The etch-pit method 1s powerful, rapid and'non-destructive.
Dislocatlons can be revealed by applying stresses after etch plts have.
been formed and. then . located in thelr new pogitione by a further etch.
The main limitatibns are knowing whether all'pits alﬁays correspond to
dislocations. The ablility to pfoduce dislocation etching depends
critically ﬁpon the orilentation and state of the specimen surface and on
the precise composition of the etchant. Pits'are'not formed on low
index faces which dissolve at the highest rates in a particular etchant, .
and the shape, resolution and size of pite depends on the nature and
concentration of the.controlling impurity)'e.g., bromide ions for copper

etches. If the density of dislocations 1s much above lO8 interactions

»between.overlapping plts renders resolution of Individusl pits difficult

1f not impossible. Surface replication and. examination in the electron

microscope 1s helpful under these circumstences. Tdeally all the methods
ghown in Table I should be used on the ssme specimen 1f the most rgligplevm e

information 18 to be obtalned.

3. X-Ray Microscopy

Since x-rays have‘greater penetration into matter than either light
or electrons microstructural festures can be investigated in opague
specimens, However, thére are'difficn;#iEQ;in making x-ray microscopes
in that lenses for refracting x-rays are impractibal;(l&) Pfojection =

microscopes have been utilized for mostly bilological work but some

S~

«
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(15, 16)

"7if applications to gegregatlon and alloy structures have been carried out,
\'.Direct x-ray magnification is ‘obtained by placing the sample close to the g i.-

ﬂlx-ray gource and the photographic plate some distance away. -For a

j magnification’ of 100x in & camers of length 10 cm. .the sample is 1'mm. P
iib_from the source.( L) When the sample 1s placed next to the photographic .- .5

.?ﬁi.plate contact microradiographs'are obtaineda In this case there is a
;f? lﬁl magnification; Both methods rely upon the relative absorption of
an-rays from. areas. of the specimen containing different elements. Since ;;}}, fii-?
,{(3microgradiography and projection microscopy have been considered in great' .p

:mlis'detail elsewhere h-17) no further mention of these techniques will be ,'f';it.yﬁ;”

}imade here.

X—ray diffraction micrographs are now being obtained which resolve

; hs'ubstructu_re in materials, including individual dis locations. The technique LR

| 1has some advantages over electron microscopy and. etch pit methods in~that
v -

' Ef:the specimen can be observed non-destructively and without subject to damage. f:{, -

'f“?"i'f Also thick specimens can be studied. Two' main techniques are employed

(18, 19)

'viz,, the Berg-Barrett and the Lang( 20) methods. The former is-

%{ﬁsimple and inexpensive whereas the latter requires more complex apparatus,,:;i=?

‘7,fthinner crystals and long exposure times for photography. - ;

The principle of the two methods is shown in the sketches of Fig. 5. 4

' The methods rely'upon diffraction of x-rays whenever Bragg B law. 2d sin 9 = kf

A
s i,

. .is satisfied. Since the images are formed of the diffracted beams they

'jvare dark field images.‘ The Berg-Barrett method can be used for thicker -ilﬁ
«-‘tfcrysmls % tamg T eﬂec"ing Ph°‘°°8raphs (Figo Sb) and both techniqueS. R

o (Fig. Sa,c) are suitable for tnansmission work. xr




: ':"PpTransmission-Berg-Barretttffj"

g Parallel X-ray beams from a linear x-ray source are used so that a

»iphotograph of a given width of crystal can be obtained with only onej
iexposure. An ordinary sealed-off xX-ray tube is sufficient as the source.;
1Since it is difficultvtolremove the K&E lines the resolution is limited:?J
’fby the dispersion of Kal_and K&E. lFor‘example, when & focus of l;mm.i :
.ﬂspecimen distance is 50 cm., the specimen—plate dlstance is 1 cm., the”
jresolution is lQJ ‘and (" respectively in the normal and‘parallel «mxﬁfé

- : T~
" directions using MoK reflected by (111) silicon. .’ . : 5\*“'~e

A number of investigations have been reported. (15’ 21’ 22’ 23)
-fhas summarized the use of the Berg-Barrett method for observing imperfections -
tand Fig. 6a is an example of a reconstructed LiF crystal from several. o :
;x—ray micrographs showing slip lines, sub-grains and grown-in dislocations
iFigure 6b shows a comparison of an optical and k! diffraction micrograph .

1£“from the same area of a Fe-h% si crystal.L The correspondence between the

%two is clear.
" Lang Method

As shown in Fig. Sa if 8, point focus x-ray source (characteristic

5radiation) is used the X 1ine only can be used to illuminate the
s %,
. specimen. After diffraction, the diffracted beams only reach the

fphotographic plate (placed normal to the beam) since the transmitted

‘beam is stopped by the slit 8. In order to obtain - projected image

2
‘ .over a wide ares of the specimen bomh the crystal and plate are . ?h;
'ftsimultaneously moved to the left and right., The images of each anea

el X ek o S

 length horizontally and o.s mn. width vertic 1y is used and the'source'-'-j_‘_,-:,-; '

Newkirk(23),} -




Au~;vare thus recorded continuscusly. In both techniques the images are
1{ magnified optically for observation. The resolutlion possible uith ,'

*f7this arrangement 1s ~0. Su. In obtaining images of dislocations, the"‘

"'ﬂfﬂfresolution of the camera should.be ~ly giving an image width of 10-50 p..v;_:,'r;"i

'Jsgff:'For this reason investigations cen only be carried out on crystals with_f{»

e relatively'low dislocetion density (lO /cm or less) Lang cameras are;;{

"&f,made commercially

' Determination of'Buréers Vectors of Dislocations;

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

vector R lies parallel to the reflecting plane does not change the ’-
;;direction of the. diffracted beam and s0 the defect is then invisible.-':..
;ASince the reciprocal lattice vector ‘18 normal to the reflecting plene ,‘ :
'ﬁjthe criterion for vieibility is thus B°R # O‘, Thus by examining different &
zi'reflections and noting that when g'ﬁ % 0 the direction of‘ﬁ can be’ ‘[1;;:
?»determined (see Fig. 21) However, the image is relatively insensitive o
'wto the sign of R, so for dislocations only the direction of the Burgers‘
‘;yljgfvector can be determined. Examples of the use of this method can be f:

| ,“':"found in Refs. 7, 2o, 21 and 23.

A b Thermionic Emission Microscopy

.o e ) \

The thermionic emission microscope represents one - - of the first types 3\5?1. 9
"aiof electron microscope ever used.(? ) Since high temperatures are often fti*tu
,"ffreqnired to obtain thermiomic emission the technique is not suitable for

biological and medical research and has nct been used for metallurgical

i}: studies until quite recently (25 29) o o




In order to obtain electron emission from the specimen the .
’f5following must be achieved" (l) reduCe the work function of the metal

- and/or (2) raise the energy level of the electrons and/for (3) reduce the,g

.. the probablility of electron escape from the metal’ surface. The work
5‘:.‘..‘unction of the metal is lowered by activation with barium or strontium
;fcarbonate. An accelerating voltage of 20- 50 XV is applied to reduce the i
potential barrier, and by heating the specimen, enough thermal energy |

; 18 supplied so that electrons can leave the metal.(30) The specimen T

‘:either an electrostatic or an electromagnetic lens, which forms the image
;;of the specimen surface on & phosphorescent screen. Avphotograph and_ax
';section of & typical microscope is shown in Fig. 7',;'. } 7 .
The minimum operating temperature in order to dbtain & satisfactory
rhpicture, if surface activatlion with barium carbonate is used, 1s about -
;;450°C.(7> The picture one obtains is exactly like a.metallographic onei
:v._v_but the resolution obtainable (~500 1) and the cont'rast 18 considerably_:j
é;;better than in 8 light optical image.l Furthermore,-dynamic_events can i
'fbe followed;'by using.movie camera techniques'so thatdprecipitation,igf;
l};recrystallization, etc., all can be studied directly) provided the .
~f;phenomenon oceurs at a temperature in excess of that required to obtain:
itemission.'” | | t | | ’_f-flg‘ ;ff'/fjf
‘ , v v o
. The. contrast in the image depends upon the relative emission from |
Lvarious parts of the specimen., The emission is orientation dependent :L

B0 that individual grains show different intensities; solute atoms can

'increase or decreaSe the emission. For example, carbon and copper in ﬂﬁ :

I

?:potential barrier. All three methods are used in practice to increase 3}“§Qf:11"' R

‘itself is used as the electron source and is in the form of a flat sheet. ,‘nr

fiThe emitted electrons ‘are accelerated by the electrical fleld and focussed by E

e ey




?«the emission.

S P

»yiron increases emission while chromium and silicon in iron decreases

Stress concentrations or gradients also affect the emission.;rim

f-of”some possible investigations which can be carried outs:

3
g 4sn;Creep '
5.
-6
T
8.

An important recent development in thermionic emission microscopy is
;-surface activation with ions (Duker, priv. comm. )
rnis obtained by energy inparted to the specimen from an. impinging beam of

fhigh energy ions accelerated from an ion gun. The advantages of this

Eﬁl) The surface is kept clean™\by lon bombardment..

17:2) No activating substance need be used on the specimen =

. Burface.

" 3) Operation at as low as room temperature 1s possible. .

-”UCRL—llQ6Tx?’J:'T‘.

Figure 8 is taken from & movie film showing the v-a transformation 339;. i.?;

f;in pure iron.; The twins in the v phase are clearly resolved (Eichen, fr¥i”uﬂ tgil
_,;tpriv. cOmm.) | The specimen has been activated with barium carbonate. h'. _ lig}
.ﬁﬁ;The potentialities'of the technique are great and the following is a list if:s'éttﬁ.

(30)

Fhase transformation, phase boundary- temperature relations ”sr'.

» Recrystallization and grain growth ;.""

Cold‘work

Diffusion

Segregation ;d'
Solidification
Surface adsorption.and.other-surfacevreactions R

Electron emission;' measurement'of‘work.function;yj'i

The electron emission o

\ ¢

e

b :l._:,": ;'.: o

’;h) Gases can be selected 80 as to produce‘chemical L slgf”fffhf
_; environments which enalbe oxidation and, corrosion - |
' phenomena to be studied directly. _"rfj- ;
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:The ion activated electron emission microscope is termed the metioscope j

fﬂ'and 1sunow: being manufactured in Switzerland. ';

. 'i“A j—_‘-.'.; -

‘ffi’s. Field-Ion Microscopy

This type of microscopy is a newer version of the older'field emission;ﬁ;

fg'microscope inrwhich the image of & hemispherlcal surface of a,finely:v‘f =

T pointed specimen is radially projected onto a phosphor screen by electrons;;: ivﬁ

-%;emitted under an applied field.(3 )r The resolution 1s limited to ~30 A .
‘;-and as such is inferior to the electron microscope. However, inAl9Sl, . i
:’iMﬁller§32) succeeded in resolving the individual atom by imsging the.fineif g

tip with ions produced by field ionization of He (or Ne) gas at & fiel@oofi

450-350 MV/cm. iThe-field ion microscope thus has the.highest resolutionﬁ'ﬁ
of any known imaging instrument. | '

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

'w.

?j'specimen is in the form of a fine Wirﬁrelectropolished at one end to obtaina?

:';a sharp hemispherical tip of ~300 atoms or less in radius. The specimen 1'ﬂ"9wl

:i?iis welded at the opposite end,to g filsment B tween tungsten electrodes'fgz
which are cooled in Liquid nitrogen or hydrogen. “For t1p radil < 500 A '
.i;liquid nitrogen is ) sufficiently good coolant to give atomic resolution i
él‘tThe specimen is @hanged.relative to the screen to a positive potential of)
: 5 to 15 kV.v As shown in the figure straight lines of electrostatic force)ﬁr
g;thus run radially frcm the tip to the screen. In the field emission o
i;microscope the tip is negatively charged so that the image is formed of
Tithose electrons which reach the screen.' However, since these electrons-'

2

':are emitted with apprecieble velocities normal to the lines of force,the

inage 15 blurred and there is loss in msolutien, NS




'-q.u-. U "_‘“ gm;ucg,_ijfi.:.»,:,f‘.;

w4
Jr
3

By positively charging the tip, the free electron cloud is pushed

l%:slightly into the metal o8 that positively charged metal ions are carried
?iito the screen by a gas atom (He or Ne) The gas atom on raching the tip
jAgives up an electron to the metal and becomes a positive ion! Under the'ﬁ?
_ ;field of” force this ion is accelerated along the line’ of force ‘and .

produces an image at the point it hits the screen. The image obtained is

fthus one of bright spots each corresponding to the helium ions emanating ~'
ffrom each ionization center on the surface. The clearest ‘atoms seen are 1tfffff”

,those in exposed positions,v .g., at edges of planes or in the faces of f:%{f:*”"

i

:high index planes (see Fig. 10).

A critical condition for atomic resolution is that surface contamination
?at the tip must be avoided. A unique feature of the He or Ne operated field
lion microscope is that under imaging conditions, because of the high _____
;;lionization potential required for He atoms, other gaseous atoms ionize -
idhgfgre they ‘reach the specimen and therefore do not contribute to the image.
t”Thus the tip does not beoome contaminated by impurities in the gas..
flThe specimen can therefore be kept atomically clean with only modest .
(33)

vacuum requirements., ' The impairingeffect of . thermal vibrations on
ithe atomic resolutidn is minimized by bperating at the low temperatures.
Field desorption and field evaporation.serves.to clean the specimen
'T;surface in situ at dow temperatures.. Furthermore, surface atoms can be f;
'f-removed layer by layer by field evaporation in a controlled way ‘ As a ;?{
;F?result migsing atoms, i.e., vacancies can be counted directly. Figure lO
fifis an example of a platinum image in which missing atoms can be seen at
(31‘) '

o various places P
Field evaporation limits the applicability of the F.I.M. to high

melting point metals since the evaporation field must be greater than

LI R




Lo vomenos

" the imaging field;»vIron, cobalt end nickel lie st the limit/for helium '~

“TS.ion images. Neon images will make it possible to resolve atoms in lower AR

melting point metals but since the image brightness for Ne is ~20 times }ltffﬁﬂ;
“;,smaller than for He it 1s essential to employ an image intensifier. e

| Without intensifiers, a helium ion current ~ 10" -9 amp enables & Ph°t°8raph

5

** to be obtained after several minutes eXposure. L f:'gi:,mﬂ‘v'

l

| The megnification of the lmage is ~ ‘screen-tip distanceftip radius,

;y'i-e., sbout -one million. The image consists of dome-like regions of & ftﬁ*"
;i‘stack of concentric desks, and from its pattern the orientation and
,crystallographic character bf the features can be determined (Figs. lO, ll)

' The specimen itself is subjected to stresses ~ 1 ton/mm for an |

_;'applied field of 450 MV/cm. This is perhaps one of the sertous disadvantages 7ﬁj;;“:

" of the technique,vsince all specimens are observed under this high stress.v Lﬁ;\fjﬂ"f
- iil:t:Since the atoms in metals are resolved, vacancies, interstitials, impurity

“,‘atoms, segregation, order, dislocations, grain boundaries, etc., can all

.‘isxbe observed directly (see Refs. 35-3T for’ reviews of applications) Figure ll

'jS'shows examples of interstitial damage (arfowed) - produced by d-particle
i‘irradiation of tungsten. Muller(35) suggests that the, large bright spots
V.f'in the image are due to the following. " The lattice strain surrounding

" the interstitial relaxes when the defect ilsjust below the first surface e

" layer. This ares, isvthen rearranged to form & hump of atoms with reducedf':{ﬁf'
"coordination causing a bright 1arge spot to appear in. the lon image._l.“

fHowever, many. of the contrast effects observed in field ion images are

'not yet completely understood., Recently Brandon and Wald(3 ) were able
,to follow directly the production of point defects by ion bombardment of

ftungsten SPecimens inside the microscope. e
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The field ion microscope is very promising -and when & wider range of y;"'

'?Zmetals can be examined more people will undoubtedly start to use the
fltechnique. Since the atomic structure can be directly resolved the method 'iifﬁ;’h
.. should be very useful for distinguishing between local order and clustering‘f--”5

_Z!ﬁij:i

:and other effects which cannot be resolved by any other means .

o B Electron Microscopy

The optical arrangement of lenses in an electron microgscope is - h.;i:'fua“F
.w'flsimilar to that in the light microscope as shown in Fig. 12. In modern ;_f LA
f”instruments the lenses are electromagnetic and because high currents are

~t‘often used in: the lens coils, “the lenses may be. water cooled. The -

Sy

iyelectron source 18 & fine tungsten wire which when heated to > lOOO°C

;iemits electrons.‘ These are then accelerated at ho to -150 KV (depending
Lion the instrument) through an gnode at ground potential. A pair of - VT}:,i”'y
T;condenser lenses then ‘narrows the beam such- that 8 minimum spot diameter.g“
H.y;f of ~2u 1s Possible at_the specimen. In,thiseway.the.fine focus high ¥~TJ£;T é;i:;:ﬁ

"' intensity beam ensbles better transmission through metal foils/to be .

P

- attained than if a single condenser lens is used.” Also,:double condensers:;:r9vf~:

*ﬁk minimize thermal overloading of the specimen due o beam heating.

e T

“ialThe objective lens: usually small focal
’jti length (~3 mm.), projects an magnified image - of the object onto the

"ilfront focal plane of the proJector. USually a total of three stage )
?smagnification is dbtained by the use. of an intermodiate ‘and a. projector u?fi*

;flens after the objective. If the specimen is crystalline 8 diffraction

" image is formed at the back focal plane of the objective KFigo l3)

... When the intermediate lens is defocussed to zero magnification the fJfot

‘1 deiffraction pattern can’ be displayed at the fluorescent screen. By .

. .
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'Y*z§lﬁzl;gﬁ;; increasing‘the current in the intermediate lens‘an'image of this

"x%'pattern'can be formed at the screen. Thus selected area diffraction

LF.Y; patterns can be obtained from different. places in the specimen and ‘
if: contrast-arises primarily through diffraction. In amorphous films (e.g.,
‘f;:replicas) most of the contrast arises from mass thickness scattering
?,f; so that thick areas will appear darker than thin aveas. i
..i i One of the major advantages of electron microscopy is the great
‘resolution possible (~h A) and because the depths of field and focuS‘
“are very large. Thus & focussed image at the screen is also in focus(tff?”

at the photographic plate position (below the fluorescent screen)

35 mm. camera can also be positioned above the screen for use when a large
number of _photographs need to e recorded with the minimum of tine. vSince;fH
g'the penetration of electrons through materials is limited, very thin 4l.'i'
"t;;fixlrispecimens must be used._ Nowadays techniques are avallable for preparing;i“:
o ‘A.thin sections of'almost any material that'needs to be examined (39, EO)'fj

However, the correlation of microstructure in thin films with bulk

properties must be made with some reservabtions particularlv with regard

E't° dislocation behavior, e.g., because of possible rearrangements duringfdgfﬁ;‘ R

;ithinningo Furthermore; since only a small.volume.of material is examinedii£7su7ﬁi
_}from aogiven specimen adquate sampling must be carried outa-'In order toi‘“
flmake quantitative measurements, e.g., dislocation density or volume fractionl;,
;uof precipitates.it is essential to know the foil thickness._i The latter i?é'ur
can be found from a knoWn trace, e.g., slip traces, twin traces, etc. Thef
trace is projected in the micrograph s0 that the foil orientation must be
u_determined from the diffraction pattern in order to know the angle between

.j‘the Plane of the trace and the foil surfaceoﬂtlww R
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Replica Methods o B \

P

The earliest’aﬁplicatibn of electron’microscopy to metallurgical
’ (39-143)

research_invol#ed surface replication. The. usual replicas now
used are carbon or S5i0, while for Al and its alloys their own oxide
£1lm can be used. The metal surfacé 18 covered with a replicating'

o
medium of 200-500 A thickness. In the cagse of C and S10 films these

are; produced by vacuum eveporablon after the specimen has been prepared
. metallographically in the‘usual way. Oxlde films on aluminum and its
alioys are produced by anodising the surface. Second phase particles
 usually do not form & coherent oxlde film 80 fhat holes at these reglons
in the replicsa deiineaté such particles. As example for an Al-4% Cu alloy
1s shown in Fig. lh. The_replicas must be detached chemically from
the metal by eléctrolytic polishing or etching (éee, .8, Réf..39);
In the case bf ferrous materisls sihce frecipifﬁﬁes are cathodic.wifgiwh
respect to the matrix‘etéhing through the film sallows particles to be
axtpaahel 1 Hhe replica.(3) An example of extracted chromium carbide
particles from a low alloy tempered steel is shown in Fig. 15, These
1 extracts can be examined‘by fluorescent analysis (e.g., in the probe
section) in order t§ bbtéin information regarding their composition.
Also since they are cryﬁtallinevtbe selected ar \diffractioﬂ technique
may be used to distinguish between the various.phases wh{ch may be : . |
‘present, as well as to abtain structural informstion (Fig. 15b) e

The maximum fesolution possible wifh replicas is ~20 A. The replica
technique has been Widely uged. to stﬁdy surface features assoclated with
slip (Fig. 6), pfecipitation phenomena, fracture, etc;, (see, e.gs, ™
Refs. 39, 43, U, h5). .However, with the advent of thin foll techniques
and. the'develofment of bettér microscopes, repllica methods are now belng

superceeded.
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S Thin Foils

Transmission electron microscopy of‘thin:foils is . DOW the most B

; 7f§§:ff; widehy used of the ‘modern metallographic techniqne6~ The tremendously

Ll e L
- ,:;‘:-“5f{}.rapid growth -of the method over the past ten years(39’ hh h6 h8) is o

i;]i mainly due to.
R (). Development of techniques for preparing specimens thin enough

/

”!to be transparent to electrons (< O.Su)

- (2) The availability of electron microscopes with double condenser N

'i21ens systems, selected area, diffraction and high- voltage facilities. f7*{7’
H (3) Development and application of the theory of electron diffraction i:f .

Aflvhidh facilitates the interpretation of the often complex images observed.;gii_"*‘:
Because of the low penetration of electrons through matter, specimens..ul_ J;i
~“-i..‘;f‘have o be Prepared about 2000 X thick in order to obtain transmission (39’ hO) J“L&

;; Reflection electron microscopy does not require thin specimens but due to -

- the poorer resolution possible (~80 A c0mpared to say h A for transmission)

”}{fjthis method has not been very widely used, except for surface’ observations ; o
}iof wear damage, fatigue and for studies of surface films, e.g., after :;{-v“
' corrosion (see Refs. 43, Ub, h6 hT) Figure 17 iB ‘an example of a '
:_reflection electron micrograph showing sxtrusitms from a fatigued aluminum
'-’;;icrystalc . |
e There are many complexfinteractions which.oocur wﬁen'electfsns traveljl
¢ through crystals. The most important of these is diffraction since this ,.
i}is the major phenomenon giving rise to contrast in the image ( 9), The',j

E?interpretation of contrast phenomena thus depends entirely on the‘theory

o f&i of diffraction.( 9 52) This theory has now been developed to account for

“7f;unusual effects associated with absorption and provides extremely useful

t,
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should also be - remembered tha.t the image is & prajection of the crystal

" UCRL-11067 . -
- L and detailed information.*”" Because of the smal.’l. wavelength of electrons
- the diffraction angles are very small (~lO -2 rad.) s0 that only planes } - Uy
vhich are approximately normal to the foll surface will diffract. It O :

- :30 that geometrical factors must be allowed for when the images are being

L interpreted.

. In order to accomplish direct lattice resolution, the transmitted and

ﬂ_:-diffracted beams must combine at the image plane. Hence 3 the angle 29

‘{"between these beams (Fig. 13) must be less than ‘the effective apertu.re of
¥ f_-,the objective lens o In order to minimize a'berrations the lens aperture

e ds 10" radian. Hence the resolution Limit is ~ X/2 @ . For 100 kV T

i{ electrons ) = 0.037 A, hence the minimum resolvable spacing 1s just below

ol 4}°\. For this reason lattice planes in metals cannot be directh,r resolved,

"although planes have been resolved in pthalocyanine and MoO3 cry'stals.

c “,'v.'Figure 18 is an example of 12 A resolution. Indirect resolution is possible
by means of moire images (5 3 ) o
With metallurgical specimens, contrast is obtained by not allowing R

> the diffracted beams to contribute to the image. 'I'his is accomplished .

o ,by the use of 3qi apertures in the back focal plane of the objectlive lens

Yo (Pig. 13), and a bright field image 16 thus formed. The dark field image

is obtained by allowing a single diffracted beam to reach the image plane.
With the facilities for selected area diffraction, detailed information ' :
regarding substructure can be obtained s.nd the dark field technique is an
-5v,.:"invaluable ald in indentifying mﬂ.crostructural featurese . Figure 19 is an»
. .' exa.mple of bright and darx: field images oi’ mechanical twins observed in ;-"-'

explosive]y deformed coppero h
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The transmission technique is very powerful for investigations of iﬁ'

' 'ﬂl‘.lattice defects (for. reviews see, e.g., Refs. 39, h8 5&) A defect

- producing a displacement R causes a8’ change in phase of the diffracted T“lfﬁf

'T:“Abeam 80 that phase contrast is obtained in the image.

As can be seen from- Bragg s Law illustrated in Fig. 20,when R lies v-tf;:;tﬁi;"
‘;_in the reflecting plane, the path (or phase) difference is the same as fori'iz' |
.a perfect crystal. Since the reciprocal lattice vector P is perpendicular i?h;éli
ito the reflecting plane the condition for invisibility is g'ﬁ = O. (h9) Asz(
1discussed earlier with regard to x—ray images (Section 3) several reflections{;;;éﬁ;
must be studied in order to evaluate R. Similar rules apply to lattice |

:ﬁfstrains arising from coherent precipitates in alloys (e.g., Guinier-Preston -
F;zones) (48 ) MRS

Figure 21 shows dislocations formed in silicon after a diffusion S

ﬁ-féz;treatment. In (a) the: OHO reflection operates and both sets of dislocations ﬂgd

v‘fgpare visibles After tilting the specimen so that the 220 refdection

“ U operates (b) one - Set disappears, hence the invisible set must thus have jff”lr .

'ﬁff{{:giqu{'the Burgers vector a/2 [llQ] and they are edge dislocations.

Defects Lying on an inclined plane give rise to oscilliatory imagesfd: Banp

r;;fdue to dynamical interactions between the transmitted and diffracted beams.-€}f.
. Typlcally, stacking faults, twin boundaries, grain boundaries, thin precipitatesA
@.all show extinction/fringes (Fig. 22) The extinction distance(hg -52)
.F.depends upon the operating reflection and the wavelength of electrons and s
'”:‘some values are given in Table II. These values are several orders of
‘magnitude smaller than the corresponding x-ray extinction distances. ’;.
y | Besides being able to determine the direction of the displacement
v':".vector R 1t is also possible to find its sign (1‘9 52) Thus positive W

L negative dislocations,_intrinsic and extrinsic stacking faults, vacancy

# ‘..' St

"i v,
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" and interstitial loops and tensile or compressive-strain fields from

;Jcoherent precipitates can be distinguished (for review see Ref. 55)

The thin film technique tan be applied to all phases of metallography,

'”ﬁj and consequently a very large amount of information concerning substructure'frcl.‘"

1if~is being accumulated (18 ) The ﬁmportance of stacking fault energy as a l_::ffili3"5;

¢,parameter determining the arrangement of dislocations in deformed crystals

:}has been amply demonstrated since the initial, important work of Whelan(56)

-~ (see Fig. 23). Stacking fault energy and ordering have: been shown to be
(57, 58)

5f important with regard to transgranular stress corrosion.. One of ’

‘ﬁ%the great adyantages of the thin f£ilm technique is that the stacking fault _
f{energy can be estimated.directly from the. radius of curvature R of extended 'éf

h;dislocation nodeS,(.5 ) by using the relation ;..
¥ =‘Gb2/2Ri

;;where G shear modulus, and b = Burgers vector of the partials at the -
fpnode._ Figure 2h is an example Of extended nodes in a—brass from which

oy is estimatedvto be ~ 2ergs/cm N The morphology and type of precipitates hf.”

and dislocation-precipitate-interactions and their relation to alloy strength

' {'can be directly observed and have been extensively studied (Fig. 25)

jta Direct observations of dislocation glide (59) climb, (60’ 61)

(62, 63)

have been carried out, and the complex structures o

(6h v65)
(7)

:?H‘precipitation

i}{“of martensites both in ferrous and non-ferrous alloys have been studied.
'thuch work has been done on ordered alloys( )and on magnetic materials.
-The presence of magnetic or electrostatic fields in certain materials leads'
a;to refraction of the incident electrons by the specimen itself._ In the

A «‘ . I
. cage of a ferromagnetic specimen, the electron beam is split across a

tfidomain boundary and the intensity at the boundary‘depends_on whether the - & KRV
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deflected electrons diverge or converge. Domain boundaries are thus

v

o alternately dark and light es shown in Fig. 26. R
&liﬁffsf; 5f1 . From this brief account 1t can be seen that the transmission electron
f;r;microscopy technique is an invaluable tool for almost all phases of 1v"v’

' physical metallurgy.

. 7. Blectron Probe'Microanalysis

Whilst microscopy and diffraction yield information regarding size,.};f‘

».’;;shape, morphology and atomic arrangement they do not provide information
'fregarding the kind and concentration of elements that'may be present in fé?t
_ & specimen. ,With'the rapid development-and use of the electron probe |
'gf(oriéinally devised by Castaing(67>) & range of elements from Z = 12 to E1;;f'"iir
=2 (Mg-U) can be identified and quantitatively determined as well as
j“iittheir position to be found metallographically A number of reviews and
?{;3fconference proceedings describe many applications of the probe technique(lk 15)
" “ . (Also Refs. 68-T0). B
The incident electron beam is produced from & tungsten £1lament with ;fflnﬁil

lfjfa consider system s0 as to Obtaln a fine focus beam of dlameter about ln.;su:f

vI"The illumination system is ddentical o that used in convential double -
?r_condenser lens electron microscopes. As a result of electron irradiation
’?iix-rays are emitted from the sample and these can be analyzed far-
_é.characteristic radiations so that. individual elements can be identified.vf
'th number of probes are now manufactured commerically and are being used *

ﬁrin many industrial research laboratories°

-The principle of the method is illustrated in. Fig. 270 If thin

"uf‘specimens are used some electrons are transmitted 8o’ that ‘the lower :

1

o part of the instrument can be used as a transmission electron microscove. R

X i

;o
i




" .The characteristic X-ray intensity emitted from the sample is a mathnnu,

Eﬂat ~90° to the incident beam,so this radiation is collected to a
“;spectrometer lO—20° above the specimen surfacea The back scattered
gielectrons are detected by & phosphor followed by a photomultipliero If A
‘?Efdeflecting coils are used to scan the incident beam over the object. anA

" image of the object is obtained with a resolution of ~lii. Both the ;
bj.electron images and x-ray images can be displayed oncathodexey'oscilloscopes uifijﬁ

.zvjust as for television. An optical microscope enables the specimen to RO

P
-

7\'"be viewed by the operator during scanning. After each scen a characteristicppr;t

3"contamination spot is formed where the beam strikes the surface. These ' .../

' spots are useful for identifying the areas examined (Fig. 30a) By

fyselecting various characteristic wavelengths of the elements in the

.Tmaterial their location in the specimen is readily detected._ For example,-

et T

f in Fig. 28 taken from an Al—30%Ag alloy the x—ray image of the AgK emission ,“

o 'v~;m5;;7 1s ‘shown together with the intensity trace after scanning scross the boundary. rf

. ".Lﬁ'iThe depletion of Ag on. opposite gldes of the boundary is quite obvious.j,fi if““

”i“ji Figure 29 is a simllar plcutre but taken with”the‘reflected electrons,ﬂhtﬁfis
)f:fa.jhe AgKa intensity trace is superimposed,'illustrating again;the.depletiOn;f
u'?2lbfn§ilveryadjacentato.the'grain boundary;. | ') :: | 5
| It is important toiprepare flat.surfaces;ibecause.hills'or'valleyhi
‘.Tifwill erroneously indicate enhanced or depleted:material. In practice‘—
?i?»polishing with 1u diamond is satisfactory. Surface films can be a

.5vnuisance so cleanliness is essential. If intensities are to ‘be measured
':it is. important to set up a system of standards all of ‘which afe treated :
fin identical fashion to the material being investigated. The absolute?i

;7Jmagnitude of the concentration of an element, is. difficult to measure

tZ'because of uncertainties associated with absorp ‘on processes.,fvjxft
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‘fobe ~.00h to .01 insa On a. positive photographic print the dark Kossel
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1

Tt can be seen that the probe techniqueriseexxremely'valuable for,i?“f*f

i'e.p studies of precipitation,.diffusion, segregation, inclusions, corrosion,;;_i”

. etc., Figure 30 1g an example of a diffusion experiment. In (a) the

"graphite region is at the far left. The ares of the reaction zone ‘v;flj'?lih“;“:
;fiivtraversed by the electron microprobe for x—ray spectral analysls is

‘ffVidentified by the characteristic contamination traces. X-Tay analysis "f»'i‘

LN

».{ showed that the layers adjacent to the graphite and tunosten to be |

2B (88 Wt % Zr) and W'Zr (23 wt. % Zr) respectively, as s result of ;{Egsr:

ﬂ'the diffusion reaction. The central region is a mixture of laxrge W Zr';.7 :

ffdgrains in matrix of 96% Zr. The prdbe is also now widely used for
flndneralogical_investigations. The technique has already proved to be

j:immensely valuable invmetallurgical research. It can be applied to most

" situations in which there are significant variations in concentration of *'}*” e
2§ elements over-distances of microscopic order. It should 8lso be possible_;.;ﬁliff:”f
' .:3f_to use the method for establishing phase diagrams._ In ferrous metallurgy3ff e

E it is not yet possible to distinguish carbides from nitrides when presentg ;1:7 N

S 4n small quantities. |

Kossel~Lines

Since the probe provides a fine focus electron beam, a specimen can

;?be used as 8, target for producing a divergent x—ray diffraction patterno;f7f-» ‘

W A single crystal gives a large number of light and dark lines called

Tc?iKossel lines<71’ 72) from which the most accuiate determinations of lattice

j”,parameter can be made. (73) In order to avoid electron transmiq;ion ami

o produce optimum x-ray diffraction,the thickness of- the specimen must S

'fvlines correspond to absorption canics. Figure, 31 1s an example of Kosselg ';{7’

+ .
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'Kossel patterns can'also be

'i& This technique can be readily combined with projection x-ray microscopy
;;since the specimen position is the same in both methods.
Besides the advantages of obtainlng very accurate lattice parameter
f:measurements and orientations the technique is a sensitive one for ",iiﬁtjjﬁ'
:studying crystal perfection,e.g, from strained materials the Kossel lines |
H;are split._ From measurements of the fragmentation information regarding B

{'internal strains in the material

R - 067 L]

vobtained.using'a micro-focng“x-ray tube;ia‘v“"

14)

can be obtalned. (lh 15)
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: Fig. l. Widmanstatten's micrograph of & meteorite showing rrécipitatioh R

'v_”of the o phase. - ' o ~ 4 SR
I o Courtesy Professor R. F. Mehl.“_ O
g "'i;'f";'mg.' 2,  Martensite and retained austenite in Fe-28% Ni-0.45% c steel, I - R
h ' The specimen was polished prior to compressive ﬂ.o&dir_;g. In () .- e
o7 slip markings in the austenite and déformation, markings in‘the .
martensite are visible. 'After further polishing the slip
"parkings have been removed but the markings in the martensite o
. remain. These are thus due to mechanical twinning.  x1500 L
o ' Courtesy R. Munson and D. Schmatz "
- Ford Scientific Laboratory. K
- Etch pi'l:s at slip ba.nds and individual dislocations in MgO.
Courtesy J., Washburn. * '

‘I‘ransmission electron micrograph of MgO showlng that the de'bris
- left in a glide band contains many dislocation dipoles and . '
" loops. . - : » o
. . Courtesy Phil. Mag. a.nd N
‘Weshburn et. al (Ref. 12)
Schema'bic diagrams illustra:bing the experimenta,l arrangements :
g ' for x-ra.:y' diffraction micrography (a) Lang method, (v) Reflection
L Berg-Ba.rrett (c) Transmission Berg-Barrett. o

Fig. 6. (a) A reconstructed IAF crystal as observed by the Berg-Ba.rrett
o technique-subgrain boundaries » 81ip lines and grown-in disloca.tions

sre visible. | - Lo
Courtésy J. B. Newkirk and .
‘Trens A.I.M.E. (Ref. 23)
v (b) A light micrograph (ms) showing the etched surface of & . ', ‘
"‘_ : Fe-h% 81 crystal containing sub-boundaries and etch pits at | B .
dislocations. Notice the corresponding but better resolved X
‘5. structure o'bserved by x-ray microg'apby (RHS) S

Cour‘besy J. B. Newkirk a,nd',
~ Trans A.I.M.E. (Ref. 23).
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vFiés;Td"(a) Cross section of a thermionic emission electron microscope
"*i*?kltshown in (b) ‘ ' ' s 5

Courtesy E. Eichen B SO
Ford Scientific Laboratory.‘
‘ 8aJ"Sequence from & movie £ilm showing the r—m transformation in
eﬁ'}i_pure iron. Notice the twins being consumed in the v phase.v

Courtesy E. Eichen " a?fn:
- Ford Scientific Laboratory. R

4

.f?HSchematic section of the field~ion microscope. -
S  Courtesy E."W./Miller.
.';lQ;”Shosing'numerous Surface vacancies'due to corrosion of platinum. .
" :surface probably caused by N (see Ref. 33) The central‘disc _}
“'f"_is (001) : - ‘
Courtesy E. W. Miller and
: » o 'J. Chem. Phys. (Ref. 34)..
Fig;bll. Showing interstitial damage (arrowed) in- a—irradiated tungsten.¢vj*

Courtesy E. W. Miller and
J. Phys. Soc. Japan (Ref° 35)

s‘Fig,jlé;lScheme showing the ray paths in a light and an electron microscope. .

,fFigt'l3.-Showing focusing action of the dbjective lens and the formation ff
o 41-3_’of the diffraction pattern and its relation to the image. Notice. o
‘ﬂ“sf:;that directions sre inverted in the image with respect to the g;;-
s rf'diffraction pattern and the specimen. .The bright field image is
" obtained by alloving only the transmitted beam A to enter the
U lnage plene. - N
S Fig. 1l Oxide replica of an aged Al-h% Cu alloy. The'white'areaS‘ '
riff{:;,idenote position of G’ particlesn Notice array at. dislocation
‘levtgpsitesn ' = o 'va.;_, T “
L e e Courtesy Inst. of Metals (Ref, 13).
'Figtle;,Carbon extraction replica (a) and (b) selected ares diffracticn.
e m{pattern from the large chrcmium carbide particle in (). '

5. Oxide replica showing slip band structure in quenched Al-Ag
Qalloy after tensile deformationof ' L T g D



~Figc ) 2;“0
. '.zl~ 2 ergs/cm .

S Fige 1T
3 5 ;_fatuguﬁ.specimen of aluminum.

' Flge 21,
. ,;gﬁittthe oko reflection operates and in (b) the 220 reflectiono ’[:'1b1

;“jﬂfﬂIn (b) one set is invisible. o
 Fig. 22, :
F “;V ¢ ‘steel.. Notice characteristic extinction fringes at the faults» {’7ﬂf%hl'ie&
5ﬁFigP¢23°:
R f{jjthe dislocation arrangements in deformed crystals (a) nickel = - -
7 (¥ ~100 ergs/en” )5 (b) stainless steel (r ~20 ergs/en’). Fotice

. that dislocations remain coplenar’ and pile-up only if ‘the St&cmng '
‘.>r;.fault energy is lown

:,‘Fig'o 25"?‘ c
S :'f.-dispersion strengthened T.D. nickele- SORE _:_::;.-,: I R i S e

| Fig. 26.:

’i Direct lattice resolution of (201) planes in copper phthalocyanine' 5‘Li;7f
' the spacing betWeen planes is 12. ' L s :

_-'Images of twins in explosively .deforme . copper: . y
) - (a) Bright field image showing two twin orientations. L )
. ilf‘(b) Diffraction pattern of (a); matrix in [SlO]-‘\\\\\;“ii“h
“:°i,(°) Dark field image of 111,11 twin spot. - s

Illustrating Bragg's Law, the sphere of reflection construction in
.}“the reciprocal lattice, and the condition ZR=0. 0 *B 15 the ff}ﬁ},
_lh’reciprocal lattice vector for the reflecting planes (nke). When; e
l-*:.f the sphere cuts through B, Bragg's Lew is satisfied. - ’

_Showing that stacking fault energy 1s a factor in determining

34 T UCRL—llO6’T ol

Reflection electron micrograph showing extrusions from a

Courtesy Inst. of Meta.ls.

fn;.(d) Dark field image of lllT twin spot. - }h; L *'f,jl]ﬂgf_f;”

~ Notice reversal of contrast from (a) to (c) and (d)

Dislocation metworks. in silicon. Orientation [OOl]. In (a)

Stacking faults bounded by partisl dislocations in 18/8 stainless f R,

Showing extended nodes in Cu-33~ % Zn. Thegétackingvfault energy is -

Showing dislocations being held up at thoria particles in

Showing magnetic domain wells in hc;p cobalt, The walls 1le = ',
”i,'parallel to the c-axis. (arrowed) D ‘f%_
i . ‘




Fig. 27

Fig. 28,

Fig. 29.

Fig. 30.

Fig. 31.

- Kogsel psattern. it

=200 : . UCRL~-1106T

Sketch illustrating the principle of the probe miéroanalyzer‘_;éng

Agk, x-ray image of Al-30% Ag aged T2 hours at 375°C. The Ag
intensity trace across the boundary Iin the middle photpgrgph

1s shown én the right.
' ' Courtesy B. EV.V. Clark,

Ford Scientific Laboratory.
Similar. to Fig. 28 but the image is oflthe reflected electrons.

The Ag intensity trace 18 superimposed.
: ‘ ‘Courtesy B. E. V. Clark,

Ford Scientific Laboratory. e
Diffusion reaction zone of & Zr bounded W-graphite specimen. ‘
(a) optical micrograph, (b) scenned electron image of similer
aree shown in (a). Notice contamination spots in (a) where
probe analyseés were made. In (b) the diffusion zone can be

clearly seen (see text for description). ' :

Courtesy Materials Analysis Co.,
: Palo Alto. ;

Kossel line pattern of (11l) single crystal of germanium.
(b) Histogram of lattice parsmeter measurements made from the

o :
Courtesy R. Potts, G. L. Pearson
and-V. G. Macress Stanford
University. ;
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| Fine-focus x-rdy‘ tube o X~rays~A - _Photo ploté -

Specimen

(b) -
Reflection Berg-Barrett

—_3Ts

J-0b-

/A - s _ Specimen |
S i VLine' ' — ’ 4 Beam s'top.'_ -
L hooplate v focus s N - Photo plate = -
= e s s :

langmethod == = . = (c)

~

Transmission Berg-Barrett .
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- screen| ?,
(pho’cographlcI s |
: plé’ce)

o Fig. 12,1

S
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- NOTE: This Figure 30 was used only in the

- Journal copy and no other qopies'are available.

Fig, 30,
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 NOTE: This Figure 31 was used only in the

Journal copy and no other copies are available.

Fig..34"



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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