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-1- | : ‘ UCRL-19697
- _LECTURES k4 AND 5: vMDDERN METALLOGRAPHIC TECHNIQUES
- G.’Thomas

Inorganic Materlals Research D1vis1on, Lawrence Radlatlon Laboratory

‘Department of Materlals ‘Science and Engineering, College of Englneerlng

Unlversity of California, Berkeley, California

1. Introductlon

Metallography is the oranch -of metallurgy which is concerned w1th
the study of structure and constltutlon of solid metals and alloys and
its relation to the'prOperties'of.these materials and also to their
manafactoré and treaﬁmenf.

.The etructure of materials can be studied directly by various

mi croscopical methods (fig. 1).  The ability to resolve features of the

- structure depends on "the specimen, the wavelength of the illumination

used,,and the‘efficiency of the optical system, i.e., the perfection of
the lenses used in the mlcroscope. The resolvable separation d of two

'objects is glven by the well known optical relationship

0.61 A _0.61 A
d. = e . A AL
i sin a N

where ‘A =“wavelength, p = refractive index, and u sin o = N is the
numerical aperture of the lens. 'In order to improve resolution it is

obvious that A should be made as small as possible and N as large as

possible. For light optics the following resolutions can be obtained:

[1}
il
1]

white light, A = L200A N = 1.4 (oil immersion). d = 1800%

| o .
1.hb d = 1100A

ultraviolet light, A = 2537R N
v ' o ' ) o) '
The optimum resolution in light optics is thus ~ 1000A. - Smaller

wavelengths are possible by using x-rays and electrons. ' In the former

case lenses for refracting x-rays are impractical‘but in the latter case

electromagnetic or electrostatic lenses can be used to focus electron

beams. Unfortunately electron lenses cannot be made with large aperture
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TABLE 1

Technique and

" Useful ‘Range of Detectable

Resolution.
Specimen needed o Density of .Lattice Defects¥*
Point Line‘ Surface

Field Ion: Individual
wire: tip radius o point defects ' _ '

300 atoms 2-3A 1017 - 1020 1020 - 10%3 |10° - 107
Transmission Point “20A, Clusters
E.M. Thin Foils Fourier ~2A containing
100kV foils <lp - > 102 defi%ts ¢ '
1000kV foils <5y 10° - 10't [103 - 107

Replicas

Scanning E.M.
- metallographic -
methods. surface
observations

Special trans-
mission scannlng
research micro-
scopes

X-ray topography
in transmission
1 mm thick
slices

Visible light
careful metal-

lography :
special etching

"o
200A

o
2-10A

0.1-1u

_ o
2000A

10t

useful for:extracfing carbides in steels;

also in fractographic analysis.

Ag for transmission

Clusters con-
taining
> 103 defects]

limit

1 - 103

‘not .applicablé poséible in
~ertain cases

> resolving

10 - lO.5

>]_]_1
2

{1 - 10

useful for non-metals, e.g.

semiconductors
generally indiregt 3
not spplic- 1-10 1 - 10"
" ‘able separated - |depth gf focus

~ 2000A

Depth of focus

 *This range indicates the lowesﬁ-density consistent with a reasonablevprobébility_
the upper limit corresponds to that at which overlap and

of finding that defect:
confusion'occurs.
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systems and in practice the“effeétive aperture of an objective lens is
-2 L

flO .-ﬁo 10;3_fadi§ns.. This smalllvalue is used'iﬂ ordér ﬁo minimize
thé fouf mbstIimporfaﬁt'soufceéiéf effor in thé imageﬁ diffraction

er?dr; sphérical abérfafion;_asfigmatism and chrométié aberration.. As

‘a result; éven for éléctfonmwavelengths as smali as'0.0STK (lQOKv electrons),
the optimum resolution in éléctronimichSCOpy is insufficient for
'atomic.resolution.* The.only imagiﬁg system capable §f resolving atoms

is fhé fiéld ion microscépe. Table i summariiés the'main matallographié
ﬁechniéﬁes as applied fd the résolution of lattice defects.

Although fdr ﬁany purposes a high pbWer microscope is essential to

the métallogfapher,‘some obvious-stfﬁctural feafures can be obsgrvéd by

eyé or with the use of a low power hand.lenS. Such macrostructural details
includé.cracks,:porosity, segregation in castings, gfaiﬁ size, fracture
characteristics and flow lines in forgings or éxtfﬁéions,‘etc. The
Magnafiux and Magnaglo processes are extremely useful fdr détecting smali
macroscopically inviSible surface flaws;which nay be dangérous. In the
fdrﬁer methdd magneticlparticles are made to collect gt discbntinuitigs

iﬁ the surface. For non—mégnetic materials a dye containing oil is éllowed
to penetrate into the cracké'(Magnaglo Process)iand are visible under
Ultraviqlet light because then the dye fluoresces. Various non-destructive
techniQués caﬂ also be used fér;detecting in#ernal flaws; e.é. by
ultrasonic testing. | |

Figﬁré 2 shows an hiétorical;vbut still beautiful micrograph, taken

by Widmanstatten from a météorite. -Widmanstatten's name now adorns all
microstructures in which prééipitgtéd phasés are érystallogfaphically

related to the parent crystal.

¥ A. V. Crewe has claimed atomic resolution by scanning—tfansmission E.M.
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The usefulness of the light mioroéeOpevhas beeh well demonstrated

but many properties were not explained hy'vhef could be seen in this
instruﬁent. indireot struoturaiddeterminations were made using x-ray
diffraction technidues and for erample, Gﬁihier and‘Preston in 1938 showed
that age—hardening in aiuminum allovs.vas due to preeipitation of.the, then,

invisible'zones rich in copper. The term substructure then became used to

descrlbe structure not resolved by the light mlcroscope The mechanical
behavior of metals was explalned qualltatlvely by the theory of dlslocatlons

as long ago as 1932, but dlslocations were not resolved untll qulte recently
when x-ray and electron mlcroscopy technlques were developed In the latest
phases of metallography (flg. 1). the development of the field ion microscopy
has now enabled the 1nd1v1dual atom to ‘be reSolved. '

It is the object of these lectures to describe generally but briefly
the lateet techniques which are avaiiable for direetvstrﬁeturalvobservations.
All i ceh.do here is to hint’af‘the type of work that is being done and
the reader should nof be misied bv the brief ahd oversimplified descriptions.
The reader shouid also.become familier‘with’basic ooncepts-of crystaIIOg;
raphy, optics and diffraetionhtheorv; The references given are typical
but not.exhaustive, since the literatﬁre describing each'single technique

and its applications is now voluminous.

2. Optical Metallography -

| For over 80 years, the light microsooperhas proved to be immensely
valuable in understanding the structure of many materials but unfortunately
'since‘the best resoiution obtainable:is - 11008 most of the iméortant
substructural features in metals, e.g., dislocations, small perticles,
ete., are not‘observable. ‘Reviews of metallographic techniques for

light microseopy are given in ref. 1.
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| Flgure 3 shows the structure after deformatlon of a steel contalnlng
jmarten51te and retained austenlte (a) pollshed prlor to deformation.
. After repollshlng (b) the sllp llnes in the austenlte have been removed
but the deformatlon marklngs in the marten31te remain. Thls simple but
elegant demonstratlon shows that th1s type of marten51te deforms by
: mechanlcal tw1nn1ng. In low carbon steels, however, the.martens1te
vdeforms by Sllp. Recent work using trensmission electron microscopy
has shown that in the. former case the marten31te contalns verv fine
transformation twins not resolvable in the light microscone, This is
an examnie'where'thefcombinstion of liéht and eiectron microscopy is
ertremely_valuable in helping to-unaerstand-conplex phenomena.

| The ;ight microSCOpe hes been used tolstudy'dislocations in
crystals hyﬂneens'ofvthe etch pit technigue; The_deuelopment of the
: nethOd owes much to'the.pioneering effortS'of Voéel, et al.é who ”
'establishedva one—to;onehcorresﬁondence.between etch pits and dislocations
Cin gernanium. Regel et»al.,3 .Jo'hnston,l'L Forty5 and Mltchell6
have rev1ewed etch plttlng technlques Procedures and technlques are
descrrbed 1n the former two references;sfhc In the.etch pit method
it is necessary to find a chemical.sOlution which preferentialiy attacks
'places at the surface where dlslocatlons emerge. Cften only.certain- |
crystallographlc faces respond to the etchant T
In metallurglcal‘research cons;derable attention is“being paid to

the behavior of bece meteis iﬁ order to understend yieldingibehavior.
Since_it appears thatvthe yield nhenomenon'is,realted_to.the number and
veiocity of mobile dislocations8 estimates of these numbers are.needed.
,.fable I gives a COmpérison_of the methods'wherebyjdefect densities

including dislocations can be estimated;' The calssical etch-pit
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exﬁerinents.of.Low et‘al.gfloldemonstrated the:velocity - stress
_depéndence of dislocations in lron;: | o
| However, the'etch bit:technidue sﬁfféié from thevfollowing
difficulties; A connt'of_dlslocatdonvetch nits in a“slip hand usually
has no,relation to the'nnmber of.movingvdislocations; This is because
the pi‘bs. denote immobile dislocations in the form of loops and dipoles.-
Also the dens1ty of plts has’ nothlng to do with the shear strain in the
sllp band, since the 1atter is determlned by the number of dlslocatlons
that have traversed the Sllp planes and left the crystal, and is not
necessarlly related to the debrls left behlnd L |
Although 1t was thought ‘that etch plts could only be formed at

dlslocatlons which had 1mpur1t1es assoc1ated Wlth them 1t is now »
belleved that "clean" dlslocatlons can also be revealed (see ref. 6). :
Decoration of dileCations by precipitates enables them to be observed
.in transpa:_rent-crystals7 andcin netals hy replicationetechniqnesQ

The:etch;pit method is powerful,'rapid and non-destructive.

Dislocations can be revealed by aﬁplYing'stresses after etch pits have

been formed and then located in their new positions by a further etch.
The main llmltatlons are know1ng whether all plts alwagys correspond to

dlslocatlons. The ablllty to produce dlslocatlon etching depends

_ crltlcally upon the orlentatlon and state of the 5pec1men surface and on

: the preclse composltlon of the etchant Pits are notvformed on low

index: faces which dlssolve,at the hlghest rates in a particular etchant,

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

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

etches. If the density of dislocations is much above 10% interactions
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" 'books and rev1ews,
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betﬁéén.overlapping pits réﬁders»resolﬁtion-of'individual pits difficult
if not impéséible; 'Surfacefreplication and exaﬁination in the electron
micrOScope'is helpful”unde? these circumstances. ”Ideally combinations

of the methods shoim in Table I should be used on the same speéimen if

- the most reliable informatiOn is to be obtained.

3. X—RaX>M1croscopy

Slnce X~-1ays have greater penetratlon 1nto matter than either light

or electrons,mlcrostructural features can be 1nvest1gated in opaque

specimens. However, there are difficulties in meking x-ray microscopes

'in that lenses for'refracting x—rays‘ére imprdctical.l2 Projéction

appllcatlons to segregatlon and alloy structures have been carried out.13’1h

'Dlrect X-ray magnlflcatlon is obtalned by_pla01ng the sample close to the

x-ray spufce'and the phbtogfaphiéiplate somé disﬁance away. For a

magnification of 100x in a cameré of length 10 cm._the sample is 1 mm.

‘ffom'the soﬁrce. Whén'thé sémple is placed next to the photographic

ﬁlate ¢ohtac£ micrordéiggraphs are obtained. In this case there is a
1:1 magnification. . Both methéds rely upon the relative absorption of
x-rayS‘frém areas Qf the specimeh containing different elements.
Microgrédiogréphy'andf§rdjéc£ion microscopy havé been donsiééred in
12- 15 »20 éné'furfhér detailé éndiapplicationé can be
found in»these refergnées,'

X—réy'diffractiénvﬁiéfogfaphsIcaane obtained which resolve
substrucﬁuré in matérials; iﬁéluding-individﬁal dislocatibns; The
tephniqﬁevhaé_ééme adVaﬁtagésvovér’eléctron microscopy and etch pit

methods in that the specimen cean be observed non-destructively and



8-

without :subject to'damage alfhough;the defect'denSity'cannotvbe too
high (Table 1). Also thick specimens can be studied. Two main techniques

~are employed, viz. the Berg-Barrettl6’lT and thevLangl methods.  The

former is simple and inexpensive whereas the latter requires more complex

appafatus, thinner cryéﬁals and,lohg éxposurg times for photbgfaphyf
' The principle of the two methods is shown in the sketchés of fig. L.
The méthods»reiy up0n.diffré¢tion of x;rays whéﬁéver Bragg's law |
is satisfiéd} Since‘the'imagés are formed of the_diffracted beamé they
arevdark-fiéld-images.. The.Berg;Barrétt méthod can be used for thiéker
cryStaissby taking fefleéﬁiﬁg photographs;(fié._hb) and both techniqﬁes"”
. 13,19-23 |

(fig. ba,c) are suitable for transmission work.

Transmission Berg-Barrett

- Péfallel x-ray beams-from a'iinear X=ray source‘are used so that
a phofbgraph of a giveh ﬁidth oficrystai éanvﬁe Obtéiﬁed‘with oni& one -
exposure., An ordinary sealed—off x-ray tube is sﬁfficieht as thé source.
Siﬁcg it is difficﬁlt to remove.the K&é.lines thé'resolutiéh is limited
v _5y.the dispersioh.of K&l ahd Ka2;  For éxa@@ie, wﬁén a focusjdf 1 mm.
length horizontally and 0.5 mm. width vertiéallywis used and the éourcef
specimenvdistance.is.SO cm., the specimen-plate distance is 1 cm., the
resolution:is 10ﬁvand Tﬁ respectively in thé normal and parallel

-directions usihg MoKa reflected by (111)-silicon.

Lang Method

As shown in fig, La if a pbint focus i—ray_sburce (charaétqristic

radiation) is used the"Ka line dnly can be used to illuminate the
: , . I 1 . : : :
specimen., After diffraction, the diffracted beams only reach the

: photographic plate (placed normsl to the beam) since the transmitted

o
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beam is.stopped by the &lit 8, In. order to obtain a projected image

»over a wide area of the'specimen both the cfystal.and plate are

51multaneously moved to the left and right. The images of each erea
are thus recorded continuously In both techniques the'imagee are
magnified opticaliy for observation. .The resolution possible vith
vthis arnangementbis»~0.5u. In optaining'images of dislocafions, the

resolution of the camers should be ~ly giving an image width of 10-50yu.

For this reason investigations can only be carried out on crystals with

a feietively low dislocaﬁion density (lba/cm2 or 1ees). Figure 5 shows
an'example of dislocétione_generated in silicon as a result of indentation
byn&“fine pointer at 1000°C." Thé reflection" used is lll

' As w1ll be seen later (fig 13) a defect whose dlsplacement
vector R lies parallel to the reflecting plane does not change the
direction of the diffract_ed beam and so the defect is then invisible.
Since'the reciprocel lattice vector is normal to the reflecting plane
the criterioanor v1s1b111ty is thus g R # 0. Thus by examining
different reflections and noting that when g R # 0 the dlrection of ﬁ

can be dmtermined

. e
Scanning Electron MicroScopy ST

The scanning electron microscope (SEM) 1is s1m11ar to the ‘
transmiseion electron microscope (TEM) buc has theee*lmportent
idifferences: a) the inage is of the surface and is formed as a result
ofvencitatione induced'by;the beam; e.g. eecondary or reflected
electrons; b)‘the voltage is mﬁch_lower, 10-25 keV compared to the
100-1060kV power of the TEM, c) bulk samples rather than thin foile

can Ee‘used,so sample preparation i1s much easier, d) the SEM uses
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much lower beam cutfénggt(FlOflq amp) and so heating effects tend to

be minimal, e) in the SEM the electron beam scans the sample whereas

in the'TEM the-beam iS-stationary. Howevet, beth together make a :
powerful metallographic combinaticn. |

Figure 6 is a schematic'diagram of.a scanning microscope.v.lhe.
scan genetator scansvthe electron beams in the microscope and-invthe
cathode ray tube synchronously.. Both beams trace out a taster,icne
on the specimen and the'other'on'the CRT. ' As the beam hits the
sample secondary electrons.afe'encited'nhich genetally nary from
point to point on.the,sutface and so the brightness and:contrast
'uaries with the»sutface, e, g; at topographic differences,‘compo~

81tional dlfferences, etc. The secondary electrons are collected

and can be displayed by video signal on the CRT similarly to the prln?‘ f
ciple of telev1sion. Specimens must be conductive s0 metals are ideal. |
It should be emphasized that any signal generated bv the incident
beam at the surface of the sample will give rise to 1mages, e.g. photons,
backescattered_(reflected) electrons; induced currents in thevsample,v

"and so on. Differences in voltage can also be resolved and this makes

the scanning microscope a powerful tool for analysing defects in
semiconducting devices.  For example, fig. 7 shows a SEM image of

a commercial integrated circuit. All the junctions are V131ble and

also the 24v°lt drop across the collectorvresistor between C and R.
This image'waslobtained after about 1 minute scanning following
maximum reselutien attainment.

Because of the enormousfdepth of field and focus that is

available for electron images (due to the small wavelength) it is
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possiblé to viéw very réugh.sﬁffades'directly: .Thus,'a major application
in metallurgy is fraétoéfaphy.?s Figure 8vshowsvéxémpies of ductile and
intérgfanﬁléf fénéile frééfﬁréSvin Cﬁ-Ni—Févalloy. Since sample prepa-
ration.ié'quite miniﬁal and as specimens can be observed directly, SEMi
‘is repiacing‘the élagsicél replica fractogrébhy fechniéﬁes used in TEM.3O
.2Undoubtédly ﬁhe SEM is very Vefsaﬁile and a great impfovement
over viSibie.iight microscopés ih terms.of resolutién’and depth of
field‘  Some.minor'disadﬁahtages include iong éxposuré times as
compared ﬁo fhose forvTEM, poorer reSoiution in reflection than TEM
although the very lateét techniques éf‘scaﬁning‘transmissibn micfoscopy
.havé.reportedly resulted in the reéblution of heavy atoms-in'biblogical
_Sampléé;*-‘Véry'recent gdﬁahééé include ﬁhe de?elopment of systems
whichvailow’dynamié éxperimehts to bé done, e.g. déformation, heating,
qooling; bbiffefent types of iﬁfbrmafion from the sample can be
displayed on separate.CRTS,simultaneously. Characteristic x-ray
emission can Be monitored éb the'SEM can also be used as a microénalyzer.
In feirly perfect cfystals'patferhs similar in appeérance to
Kikuchi patterns caﬁ-be obtained (so-called pseudo-Kikuchi, chénneliing,
or‘Coates patterns); it is_poésible, therefore,‘to obtain cfystallographic
information by SEM.and té do_selected ares diffractiop analysis.aithough
on a coérser.séalé than is quéible by'TEM;A
In summary SEMvis a ?ery Vefsatile.surface metallographiq techniqqe

and has been developing Very rapidly in the past.few years. .

* ALV, Crewé, J. Wall and J. Langmore, Science ‘168, 1338, 1970.



Emissioén Electron ‘Microséopy’

[ -5

26,27

Figure 9 shows a schematic diagram of an electron emission

microscope. It works in the Seme magnification and resolution ranges

as SEM “but the contrast méchanism is quite different; and it is most

suited fof_metallographic studies of plane surfaces (compared to topo-

graphic applications by SEM); ‘The prineciple is to excite electron

emission from the specimen surface. In fig. 8 this is achieved by:

ultraviolet light bombardment. ,The_spécimen is kept at a negative

potential and the electrons emitted from the surface are accelerated

through thé anode and’are'imagea in the eleétroh optical system. The

'resolution_is_150—3003;.

Since electron emissidn isvdetermined by the ﬁork.functidn for

electrons, contrast is marked between areas of different compositions

and orientations, and independently‘bf any differences in topography.

Electron emission microscopy is ideal for imaging at high temperatures °

because thermionic emission can occur so that dynamic studies cah be .

followed directly. The highest vacuum must be ohtained at the specimen

in order to prevent okidétioh;' The following is a list of some

applications of the technique:

.Recrystallizatioﬁ and grain growth.

'vPhase transformation, phase boundaryétempérature relations

- Cold work

Creep
Diffusion

Segregation

- SQlidification.

Surface adsorption and other surface reactions

Electron emission; measurement of work function
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Transmission Electron Microscopy

Replica Methods20229:30 , -

The earliest_épplicatidn of electron microscopy to metallurgical

3135 ne usual replicas now

researéh.iniolvéd surfacé replication.
used are'éarbbn'or'Sio; whilé for Al and iﬁs alloys their‘owh okide
films can be used. The métal’surfécé'is coféred with a replicating
medium of_zoc-scbX tﬁiékness. In the case'bf C and Si0 films these
are produced by vacuum evdpération éfter»the specimen has been prépared
metallogfaphicaiiy-in‘thé usual way. Oxide films on aluminum and its
‘élloys are producédAby anodising the surface;- Second phasé pgrticles
ﬁsually do not form a coherent oxide film so that holes at these regions
in the replica delinéaté such particles._ The replicas must be detached
chemically from the metal by electrolytic polishing or étcning. in
the case of ferrous materiﬁls since precipitates are cathodic with
respect to thé'mafrix eﬁching’thfough the film allows particles to be
extractéd in the replica.32 bAn'exampié of extracted alloy carbide
partiCIes from a creep resistént steei is shown in fig. iO. These
extraété;can be examined by fluoreséeht analysis'(e.g.,-byvmicroprobe),
in ordér]to obtain information regardingktheir composition. Also
sincevﬁhey are crystalline the'seiected_areg diffraction technique
may bé used to distinguish between the various phases which may be
presént, as well as to obtain structural infofmation.

The maximum resolution possible with replicas is -~ 20R.- The
replice technique. has beén #idely used to study surface features
associgted with slip, precipitation phénoméné, fracture, (see, e.g.

refs.). However, with the advent of thin foil techniques in TEM
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and scanning electron microscopy, replica methods are now being

superseded.

28'29 36-&3

Thln F01ls

used

over

TranSmission electron microscopy of thin foils 18 now very w1de1y
in metallurgy. The tremendously rapid growth'of the method
the past decade is-mainly due to:

QD) Develbpmentvof techniques for preparing specimens thin

~enough to be transparent to electrons. The.useful transparency

thickness increasea with voltage'as shown in fig. 1la.

-(2) The availability of electron microscopes with douole con-

Adenser lens Systems, selected area diffraction and high voltage .

_facillties. "(now up to l meV and 3 meV). See fig. 11(b).

(3) Development and application of the theory of electron diffrac-—

tion which facilitates the,lnterpretation of the oftenjcomplex

images observed.

() The'extenslve'information retrieval that'is now possible

in one instrument (fig. 12).

The electron microscope image is a projection at magnifications

of 102 - 2x10° of the volume of the foil through which the electron

beam is paésed; The.resmlting picture is thus a two-dimensional

projection of the three dimensional object; However, the three-

dimensional character of the object is obtained by stereomicroscopy

where twa views of the same area, tilted by about 103, and under

the same contrast conditionsmare'obtained.* Point resolutions of

about ZOA can be’ obtained and Four1er resolutlons of -~ ZA have.

* See figure 1h of the chapter on non-equilibrium microstructures.
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been achieved.

. There are many complex iﬁteractions which occur when electrons
travel'through cryétalé. _The most important of these is diffraction
since'this is the major phenomenoﬁ'giving rise to contrast in the |
image5 The inﬁerpretation of contfast ?henomené thus‘depends
entirely'on the theor& of diffraction. This theory has now been
developed to account for unusual effecté.aséociated with absorption
and provides extremelyvuseful and detailed inforﬁation. Because of
the small wévelength of electrons the diffraction angles are.very
émall (.~J‘.O_2 rad.) so;fhat only planes which are approximately normal
to the foil suffgce will diffract.

iﬁ order to accomplish direct lattice resolutioh, the‘transmitted
.and diffracted‘beams must combine at the image plane. ‘Hence; the
angle 20 between these beams must be less than the effective sperture
of thé'objective lens. Ih order to minimize aberrations the lens aper-
ture o is 1072 radian. Hence the resolution limit is ~ A/2 a . For
iOO kV electroné A= 0.0372,'hen§e the minimum.resolvable spacing is
about QK and low index planes in ﬁetals and sémiconductors'have'now
been resolved. Indirect resolution is possible by.means of moiréfimages.
Wifh_metallurgical épecimens, contrast is generally obtained‘by
not allowing the fransmitfea:of diffracted beams to contribute to the
imagé. This is accomplished by the use of.30u apertures in the back
focal plane of the objective lens. (fig. 13). If all diffracted beams
are.éxciuded, a bright field image is thus formed. The dark field image
is ébtéinedvby allowing s singie diffracted 5eam to reach the image plane.
. With the facilities for selected area_diffraction; detailed information

. regarding substructuré can be obtained and thé dark field technique is an
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iﬁvaluéble aid in identifyingImicrostrﬁctural feafurés.
Pef£urbétions in_the léttice_such as are causéd by defects lead
to peffufbations in the scaftered beams Qoﬁparéd té.the scatteriﬁg V
bcqurriﬁg-in thé perfect lattice. This-diffefencé-in_ééattéring may
be ﬁanifestea as Changesvin phése; amplitude of-bbth. A particularly

simple visibiliﬁy critérion holds true fof_lattice defects as can

be seen byiconsidering_Bragg's law: Sin 6 = n\/2d where d is'thevspacing

of-thé.reflecting plane, 6 is ﬁhe Bragg aﬁgie and ‘A the'waveiength.
(a™1) = |g| in the reciprocal lattice. If displgcements R in the
lattice do i;ot alter d (or |g|) then sin 6 is un.a.lter.ed and no phase
éontrast can occﬁr; Stated in Yeétor term;noiégjfé}ﬁ = O_is‘thei'
invisibility ériterién. ‘Thus imégéévqf.thé same deféct takéhvinri
different:diffractioﬁ véctors éﬁables.the.diréction of R to bé‘fouﬁd
e.g; figs. 14, 15, 18; Actuall&;'cdntrasf ié‘édequate only when §.§'>
1/3 sdithat'ﬁnless high ordef<réflections‘are usédipartial dislocétions
of small Burgéfé vector (é;g. theva/6<i11> tﬁinning.disloqaﬁion in
ZIbecvmétals) méy never be Visible._'Although'the visibility increases
wiﬁhlé, the.resolutioh_worséns. Image analysis reQuires an adeQuate.
knowledgé of crystallography and difffqétion theory. |
| It is almost standard procedure now to utilize computér programs
. for contrast analy.svis and ihtérpretatioh.' Receﬁt innovations inciude '

(e.g. ref. 23) computer simulation of the image, i.e. the computer

prints out simﬁlated images which canAbé dompafed.directly to the observed
(provided both match_in termé of difffactién conditiohs,'fOil thicknesé;
ete.). An»example is éwaﬁ in_fié. 16. One éf the few limitations today
is the ability to analyze in detail alloy structures containing_largg

~volume fractions of small defects, e.g. G.P. zones, fig. 17, ordered alloys,
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flg 18 because the straln field overlap and become complex. Similar

'dlfflcultles ex15t for heavily irradlated metals containing large
numbers of vacancy/interstitial defects. At high voltages many beam
scattering evénts occﬁr and fhé theory must be'mOdified to ‘account for
theée interactions. | |

' Seléc£éd area difffaction ig én imqutant advaﬁtége of electron
mddroscopy and thié feafure ié unique, vWith crystalliﬁe objects a
diffractionApattern is.forﬁed af thé back focai plane of the objective
lens. This pattern which can be selected from a given axea:(minimum
2u &ia'at 100kV, but 0.0ZQ é£'1000kV)‘can be ﬁagnified ontd the
‘ flqorescént screen:énd rgbid'éxaﬁihétion of the image and its diffraction
pattefn is routine.y Kikuchi diffractioﬁ pattefné arevpartiCulérly valu-
able (e 8- ref. 23 Loy Interpretatlon of the 1mage and its diffraction
pattern is facllltated by dark field analy51s of the diffracted
beams. ngh resolution dark field 1mages are obtained by tilting the
illuminatlon such that the diffracted beam passes down the optical axis.
' Contréétbis enhanced by alloﬁing oniy this beam to éass into the
imaging system. o ”

The list of applications of TEM‘iSFéimOSt limitless but major
‘applications invmetéllurgy/materigls science involve characterization
--of the structure 6f méterialé'and the reiation between'struqture and
properties. The characterizétion inclﬁaes; |

a)vaservation and idéntification of 1éttice defects (dislocations;

stackiné'faults, small defecf élusters, precipitates, etec.

‘b) Crystallographic’data from électron diffréction.

cj Surfacé investigations, replication, reflecﬁinn and séanﬁing

microseopy; fractography.
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d) Qualitatiﬁe CHemical aaéiysis of cﬁaraéterisﬁic x—rafs emitted
 by the foil..A . N o -
é)'Enefgy'analyées fbf.éontran‘aﬁd for idéntifying eiements (by

scéﬁning micréscépy alsd).. |

f) In situ investigations of crystal growth, epitaxy.

_g) Examination of specimens at different temperatures; deformation,

bombardmént in situ.
_ Future applications will resolve around éxtending the range of
materials to be analyzed particuiarly by high'voltage electroh'migros—

26,10, LL4-L6
Yy

cop e.g.‘¢eramiésto¥-yhich specimén prepafation is difficult
although ion thinning techﬁiques‘éfevvery:ﬁromising,and polymers which
suffer éefiously frbm ioniiation daméée af aééeleratihg'voltages below_
about_300kV'(thevionizétibn_écaftéring cross sections decrease with
increasing_eﬁergy)} The'queétidn of damégévis_an importént one: in
metals it is poséiblé:té éfoduce érimary kndck—dn events onée the
_threshhold énérgi is é#cééded (e;g;JSOORV for:eiectrons in:cdpper) so
th;t difec; studies ofveiectfén>irrédiétibn’ére possiblé. _Conﬁefsely
one does not wish to héve radiationvevents otcurfing which might produce
spurious effects in the structures under study.

Energy'Analyziqg;and Energy Selecting Electron Microscqpy&o’hY

In éddition_to the elastic scéttering that is responsible for
'Bragg diffraction of electrons, electrons can lose ehefgy'as'a résult‘
of ineléstic scattering pfocéssesﬁinvolving excitatidns such éé
pﬁonqns, plasmons, ionization, etc. The specimen is likgwise excited
into a higher energy‘coﬁdition and in brinciple_tﬁe energ& levels

in solids can be studies by measuring the energy loss spectra of the
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_inéideht:eleCtréns,- Sincé ¢6mpbsiti6nal changes also involve energy
level changes,the.iass spgct:a shbﬁld be'characteristié of composition.
The.difficulties of carrying 6u£ these meaéurements stem from
thé.éméli range of énergy'loéseg,.é.g. the plasmon loss for métals is .
in the range 10-50eV (lSeV fof Al). Twé‘types of instruﬁents have
beén developed, tbe energy selection and energy analyzingvmicrosc0pes.
These ufiiize in differeﬁt Qays the information that is contained in
the loss ééectra of electfons which form the image. In the energy
analyzing microscope a fine'slit:is placed in the final image plane.
This slit is made 'the\eﬁﬁranée aperture of.an electron spectro-
metér‘4 such as a 1éﬁs,which cén:épread the loss eleétrons in a
diredtiop normal té'the'éiit by amounts determined by the.diSpersién
of the analyzer. 'Thé displacement A Which can be recorded on film and
measuréd, is given By *&<¥‘ Cé alE/E where Cc is the chromatic
>constant ofvthe’lens,'&'thé scattéring angle, E.the iﬁcident electron
energy and AE the energy loSs.
rIn the energy éeletting micfoscépé the electrons forming the
image are initially dispersed into their loss components by an
analyzer and by using apertures and subséquent'focussing or scanning
éystems one of the_énergyvloss cdmponents is céllected to'form the image.
.The energy analyzing microsc0pe can be used éither in diffraction
or imaging modes and measﬁreﬁents ofvthelloss spectra can be made in
analyzing COmpositionalbyariatibﬁs in alloys)provided the loss spectra
of thé elemental components are well defined and easily distinguisable.
Good success has been obtained'in Al-Mg alloys (plasmon loss in Al =

15.3eV and in Mg = 10.4eV). For simple plasmon excitation the energy
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_1dss is directly>proporti0nal'to the number of free'electrons/unit
volume. The spatial resolution limit is = 100A.
These techniqﬁes are relatively new but offer much promise

for microanalysis in the eiectron.micrOSCOpe. A detailed acount is

given by Metherell,hT‘

Field Ion Micrqsc0py29’h8

The field ion_micrdscope is the onlyvinétrument capable of atomic

resolution and was developed by’M&ller from his earlier fiéld-electron

(emission) microscope%g’ﬁo In its simplest form the microscope consists

of a metallic specimen, which is a very fine wire sharply pointed to a

tip radius of ~ 300 atoms, as anode placed opposite a fluorescent screen

at ground potential and both mounted in a highly evacuated glass

(or metal) tube. The potential applied to the tip is ~ 500 mV/cm which

is sufficient to allow field ionization of the imaging gas which is

uSually helium. This gas is introduced at a pressure of -a few millitorr,

low enouéhvto allbwvtﬁe-ions to‘reach thé screen without interference
cdliisions.' The ﬁip iévuéually cooled éryogenically to increase
fésplution by decreasing thermal vibrations in the specimen. The
development of flat séreens aﬁd fiber optics allows weak images to
be photographed. vFirgure lévshows,schématicallj & fiél& ion micro—',
'scope as used for direct studies of radiation damage (Petroff and
-Washburns;) ' |

The potential is chosen so as to allow ionization to occur only
at thé'surface atoms without field evaporgtion also taking place.

The latter is determined by the cohesive strength of the specimen and

initally only the refractory metals could be imaged under the
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_ conditioné neéded to: form the'ibn iﬁages. However, with.gases ofv

1owér ionization‘potentiais, é.g.Ne, H2, aﬁd image intensification
techniqgés; a ﬁuch Qidervrange of métals bécomés poésible. With

small tip radii magnificétions of 106 ére easily obtained. Metallurgical
3pplication$ of thisiﬁéchniQué ihdlude basic stﬁdies of lattice defects,
by taking advantage of atomic resolution, surface diffusion, in situ
experiments such és cafhode spﬁttéring,,irradiation damage (fig.l20),
early stagés of precipitétion in imn and nickel base.alloys,sa cyclic
field stressihg simﬁlating fatigué deformation, in situ surfécé changes
after successive field é&aporationv(facilitated:by color printing)
obser#ations of interfaces, particularly the successful anaiysis

of grain boundarie552§53 studies of alloys, especially ordefing
_ (figf 21). One:of tﬁe curfent limitatioﬁs is not one of technique,

but rather of intefpretation; e.g; difficulties invintérpreting
.point défects, particularly interétitial atomvimages, and alloy
systems in which images afe irregular (fig. élb). When;uséd-in
coﬁjunétioﬁ with bthér fechniques some of these difficultilies can

be overcome. The interprétatibnvof FIM images is facilitated by
' appiying computer simulatipn fechniques; The basic criteria adoﬁted
rely upon the.imaging charactefisticé.thé most important of which
‘ afevaj'the tip is hemispherical, b) only atoms lying within a very
Small.distance-Of the surface cbﬁtribute to imaging, c) the planar
‘poles in the image'aré arrAnged as in stereographic;projections5

d) field évaporation preferentially removes atoms of lowest binding
enérgy and atoms ére'imaged’onlylif.it is field evaporated at potentials

. above those required for ionization of the imaging gas.
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One of the.most-significant advancesAin FIM in reeent.years ist
the deveiopment oflthe atom probe'by'whiehvatomieknassispectrogranhy
can be acconplished 55 -

The prlnciple of the method is to field. pulse evaporate, at a‘
potentlal Vp, a selected atom which has been 1maged at the voltage v
through a hole in the observatlon screen. The atom travels down a
tube length L to a detector and the time of fllght t is related to
its kinetic energy from which the mass M is derived from the relation

= Zne(Vé +‘Vp)_t2/22 wherevne is the total ionic charge. The mass
resolntion claimed for.thisbdeViee is AM/M = 1/250. Calibration of

the lnstrument is usually done by imaging known metals and obtaining

t1me 51gnals for known masses.

This methodvis particularly useful for general.chemical analysis
and.identification of inelnsions, segfegation, etc. at spatial
resolutions~lu anddimpufiff deteetions df ~e1019.atoms/cm3. 'Thel
micronrobe uses a scanning electron beam ﬁo éeneratehohafactefisticv
k—rays in the specimen. The x~rays are examined in x-rayv spectrometers
so that intensities.can be determined of fhe charaeferistic lines.
The secondary electrons can also be imaged on'CRTs and the sdrfaoe
topography obtained and COmpared with the x-ray distributionAwhieh
can also bevseiectivelyldisplayed by utilizing each characteristic
line in turn. Figure 22 shows an enample of segregation analysis
across'grain boundaries'(compare ﬁo,fig.'S).

The limitations are in resolotionland the x—fay.speotfometer..

In order to anayse over the whole range of atomic numbers a series
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" of selecting difffaétihg crystals is needed. Since the efficiency
:of“scattering and detéctabilify both decreése with decfeasing atomic
nﬁmber'cénéiderable difficuities eXiét for analysing light elements
vz'<1,0._' | |

InvS£eels it i;IQOt-Yet‘poééible to distinguish carbides from
nitfidéé when presentbiﬁ Sméll quantities.

fKossel—Lines22’58

Since the probé‘ﬁrovidés a fine focus électron beam, a specimen
can be used as a target for producing a divergent x-ray diffraction
pattern. A single cfystal gives a large number.of'light,and dark .

lines called Kossel lines from which the most accurate determinations

of lattice parameter can be made. In:ordét to avoid‘eleétronvtrans—
miésion'énd to.ﬁroduCe optimum x—ray-diffraction, thevthickness of
the épécimen must be ~ .004 tov.Oi ins.
Kossel patterns'c;n,élsd be dbtainéd using_a micfo—focus X-ray
' tube.  This tecﬁniqﬁe can be readily gqmbiﬁed with pfojection x—ray.
. microécopy since the speciﬁen position is the saﬁe in bothvmethods?2v
BeSides the advantages of obtaining very.accurate'lattiCe
parameter measurements_énd orientations the technique is a sensitive
one for studying crystal perfeéﬁion; e.g. fdfvétféined'materials"
the Kossel lines are split, From measuremén£5 of the fragmentation
information regarding'internal’strains in tﬁé material can be obtained.
Summary

The metallographic teéhniques described above fall into ‘two ‘categories:

)

a) ‘studies of surface structure and composition by sethods of :light microscopy,

electron miecroscopy (scanning, electron emission, replicas) and field



k-

ion microscopy and b) studies of bulk or'internal>structure and compositiam by

xarays;fﬁransmissionnemectnonvmiCroscopyzandofieldfion-micrOSCOpv; These

techniques have been developed exten31vely over the past 80 years and
are summarized in fig. ll' |

Indirect methods of eranining structure rely ‘either on diffraction
effects and'their interpretation, or‘rely on'measurements of a para-
meter which is structure sen51tive, e.g. electrical conductivity,
internal frictlon, resonance techniques, and so on. The main 1nd1rect
diffraction methodS‘include x-ray and neutron diffraction (electroni
diffraction is included in the "direct" electron microscopy categorv),
'surface electron diffraction ‘either at low energv (L.E.E. D ) or high
energy (H.E.E.D.). These methods w1ll not. be discussed further here,

but 1nformat10n about them' can be found in reference 59

L
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' “Figure Captioms

1:‘ Shoning the deveiopment-of the major.imaging meﬁaliographic tech-
niQues for_resolntion of strncture. X-ray topograph& is‘another method.
2. _ActnalISize_meteorite'polished~and etched to.reveal Widman-
statten.ue;:Ylmicfostructnfeﬂefter Widmanstatten].

3. Illustmating how light‘optical microscopy orovides information

on deformation.modes. Fe-28Ni—O 45C steel partiallv transformed

to martensite. After polishlng and etching it was deformed in

- compression and'photographed‘(a) In (b) the same area is shown

after re-polishing. The lines in austenlte in (a) ‘are now removed

~ but those in meftensite remain. This shows the austenite deforms

Fig.

Fig.

Fig.

Fig.

Fig.

by slip and the martensite by twinning. Courtesy R. Munson ‘and

D. Schmatz, Ford Motor Co.

4. Schematic diagrams illuetrating the experimental arrangements

for x-ray dlffraction micrography (a) Lang method, (b) Reflection
Berg—Barrett, (c) Transmission Berg-Barrett. N

5. X—ray topograph of dislocations in silicon:i These were

generated by indentation at 1025°C for.ls.mins. ConrceSy V. C. Kannan.

6. Sohemetic &iagram_shoWing the scanning’electron microscope.

Courtesy T. Everhart.

7.‘_Scanning micrograph showing vOltage'contrast'from an integrated

circuit. The voltage drop C-R is 2 volts. Arrows show imperfections

~at the isolation junctions. Courtesy T. Everhart.

8.  Scanning micrographs showing topographic contrast of fracture

surfaces in Cu/27Ni/9Fevsoinodal alloy quenched a) then aged at

'~ 625°C for b) l.min.; ¢) 0.1 hr., d) 1 hr. showingvabrupt-change,
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: from‘transgranular ductile-(dimple) fracture.to intergranular

Fig.

-Fig,

Fig.

Fig.

Fig.

Fig.

Fig.

failure after 0. l hr.'aging. Notice large depth of field.

9; Schematic diagram of emission electron microscope. Electrons -

are emitted from the specimen by heating (thermionic emiss1on)

or U V. radiation (photoemisaion) and are focussed and magnified
by the magnetic lens System.

10. Carbon extraction replica of complex allov steel. The-
carbides can be 1dentif1ed by electron diffraction, the very
large ones are MbC (undissolved), the needles are Fe (MOW)Z’
small cubes of (Cr Fe Mo W)23C6 and very fine precipitates (on |
dislocations) of NbC;_;Courtesy M. J. Arrowsmith. |

1lla. Showing:the voltagé—thickness dependencebfor high resolution
transmission electron miaroscopp of silicon and stainlesshsteel.
The transmission decreases rapidly with increaSing.atomic number.
Courtesy Phil Mag. ref hﬁ o |

116. " The Berkeley 650kV electron mlcroscope show1ng the column,

controls,and high voltage tank at the upper level. During oper-

ation the instrument is constantly monitored for p0551ble X-

radiation emission.

lZ.l Schematic diagram showing the main uses of and possiblejinformation

retrieval from transmission electron microscopy.

13, Illustrating'Braggﬁg Law.of'diffractionaand the reflecting

sphere construction for electron transmission. Notice that

displacements R in the reflecting plane produce no phase contrast.

14. Illustrating the g.b contrast criterion for dislocation:

' contrast. Thin foil of Ag,Al deformed 357 at 210°K. The
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6rienta£ioh is shown By the Kikuchi paﬁtern in (c) to be near

[pils]; In (b) thé foil is tilted to g = 2021 and in (a)
g ;‘Ziioﬂas shown_iﬁ (c): The 1oopé tﬁué.héve Burgers vectors
of 1/3<1130> type. |

Fig. 15. 1nteffaciél disldcations invthe partiaily-éohereﬁt stagé of-

" spinodal decomposition in Fe/széu/33N1 aged 200 hr. 775°C. All

three sets of disldgationé can be.revealéd individually by using
the'diffefent reflections indicated. This shows the Burgers
véctors are‘a/2<110> tybe.‘ |

Fig. 16; Stacking fault images inﬁsilicon'for a>foil give extinction
distanées thick (fwo—beam g = QéO). The.uppervfigufg is the com-

putér simulated image; the lower is the actual micrographs.

Fig. 17. Al-4%Cu thin foil dafkvfigia image shdwing étrain‘contrast'
‘images for 8" and lérgér o' ﬁafticies,._No zones are visible on
(OiO) sinée-fdr_these'gﬂﬁ = 0. Orientatiéh [001].

Fig.'lé.. NiAMofaéed 5 mins. at 750°C., |
a) Diffraction'béttern in [121]'orientation shoﬁing superlattice
reflections. |

| b) Dark field.of'1i0' bét superlattice spof.which images domaiﬁé
of one orientation ;'Strucfﬁre Factor Contrast
é)_g) shows strdin‘contrast images in the - matrix reflections
002, ;il, 111 and Zzo.reg?ectively in a [110] foil. The contrast
" is due to many small miérodomains having éoherenCy strain fields.
Fig. 19ﬂ Schématié diagfam of.stainléss steel'fiéld ioﬁ microscope
| designed aleerkeley for diréct étudies of‘radiation damage in the

cyclotron. Courtes: P, Petroff.
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Fig.
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20. Irididm-single-crystaivbefdré and after "field on" -
irradiation %ith 10 MeV protons at -196°C. (a) is befére,

(b) after irradiation. Dotted atoms in (a) have been

ejected from the éurface'duriﬂg irradiation and are missing

in (b). Extensively damaged regions are indicated by arrows.
Dotted atoms inv(b) are surface interstitials and are missing '
in (a). The beam direction is indicated by black arrows. - The

difference between (a) and (b) is nét an'artifact, but a change

"in the overall contrast due to a change in the_surface'structure.-

upon irradiation. .Courtesva; Petroff.

21. (a) Regulér iﬁages in ordered NiéMo aged 125 hr. at 750°C.

- Disordered alloys do not have this regularity as shown in (b)

~ which is aé_duehched.

'Fig.

22, Microprobevanalysis showing segregation at grain bdundaries

in alloy of 64% Cu - 27% Ni - 9% Fe aged 1000 hours at 625°C show-

ing grain boundary segrégation.:. Compare to fig. 8(d). v
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THE HISTORY OF THE RESOLUTION OF STRUCTURE
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XBB 691-244

Fig. 15.
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Fig. 16.
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Fig. 18.



Beam

Liquid helium

Dummy target

5D

Liquid nitrogen

N

Imaging gas

E

‘/G
L )
%,
J\ :
E 7 —+HScreen
Al foil | ‘ i .
a Ion gauge Vac ion
Specimen SR

To cold trap and oil
diffusion pump
vacuum system

XBL6E75-3060

Fig. 19.



XBB6TU4~2081
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MICROPROBE ANALYSIS OF 6L CU - 27 NI - 9 FE ALLOY
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Fig. 22.



fal

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or - ,

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




for SN
hm s

TECHNICAL INFORMATION DIVISION

LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

~





