Lawrence Berkeley National Laboratory
Recent Work

Title
SOME APPLICATIONS OF TRANSMISSION ELECTRON MICROSCOPY IN MATERIALS SCIENCE AND

ENGINEERING

Permalink

https://escholarship.org/uc/item/8566s71g

Author
Thomas, Gareth.

Publication Date
1973-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8566s71p
https://escholarship.org
http://www.cdlib.org/

-
-
K&

.‘ K o m&’ ’l:J 'f "'-5‘
Liecture presentea ai the International LEBL-1473
Schoo! of Elecectron Microscopy (Center e ‘

for Sclentific Culture) Erice, Trapani,
Sicily, April 7-24, 19732

SOME APPLICATICNS OF TRANSMISSION ELEC TRON
MICROSCOPRPY IN MATERIALS SCIENCE _ _
AND ENGINEERING ;e

. RECE v
Gareth Thomas _ LAWRENCE
: - RADIATION LABORATORY

JAN 29 1974
April 1973
P LIBRARY anp
LOCUMENTS SECTION

Prevared for the T. 5. Atomic Energy Commission
under Contract W-7405-ENG-~48

4 A

For Reference

Not to be taken from this room

- ),

\'J

ELYI~TTY"T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States i
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




GENERAIL, REMARKS

Vi LU Y - gh BT . z {‘- rd
W o ocl o WO <1 s oy O

SOME APPLICATIONS OF TRANS)

MISSION ELECTRON MICROSCOPY
IN MATERIALS SCIENCE :

AND ENGINEERING -

Gareth Thomas v -
Professor of Metallurgy
Deparument of Materials Sciences’ and Engineering
" University of California
Berkeley, California 94720

It hee’long'been'the aim of metallurgists, and now in a more general

way, of materlal sc1entlsts, to be able to learn enough about +he rela-

'tlon between mlcrostructure and propertles that lu beccmes possible to
‘de51gn a materlal from flrSu pr1nc1p1es for partlcular appllcatlons.
In phy31cal metallurgy,'we are Just enterlng such an era, expe01ally

T in the.deslgn of strqng tqugh_alloys.

- The role of electron microscopy in this development is essential,

if control of microstructure is to be achieved. The situation is less

edvanced in the case of engineering ceramic materials, partly because they
 are more cOmplexrand‘because they are difficult to preﬁare suitablyfthin/
for transmission electron microécopy. Similarly, many organic solids of

intefest cannot'be.sﬁudied.eaSily.becaﬁeerof the problem of radiatidn

bdamage which causes specimen destruction through such pr0cesses.as bond

-breaking, ionizatioﬁ, cross-linking, etc;, In these latter cases; the high

voltage e1ectrcn mlcroscope 1s particularly 1mportant because a) the greater'

penetratlon (Fig. 6 Chapter 1) enables thicker specimens td be-examlned,

‘ thereby m1r;m1z1pg spec1men preparatlon dl flcultles, b} th rere is a~

reductlon in radlatlon damage with 1ncreas;ng energy. However, at certain

threshold energies, knock~on damage occurs in which atoms are e€jected

from their lattice sites. In metals, this effect is one of major impor-

tance because 1) such damage can be studied directly in the microscope;
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hence it is a powerful technique for understanding problems of major
interest in reactor technology (e.g;'swelling) especially in view of the

energy crises and the need for safe application of nuclear reactors,

e

w_._2)'}Vmock-on damage modlfies,the microstructure and from this vieWpoint :
determines the.maximum operating voltage. |
In the present paper; some examples of current research in my group
on metallurglcal (Part l) and ceramic materlals (Part 2) is given. Other'”
examples have heen.rev1ewed recently (l). - | | |
. S Lo PART 1 .

V-

SOME METALLURGICAL APPLICATIONS - ROLE OF PHASE TRANSFORMATIONS

Commerclal alloys are complex and are put 1nto service after varlous

'-heat treatments, whlch 1nvar1ably involve one or more types of phase

' transformatlons. The modern aeroplane is a good example' alumlnum alloys

N used in the superstructure are prec1p1tat10n hardened vand the mlcrostruc— o
tures sufferlthe constralnts of heterogeneous nucleatlon and growth the

. landlng gear and englne‘mounts are made from quenched and tempered steels

whlch 1nvolves marten51t1c followed by prec1p1tat10n reactlons, the englnes
elnclude blades made from superalloys in which orderlng transformatlons occur.

The problem of de51gn for the materlals sc1entlst is to produce
materlals whlch have all the de51rable 1n—serv1ce propertles, and mlcro-h:
structure. Although great progress has been made in advanced technology,p;
serv1ce fallures are Sulll too common, for example mechanlcal fallures

-in shlpsAand brldges and aeroplane 1and1ng gears. h

Slmllarly, control of electrlcal and magnetlc materrals requlres a

.better apprec1at10n of the 1mportance of mlcrostructure.: This aspect is

1llustrated in a recent review dlscu551ng semlconductor materlals by :
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K Meieran and Cass (2) These authors empha31ze the nece331ty for ut111z1ng
all of the modern technlques for characterlzlng structure
A ba51c part of alloy deS1gn is that of understand;ng, controlling

_\\\e

... and utilizing phase transformations (see for example ref. 3). Transforma-

Co

thns involving:nucleatiOn and growth suffer from heterogeneous nucleation,'
G AR ..‘i> e.g..at graln boundarles, (Flg. la) leadlng to preclpltate free zones

' PFZ (h),and in other regions in the matrlx such as at dlslocatlons.‘ Thls

_ , non—unlformlty of structure leads to preferentlal plastlc flow 1n the

ﬂ:*Jg} - "::regionséQOf IOWer yleld strength e. g. in the PFZ and generally poor

2 | toughness. Attempts to av01d these problems in. Al alloys have 1ncluded

QMWTW, thermal mechanlcal proce351ng (5) and minor alloylno addltlons (6,7).

An alternatlve approach is to utlllze homogeneous transformatlons in whlch

e

_ there is no nucleation barrier e.g. splnodals (8-10). Flg. l(b) shows
.the uniform nature of‘the”preclpitate'morphology, expec1ally at graln
'Aboundaries;;and inrprinciple7such:microstructuresAshould lead to éood-p
| toughness properties.. However, even in such cases, intergranularrembrittle—'s~'
»iment:ls observed and in.the-followlng‘section, the.use of Several'techniques
fls described in an attempt to understand the reasons for this'behaviour.
é - INTERGRANULAR EMBRITTLEMENT IN SPINODAL CU—NI~FE ALLOYS
- .»1 - :' '~:v The mlcrostructural changes occurring during splnodal decomp051t10n
_— 15u _ of Cu—Nl-Fe alloys have recently been reported (9 10) and the change in
yleld strength of the aged alloys has been corrélated w1th the partlcle

-

_ 51ze the comp051t10n and the relative volume fractlon of- the two phases.
- The yleld strength is not determlned by the wavelength but rather by the ,
difference .in composition between the two phases. In these studles, it '

was observed that the‘aged tensile sPecimens failed intergranularly with
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elongations to fracture of ~10%, i.e. the grains were ductile, but failure

occurred at grain boundaries in spite of the apparent homogeneity of the

structure (Eig. 1b). Work has been done tovanalyze why spinodally de- _

composed Cu;Ni-Fe alloys failed’intergranularly and to determine'the'graln-_‘
size effect - for this mode of fallure (11).
An alloy contalnlng (in welght percent) 657 Cu—277 N1—97 Fe was annealed

in- three batches u31ng dlfferent anneallng temperatures and t1mes to glve p

“;'three graln sizes ranglng from 6p to 90p. The graln dlameters d were .

_ measured from optlcal mlcrographs u51ng the llnear 1ntercept method. Stan—-.

'dard flat ten51le spec1mens and 2 5 1n.'square fracture toughness spec1m=ns

"were fabrlcated from the annealed materlal. The spec1mens were then solu— o

tlon treated at 1050°C water quenched and aged for one hour at 625°C to

glve the maximum yleld strength as reported by leak and Thomas (10) The

* fracture toughness specimens were fatlgue cracked and then loaded to

- fallure u31ng a.MTS testlng machlne The metallography was done u51ng

light optlcal and scannlng and transm1s51on electron mlcroscopy.

. The graph given in Flg. 2 shows the llnear dependence of the experl—"? T

1/2

- mentally measured yleld stresses and stress 1nten51t1es on d The

elongatlons to fracture were measured on 1 in. gege length ten511e spec1—v

mens, and the values ranged from 29% for the small graln size decrea31ng

to 18% for the large graln size. The’k values are plane stress rather

than plane straln values because of the large plastlc zone whlch preceded

-

fracture. Furthenmore, the stress 1nten51ty was measured at the - onset

N

| of crack growth 80 that thls is not the crltlcal stress 1nten51ty, but

rather the stress 1nten51t1es for 1n1t1atlonvof slow crack growth. The



small.grain size‘specimen failed.on two orthogonal shear planes which were
. 457 to'the"fatigue crack whereas the intermediate grain size specimen
failed along one shear plane at h5° to the fatigue crack and the large
-...grain size spec1men has a relatively flat but faceted fracture with
-shear lips along the edges | |

During fracture testlng, the crack 1n the small graln size spec1men

. propagated by a dimpled tearing mechanism w1th small ledges on the frac—v

ture surface that appear to be grain‘boundaries. For the’ large grain

size- spec1men, the crack propagated 1ntergranularly w1th apprec1able

plastic deformation as ev1denced by the dimpled surfaces and the tearing.v
Some of the relatively flat grain boundaries have the appearance of'wavy

or serpentine glide uhich 1s 1ndicative of ductlle fracture mode. The

' fracture'surface of the 1ntermed1ate grain 51ze‘spec1men showed deflnlte.

'failure along ‘some grain boundaries, although not as pronounced as 1n the :

v‘large grain-size specimen, w1th numerous tear ridges and dimples. Flg 3

'shOWS;scanning fractographs which illustratefthese'features.

Optical metallography of the heat treated specimens showed that p

along -some of the grain houndariesvdiscontinuous precipitation'had occurred;

In the large grain size material, the'jagged, saw-toothed morphology of - .

. the precipitate was resolvable; whereas,'in the small grain size material

a deflnite thickening of some grain boundaries was observed. Transmission

electron microscopy showed a characteristlc spinodal mlcrostructure w1th

wavy, irregular particles aligned along <100> planes.and with a wavelength'of

758 (see Fig. 1b). Because of the randomness of the grain boundary pre-
cipitation and the preferential electropolishing that occurred along grain

boundaries, no'grain boundary precipitates were observed in the thin. foils .
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of the test spec1mens However; in samples aged for very long times or
at hlgher temperatures, preferentlal coarsening of the spinodal micro-
structure and discontinuous precipitation have been'observed at some _VH¢
- grain boundaries (e g. Flg. L), ” |

Some x—ray mlcroprobe results suggest that solute segregation may

be_qccurring at the grain boundarles in thls splnodally decomposed alloy.’

o Microprobe analysis of the grain boundary precipitates cbserved after

~ aging the alloy for lOOO hours at 625°C showed = 20% increase in thehNi ]

-:: and Fe concentratlons at the prec1p1tates compared to the matrix with a-

o= correspondlng decreasle.ln the Cu. concentratlon'. For a sample aged one"

--But-if- the . graln boundary zone is less than one ‘micron w1de (which is the

--——-formation. :E“ff‘;::‘*;j‘“ i

;;d;ameter~9f“theuelectron_bean) then 1t could not be resolved u51ng the

:J@iqroprgbe. ‘This experimentalrevidence'suggests the‘possibility that‘_

l;501ute_ségregation_nay;occurAat;the'grain.boundaries~during this trans-

.'—The‘experlmentally observed dependence of yleld strength on grain’
51ze is readlly explalned on the bas1s of macroscoplc yielding due to
constralned dlslocatlon motlon near graln boundarles and whlch can be
represented by the Petch equatlon. Based on the analy31s of Gerberlch

et al. (12) for age—hardenlng alumlnum alloys the stress 1nten51ty-t9

nucleate fracture at a grain boundary is glven by the equatlon

. "1;* K = (¢/d) e*l.

: where ¢ is a constant d is the grain dlameter, e* is the fracture stlaln

et the graln bou.ndary, % is the width of the grain boundary region (2.g.

hour at 62§°C, no change 1n comp051t10n was detected at the graln bouhdar1es.
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0.5 in Fig. 4a) and E is Young's modulus. The present experimental
‘results suggest'that—an_equation of.thislgeneral form may also be validj
for the integranular fractnre of spinodally decomposed Cu-Ni-Fe alloys.

From the erperimental-observations, it appearslthatﬂﬁhe discontinuous

~ precipitation reaction cases‘softening and subsequent crack propagation

at the“grain boundaries.. Alternatively,>at lowfaging temperatures and
for short-aging timesg solnte segregationorf‘preferential coarsening_of»brh

the sprnodal'mlcrostructure at the grain boundarles may be the prlnclpal

cause of the observed 1ntergranular fallure. Current research 1s concerned

wlth the mechanlsm of these graln boundary reactlons in ‘an attempt to

overcome the problem of 1ntergranular embrlttlement h ;minmaw_~;‘ﬁm3

’3; TRANSFORMATIONS AND PROPERTIES OF STEELS

Maruen51t1c Structures'f'

Metastable Austenlfes - Straln Induced Martens1te

"‘The'martensitic'transformation from_the fcc to thehbcc phase'in

metastable austenitic stalnless steels such as Fe/18N1/8Cr is compllcated

by the presence of’the hcp (e) phase whlch is always found to be closely o
'assoc1ated w1th the a " Both the transformatlon products, e and o, are
belleved to transform marten51t1cally in that a shape chanoe was. observed

Cin each case, although .as p01nted out by Wayman in ref 2 the shape

change has not yet been verlfled to conform'to an 1nvar1ant plane strawn.d, B

It is p0531ble for these phases to be obtalned either by direct quenchlng
of the austenlte to below the M temperature or by stress-1nduc1ng the . “
transformatlons below Md temperaturen(Ma > MS), although_lt is not Clear i
whether in 18/8 thaﬁ o can be'produced_just by qnenching.v | |

dpm



. The-structural characteristics of the € and o phases in these alloys
have been'widely investigated using transmission electron microscopy in
conjunction with x-ray techniques, since the early work of Venables (13)

RN Recent 1nvest1gations (lh) have established the sequence of transforma-

-

o » tion to be Y+e+a andmthate is a thermodynamically stable phase in 18/8.

These duplex alloys are of great 1nterest as hav1ng potential high strength

- - : .
. - — e e - - . -

and corr051on res1stance e. g the yield strength is linearly proportional

to the volume fraction of o martensite (15) The marten31te is obtained

hy plastic deformation at temperatures between M and M » both of which

depend on comp031tion, and vary from alloy to alloy : Invoking the rule

of mixtures 1t is p0551ble to predict the mechanical properties of . such

- LAl - s — el bt i N T ——
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alloys as shown by Gerberlch et al (16) By controlllng the transforma—

tion, a nev class of tough strong steels has been developed (177*_”ﬁowever,

_there is still a lack of knowledge of the factors controlling a morphology,.,

"orientation dependence of M (1f any) and the mechanism of the stress

1nduced marten51t1c transformation. Thus, we have embarked upon a program

uSing Single crystals of an Fe-lSN1~lSCr alloy 1n order to analyse the

transformation Y*€+a for crystals oriented for 51ngle, duplex and multlple

sllp; using x-ray and light and electron microscopy techniques (18) - The

. :-.,“' ' orientation relatlonships Y-a are of the KurdJomowaSachs type (K;S) '(Seei
refs. l9 20 for details of the crystallographyﬁof nmrten51tic transfonaa—
tions). | . | | A>- ‘ | R
J :‘An adyantagevof Single crystal work is’that.the crystallography can

| be studied in detail and also the morphology of the transformed regions,:
as can be seen in Fig.'St The volUme fractions'of transformed‘phases are”

' found by(x-ray analysis.
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New results have been obtained uith.single cr;stals in [§I3jy pulled-
to 5%‘tensile strain at a temperature'of'l85°K (about 15° below Md)fr Thisv
is the single glide orientation.- The crystals transformed to 6%>¢ B
martensite and_2% € martenSite by_volume. About 80% ofbthe g martensite
had the K-S variant of the orientation relationship |

[111]q.

[(110)& [0111y]

(I1)y
An 1nterest1ng p01nt is that the slip system in austenlte is also
(lll)-[Oll] ’ As is seen, the XS variant hes both the austenlte Sllp

plane and Sllp dlrectlon Flg. 5 shows the (lll)y and (Oll)y orlentatlons '

'of thls crystal. From the optlcal mlcrographs it is observed (by selec-},:f.-g

:tlvely etchlng the‘y~aboundary) that o ex1sts as needles lylng in the
'(lll)y plane. The electron mlcrographs show the a martens1te needles’
'bounded by sheets of € marten51te The ¢ plates are the dark bands lylng
nln the (lll) sllp planes. Ep51lon marten31te is always present parallel
to the Sllp plane. Neither ep31lon nor a martens1te form 1n undeformed
B reglons. We believe the reason o needles are not formlng in assoc1at10n
w1th KS varlants other than‘those in the slip plane is because of the 5‘;"
'conflnlng effect of the first formed £ sheetsn.vThe £ plates appear to
extend completely over the slip plane." o o

- The dlslocatlon structure is currentlfiberng'analysed ln an attempttam
to 1earn more about the nucleatlon of'the-a— needles: lt has been found;.
" that Md is a functlon of the crltlcal resolved ~shear-stress of the H
mar;en51te habit plane as well as temperature . In the lS/lS alloy, the

vMa is’suppressed as the'tensile ‘axis of the cerystal moves.from [llO]y to

[100]y.
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b. Martensites and Tough, Strong Steels

Low alloy structural steels ( <about 0.4% carbon and containing small

h amounts'of Ni, Cr, Mo and other elements) can be quenched from the austenite

temperature ( =1100°C) so as to transform to martensite below the M, tem-
peratures. - Such steels are then invariably tempered to improve toughness,
although there is no fundamental reason for all martensites to be intrin-

Sically brittle. However there appears to be a correlatlon between

marten31te substructure and embrlttlement. In untempered steels, 1f the _ u,

comp051t10n is adjusted such that marten51te is 1nternally dlslocated

“rather “theri- tW1nned-621)mmone—can—obtaan—strong—tough—martensate—evc" :

w1thout temperlng. The apparent relatlonshlp between the transformatlon ) :

'substructure, strength and toughness is shown in Fig. 6 for a series of

Fe—Nl—Co—C steels (22) whlch are of 1nterest for appllcatlons in aircraft

‘ components such as landlng gears. This correlatlon has 1ead to a systematlc ,vf
. investlgatlon of the factors whlch control the transformatlon Substructure

_”and mechanical propertles (see Ref:2l1 for rev1ew).

The basic crystallographic features of martensite have been discussed‘

. by Wayman (19,20). The'complex defect substructure of martensite arises'

Hbecause of the 1nhomogeneous shear component of the transformatlon straln'

It has been proposed (21) that it is the relatlve crltlcal resolved

-shear stresses (CRSS) for Sllp and tw1nn1ng over the transformatlon

temperature range M —Mf that determlnes whether martens1te is dlslocated

or tw1nned or both.' The tw1nn1ng can be complex and the analyses descrlbed o

v

_;1n Chapter 1 must be followed 1f the structure is to be quantltatlvely

characterlzed Flg; 7 shows typlcal examples of marten51t1c structures.‘

: Slnce the CRSS for Sllp in be crystals increases rapldly at low tempera—

tures, the MS_Mf temperature range can be regarded as a useful parameter»



ln'designing martensitic'alloyS*to avoid twinning. Since carbon has the
most dramatic effect on lowering'Ms, we believe O:h% carbon (in solution)
represents the mamimum possible'carbon content:‘ A simple: ternary Fe-Cr-C
‘i\sa\ aquuenched martensitic alloy has been designed to meetfthese criteria,d
whlch has propertles equal or superlor to exlstlng more complex (and more
.expen51ve) steels (23) |
Temperlng martensite produces prec1p1tat10ntof cementlte (Fe3C) and

other carbldes. The morphology depends upon the marten31t1c substructure,

the compos1t10n and temperlng temperature and Flgs 8 »9 show typlcal

‘examples; In—the absence of—secondary hardenlng (hardenlng due to pre—d R

c1p1tat10n of alloy carbldes such as molybdenum carbldes) the temperlng

‘range produc1ng 1nterlath carbldes should be av01ded because the toughness

.deterlorates and 1ntergranular embrlttlement occurs. ThlS effect is

o similar to-that in aluminum alloys (compare Figs. la and 8g).
Characterlzatlon of these complex mlcrostructures requlres repeated

' appllcatlon of dark field 1mag1ng as Flg T 9 1llustrate. \

c. TIsothermal Transformatlons - Balnltes
If.austenlte in a low alloy steel 1s.held at a temperature above M 5

1t‘w1ll decompose 1sothermally into a product of deformed ferrlte and

carbide called bainite (2) which closely resembles the_structure of

.tempered martensite. Two generally-dlstinct morphologies knovn as upf:>1
- per.(higb temperatures) and lower. (low temperatures) bainite occur.

Typical examples are shown ln Fig..lo.t fhe upper bainite is not.of much

ftecbnical interest'since the interlath_carbides cause embrittlement;

- again in a similar manner to that shown in.Eig. la and 8g.
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Lower bainite, however, has potential for high strength and toughness
at higher carbon levels than seems feasible for martensites: ”Iﬁ fact,
h%gh carbon Fe/Ni/Co/C alloys show higher toughness and strength when
transformed.to lower bainite than'after quenching to martensitiC‘(QQ).

The transformation mechanism of austenite to bainite has'been‘a topic

of argument forkmany years. The precipitation process, especially the

, initial'stage, in the bainitic transformation, is not thoroughly under-

_(stood., The characterizatidn of the nature and the crystallography of

-_carblde phase are 1mportant in. order to understand the structural

: constltutes the carblde phase in ‘upper bainite.. Although cementite is =~

features of balnlte.' It'ls generally accepted that cementite Fe3

frequently observed in 1ower balnlte, the exact’carbdde'precipitatlonu‘

process is é%iii’unééiiaih. It has been suggested by Oblak and Hehemann

(25) that eps1lon carblde is the first carbide formed in low temperature

»bainite.‘ Since the carbide precipitation in steel may assume many dif-

ferent:forms such asvepsilon carbide' Hagg carbide, cementite; etc.;

dependlng on the transformatlon temperature and tlme as well as comp051-

tlon of the steel, the characterlzatlon of carblde must be approached

“w1th great care. Unfortunately, it is frequently not pos51ble to unamblg- .

- uously. determlne the nature of the carbldes present because of competlng L

ks factors and thelr complex structures.

In order to try to- understand these complex1t1es ve are currently ’

:1nvest1gat1ng (26) the nature of balnlte in a w1de range of alloys |

(dlfferlng comp031tlon and transformatlon temperature) one steel v1z.,

Fe—O ShC—l 8781 w1th M temperature of 250°C has been 1sothermally trans-‘

5 formed to lower balnlte at 275°C. Flg. 11 shows the structure to con51st =



f'and from Fig. 11 we obtain f

13-

of a high density of carbide precipitates uniformly. distributed throughout
the bainitic ferrite matrix. These carbides form as thin platelets

laths varying in size from 60 to 2008 wide and T00 to hOOOA long. The

.correspondlng selected area dlffractlon pattern is shown in the insert

together with its.indexing The matrix is in (lOO)a zone and the-carbide |

'1s analyzed as ep51lon carbide which orients at about five degrees from
_the (1120)e zone. vIn,addition to the identification of ep51lon—carb1de'

in lower bainlte the orientation relationship between epsilon—carbide _ -

and ba1n1t1c ferrite may be obtained by stereographic progection analy51s,'

A;,:fw; ,,,,,,, (OOOl)c u (011)a 5 'j1;;;i:eff;]'m*jg¢;ﬂ :T’tﬁ S ',-f'I‘EFiflf~é

(lOll)e " (lOl)a e ,.f SRR

.for tempered martensites;

which is the same as the orientation relationship;suggested by Jack;(27)

: ThlS new observation of the ex1stence of ep51lon—carb1de in lower

' bainlte further conflrms the transformation mechanism that lower balnite
‘forms initially as supersaturated ferritevfrom which epsilon—carbide
prec1p1tates very rapidly and is subsequently replaced by cementlte :

_ upon further transformation Also, it is ev1dent that the nature of the

carbide phase that ex1sts 1n lower balnitic structures depends on the

'transformation~temperature and time as well as on the comp051tion of‘the

-steel under investigation.
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CHAPTER FIGURE CAPTIONS
Part I '

Fig. 1. Microstructures from aging reactions in alloys (a) Non-uniform
microstructures due to preferential .nucleation at grain boundaries in .

Al-Mg—Zn; The variation in nucleatingvconditiOns can be ihferred »

T~ from the variation in size and den31ty of particles ‘which occurs Wlth

- distance from the boundarles. Bright field (Ref o Courtesy Inst.
MetalS); (b) Apparent uniform mlcrostructure in splnodally transformed -

'Cuer—Fe alloy. The lower graln 1s in-a strong dlffractlng orlenta-

. o .
o tion and is thus in dark contrast. (Bright Fleld) The contrast _

,»;modulations 1nd1cate periodic fluctuatlons in comp051t10n along <OOl>.

1ﬁtiThe wavelength : increases with’ aglng time and temperature (compare to

Flg. 21, Chapter I)

rlgr“Q' - Stress - 1nten51ty and yleld stress values plotted -2S-a- functlonw~~—~-¥_fi~——

.'-(graln dlameter) 1/2 show1ng the llnear dependence of these two‘

| paraueters‘on ’_1/2 (Ref.‘ll courtesy ‘~Un1v. Calif Press)
Fig. 3(a). Scanning electron fractograph of the small grain size fracture-h
:spec1men show1ng the ductlle nature of the fracture as ev1denced by
dlmples in the grains. (b) Low magniflcation scanning electron fractograph

"of the large grain size fracture spec1men show1ng the 1ntergranular

'jfracture, notlce dlmples ‘within gralns._‘ ‘_ g "f_':;.A» : [“ o

, Fig.,h(a) Dark field electron micrograph of this Cu-Ni-Fe alloy aged :__1_ -

:;'for 10 hOurs at 700°C show1ng discontlnuous prec1p1tat10n at the
“ﬁgraln boundary (b) Brlght field electron mlcrograph of thls alloy
'f,aged for 10 hours at TTS°C show1ng enhanced partlcle coarsening ‘

’_'along the graln boundary (Ref. ll Courtesy Univ. Calif Press)

‘Fig. 5 Fe—lSNi—lSCr Single crystal in [213] after 57 ten31le deformatlon }“"“

4show1ng two @erpendicular) surface analys1s by light end electron

\)



Fig.

‘ Flg.

'steel; " The-: dlslocated lath structure is typlcal of low carbon marten51tes

,Fe—28.5 Ni-10 Co steel. (c) is a related dark fleld image of tw1n ‘

optical techniques: A,B thin foils bright field showing that the
c~phase forms as needles between the sheets Of:g, C,D are correspond-
ing light micrographs.- a.= a—martensite, b = epsilon on (Ill)

¢ = austenite (Courtesy G. A. Stone).

6. Showing the relationship between yield strength and fracture

toughness for a series of Fe/Ni/Co/C steels. ‘Notice at the same

yield‘stress the dislocated martensite is tougher than the twinned p_'

marten31te as shown by the bright fleld 1mages (tw1ns marked T)

(Ref._22 courtesy Amer. Soc._Met ) e

(a). is a-brlght fleld 1mage of as—quenched martensite in Fe—QSNi—IOCo

andmylelds hlgh toughness w1th moderate to hlgh tensile- strength.m*-<—** :

(b) shows the bright f1eld image of a twinned martens1te plate in

reflection The corresponding selected area dlffractlon pattern is

. shown in (d), and 1nd1cates the dark fleld image is formed by super—

imposed twin .and matrix reflections. The complexlty of the B

‘ substructure with matrix dislocations and.multlple tvlnnlng,

i‘ is revealed by this technlque Twinned'martensite normally occursh

when carbon content exceeds approx1mately 0. 37 or 1n general when

th total solute content increases. Except for cobalt, 1ncrea51no

‘the solute content also lowers the M temperature. The presence of

gy hlgh tw1n density in a marten51t1c structural steel has been

e

found to be associated with low fracture toughness and high yield

 .strength. (Courtesy S. K. Das).



| Fig.

8. Dark field imaging is an essential technique for determining -

' the‘distribution and orientation of carbide precipitates in tempered

martensites. (e) is the dark field image of a carbide reflection

in Fe—9 Ni-L Co—O MS c steel tempered at S00°F for. h hours, show-

'1ng the prec1p1tatlon of ep31lon carblde on’ {100} martensite planes

~

The initial formation ovae3C on_{llO} marten51te planes is seen at A.

Epsilon carbide will precipitate only at low tempering temperetures and

dissolves upon formation of Fe_C at higher temperatures. '(f) illustrates

3

'tempered at hOO°F for h hours.' This pre01p1tate-substructure is found -

the dark fleld 1mage of a Wldmanstatten pattern of FeBC in Fe—hCr—S 3Co-0 3SC

‘in almost all dislocated martenSites tempered at low temperaturés, as - R

~

weli‘as—in‘as;quEnched“martensites—which"undergo~autotempering—dueﬂto—s.

their high_Ms'temperatures. The formation of a Widmanstatten pattern-

of Fe_C is accompanied by "normal" tempering behavior, viz., an in- - -

3

orease in fracture toughness and a decreese‘in yield strength. hAt

higher temperlng temperatures, carbldes ‘may prec1p1tate along marten31te |

"lath boundarles, causing a marked decrease in toughness., (g) shows a

dark field image of interlath carbides in the same alloy as in (f)

‘tempered.at 800°F for h hours. At very hlgh temperlnc temperatures, o

the carbldes spherodlze produc1ng an increase in toughness and a n

*further reductlon ln yleld strength A dark fleld 1mage of spherodlzed

- carbldeS'ls shown in (h) whlch is the same steel as in (f) tempered

Eig.-

vat 1000° F for h hours. (Courtesy S K. Das and M. R Raghavan)

9.t When tw1nned marten31tes are tempered the carbldes prec1p1tate

r‘along the twin boundaries. The twin boundary carbides have been

2



associated with a decrease in fracture‘toughness in structural steels.
(1) is a bright field image of a. tw1nned marten51te plate in Fe—27 Ni-10
Co-0.1C steel where the twin den31ty is hlghest at the midrib. . The
steel was tempered at 200°C for 1 hour, and a Widmanstatten rattern

of Fe3C is seen outside the tw1nned area. (J) shows a dark field 1mage ‘

~of the tw1ns, and (k) is a dark field image of the unidirectional

carbides on the tw1n boundaries. Note that the particular Fe3C reflec-

tion used in (k) 1llum1nates only the tw1n boundary carbides and not

the Widmanstatten pattern outs1de the tWinned area. This p01nts out

'the need for imaging several different carbide reflections 1n-

 order to determine completely the precipitate morphology. :These -

examples illustrate that the'temperiug behaviour depends on the

&

initial martensitic substructure which can vary within each plate as

- well as from plate (or lath) to plate. (Courtesy S. K. Das).

Fig.

lO(l) is the bright field image of upper bainite in Fe-hCr—O 3k ¢

" steel, and (m) is the dark field 1mage of a carbide reflection, show-

ing the characteristic elongated carbides between the balnltlc —

 ferrite laths. Upper bainite, which is'formed at high isothermal :

' transformation‘temperatures, normally has a low fracture toughness.

'Note the similarity of the carbide morphology in (m) with that shown

in (g), a tempered marten51te which is likewise embrlttled by 1nter-'

~ lath carbides. At lower transformation temperatures, the Fe3C precipi—»_'

tates unidirectionally w1th1n the balnite laths This is seen in

(n), the bright field image of lower bainite in Fe—hCr—S BCo—O 35C

steel. The ‘dark field image in (o) reverses the contrast of the

Carbides. Normally the carbides in lower bainite form at an angle
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of 55% to 65% to the long direction of the bainite laths. -The carbide

, utilize isothermal transformationé to produce disldcated lower bainite

Fig.

‘“that‘of—tempered—dlslocated~marten31te. LCourtesy SJ_KA_Da514~_ _

morphology of lower bainite in (1) and (m) is similar to that of

‘dislocated martensite tempered at low temperatures, as seen in (e)
and (f). Both structures also exhibit’high.tOUghness values. It is -

“thus seen that by comparing ubber bainite with tempered martensite

having interlath carbideé, ahd lower bainite with tempered'martensite

hav1ng Wldmanstatten carbldes, there is a strong correlatlon between

-~

mlcrostructure and mechanlcal-propertles. In steels hav1ng a tw1nned

‘martensitic substructure and poor toughness, it may be preferable tq

'hav1ng a hlgher toughness due to the 51m11ar1ty of—lts structure w1th o

11. Structure of lower balnlte Whlch is obtalned by 1sothermal

'transformatlon of O. ShC-l 8781 steel at 275°C.. Characterlstlc wavy

exsilon carblde partlcles from 60 to 2008 in w1deth and T00 to hOOOX

1n length are seen in the bainitic ferrite grain. The inset shows
the selected area diffraction pattern where the foil orientation'isv
(100)a and the epsilon carbide is about 5 degrees from (lléo)e orien-

tation. (Céurtesy D. Huang).
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DISLOCATED AND TWINNED AS-QUENCHED MARTENSITES

.

{A) is » bright field image of as-quenched martensits in Fe-25 Ni-10 Co steel. The dislocated
tath structure is typical of low carbon martensites and yields high toughness with moderate

=~ to high tensile strength. (B) shows the bright field image of a twinned martensite piate in

Fe-28.5 Ni-10 Co steel. (C) is a related dark field image of a twin reflection. The correspond-
ing selected area diffraction pattern is shown in {D), and indicates the dark field image is
formed by superimposed twin and matrix reflections. The complexity of the substructure,
with matrix dislocations and multiple twinning, is revealed by this technique. Twinned
martensite normatly occurs when carbon content exceeds approximatety 0.3% or in general
when the total soluta content increases. Except for cobalt, increasing the solute content
also lowers the Ms temperature. The presence of a high twin density in a martensitic strue-™
tural steel has been found 10 be iated with low 0 toughness and high yield

strangth.
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TEMPERED DISLOCATED MARTENSITE

FanCed,  ose ‘
= Vil : .
. ) o Magnification: 76,000X 7 Magnification: 75,000X
C e P . Dark field imaging is an il technique for d ining the distribution and arientation ’ -
P e . . L o of carbide precipitates in ternpered martensites. (E) is the dark field image of 3 carbide . : .
L - . P . reflection in Fe-9 Ni-4 Co-0.45 C steel tempered at 400 °F for 4 hours, showing the precipi- * - ) X R
: tation of epsilon carbide on {100} martensite planes. The initial formation of Fe3C on -

{110} martensite planes is seen at A. Epsilon carbide will precipitate only at low tempering - . .
.,; . . . [ . X temperatures and dissolves upon formation of Fe3C at higher temperatures. (F) illustrates - B . - .
/7 - . . R ) the dark field image of a Widmanstatten pattern of F3C in Fe-4Cr.5.3 Co-0.35C tempered ) A R . e
#t 400 *F for 4 hours. This precipitate substructure is found in almost all disiocated martens - . . - . - X
ites tempered at low temperatures, as well as in as-Quenched martensites which undergo e
autotempering due to their high Ms temperatures. The formation of a Widmanstatten pat- .o
term of Fe3C is accompanied by ““normal” tempering behavior, viz, an increase in fractura
toughness and a decrease in yield strength, . .
At higher tempering temperatures, carbides may precipitate along martensite lath boundaries, — = .. _ ... _.
eausing @ marked decrease in toughness. (G) shows a dark field image of interlath carbides i .
. . . in the same alloy as in (F) tempered at 800° F for 4 hours. At very high tempering tempera- - ’ s = N N
* - S - . tures, the carbides spherodize producing an increase in toughness and a further reductionin . : : v g
yield strength. A dark field image of spherodized carbides is shown in (H), which is.the same
steel a3 in (F) tempered st 1000° F for 4 hours.

Magnification: 77,000X

.

Magnification: 60,000X

| !




L

——
Lo

Magnification: 52,000X

Magnification: 52,000X
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When twinned martensites are tempered, the carbides pre-
cipitate along the twin boundaries. The twin boundary
carbides have been associated with a decrease in fracture
toughness in structural steels. {i) is the bright field image of
8 twinned martensite plate in Fe-27 Ni-10 Co-0.1C steel,
where the twin density is highest at the midrib. The steei
wes tempered at 20G° C for 1 hour, and a Widmanstatten pat-

"tern of Fe3C is seen outside the twinned area. (J) shows a

dark field image of the twins, and (K) is a dark field image of
the unidirectional carbides on the twin boundaries. Note that
the particular Fe3C reflection used in (K} illuminates only
the twin boundary carbides and not the Widmanstatten pat-
tern outside the twinned area. This points out the need for

imaging of several different carbide reflections in order to -

determine completely the precipitate morphology. These ex-
amples iliustrate that the tempering behavior depends on the
initial martensitic substructure which can vary within sach
plate as weil as from plata {or lath} to plate.

. .. h e N

Magnification: 52,000X
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Magnification:

80,000

- (LY is the bright field image of upper bainite in Fe-4Cr0.34 C steet, and (M) is the dark field

" Atjower transformation temperaturss, the Fe4C precipitates unidirectionally within the biins

7

Magnification: 80,000X _

image of a2 carbide reflection, showing the characteristic elongated carbides between the
bainitic ferrite laths.: Upper bainite, which is formed at high isothermal transformation - ---
temperatures, normally has a low fracture toughness. Note the similarity of the carbide
morphology in (M) with that shown in (G}, a temperad martensite which is likewise em-
brittled by interlath carbides.

ite faths. This is seen in (N}, the bright fietd image of lower bainite in Fe4Cr-5.3Co-0.35C

steet. The dark field image in (O) reverses the contrast of the carbides. Normaily the carbides

in lower bainite form at an angle of 55° to 65° to the long direction of the bainite laths.

The carbide morphology of lower bainits in (L) and (M) is similar to that of dislocated-
martensite tempered at low temperatures, as seen in (E} and (F). Both structures also ex- -
hibit high toughness values. it is thus seen that by comparing upper bainite with tempered . o
martensite having interfath carbides, and iower bainite with tempered martensite having
Widmanstatten carbides, there is a strong correlation between microstructure and mechanical
properties. . B . .

n steels having a twinned martansitic substructurs.and poor toughness, it may be preferabie

- to ulilize isothermal transformations to produce dislocated lower bainite having a higher

toughness due to the similarity_ of its structure with that of tempered dislocated martensite.
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PART 2

CERAMICS AND MINERALS,
APPLICATIONS.OF HIGH VOLTAGE ELECTRON MICROSCOPY

1. INTRCDUCTION | T

Thé éxaminatioﬁ of.nén-méﬁallic métérials‘is proéééding.rapid;y
n.aﬁ.this time; espééially.ét.high volﬁagés. Thié'isAaué to the éréater
'peneﬁfation and réducéd ionization damagé at high voltagés, coupléd with'
considerabie impro#éméﬁts in specimen preparation téchniqués such as iqn
thiﬁningvof spuﬁter—ééching.. It is ihteresﬁing that the latter’teéhniqueé
were first triea twenty years ago when transmission électron micfoscoﬁy 1_
| of cfystals was just emérging; butvdﬁe té the succéss‘of chemical and
' éiéctrochémical thinning techniqﬁes éspeciéily‘for métals, ion ﬁhinning
wasknot_utilized until fairly receﬁtly when ﬁon4cdndﬁcting solids.started"
to be examined in defail. _ e _f~—»?~*;*ww%~~1 o
. 2. ION THINNING | |
The principies of - the latest dgvelopmentéfin iéﬁ-thinning'ﬁéve:been-‘;‘
.déscribea by Barﬁe; (1). A scﬁematic diagram of the apparatﬁs is shbﬁn
in Fig. 1, whichAis a médification-of a comméfciai sputtering device.

- When preparing thin foilé, it ié iméértaﬁtlto ﬁee? théir tempera-
vtufe sufficieptly low tb.aﬁoid structural chéngésﬂv‘C§nsequently, ion
current densitieé in excess ofj=200 ﬂA/cm2 are unheceésary.‘ This is a_
factor of lo—l-to 10-2 lower than the ioﬁvdeﬁsityiin'nofmal spﬁttering
" systems. .Moreovef, if ﬁhe‘ion energy is.incfeaéed ﬁe&ohd = 10 keV,
>mos£vof the increase is dissipated in deéperipénetrafion (whichvis cieafly
un@esirablé) and ﬁot ih éreater efficiency'of sputtering. .With:care;
damage t; the‘sﬁrfacés by ion‘bombardmént caﬁ be'kepﬁ:to a miniﬁﬁm.. How=- -
ever; ionldamagé in théveléctron microscopé-can dccur as ‘is discussed N

. later. The ion guns are of the hollow anode type and each prdduces
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one beam. ZEach anode is connected. throug h a large ballast re31stor to
a well—stablllzed 10 kV 10 mA DC supply The‘bombardment chamber is
mounted over a 6 in. dlffu51on pump and llquld nltrogen trap, backed

by a two—stage rotary pump. The vacuum system malntalns a worklng

-vacuum of betweenAld_3 and lO—k torr while high burity argon"gas is
*enterlng the anode-cathode 1nterspace through flne needle valVes. The
- main dlsadvantage of the cold cathode ion source is that 1t necess1tates

a relatlvely large flow of gas 1nto the system.. With a typlcal gas flow f,
. rate of =5 x 10—2 torr 1 sec -1 therevls an ion current of about TO pA per '
. gun at 6ka> The ion: current den51ty at the sample is about 200 uA cm 2.

The ion currents can be measured and balanced by means of retractable

POV -
| . . . P o e i Sy s

probes..~

B

The sample w1th 1ts perlphery sandw1ched in a thln stalnless steel
holder, is rotated in the ion beams. The inclination of itS'eXPOSed sur—

faces with respect to the beams can be preset at angles between 0 and

~30°. It is important that the ion beams should 'see“ both surfaces andr

erode them at equal rates if no prov1s1on is made to stop the'back—

diffusion of sputtered atoms from the sample end 1ts holder. To minimize -

thevredeposition of sputtered material on the sample, one can place a =

'partial shield around“it which is cooled by ligquid nitrogen.'uThe Shieldi -

also prevents the occurrence of arc dlscharges 1n.the ion guns when ”'."
thlnning materlals whlch-glve off volatile constltuents. Eventually,‘

the” 1on sources become electrlcally unstable to glow dlscharge because

‘Lof enlargement of the holes in the cathodes. In normal use,»however, .

‘the¥ have a life of about 250 h.
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3. ION DAMAGE

- DeJonghe and Thomas (2),observed'that ion damage in the form of
vacancy defects occurred when cobalt ferrites were examined in the .

650 kV microscope. Mass spectometer measurements'of the impurities

“in the objective chamber indicate that nitrogen and oxygen lons are the

most likely ones. to cause damage (Fig.'2). ~The density of defects does

not seem to exceed gbout 2 x- 10 per cm2; and therefore, do hot mask
other features Nevertheless, their presence must be recognlzed as
arlslng'art1f1c1ally i.e. they are not characterlstlc of the normal '

mlcrostructures, They can be seen as small straln contrast defects in

Fwsh89 , : .
L, 'EXAMPLES OF RESEARCH ON SPINELS '

Presently, about thlrty dlfferent cations are known to form splnels'

with oxygen We are studylng cobalt:and llthlum ferrltes Whlch are ferrl—
magnetlc and are thus of 1nterest in the electronlcs 1ndustr1es e. g-, (3).
Conventlonally, grain 51ze or por051ty has been used to control the magnetlc

propertles of polycrystalllne ferrltes, but 1t is llkely that heat

treatments, produc1ng the proper mlcrostructure, could lead to magnetlc,

| materlals w1th hlghly de51rable propertles. Compared to mechanlcal

propertles the fleld of mlcrosctructural relatlonshlp with magnetlc
propertles has hardly been explored. Our results.of phase transformatdon :
studles in cobalt ferrltes over the comp031t10n range Co/Fe'ﬁVO;SE/O;T6>‘
have been publlshed prev1ously (h) | N

The structure of splnels is best’ understood 1f attentlon 1is focused

on the"oxygen sublattice. The‘oxygen.sublattice is face centered cubic.



The‘.OCtahedraJ_ and tetrahedral intefstioeS'are partially filled with

the'Cations cobalt (or 1ithihm)_and iron. 'Thése ferrites‘are inverse

spinels,'whiCh means thatAtheftriQalent ions prefer'the’téfrahéaral gifés
\\\*m rather than the regular octahedral sites:"Lithinm ferrites in the |

composition range being etudieds.viz-, L1F85085 order below T50°C

b)) Dislocations in Spinels

Except for simplevstructures, dielocatione‘in oxide crystalernave
'been sdmewhat negleeted by the ceranist, nainly because most highiy :
jonic crystais are very brittle, even'np to-highbtenperaturee. The
efforts in studies;of nechanical pfopertieS‘of ceranics nave therefore

A been concentrated on crack formatlon and propagatlon on a macroscoplc

e L e

,scale. Dlslocatlons play a fundamental role in the mechanlcal behav1or

of ox1de materlals, as they do in metals, and the detalls of the dls—

‘locatlon_structure itself should be of great importance with regard to -
high‘temperature deformation, fraoture, or creeé. Detailed‘contrast |
experiments have.therefore been carried out to_determine the deéree of
-dissociation of dislocations in cobaltvferrite:spinels.> |

-The éeometry of dislocation diesociation in the sninel lattice'haek
been discussed in detail by ﬁornstra,’(s) ﬁho advanced>agruments for é.w-
four-fold dissociation ofva‘perfect dislocation‘in spinels. The main
agrumenta are tnat looalrelectroneutrality oan onlj.be:maintained:in the
four-fold disaooiated confignration and that in nature spinels are founav
that‘areAtwinned on {lll}planes. This obser#ation of twinningtin natural
epinelsrwas seen as‘evidenoe for the presenee Of'Shockle§ paftials;
The'dtelocation reactions arevshOWn in Fig. 3:  For two;fold.dissooiation,

the bounding partials have identical Bnrgers vectors both equal to a/h<110>.




They are boundlng a. stacklng fault in. the cation sublattlce only, 51nce

-the’ fcc oxygen sublattlce has actually half the lattlce parameter of the

splnel lattlce.‘ Two-fold dissociation on {100} planes was observed in

magnesium aluminate spinels, and the nature of the cation stacking fault

»

‘has been discussed by Lewis (6). For the four—fold dissociation the two

outer pairs of SchoCklev'partials bound a compound fault: an intrinsic‘

. stacklng fault in the oxygen sublattlce plus a fault in the catlon sub-

’ lattlce In thls fault the’ catlons would have moved to their favored

crystal coordlnatlon.

C. Cobait Ferrite

The cobalt iron spinels examined were grown by a flux method, and

contalned only few dlslocatlons. The comp031tlon of the crystals varled

between Co

1. 05 e, OSOh and Co, 29 l Tth (7) After examlnlng many
specmens, no dlffractlng condltlons could be found where fault contrast

between dislocation pairs was 1n ev1dence. This in 1tself is already a

.strong 1nd1cat10n that the 1solated dlslocatlons do not have a Burgers

vector of a/h<110> but a more p051t1ve conclu51on could be drawn 1f

the magnltude of the Burgers vector could be determlned more dlrectly.

(Chapter 2) In strlctly two beam dlffractlng condltlons, as can be ‘_'

more. closely approx1mated in lOO kV’ electron mlcroscopes, the dlstlnctlon ’

' between g 3 =1 and g'b 2 is relatlvely clear when the dev1atlon-para—.v |

meter wg = 0. For g ‘3 1 the dlslocatlon consists of a smsle line 1mage, .

whlle for g‘b 2 the 1mage shows double llnes. At 650 kV the Ewald sphere has
apprec1ably less curvature than at 100 kV, and 1t 1s usually not pos31b1e
to produce two beanm dlffractlng condltlons. Instead the speclmen should

be tllted to glve a set of systematlc reflectlons. Analy51s requlres

ey
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the application of many beam dynamical theory, as.indicated in Chapter 2.
Reference to Chapter 2.and Fig. l9 provideskthe'baSis for the;applicatlon
~to dislocations in spinels;.vThe andlysis is based‘on comparlng observed
 \\\uH_énd calculated fringe spacings in the image'(positlon of subsidiary
maxima or minima) as shown ln Fiés. 4 and 5. For orlentation and -5
analysis, the silicon Kikuchi naps (8) can,be utilized, rememberingrthe
small differences in'structure_factor ruleS'betveen'spinel and'diamond>
cubichattices,w~-~p¥~~-Q - | o
: InvFigs:.h and 5,-microphotometer tracings of'the dislocation’images
are compared with A the calculated proflles (9) In prlnc1ple, a direct

comparlson between a mlcrophotometer tra01ng of an 1mage and 1ts calcu—

‘lated (or actual) 1nten51ty proflle, is not a correct procedure, since

for hlgh energy electrons the emu131on den51ty on the photographlc plate
1s linearly related to the 1ncrdent electron 1nten51ty (and not logarthl-
: mlcally_as ;sﬂthe case for photons). Instead, an 1nten31ty proflle “

should bevconparedlwith a‘densitometermtrac1ng. There are, however,.
nunerouscfactorspthat_can_affect the actual image profiles; dlffuse'scat-_
tering lnvparticular. The effect of the diffuse scattering, Which has not
been incorporated inAthe computer simulations;:ls to Droportionately in-
crease the low 1nten51ty levels much more than the near backoround onesr As
a result the relatlve dlfferences of the 1nten51ty extremes of the actual
1mage proflles will be much less pronounced than the theOretical ones;_ |

"The exponentlal response of the mlcrophotometer to emulsion den51t1es ff>
Veraggerates the 1nten51ty minima, and suppresses the.max1ma.' The result
is -that the mlcrophotometer partlally compensates for the effect of

dlffuse scatterlng, S0 that this trac1ng actually appears to be closer

40 the calculated image proflles than a den51tometer tracing. The posx—
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tion, however, of the relative ninima and maxima should not be affected

by the diffuse scattering. It is then better to think of the dislocation
image as a set of frlnges parallel to the dlslocatlon core, for whlch ’

. the fringe spac1ngs is more characterlstlc than the frlnge 1nten51t1es.

The criterion of agreement of fringe spacing between calculated and

actual xmages will then be the basis for determlnlng the value of g- 3

' The operatlng vectors in a set of systematlc reflectlons are labeled 8>

g ,_etc. and their correspondlng dlmen51onless deviation parameters are'
2 .

wls,ﬁzjétCQ The proflles for various values of gl b and for varlous
values.ofiwl

calculatlons g is always the flrst order reflectlon. Other parameterS"

are then calculated for the lZ—beam systematic case. In the

are f01l thlckness absorptlon coefflclents, and pos1t10n of the disloca- -

tion in'the foil.' In the analyzed dlslocatlon 1mages, the foil thlckness

was determlned by counting the number of ext1nct1on frlnges When Whho = 0.

The extinctlon distance for a 4ko reflectlon is about 800R. The first -

order extlnctlon distances are rather large, 26OOK for a hOO reflectlon, '

and 2150A for a Lko reflectlon. The scatterlng potentlals were computer
calculated from the scatterlng factors of the perfect splnel lattlce.
Two examples of analy51s are shown in Flgs L and 5. In Flg. L,

the dlrectlon of the Burgers vector Was determlned to be <llO> by the -

usual dlffractlon experlments, and under these dlffractlon condltlons,,",-f’

only gl = 1 and gl'b 2 are poss1ble . From the frlnge spac1ngs of

the 1mage, i.e. separatlon of the sub51d1ary mlnlma 1t can be concluded

N

1mmed1ately that the value of gl'b 2. A comparlson hetween a calculated"

and an- actual dlslocatlon lmage formed w1th gl % = l;_is shown in Fig- 5;

in thls 1mage the geometry is such that g B = 1 for the und1s3001ated
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dislocation.
. . . \ - - - -
Fig. 5. shows an unexpected double peak in the image near the core

of the dislocation. The doubling of the central fringe is only observed

~..when the imaée is in focus, so that electrical charges on the dislocation,

or possible magnetic inhomogeneities near the core cannot be responsible.
So there is no way in which the splitting of the central fringe can be

accounted for by an undissociated disloéation, even if this image is from.

a pure edge’dislocation, and the calculated profiles are for pure screws,vv:

Instead it must be concluded that this‘dislocation is probably slightly
dlssoc1ated with a partial separation of about 50 to lOOA._
These results conflrm that the catlon stacklng fault energy is hlgh

and that ‘the dlslocatlons are at most separated by ‘about SOK For accuratel

'measurements of dislocation spacings of thlS order, an in depth study of

the contrast from closely spaced dlslocatlons is necessary

The ferrltes that < were examlned here had a comp031t10n that ranged

.,from Co/Fe O Sh to O 76 The present observatlons do not of course

rule out that for splnels out51de thls comp051tlon 1nterval the dlsloca—'

tlons are 1ndeed more w1dely separated It 1s belleved however, that

21t can be taken as & general rule that the oxygen stacklng fault energles

by observatlons on a number of dlfferent ox1des, (lO lh) althouoh recent '
studles in 11th1um ferrlte have resolved stacklno faults, but not on {lll}
as descrlbed below.

a. thhlum Ferrlte (15)

Lithium ferrite undergoes an order-disorder transformation; and so

the nature of the defects depends on the state.ofrorder..*

' are very hlgh 1n strongly 1onic crystals. Thls generallzatlon is supported A



98

(1) Dpisordered LiFe 0

s

o

&
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s
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i
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Flux'grown crystals of LiFeSO8, quenched from a temperature above

the ordering temperature, contained areas with a high density of defects

. s o, )
(Fig. 6).A g-R analysis on these faults showed that R = 1/4<110>. The

‘predominant fault plane is‘fLIO} with ﬁ'always perpendicular to the

- fault plane. However a few 1solated examples of {llQ}and {123} fault

_planes were also found.,

(2)”.0rderednLiFe508 -

From an analy51s of the ordered structure, 1t could be predlcted

that in the ordered state, antl-phase boundarles w1th R 1/2 <llO >

would be formed. " Contrast analysls usrng the o = 2ng R rule dlscussed

in Chapter 2 (Fig. 7) is in agreement with this prediction.

These anti-phase boundaries can end on a dislocation'with b = l/2<llO>;‘

as'shown in Fig. 8. 1In 8(a), the APB is faintly vwslble. The plate'was .

taken with w022 .O. Due to the 1nteractlon between the Oll superlattlce

beam and the 022 beam, the APB is v1s1ble in the 022 dark fleld although--

= 2ng‘§'=.2an The dlslocatlon conflnlng ‘the -APB is spllt 1nto two .

partials with b = l/h<llO> with a catlon stacklng fault in between.i Fig.l8(b) ’ :

’was'taken With WC66 = 0, The two faults are out of contrast now and the

two partials”are sharply resolved.
As dlscussed in Chapter 2 and 1n the Chapter by Gorlnge, an advantage
of u51ng hlgh order brlght field 1mages at hlgh voltages is the 1mprove-,“

ment in resolutlon of dlslocatlon images. The 1mages become narrower as

hg is increased . This phenomenon is clearly seen in Flg. 8(b) where the

image w1dths are < SOA.
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e. "Ferrimagnetic Domains in Cobalt Ferrites

In the absence of strong applied fields, all large nagnetic cfystals
contain magnetic domains.- In metals, such'as'cobalt and iron, thesev 7
uu\domains have usually.been imaged in the electron‘microscope‘with the
Lorenz method. (See Chapter.by Jakubovocs) This is essentially an out-
of-focus technique, in which use is made of the differently_directed .
.Lorenz fofces in adjacent domains on tne probing electron beam (l6).d Thé

specimen is usually lifted out of the objective lens, so that it inter-‘

acts less w1th the magnetlc fleld of thls lens. -This method has the
) unav01dable draWback that crystal defects and domaln walls. cannot be

Observed 51multaneously In the work of deJonshe (1), the ferrlmagnetlc o ”'ff-t

cobalt ferrlte foils were in the regular spec1men p081tlon, and due to the.lllNlmn-ﬂ

hlgh f1eld 1n the obJectlve lens, only 90° domaln walls could be present.

The crystals examlned were the same as those used for the dlSlOC&ulOn ‘

analy51s as dlscussed in sectlon (b) Flg 9 shows an example of ferrl—

magnetlc domalns in Wthh the contrast 1s due to changes in the 31gn of s

on cr0531ng the walls {so called 8 frlnges by Amellnckx (lT)} These'walls

_are generally assoc1ated w1th {llO} planes and are visible malnly as a o

~result of magnetost*1ctlon and Lorentz cont;ibutlons are negllglble (T)
From the chanée in. contrast with AS, it follows that the domalns are’ also
tetragonal tw1ns, the tetragonallty belng caused by magnetostrlctlon : ThlS
tetragonallty is also detected in dlffractlon patterns since the Klkuchl
llnes are doubled. | |

' One of the problems with these materials is that the walls are very

mobile making analysis extremely tedious.
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5. HIGH VOLTAGE ELECTRON MICROSCOPIC STUDIES OF MINERALS

‘g, On the Transformatlon Ortho—enstatlte to Clan enstatlte

- The'ortho-clino_inversion in enstatite (MgSiO3) is interestingr

3

"\because the transformation from the orthorhombic"to the monoclinic

polymorph is dramatlcally promoted by shearlng on (lOO) planes parallel |
to [001] but is. only sllghtly promoted by hydrostatlc compre551on.
Earller 1nvest1gators found that cllno—enstatlte {CE) formed furlngrn
deformatlon has the |$I and ]bl crystallographlc axes in common with the ~'
parent ortho-enstatlte (OE) and has (100)as hablt plane. But they. |

~could not deduce the p051tlon of bhEICI axls unlquely. The electron

: mlcroscope study was done on a sample from a Bamble-enstatlte spec1men

~bf’5-kbar‘and a temperature'of 800°C (18) The preparatlon method

1on~th1nn1ng>of>a preselected area, enabled correlatlon to be made of

the electron mlcrographs and dlffractlon patterns to the orlented

petrographic}thin section, so that the compression direction’of_the v
deformation experiment is known on the micrographs. Electron microscopy _
revealed submlcroscoplc lamellae whlch are alternately OE and untw:nned
% _
CE in contact on (100) hablt planes and with axes a and b parallel :
\ =2 |cp

of undeformed enstatite [containing stacking faults parallel to (100)

). Fig. 10 dlsplays electron‘mlcrographs

-

in some areas] and of the deformed enstatlte, the orlentatlon of the c ax1s‘I

of CE w1th respect to the compre531on dlrectlon is- shown in the dlffrac-'

"tlon pattern. Tt is the orientation made llkely by “the opt;cal measure—

ments of Trommsdorff and Wenk (19) and favored'inbthe mechanism'of‘Coe'-
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(20). It contradicts the transformatlon mechanisms suggested by Turner

et al. (21), Brown et al. (22) and Starkey'(23)}

_b.‘ Order in Anorthlte

Calcic plagioclase feldspars with a chemical_composition-ranging

from Ca A1 (An'QO) to CaAl SiAO -(An 100) are called

0’ 9 %0.11. 9 2 1 8
anorthites. Two dlfferent types of APBs may occur: Type b APBs (imaged

with’b-reflectlons h + k odd, 1 odd first observed by Chrlstle et al.,_

(2&) and type c APBs (imaged with c-reflectlonSf h + k even, 1 odd) The

presence and size of antiphase domains depend on the chemlcal compos1t10n.-

and ‘the coollng hlstory of the anorthlte. Avcomparatlve-study of ‘

: ‘terrestrlal meteorltlc, and lunar anorthltes with the hlgh voltage

“mlcrosc0pe showed that the 51ze"of-doma1ns increases w1th 1ncrea31ng '

C————

" An contents 1n the slowly cooled metamorphlc and plutonlc rocks (25)

‘Type’C'domains were’small or not resolvable in VOlcanic, ile., quenched,

rocks (compare electron micrographs'f and g in Fig. ll; the chemical

' comp031t10n is the same in the volcanlc and meteorltlc anorthlte) (25).

Type b—APBs were absent in all terrestrlal anorthltes studled so

far whlch had chemlcal comp051tlons ranglng from An 9k to An lOO They
<uere present hOWever, in the calc1c plagloclase (about An 85 to An 95)
'from lunar basalt 1h310 (flg. 2 flrst llne) Most of the b—APBs were
500 to 1000 pis w1de but in rare cases larger b -domains have been observed

in the.same specimen. No c-domalns have been resolved in anorthltes,

from’ lunar sample lh310
The antlphase vector of c-APBs was analyzed as 1/2 [a + b +. _j

Flgure 12 shows c-APBs in anorthlte from Val Pasmeda S. Tyrol (An lOO)

The frlnges have the propertles expected for the phase factor o = W,"




thereby prov:u*hncr addltlonal proof for the antlphase vector 1/2 [a + b + c].
Calculated intensity profiles applying multl-beam dynamlcal theory are

in agreement with the observed frlnge patterns. (26)

.y .
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CHAPTER  FIGURE CAPTIONS
Part 2

1. Schematic diagram of ion‘thinning apparatus used at Berkeley
(modified after Barber Ref 1). | |

2. Mass spectrometer_data showing impurities in the specimen chamber
enviroment in the Berkeley 650 kv Electron Microscope. (Ref 2 courtesy' :
J. Appl.‘Physics)- |

3. Proposed dislocation.configuration in (111) planes ofyspinels.

L, Experimental Bright Field and computed results for‘a'disiocatiOn

with g'b=2 in-cobalt ferrite. The splitting of the central 1mage
fringe (see photometer trace) must be due to narrow two-fold dis—
'soclatlon {Courtesy L. deJonghe (7, 9)}

5. ‘As Fig. L for g b 1._ Agaln notlce spllttlng of central 1mage

frlnge {COurtesy L. deJonghe (7 9)}

6. Cation stacking faultson {110}1n dlsordered LlFeBOB;?éiving T

contrast. Not;ce contrast effect at overlapping faults at A (dis-
apnearance of fringes) and at intersecting faults, (fringes parallel
with projected line of.intersection.'Brdght'Field (Courtesy O..van |
der Blest) | | | -

T. Two brlght field plctures of the Same area u51ng dlfferent

b"—"Superlattlce reflectlons Contrast behavior of the APB's is

con51stent w1th a 1/2 <llO> dlsplacement vector. The fringes show

o contrast symmetry (Courtesy 0. van der Biest)

Fig._

8(a) Dark field 1mage‘of a dlslocatlon_decomposed‘intovtwo partials

and a cation stacking fault and confining an antiphase boundary.

)(b) Brlght fleld 1mage taken from the same area w1th w066 = O.

- Stacking faults are out of contrast (a =2ﬂn ) The image w1dth of .

:the dlslocatlon is sharply reduced. Contrast in the'backgroundvis
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due to ion damage in the electron microscope. (Courtesy 0. van der

Blest)

9. Ferrimagnetic domains in cobalt ferrite. M is the saturation

magnetization inside the domains. The contrast at the domain walls

is typical of § fringes: the nature of the eXtreme fringes is
opposite for the two walls since the sign of As reverses on cross-

ing the walls.. (Courtesy L. deJonghe Ref 7)

Flg. 10. High voltage electron mlcroscopy of undeformed and deformed

Fig.

'Bamble enstatlte. Left: BF electron mlcrographﬂof an undeformed

speclmen show1ng ortho—enstatlte w1th stacklng faults parallel to (100)

Center BF electron mlcrograph of the deformed spec1men shOW1ng

alternatlng lamellae parallel to (100) of untw1nned cllno-enstatlte

and ortho-enstatlte. nght Selected area electron dlffractlon

pattern correspondlng to the mlcrograph in center showlnc the ,

' relatlon of the ortho— and cllno-enstatlte rec1procal axes to each '

" Gther and to the compress1on dlrectlons (heavy arrows) 650 kV

~(Courtesy W. F. Miller)

11. Structural variations in anorthitea. lst llne lunar basalt

14310, 2nd llne vvolcanlc tuff Japan, 3rd llne. meteorlte Serra de -

Mage, hth llne metamorphlc cales1llcate rock Alps. The electron '

‘_lecrographs are dark fleld 1mages taken at 650 kV. ‘

Fig. .

12 Type c APBs in anorthlte from S. Tyrol 1n brlght and dark fleld.

650 KV

A
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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