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Applications of Ultra-High Voltage Electron Microscopy to Science

of Iron and Steel
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Fig. 1. Ultra-high voltage electron microscope

(JEM-1000) .
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Table 1. Electron properties as a function of accelerating voltage.
E (kV) A(AY |y 10-2] o (/)2 | Cs(cm) | a opt (10-3) | g (A) | 20® 8?;;)
100 0-0370 19-2 0°548 0-301 | 03 | 50 . 59 11
200 | 0-0251 157 0695 0-484 |
300 | 0-0197 14-0 0777 0-603
500 | 0-0141 119 0-863 0745 0-35 38 3:0 51
1000 | 0-0087 9-3 0-941 0-886 04 3.2 2:2 3.7
2000 | 0-0050 7:1 0-979 0-959
3000 | 0-0036 0-989 | 0°980 1-78 29 31 36
4000 | 0-0028 53 0-994 | 0°987 |
10000 | 0-0012 35 0-999 | 0-998 ;;

a opt=(1/2Cg)! - 8=0-95(Cg)1/*

g Incident
wave

Crystal

B
________ {
Primary  Diffracted
wave wave

Fig. 3. Mode of periodic intensity of primary
and reflected electron wave in a crystal
set at Bragg condition.
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Fig. 4. Energy loss spectra of 480kV electrons
obtained by an energy analyse:®.
(Sample : MgO single crystal)
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Fig. 5." Voltage dependence of max. usable thick-
ness. Solid lines give the max. thickness
in Zr maintaining given intensity ratio
of confusion disk of aberation!V.
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Fig. 6. Maximum observable thickness of dislocation
for Al, stain less steel and Cu.in a range
0°5 to 2-0 MeVo!4, using unit #,4, thickness
at 100kV.
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Table 2. Maximum usable thickness.

* BEEEROBRDBORRZS3HEE Bl 3BHOWSN30%4
PEAIGERAZRBEL S,

Materials Voltage, |Thickness, Criterion |Reference
kV pm
. extiction
Si 1 000 9 contour THOMAS®
Stainless extiction P
steel 1 000 2 contour g
Stainless . . Fujita
steel 2 000 5 dislocation gt al.
Al 500 8 dislocation 4 3)
Al 2000 20 dislocation 4 14)
Fe-3%Si | 500 2 | dislocation| FUIITA
Cu 2 000 3 dislocation 4 14)
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Table 3.

Crystal orientations for best transmission.

100 kV electrons incident upon the majority of metal crystals

Bright field : Positive of first-order Bragg position

Dark field : At Bragg position

1000 kV electrons incident upon light elements

Bright field : Just positive or negative of second-order Bragg position

Dark field : At Bragg position

1000 kV electrons incident upon medium atomic weight elements
Bright field : The symmetry position or positive of the second-order Bragg position
Dark field : Positive of second-order Bragg position and negative of symmetry position

1000 kV electrons incident upon heavy elements

Bright field : The symmetry position and possibly positive of second and third Bragg positions
Dark field : Positive of second or third-order Bragg positions and the equivalent positions which are

symmetrical with respect to g.

Notes

(1) To obtain the maximum penetration, the crystal should be oriented so that only the lowest

index systematic row is operating and then tilted to the Bragg deviation shown.
(2) 1If a systematic row is excited which is not a low index one then transmission will be reduced
and in this case the best position for transmission at 1 000kV will usually be similar to that at 100kV

(see §4.6).

(3) The term ‘dark field’ in the table refers to the first-order dark-field image. i. e. the (111)
and (110) dark-field images in f.c.c. and b.c.c. materials respectively.
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FTdhs.
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Fig. 7. Selected area micro-micro diffraction of an evaporated Ag particle.
a) selected area 250 A in diameter
b) corresponding diffraction patternt?
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Fig. 8. Minimum electron energy for lattice: - -:

displacement as a function of atomic
weight, assuming Eq3=25¢eV.
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AbEZ LIk, AL kB EEdiT, FEESRL
T5.

(2) HEREETO2RIEHEE (Dark field images
with second order reflection at disappearance voltage)??),
ETHRO fEkhTo T #MEsh? o,
2 RGN N DfE L & FONTICRR R inEE E
THZX5BR3EH 5. ZOFEFE (The disappearance
voltage), 7-& xi¥ Al @ 222 F&hT 430kV, Fe @
220 44T 305kV T2LRIEREHR R LD L, Ny v T
o RREKL, 3 TR POIWERELNRD.

(3) ERESIIATEE: (Bright field image under
strong high order refection)?2 Fig. 9 xR+ X 512,
Al - 220, 440, 660, .- Bragg [WHDFH i dhE B
W L, PREFREZES. Reibhb X 5, &L
fRoprEEREA L, a2 IR FOERBRELN, §E
RORIECHED 7 T T AWK ESELPICR LN S.

(4) FHEHIEREE (Weak beam technique)24)
Fig. SDERD 7 5 v FRADT T, FUHEH» SR T
N7zERDOFH IO REROMEESE N L1
X<mbhTnad. ZOHET, Cu-Al FE&OYRRIEAL
O, 120A BESEESh, BB 30 ¥ — 535
HxhTwvb.
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WREMIC T 2T, KEBHOUREDM L2335 bh,
BifE 1000kV BEESZELESN, TOREHELO2dH
%. Table 4z 500kV Ll oo EFROKE#ERE Y T~T-

Fig. 1 X 1000kV ZEGED —FITH DA, $ik, RE

* KRPOHEETFHI, $<{ O Bloch BOMHAEDETHODIN
335, WR®D Bloch it AT, KBHTH5.
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Fig. 9. Series of bright field image of dislocations in Al taken under strongly excited (2n2n 0) reflection.

Table 4. The high voltage electron microscopes (larger than 500 kV EM)
under operation in 1972,
c o\rlrf;fetci)gn 'l;)gffa;gsd Country Universities or Institutes
1958 SMH-350 Japan Chemical Res. Inst., Univ. Kyoto
1962 Toul-1 500 France CNRSBP, Toulouse
1965 HU-500- Japan Univ. Nagoya
1965 HU-5004 Japan Inst. of Solid state Physics, Univ. Tokyo
1965 SMH-500 Japan Nat. Res. Inst. Metals
1965 SMH-500 Japan Chemical Res. Inst.,, Univ. Kyoto
1966 JEM-1 000 Japan JEOL Ltd.
1966 HU-1 000 Japan Cent. Res. Lab., Hitachi Ltd.
1966 AEI-750 U. K. Cavendish Lab., Univ. Cambridge
1967 RCA-1000 U. S. A U. S. Steel
1968 SMH-500 Japan Univ. Tohoku
1968 RCA-500 U. S A Univ. Virginia
1968 HU-650 Germany Max-Planck-Inst. fur Metalférschung
1968 HU-650 U. S. A Univ. California
1968 HU-650 Japan Inst. Sci. & Ind. Res., Osaka Univ.
1969 JEM-1 000 Sweden Swedish Inst. for Metal Research
1969 AEI-1 000 U. K. A. E. R. E, Harwell
1969 AEI-1 000 U. K. Nat. Phys. Lab.
1969 AEI-1 000 U. K. Univ. Oxford
1969 HU-1000 U. K. C. E. G. B, Berkley
1969 HU-650 U. S. A, Oaklidge Nat. Lab.
1969 Toul-3 000 France CNRSBP
1970 AEI-1000 U. K. Imperial College
1970 GESPA-1 000 France Office National d’Etudes et de Recherches Aerospatiales
1970 JEM-1 000 DDR Inst. Festkorperphysik und Elektronen Mikroscopic
1971 HU-3 000 Japan Univ. Osaka
1971 HU-650 Japan-: Univ. Hokkaido
1971 JEM-1 000 U.S. A WADOCO
1971 GESPA-1 000 France Centre d’Etudes Nucl’eaires
1971 AEI-1000 U. S. A Univ. Wisconsin
1971 AEI-1000 U. K. Univ. Birminglkam
1971 AEI-1000 U. S. A, Roswell Park Memorial Institute
1972 JEM-1 000 U. S. A Univ. Colorado
1972 JEM-1 000 Japan Japan Atomic Energy, Res. Inst.
1972 HU-1 000 Japan Univ. Nagoya
1972 JEM-500 Japan Chemi. Res. Inst., Univ. Kyoto
1973 JEM-1250 Bergiuin Univ. Antwerp

SMH : Shimadzu Seisakusho; HU : Hitachi Seisakusho Ltd,; JEM : JEOL Lid.; AEI: AEI Sci. Instr, Co.;
GESPA : GESPA Co.; Toulouse : CNRSBP Co.
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;} [171)

Fig. 11, Cell structures formed in a 23% elongated bulk (111) [011] crystal (a) and
in the same crystal deformed in foil (b)2%).
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b2 T, KMIBERRIC #iH: 5 XA 5 Side entry
Goniometer 2JHFEX T %. Fig. 10 i1 Side entry
Goniometer (SEG) kT, XfhEh D% 4 — 2%
JEGEEA (60 &) o, HBloX, Y FmoBd) s &
DT, BEZFEOBEHATE S, LdioC, #il&S0
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LK

oO7u

O4u |

o2u |

Fig. 12, Microstructures at a wedge-shaped part
of 839 rolled Fe-Si single crystal with
(111) [211] orientation after annealed
at 880°C in foil state. Thickness of
specimen in indicated in the left of the
figure29),
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FRIREMSHSE Eh Ty 529,
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Image Orthicon, $&k{#jic}d Video tape recorder $3fg
WHN TS,

3. #BWHHEA~DIGHA

L DEBEEEBEOTFEL £ Lis, WS 2»r04&E
HH~OERAMICOWTHRNS. SHOHE 113, st
BOEIRIZ2HRFOETSHD. 213, EIEOVEME
s & Rt BRI 2R ELNY, BAYISEE &L OBIR T D
5. BRI, RO FRoREET S D0
s OFEE SR D TH A 5.

3.1 EXpR

RUDK, BREOSMCEESEBRCTSZ LItk D
ES2ETHrBEEEINA. Al X 5 itEcix, &
Vg DU CRIRGIO BESRAT 555, Higkcix 01,
DTFECHEEZR LRV I Twinwyy., Zhid, &
PIREITRE, BRAIO D @ C, N 75 om0 E ER
CXLEHESR X BDIDTHESD. L L, LT
DERALD & S DT RLTIS Ml i 2 v T, S
INISIE I MDD b5,

3-1-1 IIick B e

Fig. 11 X Fe-3% Si Hifkfo 23% (i X DAL
S BIREIO L ffid &, TEIEERE RN CEBEHE
LTSN e VS 2 i LicBlTh 52, [EiED
WERDE N & Z A THEH VI Bt e vEBE LR
fBEBRRLNE. e L, BEOHOBWEC A, 0°3,
IR T e vihERIBR SRRy, Lo, skt
BHC b, HmEToOMIMEBOEIER X 0°5 4 L Eoitk
BULETHAH 5.

3-1-2 Fgghsy

Table 5. Critical foil thickness sufficient to

observe the same behavior as in
bulk specimens.®

Measurment of ... Martensitic
_dislocation density Recrystallization transformation
>0-8u for Al >1p for Al >1p for
>0"1p for Fe and Fe-39 Si Cu-11-99; Al
(5 ppm C)

Dynamic behaviors of dislocation

Three dimensional
cell structure

>3u for Al

Cell formation

>1'5u for Al
>0.4y for Fe-39;, Si*

* Furubayashi28?}
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Fig. 1213, (111) @fi%x &> Fe-3% Si BigEfh% [211]
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RALOEFE & £ OMRE ARG TELOXERRTH
%. {BExOEB)T HEMEER LT, s ¥, BT,
W— Pl EOFL, IR OERNEEE, BEEE
B BEL RSB THS. &MERO sv— ik
D, SBIUBKELEFERTONT, ZLOMENRE
EhTw5b.

Fig. 13 ¥ Fe-3%Si Q¥ —iz b HROBEFEMIT KT
LD O RERIEZ R TI. TTOIRMIE—2D N
—H = ARG PV D 2 CIRET, B OMEIC

Trace ot
(o11) slip

Projection
of (111}

ELTWS. RS, B1EARL, ifkIhTtnix
V. ST D ORESIERIC, 2 EDERHT LWERELOT D A3
B, SHEBERELTWSZ EHHEEINS. EL
DERRLDIZ D DEEFD T [FH B, I D HEIE & A E(011)
THH, £t LT Ol mrsiihtnd. b
EORDm» v, LIE UERI i BRI D TnwbHic
BDTHAHS. FORDRENTCREINDZ IS AT, W
MR, BRAI/V— FREDTED, THMBH LWERFLDE
FEIR & /e 2T 5. EE)T 5 5 & iR b O HETRETRE
DO Fig, 14 [TRENTW33. a) O@EBTHE, &
2 FLAB XU BAEEMOEE Y SE/FTw5b. &BH R
FED 2 FEFEITVWEBEEEZD L, BRANOEICHY
HAFPHBRBETFIT, 2EFCEM» LRI T, Ehv—
TEEDTCWHZ EBEFINS. b)) O@ETIE, 2
DDEERIASH RIS 5E DN T W BE DT, WERMD/N—H
— ARG MVEHEOmMETHD. T, U2 FCWEERS
O REER I X o TR IR L TVvWS. b)-
7 THIRMSEL 2T, —HH5HERLTVWD D, X
ZYERBEDTHAHH. c) OBERTIE, T+ IR,

Stretching
axis

Fig. 13. Growth of slip band in Fe-3% Si crystal oriented in single slip direction®®,
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Elementary processes of the formation of dislocation loops and

multiplication of dislocations3®.
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Fig.
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W= FRPER LT, IRNOEIEL &2 T 5.
3.3 GBNOEEBHERFEOILNEKFN
Hi 513, 1) —EOWITERIE b oEEFEL 1) IS
F-ZEdhEAs Rk T E 5 BR D IEE, i) BHEROCF
* 7 — Ficsk (VIR) 2lagbt, [GH-FHHR LD
ZBEIC BT D, HLOEMOERREZEETS Z &I
Ry L. sk, O, JH-EiiROREkE &
BT, EHOBHED 2 & — AT, U OHEE M
PEEET X DT A A — X~ EDHEHIEDTILLD
CTHEREIC 272 b DO TH 5. Fe-3%Si B i oW,
BAMG ST 13 kg/mm? T O FIRIER OEEREREH Fig.
15 TRXNTWw5. 60 a</sec O VIR ;2BEA LTz
HDT, lsec lROERFETHS. FREBLL, A,
C,G,HiZ F»5TF~, B,D,E,F I TH»bECED
TWwWad. 2 OQBRMERRCHAmMD, L LENFZO
W= ARG bVvEHDTWBET LD
FE»BHIE Lic, 84 OIRROEBHEEZE)]
wxt L, MR ERCR LA Fig. 16 TH5. HIE
B 1 EO3EEV RN HELIDOTHD. T RAL
DEENT, BRI E TIE L A SRRl ST, BRI

M&' N TD. oy

(72) (101 (‘HO}
co ,,/’/,/:“‘”‘” ﬂ?’,,’;h Sn
v Tensile
: birection

Fig. ]5 Example of motion of edge dlslocatlons
in Fe-39; Si crystal under 13 kg/mm?,
pre-vield region?®.

| -
o Edge
=~
10}
o -2
S 10
\
£
O
S
Z 10
[&]
o
Q
>
[ -
o ~4
= 10
(=]
(8]
(o4
o
o
=5
107+
!

10 12 14 16 18 20
Applied resolved shear
stress, 19 /mm?2
Fig. 16. Dirlocation velocity, measured from
motion individual dislocations, as a
function of applied resolved shear
stress. Broken line for edge dislo-
cation by stein and low and dot-
dash line for screw dislocation by
Moon and Vreeland?®.

= EOh TRz ) L E 0N L OMEERT, B
Bt s 2o T, HWERHRD bhinrork. HiREE
RETDWTIE, /ST Y F1EHHH, MO X 5 IHEET v=
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t, SRRIFLIC X B IE D HEEXAEBN D FIGETH 5 DIT
%L, FORNENVIE L DIRAO BREROERETH 5.
3.4 BRISHOENEEKEFMN

FRfRIGH © #fﬁ%ﬁpkﬁb

=10+ aGby 5 - e (9)

7o : BRRIDI= D EEIR ), G BIER, o BE
OEBRILHL T LR L <EMOLNTWB®.

FERBERE T DWW T OBRIERS R Fig. 17 R LTH
539, Wid (7) R LB WERBERICH 225, &
Sa l3iEsS AR EEEEC I D R >Tw5. B3R
@i [100] X of [110] HiFfo 23°C Cco#lAfE 1
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Fig. 17.

Square root of average dislocation
density as a function of applied
resolved shear stress3®.
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Fig. 18. Orientation dependence of yield stressjd

in tensile and compression test of single
csystals, Fe-4-49; Si alloy?®,
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RIMRERET 5 & v D, Hi K& (Oriented
growth theory) TH 5. EVHOMSEIC—IED
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Bz X b 5 2 H7c30.

Fe-39% Si o (111)[211] BifE e 83% %
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S FRio G OBIER R Fig. 21 i E Lo
H5RTW5. '5p DNTo (B #8805 fitt
(111) [211] Ffi#» & (011) [100]1 Fhiic & 7z hs
D, FEEMEOSHEMLETHS. 1'5~3u @
KEXTHMD Tz v, 3p L EOTHEE
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~ 7l BEGHEEE R LTw5. O KR
VI, FEHEIC X O TR & is e EA IRk i 5
fr% 3 DS O D DRFED HEEE S 2F
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3-7 |EALCESHTHAB
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B R R IS, AR R OBRMIC R LT
V. IR AV FE R R — R R, 5
[GEEERRr R* (Coincidence lattice boundary)

KW AN A %Z S DN R TINEICHFE Y

a) (011) plane in specimen oriented to have maximumJSchmid factor

on (01 l)[l_llj system.

b) (011) plane in specimen oriented to have maximum Schmid factor

on (123)[111] system.

c) (121) plane in specimen oriented to have maximum Schmid factor

on (12D){1T1] system.

d) (112) plane in specimen oriented to have maximum Schmid factor

on (T12)[1T1] system.

Fig. 19. Dislocations in foils parallel to activated slip

planes of compressed Fe-4-4 Si crystal3®,

25, Fig. 18 5 F A3 5 BRI J1dhsias (011)
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Grains with various sizes observed at early stage of recrystallization in (111)[211]
Fe-39, Si crystal 839, rolled and 600°C-1 min annealed.

(a) shows distribution of grains and (b) to (f) are diffraction patterns from cor-
responding areas3®,
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Fig. 21. Relation between orientation and size
of recrystallized grains or grown sub-

grains. Orientation indicates rotation Fig. 22. Node of small;angle -boundaries, shcwing
angle from (111)[211] towards (O11) remarkable dependence of precipitate
[100] around [011] axis®®. density on the boundary structures®.

5 5
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Image [OOI] Image
o
I 600 A Fe rOIO_J

Asymmetric contrast in 180° wall

Fig. 23. Change of image contrast and width of 90° walls of a 2550 A thick iron film,
together with corresponding deflection pattern.
a) convergent image,. b) divergent image3?)
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