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TRANSMISSION ELECTRON MICROSCOPY; IMAGING OF MATERIALS

Gareth Thomas, Scientific Director, National Center for Electron
Microscopy, MCSD, Lawrence Berkeley Laboratory, Prof.Dept. of
Materials Sciences, University of California, Berkeley, CA 94720

1. Introduction: "Metallography" has been a major tool in

metallurgy for centuries (fig. 1) and there is no doubt that the
development of electron microscopy (1) originating from Ruska
and his colleagues in 1932 (fig. 2) and its synergism with
materials has lead to dramatic developments in our understanding
of structure~property relationships over a wide range of
materials (Table 1). Now metallographers can achieve the dream
of atomic resolution with the new generation of electron
microscopes exemplified by the unique "ARM" installed in
Berkeley in 1983 (fig. 3) by which interpretable point to pbint
resolution of 1.6A° is possible over +40° of tilt.

The primary advantage of electron microscopy (TEM), which is
truly a diagnostic tool, is of course its very high resolution,
and the ability to detect and record the various events that
occur when materials are bombarded with electrons, (elastic,
inelastic, coherent and incoherent), so that in one instrument
it is possible to combine imaging, diffraction and spectroscopy,
in-situ, for static and dynamic experiments as shown
schematically in (fig. 4). The information so obtained provides
great insights into materials behavior and helps enormously to
understand and improve materials performance. It is necessary

however to examine enough samples in the microscope in order to




arrive at statistically significant conclusions, because the
volume of materials per micrograph is very small @0.4u 3). The
most important problem is still specimen preparation - herein
lies the microscopists' art! On a personal note, I have been
fortunate to participate in the development of electron
microscopy and its applications in metallurgy and materials
sciences since I started my graduate studies with Jack Nutting
at Cambridge University in 1952. 1In the following, I have
selected representative examples of some of the major imaging
methods in TEM which we have applied to various problems in
materials. However, I have made no attempt to be comprehensive,
but Table 1 summarizes the major developments.

2. Imaging and Interpretation: As is well known, the formation

of images in the electron microscope is done by a system of
lenses which allow fine probes of electrons to pass through a
specimen. These are brought to diffraction focus in the
objective back focal plane and transformed to an image by
magnifying lenses. Two general methods are used viz., a)
amplitude contrast imaging which is not limited by instrument
resolution and b) phase contrast-high resolution imaging to be
discussed in detail in Gronsky's paper which follows. The basic
principles of imaging in bright and dark field, use of multiple
images, special effects at high voltage, diffraction, structure
imaging, spectroscopy etc, ie., the whole "bag of tools" for
expert microscopy are well described e.g., in the references (2-
6) given at the end of this paper. Routinely, choice of

orientation and imaging conditions is done via the diffraction




pattern and interpretation involves constant interchanges
between imaging and diffraction.

3. Examples: The earliest studies of metals were concerned with
lattice defects especially dislocations, their origin, motion,
multiplication etc. (fig. 5) verifying theories which were
already two decades old. But also new defects were discovered,
e.g, the tetrahedron (fig. 6). The development of contrast
analysis notably the invisibility criterion §.£=o, where g is
the reciprocal lattice vector and R the displacement vector of
the defect is illustrated for interfacial dislocations in
(fig.7) and compositional faults in TaC (fig. 8). The
resolution (i.e, image width) of such defects depends on the
material and the effective extinction distance , &g, which is
utilized by weak-beam dark field (fig. 10), or bright field high
order imaging (fig. 11). to minimize the wide of the image to
achieve kinematical rather than dynamical contrast. In-situ
dynamic studies showed many of the predicted properties of
lattice defects and climb experiments (fig. 12) lead to useful
diffusion data for aluminum alloys. Other defects common to a
wide range of materials include accommodation twinning to
minimise shape and strain deformation following phase
transformations, e.g, (fig. 13), ordered domains (in which APB's
can be analysed) as in (fig. 14), enantiomorphic domains in Li
ferrite (fig. 15), interstitial ordering (fig. 16) and short
range order revealed as domains by lattice imaging (fig. 17).
Magnetic domains and boundaries can be imaged by Lorentz

microscopy but at low spatial resolution (fig. 18). Much




activity has also been given to studies of alloys. Figure 19
shows how imaging of the diffuse streak due to thin plate G.P.
zones in Al-Cu alloys provides a dark field strain free image.
The advantages of the TEM are clearly in defining local
morphological details such as precipitate-free zones, common in
N+G reactions (fig. 20) but not present in spinodals (fig. 21).
Figure 22 shows the loss of coherency upon coarsening of a
spinodal. In N+G transformations heterogeneous nucleation at
defects is common leading to non-uniform structures and, of
course,lproperties. Al alloys are typical examples (figs. 23,
27-30) but the Al-Li base alloys appear to initially undergo
spinodal ordering (fig. 24) out of which the § ' phase coarsens
(figs. 25, 26). Notice that the morphologies depend on
composition, e.g., the faceting in (fig. 26).  Another form of
heterogeneous precipitation is shown in (fig. 31a) for B+P
diffusion in silicon. In the [112] orientation the stresses due
to diffusion must be accommodated both by precipitation on (lli)
and dislocation generation of Burgers vectors a/2 [1I0]in the
same region. By dark field imaging in a systematic many-beam
condition, the specimen can be selectively imaged near the top
and bottom surfaces, showing in this [111] orientation that
dislocations and precipitates form at different depths after
diffusion (fig. 31 b,c).

As emphazied in the introduction, diffraction is a key aspect in
imaging. In complex low symmetry materials the use of Kikuchi
maps (fig. 32) and convergent beam pattern maps (fig. 33) greatly

facilitate control of imaging as well as providing a wide range of




structural information, as described in Williams's paper.

Steelé have also been widely studied by TEM and an exaﬁple which
indicates the use of several different techniques coupled with
field atom imaging and atomic spectroscopy is shown in (fig. 34).
In the last decade or two, electron microscopy of minerals and
ceramics has become popular since the Apollo missions and
geological analyses of moon dust (fig. 35). Generic problems in
ceramics relate to grain boundaries (fig. 36) such as the
retention of glassy phases after processing with additives.

These phases can be detected by the imaging methods illustrated
in (fig. 37). Studies of glass crystallisation are being done to
try to avoid such phases (fig. 38). Another application for
lattice imaging to pyrolitic graphite showed that it is a random
fibrous structure (fig. 39) and not amorphous as was

interpreted from x-rays. This again illustrates the power of
electron microscopy.

More recently, ceramic materials have become even more prominent
since the discovery of superconductivity in complex oxides, such
as Y-Ba—-Cu-O (fig. 40) and Bi-Sr-Ca-Cu-O in which polytypoids of
different Tc values form adjacent to grain boundaries (fig. 41).
These may be modifed by Pb additions as seen in (fig. 42).
Such polytypoid structures are also commonly seen in sialons
(fig. 43) as known from the phase diagrams. Unfortunately, as
yet, such diagrams are unknown for most ceramic superconductors.
Finally, as an example of very high resolution imaging fig. 44a
shows the 38A° polytypoid with the cation columns resolved.

Figure 45b shows the same image after processing using the




"Semper" computer program.

Acknoﬁledgements I sincerely thank the over 100 graduates and

research colleagues that I have worked with since coming to
Berkeley in 1960, wi}:hou‘t whose talents and challenges this
paper would not have been possible. The selection of examples
has been more of a problem of what to omit rather than what to
include and I trust any omissions will not produce offence.
This work is supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sciences
Division of the U.S. Department of Energy under Contract No. DE-
AC03-76S5F00098. Structural ceramics research was supported by
the National Science Foundation under Grant DMR-80-23461.

General References

1. Early History of the Electron Microscope, L. Marton, San
Francisco Press, Inc. 1968,

2. Electron Microscopy of Thin Crystals, P.B. Hirsch, A. Howie,
R.B. Nicholson, D.W. Pashley and M.J. Whelan, Butterworths,
London, 1965.

3. Transmission Electron Microscopy of Materials, G. Thomas,
and M.J. Goringe, Wiley—Interscience, N.Y. 1979.

4, The Operation of the Transmission Electron Microscope,

D. Chescoe and P.J. Goodhew, Oxford University Press, (Royal
Microscopical Society), 1984,

5. Practical Elec. Mic. in Mat. Sci., D.B.Williams, Philips
Elect. Inst. (1984).

6. Practical Elec. Mic. in Mat. Sci. (Mon 1-5), J.W. Edington,

Philips Elect. Inst. (1974-1977)




Fig. 1-1

Fig. 1-2

Fig. 1-3

Fig.1-4
Fig. 1-5
Fig. 1-6

Fig. 1-7

Fig. 1-8

Fig. 1-9

Fig. 1-10

Fig. 1-12
Fig. 1-13

Fig. 1-14

(no caption)

The 1932 operational microscope built by von Ruska and colleagues,
Berlin.

The JEOL 400-1000kV atomic resolution microscope at the NCEM,
Berkeley.

(no caption)

Dislocation sources and multiplication in Al-5% Mg solid solution.
Tetrahedron of stacking faults in quenched gold. (Courtesy J.A. Silcox)
Two beam contrast analysis showing pure edge dislocation networks

b=1/2 <110> at the interface between two fcc phases in Cu-Mn-Al.
Shear faults in TaCq g ; the lack of complete invisibility of faults in 022

shows there is residual structure factor contrast (composition change).
(no caption)

The g-3g weak beam image showing paired 1/2 <110> slip dislocations
in Al-2.4% Li deformed 1% after 4hrs. aging 150°C.

The g, 29, 3g bright field images in GaAs; the dislocations are not
dissociated.

(no caption)

(no caption)

Sketch and table showing contrast analysis in DO3 ordered Fe3(Al,Si);

the APB vectors must be 1/2 <100>.
Bright field and dark field of Li ferrite in multibeam non systematic
diffraction conditions; breakdown of Friedel's Law allows enantiomorphs

to be identified-in the dark field.




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1-20

1-21

1-22

1-23

1-24

1-25

1-26

1-27

In-situ transformation of Ta to a Ta-O phase by interstitial ordering; the

strain produces almost 4 fold relaxation, foil in [001].

Lattice image using 000+gsuyperlattice +29fundamental conditions

showing presence of short range order i.e. domains of order (double
spaced fringes) in disordered matrix (oblique printing).

(no caption)

Bright field, dark field and SAD; dark field imaging of streak from G.P.
zones in [001]. Notice lack of resolution due to overlapping strains

in the B.F.

PFZ in Al-Mg-Zn alloy -- typical of early comet aircraft alloys which were
intergranularly brittle.

Spinodal Cu-Ni-Fe alloy showing no PFZ at grain boundary.

(no caption)

Al-2.4% Li, aged 5 min. 300°C, & phase at subboundaries dark field of
100 superlattice (Lio phase).

Lattice image showing spinodal ordering in Al-2.5Li-1Cu-1.5Mg (cf to

tig.17).
Coarsened spinodal forming & particle in Al-2.5Li-1Cu-0.5Mg.

As fig. 25 but in Al-2.4Li-2Cu; Notice faceting of &'. The dark region in
center of figs. 25-26 is contrast from B’ AlzZr phase.

Heterogeneous nucleation of 8 in aged Al-4%Cu. The 6’ plates have a

strain _ﬁ normal to the {100} habit. The habits form only for _ﬁ-_t;;eo where

-

b= burgers vector of the nucleating dislocation, i.e. only 2 habits (max).




Fig. 1-28  Heterogeneous nucleation of the variants of the T1 phase in Al-2.4Li-2Cu

aged 8 hrs. 175°C. Asin fig. 27; only 2 out of 4 possible {111} variants
can form on dislocations.

Fig. 1-29, 30 Heterogeneous nucleation of S phase in Al-2.5Cu-1.2Mg alloy at
order/disordered interface. Habit is {210} only 3 out of 4 variants form
(fig.30).

Fig.1-31  (a) Heterogeneous formation of precipitates on (1 11) and dislocations
with b= 1/2 110 to relieve strain in Si due to P diffusion; notice spacings

of the precipitates (b~1/3 [111]) and dislocations.
(b), (c) Image asymmetry in dark field at S+ and S- allows contrast

enhancement preferentially at the top (dislocations) and bottom
(precipitates), giving a “pseudo” 3-D effect.

Fig. 1-32  Kikuchi map of H. C. P. lattice ¢c/a=1.588.

Fig.1-33  CBD map for tetragonal zirconia.

Fig 1-34  (no caption)

Fig. 1-35 (no caption)

Fig. 1-36  (no caption)

Fig. 1-37 Imaging conditions to reveal intergranular glassy phases; material silicon

nitride sintered with AloO3 and MgO. The lattice imaging in (¢) must be

done under controlled conditions.
Fig. 1-38 Dendritib crystallization in Y-Si-Al-O-N glass annealed 1100°C.
Fig. 1-39 Lattice imaging of pyrolitic intertwined graphite fibers with basal planes

resolved (“Jenkins Nightmare” structure).




Fig. 1-40

Fig. 1-41

Fig. 1-42

Fig. 1-43

Fig. 1-44

Structure image of 1-2-3 Y-Ba-Cu-O superconductor showing
intercalation of Cu-O layers (arrowed): (a) digitized image; (b) averaged
over 10 multislices; (c) rotation after averaging of (b): (d) multislice
calculated image; (e) projection of model; (f) the 3-D representation

of the faulted structure.

Polytypoid structure in orthorhombic Bi-Sr-Cu-O superconductor showing

polytypoids of ¢ = 25A, 314, and 38A for which Tgis 10°K , 80°K, and
110°K respectively. The lowest T phase is at the grain boundary.

As fig. 41 for sample sintered with PbO - the low T, phase has been

eliminated adjacent to the grain boundaries.

Polytypoids in Mg-Si-Al-O-N due to composition changes near the
boundary.

Atomic resolution image of the 38A polytypoid of Bi-Sr-Ca-Cu-O
(2223 phase); (b) shows this image processed using "Semper “

software: notice the central Cu-O rows of high contrast.
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Outline of developments of TEM in materials science research

Year Specimens Applications/ Developments Instrumentation Resolution*

1932- First operational transmission electron microscope, Berlin (Ruska, Knoll)

1938- First commercial TEM, Berlin (Ruska, von Borries)

1940-1950
Replicas Surfaces 50 kV instruments ~100 A
1. Oxide Slip steps Single condenser
2. Carbon Extracted particles Little or no theory
3. Plastic Fractography

1949- Heidenreich published first paper on TEM foils; basic theory outlined

1950-1960 Many developments in instrumentation, specimen preparation methods, and image contrast and diffraction
theory for interpretation of data

Thin foil techniques Defects 100 kV instruments ~5A-20A

1. From bulk Phase transitions Contrast theory developed
2. Deposition
1960-1970
Metals Dynamic, in-situ studies: First HVEM built in 3A
Non-metals Information explosion on Toulouse (1.2 MeV)
Semiconductors substructure of solids First 3 MeV HVEM built
Ceramics lon thinning in Toulouse
Minerals - Radiation damage Accessories for in-situ
Microdiffraction studies

Controlled experiments

1870-1980 Structure imaging to ~2 A interpretable resolution; lattice imaging widely used

As above Theories for high resolution TEM/ STEM analytical, 2A
Catalysts interpretation developed convergent beam
Quasicrystals Spectroscopy EDXS, EELS

Commercial HVEMs 0.5-1.5 MeV
General acceptance

1980-1990
Virtually all Atomic resolution in close- Medium voltage HREM/ AEM 154

materials packed solids (100- 400 eV commercially
Surface imaging available)
Small patticles Improved analytical capabilities
Fast computation facilities for Parallel detection in EELS

interpretation Wide-spread applications in

Simutation UHV microscopes

Tunneling microscopes

1986- Nobel Prize to Ernst von Ruska for tunneling microscope (Binnig and Rohrer)

* Interpretable point-to-point

- XBL 8810-3588

Table T
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THE HISTORY OF THE RESOLUTION
OF STRUCTURE
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100 kV £e

Al Cu Au Mg
111 560 242 159

1510
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for visibility
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Fig. 9

Fig. 10

XBB 713-1046
Fig. 11
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Direct observation of the growth of prismatic loops and helicoidal dislocations in an
Al-5wt.% Mg alloy during an in-microscope isothermal annealing experiment.
Material was quenched from 550°C and aged at room temperature for about 5 years. The
isothermal annealing temperature was 130° C. The diffraction conditions were kept nearly
constant by employing a Valdre double-tilt hot stage.

T=27.4 Y =34.2 =486

XBB 879-7484

Fig. 12
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TWINNING IN MATERIALS

ORTHORHOMBIC InS ORTHORHOMBIC La(Ba,Cu)O7. 5

MONOCLINIC ZrOy TETRAGONAL FeNi STEEL
Fig. 13 XBB 879-7500
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Phase Shift for Antiphase Vectors in the DO4 Phase

??— phase factor
P o =2ng-p

type phase shift (o) extinction
hkl of distance

reflection 1/4<111> 1/2<100>  (A)

111 S +70/2 470 2,467
200 S +T 0 2,498
220 F 0 0 272
311 S +n/2 +T 2,752
222 S 47 0 2,832
400 F 0 0 404
F : Fundamental reflection
S : Superlattice reflection
XBB 885-5242
Fig. 14

XBB 766-5394

Fig. 15




Fig.
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XBB 889-8927

XBB 746-3669




MAGNETIC DOMAINS AND DOMAIN WALLS |
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XBB 695-3420A

Fig. 20 Fig. 21




Decomposition initially follows a coarsening law % =kt /3 with copper-rich and

copper-poor regions growing at approximately constant volume fraction and compositional
amplitude. At wavelengths exceeding ~1000A interface dislocations are created and the
coarsening rate is accelerated. '

B1.5Cu~32.5Ni~15.0Fe
1400 Aged . 775 °C /
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CARBON PARTITIONING IN RETAINED-AUSTENITE
IN LATH-MARTENSITIC STEELS

TRANSEISSTON ELECTRON MICROSCOPE - IMAGE STUDIES Retained austenite (Re

carbon cont

t-.j Bas been identif g number of

aining jat tig 2 M, ang Mt
tures well above v :
eff
ness} of USLA siee

5 Oh LRg mechan

stabitizing the ;
FIM-APA technigues.

v and 0% quenched.  TER

Steels were austenitized ot §100¢

foils were prepared by electropoli g N chromacetic 3t roow

temperature (RT}, and Cu and i standards in 25 N-!{‘rj in € j-(lr:‘

3L 3070, Some stesi foils werw etched for CBLD by “dipping” in
e HCTO 5% € 3 1~ CHL L

155 RCTQ -85 i, {0H) (- CHLCO0H at

polished in 255 HCiG, in CH,-CO0K ot BT,

M tips were electro-

CONVERGENT BEAM ELECTRON UIFFRACTION

#OBL 5 tmages Mustrating the guneral appearance of thie fitms of

e fatn doundaries (0.5 aeh {steel). (€} Doaposite SAD pettera of

wartensite int and anstenite (al.

i microsbructure consiots of distocated lath martensite with fairly

stratynt boundaries and thin fils Ret-y at the lath-like martensite crystal

neundaries.  of sicrographs {fig. 1} shows an extensive smount uf Ret-

Joeven et titiy fow carbon jev the existence of this high tempera-

ture phase at ralives fooattributes to severai mechanisms in which

000

terstitie stabitizes the austenite. {1} Chemical statiiirvation: Oif-

fusion a tinoning of € Rete decrease the tocal B temperature and
{1

miihit ¢ teanuforsgticn £81) Thermal stobilization: vuring guench-

interstiiai i formn foand at the /y intere

siccation atmespheres in

vcationi and suppressing interface motion. |

faci, pinning the o

Hovhanical stat ation: Part of the austenite to martensite shear trans-

foration strains fs accemmomated by soft \ which deforns extensively te

srontint the tramsformaticn

The aversge £ concentration i Kel-; can be deternineg by measurements of

) patrerns in retation to the

opositions of the no

v dur Lo

nothe fattice parameter of the Nep (58 9 g0)

By {099 with ¢ J.5238) was used

R TSR ST

orence, and res

ref

o checked with Ly {99,999 with Ay "

caple shown n fig. o, 0 ar, a.y - Gob {at.s U alloy = 0075 raking

S.5h 4 0,038 fwin )

FIGUKE 2+ {8) Mckel it
rom i specially propory
formed By foriord scattered bewss from Ni, Fet-y. ang <u inole 4 snd ¥,

Atom rrobe analysts provided dirvect
quantitative determination of the £ distri-
bution in ' and Ret-y at 20-30 K resotu~
tion. Constderable { enrichment octurs in
Ret-y - direct evidence of chemical stabi-
tization
ments of ¢ distribution in a thicker Ret-y

igs. 3-4). Detailed measure-

film (fig. 4) gave an average concentration
of 3.0 at.i and up to 6.5 at.y at the
«'/Ret-y interface (Thermal stabilization).
The extent of deformation {Mechanical sta-
bitization) is discernible in TEM micro-

graphs i fig. 4. Tnere is no apparent
change in distribution of substitutional
alloying etements (Cr and Mn, fig. 3) in a° 4
and Ret
Ret-: with alloying elements are attributed w7 . .

Hence changes in the amount of

to their interaction with ¢ influencing its
mobitity. Thus the overal) stability of
thin film Ret-y is due to effects of ! 4
several mechanisms.

L b} Meqions ot ARA

2 ot Lhe analysic o ubsuf fere

B image

) imagen revead Keto,

. reafile for £ acensy tne taterface

XBB 817-7029




Glassy intergranular phase R and an inclusion S ar a triple
grain junction of Bap(Cu,Zn)-ferrite

INVESTIGATION OF MOON DUST FROM APOLLO 11

- ) XBB 888-8421
Flakes of mineral showing radiation damage and heavy ion tracks.

Fig. 36

tdentification of very small particles of a-Fe in amorphous matrix.

XBB 879-7482

Fig. 35

XBB 787-8787

Fig. 37
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XBB 885-4701
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BizSryCayCu3Oy (2-2-2-3) T, = 110K c=37.2A

Fig. 44 10 XBB 885-4984A




