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United States Government nor any agency thereof, nor the Regents of the University of
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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
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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.



3

THE CONTRIBUTION OF ELECTRON MICROSCOPY
OF

MATERIALS SCIENCE TO SOCIETY

Gareth Thomas
Professor, Department of Materials Sciences
University of California at Berkeley
and
Scientific Director, National Center for Electron Microscopy
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

Philips Symposium in Eindhoven, The Netherlands

to honor Nobel Lauréate,.Ernst Ruska, Sept. 1987



A. General Introduction

We live and work in a world of materials. Modemn technology depends critically
on the availability of advanced materials, e.g., in transportation,
communication, data processing, production systems, etc. and more and more
emphasis is being placed on research and development of materials. The National
Academies of Sciences and Engineering in the USA are now completing an intensive
study and together with the major federal funding agencies give high priority to
materials characterization, especially electron microscopy in spite of its
current high costs. Industrial laboratories and even some production facilities,
in addition to Universities and leading research centers, have become heavy users
of electron microscopes. There are well over 10,000 instruments in use in the
Western world. Materials research and development in metals, ceramics,
composites, including designing for better mechanical and physical properties,
processing, forming, joining, catalysis, etc., all require scanning and
transmission electron microscopy because of the scale of relevant microstructure
and microanalyses. Economically, electron microscopy represents multibillion
dollars per year in acquistions and operating costs, so there is no question
about its impact from a business viewpoint. :

In addition to the obvious business and economic aspects of electron microscopy
producticn and sales, there are of course enormous intellectual, educational,
technological and societal aspects. Because the instrument is central to all
fields of structural characterization, electron microscopy is perhaps the most
interdisciplinary field in todays complex world. Biologists, materials
scientists, engineers, physicists, chemists, etc. all rub shoulders at national
and international meetings, such as this one, and, as current President of the
International Federation of Electrom Microscopy Societies, (IFSEM), it is a great
Pleasure to see so many national delegates in attendance. The common bond of
electron microscopy cuts across political and social boundaries and stimulates
international cooperation and understanding. Professor Ruska, whom we are
honoring at this Symposium, was the Chairman of the first IFSEM Congress in
Berlin (1958), although the first international meeting was held in Delft in
1949,

Since characterisation of structure, microstructure, composition, and properties
is an integral part of research and development in the materials sciences, as
schematically outlined in Fig. 1, it is a field that is ideally suited for
electron microscopy. The primary advantage of electron microscopy, which is truly
a diagnostic tool, over other methods of characterising materials is of course
its high resolution now at the atomic level, and the ability to detect and record
the various events that occur wvhen 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, in both
static and dynamic experiments as shown schematically in Fig. 2. The information
80 obtained provides great insights into materials behavior and helps enormously
to understand and improve materials performance. Table 1 summarizes some of these
aspects whilst Table 2 outlines some of the main techniques which are utilized by
electron microscopists in studies of materials.

From a scientific and technological viewpoint, the impact of electron microscopy
on materials science is very substantial and it would be impossible here to
properly cover all aspects. Indeed, no attempt will be made to do this. There
is no doubt that physical metallurgy, which is concerned with structure-property
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relationships in metals and alloys and is the forerunner of materials and
condensed matter sciences, developed hand-in-glove with the development of
electron microscopy, as one interacted strongly with the other. For example,
specimen preparation methods, and instrumental developments were nucleated by the
needs of the microscopists. In addition, the development of theory and rapid
computational techniques allow interpretation to be easily carried out, now
almost instantaneously. Since the electron microscope provides microstructure,
diffraction and spectroscopy data at high resolution and in one instrument,
(e.g., fig. 2) it is clearly a leading tool in the exploration and diagnosis of
the structure of materials. Table 3 outlines some of the main historic
developments in materials science research, and illustrates how the growth in
techniques, instrumentation, theory and interpretation, have lead to today's
remarkable situation where almost any material can be examined even at atomic
levels of resolution.

Although the electron microscope was invented in 1931 by Ernst von Ruska and his
colleagues, research using this instrument for metallurgy did not start until the
1940's, and then in transmission by using surface replication and extraction
replicas (Figs. 3,4). In the 1950's, as a result of improvements in
instrumentation and specimen preparation methods, research on intermal structure
of metals using thin foils, quickly confirmed suspicions and theory that effects
below the resolution of light microscopes and not revealed by x-ray diffraction
were of great significance, e.g., defects, micro-cracks (Fig. 3) grain
boundaries, second phases, etc. The first direct observations of dislocations
and stacking faults sharply confirmed the theory of dislocations already proposed
two decades earlier. Exciting results were obtained by in-situ experiments on
dislocation glide and climb (Fig. 5.) and resulted in particularly intensive
research on the plasticity of metal crystals. The more that was learned about
microstructure, morphology, defects, crystal structure and local composition
(Table 1, Fig. 2 )the faster became the application of this knowledge to push the
instrument makers to improve instruments, and the materials engineer to improve
or even design new materials. Strong, tough, ductile steels designed as
microcomposite structures and safe lightweight aluminum alloys that are the basis
for today's high performance aircraft and aerospace industries, are typical,
representative examples of metallurgical alloy design and development that were a
direct consequence of electron microscopy research. Such developments spurred
the growth of the instrument market so that the overall impact on technology and
society through business and economic growth has been extraordinary. The growth
also required increased demands for trained personnel and adequate government
funds as the cost of instrumentation has multiplied almost 10 times in the past
30 years. This has lead to the establishment of centralised facilities and
National Electromn Microscopy Laboratories. State-of-the-Art Electron Microscopy
Facilities are now a requirement in any significant university and have made an
important impact on education. However, there is still (at least in the USA) a
shortage of well trained graduate students in this field.

In the following paragraphs, some examples have been chosen from researches in
materials sciences and engineering that have had an important influence on
society from a technological viewpoint. As can be seem from Tables 1-3, almost
all kinds of materials are now being studied so the examples given below are
merely a representative selection and are from the author's personal experiences.
A major materials field, viz., semiconductors is reviewed in the papers by Drs.
Stacey and Humphries.



B. Some Representative Examples

1. Failure Analysis

Scanning Electron Microscopy has become as indispensible as the light microscope
and is now employed for routine failure analyses and product evaluation. Failure
analysis initially was carried out largely through replication and scanning
microscopy which were used for fractography (Fig. 3). Now failure analysis
includes all the tools of electronm microscopy and, coupled with fracture
mechanics, is itself an established business. Public concern over spectacular
accidents, the comet aircraft disasters, bridge failure, ships splitting, even in
dock (Fig. 6) =~ was relieved as a result of solutions provided through such
analyses. Nuclear power safety, radiation damage, which can be simulated in a
high voltage microscopy (Fig. 7) swelling of materials, and nuclear waste
disposal problems, all rely heavily on research using electron microscopy.

Steels are very important in structural applications and very detailed and
sophisticated electron microscopy techniques are required to understand them and
to design better, more economical alloys. An example is that of quenched and
tempered steels which are strengthened by defects introduced by the martemsitic
transformation on quenching. However,if the alloy content, especially carbon,
becomes too high (C20.4%) the morphology of the transformatiom product,
martensite, changes from packets of dislocated laths to twinned plates, and
fracture toughness at the same strength level, drops. These results quickly
showed that fracture toughness, as strength, is a microstructure semnsitive
property. This point is illustrated in Fig. 8 obtained during development work
on steels for la nding gear on heavy aircraft. Such research was stimulated by
frequent landing gear failures in the early days of jet aircraft. Figure 9 shows
from fracture mechanics, how the toughness parameter K; determines the critical
crack size-stress relationships for crack propagation. These concepts in
combination with extemsive observations by electron microscopy research has lead
to the development of much safer steels. A similar problem existed with the Al-
Zn-Mg type aluminum alloys used in the first "Comet" jet aircraft which were
designed from strength rather than toughness considerations. Tragic crashes
occurred as a result of using alloys with inhomogeneous microstructures and of
low toughness, especially due to the "precipitate-free zones" (PFZ) adjacent to
grain boundaries which lead to intergranular failure. It was electrom microscopy
which ascertained these microstructures and which helped lead changes in alloy
design, alloy composition, and processing. Today's jet aircraft are probably the
safest form of public transportation.

Figure 10 is an illustration of the way in which various techniques must be
combined to synthesize materials. This example is for the analysis of low or
medium carbon martensitic steels which have been designed to develop
microcomposite structures consisting of fine packets of lath martensite and
untransformed austenite. Since carbon is almost impossible to analyse
spectroscopically in steel foils it took the combined efforts of several imaging
and analytical methods and eventually proof by atomic spectroscopy using a field
ion atom probe instrument to confirm that partitioning of carbon between
austenite and martensite is a key factor in the stabilization (and hence,
mechanical properties) of the austenite.
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2, Light Alloys: Modern Developments

One of the few "conventional" physical metallurgical areas currently receiving
intensive and broad support is that of Al-Li base alloy development. For these
alloys, the 'advantages of weight savings and concommitant fuel savings is
considerable (perhaps up to 102 for a typical commercial aircraft). The problems
with these alloys in some ways resemble those of the Al-Zn-Mg alloys developed in
the early 1950's such as the formation of non~homogeneous microstructures and
hence very anisotropic properties. One of the basic phases in precipitation
strengthening of the Al-Li base alloys is the §'phase (Al3Li) which is often
associated with the B' phase (Al,Zr). Atomic resolution imaging of this phase and
image computation (Figs. 11, 12) show that the structure is ordered with little
or no strain at the '~ B'interface. The change in contrast (fig. 1l1) at the
interface is basically due to the change in composition (and hence the projected
potential). Research on such Al-Li base alloys is currently being actively
pursued almost world-wide in the race to produce economical, and safe, lighter
alloys, and electron microscopy is playing an important role in this effort.
Lithium, due to its low atomic number, poses great difficulties for spectroscopy,
but special diffraction effects available in high voltage instruments, viz., the
critical voltage effect is already proving to be an unique technique for helping
to solve this problem.

3. Non-metallic Inorganic Materials

The expanding interest in "new" or so called "advanced" materials is resulting in
a gradual decrease in research and development in structural metallic systems.
However, there is concommitantly increased activity in work on many other
materials, e.g., ceramics and composites. Indeed, the enrollment in metallurgy
programs at major universities is declining to sometimes alarming proportions.

Progress in applying microscopy to non-metallurgical materials such as ceramics
was considerably spurred on by the Apollo space missions, which involved electron
microscopy studies of lunar and terrestrial minerals, developments in TEM
instrumentation and specimen preparation techniques, Table 3. The impact of
electron microscopy in ceramics is especially notable in understanding structures
produced by various processing routes and hence their subsequent properties.
Ceramics are generally produced from small powders and often require additives to
achieve densification. It was electron microscopy which first proved the
existence of amorphous phases oftemn only ome or two molecular layers thick at
the grain boundaries after sintering, hot pressing, etc. An example is shown in
Fig. 13. The problem is thus a generic one in ceramics and applies to many
systems as is shown in Fig. l4. Imaging and spectroscopy of the grain boundary
regions has been instrumental in recognizing new or improved methods of
processing which eliminate or minimise the deleterious effects of these
structures. In addition, the development of emergy loss spectroscopy which is
particularly useful for light elements can also indicate the bonding character
and form of an element in the material. Figure 15 is an example for SiC bonded
with excess carbon forming at pores as graphite.

A further illustration of the importance of electron microscopy in ceramics is

shown in figs. 16 a~d for Mn-Zn ferrites which is still an important material in
magnetic recording. The ability to recognize calcium segregation (added for

resistivity) which causes magnetostriction (as shown by the distortion of the CBD

pattern) and loss in permeability in conjunction with the lorentz imaging, which
directly shows magnetic domain wall pinning at the boundaries, has lead to



developments which eliminate this problem. This example is typical of
applications in an industry which is growing rapidly and amounts to several
billions of dollars per year. An understanding of problems associated with
boundaries in ceramics in areas such as creep performance of ceramics for new gas
turbine engines, fracture resistance, ionic conductivity (e.g., beta sodium
aluminate), magnetic permeability (soft ferrites) and electrical comnduction,
(e.g., warm superconductors) are but a few examples of current resarch and
development efforts in ceramics. In the present decade, ceramics research seems
now to be replacing physical metallurgical research as one of the most active
fields of electron microscopy applications. The same can be said of semiconductor
materials but these are covered elsewhere in this Symposium.

Another area which has become extremely active and important is that of
toughening of ceramics for structural applications utilizing several principles
learned from metallurgy. One of these draws from metallurgical experience of
martensitic transformations, so important in ferrous alloys, especially using
ceramic alloys with zirconia. Zirconia ceramics can be stabilized or partially
stabilized by alloying with other oxides (i.e., which lower the martemsitic
transformation temperature). Under stress, the zirconia can transform rather
than crack, and such systems are said to be "tramsformation toughened". In-Situ
HVEM has in fact demonstrated this process very beautifully. Further
developments include ceramic composites where zirconia is dispersed in a
compatible matrix, e.g., mullite. In these cases several toughening mechanisms
may apply, such as microcracking and crack path deflection, as has been
demonstrated by electron microscopy (scanning and transmission).

4., Asbestos: National Policy and Public Health

Asbestos refers to silicate minerals which can exist in many forms and hence have
different properties and has now been recognized as a severe health hazard
contributing to lung diseases. Asbestos fibers are used as insulating materials
in buildings, brake linings in automobiles, etc. and fine fibers of this
material, often not detectable by light microscopy, escape into the atmosphere
and can be inhaled and trapped in the lungs. Figure 17 is an example where a
HVEM was used to analyse air samples from a California freeway. The fiber has
recrystallised as a consequence of the frictional heat developed during braking
and the resulting surface "roughness” may contribute to the "sticking factor"
when these fibers are inhaled in the lung.

For many years, assessments of exposure to asbestos fibers were based on
polarized light optical microscopy and were limited to fibers more than 10
microns in length. Levels of 5 fibers/cc of air were considered to be
acceptable. More recently the likelihood of adverse health effects due to
exposure to asbestos has been extended to include fibers as small as 0.5 um in
length and only 0.l um in diameter, i.e., well below the limit of the optical
microscope.

Electron Microscopy has played a major role in first uncovering the existence of
substantial concentrations of sub-micron asbestos fibers, then relating their
dimensions and structures to health effects. Electron microscopy and diffraction
is now designated as the analytical method to be used to certify that public
schools are free of hazardous asbestos. For example, positive identification of
fiber species using electron diffraction and x-ray spectrocsopy is now specified
in new U S. Government regulations (See EPA proposal rule, Federal Resigter April
30, 1987, p. 15820-15882). It is probable that the provisions of AHERA (Asbestos



Hazard Emergency Response Act) will be extended to apply to all public buildings
and places of employment.

5. An Exciting New Era - Warm Superconductors

The discovery just a year ago of superconductivity above 90°K in copper oxide
ceramics containing rare earths has been a major stimulus to ceramics and
condensed matter sciences because the ability to achieve superconductivity at
using liquid nitrogen, rather than helium opens up enormous economic
possibilities for great changes in technology. The optimum material so far seems
to be the orthorhombic YBa,Cu,0 compound. However, there are problems which are
strugture_related. One prozb em is that the critical currents are too low
(<10%A/cm3) to be maintained and this is almost certainly determined by grain
boundary structure and composition in addition to the transformat ion (tetragonal-
orthorhombic) induced microtwinning that occurs. Thus, the problems of
polycrystalline superconductors are similar to those generally discussed above
for ceramics (fig. 14) and intensive efforts are being made to understand the
processing-structure-property relations in these materials. An interdisciplinary
effort at the University of California at Berkeley includes atomic resolution
imaging wherein the structure and faults can be "fingerprinted" as shown in fig.
18. Well prepared samples do not show intergranular phases (fig. 19) but the
large changes in orientation could contribute to the reduced Meisner effect.

A further problem with these materials is their low stability. It has been shown
that decomposition can occur in air, or vacuum by diffusion in the a-b planes
(fig. 18) with amorphitization at the surface. Thus c¢c~-axis orientation control
to produce single crystals would appear to be the most promising approach at this
time (for applications in supercomputers). Although the potential economic
impact on power transmission, levitated transportation and the like is clearly
enormous, the problems are basically those for materials sciences, i.e.,
processing and microstructural control. At this point these problems appear to
be very formidable indeed.

C. Summary

The above examples are just a few of very many that could be used to illustrate
the impact of electron microscopy in materials upon society. Electron
microscopy, materials science and engineering represent classic examples of
demanding and interdisciplinary team efforts. Whilst in its early days, electron
microscopy was mainly used as a sort of foremsic tool to understand existing
problems it is now becoming more and more used in the development and design of
new or improved materials required for advanced systems - to comnserve emnergy and
materials. Over a century ago, H.C. Sorby was the first scientist to develop the
use of thin sections of minerals for optical microscopy. Today we use 1000 times
thinner sections in order to resolve the atomic arrangments in powerful electron
microscopes, at the surfaces, interfaces and inside crystal grains. Materials
science and engineering cannot progress without the electron microscope and it is
a delight and a privilege to be deeply involved in this exciting area.
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Figure Captions

Fig. 1. Schematic of iterative relationship between materials processing,
structure and properties and the importance of characterisation.

Fig. 2. Schematic showing the information available from a modern electron
microscope in terms of high resolution images, diffraction patterns (CBD) and
spectroscopic (shown is an ED X-ray spectrum of a glass standard). The main
aspects receiving attention now are development of field emission guns, specimen
preparation, in-situ (damage), parallel detection EELS and medium voltages (300-
500 Kv). ’

Fig. 3. Scanning electron micrographs showing ductile fracture initiatiﬁg at
inclusions, in mild steel, and below and surface oxide replica of Al-7%Z Mg alloy
showing sliplines and fracture of an intermetallic phase.

Fig. 4. Transmission electron micrographs from a thin foil of an alloy steel
compared to carbon extinction replica (top right) and the EDS x-ray analyses
(bottom right). Note that many small particles may not be extracted in the
replica. The carbides are identified by selected area diffraction.

Fig. 5. In-situ isothermal annealing experiments showing growth of helical
dislocations in a quenched Al-Mg alloy by dislocation climb. Such experiments
yield data on diffusion and solute atom-vacancy binding energies.

Fig. 6. Brittle fracture of a ship (see fig. 8)

Fig. 7. Electron radiation damage in a Ni/Ti alloy at 1500 RV (time sequence
from A-D is 0-15) minutes causes amorphitization of the alloy as evidenced by
loss of Bragg contours and diffuse ring replacing Bragg relections (E to F).

Fig. 8. Showing the relationship between the fracture toughness ( crack
propagation resistance ) on microstructure for martemsitic steels, as a function
of yield strength.

Fig. 9. Plot of critical crack size for spontaneous crack propagation as a
functionof applied stress for three similar steels - the upper one being
specifically designed for high K c toughness. Notice that low K;. materials will
crack easily at stresses well below the yield stremgth (cf fig. 55.

Fig. 10. Characterisation of microcomposite martensite - retained austenite
steels.

Fig. 11, Atomic resolution image of Al/Li/Cu/Zr alloy aged to form orderedg'
phase which surrounds Band matrix M. The superlattice structure of both phases
is well resolved (ARM image at 1 mev).

Fig. 12. Multislice computer simulation of the structure in Fig. 11 (Scherzer
defocus 180A° thick foil at 1 mev).

Fig. 13. Bright field, diffuse dark field and EDS analysis of sintered SiyN,
showing amorphous intergranular phase containing Ca, Si, Al, Mg. Such phases
greatly lower creep resistance,



Fig. 14, Schematic diagram showing generic microstructures in processed ceramics
and some properties related to these.

Fig. 15. Electron energy loss spectroscopy of SiC sintered with excess carbon a)
bright field image b) EELS spectrum from carbon region, c)d)e) standard EELS
spectra from amorphous, graphitic and diamond samples. (Courtesy B. Dalgleish).

Fig. 16. a) Diffuse dark field images of MnZn ferrite doped with Ca0

showing amorphous intergranular grains.

b) EDS analysis showing Ca distribution leading to large strains

c) CBD patterns showing reduction of symmetry from 4 to 2 fold due to
strain for patterns takem adjacent to the boundary and far from the
grain boundary

d) Lorentz imaging in the under (left) and over (right) focussed
condition showing pinning of domain walls at grain boundaries. The
central figures are schematics to illustrate these interactions.

Fig. 17. Asbestos fibers imaged at 650 KV showing the recrystallization
occurring after braking in an automobile. Such fibers exist in the atmosphere
and are harmful,

Fig. 18. Atomic resolution image of the orthorhombic 1-2-3 YBa,;Cuq09 in {010]
projection a) digitized image b) averaged over 10 unit cells parallel to the
fault plane c¢) rotation averaged after b, d) multislice "semper" program
calculated image e) projection of the model used for the 1-2-3 phase and f) the
3-D presentation (arrowed) of the faulted rod structure. The (ab) fault plane
corresponds to the plane of decomposition of the compound when exposed to the
environment.

Fig. 19. Grain boundary in tetragonal 1-2-3 superconductor with grains in [100]
and [441]. There is no intergranular phase.

10



MATERIALS

Metals
Semiconductors
Ceramics
Minerals
Polymers
Glassy
composites

TABLE 1

EXAMPLES OF PHENOMENA

Defects

Radiation damage
Phase transitions
implantation
Interfaces and Surfaces
Small particles
Catalysts
Pollutants
Quasi-crystals
Superconductivity
Structure sensitive
properties

11

INFORMATION FROM EM

Diagnostic :
Crystallography

crystal structure

atomic and lattice
imaging, microstructure
morphology,
composition distribution,
bonding ;

Dynamic in-situ studies;
kinetics ;

Relation to properties
(mechanical, chemical,etc)
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Fig. 5
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XBB 821-125
Fig. 6

XBB 821-188

Fig. 7
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CARBON PARTITIONING IN RETAINED-AUSTENITE
IN LATH-MARTENSITIC STEELS

TRANSMISSION ELECTRON MICROSCOPE - IMAGE STUDIES Retained austenite (Ret-y) has been identified in a number of

carbon containing lath martensitic steels with MS and Mi tempera-
tures well above room temperature. Because of its beneficial
effects on the mechanical properties (especially fracture tough-
ness) of HSLA steels the influence of interstitial C in
stabilizing the y has been studied in detail using TEM, CBED and
FIM-APA techniques.

Steels were austenitized at 1100°C, and oil quenched, TEM
foils were prepared by electropolishing in chromacetic at room
temperature (RT), and Cu and Hi standards in 25% NNO3 in CHJ«OM
at -30°C. Some steel foils were etched for CGED by "dipping" in
15% HC10,-5% CJH‘J(()h)j-CH:iCDOH at -25°C. FIM tips were electro-
polished in 25% HC10, in cng-cuon at RT.

CONVERGENT BEAM ELECTRON DIFFRACTION

FIGUAE 1~ (a) 6F an (b) OF (002 ) images (1iustrating the general appesrance of thin films of

Ret-y at the nartensite lath boundaries (0.5 at.% ¢ steel). (c) Composite SAD pattern of
martensite (m) and austenite (a)

The microstructure consists of dislocated lath martensite with fairly
straignt boundaries and thin film Ret-y at the lath-like martensite crystal
boundaries. OF micrographs (fig. 1) shows an extensive amount of Ret-y
(5 vol.) even at this low carbon level. The existence of this high tempera-
ture phase at low temperatures is attributed to several mechanisms in which
interstitial C stabilizes the austenite. (i) Chemical stabilization: Dif-
fusion and partitioning of C in Ret-y decrease the local H5 temperature and
inhibit further transformation. (ii) Thermal stabilization: During quench-
ing interstitial C forms dislocation atmospheres in a' and at the a'/y inter-
face, pinning the dislocations and suppressing interface motion. (iii)
Mechanical stabilization: Part of the austenite to martensite shear trans-
formation strains is accommodated by soft y which deforms extensively to
prohibit the transformation.

The average C concentration in Ret-y can be determined by measurements of
shift in positions of the holz lines in CBED patterns in relation to .the
change in the lattice parameter of the Ret-y, due to C: (‘a‘/aref) =
LZ/}}[(p!/QIJ = (Praf/Qeg) 1(8/118) % i (99.99% with a = 3.5238) was used
as a reference, and results cross-checked with Cu (99.999% with 2T 3.6150).

For the example shown in fig. Z,C at.% = 4.9 ¢+ 0.6 {at.x C alloy = 0.7) taking

2,
ety * 3.555 4 0.044x {w/o C).

FIELD 10N MICRUSCOPY - ATOM PROBE ANALYSIS

000

FIGUKE 2 - (a) Nickel (fec) 111 CBED-pattern at 100 kV reves)s trigonal symetry. (b)&F image,
from a specialiy preparea foil, shows the Ret-y f1lms extending into the perforation. (c) Discs
formed by forward scattered beams from Ni, Ret-y, and Cu {note ay and ;‘K].

Atom rrobe analysis provided direct
quantitative determination of the C distri-
bution in a' and Ret-y at 20-30 A resolu-
tion. Considerable C enrichment occurs in
Ret-y - direct evidence of chemical stabi-
lization (figs. 3-4). Detailed measure-
ments of C distribution in a thicker Ret-y
film (fig. 4) gave an average concentration
of 3.0 at.% and up to 8.5 at.% at the
a'/Ret-y interface (Thermal stabilization).
The extent of deformation (Mechanical sta-
bilization) is discernible in TEM micro-
graphs in fig. 4. There is no apparent
change in distribution of substitutional
alloying elements (Cr and Mn, fig. 4) in o' [}
and Ret-y. Hence changes in the amount of
Ret-y with alloying elements are attributed & L .
to their interaction with C influencing its * #
mobility. Thus the overall stability of
300Kev TIRNAZ thin film Ret-y is due to effects of
several mechanisms.

FIGUKL 3 - (a) FIM image of Ret-v. (b) Regfons of APA h e

analysis. {cj Illustration of the analysis of subsurface HTNT S 1

regions by field evaporation. (d) Low magnification image e

of the tip. (e) HVEM BF and (f) DF fmages reveal Ret-y. FIGURE 4 - {4) OF and (b} DF TEM images revesl the extent
(h) Concentration profiie for C across the interface . of deformation of Ret-y ) Concentration profiles for €,

Lr, and r-2Mn seel

M over Retoy file by APA froe 1.
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330 78 100-700 MK K 2=12 NG 330 78 108-700 NK K 2=20 CA
8X10+8S  8.64 KEU 295 C/$ 8X10488 1.72 KEU 268 C/5
Uge 812 14 M HS= 20EV 148 Use 812 14 M HS= 20EV 1nB

XBB 785-5933

Fig. 13

Generic Microst ures: Ceramics

Grain ri nterf Examples Properties Limited
Amorphous Films SizNg Creep
Partly Crystalline Some Sialons  Creep
Films Ferrites Permeability
Daristors Uoltage drop required
Additives / B Na Alumina Na* conduction

Impurities ¥BajCuz07-y4 Conduction a-b plane

2r02/Mullite
Composites Varied (creep, etc.)
XBL 8712-5343
Fig. 14
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Fig. 16b
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Fig. 1l6c
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