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L 'I. INTRODUCTION
E ' _ Since the first high temperature stage for transmission electron
microscopes was described in l958<l) there ha?e been only a few hot stage |

‘v’ _ . : _
. .. experiments reported.(2 O)

The first described the annéaling éut df
dislocation loops by climb in aluminum(e)'and this-techniéue ﬁas subse-
,quently”exgended to studying the effects of magnesium additions on the-
climb rate.(5’6)p These kinetic measurements enablevthe self-diffusion
activation energy to be determined and also the binding energy bgtween-
vacancies-an@ solutes to be estimated. Only two papers utilizing this
technique appear to ha&e been pubiished on phase transformations, both
of whicﬁ Vere concernéd %ith nucleation and growth processes in Al—Cu(3)b
and. Al—Ag.(h> The rates of dissolution‘of precipitates were measured
using movie techniques by which the activation‘;nergies for.diffusion
and the diffﬁsion coefficients were estimated. .
It is somevhat surprising that hot‘stagé electron ﬁicroscopy has
not received wider attention. Experimentally, ' the technique is a little
more difficult thah‘ﬁormal microécopy and,often.néceSSitates at least
. two persons to carry out the observations, but this is'not an overwhelming
objection., The possibilitiesvfor hot stagé.work are enofmous and. it_is"
very exciﬁing to bbserve directly soiid state phenomena such as.disléca—
tion climb, and phase transformations. The educational asﬁects‘are nof‘.
to be neglected and it is a measufe of the rémarkable progress that has
been made over tﬁe past;eight years'thatjnow,‘ih ciass,‘it is possible to.

- show students dynamic phenomena taking place inside solids. Even heﬁero-

geneous precipitatioh at lattice defects has beeﬁ,reéorded and many of

- : the theoretical predictions concerning nucleation and growth have been
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confirmed.
The electron microscope is unique in that it is the only technique
which enables us to see inside solids and is thus preferred over therm-

ionic emission or light microscopy which reveals only surfaces. Dynamical

Achanges due to temperatureAwhich occur both at surfaces and inside the

material can thus be observed directly. However, there are also possible
objections. - Since specimens have to be very thin (less than 1lu) to be

electron transparent one is dealing with essentially a two-dimensional

‘object.so that surface diffusion becomes important. .Thus, what one sees

in such specimens may not be typical of bulk behavior.' However, any -
sinéle technique does’not give the complete answer to a problem and has
to b¢ used in conjuﬁction with others.

Althodgh papers are available describing hot stages and some

applications (refs. 1-9), a detailed analysis of procedures, contrast

. changes, etc., has not yet been set down in print. The invitation to

prepare this paper has afforded-me such an opportunity and it is hoped
that, as a result, metallogfaphers will be enticed to use the teéhniqne
more oftep.

Some of the faé%ors that need to be-considered here incluée 1)

temperature measurements, 2) coping with all the changes that océur on

-heating, such as contrast, specimen drift, beam drift, etc., and problems

. of interpretation, 3) contamination problems, and U4) recognizing possible

surface effects and effects not representative ‘of bulk behavior.

II. HIGH TEMPERATURE STAGES -

Standard, nontilting, hot stages are available with most of the
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modern electron microscopes and enable object temperatures of up to.
lOOboc_to be afﬁained. Little is known of the relative performancés of
each:type of étage snd mos® of the author's exﬁerience has been with an
experimental stage(l’3) and the standard stage for ﬁse with Siemens '
Elmiskop I microscopes.

All commerqial hot stages are designed on the furnace principle

and the specimen is not heated directly. It is very important‘that

-the design be such that fapid changes in temperature can be effected,

because many dynamic processes occur so rapidly it may be impossible to

carry out an experiment if the heating up or cooling down times are long,

_i.e., for furnaces that are thermally massive. There are thus advan-

’ (1)

tages in experimeﬁtal stages, such as that described by Whelan. In

this type of stage the specimen is mounted on a heating grid consisting -

of a 75 mesh screen of stainless steel which hangs freéiy.in the.cart-
ridge. Thus, as soon.as current pasées through the grid the specimen
heats.uﬁ very réﬁidly and cqpvgrsely.when the current is swiﬁched off
the spécimen coqls-rapidly. With such a stage it was possible to solution

(3)

heat treat foils of Al-Cu alloys in the microsceope. lOver the past
few years we have used the stanéard manufacturer's stage in the Siemens
Elmiskop I which has pered‘to be véry satisfacﬁory.':Thé heating and
cooling responses of this stage are described in section IIT.

Figure 1 is a cross section of_the Siemens hot stage specimen
¢artridgé showiné thé various features. The speciﬁen isfplaced above

the Pt cap and the arrangement inside the furnace is such that the

object reaches the same ﬁemperature as the screw cap.l The Pt-Ir furnace

. is insulatedlfrom the cartridge with a ceramic piece which is quite



e

delicate. It is very ;mportant to hgndle the stage with care at all
fimes. The preésure spring 1 ensures that all the parts keep fitted
togéther during'expansibn on heating. In order‘to avoid setting up y
interference fields which modify the field of th; objective iens, thé
neating coil is bi-filar wqund and is insulated with aluﬁina._ The heater
leads a;e welded to two platinum contacts so tha£ fhe heaﬁing‘probe
which fits in place of the stereo drive on the fronf of the column
(see Fig. 2) ﬁakes electrical contact to the heater when in the inserted
position. Because of thi; feature the stage is not tiltable. The
constant power to the furnace (0-12V, 1 amp. max.) ig calibrated such
that the,inpuf power caﬁ be used to measure the tempéréture. Th;s is
described in section III.

During’heatiné of the specimen, because of thermal expansion, the
object will be observed to move so that the operator must keep the
specimen translation controls adjusted in gfder to observe continuocusly
the same area. For the rotation—symmetricél construction of the carf-
ridge,-most_of the movgment.takes place along. the optic»axig, i.e.
the magnification increases. This améuﬁts to abouﬁ 5%'a£ 1000°C so that
focusing adjustments must also be méde. Tf the furnace windings set up
interference fields in the objectivé pole-piece,_beém deflections may.

also occur. Thus, in practice the following microscope adjustments may
) \
b S

have to be continuously made, in additidn to maintaining the contrast B

constant (as will be described in section VII): . ¥
1. Position of specimen adjusted by translators
2. Focus of objective lens

3. Centeringfthe beam with condenser translators v
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Consequently, it is very helpful to have two persons working

2 : v together during hot stege experiments. The particular procedures for

mounting specimens in the'heater cartridge and for inserting andfremoving
cartridges and heater pfobes on the microscope are @escribed in detail
in>the manufacturer's instruction manuals. These should be followed
carefully. -Individually constructed stages will g1l be_slightly differ-
~ent and havé their own idiosyncrasies and the advice of the des;gners
.should be sought with regard to the most efficient way of ﬁéing them.
There have been many étages described in the literature, in particular,
refefences (1, 7-9) should be consulted. Some of the later designs

make provision for tilting and/or tiltihg—rotation of tbé specimen
during heating.<8)‘ This is of great advantage for maintaining contrast
as described in section VII. However, the use Qf gun tilting is often
as effective as specimén tilting. - ._ | -

Hot stages must be.designed 50 that no appreciablé heat 1s lost
and- convected to the objective pole piece, otherwise,‘losses in magﬁet-
ization and changes in focal‘léngth Vill ocecur. vAlso, ﬁhe geometry of
the field may be changed if the top of‘thé pole piéce\is hotter than the
bottom and this can lead to spherical abef%ation_énd decrease of
resoclution. In most cases.a éhorter-heating cartridée thaﬁ the normal

specimen holder is employéd to minimize heat losses to the pole piece.

A L This results in operating at slightly larger focal lengths of objectives.

- With the Siemens hot stage the magnification is 85 to 90% of the normal
value, hence, it is recommended that the magnification be recalibrated’

_ (in the usuallway<9))l
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TII TEMPERATURE CALTBRATION

One* of the major dlsadvanuages of the technique is the. dlfflculty

(in most cases, impossibility) of measuring the temperature,alre0uly of -

a particular specimen during an experiment.. Due to.space and design

difficuities,.thermocouples cannot usually be attached to the specimen

l.when4it ig 'in thelstage. It is essential, therefore, to precalibrate the

"_heating stage prior to a set of experiments. Even when this is done

the actual specimen tempefature is still not known precisely. A number

" of calibration methods can be used, viz. l) using a special specimen as

(10))

- a thermocouple, e.g. an evaporated bimetallic film (e 8- (Ag-Pa

(

or Cu—constantan,”)/Q) materials of known meltlng or phase transforma-

(12)

tim points, or 3) by calibrating the power input to the furnace.

The latter technique is used in our laboratory and will be briefly

described here. PFirst; however, it is necessary to consider beam heating.

Beam Heating

The specimen is heated during normal operation because of energy
losses (mainly through inelastic collisions) occurring during electron
transmission. All the factors leading to enhanced inelastic scatteriﬁg,

e.g. high atomic number, thick specimens,”and low energies of the

incident beam, will raise the snecimen temperature. The temperature

also depends on the volume irradiated, the ize of the condenser apertures,

and the current den51ty of the beam The equlllbrlum temnerature then

- attained by a specimen depends on the fraction of eélectron energy con-

A\

" verted into heat, andpartly oh the amount and efficiency of heat removal.

 The latter depends on the stage eonstructioﬁ and materials used, as well

as upon the thermal'conductivity of the specimens. An increase in

L{

-

»
LA

W



conduction away of heat is achieved by mounting specimens between two
copper grids. Thus, metallic foils remain at relatively low temperatures
(< 100°C) whereas ceramic specimens may heat up to several hundred degrees
under the same operating conditions.
. (10) .
Stojanova and Belavtseva used a Cu-constantan specimen as
thermocouple and investigated the temperature rise under various conditions.

Their main conclusions were as follows:

a) Effect of Accelerating Voltage and Thickness

An increase in XV leads to e lowgr specimen tgmperature,
but increasing the thickness of a specimen to the transparency
limit markedli/increases the temperature. These resulis are
expected because the energy loss of electrons (i.e. the amount
of inelastic scattering) is greater, the lower the volﬁages
and the thicker the sample.

b) Area of Illumination

This is a very important factor. If the radiusvof:tﬁe .
irradiated area of a conducting_speéimep s kept below about
154, the temperature rise'does not exceed 10°C for normal

current.densities used in microécopy’kup'té lO‘amp-cmg);. /
Watanabe, et al.(lo) also confirﬁed fhe latter conclu-
sion by using foils of Ag~Pd as thermocduple specimens.
Figure 3 is a plot of their results, showing the effect of
irradiated area on temperature for foils of constént.thick—
néss,.constant accelerating voltagé and,fof a given'condenéer
'.aperture (not stafed in their paper); as a.function of fhe.

current denSities, It can be seen that for an illuminated
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B . 2 ) . v-. "' .
_area of Su even at 10 amps-cm the temperature 1s_only
~:507C.. These results are in good égreement with thep-.
et ) ok o ian (13)
- retical calculations of the temperature rise.

From a practical viewpoint, the availability of double condenser

lenses is a boon for reducing the temperature rise of the specimen to

a minimum. In the Siemens Elmiskop I, when condenser one lens is fully

excited;and'cdndenser two is fully focussed, the beam diamter at the

épeéimén has é minimum value of 24. In this case, for 100 kV operation

. with 600y condenser aperture‘and using metallic foils of the usual ,

thicknesses for transmission, the specimen temperature is less than 50°C.

Gale and Haie(lu) hewve found with iron specimens-that the maximum rise
a ' :

in temperature is 70°C in a Siemens ElmiskopiI operatedﬁat 100 kv,

" 60uA using a 600u condenser aperture and beam dizmeter of 2y. Thus, it
- is.essential to use double condensers to obtain the minimum beam diameter,

- so as to minimize heating.

"However, a problem arises when using a fine focussed beam with ‘

1

hot stage operation, because the temperature of the irradiated. area is

' usuélly greater than that of the foil as a whole. This can be checked

by‘ﬁsing alloys of known phase transitidﬁ’péints.' Set the'étage tempefaQ
ture below the solvus point and find under what conditions the second

phase dissolves. In this way the temperature effect due to beam heating

‘can be corrected for in terms of aperture and beam sizes, current

density, operating voltage, and specimen thickness. Invbther words sets

“of curves similar to those in Fig. 3 can be plotted, and the precalibfa-

~ tion curves corrected (Fig. 4).-

In order to minimize the complication due to beam heating the

o
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following procedures are recommended. Either switch off the beam until
ready to take an exposure (provided tﬁe foil does not drift too much on
heating) 5r move the area of interest away from‘the beam until photography
is needed. Beam heating thus leads to some uncertainty in the actual
temperature of the area being photographed and is one of the main
difficulties associated with obtainiﬁg reasonably accurate kinetic data
for_ﬁhase transformaticns and other dynamic events. HQWevér, if the
above precautions_are observed the temperature of the area being
photographed can be estimated to within about 10° - 20°.

For following phase transformations without needing accurate
kinetic data, pulsgd’beém heating is often of advantage. Thisvmethod
has been used for following the stages of orderiﬁg and preciﬁitation of
(15,16)

interstitials in bcc metals. Pulse heating is achieved either by

increasipg the beam current Qr‘by quickly removing andbre—iﬁserting the
condenser aperture. Although littls or no control of temperature is
possible with this technique, various stages in transformations can be
initiated, halted and then individually studied; In this way contrast
and diffraction experiments can be.done at each.stage taking advantage
of the normai goniometer specimen holder’ In some cases, by using a hot
stage the reactions -proceed too quiéklj through'the various steges to

facilitate a complete interpretation.

Precalibrating Hot Stages

In our laboratory a constant voltage DC.power supply (of the type
normally used for electrdpolishing) is used for the temperature calibra-

tion of the hot stage specimen holder as a function of input voltage.

Since the resistance of the heating element increases with temperature,

:
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_ ~107.
it was foﬁnd-thaf a cénstanf volfage sunply wasvbétter ihén é;éonstaﬁt"
;power supply bécause the desired temperatures could be attalned faster'is’
this way,<81nce the ﬁgwer 1nput is initially larger as the re51stance( 
in the beglnnlng is small. A voltmeter with the desired range of voltage
'scaléé may be connected in parallel to .the oufput of the powgrfsupply,. -
if the scales_on the gommpnly used power supply are too smail.. Tﬁus,'.
the use of‘batteriés and-the inconvenience of charging, étc.,féan'be
;;eliminated.: | ) |

_Thé-calibration is7doné'in an evaporator und?r vacuum ofithé Qrder'.;
vof'_lo"S mm or better to siﬁulate conditions iﬁvthe'ﬁicrqscoﬁe.‘ The |
: résﬁlté obtained dgpénd on the position of the thérmécouple,in_fhei
specimen holder, bﬁt with'a little éére consisﬁént températuré feadings
can be obtained. The thermocouple must be placed exactly at the
speciﬁen position. :

The heating agd coolipg response of tﬁe Sieﬁgns'hot staée;;s sﬁown
in Figs. la,b. In order to obtain a constant temperature; the foil ﬁusti
be:heéted for at{ieast teh ﬁiguteé. ThlS glves rise to dlf*lcultles when
. rapid changes in structure .occur over a short time. In this event the
foltage is set to a highér'value and thén’decreased to the des1rea
temperafure; The cooling rate with the Slemens stage is relaulvely slow

over the loﬁ temperature range. As can be seen. from Flg “La- the coollng .
rate is most rapid over the first two mlnutes and falls" very slowly below
about iOO°C. Thus, if martensitic transformatlons are to be obse:ved .
one must work with alloys of.'MS > 100°C‘and in Whlch the crltlcal coollng
velocity is sloﬁef than about 200°C/mih; ' L |

The calibration outside the microscope canibe checked by running

aN
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the hot stage inside the microscope using specimens of known melting
or phase transition temperatures. By this means it 1s found that pre-

calibrations are accurate to about 20°C up to about 600°C, but the

uncertainty increases above this value.

For quantitative ﬁork which depends critically on accurate témpera—
ture determinations,'it is possible.to age a foll outside the miéroséo?e
and then examine the same area as a function of time. Special specimen
holders are needed to avoid alloying or oxidation during aging since the
foil should not be taken out of its holder once the experiment is started.
One also has.the advantage in these cases of using double tilt stages
so that constancy of orientation and diffraction conditions can be

maintéined.

IV. EXPERIMENTAL ARRANGEMENT

‘Figuré 2 is a photograph showing the set-up at the microscopebfor

‘taking movies from images observed on the fluorescent screen. In some

microscopes movie cameras are located below the screen as indicated in

‘Fig; 5. In Figf 2, the heater probe can be seen in-the inserted position

at the specimen chambef, and the former is connected to the pre-calibrated .

.

power supply. _The.movie camers, ié.mdunted on & tripod such that the

axis of the cameré is normal to the tilted fluorescent screen-as shown

in Fig. 5. In order to.obtain maximum iliumination a special Bell and

Howell Angenieux f 0.95 lens, fully open, is used and_the camera 1is
placed as close as possible to the viewing window of the microscope.

The lens carrying turret must'be long enough to enable the camera to be

‘focussed. We have found that with a Paillard-Bolex HIb'caﬁera a5 mm.

l'spacer is needed for the arrangement shown in Fig. 5. The camera is
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- Tri-X film, but with thin specimens of high contfast_the slower speed,

 total magnification can then be determined from the microscope magnification. -

-12-

electrically driven through a variable speed motor (2-32 frames/sec) and -

is loaded with 16 mm movie film. Usually it is necéssary'to use Kodak o

but finer grained Plus-X film can be used. For most experiments film-

speeds of 8-12 frames/sec are suitable.

In order to maintain adegquate brightness, magnifications of up to -

v20,000X are recommended. When recordingAimages from the fluorescent

screen the hiéhest intensities 6f the latter are needed. . To'calibrate
the movie film a 1 cm mark can be made on ‘'the fluorescent screen. The '
When viewing g,developed film.(e.g. for measuring_changes in dimen-
.sions of a precipifate or dislocation loop) a movie projéctor of varieble
speed is required. ‘Such a projector provided wiﬁh a manual bperator is
very useful since one can then Qb;erve and make meésureﬁents on each
frame one’at_a time. One way of measuring is to project the film, frame

by frame, onto a white piece of paper and then draw in pencil each image -

of interest. The;change in dimensions with time can then easily be

obtained. S

_/.

V. SPECIMEN CONTAMINATION
Adsorption}
As all users of electron microscopes know,'prolongedTexamination"

of the same area of a foil leads to general blackening and lqs$ of

resolution and contrast. . This is due to contémination of the specimen Tk

-t

from impurities in the vaéuum,’mostly arising from vapor, back-streaming
from the diffusion pumps. Thus,'in order to carry'out different '

contrast experiments on the same area, it is essential to work as quickly
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as possible. All the means which lead to réduced specimen contamination
shoﬁld be employed, and today meny manufacturers provide decamtamination
devices and/or liquid nitrogen traps between the diffusion puﬁps and the
microscope column. Vacuum gfea§e on parts of the microscope should,be
- avoided ﬁherever possible. |
The rate of cbntamination can be estimated from the Léﬁgmuir
equatién. The number of moles of a gas adsorbed on a solid_surface per

unit time and area is given by this equation:
5

Z=JexMRT

and assﬁmes that all gas molécﬁles which strike the specimen surface

are adsorbed and reméin. In reality this will not ﬁe tfué,‘but the

above expression does give the meximum possiblé raté. "In tﬁe formulé,

M is' the average molecular weight of the gasequs‘species, R the gas
constant; T the absolute temperatufé'and P the pressure of the gas._.In

the elecﬁron micfoscope,‘both surfaces of tﬁé specimen adsorb gas molecules,

and assuming the average area of a specimen is one-third the area of its

support grid theh for a grid diameter of 0.23 cm, and assuming an average
xvalue of M to be 3Q (éarbon,:hydrégen, oxygen, nitrogen, hydrogarbons,

etc.), by appropriate substitutions the ébove equation reduces to

. ._ 31.8p

: Téble I shows the results for a range of vacuunm conditiohs and specimen
ftemperatuies. For agiven vacuum,.temperature has a small efféct.. |
However, for the usual operating pressures (10'“ $o 1077 mm Hg) for all
practical pﬁrposes during hot stage éxperimehts, the contamination rate’

. above 300°C is negligible and cannot be measured. At lower temperatures

the rate can be estimated from the growth of the film deposited at the

!
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TABLE I

Contamination Rate of a Specimén in the
Electron Microscope, Estimated From
’ the Langmuir Equation

- Maximum
Specimen Operating Pressure Contamination .
Temp. °C ~ (mm Hg) Rate gm/cme avg.foil/hr.
50°C 1073 1.78 x 1073
107" 1.78 X 207H
107 1.78 X 1077
100°C 1073 1.65 X 1073
207" : 1.65 X 107
;. 107 1.65 X 1077
200°C . 1073 1.46 x 1073
107 . 1.46 x 107%
1072 1.46 X 1072
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“edges of the specimen.

The actual Vélues obtained in Table I are probably not too meaningful
begauge of the assumptions, but they do illustréte scome important'points
and refer to'maximum contaminatlon rates under the éonditions‘épecified.

Some obvious conciusions can be reached from Téble‘I.
1. The highest possible vacuum should be maintained during
- observations. Conversion to ultrahigh vacuum ﬁith vac. ion
pumps may be desirable. Very fast pumping rates and the
use of iiquid nitrogen traps age,recommended;

2. Large valuées of M decrease the contamination raté, thus
silicone oils should be used in diffusion pumps. In our
 'laborat§ry, Dow Corning TOL éil has béen found to be very
éatisfactory and under normal operating conditions foils may
be examined‘for éO mins. or longér-before gontamination has

any éerious éffecﬁ on resolution.

3. CQntaminatioh from water vapor present in freshly loaded

plates can be avoided if the plates are always prepumped

) undér high vacuum, before beihg charged to the microscope.

) 4. Although high temperature operation reduces the rate of
'contamination, tﬁe rate of diffusion’ of gasedus species into
the specimen increases. Thus, due.to'the low activation

'enérgy for diffusion of inferstitials in bee metals (~ E0,000'
.éal/mole for C in o« iron), alloying dufing‘high'température
examination is possible.

It should.also be mentioned that reactive metéls may become ccntam-

inated with oxygen and/or hydrogen during thin foll preparation by
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electropolishing or chemical polishing. In these cases and if the
contamination rate in the microscope is high, ordering reactions or
phase transformations duve to interstitials may be observed during
(15-19)

examination, e.g. 0, N, .C, H in Ta, Nb, V.

Choice of Materials

, Othef sources of contamination inglude the materials used infthe

’

stage. Brass should be avoided because of the low boiling point of

zinc at high vacuum. Figure 6 shows an effect when a brass specimen

1

cap was used on the cartridge and heated to above ~ 300°C. Zinc has

evgﬁorated and recondensed on the grid barsvés whiskers. For similar
rea;ons,»magnesium gﬁa ité alloys cannot be exémined'in the hot stage.
The grids mﬁét also be carefully chosen to avoid alloying. Thus, the
normal copper grids are unsuitable fér supporting most .foils if teﬁpefa—
tures above aboﬁt 200°C:are to be employed. The‘difficﬁltiesvdué to |
these factoré increase as the desired tempe%ature inéreases. Platinum
grids are recommended‘over'stainless‘steel because of their better heat
conduction. It gs.important therefore to thoroughly prepare fbr an

experiment so as to avoid all ‘possible sources of contamination.. In

.certain cases, e.g. with the reactive metéis”'special thinning techniques

may have to be used as described in‘thé following.

(9)

It is beneficial to prepare uniformly thin flat.foi;s for hot

(20)

stage work. A micropolishing technique has been developed whereby

discs can be thinned down near the center. Such specimeﬁs have the

~advantage that they can be mounted in the cartridge ﬁithout_necessitating

the use of support grids and theréby.reducing possible contamination from

’:a\
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the grids and alsovproviding good thermal contact in the hoider (Fig._l).
An. apparatus for this is shown in Fig. 7. The disc.specimen, of diameter
fequiredkfor the specimen.stage (3 mm for the Siemens), is stamped.out
from a sheet and mounted in a teflon hqlder such tﬁai the disc is concen-
tric with the hole in the upper‘and lower hélves end makes a'liduid tight
junction with both halves of the holder Qhen the bolts are secured. A

Pt cpntactor strip containing a hole of diameter greater than that of the

disc makes contact with the disc and serves as the anode connection.

- The parts are assembled as shown in Fig. 7. A suitable electirolyte

flows through a flexible fube from a reservoir placed about 18 in. above
the holder. A pinchgvélve on tﬁe incoming electrolyte tube is‘adjusted
so that the electréiyte flows’and Just wets the surface of the diéc.

As the»specimeﬁ is electropolished a saucef-shaped depression is

developed. The specimen is inverted and polishing is continued uhtil,

by observation with the binocular microscope (Fig. 7),}a'drop of liguid

is first observed through the disc. Polishing is then immediately

stopped before a,visible hole appears otherwise large areas uniformly
thin will be polished away and lost. The specimen is removed from the
teflon holder)washe@)énd nounted in the cgrtridge using vacﬁum tweezers.

By these means the foil does not have to be cut and is thus not

mechanically deformed nor carelessly bent.

VI. CONTRAST |

General Remarks

It seems unnecessary to go into details on contrast phenomena as

‘these'are now well discussed in the literature (see e.g. ref. 21 for

review). Here some general conclusions: are made regarding contrast and
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how the latter may be modified by high temﬁerature operatien.

There are two important positions of the specimen as illustrated

in Fig.. 8. The first is for a tilted foil to déhieve two beam conditibns_v

for contrast experlments and the second is for the rec1procal lattlce

plane exactly normal to the beam wpich is ideal for orientation deter-

‘minations. 'In the latter case the centers of symmetry of spot and o

Kikuchi patterns coincide as shown in Fig. 9. In the fofmerlcase,_~‘

_ ﬁo avoid complications and to facilitate interpretatioﬁ two beam situa-
. tions must be employed, and the hk{ Kikuchi must coincide withlthe hk{

.. spot (s = 0) for dark field imagihg.

At the exact Bragg condition the 1nten51t1es of uhe transml tted

A . :
and dlffracted beams are complementary under non- absorblng sltuatwons (22)

The dynamical intensities are then given by

' Wlé = cos® x =~ transmitted & o (1)
: R . L‘O . R Lo .. . ¢ .
l¢1§ = sin® = %—<'diffracted o L (2)

E fe) N - ot
(23)

where t is the extinction distance for the operatlng reflectlon,

and t is the f01l thlckness e

If the crystal is not at the exact -Bragg condition, the reciprecal_a'

lattice point .lies inside or eutSide‘the sphere. If the poinf lies

- inside the’sphere, the deviation s in reciprocal space is taken as

positive, and converselyis-is negative when the point lies outside the

sphere;' ‘These cases_ can be recognlzed in the dlffractlon patuern by

~ the p051t10n of the Klkuchl line with respect to uhe spot. In the

usuel conventions, s‘negative means that the hk£ Kikuchi line lies

.inside the hk{ spot (as in Fig. 9) end vice versa for s positive (Fig. 16a).

N ¥

-3

&
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At the exact Bragg case s = 0 and the Kikuchi line intersects the center

of the diffraction spot (as in Figs. 15c,d). When s is not zero the

‘diffracted intensity is modified to

o=

LI+ (18 )7

2ls® + (1/5)°1

2 Lin2 .
lwggﬁﬂ'“n“ (3)

Bl

Thus, contrast from foils can be dnders£ood by consideriﬁg-fhe effects
of structure én s, and to and how the intensities are affgcted. Although
a crystal méy be set macroscopically at s = 0, lattice defects which
éistort latﬁice plaﬁes locally change the Bragg.angle and the local valué
of s. - If the?displacement vector R of the defect is parallel to a
reflecting plane g.R = O and the defect is invisible. Most of the
important effects concerning contrast from defects, including precipitates
have been.summarized:recentl&.(21) |
In thick specimens energy losses occur as a result of inelastic
scattering so some‘éf the electrons afe absorbéd and fhe intensities of
the beams are reduced. .In fairly perfecﬁ foils Kikuchi lines will be
obsérved in the éiffraction patterns (Fié. 9).and since these are
essential in order to ébtaih foii orientafions and'crystallogra?hic
relationéhips accurately (see refs. 24,25), all microscopy should be done
on relatively thick foils (t > than aboﬁt 3vto) so as to obtain Kikuchi
patterns. | | . |
Bécause of absorption the diffracted and transmitted beaﬁs ére no

longer complemenﬁary. The fo;lowing effects(22> then océur

1. The'bright field image is symmetrical (e.g. Figs. 10a, 16)

with maximum inﬁensiiy‘and contrast occcurring for s slightly

positive, e.g. Fig. 1l (i.e. the nkzlxikuchi lies just to the
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outside of “the- ‘hk£/spot).
2. .The dark fleld 1mage is asymmetrlcal (Flg lOb), maximum
contrast occurs at s = O (Fig. ll)

o These results mean 51mnly that the transmltted and diffracted waves

are in'phase at the top.of.the foil, but outvof phase at.the bottom.

"Hence, it 1s easy to dete“mlne whlcn is the top or. bottom surface.

It also lollows from Fig. 11 that in brlght field as soon éé s

: becomes,negative (oné or other side of a half bend contour, whlcnever

side is.tilted to < exact Bragg angle) there is a rapid:loss of intensity -

-and}contrast. It is thus essential to work with relatively flat,foils_.f-

and to avoid hending specimens. Care should thus be exercisediin foil -

/

preparatlon and handllng
Since the electrons are 1nelast1cally scattered at small angles

they will be concentrated around the transmitted beam (the 00O spot in T

 the diffraction pattern) and paSS'through the objective_aperture. This

~and determlnatlon of the 51gn of the strain vector.

be missed in brlght field, e. g. the detectlon of small prec1pitates,

- adds to the background of the image and causes chromatic aberration.

There is thus much benefit to be gained by using dark fiel@vmicroscopy'

with the gun tilted so that the diffracted beam passes down the optic

axis. This avoids thelspherical aberration and astigmatism that occur

. . A . : M
if the objective aperture is moved to obtain dark field images, e.g.

Fig. 10. A The dark field image pfouides much useful information which might .

(2 5)
(26, 27)

'Thus, one

i

- cannot urge too strongly that dark field imaging (by gun tlltlng) should
. be employed at all tlmes. As shown in Flgs. lO 12, the _operating reflec-

© tion in dark field is the negatlve of that for brlght field. ( T) Thus, if

[200] is the brlght field ‘operator, tilt the gun so that the 000

/'.

i

e

L
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spot moves in the [200] direction until the g = [200] beam is centered.

Effect of TemperatureT

Sharp diffraction patterns -occur from crystals because the atoms

- are arranged in regular positions so that coherent and in phase diffracted .

waves afe produced. As the Temperature is‘raised to the melting point,
therma} vibrations cause the_atoms to move from thelr regular positions
so that successively scattered waves are no longer in phase. As a
result thére is a loss of diffracted intensity and the diffractipn

pattern becomes more and more diffuse until eventually, as in liquids

‘or gases, very broad patterns are observed. There is also an increase

in inelastic scattering and an added contribution to background intensity.
The intensity predicted by Eq. 3 is modified by the Debye-Waller

factor, e-QM, where M is related to the mean atomic dispiacement due to

- thermal vibrations. In effect the Debye factor is essentially a term

that damps the lattice periddicity and decreases.the afomic scattéring.
Upon.heating there will be a loss in transmitted and diffracted intensities
due to the Debye factor and an increase in thermal diffuse séattering

which will add to the background. Thus, a foil‘will apﬁgér to gradually’
thicken as absorption is effectively incredsed, i{e. there will bé a
gradual loss of transmission as the'femperatufe.is raised. Thermal

scattering is present‘even at 0°K due to zero point oscil;ations.

The "out of phaseness" of successively scattered waves due to

thermal vibrations is equivalent to meking s non-zero. Thus, fram a _

contrast point of view, one can qualitatively take into account ﬁempéra-

ture effects by considering how s'and to are altered, and this leads to

T - .
For & detalled discussion of theory see pp. 241253 of ref. 23.
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‘root-mean square vibration amplltude of- slllcon

a good physical basis for understanding how to carry out hot stagev '

experiments under contrdlled conditions.

1. Change in s on Heating

Under'ideal conditions crystals may'be set to a'partiCular - j
‘f macroscoplc value of s and the diffracted 1ntens1ty is- glven by
o Eqbn3. As also bOlnted out by How1e and Valare( ‘> *hermal

agitation will cause . a spread 1n'p0551ble s,values SO s can'be

replaced by s * (ZE)Q where de represents the mean square devia-

tion ffom s because of thermal agitation.

The mean square v1brau10n amplitudes for cub1Crcrystals vary

from about a factor of 2 4 from 0° X to 203 K. For example, the

(9)

.changes from-

’

0,0TSA to O.llhA which can have an appreciable effect bn the o

.value of s. Also, on heatlng the . f01l expands, SO . that Bragg s {7

' ]aw is modlfled to:

2(d+Ad) s1n(9-A9)

':Zthe expan51on Ad makes the Bragg angle smaller on heatlno so 1l'

the crystal is originally at s = O, it becomes s p051t1ve on

heatlng since the re01procal lattice shrlnks and the dlffractlon. '

spot at P¥ moves 1nwards to Plx, along the dlrectlon O* pP¥, as

shown in Fig. 13b. ‘ ‘ _ o .l" A

'This effect is small; but measurable, pafticularly on

Kikuchi patuerns With ‘a crystal of d = 2K and assuming a coeffic-'

=5

1enu of expans1on of lO ; 3, change 1n temperature of from 20 C to

‘:' 500°C increases d to about 2. OOSA and decreases the Bragg angle by '

only 0.02° for A = 0.037A (100 kV). For a Siemens Elmiskop I

A

&
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operated at 100 XV using projector pole piece 3 this means a

shift in the diffraction pattern relative to the EOOVKikuchi line

" of 0.2 mm (on the plate) since 1° tilt corresponds to about a

lcom shif‘t.(gbr>

It is possible to compgnsate Tor this chapge in
d and consequently s(by changing the wavelength'k, i.e. the
accelerating voltage. It would be useful to have microscopes with
a coﬁtinuously variable kV of = 10 kV ffom 100 kV. 'However, this
is not availaﬁle now and is probably impracticél.

The change in dimensions of a foil.on heating are véry small
due tovthe small coefficients of expansion éo %hat'changes in t
(Eq. 3) can be/negleéted.

A complication may arise with metal foils becéuse they bend
SO easily.v Unless a foil 1s perfectly flat fhe profiles will
chanée on heating. Thus, a.sharp saddle or valley may flatten
out or vice-versa and theh it Will be impossible to keep the k
diffracting cbnditidns‘constant throughout the expefiment. Thgs,
one should;nqﬁ do hot sfage experimeﬁts at or near sharp bend
contours because these will move on heating. This results in
loss of intensity,andvcontrast partiéulafly if s becomesv\
negative (Fig. 11).

Some of the difficulties of working With severely bucled

foils can be understpod from Fig. 14 which shows a mound shaped

buckle. 6 represents the exact Bragg case, hence, by geometry =

it 1s easy to plot the s values across the bend. Such shaped
crystals give rise to two‘bend'contours corresponding to + g and

- é, outside of which are regions of good bright field image
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contrast (s > O) If on heatlng ‘the foil the Droflle changes

such as to increase the bend curvature, a serlous loss of contvast'

will occur due to the large change in orlentauion. Thisvmlgbt :

glve a false 1mpreSSﬁon of enhanced absorption. If the:bucklinp

' is severe a three beam case (OOO +g, -g) is ooualned over the

area 1maged. Furthermore different contours and thus dlfferenud

é,operators may cross the area of interest. Such changes are not

of conseguence when observing large pre01o1uates, but in all cases

where the image depends on dlffractlon contraSt it is 1mportant to

maintain the same'dlffractlng conditions.

2. Chenge in Extinction Distance

The extinction distence t, is given- by( 3) o '

% _AE _2\E

o T Vg © Anc

where )\ is the wavelength of incident electrons of energy E, Vg

is the.Fourier coefficient of the opereting reflection é and AE
is the'eneﬁgyvgap a* the Brlllouln zone boundary correspondlng uO
the same reflectlon (see Fig. lS) Wluh 1ncrea31ng temperature,
electrons are exc1ted and may escape/above thelr,llmlt;ng energy:
level EZ. -The net effect is to .make the Brillonin zone boundary
"diffuse" and to lower the energy gap AE . tConsequqntly, the
extinction dlstance must increase on heatlng This'effect will'
also lower the dlffracted 1ntens1ty given by Egs. eland 3.

(23)

Heidenreich has also pointed out this fact and showed -
that with large atomic displacements'the}Fourier coefficients tend
to vanish (i}e. the zone boundaries become very diffuse) leaving

the 4iffuse cemponent enhanced.
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Since the intensity of diffuse scattering falls off with
increasing angle, better images will be obtained by working in
dark field of high order feflections, sinée the "signal to noise

s

ratio” will be higher than for the transmitted bean. Figure 22

'shows an example of a hot stage experiment done entirely in high

resolution dark field (gun tilt).

» Figure 16 shows the results éf an experiment,where the
ghange in extinction disténcg was determined.. Silicoh was chosen
because it does not bend and hence it is possiblé to maintain the

same diffracting conditions throughout the hot stage work. Bright

field imaging was employed because under these conditions the

« fringes are symmetrical.(so) In a nothilting hot stége one has

to choose an orientation close to s = O, by viewing the éample.
s ‘can be made close to zero by tilting the gun (section VII). As
Shown'by the diffraction patterrs s. was kept constant by adjusting

the gun tilt observing the 032 spot and Kikuchi line in the

_diffraction pattern throughout the experiment. The calculated

exfinction—distance for 220 in silicon is about}850ﬁ. Figures l6a,b
shbw the same stacking,faulﬁ at room” temperature and aftef 20 mins.
at L30°C. " There is one less black fringe_resoived at Epe ﬁigh
temperature, and in this example there waé ebout a 25% increase

in extinction distance. This has béenkconfirmed by subseguent
experiments. This result cannot be explaihedvby changes-in s'(by As)ﬂ
Suéh changes would effecﬁiyely,iower to’ héﬁcé.the observed ihcrease
is a real effect of temperdtufe on to.

"In the author'é*experience it hés been noticed that for all'r



o R SO SR

e e e

26

practical pﬁrposes there 1s'no serlous loss-of 1ntensluy ov'
" resolution QuV1ng heating experi menus, prov1ded the dlffr ctlnﬁ f'
. coriditions are al%ays_kept the same. The‘prqcedures.fortdoiné
this will be aescribed in the foiléwing Sectidﬂf_"
ViI.; MAINTAINING CONSTANT ORTENTATTIONS
.'As'described earlier thé most important effecﬁ aé far'asrcontrést
iévéoncerned»is the changéjin S ﬁpdn heating. HenCe, it 1s eséentlal

to keep the orientation cohstaht during ah experlment Flgures l3a 4

:1llustraue the main p01nts to be brought out here. In (a) the two

beam S O situation 1s portrayed. A¢ter heatlng P* moves to Pi, along

0% P* as shown in (p), hence, s becomes. positive and the Kikuchi spacings,

-decrease (compare Figs. 16a and b). s will continue to become more

and more positive as’thg temperature .is raised providéd uniform thermal
expansion and not buckling occurs. If the foil buckles, such that it
tilts élockwise.the_reciprocal lattice point rotates.QOanardsAabout

0% P¥, along the arc Pf R and could cause s to become zero again or

‘even negative if:appreciable tilting occurs.,'

In the absence of a tlltlng hot stage or of gun tlltlng fac111t1es

e

start the experiment for,brlght field work: in orlentatlons where S is
negative and then during)heating as s becomes more_p031t1ve‘the contrast
will improve.

" If the stage iS'tiltable-then as'éhdwn in Fig. l3é tilting the

. foil restores the crystal to the de51red S value (sllghtly pOSlElVe ;orl
" bright field, zero for dark fleld) JIf the f01l cannot be tilteqd, the
same resul can be obtalned by ulltlng the gun as shown 1n l3d

Tilting the .gun effeetlvely translaues the reczprocal lattlce along )

PR
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desired zone aﬁdlthis is carried out by observing the diffraction
pattern until the required s value is obtained. There are adyantages to
the lattér method. because the foil is unaltered and hence one does,not
lose the area during gun tilting. This is not usually true when tilﬁing
the foil. From a practical viewpoint it is almost essential to have
P

more than one person involved in the experiment in order to accomplish

everything that is required.

Constant‘diffracfing conditions_requife frequent examination of
the diffraction patterns. For specimen tilﬁing stages tilt the foil
until the Kikuchi lines sweep across the diffraction spot of intere;t.
For gun tilting the Kikuchi line is relaitively fixed and the spot pattern
will sweep across the Kikuchi pattern. For all work where céntrast needs
to be maintained, work in two beam cases with s slightly positivek(bright
field, e.g. Fig. 16a), or s = O (dark field,.ve.g. Fig. 22). . If orienta-
tion relationships are being.deterﬁined, e.g. during ﬁhase transformatidns,
exact foill orientations are required, i.e. symmetrical patterns such as
shown in Fig. 9? In these cases constancy of orientation is achieved

by keeping the centers of symmetry of Kikuchi and spot patterns

" coincident (s < 0) by tilting.

During heating experiments up'to T00°C on.flat foils, ﬁhe maximum
change in orienta};on ié énly ~ 0.2° which is guite small. However,
0.01° is sufficient'to change the ofienﬁation enough to losé contrast.
The @ranslation Qf the gun showﬁ in Fig. 13d does, of course, lead %o
non-axial illumihation»sincé #hé spot is moved a distance B off the
optic axis. Howevef,.‘rovided the angles are‘not great (less than

about O.5°), the increase in spherical aberration is negligible as can
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be seen from Figs. 1l6a,b. However, it is Vefy convenient to have &_-‘
goniometer heating stage.

Finally, i1t is emphasized that for maximuﬁ benefit ﬁo be obtained-
from vsing the technique the researcher'must be gble 1o interpret the
" micrographs by proper correlation with diffraction ﬁatterns taken under
controlled conditions as described above. The analyses for such inter-

pretations are described in the literatﬁre (e.g. refs. 9; 21}27). »

VIITI. SUMMARY
In deséribing briefly some possible applications of high tempera-
ture microscopy in thg following paragraphs all of the foregoing discus- '
éions‘must e borne’in mind. In summary the_prdcedures thaﬁ are
reguired are: |
1. Special care must be taken to prepare flat specimens. In order to
avoid siressing the foil, they should not be clamped between tﬁo
grids. ) |
2.  Avoid contamination of the specimen by careful choice of materials
and by high Qacuum operation. N
3. Calibrate the températﬁie as accurately»as possible.
L. Vhen doing an experiment
a) Maintain focus
b) Maintain centered 111lumination
¢) Maintain specimen position
d) Maintain constant orientation by tiiting specimen or guh;_
preferably work in dark field (guﬁ tilted)

e) Switch off beam whenever possible
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So far the areas where the technique has been profitably and quantitatively
used, include investigations of diffusion controlled phenomena such &as
dislocation climb; ordering, and precipitation and dissolution. The

field of shear transformations (martensites) seems to have been completely

' neglected. Spinodal transformations need also to be investigated.

Studies of magnetic changes (observations of Bloch walls) with tempera-
ture are also possible. Recovery aﬁd recrystéllization processes can
also be folloﬁed, but the rates are slower in thin foils than in bulk
specimens.

Apart from the difficulties of determining the true foil tempera-

ture, no serious problems from contamination are likely although it is
emphasized that special care must be exercised when working with reactive

metals (e.g. transition elements). Ulira high vacuum microscopes will

reduce this problém to an ebsolute minimum. It is most convenient, to
have a tilting hot staée although the gun tilt is often as effective‘

for maintaining consﬁancy of oriéntation. Finally,lit should“be
emphasized that some observations'on thin foils may not be ;epresentative

of bulk behavior. Conségquently, it is recommended as standard procedure

that thin foil results should bé compared - to those from foils prepared
from similarly treated bulk specimehs (wherever possible). In certain

cases, such as annealing out of loops, thin foils experiments have

unique advantages.

The hot stage can be‘uéed to foliow any or all phase transitions

- and could thus be applied to all the alloy systems. Howevér, up to the

present time only nucleation, growth and dissOlution;of phases in Al-Cu

and Al-Ag alloys have been repérted. In addition to phase transformations
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dynamic processes such as dislocation climb can be followed which should
provide further knowvledge regarding creep and recovery.
Furthermore, . .. the morphological, structural and crystallographic

changes can be analyzed from micrographs and their selected area diffrac-

~ tion patterns. This is particularly useful for orientation determinations

[

end even for structure analysis (e.g, during phase transformations),

The electron microscope is unique in providing this facility.

In view of the limited data available only a few applications .

are reviewed. These will be dealt with briefly in. the fbllowing sections,
and- some further possibilities arevmentioned. Due to space limitations

readers should obtain more detailed information and discussion of the

. scientific implications of the examples used from the original papers.

IX. APPLICATIONS

Nucleation and Growth Phenomena

These transformations include gil ﬁon;athegmal (ﬁa%ténsitic)
reactions, e.é, spinodals, isothermal trénéformations, aging,‘etc: By
means of hot st;ge tééhniques morphologicai and crystailogfaphié
relationships .can be'iﬁvgstiéated. CompeEitiye growth‘procgsses, wheré

several phases are present can also be studied as well as determining

whether reactions are allotropic or monotropic. Diffusivity measurements

- can also be made in localized regions.

1. BSurface Effects

Two systems have been investigated in detail, Al-4% Cu by

(3)

Thomas and Whelan and Al-20% Ag by Hren and Thomas.(h) Whilst

the aging processes in foils of'Al-Ag‘were exactly the same as
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Lose_re*orted for bulk material by Nicholson and Nutting,(3l)
aging of thin films of Al-Cu in the microscope was not repre-
sentative of bulk material because in thiﬁ foils prefere?tial
surface nuclea{ion of @' was observed.(s) Figure lT7a-c is a
sequence showing growth of 6' plates on the surfaces followed
by precipitation inside the foil of § with simultanecus
dissolution of §', (competitive growth). Compare these'togths‘
structure of the aged bulk specimens'shown in Fig. 174.

It is important to know whether or got all the precip-
itates observed are on #he surface. The following technigues
eﬁable this to-be determined.
| a. Repiicate the surface afterbaging and compare the

replica with the structures from the foils.

b. If precipifaﬁes ethnd right through the foil they
should have some strgight edges wﬁere the foil
suffaces ére intersected.

c. In'most cases the precipitates:ére'associated with
é well—@efined habit plane so thaf trace analysis
can be used. If preéipité%ion is random all
orientations should be present (e.g. 6' forms on
{lOO},-cémpare Figs. 17a-c with 174).

d. If all precipitates are on the surface there should
be no change in their densitqun changing the

thickness of a foil (i.e. as the foil is traversed

from the thin edges).
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Dark field images of strong matrix reflections

- ®

will image black those areas occupied by pre-
cipitates if the latter run rigﬁt fhrough the:
foil (i.e. as if they were.holes in £he foil).

In the case‘of Al-Cu préferehtial surface precipitation
is thought to be due to the transportation of copper atcoms to
the surface és a result of vacancy annealing of as-quenched
foils.(3> The prcblem is thus essentially one of nucleation 
so that the difficulties may be eradicateé if specimens are
pre-aged in bulk before thinning. Hot stage work can subse-
quently be carried out. In this way precipitates can be pre-
nucleated so enabling growth processes to be followed which
are representgtive of bulk annegling., Recent exberiments
on Al—h% Cu (Laird and Aaronson, private'communicgtion),
have confirmed the latter_prediction.

The selected earea diffraction technigue can be used toy
distinguish<betWeén'different phases in the same area, e.g.

é' and @ wére distinguished in the work on Al-kL% Cu.<3> The
orientation relationships can also Bé found. The Kikuchi patterh

(2k,25)

must be used if accurate results are to be obtained. By

observing paired Kikuchi lines in diffraction patterns of thick

(16)

areas the axial ratios of non-cubic phases can be determined.

(25)

Thus, recent work on the &' phase in Al-Cu using Kikuchi
patterns has enebled c/a to be determined at 1.16 * 0.02 which

is smaller than the values reported by x-ray methods.

' )
The work on Al—Ag(+) showed that clusters of Ag atoms
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were formed above the solvus temperature, and details of the

growith mechanism of y' plates were obtained.

2. Heterogeneous Precipitation

Direct observations have been made of heterogeneous

precipitation on dislocations and stacking faults and con-

firm that nucleation rates are faster at dislocations than

(1)

in the matrix. Figure 18 is a sequence from & movie film

showing nucleation of fﬁ in Al-Ag at dislocations and subse-
quent growth by dislocations extending ingthe (lll)'planes.
The-velocity of the mo&ing interfacial partial dislocation
is detérmined by the diffusi&ity of silver. Conversely,
.on dissolution a precipitate finally leaves 1ts dislocation
behind after it has dissolved (Sée Fig. 19).

AAnew result was obtained on Al-Ag, viz. that inter-
secting precipitatés could be stébilized”up to 50° above

the solvus temperature by forming low energy stair-rod

' dislocations. Dissolution occurs only when the stair-rod

can be eliminated by nucleation. of another partial disloca-
tion. Figure 20 1s a sequence shonhg such an event.

3. Estimation of Diffusivity from Precipitation Kinetics

Since the rates of nucleation and gfowth are generally
quite iow and would involve very long times at fhe_microscope
it is more convenient to study dissolution rates. The last
stdges in theviifetime of a précipitgte is recorded on a
movie film and subsequently the rate is measured from the

film. If the process is diffusion limited the following
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case is a good general approximation, whence:
. . 2

_3g_

relation should hold

. ' : 2 - ' .
ro= TkDu_ or’ .»geé%—l = -kD | E f(?)

where r is particle radius, kX is the rate constant and D the |

coefficient of diffusion of materiel from the precipitate.

(3)

Hence, the reverse of the growth case is assumed.

. The constant kX depends on the shape of the_precipitate.(p )

If the shape'does not change on dissolution, the spherical

(3,4)

k = ?(cs - ce)/(cc.- cs) } | - ’:' (6)

" vwhere ¢ Cg and ¢ -are the concentrations of diffusing

/s - .
material insidé: at the surface, and at large diétaﬁégs
from the par%icle; Frank(Sg) has'given'graphs from which
k may be determined for spherical, éylin@rical and ?late )
shaped particles. o | |

' Combining the above equations, :then
porlem) a0
s T2 (cS - cé) dat o 4

. During the final stages'of'dissolution almost all the solute .

is in solution,Ahen‘ce«ce is about_eéﬁal to tﬁe ﬁotal‘atomic-
conceptfatibn of_solute; ¢, can be.neglected in comparison .
with cc} (cs —_ce) can be calculated froﬁ the slope of the
phase boundary, i.e. it represents the supersaturation et a
given temperature. For thé_@issolution cage thislfép}esents

the undersaturation so that the temperature szbove the solvus
: v .

must be known in order to obtain the quantity(cs - ce). In

all cases surface effects are neglected.
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n spite of the above approximatiors fairly good success

1=

in estimates of D were made on Al-Cu and excellent success was .
4 o o .

obtained for Al-Ag. Figure 2la shows the plots of x  versus

time. (where x is the length of a v' plate) from which D was

determined for Al-20% Ag and in Fig. 21b, D versus T ~ is a

. good straight line yielding an activation energy of Q = 37k

(4 Keal mole_l) which is in very good agreement with other -

- diffusivity data on Ag in Al.

Laird and Aaronson (private communication) have inves-

tigated the kinetics involved under competitive conditions,

e.g. growth of -8 at the expense of 9' and dissoluticn of 8' in

. Al-4% Cu. They used the simple form of the Zener-Hillert

(33)

equation to describe the lengthening on 8 plates.and
shortening of 6'. For these cases the equations are similar,
but not identical, to equation 7.

. Their results showed that the calculated D values are

about 1 to:l 1/2 orders of magnitude greater than those

obtained by conventional diffuéion techniques, i.e. that

the growth rates are controlle& vy ﬁhé interdiffusion of

Cu and Al, but that the interdiffusion process 1s accelerated
by some form of shﬁrt circuit (which agrees with the resuits
of Thdmas and Whelan(s)). Thé short circuit path is undoubt-
ediy.along the surfaces of the foil.‘ Oﬁservations on Al-Ag(u)
showed for growing or dissolving plates that the leading

segments were always those at the surfaces,fi.e. the ends

of the plate develop a curvature towards the two surfaces
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where the diffusion is most rspid. This ﬁill thus enhance the
diffusivity compared to those precipitates growing or dissolving
which are completely surrounded by the matfix.-

Errore in the estimate of D arise from the following

a. The'approximations involved in the theory‘of

diffusion used in the calculations.

b. Difficultieé of measuring precisely changes

in precipitate dimensioné

¢. Uncertainties %n the temperature of the area

being photographed.
. ‘

It would be appropriate if the above technigques were
tried on other systems to find out how far the steady state
diffusion theory is applicable to dissolution processes.

The uncerteinty in the data is mainly due to the difficul-

ties of obtaining the temperature accurately. It is conven-
iént to work with alloys where there is a large température
interval between solvus and solidus so)that D mey be esPimated..
over a wide temperature range, thus enabling a morevéccurate

determination of the activation energy to be made.

4. Grain Boundarieées

Ahother intefesting‘areé of research Would be the
investigation of morphology and kinetics of precipitation
af grain boundaries, e.g; as a function of misorientation.
Such experiments must be done in thick areas in order to
obtain Kikuchi diffraction patterns from the grains involved

so that the boundary angle can be calculated.
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of Ccherency

Coherency strains from(inclusions_are Qisiblé in dark
field images (two beam cases,'s = 0) as black and wLite_lobes'
of contrast divided by a line of no-contrast which'is normal
to the displacement vector.(26’27) The sense of ﬁhe strain
field (i.e. vacency or interstitial type) is determined frbm
the direction of g with respect to the bright part of the
image.(26) Figure 22 shows dark field exémples from rods of
phosphorus precipitates in P-doped epitaxially grown silicon,

t can be seEn that the rods shoﬁ_compressive strain fields.
The possible loss of qoherency on heating qan'be followed
with hot stage experiments by noting changes in contraét
maintaining constant orientation. Figures 22a-e show the
decrease in volume fraction of the rods during heating; very
Tew being left at TO0°C. Although the density of particles
decreases on heating there is no loss of coherency as the
black—white image ﬁeréists. 4Figure‘22f:shows thét rods have
feéprecipitated after cooling downf . |

The nature of the interface between two phasesrénd

possible changes on heating can also be- investigated. One

way of doing this is to observé the Moiré. image from over-
lapping crystals. Foil orientations musf be chosen such
thdt the habit plane éf the precipitate is.nearly parallel
to the foil surface. Dark field techniqﬁes should again be

employed to facilitate interpfetation.



-38-

Structure and Orientation Changes

«  The diffraction pattern of the same area can be waiched closely

Y

for detecting changes in structure on aging and to determine. orientation
s ‘:‘ L WS 3 * = (25) l r.;l-:- .h‘
relationships accurately by Kikuchi line analysis. Useful Kikuchi

patterns are only obtained from relatively thick and perfect foils.

.
f

Provided precautions aré taken to obtain shérp diffraction - -
patterns, the Kikﬁchi paﬁterns, in principle, enable thg coefficients of
expansion,‘and any anisotropy of expansion in different dirgctions) to be'
estimaﬁed. From Kikuchi patterns similar to those in Fig. 16, the measured
changes in Kikuchi spacings using a densitometer are 1-1 1/2% over 400°C.
The calculated‘change uéing the linear coefficient of expansion fqr
silicon (7.63 x 10_6 at 20°C) is only about 0.33% which suggests that
the measurements are not too meaningful. - There are seveyal difficulties,
e.g. the foils are notvfree to expend uniformly'in ali directions becausé
they are usually clamped at the edgeé in the specimen cartridge. Also,
in order to avoid thermal stresses and_buckling, foils should not be
clemped between two grids. Thus, for such experimentsz foils prepared

by the technigue described darlier (Fig. 7) should be used.

e

Transformationsin Steels

There is nothing yet reported in the literature concerning direct
observations of transformations in steels. There is no reason why such
experiments cannct be done provided every care is taken to minimize
contamination whilst the specimen is under observation. As shown Dby

o -L ' .
Table I if the vacuum is good (< 10 ') and silicone oils are used in

the pumps, no serious difficulties should be incurred for high tempera-

ture observations. Preliminary work by O. Johari has been carried out
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booy on the tempering of martensite in FeIBO Ni‘O.SC. The

results have shown that above 100°C the tempered product is always

‘cementite. * Aging in the microscope has been observed to produce more

La

4o that observed after bulk tempering

rapid growth of

- <

as vas observed for AL ailoys. Tt s probable That surface contamination

[0]

and surface daiffusicn affect the reaction in the microscope. Figures 23,
2L, 25 show a comparison of tempering done inside the microscope, thin
foils aged outside the microscope and bulk tempered specimens. Figure

233 is an example when tempering has occurred due to beam heating caused

0]

by removal of the condenser aperture. Large cementite plates have formed
in a matter of seconds.

The morphology and crystallographic relationships do not differ

from specimens bempered inside or oubside the microscope. Figure 2Lb

-

shows a diffraction pattern of 2la from which the orientetion relation- .

" ship is

o111 [ |
(21 lq i [oo1],
fo11l [l (1001,

| [Olo}c where ¢ represents cementite.

a

Thus, the hot stage technique can be used to study morphological and

'crystallographic changes, éﬁt.due to the probable higher'rates of growth-

of Fe,C in thin foils aged inside. the microscope higher values.for the

3
diffusion coefficient of carbon are expected.

Some difficulties have been found with respect to outgassing of

steel samples. In an attempt to transform an Fe]NiIC martensite steel

\

to austenite by heating to about 800°C a sample was observed to literally
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"plow-up" during observation with the formation of blow holes and gas
pockets. The trouble here is undoubtedly due to impurities in the
material resulting f om the manufacUure of the alloy

Ordering Transformations

It is now known 4'hat the' 1nterst1t1als C, N, O H produce orderlng
in the refractory bee metals. (25- 19) A detailed 1nvest1gat10n of Ta=C
showed that the superlattice 1s tetragonal with c/a = 1.128 {determined
from paired'Kikuchi lines) fdf ldeal}conposition Taéuc.(l6) The stages
of orderlng can be followed dlrectly 1n the hOb stage by aglng quenched
foils above about 500 C or by pulsed beam heating. As yeu, no kinetic
data have been obtalned but uhe rate of growth of domaﬂn walls should
correspond to the dlffus1v1ty of thellnterstltlals.

The orderlng in these systens is a transient stage in the'trans—
formatlon -of M I where M is the metal ‘I is the 1nterst1t1al( ) and
M I refers to ‘the next pnase beyOnd the solid solubility limit.

Van Torne and Thomas( 5) transforned impure Nb to NbO via the ordening
reaction gnd observed the transformatlon dlrectly in the hot’ Suage.
Figure 26 shows examples of transformatlons in Nb-0 and Ta-C alloys.

It is also possible to investlgabe directly substitutional

ordering, bnt fo the author's'knowledge no ‘papers describing dynamic

observations are available as yet.

Self-Diffusion: Dislocation Climb .°

1. Perfect Loops

Slldox and Whelan( ) were the first to demonstrate directly

uhe process of climb by anneallng out perfect dlslocatlon loops

A\
-1
(b = 5 <llO>) formed by qnenchxng & Lumi num rapidly from near the

T
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melting point. From data on the rates‘of shrinkage of;loops
the activatibn energy for sélf-diffusion was determined to be
in the range of 1.2 to 1.3 eV. '

Subsequenfly, Eikum and Thomas<5’6) extended the work 6h
" Al to alloys of Al-Mg. One of the interesting features of
" these experiménts was ﬁhat in slloys supersaturatea with Mg, -
vacancies could also be held in supersaturation since loops
were observed to'§£93 oﬁ-annealing thin foils. ‘In pure Al
and unsaturated Al—Mg.alioys lbops alﬁays shrink indica{ing
no supersaturation exists in.thé foil.-'The free surfaces |
act as infinite sinks so the loops are destréyed by boiling -
off vacancieé to the sﬁrfaces. Figures‘QT and_28 show
examples of climb_of dislocation loops.

.Thg phenomenon is interpreted in terms of the climb

(34)

If the loop does not contain a

(2)

theory due to Friedel,

stacking fault the rate of climb is given by

. ‘ {F 1o B baﬂ
9 il 2, v b ex [:E] expl =S ~exp | t (8)
gt T T2 Ev P PR kaT PR
: R L
z 1s the coordination number (~11), v the atomic fregquency (~lOl3),
b = 2.86 for Al and T the absolute temperature. F =‘Eg log %— is
. o : b o

the chemical force due to vacancy supersaturation (c F_co) which
is zero during shrinkage, i.e. mo supersaturation can exist if

all vacahcies go to the surfaces. E is the self-diffusion energy

(the sum of formation and migration‘energies, E., Em,'respectively).

If solute atoms are present'which are bound to vacancies'E will be

A\ .
~

reduced by‘the binding energy Eb'
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rates at different temperatures shouid Be used to determine E.

-bo-

f the rate of change of loop size is measured as a

=1

function of temperature, the activatibn energy is given

1'directly by an Arrhenius plot of rate vs (T K) . An example L

for Al-S% Mg is shown in Fig. 29. Figure 30 shows the measured

,activation energies as a function of Mg content. It is expected o
g that,a.eherp drop in activation enérgy will occur at the solu- .i

pility limit (~ 2% Mg at room temp.), because in supersaturated

alloys\the total vacancy concentration is much greater than in

lunsaturated alloys.(.s’6’35> The results can be understood oh

'-the basis of vacancy trapping_by magnesium atoms, and the -

(5) -

binding energy,ls eSulmated t0 be ~ 0. 2 eV at 5% Mg

/
The activation energy can also be detennlned from a 51ngle

]

-shrinkage sequence. The tlme t for a loop to shrlnk tor = 0 is

' related to the activation energy E by

b=t exp ( /kT) : D | o (9)
».Awhere _ o | |
e e R S e )
Lo is ~ f_g_t’_e_ '{@-' (see eq.-8). For Al; Silcox and Whelan estimated
T CoTmEes

@~ 72 at 161°C and ~ 6k at 200°C. A plot of r vs t will be

‘parabolic,.(see Fig. 31) aﬁd substitutioh ef'values ih_eq. 9

enables E to be determined. However,'the:accuracy:of this methed‘

"+ depends sensitively on the temperafure;‘a 10°C error gives an

~error in E of 2%. Due to the difficulties of its measurement,

™

Otherwise, aging should be done outside thevmicroscope so that T

* can be méesured to within 0.1°.
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- An important point with fegard to measuring loops is that
the dif frdctlng condltlons must be maintained constant becausc
tﬁe size of the image depends on the sign of the quantity (g.b)s.<22?
The image of s lﬁop is smaller than the actﬁal loop for (g.b)s <O
(21,22, 36) |

and larger for (g.b)s > 0. Thus, if half a bend contour

crosses a loop during observation (see Fig. lh); s may change sign
and the apparent size of the loop will cﬁange. If abpreciable
buckling occurs a different contour may cross the loop and then g
éhanges. These problems éan be avoided by carrying out the obser-

vetions in the dark field image of constant g and at s = O.

However, experimentally this method is difficult unless at least

two people work together.

Another technique which is useful when non-tilting stages

- are ﬁsed is the following. In Al no climb is detected below

about 150°C (this depends on impurity content) so if the foil is

first heated, to say 120°C, most of the specimen drift and bending

~will have already taken place. A suitable area can then‘bé

selected for obtaining kinetic data.

2. Faulted Loops: Estimation of Stacking Fault Energy

In the case of a faulted loop* (b = % <111>) the stacking

fault will assist the line tension in reducing the loop size by

climb. The rate of shrinkage of a faulted loop is then given by ‘

oo (r + 1, ). : %} : (;ls

substitution in'eq. 8

dr

dr 4 zZ Vv b» i
at - " 3? - SXPIgT

- , . S o .
See ref. 37 for a review of loops in quenched metals.
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@b fn /b
vhere F, = £, + Yy and £, = p %Y /b

fault energy. This case differs from the case of an unfaulted ldop

and v 1s the stacking

(eq. 8) only by the term in’ the square bréckets.< Thus, it is
possible to estimate Y.?y comparing the rates of shrinkage of
perfect and imperfect loops'of cémparable size in.the same area of
a foil.in the hot stage.(35) Since v >> fc in the exponential of
(eq. 11) fc can be neglected, pafticularly fof'large loops. Then
by dividipg (egs. 8 and 11) »
(axfat), exp (r v/xn)y

- = (12)
(dr/dt>P 4 exp.(Fc b?/kT)P_l

'where F and P-refer to Frank and perfect loops. Figure 28 is an
example of a comparative climb sequence in Al-1% Mg and Figﬁre 31
is a plot of the respective rates. From.such data y for this

(35)

alloy was found to be ~ 200 ergs/cmg.' Ediﬁgton and\Smgllmah :
(private communication)'reported:a value for y ~ 580 ergs/cm2 in
pure Al obtained from data on shrinking faulted loops (from eq. 11)
" and the;e &esults'indicate that Mg has a substantial effect on
lowering the stacking fault energy of alumiﬁum.

Such climb experiments aré uséful for obtaihiﬂg information
on the stacking fault energies of metals which cannot be deter-
‘mined by the node method‘(i.e. for metals whefe r > 25 ergs/cmg).

The comparative method (eq{ 12) haé the advantage of not

depending sensitively on the value of E orlT. v can also be

estimated from eq. 11 by measuring dr/dt at two different tempera-



~Ls5-

tures. However, in this case an accurate knowledge of both E and

T is required. For this reason, the latter method is not recommended

unless foils are aged outside the microscope under accurately con-
trolled conditions.

Recovery and Recrystallization

With the hot stage it is possible to observe directly climb;

polygonization and fecrystallization in cold worked metals. However,

-the anﬁealing behavior of thin folls observed by hot stage techniques

is often markedly different from that of bulk specimens. It isvgenerally
obser&ed that polygonization and recrystallizatioh occur at slower rates
in thin foils (see e.g. refs. 38, 39). It is possible that some of the
long range stress fields may be reduced in thin foils so that the |
driving forée for recrystallization is lowered. - Some care must be
exeréised} therefore, in propbsing mechaniéms of recovery and recrystall-

ization based solely on thin foil obserwvations.

Martensitic Tfansformations

Since most marténsitic reactiéns in steelzoccur athefmally and
at high speeds thése transformations can only be studied if the hot
stage éan be rapidly cooled when the power ‘1s turned off. 4As shown in

Fig. la the cooliﬁg,rate fof the Siemens hot stage is several hundred

" degrees/min down to ~ 100°C. Hence, steels must be chosen with

Ms > 100°C and for which the crifical cooling velocity is less. than
about 200°C/min. |

if the foil is heaﬁed to.the austenitic region care must be
exerciéed to avoid contamination dﬁring the fhermal cycle, otherwise;

the concentration of interstitials will undoubtedly increase due to



-46- -

their rapid diffusim into the foil at high temperatures. For experiments
on martensite it may be ?ecessary to use an expe%imental stage .such as
that describgd by Whelan(l) in order to obtain répid cooling.

The crystallography of the shear transformation may beldifferent
in foils than in bulk material since in the latter case true three
dimensional constraints impose béundary conditioﬁs.( 0) Thus, in Nb-NbO
the habit plane was found to be {liO} in thin foils, but {201} in bulk.(lS)
Also, Pitsch(hl) found .in Fe-C and Fe;N alloys that the orientation:
relationships were different from those observed for transformatioﬁs in
bulk speciméns. |

Another factor‘is that the MS temperature seems to be effgctively
raised by thinning down (similar to the érain size effect). Observations
on steels show that thé thinnest edges of foiis may be marténéitic,
whereas the thicker areas are still austenitic:' This.effect can also
be understood on thé basis of the relaxation of the boundary conditions
in thin regions. | ’

Stacking Fault Energy from Node Measurements

So far the only pure metal-which has been observed to have a low:
enough stacking fault energy to be measured using the node method (see
e.g. ref. 42) is silver.- Gallagher(h3) and Loretto et al.(hu) estimated

the stacking fault energy. from the formula(us)
_nG be
B W

" (where W is the inside radius of the node) and obtained average values

(n = 0.25 £ 0.03 for screws(u6))

. at room temperature of 20 (x 6) ergs/cm? and 21 (£ 7) ergs/cme, .

respectively. Gallagher further measﬁred the variation of y with

-
‘

,temperatgre and found, as expected, that the stacking fault energy
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varies with temperatufelonly‘as ﬁhe shear modulus and IBIJsince W did
nof change. |

Although larger nodes are observed in allo&s, due to their lower
stacking fault energy, and it:is easier to carry out hot‘stage work in
éuch_cases; difficulties in interpretation arisg because of possible

atomic rearrangements at the node during heating, e.g. de-segregation

o or order-disorder. Swann(ug) observed that'nodes collapsed in copper

alloyé on heating, but the causes for this phenomenon are incompletely’

understood at this time.

X. CONCLUSIONS
High températuré electron microscopy provides quantitative, 'new
?esearch and educational information andvit is hoped that wider use will
be made of the technique.l Althdugh only a few metaliurgical applications
have been discussed here there is no reasonbwhy aftempts should nbt-be.
made to investigate ceramic systems. Because of_the preéent difficﬁlties
of accufately measuring the temperature of foils and because dynamic |
events occurring kn thin foils“?ay nof repfesent the behavior of bulk .

materials, 1t is essential to-comRare hot stage results with_thosexﬁ

vobtained from similarly treated bulk samples.-

~

o
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Figuré Captions
Cross~section.of the hot stage cartridéevfor use in Sieméns
Elmisk0p I microségpes. (1) pressure spring, (2) contact
yoke, (3) heating element, (L) furnaée, (5)_cap. Courtesy
Siemens and Halske Ltd.v |
Photogréph of microscope arranged for hot stage work and '
ciné recording of the image observed on the fluorescent
scféen.

Temperature rise of specimen due to heatiﬁg (ref. 10).,_

(a,b) Temperature precalibration curves for the Siemens

‘hot stage (a) showing heating and cooling response, (D)

steady stage temperature vs. voltage.

Sketch showing arrangement for movie recording of dynamic

events.

(a,b) Brigﬂt and’dark field images showing formation of
zinc whiskers on grids due to volatilization of zinc from
a brass cap after heating at about 400°C.

Sketéh showing arrangement for micro-electropolishing.

Sketch showing orientation of specimen and diffraction

-patterns for (a) contrast work in two beam cases and (b)

exact orientations. Notice s is < O in (b).

Exact [111] orientation from a silicon crystai. thice
centers of symmetry of Kikuchi pattern and sﬁot pattern
coincide (cémpare to Fig. 8b).

(2) Bright field image of stacking faults in cobalt; s

slightly positive.



Figure 12

‘Figure 13

Figure 15

Figure 16

Figure 11

Figure 14 -
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(b) Seme area in dark field‘(gun tilt), s,=.0.~ The bright
field image is symmetric whilst the dark field image is
asymmetric. Notice the greater resolution of the dark field

image, and that g for dark field ié the negative of g for

bright field (see Fig. 12)..

Rocking curves for transmitted beam (bright fiéld) énd
diffracted beam (dark field) compgted'froﬁ the two beam
dynamicéi theory with absorption (Hoﬁie and Whelan, ref. 22)
Courtesy Royal Sﬁciety. .

Showing that the opgrating reflection for dark fie}d (tilted
gun technique) is the negative of that for bright field.
Sketches illustrating changes in contrast on heafing.

(a) original, foil‘at s = 0.

(b) on heafing'foil expands, s becomes > O.

(¢) correction of (b) by tilting foil (tovs~= Oj.

(d) correction of (bj by tiiting gun (to s = 0).
Diff?action from a'slightly‘buckled foii.,‘The‘lower part h
shows the two half contours which will be observed in the

image.

'One’dimensional,section through k space showing thé enefgy

of a crystal as a function of the component’kk. The energy

gap AEC gives rise to extinction due to interaction of
electron waves of energies Ec‘ and EC (after Heidenreich

(23))_

- Showing increase in extinction distance due to heating,

i

silicon foil 302 reflection.

(a) 1initial state s close to zero (see diffraction pattern).



Figure 17T

Figure 18°

Figure 19

- Figure 20

Figure 21

-5

(b) after 20 mins. at about 420°C.

Notice the number of fringes reduces by one at the high
temperature. The diffraction pattefns show that the same

orientation has been maintained. Some spherical aberration

is evident due to gun tilting (see Fig. 13d).

(a-c)} Showing growth of 6' phase on foil surfaces during

‘aging in the microscope at about 250°C. In (c) the

temperature was raised whence 6 nucleated and @' dissolved.

In (d) the structure of an aged bulk specimen is shown for

comparison (aged 10 mins. 270°C).

Sequence from movie film showing heterogeneous nucleation

of y' in A1-20% Ag. (a) foil at 500°C, (b) after quenching,
nucleation occurs on dislécations'C; D, (c)vgrowth of v'
plates. Two érientations have déveloped at D.  The thickness
increases by nucleation of parfial dislocations - notice
ledge at L in (c). Courtesy Trans. AIME (ref. hj;
;;luﬁtréting the revérse proceés shown in Fié. 18. ‘Tempera~-

t

ture ~ 500°C time sequence »~ 0.2 secs. Notice emission of

v dislocation upon complete dissélution (c,d). Coﬁrtesy

Trans'.. ATME (rgf. L). |

Showing interconnected v' plates in A;-eo% Ag. Temp. ~ 475°C.
The configuration unwinds after a partial dislocat;on E has
been nucleated near the stair-rod at A. Time>se§uence

0.1 sec. Courtesy Trans. AIME (ref. 4).

(a) Rate of dissolution of v' plates iﬁ A1-20% Ag, from

which the diffusion coefficient D is calculated.



Figure 22

Figure 23

Figure 2L
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"(b) Activation energy for dissolution of y' plates, data

obtained from Fig. 2la. Courtesy Trans. AIME (ref. k4).

Sequence of heating P-doped [lll] silicon foil. The patches
are due to oxide films. .

(a) :before heating, notice strain contrast from rods

lying along <110>.

(b) T ~ 350°C.

(c) T ~ 450°C; some dissolution has occurred, but strain
.. images are retained.

(d) dark field diffraction pattern showing g = 220, s = O

is maintained; g is to the same.side as the white parts of.‘
strainvcontrast images, hence the strain field is vécancy
type. o

(e) T ~ TOO°C: ‘ﬁost df the rodé have dissolved.

(f) after cooling down; notice fe—preéipitation of rods.
Examples of temperiné thin foils of Fe]3O Ni[0.3 martehsitip
'stee} inside the microscope '
(a) 2 mins. at ~ 200°C.
(v) séme area, temperaturelraised t6V~v280°C.

(c)IHLS min. at ~ 100°C; dérk‘field showiﬁé fwins with Fe3C

(white) on the twin planes.

(d) growth of Fe,C due to beam:heating.

3
Thin foil‘Fe]3O NiIO.3CAtempered in vacuum ouﬁside'microscope.
(a) 2 mins. at_EOO‘C. (compare to Fig.'23a).:

(b) inset shows diffraction pattern of (a). . Notice

©. oriented Fe,C spots.

3
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Figure 25 Foils of same glloy prepared‘frbmvbulk specimen-tempered

Figure 26

Figure

Figure

Figure

Figure

Figure

27

28

29

30

31

-Sequence from movie filmishowing growth

in vacuum outside microscope.
(a) tempered 2 min. 200°C. (compare to Figs. 23a, 2§a). '
(b) dark field image of a cementite reflection shown in c.

(¢) diffraction pattern ofA(a) showing extra spots due to .

"Fe C.

3

Ordering reactions due to interstitials in the becc metals. - B

: (a). domains on {110} in Nb-O observed durihg beam pulsed

“heating experiments (ref. 15).

(b) final stages of ordering‘shgwing‘ﬁomains in Ta-1.8 at.%C.

observed during beam pulsed heating experiments (ref. 16)1 o
' | of loop; by climb

in Al-5% Mg (ref. 5). |

Sequencé from;mo§ie film showing éhfinking Ffénk éndvpérfe§t..

loops in Al-1% Mg. ' Time ;eguenée'is iédicated (ref. 35).. |

Plot of growth rate of ioops Qs. [T°K]-l in Al-S%'Mg alloy

(ref. IS)._= a ) '

Values for the activation energies for ¢limb in Al and Al-Mg

alloys. The dotted line is & suggested variation of the

activation energies vs % Mg. The value for pure Al is from

ref. 2.

Plot of rate of shrinkage of Frank and perfect'loops in

1Al-l%lmg. . Such plots enable the.activatiqnfenergy for.climb

and the stacking fault energy to be determined (ref. 35)-
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ZN-4937

Fig. 2
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ZN-4756

Fig. 6
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Fig. 18
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Fig. 26(a)
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Fig. 26(b)



~<86=

@

3266

ZN

Fig. 26



BT

>

7

)

b

(

50

4819

(d)

33

)

c

(

ZN

Fig. 28



-88-~

1076 —————— — .
[ 450 400 350 300°C
[ v, cm sect!
E=095t005 eV
1077 |- o\ "
" '~8: . | | | ! L
0534 15 16 17 18
' 000/ T°K '
AYAU.V-27‘667.
Flg 29

k|



Activation energy for climb

- -89-

| | O Shrinking loops
1.2 O ~O~_ \, A Growing l00pS -
1.1 \\ - ——- Possible variation _
\_of activation energy
1.0 |- | \\'\ vs % Mg i
_ \\\A\
\
0.9 \ —
. . g \
0.8 5|9 N -
N \\
€| «
O.7F =] o _
z|E A
[ =1 £ |
0.6 3
5| =
o5 1 oV | | | | | [
A 2 4 6 8

Fig. 30 .

MUB-5171 -



-90-

Temp. 207 °C

TR S S — Perfect loop
= 300 0 & | .
w | R
3 200 B |
o i ™ |
. ‘ \l

100] N
N
0 . , R L ) L | 1 ) : .

o 20 40 6o 50 190
o ' Time (sec) |

MU.35239

Fig. 31

7
bal

R

¥



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report.

As used in- the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








