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ABSTRACT

An experimental technique has been developed to
study the precipitate structure in doped Nall at clectron—
microscopic scale. After depositiﬁg 2 - 3 atom layer of
gold on the vacuum cleaved surface of doped NaCl and
cxoamining the distribution of gold nuclei in an clectron
microscope it has been found that the density of nuclei
on the precipitates is appreciably higher than the density
on the matrix.

A semi-quantitative relation for this differential
nucleation has been worked out. The differcnce in the
density of nuclci has becn exploited to study the precipi-
tation in NaCl doped with CdCl2, Mg012,

As this process enables accurate mcasurment of 1

CaCl2 and BaCl2°

precipitate sizc on an atomically smooth cleavage plane,
it is found specially suited for the determination of
precipltate shape, size and volume.

In CdCl2, MnCl2 and MgCl2 doped Nall crystals,
the precipitates have Becn fqund to be cubic in shape.
The volume ratio of the precipitate and the matrix has
been found to be nearly 8 times the molar concentration
of the divalent chlorides. This is consistcent with Suzuki's

(1961) x-ray determination of the precipitate of CdCl26Na01
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phage in CdCl2 doped aCl. A phenomenological explanation
for the formation of CdCl26NaCl type phasc in CdClz, MnCl2
and Hg012 doped crystols has: been offered. The precipitates
in‘CaCl2 doped crystals have becn found to be platelets in
the $111% matrix plane and in BaCl, doped crystals, plate-
lets in the 15223 matrix plane.

The obscrved numbers of precipitates per unit
volume in Cd012 and MnCl2 doped crystals for different
concentration and cooling ratc,have been found to be in
cualitative agrecment with the theoxy developed by
Kahlweit (1965)

The solution tcmperatures for the precipitates
have been found by subsecuent heat treatments. The solution
temperatures coincided closely with the temperatures at
which guench hardening was? observed in divalent doped
HaCl, by Harrison, Newcy and Prott (1964) and Harrison
(1965).

Transmission clectron microscopy of pure NaCl has
been tried. The specimens have becn found to be damaged
by the becam. The damage process has been investigated.

The early stages of the damage have been studied by using
high speced x-ray films. The defects have been found to
cluster along the {;OQ} planc ‘6t the TaCl, at a very carly

gtage. The diffraction spots at this stage show spiking



in the {100}, directions s with the increase of irradiation
the clusters enlarge and the spikes in the diffraction spots
reduce. It has been found possgible to locally polygonize

the NaCl specimens by increasing the beam intensity. From
the amount of damage and the deneity change produced in the
NaCl specimens by the beam electrons, it has been concluded
that the damage is primarily due to point defects being

generated through the ionization and excitation processes

and the subscquent clustcring of these point dcfects.



CONTENTS

Abstract
Chapter I. Introduction=—
Effcots of divalent cationic impuritics
on the physical propertics of NaCl,
1.1. Electrical Propertics
1.1.1. Coductivity
1.1.2. Dielectric Loss
1.2. Opticel Properties
1.3. Mechanical Properties
Chapter II. Previous Works
2.1. X-ray Works
242 Bojleiph Scattering and Ultramicroscopy
2.3. Eleétron Microscopy
2.4. Paramagnetic Resonance

Chapter III. Expcrimental details

3.1. Growing Purc and Doped Nall Singlc Crystals

3.2. Analysis of the Doped Crystols
3.2.1. Cadmium Anglysis
3.2.2, Manganese Analysis
3.2.3. Calcium and Megnesium Analysis
3e2¢4. Barium Anzalysis

3.3. Heat Trcatments

Page

11

12

19
19
24
25
30
32
33
36

39

44



Page
3.4. Ageing A4
3.5+ Vacuum Cleaving and Decorating 45
3.5.1. Description of the Vacuum
Cleaving Apperatus
3.5.2. Bvaporating Gold and Depositing
Carbon
3.5:.3. Decorating Procedure
3.6. PlatinumShadowed Carbon Replica 52
3.7. Electron Microscopy 53
3.8. Counting of the Preccipitates 53
3.9. Determination of Precipitate Volume 56
3.10.Limits of Errors and Detectibility 57
3.10.1.Limits of Errors
3.10.2.Limits of Detecctibility
3.10.3.1imits of Detection of the Volume
Ratio
Chapter IV, Experimoental Results v 61
4.1. Obscrvation of Precipitatos in CdCl2 62

doped NalCl
4.,1.1. Slowly cooled Orystals
4.1.2. Determination of the Solution
Tempcraturc

4.,1.3. Ageing Exporiments



Page
4.2, Precipitotes in HnCl, doped NaCl 73
4.2.1. Slowly Cooled Crystals
4.2.2, Dotermination of the Solution
Temperature
4.2.3. Ageing Experiments
4.3, Mg012 doped NaCl 81
4.4, CaCl, doped NaCl 85
4e5. Ba,Cl2 doped NaCl 89
4.6. Zn012 doped NaCl 924
Chapter V. Discussion of the Obscrvationsin doped 100
NaCl
5.1+ Surface Decoration Phenomena 101
5.1.1. Dccoration of 2 Step on the
Substrate
5.1.2., Decoration of a Precipitate
5.2. Prccipitation in Slowly Cooled Solid 106
Solutions
543, CdCl2 doped NaCl 112

5¢3.1. Precipitate Structurc and Shape
5¢3.2. Shapc of the Precipitotes in
Qﬁcnched and Aged Crystals
* 5.3.3. Structure of the Precoipitate

Phase



Page
5:304¢ S:1ubility of CACl, in NaCl
5¢3.5. Phase Dircgram of NaCl--CdCl2
System
S5eds Mn012 doped NaCl 128
5.4.1. Precipitate Shape and Structure
5¢4.2. Paramagnetic Resonance Spectré
of llangancse doped NaCl
5e4.3. HAubility of MnC12 in NaCl
5.5. MgCl2 doped NaCl 140
5.6, CaCi2 doped NaCl 141
5T BaCl2 doped NaCl 144
5.8. General Discussion on the Structures 146
and Shapes of the Precipitates in
Divalent Cation doped HaCl
5:9. Precipitetion and the Mecheanical 149
Properties of doped HaCl
Chapter VI. Microstructure of Electron 158
Irradiation Damage in Pure NaCl
6.1. Specimen Preparation 159
6.2, Beam Analysis 161
6.3. Determination of Beam Intonsity 161
6.4, Measurcment of the Density Change in 161

¥all due 1o BElectron Irradiation



Page
6.5. Determination of the Depth of 163
Penetration of the Elcctrons in NaCl
6.6.1, Early Stagcs of Damage 165
6.6.2., Damege at o Higher Beam 166
Intensity
6.7. Pogsgible Mechanismsfor the Demage in 166
NaCl Bpecimens in the Elcctron Beam
6.7.1. Rise ofmgpecimcn Temperature 171
duc to the Absorption of Beam
Energy
6.7.2. Direct Knock—-out of Ions from 172
their Lattice sites by the Beam
Elcctrons.
6.7.3. Defect Production Through the 175
Ionisation and Excitation of the
Lettice Blectrons
6.8. Defect Yicld duc to Ionisation Proccsses 182
6.8.1. The Rate of Encrgy Dissipation 183
off the Beam Elcctrons in NaCl
6.9. The Naturc of the Defect Clusters 188
6.10.Possiblc ways of Reducing the Specimen 190

Domage
6.10.1.Increasing the Beam Potential

6.10.2.Decreasing the Specimen Temperature



Summery and Cdnclusions
Suggested Future Works
Appendix I
(Deduction of the molation for the density
of Nuclei on decorated surface)
Appendix II
(Calculation for the Temperaturc Rise of the
NaCl Sﬁecimen in the Elcctron Microscope)
-Acknowl edgenents

References

10

Page
193
196
198

203

206

207



Fig 1.1,

Fig 3.1.
Fig 3.2,
Fig 3.3.
Fig 3.4.
Fig 3.5.
Fig 3.6.
Pig 3.7.
Fig 4.1.

Fig 4.2,

Fig 4.3.

Fig 4.4.

Fig 4.5.

Fig 4,6.

Fig '4070

Fig 4.8.

Figuge Index

Schematic diagram of the ionic
Conductivity.

Diagram of the Crystal growing Furnace
Photograph of a typical Boule

Diagram of the Cleaving Apparatus
Photograph of the Clecaving Apparatus
Photograph of the Carbon deﬁositing Unit
Vacuum Cleaving and Decorating Set up
Diagram explaining the Scanning procedure

Precipitates in the CdCl, doped NaCl

2

Thinned specimen of CdCl, doped NaCl,

2

showing holes.

Air-cleaved and Shadowed replica of

CdC12 doped NaCl,

Size digtribution of the precipitates

in CdCI2 doped NaCl.

Sub-boundery precipitates

Concentration Vs, Volume fraction of

precipitates in CACl,_, doped NaCi.

2
Quenching temperature Vs. Volume ratio of

precipitates in CdCl_, doped NaCl.

2
Precipitates with octagonal sections in

Cd012 doped HNalCl,

Page

14

38
40
46
40
49
49
54
63
64

64

65

67
68

71

12



Fig.4.9. Precipitates in Quenched and aged €dCl
doped NaCl,

2

Fig 4.10,Precipitates in MnCl, doped NaCl

2

Fig 4.11.Small precipitates in InCl, doped NaCl

2
Pig 4.,12.Concentration Ve. Volume fraction of

precipitates in MnCl2 doped NalCl.

Fig 4.13,Precipitate sizc distribution in Mncl2
doped NaCl.

Pig 4.14.Quenching temperature Vs, Volume
fraction of precipitates in MnCl
NaCl.

> doped

Fig 4.15.Precipitates with Octagonal sections
in Mn012 doped NaCl.

Fig 4.16.Quenohed and aged precipitates in
MnCl2 doped Nall,

Fig 4.17.Precipitates in MgCl, doped NaCl

2
Fig 4.18.Concentration Vs, Volume fraction of

precipitates in MgCl,doped NaCl.

2
Fig 4.19.Precipitates on the sub~boundary of

CaClzdoped (3000 mol.ppm.) NaCl.

Fig 4.20.Precipitates in CaCl, doped (1 mol %)
NaCl.

Fig 4.21.Quenching temperature Vs. No. of

precipitates in CaCl, doped NaCl,

2
Fig 4.22(a).Electrommicrograph of +the precipitates

on (100) planes of Ba012 doped NaCl.

I

5
76
171

19

82

83

84

86
a7

88

90

91

92



Fig 4.22(b).Optical-micrograph of the (100) face

Fig 4.23.

Flg 4. 249

Fig 4.25.

Fig 4.26,

Fig 5,1.

Fig 5.2,
Fig 5.3.
Fig 5.4.
Fig 5.6,
Fig 5.7.
Fig 5.8.

Fig 5.9.

Fig 5.10.

of Ba.Cl2 doped NaCl.

Precipitates on the (110) face of BaCl,
doped NaCl,

Transmitted light micrograph of the

precipitates in Ball, doped NaCl.

2
Quenching temperature Vs. No. of

precipitate in BaCl, doped NaCl,

2

Voide: in ZnCl2 doped. NaCl

Decoration of the surface steps

Decoration of the precipitates and the

High index planes.

Diagram, explaining the precipitation

during constant cooling.

Showing precipitate on both sides of a

large cleavage step.

Etched and shadowed replica of the

precipitates.

Drawing of the shape of the precipitates

in CdClg, Mn012 and Mg012 doped NaCl.

BEther etched replica of the precipitates

in CdCl2 doped NaCl,

One eighth of the unit cell of CdC126NaCl

phasc.

Unit cell of the NaCl structure

I1I

Page

93

95

97

99

102

102

107

113

113

114

115

118

119



Fig 5.11.Ionic arrangement in CdCl2 structure

Fig 5.12.Phage diagram of Nacl—0d012 system
(After Brand).

Fig 5.13.Phase diagram of I\TaCl»CdCl2 system
(After Suzuki).

Fig 5.14.Tentative Solvus for CACl, in NaCl

2
Fig 5.15.Diagram of the 'Trimecrs'.
Fig 5.16.Tentative Solvus for Mn012 in NaCi.

Fig 5.17.Phase diagram of NaCl~Mn012 system
(After Sandonini & Scarpa).

Fig 5.18.Drawing of the precipitates in CaCl2
doped NaCl.

Fig 5.19.Drawing of the precipitates in Ba012
doped NaCl.

Fig 5.20,Decoration replica of the surface of
Ba012 doped NaCl,

Fig 6.1. Diagram showing how dimples arc produced

Iv

Page
120

125

126

127

135
138

139

143

145

155

160

on the NaCl plates by distilled water drops.

Fig 6.2. Photograph of the transmission specimen

Fig 6.3. Photograph of the beam-deflecting magnet

Fig 6.4. Spccimens in the density column

Fig 6.5. Depth of penctration of beam electrons
in NaCl.

Fig 6.6. Damage in NaCl specimen at the low beam

intensity.

160
162
164
164

167



Pig
Fig
Fig
Fig
Fig

Pig

Fig

6.7. Diffraction pattern showing spikes

6.8. Growth of the defeccts

6.9, Diffraction pattern with reduced spiking
6.10.0verlaping defects

6.11,Diffraction patterns showing polygonisation

6.12.Irradiation dosc Ve Density in NaCl

crystals.

6.13.Energy dissipation of clectrons in NaCl

according to Bethe egn.

6.14 .Energy dissipation of electrons according

to Spencer's Theory.
6.15.Dark field analysis of the demage

6.16.Electron micrograph showing thin areas

free fron damage.

Page
167

163
168
169
170

184

186

186

189

191



CHAPTER I

INTRODUCTION

11



12

Sodium Chloride)has long been studied as a model
solid becausec its ionic bonding is easier o understand
and better‘suited for theorctical treatments. The effect:.
of impurities on the physical propertics of NaCl has also

been a subject of cxtensive investigation.

The Changes in physical propertics of NaCl due to

divalent cationic impurities.

1.1, Electrical propertics :—

1.1.1, Conductivity :—

Tubandt (1932) with a series of cxperiments showed
that the clectrical charges in alkali halides are pro-
dominently carriced by the cations. In presence of vacan~
cieg in the lattice the ions move under an applied field
by Jumping into vacancies in the general direction of the
field, So the drift of the ions in one direcction is cqui-
valent to an equal drift of their vacancies in the opposit
dircction. If n is the number of cffective charge carricrs
in the crystal,in this casc cation vacancics,’p,is their
mobility and ¢ is the charge they carry, theﬁ tbe conduc~
Tivity G~ of the crystal is given by
Jd7 = nce eoosoccvocnscocovocololo

A typical Arrhenius: plot of the ionic conducti-
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vity of NaCl is shown in ¥ig l.1l. In the region I or
intrinsic region the number of vacancies arc in thermal
equilibrium with the lattice.
In ionic solids cqual numbers of cation and anion
vacancies have to be present to maintain chorge neutra—
lity. If 'W' igs the encrgy rcecquired to create a vacancy
pair then the cquilibrium number of cation-vacancies at

any temperature is given by the relation

n = A oxp (<H/2KT) eococcasala?

where Al is 8 constant and k & T have their

usual me~ning.
The mobility v of the Cation vacancies at any

temperature is given by the relation

f‘, = Aa eXp (—G’D/kT) oeoooovoolo3

—

=
where A2 ie another constant and Gy is the

’

activation encrgy required by a cation to
Jump into o vocancy.
Substituting eq 1.2 & 1.3 in eq 1.1 we have
= =Aexp ~ (W/2+Ca)/kT ....0lid

T

where A = AlAZC'

so that the slope of region I in the conductivity plot

is = —(W/2 + Cn),
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in O —=

1/ T—=

Fig.1.1. Schematic Arrhenius plot of ionic conductivity in alkali
halides.
I Intrinsic reglon, I Extrinsic region I Associqtlon region
IV Precipitation region,
~Curves a,b and ¢ correspond to crystals containing -
'decreasing amounts of divalent impurities,
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The divalent cations in solid solution occupy
subgtitutional sites iﬂtglkali‘halides (Pick & Weber, 1950).
To maintain charge ncutrality of the lattice, onc cation—
vacancy is created for ecach divalent cation. At lower
'teﬁperature, region II, the number of wvacancies in the
lattice is determined by the number of divalent cations
in golution and it remains’essenbially unchanged with the
variation of temperaturc above the solution tempcrature.

The conductivity in this extrinsic region follows the
egquation

".:'.A3 exp (~Gm/kT) 'oooaoeeeoihlos

where Agf: NA

solution.

2C1 N:. = number of cation in

The slope of the curve in region II = —Gm

Lelfeldt (1933) and Kelting & Witt (1949) found
that the transition betwecen region I and region II, better
known as the 'knee' of the conductivity curve, occurs at
increasingly higher temperatures with higher level of
doping with divalent cotions (Ca2+, Cd2+, Sr2+, Ba2+).

With the lowering of Yemperaturc the divalent
cations and the cation vacancics start: to associate and

form dipoles. The number of free vacancies availablec for

conduction then goes down and the slope of the conductivity
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curve again changes. This is known as region-III or
Associab%on region. The slope of this region is = —(Gm+Ea/2)
where Ea is the cnergy of association.

From the temperature_of transition for region II
to region III as a function of the concentration of diva-
lent cations, Haven (1954) determined the solubility of

CaCl2, CdC1, and MnCl2 in NaCl.

2
Dreyfus and Nowick (1962) found that the slope of
the region III again changes at a lower temperature

( about 200°¢ ). This they named ag region IV and identi-

fied as the precipitation region.

1.1.2. Diclectric Loss =

A substitutional divalent cation and an associated
cation vacancy in one of the near neighbour siteg, forms
a electrical dipole in alkali halides. In an alternating
clectric field the dipoles contribute to the current by
aligning themselves along the field. But the cvrrent due
to the orientation of the dipoles lags behind the apnlied
ficld. This leads to energy Adissipation and dieleciric
loss. The lag angle 5 is given by

tans o _161Hp?® L .
3& kT 1 + w2t
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where N ig ths rumber 6f_dipo}es, p is the dipole nonent,

¥ the freguency of the alternating field, 4 the relaxation
time or the average time neeﬁed for the dipole to change
oricntation, ¢ is the recal part of the dieleciric constant.
(This loss angle is in addition %o the loss angle duc to
unassociated vacancics). Maxima:. in tan & occurs when

W = 1AT , tan Sv(ma.x) is then proportional to the number

of associated dipole pair present in the corystal. Haven
(1954) made mcasurcments of diclectric loss in NaCl con-
taining Ca2+, Cd2+, and Hn2+, as a function of concentra-
tion and temperature from which he deducted the jump
frequency of the asgocinted and free vacancics. He also
deduced the ratio of the associated and frec vacancies.

Be found that for the same concentratianﬁa2+ and Cd2+,
thé number of assgociated vocancics in the Cadmium doped
crystals werc much lecss than that in the Calcium doped
crystals. He concluded that this must be due to smaller
golubility of CdCl2 in ¥aCl which might be due to the
formation of a compound 2NaClnCd0129 Dryden and Meakins
(1957) studied diclectric loss in Lithium, Sodium and
Potassium halides. With increcasing concentration of

divalent metals they obscrved o second absorption peak in

some of their crystals. Up to a calcium concentration of
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0°075 mole % in NaCl therc was only one peak but as the
calcium concentration was increascd to 0°95 mole % the
sccond ggak became compargable in intensity to the primary
peak. The authors attributed this second peak to the
dipoles that arc formed across the boundary of the preci-
pitates of CaCl2 and the matrix.

Cook and Dryden (1960) studied the decay of the
primary diclcctric absorption peak and the rise of the
sccondary peak ag a function of ageing time and tempera—
ture; in calcium doped NaCl quenched from 130°C. From
their decay curve these avthors concluded that the aggre-
gation procecds in two stages. In the sccond stage the
number of vaconcics are less than the number of divalent
ions in the aggregates. The samc nuthors (Cook & Dryden,
1962; Dryden, 1963) also studied diclectric absorption in
Mn2+ doped NaCl, Sr2+ and Ba2+ doped KCl.%Thcy did not
observe any secondary peak in these crystals. From the
decay curve which was gimilar in all threc crystals they
concluded that 2 third orde#z kinetics is involved and
proposed formation of 'trimer' where thrce dipoles assgo-
ciate in the form of a triangle in the illlgplanes,

Higher complexes arc then formed from the 'trimers'.

Fig 5.15.
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1:2. Optical propertics :-

Bnhanced P=center prodamction in NaCl.containing
Ca2+, during the initial stage of irradiation with x-roys
has been reported by Robin & Click (1960). This is suppo-
sed to Be duc to the increascd number of cation vacancics
that ore present in the crystal to maintain charge ncutra-
1ity. Thesc vacancies arc convoerted 4o F-centers during
irradiation. Grigoruk and Melik-Gaikazyan (1963) investi-
gated the effcct of MnoT, Cd2" and Pb? doping on tho
formation of colorcenters in NaCl by x-irradiation.
They observed that enhancement in F-center production

reaches a maximum with increasing concentration of

divalent ion and then decrcascs.

1.3. Mechanical propcrties t-

The Mcchanical properties of crystals, in the
mein depend: on the movement of dislocations and different
obstacles to this movement. Divalcnt cations may creatc
such obstacles by forming 7°vic precinitates and aggregétes
whichﬁgislocations have to cut through or go round.
Divalent ions may also form a dipole in association with

a cation vacency in ncarest or next nearest neighbour sitc.
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If the dipole lies across the slip-planc, the dislocation
bags to cut through it and seperate the divalent ion from
the vacancy. If the dipole lies ncar the slip plane, the
dislocation has to pass through the tetragonal strain
field of the dipole (Fleiocher, 1962), or orient the
dipole ahead of the dislocations (Schoeck, 1959). Pinally
thedivalent ion can impede the movement of dislocationsby
Cottrell type pimﬁng of the dislocations’(Cottrell and
Bilby, 1949).

Edner (1932), Schonfeld (1932) and Metag (1932)
obscerved that considerable strengthéﬁnﬁis caused in NaCl
due to the presence of divalent metal ions.

Brown and Pratt (1963) cxamined the coffect of
strain ageing on the yield strese of NaCl doped with

50 ppm cadbium. In contrast to purc crystals which
showed softening duc to ageing at lOOOC, the doped crystals

ﬁ%&cld stress and an effective

showed a maryked increase in
yicld point phenomena, with Luders band propagation.

This behaviour which is similar to segregotion hardening

. . . 2+
in metals hos been cxplained in terms of complexes of Cd
and cation vacancies moving to the dislocations and locking

them durying ageing.

The effect of calcium doping on the strength of
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NaCl crystals has: been reported by Pratt, Chang and
Newey (1963); Newey (1963); Harrison and Newey (1964).

The increase in the 0°1% proof stress of crystals,air
cooled from about 170°C)increased linerly withﬂ§ncreasing
concentration of calcium,wherecas in the slowly cooled
crystnls the increcase in strongth was proportional to the
square root of the calcium concentration. The reason for
suchadifference iﬁmﬁérdening behaviour in air cooled and
slowly cooled crystals wasc supposcd to be that,in Qir‘
cooled crystals most of the dipoles formed by Ca2+ and
cation vacances are inadispersed form. At room temperaturc
and above, during dislocation motion these dipoles ncar
the slip planes can be oriented by the interaction of the
tetragonal strain ficld of the dipole and the long range
stress field of the dislocation (Snoek Ordering) so as to
minimise the clastic energy. The resistance to dislocation
motion offcred by such long range ordering is proportional
to the number of dipoles that hag: to be ordered and the
strength and calcium concentration of the crystal arce
thercfore linearly related. Iﬁ the slowly cooled crystals
on the other hand the dipoles are in some form of aggrcga-—
tes and are not free to orient. Dislocations have to pass

through them or their stress field whi ch givesrise to
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essentially, precipitation type hardening and depends on
the size , structure and digtribution of the ageregates.
Pratt, Harrison and Newcy (1966) have cxamined the effect
of Cadmium and Mangancse on the flow stress of NaCl. They
noticed a considerable increase in room temperature flow
strees in crystals containing 450 ppm Cd and 675 ppm Mn
when air cooled from above 30000. The crystals tested
below —3OOC‘showedatemperature dependence ofﬁ%low stress
and the magnitude of the temperature dependent part of the
flow stress was considerably larger iﬂﬁguonched crystals
than that iﬁﬂélowly cooled crystals. Cd doped crystals
tested above room temperature, showed a small peak inﬁ%iow

m&tenched crystals,at about 21500 and yield drop

stress. in
in that region. A larger peak was obscrved in slowly cooled
cryatals®about 24500 accompanied withasmall yield drop.
Mn doped crystals also behaved similarly and showed peaks
around 27000 and 3OOOC regpectively.

Harrison (1965) studied the room temperaturc flow
stress of slowly cooled crystals of NaCl doped with Ca,
Cd, Mn, Mg, Ba, and Zn as a function of subscquent guench~
ing temperatures In all but calcium doped crystals appre-

ciable quench hardening was observed when crystels were

guenched from above certain toemperatures.In Cd and In
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doped crystals thosetemperatures were quitc well defined,
about 250°C & 280°C respectively. In Mg, Ba and %n doped
crystals the quenching temperature range in which rapid
hardening was observed wore 300°- 40000 for lg, 5000— 600°¢C

for Ba and 300°- 425°C for Zn doping.

I% is scen that a knowledge of the state of
distribution of the divalent cations in the NaCl lattice
is reruired in most cases to interpret . the changes in
the physical propertics. An cendeavour was thercefore made
to study the distributions of divalent cations in doped

NaCl crystale , on an clectron microscopic scalc.
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2.1s X-Ray Work -

Miyoke and Suzuki (1954) and Suzuki (1955) published
a scriecs of three papers on the x-ray analysis of NaCl
single crystals containing few mole %‘CaCl2. They +took
stationary crystal x-ray diffractions. With cither £100p
or <lld> dircctions of the specimen vertical aﬁd varying
successively the azimuth anglce around the vertical axig,.
They observed spikes in the reciprocal lattice spaces. These:
spikes were along {111)r and <31G>r directions and centercd
on the reciprocal lattice spote. From the study of the
intensity distribution of thosc spikes they deduced that
thin platelets)coheront withﬁ%;Cl lattice (similar to
Guinier Preston Zonos) are formed on the élli& and %;lq%
planes of the crystals. The platelots are between 10 — 20 A
thick and consist of subunits of domains in antiphasc
orientation. The structurcs of thesc domains arc also

‘ T R .
closely related CaCl, strmecture and the orientation between

2
{111% plates and the Matrix are (1ll)m,\¥ (101)p and
[lld]méﬁ.[_Oijpe To maintain cohecrency with the matrix
and also chargeneutrality the platelets consist of cqual
numbexs of Ca2+ ion and Cation vacancy.
With various heat treatments of the crystals they
found that{‘3103 plates werc only stable at low tempera-

ture. When crystals, quenched from 400°C)worc kopt at room
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temperature, diffuse reflections duc to the {310}jﬁyﬁiﬁkéi
&ﬁu@mAaftcr about 3 days and slowly grew in intensity,
whercas the reflcctions duc to the {111; platelets could
just be detected after about o month. Ageing at SOOC did
not show any qualitntive difference fron thatoeftke room
temcerature ageing, such that the reflection duc td{ 310}
platelcts first appcarcd and werce stronger than

that duc to {1113 platclcts. Annceling at 100°C howover
produced stronger reflcctions duc to{ 111:}p1atclcts than
{ 310} platelets. Ageing at 150°C ceused § 310 { platclets to
disappear, strongthen the reflections duc t0{3111} plate-
lcts and also somc sharp spots to appecar. On anncaling ot
300°C diffuse gpots completely disappearcd and a sharp
apot pattern was obscrved. Analysis of these spots showed

that theywere duc to precipitates of CalCl, with orientation

2
relations
(100)p or (010)p ” 118 M,

[oo}p ][ <a103m,

Sujuki (1961) also made x-ray studics of cacl,
doped NaCl. In Debyc-Scherrer photographs of slowly cooled
crystals of NoCl containing between 1 to 33°3 mol % CdClZ':"“d

he obscrved two kinds of cxtra lincs. First kind of cxtra

linces appeared from 1 Mol ¥ of CdCl2 and beccame nost
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distinct in the region betwcen 2 - 10 Mole % and disappea~
red near 20 mol % of Cdcla. These lines could be indexcd
as having half integer indices of the matrix which showed
that the structure responsible for these lines has o unit
cell which is twice the lincar dimension of the NaCl unit
cell and possesesthe same cubic symmetTy .

The sccond kind of lines appeoarcd at about 2 mol %
of CdCl2 and beecame stronger with incrcasing concentration
t111 at 33°3 mol % of CdCl2ﬁwhich corresponds to the compo-—
sition of CdClgzNaCl, the pattern became exclusively
composcd of the lines of the sccond kind. It was thereforc
presumed that the second kinfl of lines were due to @
Cd012 2NaCl compound and the lines could be indexed as
due to a rhombohedral structure with a = 9'92A.&11= 118°18
Small crystalites)ﬁhat were established by x-—ray to have
the same structure as the first kind,were collected and
chemically analysed. These were found o have the compo-
sition Cd012 6NaCi.

Considering relative intensities of the diffrac-—
tion spots amd thé parameter and the symmetry of the lottice,
Suzpki proposed a structure of this CdCl2 6NaCl phase. The
structurc belongs to the holohedral cubic space group Of

l/8th of the unit cell of this structure is shown in Fig

(5.9).
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The heat treatmont of crystals containing 1 mol %
CdC12 showed that this phase is absent in crystals quenched
from BOOOC. After the crystals were kept at room tempera--
ture for several months, weak super-lattice reflections
appeared which werc identified as thin platelet zones in
the glOQ} plane having the same structurec as the Cd0126Na01
phase. Similar rcflections were also observed when quenched
crystals were reheated at 200°C for one hour. Sharp spot
patterns of the CdCl2 6MaCl phase could be regained by
prolonged ageing at 200°C or slow cooling from SOOOC, from
these observations, Suzuki proposed a modification to the
HaCl - Cd012 phase diagram given by Brand (1911). In the
1light of present work it will be geen (section 5°3n5) that
this phase diagram may bear a further modification.

Following Suzuki's works, Toman (1962), (1963)
examined Cadmium and Calcium doped single crystals of NaCl
grown by Czochralski technicue. He basically confirmed
Suzuki's findings with some modifications. The ratio of
the wnit cell dimensions of CACl, 6NaCl phasc that of HaCl
was found to bo 2°02 and , the displacement of the Chlorine
ions towards the Calcium iong, wos determined as 0°014 a
as agoinst Suzuki's vproposed value of 0028 a (2 is the
unit cell dimension of ¥aCl). In crystals containing 0°3

mol % Cchl2 the super lettice reflections disappearcd



29

between 250°~ 300°C and in™Erystals containing 0°06 mol %
CdCl2 thes phase disappeared at temperatures 30°- 400 lower
than the previous case. Toman also studied the effect of
cooling rate on the precipitate sizc in the crystals con—
taining 0°3 mol §. €aCl,. The size of the precipitatesin-ie
crystals cooled at the rate of 200°C/sec was around 2004,
in those cooled at loC/sec the size was around 5004 and in
very slowly cooled crystals (rate not montioned) the size
was over 10004. In slowly cooled crystals containing 0°06
mol % CdCl2 the precipitate size was around 4504, The
precipitates below 1000A in size were coherent with the
matriz and those above 1000A werc partially coherent.,
Toman cxamined Calcium doped NaCl containing
0°7 mol % CaCl2 ag opposed to 10 mol % Ca012 reported by
Suzuki. In this lighter doped crystal Toman did not find
any rcflection due to“%fable phase of CaClE. Instead a
metastoble orthorhombic structure of Ca012 was observed
with a = 6°104, b = 6°934 and ¢ = 4°00A. The orientation
relations of this phase with the NaCl matrix arc 1100} p
ji 117 m, [010)p H M2y ena 00llp {) (120 .
The lattice constants b and ¢ of this mctastable modifica-
tion correspond exactly to (/6/2)a NaCl and a/y2 ¥aOl so
that (100) Ca012 and the (111) NaCl arc coherenﬁ planes

probably hoving the atoms arranged in a similar manner.
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Ageing the crystals at 17000 after guenching from 50000
produced the reflcctions duc to the metastable structure
which finolly resolved into spot patierns which show

that theywere not just plate zones but a three dimensional
gstructure with a thickness of about 704. When crystals were
kept at 30000 the reflection duc to the precipitetes dis-
appcared leaving only the matrix spots. As the reflections
due to the stable phose of Ca012 did not appear at any
stage ofwﬁéat treatmenty Toman concluded that in these
lower Calcium doped crystals only the metastable modifice-—
tion of CaCl, precipitatescvi as coherent platelets in

the 21113 matrix plane and they go into solution below
300°C. (Vo mention of i}lQ} plate zones were made, presume-—

ably they arc also obsent in the lower doped c:ystals),

2.2. _Rayleigh Scattering and Ultramicroscopy ==

Bonsigir and Schneider (1962) examined various
alkalihalides including righ purity, nominally purc and
Iln doped WaCl, by Rayleigh scattcring and Ultramicroscopy-
They obaurved a maxima in the light scattered at right
angles to the directions of the beam in the wave length
region of 350 - 400 mAv in all their crystals. With increase wh

Tﬁzfemperature the intensity of the scattered light went
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down ag a whole without shifting the pesk position. Ultra-—
microscopy showed that the centers of scattering disappeca-—
red and reappecared at the same position after temperature
cycling. They concluded that the scattoring was duc to T
decorated networks of dislocations.

Girard (1963) cxamined NaCl single orystal by
Rayleigh scattering and Vltramicroscopy. He studied the
ampli tude of 90O scattering as a function of erystal oricn-
tation and came to the conclusion that some of the scatter—
ing conters wegre small comparced to the wave length of light
others were about 900 A in dimension. Theirshape could hbe
plate like or gpherical. As spectroscopic analysis showed
various impuritics, : S0, the nature of the scatter—
ing centers could not be specificd. Ultramicroscopic exa-
mination in conjunction with surface etching rcvealed
that the precipitateswere decorating dislocations and
grain boundarics.

On heating and cooling the specimen and observing U
under Ultromicroscope Girard-ilottin and Tanrel (1965) found
that precipitation occurrced at preferential sites.

From the Rayleigh scattering of MnC12 doped
crystals of WaCl grown by Bridgeman techniquce Girard-
Nottin and Benoit (1965) concluded that there are cylin-

drical precipitates of radius about 600A mostly on grain
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boundaries.
Abaev and Kornfel'd (1966) studied the Reyleigh
scattering as a function of crysinl oricntation in NaCl

doped with BaCl SrCl CaCl . CoCl €4Cl1

2! 21 2 2! 27 2,
iﬂnCl2 and PbClz. Trom the angulor distribution of the inten-

sity of the scattered light they fouvnd that the scattering

NiCl,, HaCl

centers in the BaCl CaCl2 and SrCl2 doped crystals were

27

in 110> dircction; some made a small angle with 1103

direction, Addition of 00012 or N1012 induced}%grmation

of centers only in (110> dircctions- The scattexring centers
in CdCl2 and HnCl2 doped crystals were in < 100> directions
and those in Pb012 and ZnCl2 doped crystals were very small
and of uwnknown shape. Curiously cenough, these authors com-
cluded that the scattering centerswire 'pores' in NaCl
lattice formed by +the aggre?ﬁbn of cation and anion vacan—

cics releasced by the divalent chlorides when theoy come out

of so0lid solution.

253, Blectron Microscopy :-

Yogi and Honjo (1964) cxamined in tronsmission
clectromicroscopy, NaCl containing 6°05 mol %, 0°1 mol %,
0°3 mol % and 2°3 mol % CaClg. They preparcd their speci-~

mensby beam flashing tcchnique. Specimen about 2 - lO}“

thick was introduced in the microscope and subjected to an



33

intense beam of electron for one to two scconds. Surface
of the specimen flaked off leaving thin transparent arcas.
They uscd a Prototype JEM 150 opcrated at 150KV, In crys-—
tals containing 0°05 and 0°1 mol % Ca012 they did not
obscrve any precipitate but noted a reduced rate of
speckles formation in the specimen compared to pure crystals.
In crystals containing 0°3 mol % Ca012 they obscrved thin
platelet precipitates in{_lll} plane of the matrix which
gave Tringe contrast along their length i, c. (lld> dircc—
tions in{ 100} matrix plane, which were identificd as #Ke
coherent precipitates or incipient precipitates as they
call it, of CaCl2. In crystels containing 2°3 mol % Ca012
they observed precipitates in the same oricnitation as the
earlier ones. But the daffraction contrast in them was
irregular and thesc precipitates were identified as the

stnble pyrecipitates of CaClo,

2.4. Paramagnetic Resonance :-

Schneider & Caffyn (1955), Schneider (1961) and
Bansigir & Schneider (1962) reported investigation of
MnCl2 doped NaCl by Paramagnetic resonancce method. In well
aged crystals they observed a Lorentzian resonance peak of

half width of about 200 gauss. As the line width of Mn012



34

in netive erystalline form 28 1250 gaﬁss,Schneider conclu~—
ded that the crystal structurc in which Mn2+ finds itsclf
hed” s The
in the precipitate is different fromabulk anhydrous Mn012
erystals. When the doped (50 - 500 ppm) were heated to
high temperature this singlc absorption pecak disappeared
and o well rcsolved complex spectra and sgix prominent
hyperfine lines were found. The complex spectrae was iden-
tified as thnt due to the dipoles of Mn°t and an asso-
ciated cation vacancy.The intensity of this complex spee-
tra reached a maximum at about 3OOOC, which incidentally
also_coincide with the maxima in flow stress found by
Pratt Harrison & Newey (1964). This temperaturc wos taken as
th2 ecutectic temperaturc by Schneider.

Hatkins (1959) also found this single peck absorp=—
tion in his vocuum grown Mn doped HaCl crystale which gave
.way to multiple peesked complex spectra on heating. Single
peak absorption could be regnined after kecping the speci-
men for several days at room temperature.

Symmons and Kemp (1966) studied the change in the
different spectra of Mn doped TaCl, gucnched from 3500-
40000 as 2 function of time and ageing temperaturc. They
found that the initial decay of the specira corresponding

to dipoles could be fitted to a third order recaction and
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proposed that “trimers are formed from the dipdles. A
sccond stage of ageing was observed which was: believed
to be duc to'm‘f‘orma'tion of higher complexes from the
trimers, The single peak rcsonance duc to large aggrega-—
tes or precipitates could be found after ageing at room

temnerature,



CHAPTER III

_EXPERIMENTAL __ DETAILS

36
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3,1, Growing single crygtals of pure ond doped NaCl -

Single crystals of pure and doped NaCl were grown
by a modified Czochralski method. The apparatus is shown
schematically in Fig 3.1. 'Analar reagent grade NaCl was
molten in the silica beaker in the furnace and the temp-
erature was adjusted to just above the melting temperature
of NaCl, i.e. 800°C, when the furnace.reached equilibrium,
the seed was lowered on to the melt, The seed crystol was
clamped in the water cooled chuck. A screw was fixed to
the water cooling jacket, which went through a block fixed
to the supporting pillars. The seed could be raised by
rotating the jacket. The rotation was su#pliedby o motoxr
drive system. It could also be done by hand when nccessary
by disengaging the drive system. After lowering the seed,y
the drive was kept switched off till a growth of about
one inch in diameter took place round the seed. Then the
motor was switched on. The seed rotated about twice an
hour and raised about £". The level of the melt also went
down as the crystal groew and the final rate of growth of
the crystel was about 4 an hour. Visual check was kept
through 2 mica window ot the top of the furnace and nece-—
sgary adjustments in temperature of the furnace were made.

Crystalsbetween 1"- 1%" in diometer and 3"~ 4% in length
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FIG.3.1. The Crystal Growing Apparatus.
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were grown in this way. A typical boule is sghown in Fig 3.2,
To dope the crystals with divalent metal chlorides,a

measured amount of dried reagent grade metal chlorides

were added to the melt before growing the crystols. After

growing, the crystaols were kept in an annealing furnace

at 650°C for several hours and then cooled down to Toom

temperature at the rate of 0°25°C/min.

3.2, Analysis of the Crystals :-

3.2.1, Cadmium Analysis t=

Cadmium content of the crystels were analysed by
polarographic method, A differential cathoderay polaro-
graph type A.1660 made by Southern Analytical Limitcd was
used in the Double Cell mode. (The epparatus has been
described by Davis & Seaborn in ‘'Advances in Polarography!
Ed.I. Longmuir P239, Pargamon Press. 1960), The cell
voltage i.e. the voltage across the freshly prcpared
mercury droplet—cathode and the mercury pool-anode, is
increased through 0°5 volts in two éeconds. The rate of
increase in current with voltage, dc/dv, ig displayed on
the long persistence screen of the cathodgray tube. The
process is repeated evory seven seconds. When the cell

voltage reaches the reduction potential of the metal ion
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present in the solution there is 2 rapid increase in the
cell current. This gives rise to. 2 peak in the dq/dv curve
and the hight of the ﬁeak with respect to the initial level
is proportional to the concentration of the metal ions in
the golution. In the differential polarogroph any inter-—
ference due to the supporting solution can be subtracted
out by putting 2 blank suppomting solution in the compen—~
sating cell, The sample and the standard solutiongwere
made in & supporting solution containing 0°2 M sodium
ecetate and 10 ml per litre HCl(cons). The solutions were
degassed by passing nitrogen bubbles through them before
taking the readings, Readings were taken at 35°C with the
blank supporting solution in the compensating cell. The
cell voltage was increased from 0°4 volts to 0°9 volts in
each sweep, the peak appeared at about 0°65 volts. Sample
peak—hﬁghts were compared ageinst the calibration curve
made from the peak-héights due to the standard solutions
containing kndwn amount of Cadmium. A small correction
was found necessary for the difference in the NaCl content
of the different sample solutions. A separate run of
selectéd standard solutions containing different amount

of NaCl, was made fo find this correction. The cxpected

accuracy of the cadmium analysis wasg about % 5%
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3.2.2, Manganese Apelysic :=-

The manganese content of the crystals were deter—

mined by converting the Manganese in the samples to KMnO

4

by heating the samples with excessg of KIO, in o solution

4
cont;ining sulphuriv acid., The absorption peak of KMnO4,
at 525 mpwa s then measured with a Parkin-~-Eimer Model

450 Spectrophotometer. The spectirophotometer was used in
the double beam mode with blank solutions containing"%éme
amount of NaCl, KIO4 and HZSO4 ag in the sample solutions,
in the compensating cell. The absorption peaks were com—

pared against the calibration curve made from the absorp—

tions in standard solutions.

3.2.3. Calcium and Megmesium Anolysis :-

Calcium and Magnesium were analysed byn%%omic

absorption method. Hilger and Watts Spectrophotometer type
H 700 was used in conjunction with their Atomic Absorpiion
attachment. A Calcium—Magnesium alloy holo-—cathode 1ight
source was used. Sample and sténdard solutions were made

in distilled woter with few drops of HCl. The solutions
were passed through an atomizer and fine droplets welre
pumped into an air-propane flame situzted between the light.

source and the entronce slit of the spectrophotometer.
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Atomic Calcium or Magnesium present in the flame acted as
abgsorber for the Calecium and Magnesium lines emitted by
the light source. Absorption of the 4226 A line of
Calcium was usgced to determine the Calcium content. It was
found that pgresence of Sodium suppressed this absorﬁtion
10 some extent. So the standards had to be prepared with
same amount of NaCl in them as in the sample soiution.
Even then the overall accuracy of the Calcium analysis is
probably not much better thoan 15%. The situation was much
better in the case of Magnesium analysis. 2852 A line of
Magnesium was usced. The sensitivity was high and the
interference was low, Somple and standard solution were
prepared with same amount of NaCl in each and the accuracy

of the analysis wes about + 5%

3.2.4. Barium Analysis :~

ﬂ%pectrographic method by

Barium was analysed by
Mr., D. Hinds at the Analytical Services Laboratory of this

Departmente.
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3.3, Heat Treatments :-

A1l heat treatments were carried out in air.
Specimens 5 x 5 x 8 mm were put into a silica tube, about
8 mm in internal diameter and 30 cm in length. This tube
was put into the furnace with a chromel/alumel recording
thermo-couple, the junction of which rested on the speci-
men. The recording thermocouple was checked with an N.P.L.
standardiged Platinum/Platinum + Rhodium thermoéouple and
was found to agrme within two degrees upto 600°C, The
furnace temperature was controlled by an 'Ether Transistrol’
anticipatory controller, The temperature variation was
within one degree of the controlled temperature at the
specimen. The temperatures were recorded on a Honeywell
chart-recorder. At 200°C annealing time was 24 hours and
at other temperatures the product of the annealing temper-
ature in °C and annealing time in hours were kept approxi-—-
mately constant.

Quenching of the specimen was done by taking the
specimen tube out of the furnace and turning it over on

a block of metal at room temperature.

3,4, Apeing -

Ageing wapg carried out on Cd012 and MnCl2 doped
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crystals quenched from 400°C,at temperatures between
50o - 200°C at 500 intervals and in MnCl2 doped crystals
at 2250, 2350, 25000. Ageing times were 6 hours, 12 hours,

24 hours and doubled each time upto 192 hours.

3.5, Vacuum cleaving and decorating :—

3.5.1. Description of the vacuum cleaving apparatus :-

The vacuum cleaving apparatus was designed to
work with ot existing 'Balzers' evaporating unit
type Mikro BA 3. A sectional diagram of the apparatus
and a photograph of itda shown in Fig.3.3. and Fig. 3.4.
The apparatuS‘consiéted of a 1°2 cm diameter shaft
passing through a Wilson seal at the bise. At the end of
this shaft a bracket wés screwed on, to take the crystal
holder block. The block was 0°8 cm in diameter and 1°2 cm
in béight and it was in three parts. The top part had a
0°5 cm square and 0°3 cm deep recess to take the crystal.
The crystal was held into pogition by two screws and bet—
ween the screws and the crystal was placed an 'L' shaped
piece of copper to distribute the pressure evenly and to
make a good thermal contact. There was a hole on one side
of the recess to introduce a thermocouple. The junction of

the thermocouple rested on the crystal. The middle part
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- Pig.3.3 Diagram of the cleaving apparatus. 1l-Base,
2-Shaft, 3-Bracket, 4-Block, 5-Heater, 6-~Pillar,
 7-Frame, 8-Cam, 9-Thermocouple, 1l0-Cleaving blade.
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of the block was a heater. The heating element consisted
of a 0°1 cm diameter.spiral of 40 gauge Tungsten wire. A
0’3 cm high annular piece cut from 0°4 cm diameter silica
tube was grooved round the middle and the tungsten wire
spiral was put round this piece of silica. The bottom part
of the crystal holder block screwed on to the top part and
the heating element was sandwiched between the two. It

was completely enclosediin the block and the leads were
taken out through a fine twin bore silica tubing. The
crystal could be raised upto 300°¢C by the heater. The
block was held and positioned in the bracket with eight
screws. Pieces of asbestos sheet wereplaced between the
screws and the block to thermally insulate it from the
bracket.

A pillarwap fixed to the base, parallel to the
shaft and at a distance of 1°4 cm from it. At the end of
the pillar was pivoted one end of a frame. On to this frame
was fitted a piece of stainless steel razor blade, which
was used as the cleaving edge. At the other end of the
frame, there was a slot. A cam was fitted to the shaft
Just below the point where the bracket was screwed on.

The cam was held in position by three grub screws. A rod

from the cam was guided through the slot in the frame.
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Now, when the shaft was rotated, the rod pushed
the frame over the block. The hight of the cam and the
shaft was so adjusted, that the blade, fixed to the frame
just glanced over the face of the block and cleaved off
the part of the crystal that was protruding out of it.

A mask with a 4 mm square window was fitted over the frame
and the window could be positioned over the cleaved face
by rotating the shaft back after cleaving. The mask was
used to stop other parts of the apparatus being covered
with carbon when replicating the cleaved face of the
crystal. It also reduce the rate of contamination of the
cleaved face by restricting the directions at which the

residual gas molecules could hit the cleaved face.

3.5.2. Evaporating Gold and ¥epositing Carbon :-

To evaporate gold and deposit carbon without break-
ing vacuum, a specially shaped filamenf was used in conjunc—
tion with the carbon deposition attachment of the 'Balzers!
evaporating unit. It ﬁas made of 36 gauge tungsten wire
and shaped as a bow with edges turned up, shown in Fig 3.5.
There was a small 'V! shaped depression in the middle. The
two turned up edges were put round the two screws used

for fixing the carbon electrodes to the terminals.
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The terminals could be moved closer and apart from outside
by a mechanism fitted at its base. When the filament was

in position and the terminals were moved apart the filament
was straightened, the ends went further round the screws

to make a good fit; at the same time carbon electrodrgmoved
apart and could not strike an arc. When the terminals were
moved closer the filament bent back and the ends came

loose from the screws and the filament fell off from the
terminals. (The set up was used at an angle as shown in

Fig 3.6, to enable the filament to fall off from the
terminals when it camo loose). The carbon electrod.s then

came in contact and could strike an arc.

3:5.3s Decorating procedure :~

The specimen after the required heat treatment
was cleaved to a size 3mm x 3mm x 5mm and set into the
recess of the crystal holder block of the cleaying appara~
tus with about 2 mm of the longer edge sticking out of the
face of the block.

Required amount of gold was placed on the 'V!
groove of the filament. The mass of gold needed was cal-
culated assuming evaporation ig egual in all directions.

The required mass of gold is given by the relation
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m = 4Tf12tP

where 1 is the distance betwecn the source and
the substrate, t the required thickness and p the density
of gold,

In the set up used, 1 was about 3°3 cm and the
optimum equivalent thickness 't!' for good decoratipn is
5 ~-10 A. The amount of gold required was about 2 x 10—4gm.
To avoid the difficulty of weighing out such a small quan~
tity each time, gold was rolled down to a thickness of
about 0°02 mm and thin ribbons of about 0°5 mm wide wewe
cut from it and their weight per unit length was found.
Picces of required length (about 2 mm) were cut off and
pressed on to the filament.

After a vacuum of better than 102 torr was reached,
the current through the filameni was increased slowly till
the filament was dull red-~hot. Filament was kept at this
temeprature for about 10 minutes to get rid of the vola-
tile contaminents. Temperature was then increased $ill
the gold melted, current was then turned slightly down.
The crystal was cleaved by turning the shaft of the clea-
ving apparatus. The temperature of the filament was then
brought just above the melting temperature of gold and
kept there, to allow the gold to evaporate slowly. After

gold has evaporated off, which took about 10 minutes, the
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current was turned down and the terminals were brought
closer:, the filament fell off and the carbon electrodes
came in contact. The volitage across the terminals was’
increased from 4 volts to 16 volts. Carbon was then depo-
sited in short bursis +ill required thickness G"lOO A) was
reached which was indicated by the just perceptable brow-
nish colour on the glass tube surrounding the deposition
attachment.,

The crystal was then ‘taken out and the replica
floated on to distilled water. Replica was then collected
on a 200 mesh specimen grid with{l0Cdnearly along the grid

bars.

3.6, Platinum shadowed Carbon replica :—

Platinumshadowed carbon replica were made of air
cleaved surface after various etching treatments ranging
from 10 seconds in Ethanol to 1 second in anhydrous ether
and gome of just as cleaved surface, The cleaved crystal
after suitable etching, was stuck to the under surface of
the metal cover plate of the carbon deposition attachment
with & drop of 'Lacomit', A small piecce of platinum
0'03mm x Im x 2m was placed between the carbon electrodes,

When vacuuam had reached about 10"5 torr an arec was struck.
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Platinum evaporated and shadowed the crystal surface,
shadowing anglc was about 340. At the same time carbon
was also deposited, The replica was floated and collected

as in the case of the decoration replica.

3e7e Blectron Microscopy ¢~

A Hitachi Model HU 11 electron microscope was used,
The microscope was operated at 75 KV, The magnification of
fhe microscope wasg calibrated with a replica of a 9000
lines per centimeter grating and the magnification was
Vchecked from time to time, specially after each servicing

and recalibrated if necessary.

'308,uﬂggygjigngjgggg;Preoipijgtes and the determination

of the precipitate gize ¢-—

The precipitates were counted by scamiing the area
in each grid square. The method is shown graphically in
Fig 3.7. There is a rectangle scribed on the fhnrescent
screen of the eleotrpn microscope to show the area that
is recorded on the photographic plate. One of the diago--
nals ofvthis rectangle that lics approximately bottom-left
and top right directién was ‘used for scaniing. During scan-

ing only the right hand specimen traverse, which moves
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Arrow '‘B'showing the displacement of the image after each sweep

Fig.3.7 The method used for scanning a grid area.
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the specimen from top left to bottom right,was used for
sweeping and both left hand and the right hand traverses
were used for shifting the image through the length of
the diagonal line, at the end of each sweep. To eliminate
black-lash error sweeping was always done in one direction
namely from top to bottom and started firom the right hand
side. The image of the precipitate was counted as it
crossed the line. Lowest magnification that allowed com—
fortable viewing, was used to minimise any overlap error.
The number of ﬁrecipitates per grid-square was noted,
Several grid squarecs were thus scanned and a total of
2,000 to 4,000 precipitates were counted, from which the
average number of precipitates per grid square was calcu-
lated. The individual numbers of precipitates in each grid
square were found to lie typically within 10% of the
average value for about 100 ppt./gr.sq. to within 5% of
the average value forxr 500 ppt/gr.sq. The area of the grid
squares were found by measuring their internal dimensions
with a Reichart Type Me T optical microscope.

To determine the size and the size distribution
of the precipitates, about a hundred precipitates were
photographed at random and theifrdimensions were meagured

on the photographic plates with a fine glass-ruler fitted
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with a micrometer dial-gauge. A visual check was also kept

on the size distribution during precipitate counting,

3.8. Determination of the Precipitate Volume Ratio :-

A simple analysis shows that the volume ratio of

the precipitate to the matrix

v
vp- is equal to —i

m An

where Ap ig the total cross sectional area of the preci-
pitates in a random section through the matrix and A is
the area of the matrix. The analysis is as follows :-

In a cube of dimension L, of the mairix containing
precipitates, if sections are made say normal to x axis,
then the total volume of the precipitates in the cube is

given by

where Apx ig the total area of the precipitates sectined
at a distance x from the origin,.

Now if the distribution of the precipitates is
homogemous compared to the size of the cube, that is, if
the number of the precipitates is large and their‘spatial
distribution is random, then Apx can be treated as a

constant, Ap, and taken out of the integration sign of
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eq. (1). And on integration we then have

Vp = AP.L ognecannccooeocoeoeeooce(z)

Dividing both sides of cqg (2) by the volume of the cube

we have
ok
Vm Am

From the measurement on the photographic plates
the average sectional area per precipitate was found,
which was then multiplied by the number of precipitates
per grid-sqguare, to obtain Ap the total area of precipitate
scctioned in a grid square. This was then divided by the

area of the grid-square A

my found by the optical measure—

ments, to get the volume ratie of the precipitates.

3P, Limits of errors and detectibility =

3.@.1. Limits of errors :=—

Sources of errors :--

(1). Variation in the concentration of divalent
ions at different parts of the crystals.

Doping levels are known to vary along the length
of the boule and sometimes along the radius as well. The
amount of variation depends on many factors such as the

average doping level, the rejection ratio of the doping
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species, boule and melt size ratio, rate of growth etc.
In general variation is smaller for lighter doped crystals
and depents with lower rejection ratio. In Czochralski or
Kyropolus grown crystals the doping level and its rate of
variation increases towards the bottom of the boule. In
the case of radial variation, the concentration is high
towards the center. To avoid the error due to such varia-
tions, boules were cleaved into plates about 0°8 cm thick
normal to the growth axig, and numbered 1, 2, 3, etc.
starting from the top (near the secd). For one set of
experiments specimeng were taken from one of these top
plates and preferably from areas about the same distance
from the centre. The specimens were saved after experi-

" ments and used for analysis. Except in the case of ﬁéClz
doped crystals no variation within the same batch of spe-
cimens could be detectcd.

(2). Brror due to the variatiorn in magnification
of the Electron microscope.

As magnetic lenses are of variable focal length
it is possible that the magnification of the elketron
microscope mayrsometimesvary. As any error in magnifica-
tion will introduce more than twice that error in the

measurcment of area and therefore in the volume ratio of



the precipitates,; the magnification of the microscope was
carefully calibrated and checked from time to time. It isg
felt that the error in volume ratio, introduced through
the orror in magnification was not more than # 10%.

(3). Error due to sampling of the precipitates:

For practical reasons sample size had to be limi-
ted to about 100 for determining the average arca of the
precipitates. However in view of the narrow range of
precipitaﬁe size distribution, specially in the lower
doped crystals, thc expected error in the mean of 100
samples is about % 5%. Over all error in thec estimation
of the volume fraction of the precipitates ie therefore
within + 15%. The error in the chemical analysis of Cd
and Mn was about + 5%. These error limits have been shown
on the data for the Concentration Vs. Volume fraction of

precipitates plots of Cd012 and MnCI2 doped crystals.

340.2. Limits of Detectibility :-

Precipitate size-~

As the precipitates are detected by the difference
in the densify of nucleation of gold on them comparcd to thkd“on
the NaCl matrix there has to be a certain namber of nuclei

on the precipitates for this difference to be detectable,
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Minimum size of a square section of a precipitate that is
detectable is about 100 A across. For a linear scction it
is about 300 A, Error due to this limit in detectability
is probably very small as the number of precipitates
approaching this sizc in slow cooled crystals were negli--

gible.

3490.3. Limit of the detection of volume ratiog-

’

If the precipitate size is above the detection
level, there is however, no theoretical limit to the
minimum volume ratio that can be detected. In practice,
for homogeneously distributed cubic precipitates, a volume
ratio of 1 x 107 with an accuracy of + 10% can be detec—

ted in a 0°25 c.c. specimen without much difficul ty.
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4.1, Obgervation of precipitates in CdCl_  doped NaCl :-
* - pat T

CdCl2 doped crystals were examined in five differ—
cnt concentrations. Namely, crystals dontaining 35 mol opm

200 mol ppm; 352 mol ppm, 500 mol ppm and 950 mol ppm CdCl, .

4.1.1, Slowly cooled crystals :-

In the crystals containing 35 mol ppm CdCl2 no
precipitate could be found. In other crystals , precipi-
tates with squarce sections and ecdges along the (100)
matrix directions‘were founfl on the.{looi cleavage plane
of NaCl as shown in Fig 4.1.

The precipitates were highly soluble in water,
alcohol and cven ether, compared to NaCl. Specimens thined
with solutions of alcohol and wator for transmission
electron microscopy showed only square holes in tho place
tho pracipitates, as shown in Fig 4.2, Shodowed replica
of air-cleaved surfaces showed that the precipitatés are
affected by the few minutesexnosure to air, Fig 4.3.

The size distribution of the precipitates for
different CdCl2 content is shown in Fig 4.4., The size of
the precipitates increased and also the size distribution
widened with increasing doping level. Low angle boundaries
were found in higher doped crystals. The precipitates

decorating these boundaries were larger in size and in
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general oblong in shape, Fig 4.5. The volume ratio of

the precipitates as o function of the molar concentration
of Cd012 has been plotted in Pig 4.6, A straight line £itted
to the experimentel points has o slope of 8°4 volume
fraction/molar concentration. This straight linc cut the
concentration axis at 85 mol ppm. The significance of this
apparent room temperaturc solubility of 85 mol ppm of
CdCl2 in NaCl hns been discusscd in scction 5.3.2.

The number of prceipitates per cubic cm of fhe
matrix were calculated from the size and the number of
preceipitates sectioned per sqge.cm. This is donc by
dividing.the number . of preccipitates pér sde.ClMe With
the linear size of the precipitates (in cm.)e The numbers
of procipitajos per cubic em. in crystals containing
different amount of CdCl2 and also for two different
cooling ratcs for crystels containing 950 mol ppm CdClé,

have been shown in Table 4.1,

4.1,2. Determination of the solution temverature :-
The slowly cooled crystels were raiscd to 100°C,
150°¢, 200°%¢, 225°c, 250°c, 275°C, 300°C and 350°C. The -
crystnls were then air quonched to room temperature and
cxamined. No change in the precipitete volume was obser-
ved in erystals guenched from temperatures upto 200°¢,

A decrease in the volume of the precinitates could be
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Table 4.1

Precipitates in CdCl, doped NaCl.

2

Concgﬁgfatién | VCOOling No. ofrppt.‘ Avefagg linearx
-A;% CdCl2 ;._ rate 4 per cm3.‘ ‘v;izém§£ éﬁé:
- 35 mol.ppm. 0.25°C/min. No pPpt. ,“ | 'j%f—~,.
200 mol.ppm. x bob x 1011‘_' 1.3 x103a
350 mbl.ppﬁ? A 2;9 # 1011 1.9 x.lO3 A
500  mol.ppm | ’;. 2.2 % 10ll .2.5 X 103 A>
950 mol.ppm. R s 9.3 x 1010 4.3 x 10° A
950 mg}.épm.'_  l.5°C/min. 1.1 x‘iO12 _ \5 1;7‘x‘i03_A.
~ ' ' ~ | |
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noticed in crystals quonched from 225°C, The precipitates
in the crystal containing 200 mol ppm CdCl2 went into
solution between 225°C and 25060. The precipitates in
crystals containing higher amount of Cd012 waent into
solution at progressively higher temperaturcs. Finally
no precipitate was found in crystals conteining 950 mol
ppm CdCl2 when guenched from 300°C. The precipitate Volume
as a function of quenching temperaturc for different
crystals hao becn presented in Fig 4.7. Some of the
precipitates in erystals quenched from the region of
solution temperaturc showed octagonal cross scction as in
Fig 4.8. The significance of this octagonal scction hae

been discusecd in scetion 5.3.1.

4+1.3+ Ageing cxperiment :-

Crystal containing 950 mol ppm CdCl2 was solution

treated ot 400°C for 12 hours and air qucnched to room
temperature. The crystal was then aged at 100°C, 150°$
and 200°C.for 6 hours, 12 hours, 24 hours, 48 hours and
96 hours, No precipitate was found in crystals aged upto

96 hours at 150°C, At 200°C precipitates were detectable
after 6 hours-of ageing gnd after 24 hours there-were about
1.3 x 107 precipitates per square cm. The_precipitates'in

‘the quenched and aged crystals were oﬁlong in shape, with
a wide variation in oize and they tend to appear’ in groups

with the
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precipitates arranged along gencral dircction of {110)
as in Fig 4.9. This is in contrast to the precipitates in
the clowly cooled crystals which had a sguarc crogs—

scction, narrow gizc range and werc randomly distributed,.

4.2. Procipitates in HnCl, doped NaCl :-

I‘sInCl2 doped crystals were examined in sgix con-
centrations, namcly‘crystals containing 35 mol ppm, 225
mol ppm, 375 mol ppm, 600 mol ppm, 750 mol ppm and 900

mol ppm of MnClZ.

A4.2.1. Slowly cooled crystols :—

In the slowly cooled crystals containing 35 mol
ppm MnCl2 nd preeipitote was found. In higher doped
crystals, precipitates with squarc cross scctions similar
to thosc in the CdCl2 dopecd crystals were obscrved ~g
shown in Fig 4,10, In addition to the normal precipi-
tates a distribution of small preeipitoates wae: found in
the MnCl2 doncd crystals as shown in Fig 4.11.

The precipitate volume as a function of I:InCl2
concentration hag been ploticed in Fig 4.12, A straight
line fittdto the cxperimental points has a slope of 8°3
volume fraction/mol fraction; and this straight linc cut
the concontration axis at 70 mol pom indicating thet 70

mol ppm MnC12 did not preecipitate out. The significance
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of this apparent solubility has been discussed in scction
5:4.2.

The precipitete size distributions are shown in
Fig 4.13. The size of the precipitates incrcased and the

size distribution became broader with increasing MnCl2

concentration. At higher concentrations few large procipi-—
tates compared to the main population of precipitates were

obsdrvcd.
The calculatced number of precipitates per cubic

cm. in the crystals containing different amounts of MnCl2

arc shown in Table 4.2.

4.2.2. Determination of the solution temverature for the

A}

precipitates in MnCl, doped erystals :-—

2

The slowly cooled crystals were raised to 1OOOC,
150%¢, 200%¢, 250°¢, 275%, 300°C, 350°C and 400°C. The

crystals were then guenched to room temperaturc and exo-

L%

mined. Mo significant change in"Precipitate volume was

found upto ¥ quenching temperaturc of 25000. The preci-

pitates in crystals containing 225 mol ppm I'v'InCl2 went into

solution between 25000 and 27500. Precipitates in erystals

containing higher concentration of Mh012 went into solution

at a progressively higher temperatures. Finally no preci-
pitate wos found in crystals containing 900 mol ppm Ii’nCl2

when quenched fron 35000 and above. The precipitate volume
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Table 4.2

Precipitates in MnCl2 doped NaCl.

~ (Rate of cooling  0.25°C/min.)

Co@gentration, - Number of ppt. - Average 1inearu _ Vol. of ppf.
.of MnCl2 ’ - per cubic cm. size of ppt.. per cubic cm.

35 mol.ppm. No ppt. has been =~ -

N N ' found. SR

225 mol.ppm. . = 6.4 x 1071 1.25 x 107 A 1.2 x 10" %cc.

375 mol.ppm, 37x10th 109 x10°A 2.5 x 1073,

600 mol.ppm. 2.8 x 1001 2.3 x10° A 4.1 x 10 3ce.

750 mol.ppm. - . 2.2 x 10%1 . 2.9 x103a 5.7 x 10" 3ce.

= . ~ . o
o 11 ‘ 3 | -3
900 mol.ppm. 1.6 x 1077, 3.4 x 100 A 7.0 x 10 “cc.
!

08



81

s a function of quenching temperature for different crys—
tals has been shown in Fig 4.14.

Some precipitates with octagonal sections were also
found in MnCl2 doped crystals quenched from the temperaturc
of the solution region as in Fig 4.15.

4.2.3. Ageing cxperiment e~

The crystal containing 600 mol ppm 1‘fInC12 was
quenched from 450°C and aged at 100°C, 150°C, 200°c, 235°%C
for 6 hours, 12 hours, 24 hours and thus upto 192 hours.

No precipitates could be found in crystals aged upto 200°¢C
. for 192 hours. Precipitates appearcd after aging at 23500
for 24 hours. The precipitgtes were agein oblong in scc—

tion and tendudto occur in groups as shown in Fig 4.16.

4.3, MgCl doped NaCl :-~
) 2

Hagnesium was found to have a large rojoction ratio.
Crystals grown from melt containing 1 mol¥ ﬁgCl2 wag founﬁ
to contain less than 20 mol ppm Mg2+. Crystal was grown
from melt containing about 8 mol%b Mgll,. The top part of
the crystal containcd about 200 mol ppm Mg012 while tho
bottom part,which was milky white,contained about 1500 mol
ppm MgClz. Samples were taken from the different parts of
this crystal. Precipitates with square cross scction,

similar to thosc in Cd012 and MnCl2 doped ciystals were
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found as shown in Fig 4.17. Their volume froctions were
determined., But due toﬁ&arge concentration gradient there
was appreciable spread in the precipitoate volume and also
uncertainty in the Magnesium content. lowever this datn
with its probable crror is prescnted in Fig 4.18.

Sample containing about 300 mol ppm MgCl, was

>
quenched from 150°¢, 200°c, 250°¢, 275°¢c, 300°¢, 325°C,
350°C and 400°C., The precipitates were found to go in

solution between 32500 and 3500C.

4n4a CaC]_,\ dODCd II:}.C_]‘: S -
<

CaCl2 doped crystals werc examined at concentra
tions of 450 mol ppm, 1000 mol ppm, 2000 mol ppm,
3000 mol ppm and 10,000 mol ppm. Precipitates were not
found in c:ystals containing upto 2000 mol ppm CaClz. In
the crystals containing about 3000 mol ppm CaClz, preci-
pitates were found on the sub-boundaries as shown in
Mg 4.19. These precipitates presented a linear section
in the {110 directions on the {100} cleavage planc of
the Nall matrix,

In the crystal containing 10,000 mol ppm CaCl2

(which was milky white in appearance) precipitates were

found to be distributed over the whole arca of the cleaved
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surfacc, Number of precipitotes per sg.cm. was about
5 x-lOS. The precipitates were of two sizes. One thin
and short andﬂg%her thicker and larger as shown in Fig
4.20.

The ecrystal was roaised to differcnt temperaturcs
and éuenched to room tempcraturc. The number of precipi-
tates as o function of.quenching temperature iw shown in
Fig 4.21. The thiner precipitates disappeared in the
temperature between 17500 to 200°C. The larger precipi-
tates went into solution slowly and disappeared around

450°¢.

4.5. BaCl doped NaCl :-
- :

BaCl2 doped crystals were examined in two concen-
trations, containing about 10 mol ppm and 50 mol ppm
BaClz; Precinitates were found in both crystals. The
preciﬁitates cut the (100) planc of the matrix in the

€110) and (520) directions shown in T'ig 4.22. The scctions
in the(J;O) dircctions werc fewer than thosc in the
¢520)> direcctions. But the scctions in the {110>dircctions
when they occurcd were about 5 to 10 times longer than
the scctions in the ¢ 520 direcctions.

The {(110) plane of the NaCl motrix wers also
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examined. The precipitetes were found to cut the (110)
matrix plane in {1107, {223, {227}, and (554) directions
shown in Fig 4.23., Again the sections in.(llQ) directiong
were fewer and larger than the sections in the other
directions. When the crystal was obscrved under optical
microscope in tronsmitted light the projections of the
precipitates on the (100) plane werce found to lie in the
100> and {110) directioﬁs, and their cnds were tmpered
ag shown in Fig 4.24.

The crystal containing 50 mol ppm Ba012 were
heated to progressively higher temperaturcs and air
quenched and examined. Thé ﬁrecipitates were found to go
into solution between the tempersture roange of SOOOC to
600°C as shown in Fig 4.25,

4.6, 7nCl, dopod Tacl i~

zn012 doping of NaCl was carried out by Dr. L. W.
Berr of A.E;RnEc Harwell, by diffusion method. Nall crys—
tals were kept at 7OOOC inﬁ%rosence of saturated vapour
“of ZnCl2 over a period ofdweck. Estimated concentration
of Zn012 was about 200 mol ppm. But.on exam#nation no

nrecipitotes could be found in these crystals. Gold deco-

ration replica showed the presence of voids or gas bubbles
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in the crystals as shown in Fig 4.26. Dr Barr suggested

that this may be duc to NH401 vapour introduced during

the diffusion process. WH,C1 was used to stop the forma-

4
tion of layer of Zinc Oxichloride on the surface of the
crystal which precvents further diffusion of zine into the
crystal. But as our crystals were grown in air, it con-
tained somec OH . NH4Cl reacted with OH and liberated

gases which formed into bubbles,
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CHAPTER V. _

DISCUSSION OF THE OBSERVATIONS IN DOPED NaCl
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5.1.  Surface Decoration Phencmena

Condensation of a vapour on to a substrate in genaral
followsg a nuclcation'and growth process. If there are prefcren-
tial sites for nucleation or if therc are arcas where
nucleation is different from rest of the substrate then
these sites and aereas can be made conspicuous by controlled
condensgation of a suitable substance.

Bassctt (1958) first noted, in connection with epi=
taxial growth of gold on NaCl, that during the carly stages
of deposition there were higher density of nucleation along
the molecular steps on the surface and even the presence of
a monomolecular step can be made readily ﬁisible by thig
process as shown in Fig 5.,1. This increased density of
nucleation along the monomolecular steps have been used
by several workers (Bethge,1962; Schmidt, Bethge, Schutz
and Keller 1964; Robins, Rhodin and Gerlach 1966) for
studying the thermal etching of a cleaved surface, slip
steps on the surface due to deformation, steps on the
surface due ‘o cmersion of serew dislocations.

Nucleation process has been investigated theore-
tically by Rhodin & Walton (1964) and also by Hruska and
Pound (1965). Rhodin & Walton derived an eguation for the

rate of nucleation

I = Ra2N(R/‘)N)nex‘{{(n-l-l)Qad‘!'En-QD%/kr_ﬂo oo o asol
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I = nucleation frequency
R = incidence rate of atoms of the dccorating materials
a = distance between adsorption sites

N = density of adsorption sites

=
i

vibrational frecuency of adsorbed atoms
n = number of atoms in the critical nucleus

Qaq = hezt of adsorption of adsorbed atom

=
i

Energy of dissociation of critical nucleus

O
o
L

Activation encrgy of surface dgffug:ion

Hruska and Pound also arrived at cssentially a
gimilar cquation for the rate of nucleation. Howover
these equations do not -take into account the effect of
_the stable nuclei present on the substrate and are
thercfore appropriate for only the initial stagesof
nucleation where the number of cxisting nuolel is negli-
gible, With the progress of nucleation a situation is
soon reached when the probability of a: deposifed atom
contributing towards the formation of a new nucleus
becomes very small compared to its probability to run
into any of the existing nuclei. Further nucleation then
practically stops and the exiscting nuclei grow in size.
A virtual stady state is rcached where_by the net number
of atoms arriving at the surface (number adsorbed less

the number desorbed) is equal to the number of atoms
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received by -the growing nuclei., ‘'Surface decoration'
corresponds to this stage in the deposition Process.

The density of nuclei Dy at this stage can be given
by the following relation 3

DS’: Rn CcXp (QD/KT) .eeaa.on00005.2
2KC6a vy

where R, is the rate of nct arrival of atoms on the
substrate. |
C is the 'equilibrium' concentration of atoms on the
substrate.
G, is the average captufe radius of the nuclei at
the onset of the 'study state'.
2 is the distance between the adsorption sites.
Yis the vibrational fregquency of the adsorbed atom,
K is a geometric factor whose value is about 4 for
the cube face of NaCl structure.
Qp is the activation energy of surface diffusiion of
the adsorbed atom.

Derivation of the e¢ 5.2 is given in Appendix T

It is to be noted however,‘that a complete steady
state Is never reacﬁed because there is always a finite
probability for the formation of a new nucleus. The
capture radius of the nuclei also increasesas they grow.
And the residual gas molecules present in a normally

attained vacuum slowly contaminate:r the substrate and in
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effect increase Qp with time. In a good vacuum the rate of
contamination can be kept sufficiently low, so that its
effect ig negligible for a reasonable rate of depositione
An inspection of cg.5.2 shows that Dy increases’
with R, and Qp and decreases with the increase of substrate

temperature T,

5.1.1. Decoration of a step on the substrate :—

In the case of a step on the substrate, the atoms
arriving there from both sides find the foot of the step a
more stable site and they are cffectively trapped along the
length of the step. The numﬁer of atoms arriving at the
step is much higher than the ﬁumber leaving the step wo
that Ry for the step is higher than the R, for the surroun-
ding flat area. Algo the restriction on the movement of
atoms at the step is cguivalent to decreasing the gcomet-
ric factor K from 4 to 2. So there is an increased den-—
sity of nﬁcldi along the sitep and a denuded zone on both
sides comparable in width to the mean free path of the

atoms in the plane.

5.1.2. Decoration of 2 precipitate face :-
In the case of an area where Qp is different from
the Gp in its surrounding area the density of the nuclei

will also be different. Refering to the CdCleéNa01
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structure in Fig 5.9 it can be scen that the {1003 plancs
of the precipitate contain vacancices and Cd2+ ions in
addition to Na® and C1~ ions. The potential distribution

on this face is thercfore much more rugged than on the
gloo} face of NHaCl, the vacancies acting ac docper gites so
that morc activation is necessary for surface diffussion

to take place, conscquently QD is higher. 8o the density

of nuclei is also higher than that on the NaCl matrix as
shown in Fige 5.2(4). « & similar consideration also
applies to a close succession of monomolccular steps which

is cquivalent to a high index planc and a higher donsity

of nuclei is expcoted as in Fig 5.2(B).

5.2.  Precipitation in slowly cooled Solid Solutiong :-

The theory of precipitation in binary gystems witha
wid ¢ misgibility gap, when cooled at a constant rate from
above solution temperaturc, has> becn developed by Tappe
& Kahlweit (1961) and Kahlweit (1965). The process can be
cxplained with refecrcence to Fig 5.3 where the logarithm of
the conceniration of the solute has been plotted against
1/T and the saturation concentration at any temporaturc
C, has been indicated as a dashed line. If Co is the
concentration of the solutc then as the system is cooled

below Tg where Co = Cg(Tg) , supcrsaturation sterts to
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Fig.5.3. Schematic diagram corresponding to the

precipitation in a binary system cooled

at a constant rate.
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build up until a temperaturc T' is reached where the rato
of nuclecation becomes appreciable. From then on solute isg
removed from the system by precipitation. As cooling
continues the precipitation becomes so fast that the
concentration decrecases faster than the saturation build
up due to cooling until +the nuclcation becomes negligible
at T%,

For the cape where the cooling rate is slow
compared to the nuclcation period, the above authors
derived an cequation for the density of precinitates. The
number of precipitate 'Z' per unit volume of the parent

phase is given by the rclation

- _41nCs iy 3/2
7 - 1.13005 —ua%———j'To ) / - dani )%'...-5-3
4 /3 Ve [2D(Co~0s) ] 372 il

where % is the rate of cooling
V ig the molar volume of the parent phasec
D and Cs arc the diffusion rate and saturation
concentration at the temperature of maximum
nuclcation.

J is the nucleation mate given by the relation

J=A exig(-IVD/KT)cxp[-B/KT( TS_T)z)

where Wp is the activation energy of diffusion of

the solute and B is the encrgy assocliated with the
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formation of a nuclcus.
The symbols *To anleT means at the temperature
To and a2t the supersaturationil of the nucleation

region,

Without going into further details we can cxamine
the gualitative featurcs of the eg. 5.3.

It can be scen that for the same solute concentra-—
Co, thc number of precipitates per unit volume increases

with the cooling rate so that

[y} S

2. > (,32_.)3/2....,,,,”“.5.4
1 Tl

The relation between the number of precipitatesper
uit volume for the same cooling rate but different solute
concentration can be found if we make the following simplie

fying assumptions. That for a small diffcrence in the solute

1
| and (.80 Y% remains
To dlnC

unchanged. The first assumption mcans that the supersatura—

concentration, (Co-Cs), ggs

tion at which the maximum nuclcation occurs; rcmains cons—
tant for small variation in Co. The sccond and third
assumptions mean that a small segment of the solvus curve
and 1nJ/lnC can be approximated as a straight line. As
both the curves arc smooth and monotonic, the assumptions

are felt, not unjustificd.
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We then have

Z
5 Co

, = (
Zl Co

D

1.3, 71 13/2
)=( )

2 D2 ’

.'0 d .
o "“%%g§-‘To =(i/Co) ""%%E" To
[

Z
2

Co WD
~ 1.4 1 1
or —EI- - (*@35)3 cXp 3

okT { Ty Ty

where T2 and Tl'correspond t0 the teomperaturc at
which maximum nuclcation occursand ND is the
activation cnergy of diffusion.
From cq. 5.5. it can bec seen that with the
incrcasc in the solutc concentration and conscquent

incrcasc in thce nuclcation tempcraturc the number of

procipitates per unit volume of the parcnt phase decrcascs.

5.2.1. Expcrimental obscrvations of the density of
precipitates -
Different cooling rate -

Two different cooling ratawn:e‘usod‘for crysital
containing 950 mol ppm CdClz. The cooling ratcs were
6°25° per mimute and 1°5° per minutc. Corresponding
numbers of precipitates per cubic cme. were 9°3 x 10lO and

1°1 x 1012 as shown in Table 4.1. The ratio of the

numbors was 11°8 as comparcd to the cxpceted ratio of
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(1°5/0°25)¥2 = 14°7.

Differcnt concentration of the solute @
Number: of precipitates per cubic cm. in crystals
containing differcent amount of Cd012 and Mncl2

in Table 4.2. The number of precipitates in this casc

is: shown

could not_be checked dircetly with the cxpected values due
to lack of knowledge about the temperaturcs of maximum
nuclcation and the rclevant activation cncrgy of diffusion.
However, the cxperimental variation in the number of
precipitates was, in the right direcctiony and also of the
right magnitude, if wec assume that the difference in the
nuclcation temperaturc is similar to that in the solution

temperature and WD ig of the order of 1 cV,
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5.3. €dCl _ doped Nall :—~
&

563.1. Precipitate structure and shape :-

The sectiong of the precipitates in the slowly
cooled crystals werce always found to be square in shape
(except those decorating sub-boundaries, which were in
general oblong)o The edges of the precipitote sectionslay
along the {100) directions of the NaCl matrix. Some preci-
pitates found at large cleavage steps continued on both
sides of the step, Fig 5.4. which showed that the precipi-
tate had a thickness larger than the hight of the step.
Also in the etched and shadowed replicas the precipifates
show a depth. Fig 5.6. As the sections of the precipi-
tates were square, the only conclusion that is consistent
with thest findings is that the precipitate themselves are
cubic in shape as shown in Fig 5.7.

Crystals guenched from the region of solution

.
temperaturce showed that some 6f the precipitate sections
have octagonal shape, Fig 4.8 . The cause of the octagonal
thape was revealed as follows. When the froshly cleaved
surface is wetted with ether, the precipitate phase, being
more soluble in ether, is partly dissolved and when the
ether evaporates off, solute is redeposited ncar the pit,

Fig (5.8). The cmount of deposition give on indication
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Fig.5.7 CUblC preclpltates in CdC12 MnCl, and
- MgCl, doped NaCl
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as .to the amount of precipitate material that was avail-
able for dosolution or in other words the depth at which
the particular precipitate had been sectionodo The octa-
gonal shaped pite had practically no deposit,; showing that
these arc due to sections very near the eﬁds of thc preci-
pitates. The implication is that when the precipitates go
into solution in the matrix; the cube corncrs dissolve
faster than the faces and the sections near the ends of
the précipitates are then octagonal in shape. Faster
dissolution of the corners is understandable in terms of
eaSe'of diffusion away from the corners and also reduction

of the surface cnergy.

5.3.2. Shape of the precipitates in cuenched and aged
crystals i~

The shape of the precipitate sections in quenched
and aged crystals was oblong. The precipitates tended to
appear in groups as opposcd to randomly distributed
precipitates in tbe slowly cooled crystals. The groups of
precipitates in thc-quenched- aged crystals had a tendency
to arrange themselves along the genceral (11Q> dircction
of the matriz.

In the slowly cooled crystals, the oblong shape

is typical for the precipitates decorating the sub-~boun-
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daries, Fig 4.5, which suggests that the precipitates
nucleated at dislocations are oblong in shape. This shape
change may be duc to the stress field of the dislocation
ond e2lso due to the anisotropy in diffusion introduced by
the dislocation.

From the shepc and distribution of the precinitotes
in the guenched and aged crystals, it can be concluded
that the nucleation had taken place heterogeneously at
quenched-in dislocation loops and helices. Whereas, in
slowly cooled crystals, in the absence of sufficient dis-
locations,; the precipitates nucleated homegeneously

throughout the crystals.

5.3.3. Structure of the vprecipitate phase -

Sujuki (1961) made x~ray studies of prccipitates
in mixed cxrystals of NaCl and CdCl2° Toxr Cd012 concentra—
tions up to 5 mol %)he observed predominant reflections
due to a phase which has a structure belonging to space
group OE; and unit cell dimension twice that of ¥alCl.

He finally identified this phase ac Cd012 6laCl, Follow--
ing Suzuki, Toman (1962) carried out an x—-ray onalysis of

CdCl, doped NaCl and confirmed Suzuki's findings. Cne

2
cighth of the unit cell of the Cd012 6NaCl phase is shown

in Fig 5.9, along with the unit cell of NaCl Fig 5.10 and
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the ionic arrangement in the CdC12 structure Fig 5.11.
Cdcl2 is a hexagonal layer siructure whose chloride ions
are afranged in an F.C.C. lattice and whosc cadmium ions
are in octahedral positions between alternate closcd
packed layers of chlorine. The bond between cadmium and
chlorine is ionic, and between the chlorine layers is

Van der Waals. It can be seen from Figures 5.9 to 5.11,
that the structure of the CdCl2 6NaCl phase is intermedi-
ate between CdCl2 and NaCGl, It is a semi~layer structure
in the sense that within the F.C.C. lattice of the C1~

ions the octahedral sites between aliernate close packed

planes are now filled with § Na', % ca®* and 2 Ne', %
Vacanciesinstead of all Nat ag in NaCl and Cd2+ and

"Wacancy™ as in CdClz.

The chlorine ions are displaced slightly téwards
the ca®t ions which has been indicated by arrows in Fig
5.9. The displacement 2 is of the order of 0°Cl4a
according to Tomah (a is the dimension of NaCl unit cell).
The unit cell volume of the CdCl2 GNall is cight times
the volumc of the unit ccell of NaCl and contains 4 Cd2+
ions, 24 Wa© ions, 4 cation vacancies and 32 C1” ions as
compared to 4 Mo and 4 C1” ions in NaCl unit cell. The
expccted volume ratio of the phasc and the matrix is

thereforc cight times the mol fraction of Cd012 that hag
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precipitated out. The stréight line fittedto the experimen-
tal points for the volume fraction of the precipitate and
mole fraction of CdCl2, Fig 4.6. has also a glope very near
to 8, This again confirms Suzuki's findings that the pre-

cipitates are of CdCl2 6NaCl phase.

5¢3.4. Solubility of~Cd012 in NaCl s~

The cxperimental straight line of Fig 4.6 cuts the
concentration axis at 85 mol ppm indicating that the room

temperature solubility of CA4Cl,. in NaCl is of that order.

2
But from conductivity and diclectic loss experiments
(Dreyfus and Nowick, 1962 5 Dryden and Meaking,1957) we
know that the equilibrium concentration of free Cd2+ ions
and dipoles in NaCl at room temperature is very low,
possibly of the order of 5 mol ppm or less. This differcnce
oan‘be reconciled if we also take into account the fact

that in the cquenched and aged crystals no precipitate was

found after ageing for 96 hours at 150°C. But from the

dielectric loos and paramagnotic rcoonance experiments
(Coqk and Dryden, 1960; ‘Symmons aﬁd Kemp, 1966.) of divalent
cation -doped NaCl, it.is knottn that “the ageing of the
éryetals (i.c. formation-of the dipole complexs) proceeds

at an apprcciable rate even at room temperaturc,
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A1l these indicate that through the CdCl2 6NaCl
phase may have a lower free cnergy its formation has an
activation barrier. This can be partly understood if we
congider the structure of CdCl2 6laCl. Refering to Fig
5.9 1t can be scen that vacancies and Cd2+ ions arc
gituated in next ncearest neighbour positions, whercas in
doped NaCl, dipoles are mostly of ncarest ncighbour
configuration.

If +the Cd2+ ions are already associated with a
vacancy in nearest neighbour position then some activation
energy GvO.3eV) ig required to break this association
and incorporate them into the Cd012 6NaCl phase. This
formation barrier controls the growth kinctics of The
Cd012 6NaCl phasc. At constant rate of cooling, below a
certain temperature the growth kinectics of CdCI2 6NaCl
become too slow compared to the competing mechanism of
nearcst neighbour dipoles aggregating in %ho form of
trimers and éther complexcs. Below this temperature the
formation of the phasc CdCl2 6NalCl becomes negligible and
the rest of the divalent ions in solution form into dipole
aggregates like trimers etcs The ageing oxperiments indi-
cated that this temperature is in the region of 150°-200°C,

The intercept at 85 mol ppm therefore represents the amount
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of cadmium that remainsin solution at the temperature
where equilibrium with respect to the CdCl2 6laCl phase
could still be roached at the cooling rate of 0°25%4 P~
minute.(At a cooling rate of 1°5°C/minute about 300 mol
ppm remained in 'solution'). This 85 mol ppm may also
contain any insolublec and microscopically undctectable
compounds (namcly oxides or hydroxides) formed during
growth and heat treatment of the crystal which had been

carried out in normal atmosphere.

5¢3.5. Phase diagram of NalCl1-CdCl, system -

2
The phase diagram of NaCl-Cd012 has becn deter-
mined by Brand (1911) and is reproduced in Fig 5.12. It
shows no golid solubility of Cadmium in NaCl, however in
the concentration scale of this phase diagram solid
solubility may not be detectable. Suzuki (1961) from his
x-ray observations proposed a phase diagram shown in Fig

5.13; solubility of CACl,_ in NaCl in this diagram has

2
been shown to be 2°5 mol % at 200°C. In the present
serics of clectron microscopic examinations,; precipitates
have been observed in Nall for CdCl2 concentration down
to 200 mol ppm at 200°C, From the data of the precipitatg

volume for different concentrations of CdCl2 at different

quenching tcmperaturcswhich has been presented in Fig 4.7,
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a tentative solvus for the NalCl - Cd012 systen for CdCl2
concentration upto 950 mol ppm has been proposed,; as

ghown in Pig 5.14. The solvus from 200°C to room temper—
ature has been drawn as a dotted line because the data of
the prescnf experiments in this region could not be taken
for eouilibrium values as discusscd carlier. The dotted
line is a continuation of the curVe above 200°C to equi-
1ibrium solubility at room temperature as found by conduc—
tivity and diclectic loss cxperiments.

The entha}phy of solution of Cd012 in NaCl as
calculated from the data in Fig 4.7,is 0°7440.1 eV. This
can be compared to Haven's (1954) value of 0°62 eV. The
difference may be due to the fact that in electron-micros—
copic obsorvations, solubility is determined with respect
to the precipitate phase only, but in the conductivity
cxperiment the solubility was determined by Haven from the
onscet of stage ITI, where only the’free ions were taken
as in solution. Solubility was therefore nrimarily with

respect to the dipoles.

5:4. MnCl, doped NaCl :-
=z

5.4.1. Precipitate shape and structure :-—

The observation in thc manganese doped crystals
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uere qualitatively similar to that in the cadmium doped
crystals. The obscrved precipitates were square in section
as shown in Figure 4.10. The precipitate shape was
therefore cubic as shown in Fig 5.7.

There was some difference in the size distribution.
While the precipitates in the Cadmium doped crystals were
in one group in size distribution with a few large nreci-—
pitates decorating sub-boundaries; in the manganese doped
crystals there was a some_what higher proportion of thesc
large precipitates and in addition there was a distri-
bution of small precipitates shown in Fig 4.11. The reason
for these small precipidates is not clear. They had the
same shapc and went into solution at the same temperature
as the other precipitates, so it could not be established
that they belonged to a different phase. It is possible
that after first nucleation, with lowering of temperature
therec i: reached a sitage when the amount of MnCl2 that
could diffuse 1o the nuclei and precipitate out,was
smaller than the super-saturation build up due to the
rate of cooling, and ultimately therc was sufficient
super saturation to cause further nucleation.

The volume fraction of the precipitated phase has

been plotted as a function of the concentration of MnCl2
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in mol fraction. The straight liné fittedto the experimental
data cut the concentration axis at 70 mol ppm and had a
slope of 8°3,Fig 4.12. From the similarity of the shape

and the volume ratio of the precipitate with those in the
cadmium doped crystals it is cupgested that the precipitate
phose in the manganese doped crystals has a similar struc-
ture and composition to CdCl2 6NaCl phase i.c., Mn0126NaCl.
It is interesting to note here that the crystallographic
structure of MnCl2 is also same as that of CdClz, namely

the hexagonal layer structure as shown in Fig 5,11.

5.4.2, Paramagnetic Resonance spectra of Hangancse doped

Nall <=

The paramagnetic resonance spectra in manganese
vdoped WaCl has been examined by Schneider end Cuffyn (1954):
Oglima, Abe, Nagano and Nagusa (1955); Oshma ctal (1956);
Law (1956); Watkins (1959); Bansigir ond Schncider (1962);
Alzetta,Crippa and Santucei (1965); Symmons and XKemp (1966)
and Owston (1966)° A1l these amthors observed that the
spectrum in their starting material and the final spectrum
after cuenching the crystals from high tempefafure and
ageing at room temperature, consisted of = single Lorent-
zian absorption peank, The width of this peak hag variously

been described as between 130 and 220 gauss. Oshima and
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his co-~workers (1955) examined this room temperature
spectrum morc carefully by slow cooling and quenching.
They found that this single peak consists of two peaks of
nearly equal 'g' value, one of half width 39 + 5 gauss in
the slowly cooled crystalsand other of half width 222 + 15
gause in the quenched crystals.

The effects of the crystal field and inter-action
between neighbouring paramagnetic ions on the resonance
spectra has been discussed by Pake (1962)° In the structure
of Cd012 6NaCl, Fig 5.9, the divalent cations are in a
position of cubic octahedral symmetry with respcct to the
vacanciesy i.c., divalent ions are at the centers of regular
octahedrons formed by the vacancies. The ground state of
Mn2+ ion has‘tﬁe électrénic configuration 3d5 and accor—
ding to‘Hund's rule all the spins are in the same scnse
1.4Coy B = 5/2 and all the five d orbitals are singly
occupied 2nd therefore the charge distribution round the
ion 1is Sphericallj symmetric and there is no first order
inter-action between the an+ ions and the octahedral
electrostatic crystal ficld. The sixzfold dcge;eracy of the
Mn2+ ground state is not 1lifted and no fine structure is
therefore cxpected in the resonance spectrum. The twelve
nearest neighbour Mn2+ ions are forming a rcgular dodceca-

hedron Tound cach Mn2' ions at a distance 7.954in the {110
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directions. This distribution is also isotropic and has
the symmetry of face conterced cubic lattice. Under thesec
circumstances apprceciable narrowing of the absorption
spectrum duc to spin exchange interaction, (Van Vleck,
1948) is to be expeccted. This will give Tise to & sharp
Lorentzian pedk, as obscrved by Osima ct.al. in their
slowly cooled crystals. A very prominent Lorenizian peak
‘of width 50 gauss has been observed in manganese doped
KCL by Low (1956). Oskima ct.al. {1956), Watkins (1958),
Bansigir and Schneider (1962) and Symmons and Kemp {1966).
Watkins‘remarked that this peak may be due to K4Mn016
(possibly'ho meant K6Mn018), The recason for such prominent
cxchange-narrow peak in Hn dopéd KC1 and the rather clusive
yet narrower pcak in Mn doped NaCl can be found in the
relative energies of the ncarest neighbour and next-—
nearest noighbour type divoles in KC1 and HaCl. Theoreti-
cal ealonlations of Bassani and Fumi (1954) and Tosi and
Airoldi {1958) showed that in (Strontium doped) NaCl the
energy of association between the divalent cation and a
cation vacancy in the nearcst neighbour sitc, En, is
higher than the association enorgy.between the divalent
ion and the vacancy in next-ncarest noighbour site, BEnn,

(En - Enn) in NaCl is = 0°02 ¢V, whereas the reverse is
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the casc in KC1; where (En - Enn) =-0'11 c¢V. In mangancsc
doped NaCl and KCl, Watkins (1959) found by measuring the
ratios of intensities of the E.P.R. Spectrum III; (due to
nearest neighbour dipoles) and spcctrum 1112 (duc to next
nearest neighbour dipole) that in NaCl (En ~ Enn) = 0°034cV
and in KC1 (En ~ Enn) = ~ 0°029 oV, All these show that
while the nearest neighbour type dipole is the stable
configuration in NaeCl it is the next necarest ncighbour
type dipole which is more stable in KCl., Now if a phase
of Cd012 6NaCl structurc is formed in manganese doped KC1
(i.e. Mh012 6KC1l) there will be considerably less barrier
for both nucleation and growth of the precipitates of the
phasce as the divalent ion and the vacancy are in next-—
nearest neighbour popition in the phase and also in the
stable dipoles. So the dipoles can be incorporated into
the phase'directly, without having to dissociate as in
the case in NaCl where equilibriuwm dipoles.are of nearest
neighbour configuration., In KCl thercfore, at any parti-
cular cooling rate, nuclcation will occur at a lower
super satﬁration than in NaCl, and growth will continuve
to a lower itemperaturc. Ag a result most of the manganese
in XCl will form onto the precipitate phase énd precipi -
totes themselves will be larger in size. As a result most

of the Mn2+ iong will be in a position of cubic symmetry
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as deegeoribed carlier and give‘rise to a prominent exchange
narrowed peak. But in NaCl, dum to the fact that the ncarcst
neighbour dipoles have to dissociate before going to the
phase, both nucleation and growth of the phase is compar—
atively difficult which will result in smaller proecipitate
size and a comnsiderable fraction of dipoles associating

in the form of trimers and higher coaplexes. The effect

of smaller precipitate size is to irncreasc the surface to
volume ratio and there will be a large proportion of

Mn2+ ions at the surface of the precipitates which are
agymmetrical positions. Their spectrum will be in general
broader and also be a function of the orientation of the
precipitate surfoce with respect to the applied mognetic
ficld, Algso the trimers Fig 5.15. cennot build up a three
dimentional structure of local cubic syhmetry. So the Mn2+
iong in trimers and complexes will be in a tetragonal fielé
and will give rise to o broader gspcctra. In the cese of |
guper position of narrow and broad peaks, unlcssHarrow
peak is much stronger, the Width of the combined pcak is
very nearly egual to the width of the wider peal. This

may be the reason why the experimenters who did npt slowly
cool the crystals from solution tcemperature observed just

a broad peck of width between'130 - 200 gause.
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Fig.5.15, Model of a trimer in the (111) plane of NaCl.
(After Cook and Dryden, 1960) ‘
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Theoretical calculations for the width of thé different
absorption peaks,; has not been attempted, because. the
difficulty in achieving quantitative agrcement between the
calculated and the observed widths in the Paramagnetic
resonance spectra, is well known., Qualitatively,ﬁgfronger
the exchange infeiactionﬁkarrower is the abgorption peak.
The exchange interaction increases with the increase in
electron wave function overlap of the interacting ions,
which again increases ryapidly with the decreasc in the
distance between the ions; The digtance between the an+
ions in a CdCl26Na01 type phase in NaCl and KCl, would be
7.95 A and 8.88 A respectively. The widths of'the absorption
peaks in the slowly cooled Mn doped NaCl and KCl, as obgerved
by Oslima et.al.(1956), are 39 * 4.gauss and 50 * 5 gauss
regpectively. The relative values of the widths are in good
agreement with what would be expected if such a phase 1is

formed in both the crystals.

5.4.3. Solubility of MnCl2 in NaCl :-

The straight line fittedto the experimental data
for the volume ratio of the precipitate as a fuﬁction of
the MnC12 concentration,cut the concentration axis at 70
mol ppm. The significance of thig solubility is again

similar to that in the CdClzdoped NaCl, i.e. this 70 mol ppm
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- represcnts the solubility at a temperaturc wherc equilib-—-
rivm can still be reached at a cooling rate of 0'2500
per minute. From the ageing expeiiﬁent it ig felt that
this tcmperature is in the region of 200°C - 23500.
Actual solubility of mangancse in FaCl is very low at room
temperature. E.P.R experiments do not show any spectrum
due to free Mn2+ ions or frece dipoles in well aged crystals,
where a 5 mol ppm of either would be clearly detectable.
The precipitates in crystels containing 225 mol
ppm to 900 mol ppm Mn012 went into solution in the temper—
ature range of 25000 to 32500 as shown in Pig 4.14. From

this dnta a tentative solvus of MnCl, in ¥WalCl upto 900

2

mol ppm of MnCl,_ has been drawn in Fig 5.16. The phase

2
diagram of NaCl - Mn012 system determined by Sandonini
& Scarpa (1913),Fig 5.17, does not show any solid solubi~
lity. However in the scale of the phase diagram, solid
golubility would not be detectable. The enthalpy of
solution of Hn012 in ¥aCl ag calculated from the data of
Fig 4;14 wés 0°77 + 0.1 V. Haven (1954), from the conduc~
tivity oxperiments found the centhalpy of solution to be
0°43 V.

Ogliima and his co-workers (1955) annealed the

slowly cooled crystals at different temperatures between

300°C and 500°C and obscrved the time reguired to convertd
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~the narrow pecak, 39 gauss to the broad peak, 220 gauss.
Plotting the data as + = %, cxp (¢/kT), they found the

activation cnergy of the process @ = 1°17 eV,

5s5. Mgclg,dqped NaCl 2~

MgCl_ also has the structure of CdClQ. The preci-

2
pitates observed in MgCl2 doped crystals also had square
sections in the (100) cleavage planc of NaCl matrix,

similar to the precipitates in the CdCl, and MnCl, doped

2 2
crystals.
The increase in volume fraction of the precipitgte

with the concentration of MgCl, also followed, within its

2
limi+ts of error, the general trend of CdCl2 and Mn012 dbped
crystals. It is conjectured therefore that the crystallo-
graphic siructure of the precipitate is also similar to
€dcl 6NaCl.

It was noticed that compared to CdCl2 and HnCl2
doped crystals, there were in general morc steps coming

out of the prceipitates in the HgCl, doped crystals, when

2
they were cleaved through. The ionic radius of Mg2+
0°65 A,is considerably smaller than the ionic radius 0°954

of Na¥. Thigs is cxpected to make the unit cell dimension

of the precipitate phase smaller than twice that of NaCl,
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This will lead to appreciablc coherency strain being set
up between the precipitate and the mairix. The steps
generated at the precipitates arc indication of +this
partial loss of coherency.

The precipitates went into solution in the temper—
ature range of 32500 -~ 35000 which is bigher than the
temperatures at which fhe precipitates in the Cd012 and

MnC12 doped crystals went into solution.

5.6, CaCl doped NaCl :-
o

Cacl2 has o distorted Rutile gtructure. The ioniec

radius of Ca’’ is 0°99 A. In CaCl, doped crystals preci-

2
pitate werc not observed upto a concentration of 2000 mol
ppm Ca012. In crystals containing 3000 mol ppm CaClz,
thin platelet precipitates with scctions in the (llO}
directions were found along subgrain bounderies, Fig 4.19.
In crystais containing 10,000 mol ppm,CaCIQ’precipitatos
were found randomly distributed over the whole surface.
There wore two types of precipitates, one thin and omall
and the other thicker and larger, oc shown in Fig 4.20(b).
Both typesof precipitates eut the (100) matrix plane in

‘» (110> directions. This is consistent with the findings

of Hiyaki and Suzuki (1954), Tomen (1963) and Yegi and
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Honjo (1964) that the precipitates in calcium doped NaCl
arc formed as platelets along the (111) plane of the
matrix as shown in Fig 5.18. Two types of prccipifatos
have also bcen observed byﬂg%ove authors. One, found at
lower doping level, has a structure cohercnt with NaCl
 lattice, Toman (1963) described this as a metastable
modification of Cadlz with oricntation relations,
{100) p ;t(lll)m; [010]p ” 112}y ana Jooi}p H [170}, .
The other, found in higher doped crystals has the struc—
ture of stable CaCl2 which is incoherent with the Nan
lattice but has the same orientation relation as above.

On subsequent heat treatment of the crystal con-
taining 1 mol % Callp, it was found that the thinner
precipitates went into solution in the temperature range
200° - 25000 while the larger precipitates persigted and
went into solution gradually-in the range 3OOOC 1o 45000,
Toman found that the coherent precipitateé went into
solution between 2000— 30000 and Suzuki found that in
cuenched crystals the diffraction spots due to the Ca012
precipitate reappeared aftcr anncaling at 300°¢C.

It ig likely that the thin precipitetcs are the
cohercent ones with metastable structures and the larger

precipitates arc of stable Ca012 structurec.
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Fig.5.18. Platelet precxpltate along {111} matrix plane in
CaCl, doped chCI / ,
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S5ele BaClg_dqpcd NaCl :e-

DT
BaCl, has a Fluorite structurc; ‘fonic radius of
o )

Ba®* 15 1°35 . The precipitates in the BaClp dopod NaCl
were plate like. The precipitates cut the (100) matrix
planc in <11Q> and {520 directions as shown in Fig 4.22.
Az two types of plains namely‘€22§§ and.€552} can have
these interscetions with the (100) plane, the (110) facc
of the crystals werc polished and examincd. The precipie
tates were found %o cut the (110) matrix plain in {110,
{223} , 227> and {554 directions as shown in Fig 4.23,
.Those interscctions can be producedWaréE?ﬁ} plancs and
not %55?% planes. It was concluded therefore that the
precipitate plates grew along the %?25% matrix planeg,By
transmitied 1light microscopy it was scen that the length
of the precipitates were about 5 to 10 times their width.
The thickness of the precipitates as scen by eleciron
microscopy, were of the order of fow hundred Angstroms.
The cnds of the precipitates werc pointed as shown in
Fig 5,19. The reason for a rather high index habit planc

of the precipitatcs in BaCl,_ doped NaCl is not clear at

2
the moment. X~ray analysis of the structure of the preci-
pitatec and the orientotion rclationshin with the matrix

may possibly provide an answer.
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Fig.5. 19, Platelet'pr"ecipitqtes in the {522} planes of
BaCl, doped NaCl. 7 | ,

1
{
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Subscquent heat trcatment of the slowly cooled
crystals showed that the precipitates go into sclution

in the temperature range 500°- 600°cC.

5.8, General digcussion on the Structurc and Shapes of

precipitates in divalent cation doped NaCl :-

Table 5. 1lists the divalent cations, their ionic
radsi, clectro-ncgetivity, structure of their chlorides,
shape of the precipitates and the structure of the preci-
pitates. It can be seen from the Tablcbthat the size of
the divalent cation: is not the only important factor in
determining the shape and structurc of the precipitates.
Electronegativity of the divalent cationg, also plays an
important rolec. In fact the structure of the divalent
chloride, which is determined by both the radius ratio
of cation and onion and the difference in their elcectro-
negativity, provides a better guide to the structure of
the precipitates. For cxample, a2 and ca®" ions have
nearly ecual radgi but diffcrent clectroncgativity, and

the structure of CaCl, is diffcrent from CdCI2 so also

2
are the structurcs of the precipitates in CaClz and CdCl2
. PR -
doped NaCl. On the other hand the radius of Mg~ is much
2+

smaller than that of Cd™ bdut Mg012 is of the same



. DiValenE

chloride

Table 5.1

4

The shape and the structures of the precipitates

in NaCl dbpéd'with‘divalent'chlorides.

Ionic radius
of the divalent
ion.’ | : :

Electro-
negativity
of the
divalent
atom.

1.7

1.5

1.0

- 0.9

" Structure of

the divalent

.chloride.

CdCl, layer
2
structure

as above

.
N

as above

Rutile

(distorted)

Fluorite

‘Shape of

the ppt.
in NaCl.

Cubes
with faces

as above

as above

Platelets
in 111
‘ m

Platelets
in 522 m

Structure
-of the

ppt. -

CdCl.6NaCl

2

along (100)m

 Probably

similar to

above

" as above

CaCl2

Not
known .

e

LT
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structure as CdCl2 and the precipitatgs in the Mg012 and
CdCl2 doped crystals arc also similar.

Another aspeet of the structure of the precipi-
tate is its offect on the solubility. If the structurc
of the precipitate is such that it is incohercent with the
matrix or to maintain cohcrenﬁy large cohercncy strain is
set up or if it involves o differcent arrangement of the
anions. The cnergy of formation of the precipitatc phase
will be large. This will make precipitation difficult and
2+

consequently incrcase solubility. A casc in point is Ca

+
and Cd2 in NaCl, In slowly cooled CdCl, doped crystels

2
precipitates are observed at Cd2+ concentration of 200
mol ppm whereas with a large ionic radius Ca2+ doecs not
precipitate out till the concentration is as high as 3000
mol ppm. It ig likely that the formation of CdCl2 6NaCl
recuirey less cncergy as it only involves incorporation of
Cd2+ and vacancics in the cation-sublattice. But precipi—
tation of Ca012 needg Tearrangement of both cation and
anion sublattice with conscquent increasce in interfacial
energy and strain encergy. However, it may bc mentioned
here that the Bquilibrium constant 'K' (defincd as

K = 01/02 where Cl isg the concentration of a dopant in
the crystal and Cp is the concentration of the dopant in

+
the melt from which the crystal has been growm) for Caz
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in NaCl has been found by Andreev (1965) to be higher

$han Cast

infspite of the larger sizc of the Ca2+ ion,
Andrecv commcnted that this may be due to the similarity
of the outer clectron shell of Ca2+ and Ma' ions. Both
consist of 2 @ and 6 p clectrons, whereas‘Cda+ has 10 4

clecctrons., This may also lead to lower free cnergy for

2+ . . .
the Ca ion in solution and contribute towards its higher

golubility.

5.9. Precipitation and the mechanical properties of

doped NaCl :-~

The room temperature flow stress of slowly cooled
WaCl containing Cadmium, Manganesc, Mognesium and BaTium
has been found by Harrison (1965) and Pratt, Harrison
and Newey (1964, 1966) to incrcase considerably when
subsequently c¢uenched from above certain tcmperatures.
The tempernturcs at which this quench hardening occured,
corrcaspond: very closely to the temperatures at which
precipitates were found to go into solution in the
present experiments (comparisons arc shown in table 5.2).

The above aunthors also found that crystals doped

with about 1000 mol ppm Calcium, or lightly dopcd with



TABLE 5.2.

Solution temperatﬁres for the precipitates and the.
quench-hardenigg temperatures for divalent chloride doped NaCl.

Divalent chloride Solution temperature © - Temperature at which

'_“;usgqn§§:d9pent ' for the precipitates quenéh—hardening has
T N . been observed by
S - - . ‘Harrison (1965)

caci, | 225°¢ - 275% . 225% - 300°C
MnCl, 275°¢ - 325%C | 275°¢ - 350%C
MgCly, g 325°¢ ~ 375% - 300% - 400°C
BaCl, " 500°C - 600°C | 475°C - 600°C

06T
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Cadimium ( 35 mol pom) did not show any quench hardeninge.
It may be mentioned that no precipitates were obswrved
in thesc crystals.

From these, it is secn that the observed cuench
hardening is due to the precipitate going into solution
and the divalent cations being distributed throughout the
matrix in the form of dipoles or aggrcg&fes of dipoles.
‘The interaction between the dipoles and moving disloca=~
tions have becn discussed by the above authors. Due to
electrostatic attraction between the vacancy and the
divalcont ions it is difficult for a dislocation to cut
through a dipqle. Also the dipoles provide strong resis--
taﬁce to dislocation motion by setting up a tetragonal
strainficld in the matrix. In ionic solids thereforc most
efficient hardening is achicved when the divalent impuri-
ties arc dispersced throughout the matrix in the form of
dipoles. Precipitation as obscrved in slowly cooled
crystals, therefore, csscntially softens the crystals’ by
teking the divalent cations out of solution r~nd lecaving
most of the matrix free from obstacles for dislocation
motion. The precipitates themselves do not céuso apprceci~
able hardening as the distance between precipitates in
slowly cooled Cadmium and Manganese doped crystals is of

the order of 5 ~ 10 microns.Orowan typc hardening from
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such a distribution of rigid obstocles would be
’fp ~gx 1074 where Ap is the increase in flow stress
due to the precinitates, g is the shear modulus of NaCl,
However even in slowly cooled crystals about
70 ~ 90 mol ppm of mangenesc and cadmium do not precipitate
out but remain distributed in the matrix in the form of,
probablx’dipole-aggregates (trimers ctc.) which contri-
bute to the temperature dependent part of the flow stress as
has becn observed by Pratt, Harrison and Newey (1966).
They also obscrved a considerable increasc in the tempor-
aturc dependent flow stress in guenched crystals. Alzctta
et. al (1965) found in Mn doped NaCl that after deforma-—
tion six hyper-fine lines of spin resonance spectra of
igolated manganese iong could be found superim?osod on
the single broad peak of the undeformed crystal. The
intensity of the hyperfine lixes increascd with deforma—
tion. Thesc show that the obstacles in cuenched crystale
are>small so'that dislocations cen overcome them by ther~
mal acti&ation. Observation of hyperfine lines after
deformation in}HnCl doped crystals shows that the state
of aggregafion of the an* iong in the crystal which
initially displays a sinéle broad peak, is such that the

pagssage of dislocations through these aggregates can move
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individual an+ ions sufficicontly away from other Mn2+
ions and the vacancies as to give rise to hyperfine lines,
which is characteristic of isolated Mn2+ ions. This again
suggests that the aggregates are small and probably
plancr (such as trimers in the %lll} planc).

Pratt, Harrison and Newey (1964) observed that
the flow stress of Cadmium doped NaCl showed a small but
definite peak and a yield drop in guenched crystals at
about 215°C and a larger peak‘with smaller yicld drop in
slowly cocled crystals at about 2450C° Similar peaks and
yield drops were also obscerved in quenchcd and slowly
cooled Mn doped crystals at about 270°C and 300°C. The
peaks werc supposcd to be due to increasced number of
dipoles in the crystals. In other words those peak
temperatures can be looked at as the solution tcomperaturcs
for the dipole aggrcegates and the precipitates. This is
also confirmed by the present ageing experiments of
quenched crystols where precipitates could only be found
when ageing was carricd out above the solution toempera-
ture of the aggregates.

Harrison (1967) determined the room temperature
flow stress of guenched NaCl crystals containing 600

mol ppm CdC12, ag a function of subsccuent ageing temper—
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aturc. He obscrved 2 minimum in the flow stress for
ageing temporaturgs around 20000. All thesce observations
coupled with the fact that dipole aggregation in the form
of trimers is the most important process in the gucnched
crystals, (Cook and Dryden, 1960; Owston, 19663 Symmons
and Kamp, 1966) " suggests that; at least Cd and @in
(and it moy also be true for othor divalent cations) doped
NaCl behaves very similarlyto some metal systems such as
Al .~ Cu where rapid cooling lcads to the formation of
metastable Zones (G.,P. Zoncs) and precipitates are formed
on subsequent ageing above the metastable solvus.
Quench-ageing experiments suggested that precipi~
tates nucledate preferentially on the dislocations. This
is in agrccment with Cottrell type locking of dislocations,
obscrved by Pratt and Brown (1963) during strain ogeing

cxperiments with Cd doped NaCl.

Precipitation strengthening ¢ -

The precipitation in Calcium and Barium doped
crystals werc found to offer considerable resistance to
propagation of cleavage cracks through them. This is

cvident from the large number of extra clcavage steps that
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have becen introdﬁced at the preccipitate and the way the
precipitates modificd the courscs of the cleavage steps
as shown.in Big 5.20. Thisg is possibly due to the differ-
ence in the crystallograpbic oricntation and the mechanical
properties of the precipitate and the matrix. The preci-
pitate planc which is parallcel to the cleavage plane of
the matrix may be a difficult one to clecave through. The
cleavage front id held up at the precipitate and a
considerable stress build-up is reguired before the
precipitate can actually be broken and the clecavage is
allowed to procecd. (It may be mentioned in this connce-
tion that the precipitates in the Cd,; Mn and Mg doped
crystals offer 1little such resistence. The clcavage steps
were found to propagate through them with little or no
modification,; and no large stcps are originated at the
precipitates as shown in Pig 5.4, This is duc to the
identical structure and oricntation of the precipitate
and the matrix, in fact the anion sublattice of the
procipitéte and the' matrix are practically the same. So
the cleavoge can continuce through the precipitatc with
comparative case. ).

It ig scen that in the systems like NaCl - BaClz,

where precipitates have a complex rclation with the
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matrix and precipitation occurs at o low concchtration
({20 mol ppm. BaClz) it may be pogsible by adjusting the
doping level and the heat trestment, to achieve congider-

able increase in the fracture strength of the matrix.



CHAPTER VI

MICROSTRUCTURE OF ELECTRON

IRRADIATION DAMAGE TN PURE NaCl
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Micro structure of Flectron irradiation damage in pure

MaCl.

An attempt to study NaCl by transmission clectron-
microscopy was met with very limitcd success. It was
found thet the beam of the elcctrommicroscope readily
damage the specimen and mades i1t difficult to investigate
the original micro structurc. The damage process itself
was thercfore studicd in +the hope of understanding the

mechanism and possibly minimising its effects in the future,

6.1. Spccimen preparation -

To produce specimens for transmission elcciron-
microscopy crystals were first cleaved into plates of
size 3mm X 3mm x O°3mm. Then a drop of distilled water
was placed on cach side of the plates with a finc dropper.
Duc to ite surface tension, distilled water formed a
hemispherical drop and produced a corrcsponding dimple
on the surfaco as in Fig 6.1. The plates were then passed

in quick succession through solutions of 50% H,_0 + 50%

2
Ethanol, purc Ethanol and anhydrous cther and cxamined
under®optical microscope. The process was repeated till

a hole just appeared in the middle and there were inter-

forcnce fringes round it as shown in Fig 6.2,
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6.2, Beam Analysis i~

In vicw of the possibility that negative ions
might be present inﬁﬁeam, which could cause the damage
an eclectromagnet was designed as shown in Fig 6.3, and
was introduced between the Intermediate and the Projcctior
lens of the Electronmicroscopc. The clcetrons of the beam
were then deflccted away by the magnet but no negative
ion could be detected on the photographic plate cven

after an cxposure of 30 minutes to onc hour.

6.3. Determination of beam intensity -

To obtain an accuratc mcasurcment of the intensity
of the beam, a beam collector was uscd. The second speci-
men stage of the microscope was modificd for this purposc
by insulating it from rest of the microscope body and by
placing an 2luminium disc in the position of the specimen.
The collected beam current was then passed through o

"Vibron' electromcter.
]

6.4. lNoosurcment of the density change in NaCl duc to .

clectron irradiation &=

To measure the change in density of NaCl due to

electron irrndiation, an cthelene dibromide density
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column wés used. The apparatus has been desceribed in
detail: by Silverétonc (1960). Essentially it consists

of a vertical column of cthelene dibromide, which is a
liguid of similar density as NaCl and doenot rcact with
it. A ncarly constant temperatuvrc gradicnt is maintained
nlong the haight of the column (by.suitable arrangencnt of
heatefs and thermostats) which results in o density gradi-
ent along the htight of the column. A density gradient of

2 x lo_sgm/cc/cm was used for the present cxperiment.

NaCl specimens wefe cleaved to Bmm x 3mm x lmm in gize

and polished in distillcd water and Ethanol. After irradi—
ation in the microscopc to known doges these specimens
were floated in the column along with similar unexpo$ed
standards shown in Fig 6.4. From tbe diffcrence in heght

at which the standard and the irradiated specimen floated,

the denesity change due to irradiation was found.

6.5, _Determination of the depth of penctration of the
glectrons in MalCl :-

The depth of ponetration of 50KV, 75K¥ and 100KV
clcetrons in NaCl was determined by cxposing NaCl plates
to the electrons of above cnergies in the clectronmicros—

cope and then cleaving the plateé in the middle and
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photographing them cdge on, under an optical microscope.
The depth of clectron penctretion was indicated by the

dopth of coloration as shown in Fig 6.5.

6.6.1. Barly stages of damage s~

To obsecrve the carly stages of domage,a very low
beam intcnsity was used. A beam intensity of 2 x 10—1Oamp
wasg obtained by introducing a Q?ﬁu aperturc at the con-
denscer and operating the electron gun below saturation.
To photograph at this low beam intensity,Kodak high spced
x-ray film 'Kodirex' was used which allowed cxposurcs ten
times frgter than the B-2 plates normally uscd. Though
the photographs wexre grainy nonc the less they were quite
satisfactory. To reduce the total irradiation of the arca
to be photographed, focusing was carricd out on an adjas-
cent arca and the arca of interest was moved in just
before the cxposurc was made.

At oan irradiation dose of 1°5 x 107 coulombéﬂﬁ
of 100KV clectrons, defect clusters NAbout 100 ~ 200 A in
size,and assuning & foil thickness of about 3000 A +the
deneity of clustcers was of the oraor of 2 x 1015 poer

cubic centimeter., The projcetion of thesc clusters lay

along the {100y directions on the (100) plane and they
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produped strong strain contrast,as shown in Fig 6.6. The
diffraction pattern at this stage showed spiking in the
cube dircctions Fig 6.T7. indicating strains normal to the
cube planes. With the increasc of irradiatioﬁ the defects
grew in size Fig 6.0. The strain contrast and the asso-
ciated spikes in the diffraction pattern reduccd. Fig 6.9,
-The process continued till the defects overlapped one
another and werc no longer distinguishable individually.

Fig 6,10,

0.6.2. Damage at higher beam intensity :-

When beam intensity was increascd to about
1x lO“GEWmI rapid movement of the defects could be
seen , iﬁ gome cages local melting and cvaporation of the
specimen was also obavrved. Diffraction pattern first
showed arcing, indicating start of polygonization, Fig 6.1lla.
Ahd as the irradiation continued, arcing aiso increased,
Pig6.11b and finally a ring pattern, corrCSpbnding to nea@y

coinplete polygonization was obscrved Fig 6.1lc.

6.7. Possible mechaniom for the damage of the NaCl speci-

mens in the clectron beam -

The damage of the specimen in the beam may be
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causcd by any onc or & combination of the following
mechanisms. (1) Rise in the temperature of the specimen
duc to the absorption of the beom cnersgy. (2) Dircct
knock~out of the ions from their lattice sites by the beam
clectrons. And (3) Bemoval of onc or morc of the valancce—
clectrons from the ions dus to interaction with the beam
clcctrons and thus rendering ions unstable in their
lattico gites which is followed by the displaccment of

the ions and creation of point defects.

6:7.1 Risc of specimen temperature due to the obsorpiion

of beam cncray :-

At the conditions of the carly stages of the
damage, i.c. duc to aAbcam of 2 x 10-"10 amp sprcad over
all area of-100/~2,the calculated risc in the specimen
temporafﬁrc, assuming that the whole of the beam energy
hag been converted to heat and conducted out through the
specimen,; is of the order of 5 °c (calculation hes been
shown in Appendix II). In proctice however; only a frac-
tion of the beam is absorbed and actual rise of the
specimen temperaturc is possibly of the order of 2 - 3°C°
I+ is seen thercfore thot the damage observed at the low

beam intensitics is not likely to be caused by the rise
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in the spccimen temperaturc.

However, it may bc noted that by deliberate
incrcase of the beam intceneity and by focusing the heam
it is possiblc to raise the temperature sufficiently to

causc local melting and cvaporation of the NaCl spccimen.

6.7.2. Dircct knock~out of ionsg from their lattice sites

by the beam electrons =

To knock an ion out from its lattice sitc and to
put it into an interptitial position, the bombarding
clectron must be able to transfer encrgy above the mini-
mum cnergy for displaccment 'Eg' to the ion. A simple
method for estimating this cnergy 'Ey' has been suggested
by Scitz (1949). If 'EC' ig the energy of sublimation,
that is the emrgy required to romove an atom or an ion
from a surfocce site, then twice as much cnergy will be
rceguired to remove anvion from an internal sitc beecousc
twice as many bonds have to be broken. To overcomc the
lattice opposition in moving and placing the ion in an
interstitial sitc, additional cncrgy of the order of 2E4
will be necded. So Ey is about four times B . In most
solids E, is in thec region of 5 = 6 ¢V and Eg thercfore

C

in the region of 20 -~ 25 oV, The values of Ey found
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experimentally in metals and scmiconducters arc in good
agrecment with the above cstimate.

The cxperimental valuces of Ed for ionic solids
arc not available. Batarin (1964) pointed out that in the
rock salt structurc there is a possibility of Ed being
substantially lowered due to the focussing collision of
anions in the closc-packed (lld} dircctions. He argucd
that if the colliding anion can overcomc the repulsive
intcraction of the two cations ?iying midway betwcen the
next anion in‘<}lq> directions,; & replaccment can toke
placc. Balarin calculated the hﬁght of this barrier at
the scddle-point. AssumingeBorn-llayer type repulsive
potential he found the barricr h&ght for displaccment of
€17 in NaCl to be 1°69 eV.

Pooley (1965) carricd out a machine calculation
for {110> replacement sequence taking into account also
the long range coulemb interaction and using Born-Mayer
potential with paramcters deduccd by Fumi & Tosi (1964).
The replacement threshold was calculated by giving

' amonnt sk
increasingaenergy to the ion till a stable defect con—
figuration was achicved. The minimum distance of scepar-
ation between the aniom vacancy and the interstitial for

a stable defect was found to be twice the distancé of
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the ions in 110> dircctions. The replaccment threshold
energy for €1~ in NaCIN%%und by this machine calculation
to be between T and & <V,

The maximum cnergy that an clectron can transfer
to an ion is given by the rclation (Diencss & Vineyard,1957)

Epox = 2E (E + 2me?) /Mo

wherce B and m is the cenergy and the mass of
the electrons,; M is the mass of the ion and
¢ is the velocity of light.

The maximum cnergy that an 100 KeV cleetron can
transfer to an Cl” ion is 6°2 eV, So even with the help
of focussing collision, thec probability of dircct displace-
ment of a C1~ ion in NaCl due to 100 KeV clectrons is very
small.

Focussing typc collision in the cation sublattice
of NaCl is not cnvisaged, because focussing can_not take
place if the effective radius of the colliding ions is less
than a quarter of the distance between the ions. The cffee~
tive radius of Na' ions is < 0°95 A and the distance bet-
ween the Na' ions is 398 A,

However duc to the small mass and size of the
cations onc would cxpect it to be casier to produce

defects by dircet displacement in the cation sublatticce.
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Bﬁt cationic defects arc not found in the normally irradi-
ated alkali halides. It ig only in irrandiated LiF +that
therc is somc evidence (Kenzig, 1960) for centers associ-
ated with cation vacancies,

The main difficulty for the dircct displacement to
be the operating mechenism in the amount of defcct yield.
Even assuming that each beam clectron succceds in displa—
cing an ion the number of point-defects produced (either
vacancies ox interstitials) would be egual to the number
of c¢lectrons absorbed. But the number of point defccts
that arc necessary to account for the obscrved damage 2
the carly stages and specially the density change of the
irradiated specimens -1s: much higher than the total number
of clectrons absorbed. A more efficicent mechanism theon

the direct displacement. must be operative to produce the

obscrved damage.

GoT.3e Defect production through ionization or cxcitation

of the lattice clectrons :-

The bombarding clcctrons interact strongly with
lattice eclectrons raising the lattice electrons either to
a2 higher bound state or to the conduction level and therecby

removing them from the parent ions. The mechanisms through
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-which lattice defects arce produced from this excited and
ioniscd states havc been oxamined by scveral workers.
Scitz (1954) first suggested that if electron-hole rccombina-
tion or cxciton-deony takes place ncar a dislocation joé{
sufficient cnergy is releascd (5 - 8 oV) to crcate a
vacancy pelir (Schottky defcet) and thosc vacancics arc
assisted to diffusc awoy from the dislocations by the
excess thermal cnergy goncrated by this process. The
mechanism is esscntially inhomogenzous, $uch that higher
density of defects are oxpected around the dislocations.
But in practice coloration is found to bc homogeneous
throughout the irradiated crysials. Also there is lack of
evidence for dislocation climb during vacancy production,
which is an cssential feature of this mcchanism,

Varlcey (1954) then suggested that if an onion
.loses more than one clectron through interaction with the
ionising radintion it is lcft in a positively charged
statec. 4 positively charzed ion is highly unstable in an
anion gite and it is cjected to an interstitial position
creating o Fronkel defect in the anion sub-latticc.
However for the Varley mechanism to be 6porativo the
probability of multiplc ionisation should be sufficicntly

high to nccount for the obscrved defeet yicld, the duration_
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of the lifetime in multiplydoniscd statc should be longer

thon the lattico vibration poriod ( 10713

see) for ejection
to take place and the cjection distancce should be suffi-
cicnt to result in a stable defect configuration.

Hultiple ionisation con takec place in two ways.
By successive sitriping of the outer clectrons or by Auger
process ( i.e¢. - removal of an inner shell clectron which
is then filled by an outer shell clecctron with simultanc—
ous cjection of one or morec outer oloctrons).
T'or multiple ionisation cross scection Varlcy pro-

* posed & scmi cmprrical relationOn =G~ 1O~n+1, where

G ig the cross scction for n—-fold ionisation and G- is the
cross section for singlc ionisation. Thig relationship is
in good agreccment with tﬁe data for ionisafion'in rarc
gases: (liagscy & Burhop, 1952). A calculation on the
assunmption that cach multiplc ionisation lecads to the
formation of a stable Prenkel-type defect, yiclds a value
of 600eV to 1100 oV per defcet which is also in good agrcc=—
ment with Rebin ond Klick's (Rabin & Klick, 1960) cxperi-
mental value of 10060V absorbed per I center in KC1, KBr,
Nal, LiF, Howover if centecrs arc also taken into account

this valuc becomes too large comparcd to 190 eV per vacancy

found by Ritz (1966) in KBr irrndiated at 5°K with
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unfiltcrcd 50KV x-rays.

| To calculatc the lifce timc of the doubly ionisecd
state of the halide ion Howard and Smoluchowski (1959)
treated the problem as the time nceded to capiturc 2 conduc—
tion electron and arrived at a value of -~~~ lo.lzsoc whi ch
they considered long cnough for cjcction to occur. Dexter
(1960) however treating the problem as a scparation of two
holes localised on a gingle lattice sitc found that the
holes will scperate within 10-15secn In other words a
doubly ionised halidc ion will capture an clectron from
one of the ncighbouring anions in a much shorter period
than is neccssary for cjection to take place. And this
will rendomeﬁrley mechani sm inoperative. Klick (1960)
then suggested an alternative way of vacancy formation.
Aftcer the capturc of an elecctron from a ncighbouring anion
by thc positive halide ion o halogen molccule will be |
formed. Hologen molecculc has & small volume and will move
into onc of the anion sitcs lcaving a vacancy;“iubsequent
jump of an ~nion into the vacancy will sceperate the vacancy
from the halogen molecule, Capture of an elcctron cach by
the halogen moleculce and the vacancy will convert them to
an H-center and an F-center. It is to be noticed that

Klick mechanism will also account for defect formation by
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simultancous single ionisation of two adjacent anions.

Both multiplc ionisation of single anion and
simul tancous single ionisation of two adjacent anions
have experimental support for being the initial condi tion
of defect production,

Sharma and Smoluchowski (1965) found appreciablc
increase in F center yield in KClL as the cnergy of irra-
diating x-ray just cmcceded the K edge (2°826KeV) for
chlorine which they attributed to higher efficiency of
double ionisation through Augei process for K-shell
ionisation.

Ritz (1964) on the other hand, after carcful study
of defect yield in KC1, KBr, NaCl, LiF with x-rays of
different encergics and clectron at 2MeV came to the con—
clusgion that his result is morc in accord with defcct
production by simultaneous ionisation of adjacent aniouns.

However as Deoxter's (1960) calculation showed
that o double ionisation will within 10 2sec lcad to the
condition similar to single ionisation of adjacent ions
(except for the emrgy term duc to electron exchange) it
is possible that both multiplc ionisation and single ioni-
sation of adjacent ions arc capable of producing/dcfocts.

Another mechanism of defect production have been
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suggested by Konitzer and Hersh (1966) e=nd Poole (1966).
This is through the non-radiative deccay of cxcitons.

F center yield inuv and x-roy irradiated XI has been found
to increasce very rapidly between 90O to 110K with corros--
ponding decrease in lumencsccence efficiency. |- Pooley
calculated the probability of non radiative decay of
cxciton as a function of temperaturc and found that in

the above mentionced temperatured range there is also

]

sharp increcasc in the probability of non radiative decay
in KI. In NaCl, KCl1 and KBr howcver this probability is
already high at 4°K and incrcases slowly with temperaturc
so the effect is not disccrnablc.

An cxciton has a 110> structure with an cxcited
clcectron bound to two ncighbouring anions. Return of the
elcctron to the ground state in o non radiative mode will
convert the eletronic energy to kinetic energy which will
initiate a replacement collision in 110> dircction.,

Pooley made computer calculation for threshold cnergy
of replaccment for alkali halides, assuming Born Maycr
interaction between collidihg anions and also toking into
account long range coulomb interaction with other ions.
He found that except for LiBr, Lil and Nal, rcplaccment

ig possible in 2ll other alkali halides.
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V centers(a hole is bound to two neighbouring
anions) when recombiﬂh@ with an electron will also bchave
similarly to exciton decay.

Pooley pointed out that the above mcechanism
is counsistant with the obscrvation that late stage colo-
ration is supressed by the prescnce of divalent cations

++ ++
s S . He argued that if direct electron

like Pb' ', Ca
V coenter reccombination is necessary for late stege P
center production then the divalent cations by providing
an altcernative path for rccombination can reducc the

F center yicld. Divalent cations arc known to be good
clectron traps and can act as rccombination centers whexe
holes are mobile. At low temperature (below 78°K) however,
- thisg inbibiting property is lost because the holes arc no
longer mobile and cannot reach divalent ions before direct
recombination takes plave .

It is secoen that multiple ionisation of ~n anion,
gimultancous single ionisntion of two adjacent anions and
also ¢xciton and V —center decay can lend to the formation
of Fronkel type defects in anion sublattice of alkali
halides.

The mechanismsfor the production of defects in the

cation sublattice have not been so well investigated,
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probably becausge cationic defects are not normelly cncoun-—
tercd in irrndiafcd alkali halides.

Tonisation of o cation mekes it more positive and
increascs its Madelung cnergy and this makes more difficult
for it to leave its lottice site. However, Varley (1962)
suggestced that o multiple ionised anion can some_time
replace o cation,; forcing the cation into an interstitial
position. After clectron capture,ﬁﬁnion will fall back to
its vacancy creating o Frenkel defect in the cation sub-
lattice,

Another possibility is
that, where bonds arc already broken duc to thce prescnce
of onc or morc anion vaconcies, the cnergy releascd after
a cation returns to the ground stote from the iomiscd or
cxeited state may be sufficient to displace it into an
interstitial position and thus create 2 cationic Frenkel

defect.

6,8, Defcet yield duc to ionigetion process -

Vorley (1962) cstimnted that about 600 eV neod be
~nbsorbed to produce o double ionisation in NaCl. Ritz
(1964) calculated that 400-800 eV is absorbed to produce

2 pair of gingly ioniscd anions, Observed cefficicncy of
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point defeect (namely F-center) production from thesc
initial conditions has been found to vary with the tempor—
ature of the spcecimen (Rabin and Klick, 1960), the rote

of irradiation (Etzel, 1962) and the cnergy of the irradi-
ation (Ritz, 1964). An cxtrapolation of Etzcl;s data for
the present rate of irradiation yiclds o valuc of about
5,000 ¢V per F-center.

From the change in density of the irradiated
specimens Fig 6.12, the incrcasc in volume duc to the
absorption of each 100 KeV cleoctron was found to be about
24&3, where a is the interionic distance. Volume increasc
per F-conter in irradiated KCl has been determinced by
Blackmenn ond Thommen (1966). They found a volume increase
of 1°36 + 0°04 ad per Pecenter. If it is assumed that 2
similar volumc change also takes placce in NaCl then the

encrgy absorbed poer P-center is about 5,600 V.

6.8.1. The ratc of cnergy dissipation of beam clcctrons

in NaCl ¢~

The rate at which accelerated clecirons loge:
cncergy in o so0lid through clectron—-clcctron inter-actions,

is given by tho well known Bethe (1953) cquation.
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2
%‘_ = 4Tj n.7&4 /v, ln(—%ﬁ-— e/?2)

where dE/dx is the rate at which energy is
dissipated by the elcctron per unit path
length, n.%z is the number of clectrons per
unit volume, €, m & V arec the charge, mass
and velocity of the accelerated clectrons,
Tis thé average ionisation potential and
e is the cxponential constant.

A plot of dB/dx vs x in NaCl (assuming I = 160eV)
has been shown in Fig 6.13. However, encrgy dissipation
as o function of depth as calculated from the Bethe
cgquation does not take into account the effect of scattei—
ing of the eclectrons away from the initial direction of
the beam. Spcncer (1955) hasg exaﬁined theoretically the
effceet of scattering and slowing down of the ekectrons on
the rate of encrgy dissipation at differcent depth.
Huffman, Chekn, Scunders, Ritchic and Birkhoff (1957)
have experimentally determined the cnergy dissipation of
57 KeV to 126°5 KeV clectrons in aluminium, They found
that their date agreed satisfactorily with Spencer's
theory. The general foaturer of Spencer's theory is that
the effective range of the accelerated electrons:ds;

about 80% of that predicted by the Bethe equation and the
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Fig.6. 13' Energy dissipation of 100 KeV electrons in NaCl,
Accordlng to Bethe equation.
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energy dissipation reaches o maximum at o depth 6f between
0°25=- 0°3 of the total range of the electrons ns shown in
Fig 6.14.

The range of 50 KeV, T0O KeV end 100 KcV clectrons
in aluminium (I = 150 eV) has been calculated by Spencer
to be 070056 gm/cm2, 0°01 gm/cm2 and 0°018 gm/cm2 respect--
ively. Equivalent depths in NaCl would bo 25fy, 45f0 and
82fu respectively. The depthe of penctration of 50 KeV,

75 KeV and 100 KeV cleetrons in NaCl have been found to
be 23fu' 3%MJ and 69#” respectively Fig 6.5.

The initial rate of cnergy dissipation of 100 KoV
clectrons in NaCl as calculated from the Bethe cquation
is about 0°75 KeV4ﬁ, and from the Spencer's theory, about
1°2 KeV4PV. The number of point defects that would be
generated due to a dosc of 1°5 x 1074 coulombAuﬁ of
100 XeV clectrons (assuming 5,600 oV is nceded'to produco
2 point defect) is of the order of 2 x 1019 per cubic cha
The number of defect clusters that hag been obscrved duc

15

to the above dosc is about 2 x 10 per cubic cm. Assuming
they are loops dwe to the point defects, the clusters

would account for about 1019 point defccts per cubic cm.
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6.9, The nature of the defect clusters :~

Whether the defect clusters arc duec to vacancics
or iﬁtcrstitials that could not be determined with cer-
tainty, os the beam continually damage the specimen o
proper Ashby-Brown type analysis waé not practicable,
Because, during the time recuired to tilt and adjust the
gun assembly to obtain high resoclution dark field picturc,
the extra domage causced to the specimen will make the
comparison with the bright field picturc very difficult.

A low resolution dark field was therefore tried. Fig 6.15.
Low resolution dark ficld is not always reliéblo due to
the effects of the spherical aberration. However if the
evidence of this low resolution dark field is token at

its face valuc, the contrast shown at some of the asymmek-
rical images arc of the wvacancy type. It is possible that
when o thin specimen is irradiated, the morec mobile
specics of the defecets may diffusc to the surface (chlofinc
interstifials in NaCl may diffuse casily by interstitialcy
mechanism) leaving predominantly the less mobile specios
ingide the specimen and with the progress of irradiation
the concentration of the less mobile species builds up

sufficiently to causc clustcring.
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6.10. Possible ways of reducing the spocimen damage :-

L s i A AL T L e St 97

6.10.1, = Incressing the beam potential :-

It may be scen from the Bethoe cequation that the
rate of cnergy dissipation of the clectrons to o first
approximation varies inverscly as the velocity of the
clectrons. Spencers calculation also shows that the ini-
tial rate of cnergy dissipation decrcases with increasing
beam voltage. Bahr, Koboyashi and Zeitler (1966) have
found tha't the demage caused in polyetheline crystals by
the electrons from 75 KeV to 300 KeV is inversely pro-
portional to the beam voltage. Yagi and Honjo'(l964) have
becn successful in obscerving dislocations and precipiltates
in NaCl by using 150 KV accclerating potential. They

bined their specimens by beam flashing technigue and
claimed that the defects observed by other workers are

duc to amorphous surface loycr coused by solution thining.
That the observed damages arc not surface features can
casily seen for the stroin éontrast duc to the defect
clusters and its effect on the diffraction spots. Very
thin regions arc also comparatively damage frec cven in
solution thined spocimens as shown in Fig 6.16. This is
becausc the beam clectrons dissipate less energy in the

thin nrea ond also therc is less probability for the beam
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electrons to suffer large angle scattering. The samller
number of defects thus produced, can easily reach the
surface and-therefofe do not attain a sufficient super-
saturation in the specimen, to produce clusters. Increasing
the beam voltage wiil allow observations through increased
thickness of the specimen, without causing this super-

saturation build-up.

6.10.2. Lowering the specimen temperaturc :-

Lowering the specimen temperature can reduce the
damage in two ways. First,by reducing the themmal acti-
vation necessary to praeduce the point defects from the
ionized and excited states and second,; by reducing the
mobility of the defects produced and thereby prevent them
from clustering. Hirsch (1967) has found that, cooling
the NaCl specimen to liquid Helium temperature appreciably
reduces the damage due to the beam in the electron micro-

gcope.
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SUMMARY AND CONCLUSTIONS

e 2t

I+ has been found in HaCl doped with divelent
chlorides that the precipitate structures bedr a close
correlation with the structurc of the divalent chloride
uged for doping. In the case of crystals doped with CdClz,
MnCl2 and MgClg, all of which have the layer structure of
Cd012J ‘Mc precipitates are also similar in shape and
volumec rotio and presumably have the same structure i,e.
that of Cd0126NaCl. While Ca012 which has a distorted
Rutile gtructure, produce platelet precipitates in 21113
plane of NaCl and the precipitate has a structure similar
to Ca012. Ba012 on the other hand, has a Fluorite struc-
turce and the precipitates are thin, long plates in the
i?ZQg piane of the NaCl matrix.

The solution temperaturcs of the precipitates
coincide with the temperatures at which cuench hardening
has > been observed in doped NaCl., This confirms the view
thot cuench bhardening is duc to divalent ions going into
solution from the precinitate and being dispersed through-
out the matrix in the form of dincles or dipole-aggregates.

Ageing of the cuenched crystals show that precipi-
tates do not appear until ageing temperatu;e ig fairly

high (within about 5000 of the solution temperature of the
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precinitates). From this obscrvotion and the obscervations
by other workers in dielcctic loss, paramagnetic resonance,
and mechanical properties, it is cvident that divalent
chloride doped NaCl bohaves similarly to some metal systems
where quenching producesmetastable clustérs and stable
precipitates can be obtained after ageing above the
metastable solvus.

The precipitates in the quench-aged crystels
appeared to have nucleated on the cuenched in dislocation
loops and heclices. This indicates that the dislocations
oct as preferential sites for the nucleation of the

precipitates.

The damage of the NaCl specimens in the electron-
microscope has been indicated to be, primarily due to the
generation of point defects through the ionization and
excitation processes, and the subsequent clustering of
those point defects. The damage may possibly be reduced
by lowering the specimon temperature. This will reduce the
availability of the thermal aotivations required for the
conversion of clectronic higher encrgy states into lattice
defects and the migration‘of these defects to form clusters.
The damagé may also be Toduced by inecreasing the beam

voltage ( within the sub-relativistic range ) and thereby
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dégreasing the amount of energy dissipated in the specimen

'foil, by the beam electrons,
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SUGGESTED FUTURE WORKS

Natural follow-up to the present investigations
are the x-ray crystallographic studies of the precipitates

in MnClz, MgCl,_ and BaCl2 doped NaCl. Also, as it has

2
been found in the cases of CdClz, Mn012 and MgC12 doped
crystals that the divalent chlorides with CdC12 structures
when added as a dopent in NaCl, form precipitates which
are similar in shape and volume ratio and probably have
the same crysiallographic structure, namely that of

. Cacl 26'Na01, it may be worthwhile to investigate NaCl doped
with other divalent chlorides which have the CdCl2 struc—

o o1 N1C12 and ZnClz,to find out

whether this trend continuecs.

ture such as CoCl,, FoCl
It has been suggesied in the Discussion that the
precipitates in MnCl2 doped KC1 algo probably has the
structure of CdC126NaC1. X—~ray investigation of MnCl2
doped NaCl mey be under taken to confirm or contradict
this suggestion.
It has been found that the size and number of the
precipitates and also the amount of dopent that precipitate
out dependsnymthe cooling rate. It may be worthwhile to

study how the cooling rate effects the mechanical proper-
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ties of the doped crysfals.

Finally, the differential density of nucleation
that has becn observed and exploited in the present
investigations, may itself be studied with reference to

the cpitaxial growth of thin films.
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APPENDIX I

Derivation of the oxprecssion for the equilibrium
density of #ucléi durihg surface decoration, Eq. 5.2,

Eﬁ. 5.2 can be derived in two ways.

(a) From the mean lifc time of an alsorbed atom
on the substrate before it is captured by » growing
nuclecus.

At the 'steady state' the net number of atons
reaching the subsirate over unit arca in unit time, Bn
is equal to the number of atoms captured by the existing
nuclei during the same timo.‘If the average capture radius
of the nuclei be 0 and the density of the nuclei on the
substrate be Ds then the mean frec path of 2 moving atom
ig 1/(2Gs. Ds), and if 'V' is the velocity of the atoms
on the eubstrate, then their mecan lifc time before running
into a nucleus ig

A=1/(2G%8. D8 V) couveaoocooaclal

If the density of atoms on the substrate ig main-~
tained at C; the 'equilibrium' density,; ie. the density
at which nucleation probability is low for the time scale
of cvaporation, then thc number of atoms reaching the

‘nuclei is
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CCA/ = Ry = 20,.Gs. D, V

or DS = Rn/(ZCeoGdSo V) cunoooonu.vouIGZ

The veloecity of thé’atqms on thec substrate is
given by the jump frecuency 'f' times the jump distance 'a',

V = f.a.

The jump frequency 'f' is again given by
f = K. V.exp (QD/kT) eocsocccacaleld

where K is the number of available jump sites,

Vv is the vibrational frequency of the adsorbed

atom and Qp is the activation cenergy of o jump

or in other words the activation cnergy for

surface diffusion.

Substituting L.3 in I.2 we have

Dg = “~72;R§:§%?i?;7=§;? exp (Qp/kT)..5.2.

(v) Derivafion of Eqn..B.é from the diffusion
of atoms to.the nuciei. | | .
For the purpose of this calculation we can imagine
that the substrate is divided into egual sguars and the

nuclei are at the center of each square, as in Fig. I.l.
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At the 'stcady state' the net number of atoms
rcaching each square 'r,' is equel to the number of atoms
diffusing to the nucleus.

Now, the number¢atoms diffusing to the nucleus
in uni+t $ime is cqual 1o the numberfatoms within a
jump distance from the nucleus times half their jump fre—

quency. This is because the atoms within the jump distance
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of a nucleus have a probab lity of %-for Jumping into
the nuclous and a probability of %‘for jumping away from
the nuclcus.

Ap the atoms on the substrate can approach the
nucleus from only one side the donsity of atoms close to
the nucleus 'e¢' will be about half the average density
of atoms on the substrate, or 'c! = 00/2

Therefore the number of atoms within the jump
distance of the nuclcus isg

n = 8CTé.a.CO/2
and the number of atoms jumping into the nucleus is

n.f/2 = 2G—é.aoceuf = RnoA

where A is the area of the squarcs.
The density of nuclci

R
= n ecceeon:oaoIo4

DS = —
2q”5naocelf

1
A
Substituting 1.3 in 1.4 we have

:DS:—--_—-IE}—,M CXP (QD/].CT) onna.ceonaesne
m.a.ce.Kd}
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APPENDIX II_

Calculation of the rise of temperature of the
specimen due to absorptibn of thec beam cnergy.

The upper limit of the specimen temeprature can
be cstimated by assuming that whole of the beam cnergy is
-converted to heat and conducted out through the specimen
without aﬁ& loss ot the surface by radiation or convection.

A gituation which is most commonly met in practice
is a. wedge shaped specimen with the beam ncar the cdge
as in Fig II.1 (Heating is likely to be maximum in this
condition of the transmission of the beam through the

thin areas is not allowced for)o

specimen
. region (a)
beam
-~ - 10pa - -
region
b)

Flg- 11,1
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The diamcter of the beam is about 10;~and typical
wedge angle § is about 0°05 radian. For the purpose of
calculation the specimen can be divided into two regions,
(a) outside the beam and (b) within the beam.

The surfaces of cgual temperature gradient to a
first approximation can be taken as cyldndrical with the
axis throughqthe center of region (b).

For the region (a) than

Q= -ZGG(I +8)2 dt-’,....ooaonc.aIIol
dr

where Q s amount of thermal cnergy reccived by
the specimen from the beam in unit time.

G is the thermal conductiviiy of the specimen.
r is the distance from the centor of the beonm.
5 is the corrcction term which has a valuc of
about 3.8€}y for the distance between the edge
of the specimen and center of the beam of Sfu

Integrating cgn (II.1)

(0.3
—-Q/(2&’7)‘(dr/(1‘+‘f_\) + Ty =——-Ile2
JS/W

Q/(2667) . 1/(8.86 ) + T

T%w

e IT,3

or T5r/

0
where TZW is the temperaturce at the edge of the

beam and Ty is the femperaturce of the specimen

when @ = O
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For rogion (b) Qp the amount of encrgy received within

a radius r is = Q x rz/( 5 2

. 2 2 at
and the flow cqn is Q.T /( ) = -2710, +,5.0. ceslloyd
" ?” 2 dr

Integrating cqn 1I.4 we have

§~
Tc = - Q/(2n0—5f‘,3 0)' r.dr + T5 noooa.IIa5
O -
or T, = Q/(4TC ;k,e) * T cveselleb
~10

Value of @ for a beam of 2 x 10 amp at 100 KV if we
assume wholc of its ecnergy is convorted to heat; is than
2 x 10% 10%x 2°39 x 107 = 4°78 x 107 caloric/sec
G— the thermal conductivity of Sodium chloride at 30°C
is 1°5 x 1072 caloric/sec/om/degroe (Ballard, McCarthy
and Dovies. 1950).
Combining can(IT.3) and (II.6) and putting tho valucs of

the parometers we have

T, = 4.63°C + T,

or in other words, 2t the low beam intensity the tempor-

aturc risc in the irraﬁiated arca is less than 5 OC,
Howc&er it 1s to bo noticed that the temperaturec

rigsc is proportional to the beam intensity and inversly

proportional to the beam diameter. So, by increasing the
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beam intensity by 2 to 3 magnitude and by focussing the
becam it is possible to cousce sufficient temperature rise

to melt and cvaporaic the specimen locally.
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Sammendrag

Udbyttet og optagelsen af tungmetaller i issalat, hvidkal, gulerod og porre er undersegt 1, 2
og 9 4r efter tilfersel af 0, 5, 100 og 200 t terstof ha' af komposteret dagrenovation og
spildevandsslam i 1978.

Hverken udbyttet eller indholdet af Mn, Cu, Zn, Pb og Cd var pivirket af
komposttilforslen pa nogen entydig méade. Indholdet af Cd og i visse tilfelde ogsi Pb faldt dog
ved stigende tilfarsel af kompost. Tilfarsel af store mengder kompost med en pH-verdi pa 8
har @get jordens pH og dermed reduceret tilgengeligheden af Cd og Pb.

Nogleord: bly, cadmium, dagrenovation, forurening, gulerod, hvidk3l, issalat, kobber,
mangan, porre, slam, spormetal, tungmetal, zink R

Summary

Yield and uptake of heavy metals in crisphead lettuce, white cabbage, carrots, and leeks were
measured 1, 2 and 9 years after application of 0, 5, 100, and 200 tonnes dry matter ha™ of a
compost made of municipal waste and sewage sludge in 1978,

The yield and the content of Mn, Cu, Zn, Pb, and Cd in the vegetable crops were
not influenced in any consistent manner. The most obvious result was a decreased content of
Cd and in some cases also Pb at an increased application of compost. This effect was caused
by a decreased glant availability at increased pH following application of the rather large

amounts of alkaline compost.

Key words: cadmium, carrots, crisphead lettuce, copper, heavy metal, lead, leeks, manganese,

municipal waste, pollution, sewage sludge, trace element, white cabbage, zinc



Introduktion

Da planter kan optage tungmetaller tilfort jorden med komposteret dagrenovation eller
spildevandsslam, er der stigende bekymring for, om disse metaller vil indgd i den humane
fodekede (Ekeblad 1982; Hardiman et al. 1984; Thornton og Jones 1984; Crews og Davies
1985). Et myndighedskrav om at slam og andet affald skal deponeres pa agerjord vil ofte vare
i konflikt med et forbrugerkrav om at fodevarer skal vere fri for uenskede tungmetaller (Fritz
og Venter 1979; Hansen et al. 1986; Knudsen og Kristensen 1987). 4 ,

Optagelsen af tungmetaller i planter pavirkes af mange forskellige forhold, blandt
andet planteart, tilforselsmangde, typen af slam og jordens egenskaber (Sonoda og Hara 1983;
Bruemmer et al. 1986; Chu og Wong 1987). Jordens pH er den parameter, der oftest
kontrollerer opleseligheden og tilgengeligheden af tungmetaller (Oborn et al. 1995, Brallier
et al. 1996).

Milet med nzrverende forsgg var at undersoge hvorledes tilfarsel af komposteret
dagrenovation og spildevandsslam pavirkede udbyttet og indholdet af tungmetaller i den
spiselige del af en rakke forskellige gronsager.

Materialer og metoder

En kompost blev lavet ved at blande dagrenovation og spildevandsslam, Nar temperaturen inde
i blandingen niede 65 °C blev komposten stukket om. Denne proces blev gentaget indtil
temperaturen var konstant. Den kemiske sammens&tning af kbniposten fremgéar af tabel 1.
Indholdet af Pb, Cd og Hg var relativt hgjt og overskrider gzldende grenseverdier for
anvendelse af kompost til jordbrugsformal (Miljeministeriet 1989). Efterdr 1978 blev 0, 5, 100
eller 200 tons kompost-torstof ha' indarbejdet i jorden. Mzngden af nzringsstoffer og
tungmetaller, der siledes blev tilfert fremgar af tabel 2. Forinden komposttilfarsel var jordens
pH 6.1, Kt 14.8, Ft 7.9 og Mgt 4.4, hvor 1 t-enhed svarer til henholdsvis 1 mg X, 3 mg P og
1 mg Mg pr. 100 g tor jord. Jordens pH blev bestemt efter opslemning i en oplosning af
kalciumklorid, K blev ekstraheret med ammoniumacetat, P med svovisyre og Mg med
ammoniumklorid.

11979 og 1980 blev der etableret forskellige arter af gronsager, og 3 N-mangder
blev tilfert. Forsogene blev anlagt i et split-plot design med 2 gentagelser. Hovedparcellerne,
hvortil der blev udbragt kompost, var 20 x 20 m. Disse blev opdelt i delparceller 4 100 m? og
tilfert kvaelstof. I hver delparcel blev der dyrket 4 forskellige afgrader i parceller 4 24 m’.
Afgredeme var issalat, hvidkal, gulerod og porre. I 1979 blev alle afgreder tilfort 0, 45 eller
90 kg N ha™. 1 1980 blev issalat og gulerod tildelt 0, 67 eller 134 kg N ha™; hvidkl og porre
blev tildelt 0, 105 eller 210 kg N ha™.



Tabel 1. Terstof og pH af den i forsoget anvendte kompost samt kemisk sammensatning af
terstoffet i ppm.
Dry matter and pH of the compost and the chemical composition of the dry matter in ppm.

Terstof,. % )
: Aske, % i tﬂrstof

8.0
64.5
75.3
41.7
6440

70
3380
2040
1520
9600
2080

600

440

304

60

6.5

24
12.0

25

2Krom: (Cr)
*?fK\"'iksblv‘(Hg)"“"
. Cadmium; (Cﬁ) :
:lekel (Nl)

“CiN. :

Tabel 2. Mzngden af nzringsstoffer og tungmetaller i kompost indarbejdet i jorden efterir
1978.
Amount of nutrients and heavy metals in compost incorporated in the qutumn 1978.

| 3 8 2.2 s 32 17 | 0012 |
208 60 152 44.0 30.4 640 338 | 0.240
416 126 304 88.0 60.8 | 1280 676 | 0.480

Til vurdering af langtidseffekten af de tilferte kompostmzangder blev der i 1987 siet
gulerod og porre. Til disse blev der tilfort henholdsvis 52 og 114 kg N ha. Parcelstorrelsen
var 50 m? og antallet af gentagelser var 2. Af tabel 3 fremgar hvilke sorter af grensager, der
blev anvendt i de enkelte ar.

Parceludbyttet blev bestemt ved at hoste 10-20 planter af issalat og hvidkal eller ved
at hoste 3-4 m rekke af gulerod og porre. I 1987 blev udbyttet af gulerod og porre registreret
pa 10 m® pr. parcel. Friskvzgten af salgbart produkt blev herefter bestemt. I issalat fra 1979
var det dog alene vagten af hele planter, der blev registreret. I hele planter eller i den spiselige
produktandel, rengjort for jord, blev der bestemt torstof efter 14-16 timers tarring ved 80 °C.
Prover til analyse for tungmetaller blev frysetorret pd Al-folie og opbevaret i lufttztte flasker



indtil analysering. Koncentrationen af Mn, Zn, Cu, Pb, og Cd blev bestemt ved
atomabsorption-spektrofotometri, Der blev ikke analyseret for Zn i 1980. Efter hast i 1987 blev
der udtaget jordprever til analyse for pH‘, godningstilstand og indhold af tungmetaller.

De statististiske beregninger er foretaget ved hjzlp af Statistical Analysis System
(SAS Institute Inc. 1988). Signifikante forskelle er angivet ved P=0.03.

‘Resultater og diskussion

Tabel 4, 5 og 6 viser at tilfarsel af kompost ikke signifikant pavirkede udbyttet af grensager.
En undtagelse var issalat dyrket 1980, hvor udbyttet af hoveder ogedes med stigende tilfersel
af kompost (Tabel 5). Set i forhold til de store N-mangder, der blev tilfert med komposten er
det overraskende, at der ikke er storre effekt pa udbyttet. En forklaring kan eventuelt vare, at
kvelstoffet i komposten er bundet i tungtoplaselige forbindelser. Dagrenovationen bestod kun
i ringe grad af madrester og planteaffald. En vasentlig del bestod af emballage af papir og
plast. Det tilforte spildevandsslam hidrerte fra klaringsbassiner og var altsi de uopleste
partikler i spildevandet. I hvidkal dyrket 1979 reduceredes tﬂrstofprocenten med stigende
komposttilforsel. Denne effekt ses ofte ved stigende N-tilfersel.

Tabel 3. Oversigt over gennemsnitlig friskvaegt-udbytte, tarstof-procent og indhold af tung-
metaller i prever af gronsager fra 1979, 1980 og 1987.

A summary of mean frcsh-wezght yield, dry-matter percentage and content of heavy metals in
vegetable crops grown in 1979, 1980, and 1987.

Plzmteart og:’lr "0 )% Sort- |Udbyte |Torstof |
ol kgt e
:"Is'salat.»’hele planter 1979. | Penalake 4.5 6.0
Tssalat hoved - - 1980. | Great Lake 1.8% | 5.2
“Hvidkal, hoved.” 1979 |Hidena 4.5 11.6*
‘Hvidkal, hoved 1980 |Hidena 4.4 12.0
‘Guletod . | . 1979 | Amtou 4.4 11.2
‘Gulérod” . 1980 | Amtou 2.5 10.8
‘Gulérod 1987 |Fancy 8.5 | 10.7
I-Por‘r‘é, tb"p 1979 .|0din 1.6 | 11.1
P " 1979 {Odin 1.4 14.1
1980, [Odin 1.0 13.3
. -2 1987.|Longina 1.1 11.0.
Porrs; skaft -~ 1987:|Longina 2.3 10.7

*) signifikant effekt af komposttilfersel

Stigende tilforsel af N-godning ogede udbyttet i alle forseg. Denne effekt vil dog
ikke blive diskuteret videre 1 nzrvarende rapport, som alene skal belyse effekten af kompost.
Der blev ikke fundet nogen vekselvirkning mellem tilfarsel af kompost og N-gedning.



’I;glbel 4. Friskvaegt og indhold af terstof og tungmetaller i grensager 1979, 1 &r efter tilforsel
af kompost. .

Fresh weight and content of dry matter and heavy metals in lettuce (A), white cabbage (B),
carrots (C), trimmed leek leaves (D), and leck stems (E), grown in 1979, one year after
application of compost.

A. Hele planter af issalat.

6.1 2.276
5.9 2.100 0.349 1.439 0.047 0.034
5.9 2.218 0.376 1.370 0.043 0.032
6.2 2.500 0.393 1.487 0.047 0.030
Lsp"i n.s.' 1.s. n.s. 1.s. n.s. n.s, n.s.
D n.s. = ikke signifikant
B. Hoveder af hvidkal.
1542 12.1 1.227 0.377
1516 11.7 1.318 0.403 1.124 0.010 0.027
1705 11.5 1.585 0.366 1.203 0.008 0.025
1717 11.3 1.771 0.243 1.112 0.011 0.025

Yl Terstof

11.2

11.0 2.631 0.863 3.930 0.064 0.197
11.1 2.887 0.724 4,068 0.056 0.246
11.0 3.114 0.741 4.095 0.055 0.240
n.s. 0.163 0.052 n.s. 0.014 n.s.

. Trstof”

14,1 2.271 0.535 2.026 0.059 0.104
14.0 2.170 0.509 1.722 0.051 0.088
14.2 2.373 0.515 1.620 0.043 0.094
14.2 2.743 0.512 2.000 0.035 0.074
n.s. n.s. n.s. n.s. fn.s. n.s.




Tabel 5. Friskvegt og indhold af terstof og tungmetaller i gronsager 1980, 2 ar efter
tilfarsel af kompost.

Fresh Weléht and content of dry maiter and heayy metals in lettuce (4 %, white cabbage (B),
carrots (C}, and leek stems (Bj, grown in 1980; rwo years after application of compost.

A. Hoveder af issalat.

1) n.s. = ikke signifikant

B. Hoveder af hvidkal.

I tabel 3 er anfort de gennemsnitlige koncentrationer af Zn, Mn, Cu, Pb og Cd
i de forskellige gronsagsarter. Generelt er indholdet af Zn, Cu, M‘n' og Pb hajt i porre, is@r
porretop, mens indholdet af Cd er hejt i gulerod. Indholdet af Zn, Cu, Cd og Pb er lavt i
hvidkal, mens gulerod har et lavt indhold af Mn. Noget entydigt billede aftegner der. sig dog
ikke ved sammenligning mellem de forskellige arter. Ved sammenligning af de forskellige



ar ses at indholdet af Cu, Cd og Pb generelt falder med tiden. Som det fremgar af tabel 3
er der kun signifikant effekt af komposttilforsel pa indholdet af tungmetaller i 11 af de i alt
56 sammenligninger. Ekeblad (1982), Chu og Wong (1987) og Brallier et al. (1996) har vist
at indholdet af tungmetaller kan variere meget mellem arter og sorter af gransager.

Tabel 6. Friskvegt og indhold af terstof og tungmetaller i gronsager 1987, 9 ar efter
tilforsel af kompost.

Fresh weight and content of dry matter and heavy metals in carrots (A), trimmed leek leaves
(B), and leek stems (C), grown in 1987, nine years after application of compost.

A. Gulerod.

0.376 | 0.590 | 0.031 | 0.012 |
0322 | 0.645 | 0.028 | 0.013
0374 | 0481 | 0.013 | 0.001
0337 | 0.756 | 0.014 | 0.010
n.s. n.s, n.s. n.s. 0.012 n.S§.

1) n.s. = ikke signifikant

B. Top af porrer.

Tilforsel af store mangder kompost har i visse tilfzlde fremkaldt lavere
koncentration, end hvor der er tilfort lidt eller intet. Denne effekt er s@rlig udpreget med
hensyn til Cd og til dels ogsd for Pb, som det ses af tabel 4-6. I porre er der dog en tendens
til at indholdet af Pb eges med stigende komposttilfersel. Indholdet af Zn, Cu og Mn er ikke
entydigt pavirket af komposttilforslen. Der er dog en svag tendens til at Zn-indholdet ages
ved stigende tilforsel. Ved at se pd forholdet mellem Zn og Cd treder disse resultater



tydeligere frem. Af tabel 7 ses at Zn/Cd stiger signifikant med stigende tilfersel af kompost.
Arsagen hertil kan maske skyldes at Zn optages lettere end Cd. Disse har nzr samme
position i det periodiske system og kan derfor eventuelt erstatte hinanden. Stigende Zn/Cd
kan ogsa skyldes at kompostens indhold af Zn er betydeligt storre end Cd. Som det ses af
tabel 1 indeholdt komposten da ogsa ca. 1000 gange mere Zn end Cd. Ganske vist er de i
tabellen anforte vardier totalindholdet af de forskellige stoffer og siger intet om
tilgengeligheden af disse. Jordprover udtaget 1987 viser imidlertid at Znt er steget vasentligt
med stigende komposttilforsel (Tabel 8).

Tabel 7. Forholdet mellem indhold af Zn og Cd i praver af grensager fra 1979 og 1987.
Ratio between Zn and Cd in vegetable crops grown in 1979 and 1987.

. Kompost, t torstof ha
45 45
121 136 189 162
22 23 33 35
36 46 92 112
37 41 52 57
39 42 55 77
93 93 240 279
67 83 191 218
57 64 115 124

Opleseligheden af Zn og andre tungmetaller reduceres med stigende pH (Herms og
Briimmer 1977; Brallier et al. 1996). Tilforsel af store maengder kompost med en pH-veardi
péd 8.0, som i dette forsog, vil ege jordens pH og dermed reducere opleseligheden af
tungmetallerne. Jordprover udtaget 1987 viser da ogsd at jordens pH agedes med stigende
komposttilfersel (Tabel 8). Om tilgengeligheden reduceres ved tilforsel af alkalisk kompost
med et stort indhold af tungmetaller afhenger dog ogsd af mangderne af de tilforte
tungmetaller. Gget pH er sandsynligvis forklaringen pi at indholdet af Cd i mange afgreder
i nzrverende undersogelse reduceredes med stigende tilforsel af kompost. Chu og Wong
(1987) har siledes fundet at planter optog frre tungmetaller efter tilforsel af komposteret
dagrenovation med en pH-verdi p& 8.0 end efter tilfersel af slam med en pH-veerdi pa 6.0.
undersagelser med gronsager har Jackson og Alloway (1991), Guttormsen et al. (1995) og
Brallier et al. (1996) vist at sivel indholdet af plantetilgengeligt Cd i jord som optagelsen
i planter reduceres med stigende pH. Af tabel 8 fremgar endvidere at koncentrationen af Cd
og Pb samt tilgengeligheden af Cu og P i jorden er oget, mens plantetilgzngeligt indhold -
af Mn er reduceret 9 ar efter tilforsel af kompost. Koncentrationen af Cd og Pb i jorden er
ikke nedvendigvis et udtryk for tilgengeligheden af disse.
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Tabel 8. Effckt af kompost tilfort efterdr 1978 pa jordens pH, gedningstilstand og indhold
af tungmetaller efterar 1987.

Effects of compost applied in the autumn 1978 on the soil pH, soil fertility, and content of
heavy metals in the autumn 1987,

N
0 6.1 8.3 12.0 8.2 1.5 2.0 34 0.24 .
5 6.3 8.5 12.1 1.7 1.5 2.2 4.1 0.24 15.5
100 6.8 10.2 11.6 6.7 0.3 5.1 11.5 0.28 17.9
200 7.0 11.9 12.4 7.2 0.2 8.1 18.6 0.35 22.1

1) 1 enhed svarer til 3 mg P pr. 100 g ter jord
2) 1 enhed svarer til 1 mg K eller Mg pr. 100 g tor jord
3) 1 enhed svarer til 1 mg Mn, Cu eller Zn pr. 1000 g ter jord

Af de her omtalte tungmetaller er Cd og Pb uenskede i kosten. Sammenlignes
de fundne koncentrationer af disse tungmetaller i nzrverende undersegelse med indholdet
i prover af dansk producerede gronsager i perioden 1977-80 (Hansen og Andersen 1983)
ligger maksimumkoncentrationen i nerverende undersogelse kun i et enkelt tilfzlde over
maksimumvardierne i proverne fra 1977-80 (Tabel 9). De i dette forsog fundne
maksimumkoncentrationer overskrider dog ikke de i Tyskland vejledende grenseverdier for
hejeste Cd- og Pb-indhold i bladgremsager, henholdsvis 0.1 og 0.8 ppm i friskvaegt (Anonym
1996).

Tabel 9. Maximale vardier for indhold af tungmetallerne Cd og Pb i grensagsproverne
sammenlignet med maksimale vardier i prover af dansk producerede grensager i perioden
1977-80 (Hansen og Andersen 1983)

Maximum values of Cd and Pb in the vegetable crops compared to the maximum values of
crops grown in 1977-80 (Hansen and Andersen 1983).

1) Inkluderer ogsé hovedsalat.

Konklusion
Tilfersel af komposteret dagrenovation og spildevandsslam pavirkede ikke udbyttet eller

indholdet af tungmetaller p& nogen entydig made i de undersegte gronsagsarter. Tilforsel af
forholdsvis store mangder let basisk kompost egede jordens pH selv 9 ir efter
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indarbejdning. Herved reduceredes opleseligheden og dermed tilgengeligheden af
tungmetallerne, iser Cd og Pb. Oget pH er derfor forklaringen p4, at indholdet af Cd i de
fleste afgrader i nerverende undersegelse faldt med stigende tilforsel af kompost.
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