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1. INTRODUCTION

The main objectives of the present research project have

been as follows:

i) To characterize the state of aggregation of divalent cation

impurities in alkali halide single crystals by means of optical

and EPR spectroscopy as well as ITC techniques. Most emphasis has

been laid on optical spectroscopy (absorption and luminescence)

including some .aman data.

ii) To elucidate the role of dislocations on aggregation and

precipitation kinetics.

iii) To investigate the effect of the state of aggregation of

the impurity on the mechanical strength of the crystal. One of

the main aims is to try a correlation between the type of clus-

ters and precipitates formed in the crystal and its yield-stress

behavior.

2. OPTICAL SPECTROSCOPY TO STUDY PRECIPITATION OF DIVALENT CATION

IMPURITIES

2.1 Lead Doped Crystals

Pb+ + has absorption and luminescence spectra which are

quite sensitive to the state of aggregation in the lattice (1,2).

Consequently, it has been selected to optically monitor the clus

tering processes in alkali halides.

The absorption spectra of isolated Pb+ + contains the so-

-called A, B, C and D bands in order of increasing energy. The

A band is well separated from the other ones and can be conve-

niently studied. The peak position of the A band for several al-

kali halides is given in Table I. The luminescence spectra for

isolated lead appears to be more complex. Main emission bands

for excitation at the A band are also given in Table I.

Two different approaches have been followed to study the

clustering and precipitation behaviour. In one type of experiment:
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the aggregation processes have been monitored in several alkali

halides doped with lead, by studying the change in the absorp-

tion and luminescence spectra of Pb++. In particular, the ocur-

rence of new absorption bands around the A bands which may be

associated to clusters and precipitates has been investigated.

In other type of experiments, a small concentration of Pb++ ions

has been introduced in a crystal containing a much higher concen

tration of another impurity M++. It is expected that Pb++ may be

come incorporated into the clusters and precipitates of the majo

rity impurity M++. These Pb ions, placed in a different crystal

environment, should give rise to new bands, providing informa-

tion on the structure of the host clusters and precipitates.

The optical spectra were always taken at liquid nitrogen

temperature (LNT) to improve the spectral resolution by using a

conventional set-up. All doped crystals have been grown in our

laboratory by the Czochralski method in an inert atmosphere, to

avoid water contamination.

We w:il now consider separatedly the results obtained

with the two experimental approaches.

2.1.1 Samples exclusively doped with lead (AX:Pb++ )

The following host alkali halides have been investigated:

NaCl, KCl, KBr, KI and RbCI. Most complete data have been obtai-

ned for NaCl, KCl and KBr.

NaCl:Pb: The evolution of the absorption spectra at the

A band region during ageing (isothermal annealing) has been fo-

llowed at various temperatures. Figs. 'a and lb show the results

for NaCI:Pb aged at RT and 160 0 C respectively. At RT, additional

bands develop on both sides of the A band (265 and 285 nm). The

band at 285 nm approaches saturation at long annealing times.

At 160 0C, the same new bands grow initially with time. At longer

times, the 285 nm band saturates and then decreases, whereas at

the high-energy side a very prominent double band develops with

peaks at 262 and 266 nm. Luminescence experiments to be descri-

bed below have shown that this band is different from that occur

-Ai I I I 1 Inl I m



ring at RT. Figs. 2a and 2b show the growth of the various bands

at RT and 160 0 C respectively. At 200 0C the behaviour is similar

to that at 160 0C, although processes are faster.

The luminescence experiments permit to diferenciate
among the bands appearing during RT or the initial stages of

clustering at high-temperature and the double band typical of

the late stage of ageing. The luminescence emissions of the in-

termediate bands (265 and 285 nm) lie in the 500-600 nm region,

whereas the two component bands in the strongly aged sample (262

and 266 nm) show a well-defined emisssion at 430 nm, Fig. 3. It

is to be remarked that this emission is the same observed when

an as-grown sample is excited at the 265 nm band, previously

attributed to PbCI 2 precipitates (3). On the other hand, the ther

mal annihilation of the two bands of the doublet occurs at the sa

me temperature, Fig. 4, which also coincides with that for the 265

band of the PbCl2 precipitates in the as-grown samples. It has

been, therefore, concluded that the double band is, also, associa-

ted to PbCl 2 precipitates. The two component bands at 262 and 266

nm correspond to the splitted A transition of the Pb++ ions in

the non-cubic crystal field.

The intermediate bands, which are the only ones appearing

at RT, may be associated to the plate-zone precipitates already

observed by Suzuki (4) in NaCl:Ca, although more work is necessa-

ry, for a definite assignement.

KCI:Pb: Similar ageing experiments have been performed

for KCI:Pb. At RT no new bands develop. At 200 0C, additional

bands grow at both sides of the A band (264 and 280 nm), Fig. 5.

It is noteworthy that the rate of growth of those bands very mar-

kedly depends on prior plastic straining, suggesting that dislo-
cations may be involved as nucleation centers for the responsible

phases. A comparison between the absorption spectra of unstrained

and 3% strained samples after the same ageing time at 160 0 C is

illustrated in Fig. 6.

A~kNI



The luminescence emission of the additional bands at 264

and 280 nm, consists of a main band at 550 nm. Some previous

authors (5) have assigned the absorption and luminescence bands

to Suzuki phase precipitates, although definite evidence is

still lacking. Anyhow, at variance with NaCl:Pb, the presence

of a band which could be attributed to PbCl has not been detec2 _

ted in any of the experiments.

Raman spectra on samples presenting the 264 and 280 nm

bands, have not shown any lines which may be attributed to Su-

zuki-phase (6) or PbCI 2 precipitates.

KBr:Pb: The A band of low doped and well quenched sam-

ples appears at 298 nm.

Ageing at PT or 100 0C do not induce the occurrence of

new bands. On the other hand, at 200 0 C, additional absorption

bands at 307 and 323 nm are observed for concentrations 30 ppm,

Fig. 7. These bands thermally disappear at temperatures -300 0C.

For 450 0C ageing, a well-resolved band at 265 nm grows, whereas

those appearing at the lower temperatures are obviously abbsent.

Luminescence experiments will be performed in the future

to clarify the origin of the various absorption bands.

PICI:Pb and KI:Pb: For these materials, the experimental

study has been less detailed.

In the case of RbCl:Pb,new bands appear on ageing, which

depend on ageing temperature, Fig. 8.

For KI:Pb, several absorption bands develop during ageing

treatments. Due to the highly higroscopic behavior of this mate-

rial, the possible role of humidity in the optical spectra should

be elucidated, before any meaningful conclusion can be obtained

from the data.

2.1.2 Double Doped Samples (AX:M ++:Pb)+ +

A small concentration (-10 ppm) of Pb++ has been introdu-

ced during growth in NaCI, together with a much higher concentra

tm
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tion (-300 ppm) of another divalent cation impurity M++ (M++=

Cd, Sr, Ca, Ba, Mg and Mn). The Pb++ ions are expected to moni

tor optically the clustering behavior of the major impurity M++•

Fig. 9 shows the absorption spectra at LNT for as-grown

samples of NaCl:Cd:Pb, NaCl:Ca:Pb and NaCl:Sr:Pb. For the three

systems, the absorption spectra after quenching involve exclusi
++

vely the typical A band of Pb at 272 nm. The as-grown samples
show new well-defined bands at 284 nm for NaCl:Cd:Pb, 249 nm for

NaCl:Sr:Pb and 258 nm for NaCl:Ca:Pb. In order to ascertain that

these bands are, indeed, associated to lead, isothermal ageing

treatments as well as thermal annihilation and luminescence ex-

periments have been performed on them.

NaCl:Sr:Pb: This has been the system more thoroughly inves

tigated. Fig. 10 shows absorption spectra after various ageing

times at RT. An additional band grows at -285 nrm, between the A

band and that appearing at 249 nm in the as-grown samples. In

Fig. 11 similar data for 160 0 C ageing are displayed. Here the

255 nm band grows initially and then decreases in the benefit

of the 249 nm band, which becomes prominent after long ageing

times. The detailed kinetics of growth for the various bands

is given in Figs. 12 and 13.

The thermal annihilation behavior of the various bands is

snown in Fig. 14. Luminescence experiments have shown that the

255 nm band is made up of two different components at 255 am

and 260 nm, since their emissions are clearly different, Fig. 15.

The emission band at 290 nm obtained for excitation at the 249 nm

band is illustrated in Fig. 16, together with the excitation

spectrum for the emission (see inset).

Comparison of these data with previous work (7,8,9) on

NaCl:Sr, has led to the following conclusions:

a) The 249 rim band is associated to Pb++ embedded in SrCI2
precipitates.

b) The 255 nm and 260 nm bands should correspond to Pb+ + in

6hl.l l AA. -. I
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intermediate metastable phases in the formation of the SrC12 pre

cipitates.

NaCl:Cd:Pb: Ageing at RT induces the growth of the absorp

tion band at 284 nm appearing in the as-grown samples, Fig. 17.

It presents a luminescence emission at 610 nm, and annihilates

at -90, Fig. 18. Complementary X-ray difraction experiments have

revealed that in as-grown samples two phases are present. The

Suzuki phase and the 2NaCl:Cl 2Cd hexagonaD one, this being

much more intense. This hexagonal phase disappears above -150 0 C.

On the other hand, previous X-ray data (10) have indicated that

the Suzuki-phase annihilates at -400 0C (at higher concentrations).

In base to the available evidence the following temptative

proposal is advanced:

The 284 n band is ascribed to Pb++ embedded into the he-

xagonal phase.

NaCI:Ca:Pb: This system appears particularly complex. For

as-grown samples, a prominent absorption band at 258 nm is obser

ved, together with some indication of the A band, ( see Fig. 9).

The emission for excitation at 258 nm consists of a main band

peaked at 340 nm.

During RT ageing (after quenching), the absorption spec-

trum approaches that of the as-grown samples. Two clear emissions

appear at 340 nm and 365 nm, which are excited at 255 nm and 265

nm within the absorption band at 258 nm.

For samples aged at 200*C, a final absorption spectrum

develops with a double band at 262-266 nm, Fig. 19, yielding

intense emission at 290 nm.

It has been concluded that the double absorption band

(262-266 nm) corresponds to Pb++ embedded in CaCI 2 precipitates,

which have beei shown ( 11) to form during high temperature ageing.

The b- .s observed during RT ageing may correspond to intermedia

p..ases in the formation of the CaCI 2 precipitates, such as

the plate-zones found by X-ray diffraction (4).

*
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2.2 Europium Doped Crystals

Since the end of the last reporting period a number of

experiments have been performed on NaCl:Sr:Eu, where Eu++ is

used as an optical probe to monitor the clustering behavior of

Sr. Europium may be an alternative to lead in the optical study

of clustering processes.

The observed optical spectra of divalent europium in al-

kali halides consists in the UV range of two broad bands which

have been interpreted as transitions from the lowest Stark com-

ponent of the 4f7 (8 S) ground state of Eu+ 2 to the t2g and eg

components of the 4f65d configuration (12). The separation bet-

ween them is due to the 10 Dq splitting of the 5d orbitals by

the crystal field. Recently, the optical spectrum of Eu++ has

been shown to be quite sensitive to its state of aggregation (13).

The absorption spectra for quenched and as-grown NaCl:Eu are

given in Fig. 20.

NaCI:Sr:Eu: After quenching, the absorption (excitation)

and emission spectra of NaCl:Sr:Eu are as for Eu++ dissolved

in NaCl. For as-grown samples, the luminescence emission lies at

407 nm, which is close to that for EuCl 2 Also, the 10 Dq infer-

red from the excitation spectrum is very similar to that of Eu++

in EuCI As a temptative proposal, the spectrum of as-grown

samples is attributed to Eu++ in SrCl 2 precipitates.

More work is needed to get a more complete picture of Sr

clustering by using Eu as optical probV., although the obtained

data are very promising.

2.3 Conclusions

It has been clearly shown in this work that Pb is a very

useful optical probe to follow clustering processes in alkali

halides and identify some of the precipitates formed. In fact,

well-defined additional absorption and luminescence bands deve-

lop on ageing and some of them have been ascribed to specific

types of precipitates. Europium is also a very promising probe

4I

%. TL
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to study precipitation, although more work is needed for a tho-

rough evaluation of its usefulness. One of the advantages of eu

ropium lies in the use of EPR techniques in parallel with opti-

cal measurements to determine the structure of aggregates and

precipitates.

Raman spectroscopy was shown to be an adequate tool for

identification of precipitates ( 6). However in the present work,

the Raman spectra have not permitted unambiguous identification

of precipitates.

3. ITC DATA

The ITC technique has been used to study: a) impurity-va

cancy dipoles and their ageing behavior and b) the relaxation

peak associated to precipitated phases.

In relation to point a), the ITC spectra of KI doped

with Ca, Sr, Pb and Ba has been investigated to complete the

available experimental information. A dominant peak at 200 0K,

has been found in all systems and attributed to free dipoles.

Relaxation parameters have been obtained.

As to point b) the ITC spectra of KCl:Pb has been stu-

died after suitable thermal treatments apparently leading to

the formation of Suzuki-phase precipitates. For ageing at 2001C,

single relaxation peak with maximum at Tm = 252'K has been ob-

served, Fig. 21. At 150 0C an additional peak appears together

with that observed at the higher temperature, Fig. 22.

The occurrence of two relaxation peaks may allow for ex-
plaining the dependence of the temperature Tm for the maximum

of the ITC band with polarization time and temperature. So far,

a correlation of these ITC peaks with optical bands has not

been succesful.

4. 9.P.R. DATA

Some E.P.R. data have been taken on alkali halide crys-
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tals doped with a small concentration of Mn++, as a paramagne-

tic probe, together with a much higher concentration of another

divalent impurity M++ (Ca, Cd, Pb) . Although the E.P.R. spectra

have been shown to be sensitive to the thermal or ageing treat-

ments, no conclusion has been obtained because of experimental

failure at the end of the first reporting period.

5. MECHANICAL DATA

5.1 Summary of available data:

It has been recently reported (14), that the hardening

behaviour during thermal annealing after quenching is quite dif

ferent for NaCl:Pb and KCI:Pb. In fact, the yield-stress of

NaCl:Pb increases markedly with annealing time for concentra-

tions 15 ppm, whereas for KCl:Pb it remains constant even for

concentrations as high as 220 ppm. Furthermore, treatments appa

rently leading to Suzuki-phase precipitates in this material

(15) do not induce, either, an observable change in yield-stress.

This clear difference between both systems was interpreted in

terms of a different aggregation behaviour of lead ions. Semico-

herent precipitates seem to be rapidly formed for NaCl:Pb, and

lead to the incoherent phase PbCl 2 during high-temperature annea

ling (16, 17, 18) whereas aggregates and coherent precipitates

(presumably Suzuki-phase like) are induced during annealing of

KCl:Pb (15). For both systems, the initial stages of aggregation

(formation of dimers, trimers, etc) do not cause any extra-har-

dening effect with regard to the isolated dipoles.

In addition to the above mentioned data for NaCl:Pb and

KCl:Pb, some interesting data have been, also, published for

other systems on the effect of impurity aggregation on yield-

-stress (19, 20). Unfortunately, the available information is

still very scarce and fragmentary. Moreover, the data have been

usually discussed ( 21, 22) in terms of a simple aggregation model

of dipoles into small aggregates (trimers, etc) and the formation

of well-defined precipitated phases has been ignored. Consequent-
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ly, the influence of impurity precipitation on yield-stress be-

haviour has not been so far adequately considered.

In this work, we have extended the same type of experi-

ments reported ink 2) , to other divalent-cation doped systems.

The main emphasis has been laid on systems ( e.g. NaCl:Cd and

NaCl:Ca), where the aggregation and precipitation behaviour has

been studied by other techniques (23, 24, 25, 26, 27) and a rea

sonable understanding of the precipitates formed during annealing

is available. In fact, the main objectives of this work is to elu

cidate the correlation between the nature of those precipitates

and their effect on the yield-stress of alkali halide crystals.

5.2 Experimental Procedures

The system investigated have included: NaCI doped with

Ca, Sr, Mn and Cd, KCI with Pb and KBr with Sr and Pb. For all

cases, concentrations in the crystal have been determined by ato

mic absorption spectrophotometry. The study has been performed

for standard size samples (4x4x10 mm 3) as well as small-size sam

ples (2x2x6 mm3 ) for which quenching rates are higher. The results

are similar, although the scatter of data-points is quite large

for the latter case.

Quenching treatments were performed by heating the sample

for 20 min. at 450 0 C and then dropping it onto a copper block.

The efficiency of this quenching rate for small-size samples has

been checked as follows: for NaCl:Mn the broad EPR signal for ag

gregated manganese is eliminated for concentrations %200 ppm;

for NaCl:Pb the optical absorption bands associated to PbCl2 pre

cipitates disappear for concentrations -60 ppm and the ITC spec-

tra consist of the single band corresponding to isolated dipoles

for this concentrations. Anyhow, the situation for other systems

and concentrations will depend on the detailed shape of the TTT

diagrams and a definite prediction cannot be advanced, because

perhaps for the higher concentrations the hardness after quen-

ching cannot correspond with that due to isolated dipoles.
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Isothermal annealing treatments were carried out in the

temperature range 20-200 0 C. Mechanical testing was always carried

out at room-temperature (RT), in an Instron testing machine.

Stress-strain curves had in all cases the typical shape (28, 29).

Macroscopic yield-stress values were determined by the intersec-

tion of tne extrapolation of the easy-glide stage with the linear

elastic region.

5.3 Results

First, it has been ascertained that for low enough concen

trations, below a certain threshold depending on the material,

all systems show a yield-stress which is independent of annealing

time for all temperatures within the covered range. This is illus

trated in Fig. 23 for NaCl:Mn ( 58 ppm) annealed at RT, where the

evolution of the yield-stress with time is compared with the de-

crease in dipole-concentration as inferred from the EPR spectra.

In the inset of that figure, the dependence of yield stress with

annealing time at RT, 100 and 200 0 C for other systems (NaCl:Ca,

KBr:Sr, NaCl:Cd and KBr:Pb) is included. This result confirms

that the formation of the first aggregates (dimers, trimers) from

the I-V dipoles does not modify the yield-stress of the crystal

with regard to the isolated dipoles, as concluded in previous

work (14).

For higher concentrations,where some type of precipitation

is involved, the experimental data indicate that two opposite

behaviours are found, depending on crystal systems:

A. NaCl:Cd, NaCl:Mn, KCI:Pb, KBr:Pb and KBr:Sr

For NaCl:Cd, where Suzuki-phase precipitates are unequi-

vocally formed, the dependence of yield-stress on annealing time

is given in Figs. 24 and 25. Fig. 24 shows the data correspon-

ding to RT annealing and Fig. 25 those for samples annealed at

200 0 C. At RT, the yield-stress remains constant or perhaps expe-

riences a slight initial increase with time for the lower concen

trations( 37 ppm), whereas for the higher concentrations it
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shows a definite decrease during the initial stages of annealing

(-10 hrs.). For longer annealing times, the yield-stress reaches

a steady value in all cases. At 2000 C, the situation is somewhat

similar. Except for the lowest concentration, where the yield-

-stress is basically constant during annealing, a marked initial

softening of the crystal is observed, until a final steady value

of yield stress is found, as for the RT case. The amount of sof-

tening is much higher for 2000C than for RT annealing. For 1000C

annealing the observed behaviour is intermediate between that

described for RT and 200 0 C.

The same basic behaviour is found for other systems: KBr:Pb

KBr:Sr and NaCI:Mn. Data on the evolution of the yield-stress with

annealing time for KBr:Sr, containing various amounts of Sr, are

shown in Fig. 26 and 27, corresponding to RT and 2000C annealing

respectively. The results are quite similar to those described

above for NaCI:Cd, although the decrease in yield-stress is,here,

much more pronounced. A comparative plot of the effect of 200 0C

annealing on NaCI:Cd, KBr:Sr, KBr:Pb and NaCl:Mn crystals, with

similar doping levels, is given in Fig. 28. The "softening" effect

is particularly small for NaCl:Mn which also presents some pecu-

liar behaviour at 100 0C, where some initial softening, followed

by hardening has been observed. More work should be necessary on

this system to clarify its behaviour. Anyhow, efficient migration

of Mn to the crystal surface has been reported during heating

(30) that may interfere with the aggregation process and be res-

ponsible for the complex yield-stress behaviour.

For KCl:Pb, a detailed comparison can be made between the

mechanical data and the evolution of the optical absorption spec

tra. As shown in Fig. 29, the yield-stress is constant during

2000C annealing whereas an absorption band at 280 nm grows stea-

dily with time at the cost of the A band of Pb++ . At the same

time, lead-vacancy dipoles decay with time as revealed by dielec

tric loss and ITC techniques on similarly doped samples(31). In

fact, the additional optical bands have been associated to Suzu-

ki-phase precipitates (32), although direct evidence for this
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particular structure is not yet available.

For lead concentrations much higher (-3600 ppm) than those

used previously, the yield-stress decreases with annealing time

as commented above for NaCl:Cd, NaCI:Mn, KBr:Sr and KBr:Pb.

B. NaCl:Ca, NaCl:Sr, NaCl:Pb

The data obtained for NaCl:Ca, NaClSr and NaCI:Pb, show

an opposite behaviour to that corresponding to the materials in-

cluded in section A. Fig. 30 illustrates the evolution of yield-

stress with annealing time at 100 0 C for Nacl:Ca crystals, contai

ning various amounts of Ca. It is clear that, now, a very marked

hardening is obtained during annealing, for concentrations above

a certain threshold. Comparative data for NaCl:Pb, NaCl:Sr and

NaCl:Ca are given in Fig. 31. At higher temperatures, the annea-

ling-induced saturation hardening becomes smaller as reported

for NaCI:Pb. Data for NaCl:Sr are shown in Fig. 32. Above 175 0 C,

practically no annealing-induced hardening is observed. For

NaCl:Pb, the optical data described in section 2.1.1 can be now

compared with the yield-stress data. Specifically the evolution

of the yield-stress with time has been correlated with the growth

of the optical bands developed during isothermal ageing. Fig. 33

shows the data for RT ageing and Fig. 34 those for 200 0C ageing.

At RT, only the intermediate band (286 nm) develops but not that

one associated to PbCl 2. The yield-stress increases in good cor-

relation with the growth of that 286 nm optical band. At 200 0C,

the initial rapid hardening is also associated to the growth of

this intermediate band. For longer annealing times, where the

286 nm band decays in the benefit of that of PbCl2 , a clear de-

crease in yield-stress is observed.

5.4 Conclusions

Although it is not possible to give a detailed picture

of the hardening ( or softening) mechanisms operating in the va-

rious systems, some general conclusions can be inferred from

the data:



14.

a) The formation of small aggregates ( dimers, trimers) from

the isolated I-V dipoles does not induce any change in yield-

-stress for all the investigated systems. This conclusions is

in accordance with that reported by Dryden et al. (19).

On the other hand, the changes in yield-stress observed

by these authors for NaCl:Ca and LLP.Mig and attributed to the

formation of larger aggregates are very likely related to the oc

currence of precipitation processes as discussed below.

The constancy of the yield-stress, regardless of whether

dipoles are isolated or forming small aggregates appears more

consistent with a Snoek-type ( 33) than with a Fleischer harde-

ning mechanism (34). In fact, the latter model would imply a

yield-stress markedly dependent on aggregate configuration be-

cause of the differences in the associated stress-field, parti-

cularly its axiality.

b) For systems such as Nacl:Cd, where Suzuki-phase precipita-

tes are formed, a clear softening of the material is observed du

ring annealing for concentrations above a certain threshold. This

behaviour could be attributed to the fact that these precipitates

retain a high degree of coherence with the host lattice. In fact,

one should presumably attribute the observed decrease in yield-

stress to the increase in the interphase area between the preci-

pitate and the crystal host associated to the cutting of the pre

cipitates by the moving dislocations (35). This mechanism predicts

a yield-stress value which decreases on increasing precipitate

size, and consequently during annealing time. The amount of sof-

tening increases with annealing temperature, suggesting that

the final precipitate size is correspondingly larger.

For the other systems where softening has been also obser-

ved, the simple criterion advanced by Sors and Lilley (36) sug-

gests that Suzuki-phase precipitates are also expected since all

r++/r+ s 1.2, r++ and r+ respectively being the impurity and host

cation radii.

In summary, the softening appears to be a general effect
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associated to the Suzuki-phase or similarly coherent precipitates.

c) For systems, such as NaCl:Ca, NaCl:Sr and NaCl:Pb, where

the stable dihalide phase has been reported to occur, a definite

hardening is observed at not high annealing temperatures (51500C

for NaCl:Pb and :100*C for NaCl:Ca and NaCl:Sr). However, the new

data on NaCl:Pb unequivocally show that the hardening observed at

these lower temperatures is not associated to the stable but to

some intermediate phases. The same conclusion would apply to NaCI:

Ca,where X-ray studies have revealed that the phases formed below

-1000C, correspond to small plate-like structures, called the

plate-zones, parallel to {1111 and {310} planes of the matrix lat

ticek' 10, 24). These plate-zones posses a stoichiometry similar

to that of CaCI 2, although retaining some degree of coherency

with the matrix. At higher temperatures, the plate-zones (speci-

fically the {111) turn into the incoherent dihalide CaCI 2 phase.

In both cases NaCl:Ca and NaCl:Pb, the coherency of the interme-

diate phases should diminish during annealing because of the in-

creasing precipitate size. This accounts for the initial harde-

ning observed in the curves of Figs. 6 and 9. On the other hand,

the formation of the stable phase at longer annealing times is

associated with a lower value of the yield-stress, which is par-

ticularly significant at the higher temperatures. This effect

can be explained in terms of an Orowan-type mechanism for the

overcoming of the incoherent dihalide precipitates by the moving

dislocations (35).

Although the precipitation behaviour for NaCl:Sr is not

so clearly established, the situation appears to be similar. In

fact, intermediate rod-like precipitated phases have been repor-

ted during low temperature annealing, which develop into SrC12
at higher temperatures. Furthermore, some very recent results

on NaCl:Eu show the same behaviour and have been explained with

a similar scheme (13).

As a summary, the correlation between the kind of mecha-

nical response, the ratio r++/r+ and the type of final precipita

te formed or expected can be easily visualized in Table M. One
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may conclude that measurements of the variation of yield-stress

with ageing time can be used to follow and qualitatively distin

guish the type of precipitation behaviour in divalent cation do-

ped alkali halides.
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TABLE I

Wavelength location (nm) of A absorption and

emission bands at LNT

Material Absorption Luminescence

NaCI 273 310, 380

KCl 272 345, 420

KBr 298 365, 470

KI 351 397
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