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DYNAMIC STRAIN AGEING IN LiF SINGLE CRYSTALS 

H. L. FOTEDAR (*) and T. G. STOEBE 

Division of Metallurgical Engineering, University of Washington 
Seattle, 98105 Washington, USA 

RCsume. - Les interactions dislocation-defaut ponctuel ont ete etudiees dans des monocris- 
taux de LiF de haute purete contenant moins de 5 ppm de Mg. . par des techniques de vieillissement 
de contrainte dynamique. Deux mecanismes de vieillisscmetit de contrainte ont ete trouves. 
Au-dessous de 200 OC, le mecanisme est un faible ancrage des dislocations par des champs de 
contrainte tetragonaux autour des dip6les impurete-lacunc, donnant lieu a un leger accroissement 
du flux de contrainte apres vieillisse~nent sous contrainte. Au-dessus de 200 (IC. le vieillissement 
de contrainte est dG a iln fort ancrage des dislocations par des atmospheres ordonnees contenant 
des dipbles irnpurete-lacune et d'autres defauts ponctuels. La consequence est la presence d'un 
affaissement crant6 et une forte augmentation du flux de contrainte apres vieillissement sous 
contrainte. Les effets peuvenr aussi Ctre importants sur Ics resultars anterieurs des etudes de 
durcissenient de LiF. 

Abstract. - Dislocation-point defect iiiterac~ions have been investigated in high purity LiF 
single crystals containing less than 5 ppni of Mg?-, utilising dynamic strain ageing techniques. 
Two mechanisms of strain ageing have been found. Below 200 the mechanism is one of weak 
pinning of dislocations by tetragonal strain fields around impurity-vacancy dipoles giving rise to 
a slight flow stress increase after ageing under stress. Above 200 "C. the strain ageing is due to 
the strong pinning of dislocations by ordered atmospheres containing impurity-vacancy dipoles 
and othcr point defects. This results in the presence of serrated yielding, and a large flow stress 
increase after ageing under stress. Thcse erects may also be important in previo~~sly reported 
work hardening data in LiF single crystals. 

Introduction. - Dynamic strain ageing refcrs 
t o  the process or  processes which take place when 
a material is deformed plastically. This type of defor- 
mation usually manifests itself in the form of disconti- 
nuous yielding phenolnena, so~netimes accompanied 
by serrated stress-strain curves over specific ranges 
of temperature and strain rate. 

Dynamic strain ageing was first observed in ferrous 
alloys [ I ] ,  [2], 131 and until recently, most of the 
effort has been directed to understanding these 
systems [4], [ 5 ] .  In iron and steel. dynamic strain 
ageing produces serrated stress-strain curves, high 
work hardening r:iles, a negative temperature and 
strain rate dependence of the flow stress, and a 
reduction of ductility [4]. Dynamic strain ageing 
has also been observcci in other bcc alloys containing 
interstitial solutes [6]. [7] and i n  fcc alloys containing 
both substitutional [2] .  [8]-[I41 and interstitial impu- 
rities [I 21, [ I  51. [I 61. 

Serrated yielding has bccn observed in se\.eral 
impure ionic solids [17]. [20], and a detailed study 
has been made i n  NaCI [18]. 111 Cd-doped NaCI 
sing!e crystals. strain ageing can bc described in terms 
of Cottrell's theory [Ig]. In MgO single cr)lstals, 
Moon and Pratt [7] obscrvcd jerky flow in the tem- 
perature range 7000-1 000 "C during strain rate change 
tests, and have :~ttributcd this to strain ageing pro- 
cesses occurring in this temperutur-e interknl. Slrain 

(*)  Now at the Depol.tmcrlt of hfctollurgy. Imperial Collcgc 
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ageing was observed in impure LiF single crystals by 
Johnston [21], who observed that when a specimen 
was deformed slightly (0.1 0,; strain) a1 room tempe- 
rature and aged in situ at I15 ('C for 2 h, a yield drop 
was observed upon re-testing. This effect was found 
to be sensitive to the prior heat treatment of the 
crystals. For more highly pure LiF crystals containing 
about 3 ppm MgZi. Johnston observed no strain 
ageing regardless of the prior heat treatment. 

The present paper reports work in which yield 
drops are observed in high purity LiF single crystals 
when repeatedly deformed and aged under stress 
at temperature above 80 OC, and in which serrated 
stress-strain curves are observed above 200 OC. 
Observations ol' the inter-relationship of strain ageing 
\\.it11 work hardening is also reported. The results 
and causes for this behaviour are discussed below. 

Experimental details. - San~ples of high purity 
ultra-violet grade LiF single crystals of dimensions 
(10 x 4 x 4) mm3 were annealed at 700 O C  for 
48 h and furnace cooled to room temperature to 
standardise them and to anneal out any damage 
caused durinf clei~ving. These samples contained 
less than 5 ppm of' Mg2+ as principal impurity, as 
determined bl. a semiquantitative spectrographic 
analysis. These specimens \\.ere deformed in  compres- 
sion in an Instraon Uni\,ersal Testing Machine. 
u ~ i n g  a specialll. dcsigned jig [XI and a resistance 
furnace for tests above rooni temperature. 

Deformation \\$as achicvcd at a strain rate of 
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0.002/min., with a maximum stress sensitivity of nuous stream of air is passed between and around 
a 1 gm/mm2, corresponding to  a load sensitivity of the heated filament which provides the hot air used 
0.02 kg. to  heat the specimen. A cold air stream is used to 

A schematic representation of the stress-strain cool the specimen to  room temperature a t  the end 
curve of LiF during a strain ageing test and during of the ageing period. Typical cooling times for various 
subsequent loading is shown in figure 1. Two types temperatures range from 2 mn for cooling from 80 OC 
of test were performed, as described below. to 5 mn for cooling from 270 OC. 

STRAIN 

FIG. 1. - Schematic representation of a stress-strain curve 
during a strain ageing experiment and on subsequent re-loading. 

1. DEFORMATION AT TEMPERATURE T. AGEING AT T. 
DEFORMATION AT T. - In these tests the deformation 
and the ageing temperatures are identical. The testing 
procedure involves the deformation of the sample 
to  a pre-determined stress T, corresponding to  a 
certain strain a t  temperature T, noted in figure 1. 
The cross-head is then arrested and the sample is 
allowed to  relax under this stress for a certain ageing 
time, a t  the same temperature T, after which the 
test is resumed. The ageing time is taken as the time 
interval in which the cross-head is stopped. After a 
certain ageing period, tlie flow stress increment AT 
gives a measure of strain ageing under these ageing 
conditions in these crystals. The temperatures in these 
experiments are 100°, 150°, 200° and 350 OC for 
ageing times between 5 and 30 min. 

2. DEFORMATION A T  ROOM TEMPERATURE.  AGEING 
AT T. DEFORMATION AT ROOM TEMPERATURE. - This 
test is similar in principle to the one used by 
other workers [18], [23]-[XI, where strain ageing 
techniques have been used to study the interaction 
of dislocations with point defects. The test procedure 
consists of deforming the LiF single crystal in conipres- 
sion a t  room temperature (24 OC) to  a pre-stress T,, 
followed by ageing the specimen at a temperature T 
for a time t ,  and then bringing the sample back to 
room temperature. The deformation is then continued 
and this procedure repeated at each I "4 strain 
increment. The ageing temperatures used are SOo, 
1500, 2000 and 270 UC, for ageing times between 
5 and 30 min. 

The ageing temperatures are attained very rapidly 
(in less than 1 min.) by using two Sylvania Serpentine 
air heaters. These heaters consist of a serpentine 
Kanthal filament housed in n quartz tube. A conti- 

Results. - Traces of Instron chart recordings 
showing serrated yielding for LiF samples repeatedly 
deformed and aged a t  350 OC for 7 and 15 min. are 
shown in figure 2. Serrations in the stress-strain 

LOAD 

EXTENSION 

FIG. 2. - Trace of an Instron chart recording showing serrated 
yielding for samples repeatedly deformed and aged at  350 OC 
for periods of 7 and 15 min., as noted. Arbitrary vertical offset. 

curve are particularly prominent just after the end 
of the ageing period when the deformation of the 
specimen is resumed. For deformation and ageing 
at temperatures below 200 "C, serration in the stress- 
strain curves are not very prominent, although 
transient yield drops are observed after ageing. 
In general, AT increases with ageing time for type I 
experiments. Due to a considerable amount of scatter, 
this experimental data is difficult to analyse ; however, 
i t  does not fit the Cottrell-Bilby model [I91 in the 
manner of the data of Brown and Pratt [IS] in Cd- 
doped NaCI. 

Using the type 2 experiment, the effect of ageing 
time and temperature on the strain dependence of 
As. the shear stress increment, has been determined. 
Figure 3 shows the elrect of agelng temperature on 
AT after ageing for I5 min. at the temperatures noted, 
measured on subsequent rooln temperature defer- 
n~ation.  While A s  is nearly independent of strain at 
80 OC and 150 OC, it cleal-ly increases with strain at 
200 OC and does so much mol-e drastically at 270 "C 
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FIG. 5. - Resolved shear stress, measured just prior to rela- FIG. 3. - Magnitude of AT as a function of strain for ageing 
xation, as a function of strain at  various ageing temperatures, temperatures noted, after 15 min. ageing ; deformation carried 

as noted. out at room temperature. 
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The influence of ageing time in the type 2 experiment 
is shown in figure 4, where ageing at 80 OC and 150 OC 
causes AT to remain relatively independent of the 
ageing time. At 200 OC, AT increases and then decreases, 
while at 270 OC, AT decreases with ageing times over 
15 min., probably due to annealing and recovery 
processes occurring during ageing. 

This parameter will include an overall effect of any 
changes in the dislocation substructure on the stress- 
strain curve as a result of strain ageing and subsequent 
deformation. In the absence of any change in the 
dislocation structure, the work hardening rate, taken 
as the slope of such a T, vs. strain curve, should be 
the same as that for a sample which is not aged and 
not relaxed. For ageing temperatures of 800 and 
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FIG. 4. - Magnitude of A t  obtained after various ageing times 
as a function of ageing temperature, after 2 % strain, with 

deformation occurring at room temperature. 

Figure 5 shows the efTeect of ageing temperature on 
the stress-strain curves of aged, relaxed specimens 
compared with those of a non-aged. non-relaxed I 2 3 4 5 6 

samples. Here the I-esolved shear stress before rela- STRAIN (%) 

xati0Il s,, (indicated in figure I ) is given as a function ~ l c ; .  6.  - ~ a ~ ~ i t ~ d e  of as a function 01 strain after various 
of total strain during 21 scries ol'relaxation experiments. ageing times (as noted) for ageing at  270 OC. 
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150 OC, the observed work hardening rates are prac- 
tically the same as the room temperature values 
without ageing. However, for 200 OC and 270 OC 
ageing, work hardening rates are 1.5 and 2 times 
higher, possibly indicating a different mechanism 
of dynamic strain ageing. 

Figure 6 shows the strain dependence of AT as a 
function of ageing time at 270 OC. Generally, AT 
increases with strain, reaching a maximum for ageing 
times over 15 min., at and above 4 % strain. Further, 
at any particular strain AT decreases with increasing 
ageing times, showing overageing due to annealing 
effects. 

Discussion. - Studies of the temperature depen- 
dence of the critical resolved shear stress (CRSS) 
have shown that in samples containing less than 
50 ppm of divalent cation impurity, the CRSS increases 
with decreasing temperature in the region below 
200 OC [26], [27]. This hardening has been shown to 
obey the Fleischer mechanism [28], [29], in which 
the CRSS is determined by the thermally activated 
passage of dislocations near rigid impurity-vacancy 
dipoles located close to the slip plane. The maximum 
temperature at which the Fleischer mechanism governs 
the CRSS decreases with increasing crystal purity, 
being 150 OC for the high purity crystals used here. 
Ionic conductivity results confirm the presence of 
impurity-vacancy dipoles as the predominant defect 
in the range 80-250 OC in crystals of this purity [30]. 

At higher temperatures, where the Fleischer harden- 
ing mechanism is no longer present, the CRSS data 
becomes temperature independent [26], [27]. Here, 
the impurity-vacancy dipoles can reorient themselves 
around moving dislocations such that the dislocations 
will appear to  drag an ordered atmosphere in its 
wake. In the steady state, the dislocation will expe- 
rience a continuous retarding force which is inde- 
pendent of temperature [3 I]. 

In figure 2, the serrations in the stress-strain curve 
are observed because during ageing under stress 
a t  350 OC, the impurity-vacancy dipoles and some 
free cation vacancies, being quite mobile, diffuse 
to  the dislocations, forming ordered atmospheres, 
which effectively pin the dislocations. The flow 
stress then increases to  the higher level necessary 
to  free the dislocations from those atmospheres. 
These defects also exert a dragging force on the dis- 
locations, decreasing their mobility, whicll also 
causes an decrease in flow stress. During continued 
deformation, the flow stress falls, the dislocations 
slow down, become pinned again by atmospheres 
and the cycle is repeated on a smaller scale, giving 
rise to the observed serrated yielding phenomena. 

For the room temperature deformation experiments 
the effects of strain ageing are shown in figure 3 . 6 .  
For simplicity, two regions of dynamic strain ageing 
will be distinguished, one in the temperature range 
below 200 OC and the other operating at and above 

200 OC. For ageing temperatures below 200 OC, 
figure 3-5 s l~ow that : I )  AT is essentially independent 
of ageing time, 2) AT is nearly independent of strain, 
and 3) the work hardening rate is essentially the 
same as for unaged crystals deformed at room tem- 
perature. Based upon the CRSS and ionic conductivity 
data, it may be concluded that the impurity-vacancy 
dipole is a nljor defect contributing to this behaviour. 
When LiF samples are deformed at room temperature 
and aged a t  80 OC and 150 OC, the tetragonal strain 
fields around the impurity-vacancy dipoles can exert 
a pinning effect on the mobile dislocations. Since AT 
is independent of ageing time and strain, this indi- 
cates that the diffusion of dipoles to dislocations is 
not occurring during the ageing times used, and that 
very few point defects are produced upon subsequent 
deformation. As the observed AT values are fairly 
smalI at 80 OC and 150 OC, the yield drops must be 
caused by the higher stresses needed to pull the dis- 
locations away from surrounding dipoles. Practically 
no dislocation multiplication occurs at the upper 
yield stress since the work hardening rate in figure 5 
does not change. AT will be higher for 150 OC than 
for 80 OC because of a slightly increased mobility 
of the dipoles, which leads to the formation of dipole 
configurations which are more effective in pinning 
the dislocations. Thus for ageing below 200 OC, 
yield drops are obtained because higher stresses are 
needed to  pull the dislocations away from low energy 
configurations of impurity-vacancy dipoles. T h ~ s  
type of pinning is weak so that AT is relatively small 
in this region. 

After ageing a t  200 OC and 270 "C, the following are 
observed : 1) AT increases with strain, indicating that 
defects such as vacancies are being produced during 
deformation, 2) AT increases with ageing time, showing 
that the process is diffusion controlled and 3) the 
work hardening rate is higher than that resulting 
from room temperature deformation with no ageing. 
In addition ~t is generally found that the CRSS is 
independent of temperature above 200 OC, indicating 
that thermal activation alone helps dislocations to 
overcome short range barriers, without the assistance 
of stress. 

In thermal equilibrium above 200 "C, LiF crystals 
contain impurity-vacancy dipoles, free cation 
impurities and cation vacancies. When these crystaIs 
are repeatedly deformed at room temperature and 
aged at 200 '1C and 270 OC long-range diffusion of 
impurity-vacancy dipoles and vacancies can occur, 
and during ageing these defects can form atmospheres 
on the d i s loca~~on  lines [3 I], [32]. The probability 
of pinning by these atmobpheres is strong, so that 
very few moblle dislocations are left after each ageing. 
Since the strain rate depends upon the product 
of mobile dislocation density and the dislocation 
velocity [33] the stress rises in order to maintain the 
strain rate constant until the multiplication of dis- 
locations occurs. When this happens, the stress drops 



DYNAMLC STRAIN AGEING I N  LiF SINGLE CRYSTALS C9-371 

until work hardening takes over. AT a t  270 OC is of' 
the order  of  the yield stress o r  greater : the very 
high flow stress and work hardening rates must be 
the result of  the catastrophic dislocation multipli- 
cation occurring after ageing a t  this temperature. 

Prolonged ageing a t  higher temperatures results 
in overageing a s  is shown in figures 4 and 6. Overa- 
geing a t  270 OC manifests itself in the decrease of 
AT a t  higher ageing times, due to  various recovery 
processes such a s  the annealing of vacancies o r  the 
thermally activated climb of edge dislocations occur- 
ring during ageing. 

One can therefore conclude that there are two 
mechanisms that govern the dynamic strain ageing 
behaviour of pure LiF single crystals. Below 200 "C, 
the interaction of  dislocations with ~mpurity-vacancy 
dipoles controls the process. and since this interaction 
is p r e c l o n ~ i ~ ~ a n t l y  short-range in nature, it leads t o  
a weak pinning effect. Above 200 OC, there is a strong 
pinning of dislocations by ordered atmospheres of 
impuri~y-vacancy dipoles and point defects, which 
are long range in nature. The overall significance of 
these results becomes apparent  by comparison with 
dynamic strain ageing results in other systems. I11 
iron containing interstitial impurities, dynamic strain 

ageing is observed in the region where the CRSS 
is independent of temperature and strain rate [4]. 
This is also true in M g O  [20], NaCl [18], [35] and  
CaF, [I71 single crystals, as well a s  in the LiF  single 
crystals of the present work. Furthermore, L iF  also 
shows a n  increase in the rate of work hardening with 
temperature in the dynamic strain ageing region 
above 100 O C  [34], similar t o  the case of iron, where 
the increase in work hardening in the serrated region 
is due to  the enhancement o f  the dislocation multi- 
plication rate as a result of dislocation pinning by 
solutes. In LiF this increase in the work hardening 
rate has been considered t o  be due t o  the temperature 
dependence of tnultiple cross glide and  the activation 
of secondary slip systems a t  high temperatures [34]. 
However. some contribution to the work hardening 
rate increase by dislocation mutliplication due t o  
dynamic pinning effect cannot  be entirely ruled out.  
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