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Slip systems and plastic anisotropy in CaF2 
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An examination was made of the slip planes activated in high-purity CaF 2 single crystals with 
various orientations deformed by compression between 20 ~ and 600 ~ It was found that 
{1 1 0} was the most difficult and {1 0 0} the easiest to activate. These results are compared to 
results for UO2 and zirconia. 

1. Introduction 
A number of slip systems has been found for the 
deformation of CaFz-structure crystals; the choice is 
dominated by electrostatic and point-defect issues [1]. 
All materials have the same ( t  1 0) slip direction. In 
non-stoichiometric UO2, the primary slip plane is 
{100} at low O/U ratios and high temperature 
( T >  1673K), while {1 1 1} is the prevalent plane at 
low temperatures for all compositions and all the 
orientations chosen [2, 3]. 

A detailed study of the various slip systems has been 
performed for zirconia, especially on Zr02  which has 
been fully stabilized with 9.4 tool % Y203 when defor- 
med at 1400~ [4]. Secondary slip was activated 
along the {1 10} and the {t t 1} planes; their critical 
resolved shear stress (CRSS) was similar and it was 
about 30 % higher than for the primary {1 00} slip 
plane [4]. 

The behaviour of CaF2 is not modified by the large 
amount of point defects; this is also true for UOz and 
zirconia. The literature on CaF 2 has concluded that 
the primary slip planes {I 00} [5-9], and a secondary 
slip plane, {1 1 0}, plane is mentioned by several au- 
thors [6, 8, 9, 10]. In order to rationalize the know- 
ledge on slip systems in CaF z compression tests were 
performed for a number of orientations at temper- 
atures between 20 and 600 ~ (the melting temper- 
ature TM = 1418 ~ = 1691 K). After determining the 
various slip systems which were activated, a CRSS 
could be ascribed at various temperatures. 

thermal equilibration of the furnace (1- 2 h at the test 
temperature). 

The specimen sizes were close to 3 x 3 x 6 mm 3, and 
they had the orientations depicted in Table I. They 
were chosen to be analogous to specimens in previous 
works on UO2 [2, 3] and zirconia [4], in order to 
achieve different Schmid factors f (Table I). 

2.2. Mechanical tests 
Compression tests were conducted at a constant strain 
rate ~ ~_ 1.4 x 10 .5 s-1 in an Instron machine equip- 
ped with an electrical furnace operating in air, Tests 
were performed at temperatures between 20 and 
600 ~ 

Engineering stress ~, versus strain, ~, curves were 
deduced from force-time curves. The shear stress, 
and the shear strain ~, were calculated as z = c~f and 
y = ~/f; these values are valid at small deformations. 

In the data plotted in the Figures 5-7, we have not 
deduced the elasticity of the testing equipment, which 
is of the order of 17.9 N gm-  I (the force-displacement 
ratio). 

The CRSS were taken on ~r-~ curves at the offset 
from linear behaviour. 

2.3. Observations of specimens 
Optical reflection microscopy was used to detect slip 

2. Experimental procedures 
2.1. Specimen preparation 
Single crystalline CAP2, made for infrared optics up- Compression 
plications, was provided by SOREM (Pau, France). axis 
Compression specimens were cut using a diamond 
saw, after orientation by a Laue X-ray diffraction 
(XRD) technique. The accuracy of the orientation was (001 ) 
better than 5 ~ The specimens were polished, after (115) 
being cut, using diamond pastes of decreasing sizes (113) 

(112) 
down to 3 ~m. The mechanical tests were then per- (0t 1) 
formed with no other step in the process, except for the 

TABLE I Crystallographic data for the various orientations of 
CaP 2 single crystals and the corresponding Schmid factors f, for the 
different slip planes and the variqus (I 30) slip directions 

Lateral Schmid factors for 
faces slip planes 

{100) (110} {tlt} 

(li0) (1 I0) 0.00 0.50 0.4I 
(552) (130) 0.26 0.44 0.45 
(3 3 2) (110) 0.39 0.36 0A5 
(1 11) (130) 0.47 0.25 0.41 
(1 li) (2il) 0.35 0.25 0.4t 
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lines on the lateral faces of the specimens. Contrasts 
were difficult to obtain because of the transparency of 
the CaF2 crystals. This could be achieved by using 
low-intensity illumination and defocusing the micro- 
scope from the surface. In such conditions, it was 
possible to reveal slip bands even when the disloc- 
ations did not leave steps because their Burgers vec- 
tors were parallel to the surface. 

The angles between the slip bands and a reference 
axis were measured and used to determine the slip 
planes by using stereographic projections. 

3. Results 
3.1. Determination of the slip systems 
Our experiments allowed the slip planes to be deter- 
mined, with some indication of the slip direction; no 
steps were expected when the slip direction was para- 
llel to the observed surface. There were no indication 
of directions other than the usual ( 1 1 0> directions. 

The common {100} plane has been observed for 
many experimental conditions (Table II). An example 
is shown in Fig. 1 where the {100} plane was activa- 
ted at room temperature. Slip lines are well contrasted 
in the (5 5 2) face of this specimen deformed along 
(1 1 5>; we concluded that this was because of the 
activation of the (001) [1 10] slip at room temper- 
ature. 

For specimens compressed along ( t  13>, the slip 
lines in the (3 3 2) faces are very similar to the slip lines 
displayed in Fig. 1, corresponding to the (00 1) [1 10] 
slip. Strong contrasts are visible on the orthogonal 
faces (Fig. 2), but they do not correspond to any step at 
the surface. This indicates that the slip direction is 
parallel to [1 10]. The lines in Fig. 2 correspond, 
around the edge of the specimen, to lines which are 
perpendicular to the compression axis in the (3 3 2) 
face. This allows the conclusion to be made that only 
one slip plane has been activated. 

For specimens deformed along (00  t ) ,  slip planes 
of the {100} type cannot be activated (Table I). We 
expect either {1 1 t} or {1 t 0} planes. We chose the 
{1 10} lateral faces, which allowed us to distinguish 
between the two slip planes. A specimen deformed by 
0.4 % at 183 ~ displayed a few contrasted lines per- 
pendicular to the compression axis. Other faint lines 
were detected either perpendicular or at 32-39 ~ to 
(0 0 1 > (Fig. 3), so it can be concluded that the { 1 1 1 } 
planes had been activated. 

TAB LE II The slip planes which are observed for CaF 2 when it is 
deformed at various temperatures and compression directions 

Compression Slip planes at various temperatures, T 
axis 

T = 2 0 ~  9 0 < T < 4 0 0 ~  400<  T < 6 0 0 ~  

<001> F" {111} {110} 
<11s> {lOO} {loo} {111} 
<113> {100} + P {100} {100} 
<112> V a {100} {100} 
<011> {100} {100} {100} 

~F indicates fracture. 
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Figure 1 Slip lines on a (5 5 2) face of a specimen deformed along 
[1 1 5] at room temperature (a = 0,38%). The visible edge of the 
specimen is parallel to the compression axis. 

Figure 2 Slip lines on a (150) face of a specimen deformed along 
[1 1 3] at T = 136 ~ and a = 1.62%, The visible edge of the speci- 
men is parallel to the compression axis. Here, the contrast is due to 
dislocation stresses affecting the optical properties of CaF 2. 

The {1 1 1} <1 10)s l ip  system was also activated for 
the <1 1 5) compression axis for high temperatures 
T > 462 ~ (0.43 TM). 

For the same orientation at 600~ only lines at 
55-60 ~ from the <001)  compression axis were ob- 
served (Fig. 4); this was attributed to the {1 1 0} slip. 
The lines are fairly straight for such a high-temper- 
ature deformation. 

After compression at room temperature along 
<011 ), the specimens tended to cleave along a { 1 11 } 
plane parallel to the compression axis. The faces were 
covered with several sets of faint lines. The {1 00} 
planes were identified, as was expected from the pre- 
vious observations. 

The slip planes observed for the various experi- 
mental conditions are summarized in the Table II. 
The {00 1} planes are the most frequent. 



Figure 3 Slip lines for a specimen deformed at 183 ~ along [001] 
(e = 0.4%). The edge of the specimen is parallel to the compression 
axis. The observation was of a (1 10) face. Similar lines were 
observed in the orthogonal lateral face. 
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Figure 5 The resolved stress, r and strain, 7, for the deformation of 
CaF2 crystals along different compression directions at various 
temperatures. All the tests corresponded to the { l 0 0} slip. 
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Figure 6 "c 7 curves for compression along (001) at various tem- 
peratures. The {110} slip was activated. 

Figure 4 Slip lines for a specimen deformed at 600~ along [00 t] 
(~ = 0.85%). The edge of the specimen is parallel to the compression 
axis. The observation was of(t 1 0) face. Similar lines were observed 
in the orthogonal lateral face. 

3 .2 .  T h e  s t r e s s - s t r a i n  b e h a v i o u r  
A number  of stress-strain curves are given in Figs 5, 6 

and 7 with axes z-7.  They display a parabolic behavi- 
our  which was not  found in the results of other 
authors  [7]. The change from elastic behaviour  to 
plasticity is gradual; a large work-hardening rate is 
observed for all orientations, which is typical of  mul- 
tiple slip. The scatter in the gradients of the elastic 
stage is due to possible misalignment of the experi- 
mental  set-up. 

The curves are shown for various orientations of the 
compression axis for the { 1 0 0} slip in Fig. 5. Plastic 
yielding happens at the same value of stress for 
T =  136 ~ 

The activation of the {1 1 0} planes has been ob- 
tained for a single orientation of  the compression axis 
(Table II) when {1 1 1} corresponded to two orienta- 
tions. High temperatures were required for these 
planes, that is, 446~ (0.43T M, Fig. 6) and 183 ~ 
(0.27TM, Fig. 7), respectively. 

In all z -7  curves, the work-hardening rates are high, 
in spite of the high temperature of the deformation. 

3.3. The cr i t ical  resolved shear stress 
The CRSS is plotted in Fig. 8. The values of the CRSS, 
deduced directly from Inst ron charts, are shown in 
Figs 5, 6 and 7 by arrows. 

The plot in Fig. 8 gathers values obtained for differ- 
ent orientations of the stress for {1 00} and {1 1 1} slip. 
The good agreement of the results indicates that the 
Schmid law is obeyed for these slip planes. 

The easiest slip plane is {1 00} which is athermal 
above 300 ~ (0.34TM) (Fig. 8) and it can be activated at 
room temperature (which was the lowest temperature 
for plastic deformation without failure in our  tests). 
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Figure 7 r-y curves for compression along (001) at T_< 355 ~ 
and along (115) at T_> 462 ~ For all the curves, the {111} slip 
plane was activated. 

20 O 

~.15 
10 

�9 o 

5 �9 o o 

0 i r i I i i i I i i i I ,i 

0 200 400 600 
Temperature (~ 

Figure 8 The CRSS-versus-temperature curve for different slip sys- 
tems: (A) {100}, (�9 {111}, and (m) {110}. Values obtained from 
different orientations of the stress. 

The {1 1 1} slip plane is the second strongest plane 
(Fig. 8), {1 1 0} being the hardest. The CRSSs of these 
systems are thermally activated up to 600 ~ (0.52T~), 
where they have the same value as { 1 0 0}. Plasticity is 
isotropic at 600~ and it is very likely that it is 
isotropic above this temperature. 

4. D iscuss ion  
4.1. Mechanical  data 
CaF 2 was deformed down to room temperature and a 
CRSS of z = 15 MPa was found (Fig. 8) (z/g = 3.5 
x 10 -4, and g = 4.3 x 10 t~ Pa deduced from [11]). 

Previous works [5-8]  have not reached such a low 
temperature, and they all found higher values for the 
CRSS of the { t00} planes than are presented here. 
This is probably because materials of lower purity 
were used. 

The only existing mechanical data attempting a 
plastic anisotropy study are those of Baudinaud [8], 
who performed compression tests along the ( 0 0 1 )  
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and (01 1) directions between T =  300~ and 
T = 800 ~ He found a small anisotropy in the yield 
stresses, up to the highest temperatures; this contrasts 
with our results (Fig. 8). His yield-stress value for the 
softest orientation (~ / / (01  1)) at 300~ is surpris- 
ingly high (~/g = 4.34 x 10 -'~ or ~ = 18.7 MPa) when 
compared with our results (Fig. 8) and with those of 
Evans and Pratt [7]. Unfortunately, the specimens 
that Baudinaud used contained a high level of impu- 
rities [8]; this explains the discrepancy. 

The thermal activation of the {1 00} CRSS that we 
found (Fig. 8) is similar to that found by Evans and 
Pratt [7]; they attributed this to dislocation-point- 
defect interactions [6]. Since our specimens were 
softer than theirs, we concluded that they had a lower 
impurity content, but that similar point defects still 
control the glide of charged dislocations. 

For the secondary {1 1 1} and {1 1 0} systems, the 
thermal activation is stronger than for the {t 00} 
system (Fig. 8); this is probably because of the higher 
electrostatic interactions between the point defects 
and the dislocations. 

4.2. Slip systems 
We have found that { 10 0} is the primary slip system 
in CaF 2, in agreement with previous authors [5-9].  
The secondary {1 1 0} plane has been mentioned by a 
few authors [8-10]; we found that it was more 
difficult to activate than the {1 1 1} plane (Fig. 8), and 
it may have been activated but not observed in other 
works. Specimens with {1 00} lateral faces give slip 
lines at 45 ~ from the (0 01 )  compression axis for both 
the {I 10} and the {1 1 1} planes. This is the usual 
condition for experiments, which have concluded to 
{ 1 10} slip planes, by analogy to NaC1 structure crys- 
tals and probably because the Schmid factor is higher 
(0.5). 

In order to have unambiguous determination of slip 
planes, we cut specimens with { 1 1 0} lateral faces. In 
this case, the {1 10} and {1 1 1} planes give different 
slip lines in the lateral faces. We definitely identified 
that {1 1 1} is the secondary slip (Table II, Figs 4 and 
7) and that { 1 1 0} is activated in specific conditions 
(Table II, Fig. 6). 

The sequence of increasing strength for slip on 
{ 10 0}, { 1 1 1 } and { 1 10} planes is well established for 
CaF 2. This sequence is also valid for U O  2 and ZrO 2, 
with some adjustments depending on the amount of 
point defects. 

At high temperatures, { 1 1 1 } and { t 10} are present 
as secondary planes in zirconia [1, 4] and in UO2 [2]. 
When the ratio O /U  increases, the CRSS for {1 1 1} 
decreases and it can reach the value for {100}. This 
behaviour corresponds to high-temperature experi- 
ments, where the plastic anisotropy is small and the 
Schmid-factor values are dominant. 

At low temperature, UO2 was found to slip on 
{1 1 1} planes [3], in contrast to CaF2, and both the 
{100} and the {1 1 1} planes could be activated in 
zirconia [1], particularly under microindentation 
[12 13] 



Slip in CaF2-structure crystals occurs mostly along 
the {100} and {1 1 1} planes, {1 10} being the hardest 
plane. 
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4.3. Plastic anisotropy 
Plastic anisotropy is particularly important at low 
temperatures when the deformation is thermally activ- 
ated (Fig. 8). Various criteria may be used to explain 
the ranking of the CRSS for various crystallographic 
planes [14]. Elastic-energy considerations did not al- 
low a rationalization of the ranking of the slip systems 
in ZrO 2 [t]. CaF z being more isotropic than ZrO 2 
elasticity does not allow its slip behaviour to be 
explained (Table II). 

The Peierts mechanism is not able to explain our 
results since it predicts that {110} should be the 
easiest slip plane [1] which does not agree with experi- 
mental observations (Fig. 8). 

Electrostatic issues at the dislocation core lead 
Dominguez-Rodriguez et al. to conclude that {1 1 0} 
should be the most difficult and {1 00} the easiest [1]; 
this agrees with the present results. The basis of the 
prediction is the distances between unlike ions or 
identical ions for the half-slipped position. Such an 
approach is valid for CaF2 which contains a small 
amount of impurities. In the cases of UO 2 and zir- 
conia, the large amount of point defects alters the 
distribution of the ions at the dislocation cores; this 
prevents the application of the model mentioned 
above. This explains why the sequence of CRSS for the 
{100}, {111} and {t 10} planes is not so ,veil follow- 
ed for UO2 and zirconia as it is for CaFz. 
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