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Abstract 

Surface fatigue is one of the main wear mechanisms 
in materials, and as such is of considerable rele- 
vance to ceramics, which are widely used because of 
their wear resistance. The purpose of the present 
study is to develop a general approach to the analy- 
sis of plastic-deformation-induced surface fatigue in 
ceramics. A model material, CaF2, was chosen since 
it is isostructural with commercially more important 
Zr02, but readily etch pits to reveal the extent 
of dislocation activity. The soft impresser technique 
has been used to cyclically load (0 0 I), (I IO) and 
(I 1 1) CaF, planes for up to IO6 cycles. The dislo- 
cation patterns on the surfaces have been explained 
in terms of the relevant surface stress contours, 
derived from elasticity theory. It has been deter- 
mined that a resolved shear stress of 17 k 1 A4Pa is 
required to initiate dislocation motion for small 
numbers of cycles, 1100. However, for high num- 
bers of cycles (2 105), the stress required to con- 
tinue dislocation motion decreased to 7 k 1 MPa. 
0 1996 Elsevier Science Limited, 

La fatigue de surface est l’un des principaux mtcan- 
ismes d’usure des mattricrux et, de ce fait, de toute 
premiere importance pour les ceramiques qui sent 
grandement utilisees pour leur resistance h l’usure. 
L’objet du present truvail est d’elaborer une 
approche g&&ale pour l’analyse de la fatigue 
de surface induite par deformation plastique dans 
les ceramiques. CaF, a etP choisi comme materiau 
modele car il presente la meme structure que celle 
de ZrO,, commercialement plus important, mais il 
peut aisement &tre attaque chimiquement afin de 
reveler l’etendue de lhc,tivitP des dislocations. La 
methode d’impression par cone mou a Ptd employee 
pour charger cycliquement (de 10 ci lo6 cycles) les 
plans (0 0 l), (110) et (111) de la fluorine. Les 
mottfs des figures dhttaque reveles 6 la surface ont 
PtC expliques G lhide de contours d’iso-contraintes 
obtenus par la theorie de l’elasticite. Pour un faible 

nombre de cycles (I loo), on a montre qu ‘une con- 
trainte de glissement de 17 f 1 MPa est necessaire 
pour initier le d&placement des dislocations. Cepen- 
dant, pour un plus grand nombre de cycles (1 I@), 
la contrainte necessaire pour continuer la propaga- 
tion de ces dislocations est reduite h 7 f 1 MPa. 

1 Introduction 

In recent years, the field of ceramic fatigue has 
received increasing attention (see, for example, 
Refs 1 and 2). A variety of different techniques 
have been used to generate data on the number of 
cycles to failure for a given cyclic stress amplitude, 
i.e. S-N curves, and fatigue crack growth rate as a 
function of cyclic stress intensity amplitude, i.e. 
du/dN versus AK, for various ceramics. These 
studies have been useful in demonstrating that 
true cyclic fatigue does occur in ceramics at low 
temperatures. However, by analogy with low cycle 
fatigue in metals, it might be expected that the 
rate of damage accumulation by cyclic plastic 
deformation is the dominant phase for fatigue 
fracture under typical operational conditions. 

The study of deformation processes in ceramics 
is experimentally considerably more difficult than 
for metals, due to their propensity for brittle frac- 
ture. Consequently, hardness testing has been the 
most used technique for studying monotonic plas- 
tic deformation in ceramics. It has been used as a 
means of identifying slip systems3 and an indenta- 
tion technique has been developed to investigate 
fatigue behaviour. 4 However, a harder indenter 
necessarily produces substantial immediate local- 
ized plasticity which renders this latter approach 
of limited use for studying plastic deformation in 
fatigue, as opposed to fatigue crack propagation. 

Cyclic fatigue deformation at room temperature 
in ceramics has received virtually no attention. 
Thus a new technique has been developed to 
enable the cyclic deformation processes preceding 
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fatigue fracture to be studied.5-7 This method uses 
a softer material to cyclically impress a ceramic 
surface. Hence, this induces controlled plastic 
deformation, the extension of which can be stud- 
ied with increasing number of cycles. This paper 
presents an analysis, using classical elasticity theory, 
to outline the shear stress distribution for this 
geometry with respect to (0 0 1 } ~1 1 O> slip. Single- 
crystal calcium fluoride (CaF,) has been used as a 
model ceramic substrate, since it deforms by (0 0 1 > 
<I 1 O> slip at room temperature and can be reli- 
ably etch-pitted to reveal the dislocation patterns. 
The results of the stress analysis have been used to 
determine values for the critical resolved shear 
stress, which are comparable with results of Mufioz 
et al. from compression tests.* The effect of fatigue 
on the stress needed to move the dislocations has 
also been quantitatively assessed. It would be 
expected that the commercially more important 
cubic (and possibly tetragonal) zirconias, which 
are isostructural with CaF,, would have similar 
deformation behaviour. 

2 Experimental Procedures 

2.1 Material 
Commercial (Merck Ltd, UK) calcium fluoride 
single-crystal specimens were employed. These CaF, 
crystals were cleaved on (1 1 1) planes at room 
temperature. Specimens with (1 10) and (00 1) 
faces were obtained by diamond saw cutting fol- 
lowed by grinding using 600 grit water-based SIC 
slurry on a cast iron wheel. The orientations of 
the planes were checked to be within f 2” of the 
nominal orientation using Laue X-ray back reflec- 
tion. Chemical polishing of the surfaces proved 
ineffective and thus all three planes, i.e. (00 l), 
(1 10) and (1 1 l), were mechanically polished 
using 6, 3 and l/4 pm diamond-paste-impregnated 
cloths. 

The Knoop hardness in the [l i 0] direction in 
the (1 1 1) plane was measured to be 1.7 GPa, with 
a load of 0.25 N, and 1.5 GPa, with a load of 4.91 
N. These hardness values are slightly lower (- 5%) 
than those reported by previous workers.‘,” It has 
been shown that the hardness of CaF, is not very 
anisotropic in the (0 0 l), (1 10) and (1 1 1) planes, 
i.e. less than 15%.9j’o 

2.2 Cyclic loading technique and test procedure 
The surface fatigue tests were performed in air 
at room temperature on a purpose-built machine 
described in detail elsewhere.5 Using this technique, 
results have been successfully obtained on vari- 
ous ceramics, e.g. single-crystal magnesium oxide 
(MgO), ceria-stabilized polycrystalline tetragonal 

zirconia (Ce-TZP), magnesia partially stabilized zir- 
conia (Mg-PSZ) and calcia-stabilized single-crystal 
cubic zirconia (Ca-CSZ). True cyclic fatigue could 
be traced as the cause of the materials’ degrada- 
tion.5m7 

The technique involves inducing deformation by 
repeated cyclic point loading of a ceramic sub- 
strate using a 120” metallic conical impresser. The 
fatigue effect is produced by sinusoidally varying 
the applied load at a frequency of about 2 Hz. 
The softer cone is flattened to a conforming circu- 
lar surface on first application of the maximum 
load and remains in contact with the ceramic sur- 
face during the entire duration of the test. Unlike 
a harder indenter, the softer impresser does not 
produce immediate gross plastic deformation of 
the ceramic. The deformation of the cone also 
ensures a regular pressure distribution. 

The metallic impressers were machined from 12 
mm diameter round bar magnesinum- and silicon- 
containing aluminium alloy (BSl474:1972). The 
tips were subsequently ground to a sharp apical 
angle of 120”. They were examined in profile under 
an optical microscope, in order to ensure integrity 
and sharpness, and cleaned in acetone prior to 
testing. The Knoop hardness was 1.2 GPa (applied 
load 0.25 N) before the tests, but increased to 1.5 
GPa on the deformed tip, due to work-hardening 
during cyclic testing. 

A load cell was used to output the maximum, 
minimum and mean loads applied for each cycle, 
which were recorded via an analogue/digital card 
to a personal computer. The test range varied 
between 10 cycles and lo6 cycles. The cyclic load 
conditions applied were 9.8 f 4.9 N, resulting in 
an applied pressure of 0.56 f 0.28 GPa over the 
circular contact area. 

3 Stress Analysis 

This section is concerned with extending the gen- 
eral results, contained in Johnson,i’ for the elastic 
analysis of a substrate subjected to a uniform pres- 
sure over a circular area, to consider the resolved 
shear stresses acting on the (0 0 1) ~1 1 O> slip 
systems. 

3.1 General analysis 

3.1. I Stress distribution caused by the cone at the 
surface of the substrate 
Elasticity theory can be used to obtain the stress 
distribution caused by the loading of the deformed 
cone on the ceramic substrate. The experimental 
conditions have been designed to ensure that the 
pressure under the flattened cone is uniform. The 
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stresses on the surface of the substrate caused 
by uniform pressure, p, acting on a circular area, 
radius a, are given by Johnson.” Within the 
contact area, the stress components are all com- 
pressive 

!_ 

u+r0=_!+2Ep 

(T.. = -p 

where v is the Poisson’s ratio. 
Outside the contact area the radial and circum- 

ferential stresses are of equal magnitude and are 
tensile and compressive respectively, 

i 

1-2~ a2 
or = -“8 = -~ - 

2 r2 p 
a, = 0 

where r is the distance from the centre of the circu- 
lar area to the point where the stresses are defined. 
For both cases, i.e. inside and outside the contact 
area, the stresses at the surface a,, u0 and a, are 
principal stresses. 

3.1.2 Stresses acling on stip plane (S) 
Let /3 denote the angle between the test plane (P) 
and the slip plane (S) (see Fig. 1). In the (e,, e,, e,) 
coordinate system, the normal unit vector to (S) 
is 

sir+ coscr 
N sir@ sina 

co@ 

where (Y is the angle between e, and the projection 
N, of N on (P). Hence, the resultant stress acting 
on (S) is 

The magnitudes of the normal, USN, and shear, ass, 
components of as can be calculated inside and 
outside the contact area using the stress distribu- 
tions defined in Section 2;. 1.1: 

Fig. 1. Schematic diagram presenting the configuration and 
notations used in the stress analysis. 

inside: a, sin2p + o, cos2/3 
%.N 

outside: a, sin2p cos2a 

1 

inside: (a, - a,)sinp co@ 

5s outside: a,. sin@1 - sin’/3 cos22~ 

= % sir@ co&l + tan*P sin22a 

a,, lies in the plane defined by N and a,, i.e. it is 
perpendicular to the normal vector N A u, of this 
plane. ass being also perpendicular to N, its direc- 
tion is defined by 

d = N * (N * q) 

that is 

sin30 sin2&cosd!(u0-u,)-cos2p sinp cos~(u,-u_) 
d cos2p sin/3 sina(uz-u,)-sin3/3 sincrcos2cr(u,-a,) 

sin2/3 co@ cos2a(u,-cr,)-sin2/3 co@ sin2a!(u,-a,) 

Considering the stress conditions used here, the 
expression for d can be simplified for the inside 
case as 

cosp cosa! 
k,d cosp sinff 

-sir@ 

and the outside condition as 

+oscu (2sin’P sin2a + cos2p j 
k,d sina (2sin’p COS~(Y + cos2p) 

sin0 co@ cos2a 

where k, and k2 are constants for given experi- 
mental conditions. d lies in the slip plane (S) and 
can also be defined by its coordinates d, and d, in 
the (et, eJ) system. By definition 

-sina <asp coscy 
e, coscy and e, cosp sincl! 

0 sir@ 

For the inside case, d is equivalent to eJ. For the 
outside case, comparing the coordinates of d in 
both (e,, e& eZ) and (et, eJ, eN) systems leads to 

1 

-di sina - dJ co@ cosa 
= -cosa (2sin2P sin2a + cos*p) 

at cosa - dJ cosp sin& 
= sincl! (2sin’P sin2a + cos2/3) 

dJ sir@ = sir@ co@ cos2a 

which simplifies to 

( 

dt = sin2a, 
dJ = co@ c0s2a 

3.2 Resolved shear stress in CaF, 
At room temperature, the primary slip system of 
calcium fluoride is (0 0 1> ~1 1 O>. The considera- 
tion of the three test planes and the possible slip 
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planes gives rise to three cases, i.e. three values 
of p, where slip occurs: 45”, 54”44’ and 90” (see 
Tables 1 and 2). Determination of the magnitude 
and direction of the shear stress in (S) allows 
calculation of the resolved shear stress, uRss, act- 
ing on a dislocation. The results for the three test 
planes, and the possible slip planes, are presented 
below and summarized in Table 3. When uRss is 
different for the alternative dislocations, only the 
maximum case is reported. 

Table 1. Miller indices for the test plane (P) and slip plane (S) 
combinations appropriate to this study. /3 is the angle 
between (P) and (S), et is defined by the intersection of (P) 

and (S) and e, is orthogonal to e, in (S) 

Plane 
(PI 

(00 1) 

(1 10) 

Plane 

(8 

(100) 
(0 10) 

(00 1) 
(100) 
(0 10) 

Direction 

ofel 

LO 101 
[TOO] 

[I 191 

;:t; 

Direction P 
ofe_l 

[OO l] 90” 
PO 11 

[1 101 90” 

;A:; 
45” 

3.2.1 (0 0 I) test plane 
The resolved shear stress on both (10 0) and (0 10) 
is zero inside the contact area. Outside the contact 
area, the angle between d and the slip directions, 
~1 1 O>, is always 45”. Hence 

1 
aRss = E a, sink 

which is a maximum for (Y = 45”. 

3.2.2 (110) test plane 
For the (0 0 1) slip plane, the resolved shear stress 
is zero inside the contact area while it is the same 
for both (10 0) and (0 10) 45” slip planes, i.e. 

uRSS = & tar - a,) 

Outside the contact area, the resolved shear 
stress on (0 0 1) slip plane is zero for [l 1 0] and 
[ii01 dislocations but is given by 

uRss = a, sin 2a 

for [ 1 iO] and [i lo] dislocations. For the (10 0) and 
(0 1 0) slip planes, let y denote the angle between 

Table 2. Magnitude and direction o[ the surface shear stress ass in the slip plane (S), inside and outside the contact area for 
angles p of 90”, 45” and 54.74O 

P 

Inside contact area Outside contact area 

@ss d US.5 d 

90” _ a, sin2cY et 

45” 

54.74” 

eJ 

eJ 3% 4 r 1 + 2 sin22a 
3 

dI = sin2cY 

1 

dJ = z cos2cr 

d, = sin2a 

Table 3. Resolved shear stress oass and polar coordinate r { =f (a, uKRss)} of the isostress contours outside the contact area for the 
different test plane (P) and slip plane (S) combinations 

Plane (P) Plane(S) URSS r = f(a, URSS) 

(00 1) (100) 1 

(0 10) 
- a, sin2ff 
v5 

(1 10) (00 1) 0, sin2cY 

(I 00) 4 1’2 

(0 10) 
- gr (3 sin2a + cos2cx) 

r = 

4 

(1 1 1) (100) 

(0 10) 
(00 1) 

g (T sin2a (15” < (Y < 45”) 
6 r 
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e, and d. It is also defined by tan-y = d,ld,. The 3.3 Isostress resolved shear stress curves for crystals 
directions of slip are at 45” from e,, hence with (0 0 1) cl 1 O> slip system 

for [ 1 1 0] and [ 1 lo] slip d.irections and 

Considering the analysis outside the contact area, 
the resolved shear stress is in all cases a function 
of the angle (Y and the stress a,. Since a, is itself a 
function of the polar coordinate Y, it is possible to 
obtain Y as a function of (Y and u&s. If the results 
are plotted as polar curves for various constant 
uRss, isostress resolved shear stress curves around 
the contact area are obtained. for [l i 0] and [i 1 0] slip directions. Substituting 

for y, and 4 and d,, in these equations leads to 

fi 
uRss = 4 (4 sin2a + cos2a)a, 

and 

uRss = 4 (a sin2a - cos2a)a, 

For the first case, uass reaches its maximum 
(&4)u, for (Y = 27.36”. 

3.2.3 (1 1 I) test plane 

Inside the contact area, the resolved shear stress 
for the (00 1) slip plane is 

& 
uRSS = 3 cur - uz) 

for [ 1 1 0] and [ 1 lo] dislocations and zero for [ 1 TO] 
and [i lo] dislocations. The results are similar for 
(10 0) and (0 10) slip planes. 

Outside the contact area, the shear stress is 

3 a, 
ass = 3 *dl + 2 sin22a 

which is a maximum for LL! = 45”. In the latter 
case, d is along e, and the maximum resolved 
shear stress is 

v9 
uRSS =I z ur 

on <: 1 TO> dislocations (but zero on < 1 10s dislo- 
cations) for (0 0 1) slip. 

For the general case, consider the (00 1) slip 
plane, the results being isimilar for the two other 
planes. If y denotes the angle between e, and d, 
the resolved shear stress on [l TO] and [i lo] dislo- 
cations is 

uRss = cosy us,j = E 0, sin2a 

while it is 

uRss = sin? us,; = - a, cos2a 
3 

-- 
on [ 1 1 0] and [ 1 lo] dislocations. The first value is 
greater than the second for 0” < (Y < 15” but less 
for 15” c (Y c 45”. 

Table 3 gives r as a function of LY and uRss for 
the various test plane and slip plane combinations. 
K is a constant equal to [(I - 2~)/27r]L, where L is 
the applied load. 

The isostress curves, which are calculated using 
the equations in Table 3, are plotted in Figs 2(a)- 
(c) for the (0 0 l), (1 1 0) and (1 1 1) planes respec- 
tively (for v = 0.25 and L = 10 N). These curves 
are independent of the contact radius, a, but will 
only apply for r > a. On the (0 0 1) test plane, 
Fig. 2(a), for a given slip plane, the isostress curves 
have four symmetrical lobes, which would be 
expected to relate to the extent of dislocation 
motion in the appropriate directions. These curves 
all come to a point at the origin, but the equations, 
and hence plots, do not apply for I < a. The lobes 
however would be expected to extend beyond the 
contact area, with relative difference illustrated for 
three arbitrary stress values. Also, in this case, for 
the two active slip planes, projections of the slip 
plane normals on the test plane (i.e. N,) are per- 
pendicular, and hence the isostress patterns super- 
pose. The situation for the (1 1 0) test plane, Fig. 
2(b), is somewhat more complex. The (1 0 0) slip 
plane, which is at 45” to the surface, gives rise to a 
pattern with eight lobes equidistant from the centre 
(but with only fourfold symmetry). This curve has 
four minima, which are 24% closer to the centre 
than the maxima, and four intermediate minima, 
at 45” to these. The pattern for the (0 10) plane is 
identical. The (00 1) slip plane produces an 
isostress curve which has the same form as those 
on (0 0 1) test plane, but the relative magnitude is 
1.2 times greater. Again the central part of the 
curve, i.e. for r < a, would not be valid. The 
isostress pattern for the (1 1 1) plane requires care- 
ful consideration. For the (0 0 1) slip plane, there 
are four large lobes with four smaller intermediate 
lobes. In this case, these lobes would correspond to 
the isostress curves for the two different slip direc- 
tions. The smaller lobes (for 0”s (Y I 15’) represent 
the shear stress in the [I lo] direction and its oppo- -- 
site sense, i.e. [ 1 lo]. The larger lobes (for 15’1 cy I 
45”) correspond to the shear stress in the [ 1 iO] 
(and [i lo]) direction. Equivalent isostress curves 
are obtained for (100) and (0 10) slip planes with 
rotations off 120” with respect to that for (00 1). 
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(a) 

(001) plane (100) & (010) slip +!!!E$ 

- 1OMPa --- 20 MPa --....-- 50 MPa 

(110) plane 10 MPa 100 

- (001) slip _-__---_ (100) & (010) slip 

(111) plane 10 MPa loo 

- (0Ol)slip --- (lOO)slip 

._.-.-.. (010) slip 

Fig. 2. Isostress resolved shear stress curves for crystals with (0 0 1 } < 1 1 O> slip system on (a) (0 0 1) plane for isostress values of 
10, 20 and 50 MPa, (b) (1 1 0) plane, isostress = 10 MPa and (c) (1 1 1) plane, isostress = 10 MPa. The notional load L is 10 N, 

resulting in a uniform pressure over a small circular contact area. 

4 Experimental Results 

4.1 Observations 
A new metallic cone was used for each test. The 
diameters of the tips of the flattened cones were 
measured afterwards and it was observed that 
these diameters increased slightly with increasing 
cycles, i.e. -8% between 10 and lo6 cycles on all 
planes. There was no transfer of material between 
the cones and CaF, substrate. The fatigue contact 
zone was visible optically in all cases. A cross-sec- 
tional depth profile was obtained using a confocal 
laser scanning microscope, for one test [(l 1 1) test 
plane, lo6 cycles], which showed that a shallow, 
-4 pm, smooth impression was formed. After the 
fatigue testing, some cracking in the region adja- 

cent to the contact zone was sometimes observed 
for the tests at high numbers of cycles, e.g lo5 
on (0 0 1). The CaF, specimens were subsequently 
etched in 20% hydrochloric acid at 70°C and 
observed by scanning electron microscopy. The 
etching process induced cracking within or at the 
edge of the contact zone for (0 0 1) and (1 10). 
Micrographs showing the typical dislocation pat- 
tern around the contact area on the (00 1) plane 
are reproduced in Figs 3(a)-(d). The dislocation 
lines along El0 0] and [0 lo] are due to slip on (0 10) 
and (100) respectively. It can be observed that the 
dislocation rosette develops with number of cycles. 
It becomes denser and the dislocations are moved 
further away from the contact area at higher num- 
ber of cycles. After lo5 cycles the pattern is fully 
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extended and reaches its limit. Figure 3(e) shows 
the fully developed dislocation rosette around the 
contact area on the (1 IO) plane after lo5 cycles. 
The dislocation lines along [l i 0] correlate with 
(0 0 1) slip while those along [0 0 l] are due to slip 
on either (10 0) or (0 10) planes. Slip on all three 
planes commences at low number of cycles, < 10, 
which is not the same as observed for similar 
fatigue tests on Mg0.5 In CaF,, for a given test 

condition on the (1 10) plane, the resolved shear 
stresses and the (0 0 1) and (10 O)/(O 10) planes are 
similar in magnitude, cf. Fig. 2(b), hence slip on all 
three planes would be expected. The dislocation 
pattern after lo5 cycles around the contact zone 
on the (1 1 1) plane is shown in Fig, 3(f). The trian- 
gular shape, with edge along < 1 i O>, is consistent 
with slip on all three cube planes, i.e. (00 I), (0 10) 
and- (Of: 1). There is a smaller inverted triangle 

(e) 

/ 

[ii01 

( 7 L 
110) 

rue11 

[iT2] r L 
(111) 

[i 101 

Fig. 3. SEM micrographs of CaF, impressed with softer aluminium alloy cones for 9.8 + 4.9 N cyclic load conditions. Dislocation 
rosettes around the contact areas on (0 0 1) after (a) 10’ cycles, (b) IO3 cycles, (c) IO4 cycles, (d) 10’ cycles, (e) on (1 1 0) after 10’ 

cycles and (f) on (1 1 1) after lo5 cycles. 
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apparent that produces a non-symmetrical ‘star of 
David’ shape, which is similar to that observed for 
Vickers indentations on the (1 1 1) plane of zirco- 
nia.i2 Thus it is probable that the slip geometry is 
similar to that determined by Farber et al.,‘* i.e. 
the larger triangle corresponds to slip on (0 0 1 } 
planes angled towards the contact zone, whereas 
the smaller one is due to the planes angled away 
from the contact zone. 

4.2 Analysis 

4.2.1 Critical resolved shear stress fatigue curve 
The isostress curve containing the entire etch pit 
rosette around the impression can be considered 
as the limit of dislocation propagation. This can 
be used to provide an estimate of the critical 
resolved shear stress in fatigue (CRSSF) of CaF, 
for a specific number of cycles. It was found that 
the most appropriate method to determine the 
numerical value of CRSSF was to overlay a net, 
similar in shape to those in Figs 2(a)-(c), depend- 
ing on the test plane, but geometrically scaled to 
the magnifications in Fig. 3, and with isostress 
contours at 1 MPa intervals. The CRSSF was 
taken to be the value of isostress (with maximum 
load L = 14.7 N and v = 0.23) for the scaled con- 
tour which completely encompassed the disloca- 
tion rosette. The evolution of the CRSSF with 
number of cycles for tests on the (0 0 1) plane is 
presented in Fig. 4. There is some experimental 
scatter, but discrimination to within + 1 MPa was 
found to be possible. For tests on (0 0 l), the 
CRSSF is -16 MPa for less than 100 cycles and 
subsequently decreases to -7 MPa after lo5 cycles 
when the extension of the rosette has effectively 
stopped. By analogy with conventional fatigue 
testing, this latter value can be defined as the criti- 
cal resolved shear stress fatigue limit, CRSSFL. 

100 10' 102 103 10' 105 10s 

Cycles 

Fig. 4. Critical resolved shear stress in fatigue (CRSSF) 
versus number of cycles for tests on the (0 0 1) plane. The 

errors bars are f 1 MPa. 

The dislocation rosette is also fully developed on 
(1 10) and (1 1 1) planes after lo5 cycles and the 
estimates of the CRSSFL are -7 and -8 MPa, 
respectively. 

4.2.2 Additional critical resolved shear stress 
estimation method 
Figure 4 shows that the resolved shear stress nec- 
essary to move dislocations decreases with number 
of cycles. During an initial phase, up to -100 
cycles, this value is approximately constant and 
would suggest that it corresponds to the initiation 
of plastic deformation. This is comparable to the 
conventional uniaxial critical resolved shear stress 
measurements, which correspond to the onset of 
plastic deformation resulting from the activation 
of dislocation sources. It is only during a second 
stage, at higher number of cycles, that the rosette 
expands as a result of further motion of the dislo- 
cations generated in stage one. Figure 5 represents 
the isostress curves for the initial deformation 
phase, I, and the maximum extent of the dislocation 
motion at the end of phase II. It can be postulated 
therefore that dislocations will be generated within 
zone I, and then these dislocations are able to 
move further outwards to a limit defined by zone 
II. The dashed lines thus schematically represent 
the resultant expected dislocation pattern. This 
can be compared with Figs 3(a) and (d) which 
demonstrate an initially square array of disloca- 
tion etch pits, corresponding to phase I [Fig. 3(a)], 
which then is followed by the formation of 
extended wings in the [0 lo] and [ 10 0] directions 
at the corners of the square array [Fig. 3(d)]. 
There is no expansion of the dislocation array 
in the [0 lo] or ~1 1 O> directions, as would be 
predicted from consideration of Fig. 5. There is, 

Fig. 5. Schematic diagram of isostress contours and corre- 
sponding dislocation rosette around the contact area on the 
(0 0 1)’ plane. The inner isostress contour, I, corresponds to 
the initial dislocation generation and motion stage. The outer 
isostress contour, II, represents the limit of the subsequent 

propagation of these dislocations by fatigue. 
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however, an observed extension of the dislocation 
array in the [lo 0] direction, which would not be 
expected on the basis of the present model, The 
dimension of the square etch pit array enables a 
value of the CRSS to be estimated. It is only nec- 
essary to determine the isostress corresponding to 
curve I in Fig. 5. The d-islocation array will be a 
tangent to the isostress curve at (Y = 30”, and thus 
measurement of x (see Fig. 5) enables Y to be 
determined since Y = (x/2)(llcosa). The CRSS 
can then be calculated as the stress defined by the 
appropriate formula in ‘Table 3. A restriction of 
this particular approach is that it can only be 
applied to slip on planes perpendicular to the 
tested surface. From Figs 3(d) and (e) the values 
of x corresponding to the 90” slip planes are 
360 and 440 pm, respectively. From these, the 
CRSS is estimated to be 17.9 and 17.0 MPa, 
respectively. 

5 Discussion 

The present work shows that CaF, is susceptible 
to fatigue under cyclic .point loading conditions. 
The plastic deformation caused by pressing a 
softer cone onto the surface increases with number 
of cycles as shown by the dislocation rosettes in 
Figs 3(a)-(d). Similar observations have been 
reported by Guillou et al. on MgO.’ The etched 
CaF, surfaces present etch pit patterns around the 
impressions on the (0 0 l), (1 10) and (1 1 1) planes 
that are consistent with { 0 0 1) < 1 1 O> slip. Muiioz 
et al. have recently confirmed this slip system to 
be the primary one at room temperature by per- 
forming compression tests in various orientations.8 
They also observed that slip on (1 1 l> was 
obtained only above 90°C when { 0 0 1 } slip could 
not be activated. It is possible that, in the present 
work, { 1 1 1 } slip may lbe responsible for plastic 
deformation inside the contact area on the (0 0 1) 
plane when the (0 0 1 } <: 1 1 O> slip system is not 
active, i.e. as, = 0 (see Table 2). 

As discussed in Section 4.2.2, it is proposed that 
significant dislocation motion may occur under 
cyclic loading conditions at stresses less than the 
critical resolved shear stress. As described above, 
the CRSS can be estimated using elastic stress 
analysis as -16 MPa on (0 9 1) (Fig. 4, Section 
4.2.1) or 17.9 and 17.0 MPa on (0 0 1) and (1 lo), 
respectively (Section 4.2..2). The presence of plastic 
deformation will obviously result in the stress dis- 
tribution being different from that predicted by 
linear elasticity theory. It would be expected that 
this difference would possibly be considerable in 
the central region, where there is extensive plastic- 
ity, but of much less significance at the boundary 

between the elastic and plastic zones. The initial 
results of a finite element analysisI confirm that 
the stress at the edge of the contact zone may be 
significantly modified as a result of plastic defor- 
mation, but the discrepancy between the plastic and 
elastic-plastic values for a, decreases rapidly as r 
increases beyond the contact zone. Experimental 
support for the use of the elastic stress distribu- 
tions is provided by the results of Mufioz et al.,* 

who determined a value of 15 MPa for the CRSS 
in CaF,; this is close to those estimated in the 
present study, i.e. 17 f 1 MPa. Thus, it can be 
assumed that the values of critical resolved shear 
stress in fatigue (Fig. 4) derived from the elas- 
tic stress distributions are reasonably accurate esti- 
mates. The limiting value for the critical resolved 
shear stress in fatigue, CRSSFL, has been esti- 
mated as 7 + 1 MPa for all three test planes, (Sec- 
tion 4.2.1). The ratio between the CRSSFL and 
the monotonic CRSS, i.e. -0.4, is comparable to 
the ratio of fatigue limits to static strengths 
obtained in metallic alloys, i.e. -0.3-0.5,‘4,‘5 which 
occurs as a result of the dislocation substructures 
formed during fatigue. This similarity supports the 
interpretation presented herein for both the shapes 
of the etch pit patterns, and their evolution with 
increasing number of cycles, resulting from an 
initial dislocation generation phase followed by 
propagation of these dislocations at lower cyclic 
stresses, and the use of linear elasticity to deter- 
mine the respective critical resolved shear stress. 

Brookes and co-workers16,17 have used a static 
soft impresser method to estimate the CRSS in 
MgO, but the analytical approach was substan- 
tially different. In their approach, different contact 
pressures were applied to the surface by using 
impressers of different hardnesses. Subject to sev- 
eral assumptions concerning the geometry of the 
dislocation motion, the CRSS was estimated from 
the minimum contact pressure required to develop 
dislocations beneath the contact area. The analysis 
presented in this paper provides an alternative 
approach that does not require as many tests, nor 
such precise matching of the relative hardnesses of 
the substrate and impresser. 

6 Conclusions 

The test procedure used in this paper relies upon a 
flat ceramic substrate being subjected to a contact 
pressure as a result of loading via a softer, initially 
conical, impresser. This geometry is also eminently 
suitable for cyclical loading. An analysis of the 
shear stresses on the (0 0 1) ~1 10~ slip system for 
(0 0 l), (1 10) and (1 1 1) test planes has been pre- 
sented. 
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Plastic deformation in single-crystal calcium 
fluoride was achieved under conditions of repeated 
cyclic loading with a softer impresser, i.e. an alu- 
minium alloy cone (relative hardnesses 1.7 and 1.2 
GPa, respectively), on (0 0 I), (1 10) and (1 1 1) 
test planes. The extent of the plastic deformation 
was revealed using etch pitting of the dislocations. 
This showed that the plastic zone around the cir- 
cular contact area increased with number of cycles 
to a maximum size at about lo5 cycles. A compar- 
ison of the calculated surface isostress resolved 
shear stress contours with observed size and shape 
of the dislocation arrays enabled estimates to be 
made of the critical resolved shear stress and criti- 
cal resolved shear stress fatigue limit (CRSSFL) 
of 17 * 1 and 7 f 1 MPa, respectively. The value 
for the CRSS is consistent with the findings of 
other workers’ and the CRSS:CRSSFL ratio of 
-0.4 lies within the equivalent range of static: 
fatigue strengths for metallic systems (0.3-0.5). 
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