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Anisotropy of microhardness on the (001) plane 
of ionic crystals such as NaCI 
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The anisotropy of microhardness, H, was investigated for the series of KCI-NaCI-NaF-LiF- 
MgO crystals using a Vickers indentor. The anisotropy had a similar character for deformation 
temperatures of 77, 293 and 800 K (H[100j > HEll0]); however, the main factors affecting it 
were different for low and high temperatures. The dependence of the anisotropy coefficient 
K = (H[~001 - HE~ol)/H~ool on the crystal hardness was found and it was shown that this 
dependence was significantly influenced by the deformation temperature. The results obtained 
support the dislocation mechanism of indentation formation on the crystals investigated. 

1. Introduction 
The microindentation method permits the anisotropy 
of the mechanical properties of crystals to be revealed. 
The shape and size of the indentations, pictures of the 
slip bands and the destruction are dependent on the 
indentor orientation relative to the crystallographic 
directions of the sample [1-4]. It is of interest to study 
this phenomenon as it allows to gain understanding of 
the nature of the microindentation process which has 
been under discussion until now. 

Several facts which may be responsible for the 
microhardness anisotropy observed experimentally, 
have been considered in literature. They are: the 
distortion of the surface relief near the indentation 
[1, 3, 4]; the dependence of the effective shear stresses, 
arising in the slip planes along the slip directions, on 
the indentor orientation [5-8]; and the elastic recovery 
of the indentations which takes place after unloading 
[3, 4, 9-11]. The last factor is significant only for the 
hard and markedly anisotropic crystals [3, 4]. A study 
of the anisotropy of the mechanical properties of crys- 
tals such as NaC1 revealed that the indentation shape 
on the cube plane was dependent on the Vickers 
indentor orientation: the indentations had convex 
sides if the indentation diagonals, d, were orientated 
parallel to the (1 0 0)  directions; the indentations had 
concave sides when the indentor was turned through 
45 ~ i.e. for the orientation d H (1 1 0)  [3, 12-15]. It has 
been shown [3, 13, 15] that this specific shape of the 
indentations was formed during the indentation pro- 
cess, i.e. it was not connected with elastic recovery nor 
with dislocation motion after unloading. Its appearance 
was connected with the hills of the pressed-out material 
arising along the (1 1 0)  directions, independent of 
indentor orientation [3]. Different opinions about 
the nature of these hills are found in the literature 
[3, 16, 17]. 

The orientation dependence of the indentation 
shape, the occurrence of material hills and the depen- 
dence of the effective resolved shear stresses, acting in 
the slip planes, on the indentor orientation, resulted in 
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the microhardness anisotropy observed on the (0 0 1) 
plane of NaC1 [3, 12], LiF [18], MgO [19, 20] single 
crystals. Both factors (the features of the hills and the 
difference in the effective shear stresses for different 
orientations) operate in a similar manner and result in 
a maximum microhardness, H, for the d l I ( 1 0 0 )  
orientation and a minimum H for the dlr ( l  1 0). 

Using NaC1 single crystals as an example, the influ- 
ence of temperature and doping on mechanical pro- 
perties anisotropy, observed in the indentation, has 
been investigated [3, 21, 22]. It has been reported that 
the microhardness anisotropy was connected with the 
peculiarity of the crystal slip, but its correspondence 
with the anisotropy of the elasticity has also been 
noted [22]. It has been shown that the anisotropy of 
the indentation shape on the (001) plane of NaC1 
crystals was markedly decreased at elevated deforma- 
tion temperatures [3]. Therefore, it was natural to 
expect a decrease in the H anisotropy at these tem- 
peratures. However, a tendency towards an increase 
of this characteristic but not a decrease was observed 
for NaC1 crystals [3]. From this it may be concluded 
that further investigation of the microhardness aniso- 
tropy of crystals is needed. 

Therefore, a study of this characteristic for the 
series KC1-NaC1-NaF-LiF-MgO was attempted in 
the temperature region 77 to 800 K; these results are 
reported here. The crystals have the same lattice struc- 
ture, the same slip systems {1 1 0}(1 1 0) and a gradu- 
ally rising hardness (from 10kgmm -2 for KC1 to 
660 kg mm 2 for MgO at room temperature). 

2. Experimental procedure 
The (00 1) plane of the crystals under investigation 
was obtained by normal cleavage techniques. Measure- 
ments of microhardness were performed with the 
microhardness tester PMT-3. The Vickers diamond 
was used as an indentor. The indentor loads were 
selected in such a way as to obtain indentation dia- 
gonals approximately equal for all the crystals under 
investigation, and to eliminate the significant brittle 
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TAB LE I Microhardness anisotropy of ionic crystals 

Crystal T =  77K 

H (kgmm -2) AH K 
(kgmm 2) (%) 

dll (lOO) dll (1 10) 

T = 293 K 

H (kgmm -2) 

dll <100> d[I (110) 

T = 800 K 

AH K H (kgmm -2) AH K 
(kgmm -2) (%) (kgmm -2) (%) 

dtl <100) dlb<110) 

KC1 51.2 20.7 30.5 60.0 10.0 9.8 
NaCl 78.0 54. l 23.9 30.6 20.0 19.3 
NaF 184.7 151.9 32.8 18.0 74.0 69.6 
LiF 245.8 213.6 32.2 13.1 108.0 101.1 
MgO 670.0 454.3 215.7 32.2 662.0 492.0 

0.2 2.3 1.9 1.2 0.7 35.0 
0.7 3.3 3.5 2.0 1.5 42.0 
4.4 6.0 12.6 ll.0 1.6 12.6 
6.9 6.4 16.0 17.2 -1 .2  7.5 

170.0 25.0 471.0 422.0 49.0 10.4 

fracture arising during indentation. The error in the 
diagonal measurement was ~ 3%. The microhardness 
was calculated using the usual formula [1]. A furnace 
for sample heating, which allowed the deformation in 
the temperature interval 293 to 800 K to be performed, 
or a special liquid nitrogen bath for the indentation at 
77 K, were mounted on the testing table. 

3. Results and discussion 
The results obtained from microhardness measure- 
ments of the crystals under investigation at different 
temperatures are given in Table I. The size of the 
indentation diagonals for all the materials and all the 
temperatures is approximately 22#m. As seen, the 
temperature significantly influences the value of the 
microhardness, especially for soft crystals. For 
example, the microhardness of KC1 and NaC1 decreases 
by a factor of 28 and 20, respectively, in the tempera- 
ture range 77 to 800 K. However, the microhardness 
anisotropy is clearly revealed for all temperatures 

under investigation. Fig. 1 shows the results for 
the coefficient of microhardness anisotropy, K(K = 
(HiL00 ] -- HI110])/HL~00 ] = AH/HE, oOl), obtained at dif- 
ferent deformation temperatures. As seen, the coeffi- 
cient of anisotropy increases with increasing crystal 
microhardness when measurements are performed at 
room temperature; the K(H) dependence is approxi- 
mately linear. The change in Kwhen passing from soft 
crystals to hard ones is rather significant: K = 2.3% 
for the softest crystal, KC1, and K = 25% for the 
hardest crystal, MgO. 

The occurrence of such a dependence is entirely 
natural if the influence of the material hills on the 
value of the indentation diagonals is taken into 
account. Indeed, it is known from the literature that 
increase in crystal microhardness, connected with a 
lowering of the temperature or with doping, is followed 
by a decrease in deformation zone size, as the hills of 
the pressed-out material become nearer to the inden- 
tation and as their height increases [3]. Therefore, a 
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Figure 1 The dependence of the coefficient ofmicrohardness 
anisotropy, K, on the crystal hardness at the different 
deformation temperatures. (1) d = 30t~m; (2) d = 45/~m. 
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Figure 2 The shape of the indentations (a to c) and their interferogram tel to t) on the (001) plane of (a, d) NaCI, (b, e) LiF, (c, f) MgO 
single crystals, dll ~100) ,  T = 293K. 

decrease in the extent of the deformation range and an 
increase in the hill height are expected to take place 
with rising hardness in the KC1-NaC1-NaF-LiF-MgO 
series. This assumption has been confirmed by observ- 
ing the surface relief near the indentation (Fig. 2). As 
is seen, the bending of the interference lines near the 
indentations increases regularly, on passing from softer 
crystals to harder ones. However, the shape of the 
K(H) dependence at low (T = 77K) and high 
(T = 800 K) temperatures is rather unexpected (Fig. 
1). In this case the coefficient of microhardness aniso- 
tropy is maximum for the softest KC1 crystal and 
decreases regularly in passing from KC1 to LiF. 

In order to understand the reason for this depen- 
dence it is necessary to consider the changes in K with 
temperature. It may be expected that increasing 
microhardness of the crystals under investigation on 
lowering the temperature from 293 to 77 K must be 

followed by an increase in the anisotropy coefficient, 
but the temperature softening in the interval 293 to 
800 K must be followed by a decrease in K. 

As seen from Table I, the transition in the deforma- 
tion from room temperature to 77K is indeed 
followed by a marked enhancement of the anisotropy 
coefficient f o r  all the crystals under investigation. 
However, in the temperature interval 293 to 800 K, an 
increase in K is seen, but no decrease (MgO crystals 
are an exception). The change in K with temperature 
is schematically shown in Fig. 3. It is seen that the 
regions of the curve to the left of 293 K are a rising 
branch, and the softer the crystals the steeper the 
shape of  the curve becomes. 

Measurements of the height and spread of the hills, 
arranged along the (1 10)  directions, were made, 
using the interferometry, to explain this result. Fig. 4 
shows that the influence of changes in the deformation 
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Figure 3 Schematic illustration of the temperature dependence of  
the coefficient of microhardness anisotropy. 

temperature is more significant for the soft crystals. 
The top of the hill on KCI is positioned so far from the 
indentation at 293 K that it has practically no influence 
on the diagonal value. However, the hill is close 
enough to the indentation edges at 77 K to have an 
influence (Fig. 4, curve 1). In addition, the height of 
the hill in this temperature region increases almost by 
a factor of two. A similar increase in hill height also 
takes place for LiF; however, the arrangement of 
the hills changes insignificantly (Fig. 4, curve 3). 
Therefore, the degree ofmicrohardness anisotropy for 
LiF undergoes less significant changes. The hills of the 
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Figure 4 The profiles of  the hills on the pressed-out material near 
the indentations on the (001) plane of (1) KC1, (2) NaC1, (3) LiF, 
(4) MgO, crystals. L = the distance from the edge of the indentation; 
h = the depth of  the indentation; h" = the height of the hill. 
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material are already positioned very close to the 
indentation for MgO crystals at room temperatures 
(Fig. 4, curve 4); therefore, it seems natural that the 
decrease in temperature in the interval 293 to 77 K 
does not have a very significant influence on K. 

So the enhancement of the coefficient of microhard- 
ness anisotropy on passing from room temperature to 
the liquid nitrogen temperature may be explained by 
the influence of the hills on the size of the indentation 
diagonals. 

Let us consider the change in the coefficient of 
microhardness anisotropy on increasing the deforma- 
tion temperature from 293 K to 800 K. An increase in 
K in this temperature region occurs for all the crystals 
under investigation, except MgO (Table I, Fig. 3). It is 
possible that the transition from the "descending" 
branch of the K ( T )  dependence to the "rising" branch 
for MgO occurs in a higher temperature region in 
comparison with that for the other crystals. 

The rise in K on increasing the temperature from 
293 to 800 K can be explained as follows. A change in 
the mechanism of surface relief formation takes place 
as the temperature rises, and it is known from the 
literature [23] that the hardness of the material and its 
capacity for strain hardening have a significant influ- 
ence on the peculiarities of surface relief formation 
near the indentations. If the indentor penetrates the 
material with a small strain hardening capacity, the 
formation of hills occurs. In contrast, a depression of 
the surface near the indentation arises when penetrating 
a soft material. Therefore, one can assume that this 
factor, and not the material hills, must be the main 
influence on microhardness anisotropy at elevated 
temperatures. 

This assumption was confirmed by studying the 
change of the indentation shape with increasing tem- 
perature. It was shown, as is the case with the hills of 
a material, that the dips in a material were arranged 
along definite crystallographic directions; these are 
(1 0 0)  [3, 21]. The occurrence of a surface depression 
near the indentation results in a shortening of its 
diagonals, therefore H<100> > H<~ ~0>. This difference 
increases with increasing temperature because in this 
case the degree of surface lowering also increases. The 
temperatures used in the present investigation were 
apparently insufficiently high to operate such a 
mechanism for the hardest MgO crystal. 

The non-monotonic shape of the K ( H )  curves (Figs 
I a, c) can be explained by the common influence of the 
two facts shown: the increase in the coefficient of 
microhardness anisotropy in the region of small H 
values at 77 K (Fig. 1 a) is connected with the influence 
of the material hills, but a similar shaped curve at 
800K (Fig. lc) is found due to the action of the 
material depressions. The results obtained show the 
importance of the dislocation mechanism of inden- 
tation formation for the crystals under investigation in 
the temperature region 77 to 800 K. One further factor 
influencing the microhardness anisotropy was shown 
by Roberts [24]: the dependence of strain hardening in 
the region near the int'entation on the indetor orien- 
tation. This is connected with the change in the activity 
of different slip planes due to the indentor turn relative 



to the crystallographic directions of the sample. How- 
ever, for the crystals under investigation, it is shown 
that the plastic flow of the material may be described 
by using the same model for the indentor orientations 
dll (1 0 0 )  and dH (1 1 0)  and for the different defor- 
mation temperatures, i.e. the same slip planes are 
active mainly for all cases [3, 25]. Therefore, the factor 
shown by Roberts [24] has practically no influence on 
the microhardness anisotropy of the crystals considered 
in the present paper. 

5. Conclusions 
1. The microhardness anisotropy is clearly revealed 

on the (001) cleavage plane of ionic crystals with 
NaC1 lattice (KC1, NaCI, NaF, LiF, MgO) at the 
deformation temperatures 77, 293 and 800 K; HI1001 > 
Hi1~01 (Hii00 ] is the microhardness for the orientation 
of the indentation d~agonals dll (1 00) ,  HI1 ~0i corre- 
sponding to the orientation d I] (1 1 0)). 

2. The coefficient of microhardness anisotropy, K, 
( K  = (H11oo I -- HEl,ot/HiloOl) increases more or less 
linearly with increasing crystal microhardness in 
the series KC1-NaCl-NaF-LiF-MgO crystals when 
measurements are performed at room temperature. 

3. A non-monotonic K ( H )  dependence was revealed 
for deformation at low and high temperatures; a sharp 
increase in K with decreasing H was observed in the 
region of small H values. 

4. The K ( H )  dependence observed experimentally 
was mainly due to the distortion of the surface relief 
near the indentation and its change with changing 
temperature, and on passing from one crystal of the 
KC1-NaC1-NaF-LiF-MgO series to another one. 

5. The results obtained in the present paper indicate 
the dislocation mechanism of indentation formation 
for the crystals investigated in the temperature interval 
77 to 800 K. 

References 
1. B. W. MOTT, "Ispitanie na tverdost microvdavlivaniem" 

(Metalurgizdat, Moscow, 1960). 

2. S. 1. LEBEDEVA, "~Opredelenie mikrotverdosti mineralov" 
(Izd. AN USSR, Moscow, 1963). 

3. Yu. S. BOYARSKAYA~ "Deformirovanie kristalov pri 
ispitaniyach na microtverdost" (Shtiintsa, Kishinev, 1972). 

4. Yu. S. BOYARSKAYA, D. Z. GRABKO and M . S .  
KATS, "Fizika processov mikroindentirovaniya" (Shtiintsa, 
Kishinev, 1986). 

5. F. W. DANIELS and C. G. DUNN, Trans. Amer. Soc. 
Metals 41 (1949) 419. 

6. R. D. ARNELL, J. Phys. D Appl. Phys. 7 (1974) 1225. 
7. C. A. BROOKES, J. B. O 'NEILL and B. A. W. RED- 

FERN, Proc. Roy. Soc. Lond. A 322 (1971) 73. 

8. G. R. SAWYER, P. M. SARGENT and T. F. PAGE. J. 
Mater. Sci. 15 (1980) 1001. 

9. V. A. MOKIEVSKII,  Kristalografiya 4 (1959) 410. 
10. G. A. ILINSKII ,  "Opredelenie mikrotverdosti mineralov 

metodom vdavlivaniya" (Izd. Leningradskogo Universiteta, 
Leningrad, 1963). 

I1. X. TERCH, Radex Rundschau NI (1957) 495. 
12. E. AERTS, S. AMELINCKX and W. DEKEYSER, Acta 

Metall. 7 (1959) 29. 
13. Yu. S. BOYARSKAYA et al., Kristalografiya 4 (1959) 

597. 
14. A. A. SHPUNT, Fizika tverdogo tela 4 (1962) 718. 
I5. Yu. S. BOYARSKAYA and M. I. VALKOVSKAYA, 

Kristalografi~y,a 7 (1962) 261. 
16. V. N. ROZHANSKII  and M. A. VELEDNITSKAYA, 

Fizika tverdogo tela 17 (1975) 3260. 

17. Idem, Phys. Status Solidi (a) 8 (1971) 551. 
18. E. S. BERKOVICH, Zavodskaya laboratoriya N10 (1963) 

1250. 
19. D. G. RICKERBY, J. Amer. Ceram. Soe. 62 (1979) 222. 
20. F. GIBERTEAU et al., Rev. Phys. Appl. 17 (1982) 777. 
21. K. NARASHIMHA REDDY and V. HARI BABU, Phys. 

Status Solidi (a) 70 (1982) K97. 
22. K. NARASHIMHA REDDY, U. V. SUBBA RAO and 

V. HARI BABU, Cryst. Res. Technol. 19 (1984) 121. 
23. D. TABOR, "The Hardness of Metals" (Clarendon, Oxford, 

1951). 
24. S. G. ROBERTS~ Phil. Mag. 54 (1986) 37. 
25. D. Z. GRABKO, "Zakonomernosti plasticheskogo defor- 

mirovaniya nekotorich kibicheskich kristalov" (Kandidatskaya 
dissertatsiya, Kishinev, 1974). 

Received 31 May 
and accepted 23 October 1989 

4409 


