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Results of microhardness measurements on (1 00) and (1 1 0) planes of flux-grown LaBO3 
crystals, in the applied load range of 10-100g, are presented. The microhardness was found 
to decrease with increasing load in a non-linear manner. By applying Hays and Kendall's law, 
the materials resistance pressure and other constants of the equation could be calculated. 
Hardness anisotropy, showing periodic variation of H v with the maxima and minima repeating 
at every 15 ~ change in orientation of the indentor, is described and discussed. Hma,/Hr,~n are 
estimated as 1.14 and 1.06 for (1 00) and (1 1 0) planes, respectively. The fracture toughness 
values, K c, determined from measurements of crack lengths, are estimated to be 1.6, 
1.7 MNm -3/2 (for (1 00) planes) and 1.2, 1.5 MNm -3/2 (for (1 1 0) planes) at 90 and 100g 
loads, respectively. The brittleness index, B i, is estimated as 4.6, 4.0 i,tm -1/2 (for (1 00) 
planes) 6.0, 4.6 pm -1/2 (for (1 1 0) planes) at 90 and t00g,  loads respectively. 

1. I n t r o d u c t i o n  
Indentation-induced hardness testing studies provide 
useful information concerning the mechanical behavi- 
our of materials. It was found by Buckle [1] that 
various material properties can be investigated using 
microhardness measurements. The microscopic hard- 
ness indentations are made with very small loads and 
they are used to investigate local hardness variations 
in single-phase and multiphase materials. The deter- 
mination of a materials hardness is normally made 
using the mechanical test that gives a measure of ease 
with which the material can locally be deformed; usu- 
ally an indentation or scratch test is performed under 
defined conditions. The size of the indentation or 
scratch is related to the applied load and yield stress of 
the materials [2]. Most hardness tests produce plastic 
deformation in materials and all variables which affect 
plastic deformation affect hardness [3]. The ability of 
the material to resist permanent deformation is usually 
considered to be the definition of hardness. 

There are many reports of Vicker's microhardness 
measurements on various crystals [4-31]. The de- 
pendence of Vicker's microhardness, Hv, on applied 
load shows a different behaviour for different mater- 
ials. The variation of microhardness with increasing 
load may be classified into four types. 

(i) Hv remains unaffected [19]; 
(ii) Hv decreases [4, 5, 17, 27, 29, 30]; 

(iii) Hv increases [28]; and 
(iv) Hv shows complex variation [7-9,15, 21,23-25, 31 ]. 

Various laws have been suggested to explain the 
variation of microhardness with load. Kick's law [32] 

(P  = K 1 d") postulates n = 2 which, however, should 
apply under the conditions where the measured hard- 
ness is truly independent of the load. The concept of 
Onitsch [33] is that if n > 2, the microhardness num- 
ber increases as the load is increased, n is almost 
invariably significantly less than 2 [34] particularly 
for hard ceramic materials. Considering the sample 
resistance pressure, Hays and Kendall [35] have sug- 
gested an equation P - W = K2d" where n = 2 (the 
definition of terms used here is given later in the text). 

Another significant problem is the hardness aniso- 
tropy. Effect of crystal orientation on hardness of 
crystals has been studied by a number of workers [26, 
36-43]. To the best of our knowledge, anisotropy of 
microhardness has not so far been reported on lan- 
thanum borates. In this paper, the results on aniso- 
tropy of the Vicker's microhardness are presented on 
the basis of measurements taken on two difterent 
planes, (1 0 0) and (1 1 0), with different orientation of 
each crystal plane with respect to the indentor. 

In order to make comparative studies ofmicrohardness 
with load and hardness anisotropy on two different 
planes, the authors undertook measurements of hardness 
on (1 00) and (1 10) faces of the same crystal of LaBO3. 

2. Experimental procedure 
LaBO3 has the orthorhombic structure of argonite and 
is pseudo-hexagonal, with the pseudo-hexagonal c-axis 
parallel to the orthorhombic b-axis [44-46]. LaBO3 
crystals considered here were grown using the flux tech- 
nique as reported by Kotru and Wanklyn [47]. The 
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crystals were in the form of plates (10 x 3 x 1 mm3), rods 
(4 x 1.5 x 1 mm 3) and tabular (4 x 3 x 1 mm3). 

These crystals do not exhibit perfect cleavage and 
therefore plane habit faces free from any scratches were 
chosen for the indentation purposes. Selected (1 0 0) and 
(1 10) plane surfaces were used for microhardness 
measurements at room temperature (30~ using 
a Vicker's microhardness tester mhp 100 attached to 
the metallurgical microscope Neophot-2, manufactured 
by Carl Zeiss, Germany. Loads ranging from 10-100 g 
were used for indenting samples, keeping the indenta- 
tion time at 10 s. Hv was calculated using the equation 
Hv = (1.8544 P/d 2) 103 kgmm -2, where P is the load 
applied (g), and d is the diagonal length of the indenta- 
tion impression (gm). In our experiments, the measure- 
ments of the diagonal length are taken on ten indenta- 
tions for a particular load and for each indenter im- 
pression, the diagonal length is taken as the average of 
the two diagonalsl In other words, the value of d for 
each load is essentially an average of 20 measurements. 

Considering the formula for microhardness 
Hv = 1.8544 p/d 2 the standard error on P and mean 
values ofd were calculated. Thus the errors on Hv were 
estimated for each P/d 2 using the formula 

AH v = 1854.4 [{(1/y)AP} 2 + p2/y4(Ay)2]i/2 (1) 

where y = d 2, Ay = 2 dad, AP is the experimental error 
on P. 

Computational errors were also estimated for 
quantities such as log P, d, K, W and log (P - IT). The 
data were plotted by the least square fit method by 
feeding the data into a Vax 11/730 manufactured by 
DEC America. 

3. Results and discussion 
3.1. Indentation of (100) and (11 O) planes 
For plastically yielding materials, the size of the indenta- 
tion is related to the applied load and the yield stress. 
Although dislocation generation is evident in the de- 
formed zone beneath an indentation [48], deformation 
may not generally be accommodated without some 
measure of cracking. An exception may be under very 
low loads where the strain energy is insufficient to nu- 
cleate cracks [49]. In most cases, cracking occurred. 

Figs la, c and 2a, c show indentations on applica- 
tion of 90 and 100 g loads, respectively, on (10 0) and 
(1 10) faces of an LaBO3 crystal. Figs lb, d and 2b, d 
are the corresponding etch patterns on the indented 
impressions of Figs la, c and 2a, c, respectively. The 
defect structure created as a result of indentation is 
indicated by the result of etch patterns around the site 
of indentation when the crystal is etched in 90% 
H N O  3 for 1 h at room temperature (30 ~ In all these 
cases, the indentations were made with different loads 
keeping one of the diagonals of the Vicker's indenter 
parallel to a (0 01 )  direction (i.e. parallel to the edges 
of intersection of {100} and {1 10} faces) on the (100) 
surface. Similarly, on (1 10) surfaces, one of the dia- 
gonals of the Vicker's indenter was kept parallel to a 
( 0 0 1 )  direction (i.e. {1 10}-{100} edge). As is quite 
evident in these figures, indentation of the sample has 
led to straight and radial cracks. This clearly reveals 
that the etch figure star around the indentation indi- 
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cating the interaction of dislocations around the slip 
traces (as, for example, observed in the case of other 
crystals [6]), is not formed in this case. The dark lines 
(due to heavy preferential etching along them), origin- 
ating from the indentation marks in different direc- 
tions, are cracks produced due to rupture. 

3.2. Variat ion of  H v wi th  load 
The Vicker's microhardness values as measured on 
(1 00) and (1 1 0) faces of an LaBO 3 crystal in the load 
range 10-100 g are given in Table I. The variation of 
Hv with load is judged from the curves recorded in 
Fig. 3, which reveal a non-linear relationship between 
microhardness and the applied load, irrespective of 
whether the plane considered is (1 00) or (1 1 0). The 
variation of Hv with load is similar for the two planes. 
It is also significant to note that this behaviour is 
similar to those of other materials as reported in the 
literature published from this laboratory [27, 29, 30]. 

According to Kick's law [32] the dependence of 
microhardness on indentation length (and hence Hv 
on load) is given by the equation 

P = K 1 d" (2) 

where P is the applied load, d the length of the 
indentation diagonal, K1 the material constant (stand- 
ard hardness) and n is the Meyer index. This equation 
can be considered as an established one only if it 
explains the variation of Hv with load. The value of n is 
an important factor in validating the application of 
this equation. The often-quoted value of n = 2, is true 
for conditions where the measured hardness is truly 
independent of the load. However, this is not so in 
either the present case or the cases reported by other 
authors [2, 7, 27, 29, 30, 33, 50-61]. Brookes 1-34] has 
reported that n is almost invariably significantly less 
than 2. The detailed work of Burnand [38] and Ross 
[62] established that consistent values of n < 2 were 
obtained irrespective of specimen surface preparations 
(cleaved or chemically polished) and whether or not 
the crystals (LiF and MgO) were immersed in a 
selection of electrolytes. The possibility of an explana- 
tion of n always being less than 2 based on surface 
characteristics and such environmental conditions as 
those associated with Rebinder-type effects, were ruled 
out by the detailed work of these authors. Values of 
n < 2 have also been reported to have remained reas- 
onably constant for silicon and germanium when 
indented at temperatures up to 573 K [62]. 

It is interesting to determine the values of n from the 
data as recorded in Table I for flux-grown LaBO 3 
crystals. Based on the application of Kick's equation 
(P = K 1 d"), the curve log P versus log d should yield a 
straight line with a slope giving the value of n (Fig. 4a). 
Here, the slope gives the value of n < 2 for both the 
planes (see Table II). 

Hays and Kendall 1-32] have modified Kick's law to 
the equation 

P - W = K 2 d 2 (3) 

where K is a constant, n = 2 is the logarithmic index 
and W is the resistance pressure and represents the 
minimum applied load to cause an indentation, as 



Figure ] (a, c) Indentation impressions on the (1 0 0) face on application of (a) 90 g and (c) 100 g load. (b, d) Corresponding etch patterns of (a) 
and (c), respectively, after etching in 90% HNO 3 at 30 ~ for 1 h. x 500. 

loads less then W will, by definition, allow no plastic 
deformation. The function W may be evaluated for a 
particular solution on solving the two equations 
(Kick's and Hays' and Kendall's laws) by subtraction. 
Thus 

W = K1 d" - K2 d 2 (4) 

o r  

d" = W/K1 + K 2 / K I  d 2 (5) 

The evaluation can now be completed by simple 

graphical methods, i.e. a plot of log P versus log d gives 
the value of n and K 1 for the two planes (see Fig. 4a 
and Table II) and n < 2 for both the planes. A Car- 
tesian plot of Equation 5, for d" versus d 2 yields the 
slope K z / K  1 and the intercept W / K  1 (Fig. 5). The 
values obtained are also recorded in Table II, which 
thus gives compiled data of all the factors required for 
the application of Hays' and Kendal's law. 

Fig. 4b, a plot of log (P - W) versus log d, yields a 
straight line, the slope of which gives the value of 
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Figure 2 (a,c) Indentation impressions on the (110) face on application of(a) 90g and (b) 100g load. (b,d) Corresponding etch patterns of(a) 
and (c), respectively, after etching in 90% HNO 3 at 30 ~ for 1 h. x 500 

T A B L E  I Vicker's hardness number at different loads on (1 00) 
and (1 1 0) faces of LaBO 3 crystal 

P Hv Difference in 
(g) hardness value 

(100) (110) (kgmm 2) 
face (kg m m -  2) face (kg m m -  2) 

10 903 997 94 
20 861 931 70 
30 849 919 70 
40 833 891 58 
50 821 867 46 
70 795 852 57 
80 778 778 0 
90 736 730 6 

100 697 689 8 

n = 2, whether the plane considered is (100)  or (110). 
It is thus concluded that 

(i) the material considered falls in the class for 
which the concepts of a materials resistance pressure 
as proposed by the Hays and Kendall [35] law is 
applicable; 

(ii) the above concept is valid whether the planes 
considered are (100)  or (110). 

3.3. Orientation dependence of H v 
It is well known that the capacity of a crystal to 
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Figure 3 The dependence of microhardness on load on ( - - - )  (100) 
and ( ) (1 1 0) faces. 

deform plastically is a directional or anisotropic pro- 
perty. Because indentation hardness involves plastic 
deformation, one can foresee that such hardness may 
be a function of the orientation of the indented crystal. 

A definite indication of directional hardness of min- 
erals using the Knoop indentor has been reported 
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Figure 4 (a) Log P versus log d and (b) log (P -  W) versus log d, for 
( - - - )  (1 00) and ( ) (1 1 0) faces. 

T A B L E  II  Results of hardness analysis of LaBO 3 crystals on 
(100) and (1 10) faces 

Face n K 1 K 2 W / K  t W 
(103 kgmm -2) (103 kgmm -2) (10 6 mm:) (10 -3 kg) 

(100) 1.70764 0.8752 0.3765 5.9192 5.1805 
(1 10) 1.58768 1.2127 0.3678 6.3757 7.7322 

[53,65]. Also Daniel and Dunn E36] reported 
periodic variation of hardness with orientation of the 
Knoop indentor with respect to the metallic crystals. 
Orientation dependence of indentation hardness has 
also been reported by Shah E26], using the Vicker's 
indentor. 

In order to study the effect of crystal orientation on 
the Vickers hardness of single crystals of LaBO 3, the 
measurements converted to Vickers hardness number, 
Hv, were plotted against angular displacement of the 
Vickers indentor from the 0 ~ index line. The initial 
position (0~ was taken when one of the diagonals of 
the indentor on the (1 0 0) face was parallel to a (0 0 1) 
direction. The same applies to the measurements on 
(1 1 0) planes. Measurements were taken after every 
15 ~ angular displacement of the indentor loaded with 
50 g. A load of 50 g was chosen in order to obtain the 
optimum size of the indentation mark as suggested by 
Buckle [66]. Results for (1 00) and (1 1 0) planes of 
LaBO 3 crystal are shown later in Fig. 10. 

Fig. 6a-c illustrate the indented impressions at 50 g 
load and the associated straight and radially curved 
crack patterns on the (1 0 0) face corresponding to 0 ~ 
90 ~ and 135 ~ orientation of the indentor. Fig. 7a-c are 
the corresponding etch patterns revealing the de- 
formation patterns around the indented regions of 
Fig. 6a-c. No such etch features are observed for any 
orientation of the indentor (angular displacement of 
0~ ~ in steps of 15~ which could be attributed to 
slip traces. However, deformation has occurred 
around the indentation which has resulted in cracks, 
irrespective of orientation of the indentor. The de- 
formation around the indentation at orientations of 
0 ~ 90 ~ and 135 ~ of the indentor for (1 00) faces are 
illustrated as examples. The deformation around the 
indentation is revealed by etch patterns around the 
indented regions (e.g. see Fig. 7a-c). 

Fig. 8a-c illustrate the indentation impressions at 
the same load of 50 g on the (1 1 0) face, keeping the 
orientation of the indentor at 0 ~ 90 ~ and 135 ~ with 
respect to the index line as already explained. Here 
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Figure 5 A plot of d" versus d 2 for ( - - - )  (1 0 0) and ( ) (1 10) faces of LaBO 3 crystals. 
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Figure 6 Indentat ion impressions at 50g load on the (1 00) face corresponding to (a) 0 ~ (b) 90 ~ and (c) 135 ~ angular  displacements with 
respect to the initial setting, x 500 

Figure 7 (a-c) Corresponding etch patterns around the indented regions of Fig. 6a-c  after etching in 90% H N O  3 at 30~ x 500. 
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Figure 8 Indented impression at 50g load on the (1 1 0) face of an 
LaBO a crystal corresponding to (a) 0 ~ (b) 90 ~ and (c) 135 ~ angular 
displacement with respect to the initial setting, x 500 

also the cracks develop at all the orientations of the 
indentor. Fig. 9a -c  show the corresponding etch pat- 
terns obtained on indented samples of Fig. 8a-c. Here 
also the etch patterns do not reveal the creation of slip 
traces as a result of indentation. Only straight and 
radially curved cracks are observed at all orientations 
of the indentor. The deformation around the indented 

area is indicated by the etch patterns of Fig. 9a c 
corresponding to indented regions of Fig. 8a-c. 

Because the hardness number is defined in terms of 
the size of the indentor impression, any anisotropic 
effect shown by the size of the indentation mark on the 
given specimen will affect the hardness results ob- 
tained. In order to study the anisotropy exhibited by 
(1 00) and (1 10) planes of the LaBO 3 crystals, direc- 
tional hardness was determined by rotation of the 
indentor over a range of 0 ~ 180 ~ in stages of 15 ~ 

The values of Vicker's microhardness for both the 
faces are given in Table III  and the pattern of vari- 
ations is recorded in Fig. 10. From the graphs the 
following points emerge. 

(i) Whether the planes considered are (100) or 
(1 10), the variation is periodic, the maxima and min- 
ima repeating at every 30 ~ change in orientation. 

(ii) At the initial setting (0 ~ the minimum of a (1 0 0) 
plane corresponds to the maximum of a (1 10) plane. 

(iii) The maximum value on the (1 0 0) plane is more 
than the maximum value on the (1 1 0) plane, whereas 
the minimum has the same value on both the planes 
(i.e. (100) and (1 10)). 

(iv) The ratio between the two extreme values of 
hardness, i.e. Hmax/Hmin, is 1.14 and 1.06 for (1 00) and 
(1 10) planes, respectively. Here Hma x is the micro- 
hardness value of the crystal for 15 ~ , 45 ~ , 75 ~ , etc., and 
0 ~ 30 ~ 60 ~ etc., orientation of the indentor with 
reference to its initial setting for (100) and (1 10) 
planes, respectively. 
The above results indicate the anisotropic behaviour 
of microhardness for LaBO3 crystals. 

The slip system and the crystal structure play a 
primary role in the observed variation of directional 
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Figure 9 (a-c) Corresponding etch patterns around the indented 
regions of Fig. 8a c after etching in 90% H N O  3 at 30 ~ for 1 h. 
x 500 

T A B L E  I I |  Variation of directional hardness on (100) and (1 1 0) 
faces of LaBO 3 crystals. Applied l o a d =  50g, indentation 
time = 10s 

Orientation w.r.t. H V (kg m m  z) 
first setting 
(deg.) (1 00) face (1 1 0) face 

0 841 733 
15 733 784 
30 841 733 
45 733 784 
60 841 733 
75 733 784 
90 841 733 

105 733 784 
120 841 733 
135 733 784 
150 841 733 
165 733 784 
180 841 733 

hardness as well as in the observed variation of hard- 
ness with load. The size of the indentation mark can be 
regarded as a measure of the ease of slip, a larger 
indentation appearing when the resolved shear stress 
is high and a smaller indentation when it is low. When 
the slip plane is suitably oriented, the yield stress is 
minimum. Thus the directional variation in hardness 
is due to the change in orientation of the indentor with 
respect to the active slip system of the crystal, as has 
also been reported by Shah [26]. 

That  the hardness value is repeated after every 30 ~ 
indicates that the crystal may have 12-fold symmetry. 
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In fact, it must be considered that the measuring 
instrument, namely the Vicker's indentor, has four- 
fold symmetry which repeats the value of Hv after 
every 90 ~ rotation. This suggests that there is a mani- 
festation of three-fold symmetry as far as the aniso- 
tropy property of microhardness is concerned. 

3.4. Fracture toughness and brittleness 
The indentor impressions are seen here in association 
with cracks at all loads, whether the planes considered 
are (1 00) or (1 1 0). 

Resistance to fracture indicates the toughness of a 
material. For  a solid containing a well-developed 
crack, fracture toughness, Kc, determines the fracture 
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Figure 10 H v versus orientation (angular displacement) of the indentor for (---) (100) and ( - - )  (11 O) faces, indicating periodic variations. 

stress on uniform tensile loading. The fracture mech- 
anics of the indentation process gives an equilibrium 
relation for a well-developed crack extending under 
centre-loading conditions 

P / l  3/2 = B o K  c I >! d / 2  (6) 

where P is the applied load (kg) and l is the crack 
length measured from the centre of the indentation 
mark to the crack end. It may be noted that only well- 
defined cracks have been considered and the crack 
length, l, is the average of the two crack lengths for 
each indentation. B is the indentor constant, taken as 
7 for the Vickers indentor [67]. 

It is well known that the fracture strength of solids is 
related to their hardness and fracture toughness 
[-68, 69]. The value of fracture toughness, Kc, as deter- 
mined from the measurements of crack lengths, was 
estimated to be 1.6, 1.7 MN m -  3/2 (for (1 0 0) planes) 
and 1.2, 1.5 MN m -3/2 (for (1 1 0) planes) at 90 and 
100 g load, respectively. 

Fig. 11 illustrates the variation of crack length 1 and 
Hv for the (1 1 0) face. Because, in the case of the 
material considered, Hv varies with load, it is clear that 
the crack length would also depend on the applied 
load. (The dependence of crack length on Hv and load 
is shown in Fig. 11.) 

Brittleness is an important property which is ex- 
pressed in terms of the brittleness index, Bi, defined as 

Bi  = H v / K c  (7) 

It is estimated to be 4.6, 4.0 gm -t/2 (for (100) planes) 
and 6.0, 4.0 gm -1/2 (for (1 1 O) planes) at 90 and lOOg 
loads, respectively. 

4. Conclusions 
1. The Vicker's microhardness value, H~, of flux- 

grown LaBO 3 is in the range 903-697 kgmm -2 for 
(1 00) planes and 997-689 kgmm -2 for (1 1 0) planes, 
under the application of load in the range 10-100g. 
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Figure l I  Crack length versus H v for the (110) face. 
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The variation of H v with load is non-linear irrespec- 
tive of whether the planes considered are (1 00) or 
(1 1 0). The microhardness value decreases as the load 
increases. 

2. The variation of Hv with load does not obey 
Kick's law (where n = 2). Instead, the hardness data fit 
in very well with the application of Hays and 
Kendall's law [35] (P - W = K 2 d 2) suggesting there- 
by that the concept of a materials resistance pressure 
is applicable in this case also whether the planes 
considered are (1 00) or (1 1 0). 

3. The hardness is a function of the orientation of 
the indented LaBO 3 crystals, thus exhibiting the ani- 
sotropic property. Whether the planes considered are 
(1 00) or (1 1 0) the variation is periodic, the maxima 

3 8 5 5  



and minima are repeated every 30 ~ change in orienta- 
tion. At 0 ~ the minimum has the same value on both 
the planes ((1 0 0) and (1 1 0)); the ratio between the two 
extreme values of hardness, i.e. Hma~/Hmi n, being 1.14 
and 1.06 for (1 0 0) and (1 1 0) planes, respectively. 

4. The fracture toughness value, K~, is estimated to 
be 1.6, 1 .7MNm -3/1 for (100 planes) and 1.2, 
1.5 MN m-3/2 (for 1 1 0) planes at 90 and 100 g loads, 
respectively. 

5. The brittleness index, B~, is estimated as 4.6, 
4.0 lam -1/2 (for i 00 planes) and 6.0, 4.6 ~tm -1 /2  (for 
1 1 0 planes) at 90 and 100g, respectively. 
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