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Vickers microhardness measurements have been carried out on flux-grown single crystals 
of barium molydate. The dependence of hardness on indentation load, and anisotropy 
in hardness in the (011) and (001) planes have been described. Attempts have also 
been made to understand the nature of the cracks developed around the micro- 
indentation. 

1. I ntroduction 
Many investigations have been undertaken to 
correlate the indentation hardness with other 
physical properties. Btickle [1, 2], for instance, 
has pointed to the possibility of investigating 
various material properties by means of micro- 
hardness measurements. Although the mech- 
anism of deformation during indentation is not 
clearly understood, hardness testing provides 
useful information concerning the mechanical 
behaviour of brittle solids. Several investigators 
[3-7]  have used indentation techniques to study 
glide, deformation anisotropy, cracks, etc. in 
various crystals. The indentation is generally 
carried out using sharp indenters such as a cone 
or pyramid, because of the geometrical similarity 
of the residual impression [8]. The contact 
pressure with such a geometry is independent of 
indent size and thus affords a convenient measure 
of hardness. The Vickers hardness test method is 
one of the most common and reliable methods 
for hardness measurements. A literature survey 
has revealed that there has been little study of 
crack patterns and hardness variations for non- 
cubic crystals. Single crystals of tetragonal barium 
molybdate have been successfully grown for a 
study of various properties using an isothermal 
flux evaporation technique in this laboratory 
[9]. They crystallize in the well known scheelite 
structure, with bipyramidal and plat,ey habits, 
belonging to the space group I 41/a [10]. The 
crystals were characterized by X-ray diffraction, 

0022-2461/84 $03.00 + .12 

energy dispersive analysis of X-rays (EDAX) 
and electrical properties [ 11,12]. Since practically 
no information is available on their micromech- 
anical behaviour, a systematic study of the hard- 
ness characteristics of these crystals was under- 

~taken: The data so obtained are given and dis- 
cussed in this paper. 

2. Experimental details 
The microhardness of the crystals was deter- 
mined by subjecting their prominent as-grown, 
smooth (011) faces and also their (001) cleavage 
planes, to static indentation tests in air at room 
temperature (27~ using the microhardness 
tester M06270 manufactured by Vickers Ltd, 
UK. The indenter orientation was fixed through- 
out the measurements along the (1 00) direction 
with respect to the planes studied. Diagonal 
lengths of the indented impressions obtained at 
various applied loads were measured using the 
filar micrometer of the Vickers projection 
metallurgical microscope. Loads, L, varying from 
20 to 140g were applied over a fixed interval of 
time, say 30sec. In another set of experiments, 
keeping the load constant, the indentation time, 
t, was varied from 10 to 120sec. Performing 10 
trials of indentations for each loading, the mean 
value of the diagonal lengths was found. Then, 
following the concept of Onitsch [ 13], the Vickers 
hardness number, VHN, was calculated using the 
relation: 

VHN = 1.854ad n-2 (1) 
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Figure 1 Typical Vickers indentation mark 
on a (011) face at 20g load, exhibiting 
radial cracks (rc), band of cracks (cz), 
slip lines (sl), and crack free zone (cf) 
(X 730). 

where a and n are constants for a given material 
and the environment, and d is the average diagonal 
length of  the Vickers impression, measured in mm, 
after unloading. In addition the indentation- 
induced cracks were also examined using the 
filar micrometer eye piece. 

3. Results and discussion 
During the routine examination of  Vickers inden- 
tation on the as-grown (01 1) and cleaved (001)  
planes, interesting crack patterns were observed 
as shown in Figs. 1, 2 and 3. It is believed that as 
the Vickers indenter load is increased, there occurs 
a transition from the purely inelastic deformation 
to the formation of  penny-shaped cracks beneath 
and across the major diagonals of  the Vickers 
indent. Subsequent loading causes these cracks to 

extend and cut the free surface to yield the cracks, 
as observed. In the case of  (011)  planes (,Figs. 
1 and 2), the slip lines (sl) in addition to the 
prominent crack patterns, are observed even at 
low load (20 g) indents. The absence of  any bulk 
median cracks on these planes indicates the low 
damage done to the surface. However, the radial 
cracks (rc) formed along the major diagonals or 
the edges of  the Vickers indent, when the system 
is not overloaded, are probably the result of  the 
unloading residual stresses [14, 15]. Also these 
radial cracks, or the so called "Palmqvist cracks" 
[16 -18] ,  are usually confined to a narrow zone 
on the spezimen surface, as observed. These 
cracks emanate from the corners of  the inden- 
tation and probably do not extend beneath 
the deformed zone. It is known that loading 
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Figure 2 The indentation mark at 60g 
load on a (011) face with the crack 
system. Note also the dislodged frag- 
ment (dr) and lateral cracks (lc) in 
reflected light (X 680). 



Figure 3 The typical pyramid indent at 
100g on a (001) face, showing bulk cracks 
in and around the indentation mark (X 790). 

produces penny-like normal vents or craeks 
which on unloading begin to close up owing 
to the compressive forces of the elastically 
deformed material about the indentation site 
[14, 15]. On the surface, the elastic stresses 
are reversed and radial cracks are formed, which 
may occasionally be an extension of  the surface 
median cracks. Our understanding of the events 
occurring in the deformed zone is very small. 
Nonetheless, with a view to quantifying these 
cracks, we measured the extent of cracking against 
indentation dwell time at different loads. The 
resulting variation is shown in Fig. 4, establishing 
that the size of the indentation is proportional 
to the extent of  cracking. It is also revealed that 
the crack velocity (measured by the slope of the 

straight lines in Fig. 4) remains constant beyond 
80g. This nonvariation of crack velocity with 
load (>  80g) may be due to non-extension of 
radial cracks beneath the deformed zone. It may 
be noted that the extent of cracking against 
indenter load, as depicted in Fig. 5, is reasonably 
linear. That the straight lines in the present case 
d o  not have an intercept.,~on the load axis suggests 
reinforcement of the fact that the indentation 
always produces cracks even at the lightest load. 
This, of course, implies no significant densifi- 
cation due to material erosion about the inden- 
tation site on the as-grown faces. This is contrary 
to what has been observed for soda-lime glass 
[15]. Interestingly, we also observed some shallow 
lateral cracks (lc) on the specimen surface, which 
develop during or after complete unloading of the 

..8 / .20go40 / ' ~ - -  indenter [14, 19]. Since the state of stress about 
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Figure 4 Plots of crack length against propagation time. Figure 5 Plots of crack length against load, L. 
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Figure 6 Plot of log L against log d for the two planes. 

the deformation zone on loading is unknown, 
a rigorous analysis of lateral cracking is not 
possible. We have also observed material abrasion, 
or material chipping, such as df, as shown in Fig. 
2. This may be attributed to intersection of 
median and lateral vents and is evident from the 
appearance of the discharged fragment. The sub- 
surface damage, in agreement with the concept 
of Hagan and Swain [14], appears to consist 
of a heavy network of shear flow lines which 
represent the stages of crushing of the material 
into fine powder. Further, along with the 
Palmqvist cracks, a system of cracks reflecting 
the symmetry of the plastic indents were also 
observed, as marked cz in Fig. 1. Such bands of 
cracks, or annuli, extend into the indent from the 
edge and are always terminated by a crack free 
zone (cO, as marked in Figs. 1 and 2. These 
surface cracks are probably produced by elastic 
contact stresses at the specimen indenter surface, 
as pointed out by Hagan and Swain [14, 15]. 

On the other hand, the bulk cracks developed 
on the (001) planes, shown in Fig. 3, seem to 
emanate from the edges and corners of the inden- 
tation pit. Interestingly, unlike that on (011) 
faces, piling up of the material around the mark 
on (001) planes is an additional feature of  surface 
observation. The formation of the observed 
median cracks may possibly be due to interaction 
of shear deformation flow lines beneath the 
indenter [14]. 

To characterize better the specimen, in so far 
as their micromechanical properties are con- 
cerned, the plot of log load, L, against log diagonal 
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Figure 7 Plots of Viekers hardness number, VHN, against 
appfied load L. 

length, d, was established (Fig. 6). They yield 
straight lines in the investigated region, have slopes 
of n--~ 2.15 and 1.65 for (01 1) and (001) planes 
respectively. Also, the variation of VHN with 
load for the two sets of planes is shown in Fig. 7. 
A marked difference in the observed VHN values 
for the two planes is noteworthy. In the case of 
(01 1) planes the VHN increases gradually up to 
80g and remains constant thereafter. On the 
contrary, (001)  planes exhibit, before saturation, 
gradual decrease in VHN up to around 80g. 
These variations support the concept of Onitsch 
[13], that if n < 2 the hardness number increases 
with decreasing load, and if n > 2 it decreases 
as the load is decreased. The load-independent 
hardness values differ from plane to plane, and in 
the present case they are VHN(o11)= 144.96 
kg mm -2 , VHN(o o 1) = 85.4 kg mm -2 . Obviously, 
VHN(o 11) ~ VHN(0o 1) by 58.9%. 

The observed anisotropy in hardness may be 
understood in terms of surface cracking and 
material erosion at the indentation mark. For 
indents on (001) faces, enough displaced material 
in addition to cracking, is found to have piled up 
around the edges and corners of the piL as is 
evident from Fig. 3. Such displaced material is 
responsible for the observed variation in hardness, 
since the material at the corners will lead to 
measured increases in the diagonal lengths. This 
effect has also been observed by McColm and 
Wilson [20] on certain cubic bronzes. It appears 
that such a situation prevails up to 80 g of load. The 
observation that the VHN is independent of load 
beyond 80g may be attributed to the fact that 



when the depth of the diamond pyramid is much 
increased, the effect of the distorted zone beneath 
the indenter becomes much less prominent. But in 
the case of (0 1 1) faces, no pflingup of the material 
is observed along the edges and corners of the 
indented figure, and hence in spite of the slight 
cracking and chipping the indentation diagonals 
are well defined. This supports the relatively soft 
nature of (001) cleavage planes as compared to 
the habit faces of the crystals, as observed. 

Moreover, the observed gradual enhancement 
of VHN before 80 g of load is understandable if 
one considers the effect of the surface layers of 
the crystal. During the process of indentation, 
the impression of the diamond pyramid may 
penetrate to a depth comparable with or greater 
than the thickness of the surface layer. Since 
this layer is pierced by the indenter, its effect 
will be marked at low loads, Consequently, the 
noticeable increase in VHN on the (01 1) planes 
is observed. Beyond 80g, when the impression 
reaches a depth at which the undistorted layer 
of the material exists, the microhardness ceases 
to depend on loading. 

it may, however, be noted that both the 
crack velocity and the VHN on (011) planes 
follow an identical variation with load; their 
values increase linearly up to 80g load. This 
suggests a close relation between the two micro- 
mechanical quantities with greater indenter loads, 
when the hardness shows increasing trend, the 
indentation induced cracks propagate faster, 
before attaining a steady load-independent value. 
The micromechanical characteristics ofBaMoO4 
can therefore be indicated by either crack velocities 
or Vickers hardness. The amount of anisotropy 
in VHN with regard to the crystal planes can, 
however, be attributed as suggested by Armstrong 
and Raghuram [21], to the possible difference in 
the inclination of glide planes that accommodate 
dislocation motion during indentation. The larger 
the angle of inclination, the larger will be the 
microhardness as conceived by Boyarskaya and 
co-workers [22-24]. 

4. Conclusions 
1. Surlhce cracking around the indentation- 

induced impression is observed both on the grown 
and the cleavage planes. 

2. Unlike the cleavage plane, the habit face 
exhibits material chipping off, which is an early 
stage of material crushing and powdering. This 

suggests the interaction of heavily worked flow 
lines forming a tangled mesh beneath and around 
the deforming indenter. 

3. The crack velocity tends to increase with 
applied loading and to saturate at 80 g. 

4. The as-grown (01 1) faces have been found 
to be much harder than the (001) cleavage faces, 

5. Large anisotropy in VHN with respect to 
crystal planes is noteworthy. Though the behaviour 
is different for the initial smaller values of the 
applied load, the indentation on the as-grown and 
cleavage planes resulted in a region where the 
VHN is not a function of the applied load. 

6. The possible difference in the angles of 
intersections of glide planes might probably 
result in the hardness anisotropy. 
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