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Microindentation analysis of
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Microindentation analysis of di-ammonium hydrogen citrate single crystals is
reported here for the first time. The single crystals grown by a slow evaporation
method are indented on the as-grown (00 1) and cleavage (11 0) faces using a
diamond pyramid indenter, and the hardness variation with load is studied. The
toughness is determined by measuring the crack length. The values of hardness and
toughness are used to evaluate the brittleness of these crystal faces. The crack
system formed around the indentations is analysed by etching and surface removal
techniques, and it is shown that the threshold crack is radial. As the indentation
load is increased, lateral cracks initiate and take the shape of median cracks with

further increase in load.

1. Introduction
Many organic crystals belonging to the ortho-
rhombic class exhibit ferroelectric [1], electro-
optic [2] and triboluminescent [3] properties.
Although triboluminescence is an old
phenomenon, relatively little progress has been
made in the study of it because of the complexity
of crystal fracture. Di-ammonium hydrogen
citrate, CsH,,N,O;, (hereafter termed DAHC)
single crystals, which belong to the ortho-
rhombic system with space group Pnr2b
with lattice parameters a = 1.0767nm, b =
1.4736nm, ¢ = 0.6165nm and four molecules
per unit cell [4] are reported to be piezoelectric
and triboluminescent [5]. No data are available
on the deformation and fracture characteristics
of the DAHC crystal, and so it was thought
useful to make a microindentation analysis to
study the hardness and toughness, and to
evaluate the brittleness factor of this crystal.
Hardness, though a poorly defined term,
usually implies resistance to deformation which
in turn denotes the ability of one body to resist
penetration by another. It depends on the elastic
and plastic properties of both the indenter and
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the indented material. Among the various
methods for hardness measurement, the most
common method is the microindentation
method and pyramid indenters are said to be
best suited for hardness tests due to two reasons
[6], namely (a) the contact pressure for a
pyramid indenter is independent of indent size,
and (b) pyramid indenters are less affected by
elastic release than other indenters. The Vickers
pyramid indenter, whose opposite faces contain
an angle of 136°, is the most widely accepted
pyramid indenter. Using a Vickers indenter, the
hardness of any material is determined employ-
ing the equation P/a*> = aH, where Pis the load,
a is half the diagonal of the impression, o is an
indenter constant whose value best fitted to
available experimental data is 2 [7], and H is the
hardness value.

Toughness of a material denotes its resistance
to fracture. As the indentation load is increased,
cracks are initiated in the indented material
around the indenter and these cracks propagate
on subsequent loading. Of the two processes of
initiation and propagation, the latter has
received considerable attention. However,
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models have been proposed [8, 9] to predict the
critical load and flow size conditions which
should prevail at the threshold of crack
initiation. With the development of Griffith—
Irwin fracture mechanics, several parameters
have become available for specifying resistance
to crack growth. Of these, the fracture tough-
ness, K. has gained the widest acceptance as a
material quantity in design. In terms of fracture
mechanics, the toughness parameter is inter-
preted physically at two levels [10]. Macroscopi-
cally, it emerges as a composite of elastic and
surface formation properties, and microscopi-
cally it relates to the basic nonlinear separation
process responsible for crack tip extension. For
a solid containing a well developed crack of
specified dimension, K, determines the fracture
stress in uniform tensile loading and is
accordingly a key material quantity in strength
analysis. The usefulness of toughness as a frac-
ture parameter is explicit in some of the applica-
tions in ceramic engineering [11].

Among a large variety of experimental
methods available for measurement of tough-
ness [11-15], the indentation method is the best
suited for brittle materials with low toughness
value. This is due to the simplicity and rapidity
with which toughness can be evaluated using
small samples. Analysis of the deformation/frac-
ture mechanics of the indentation process has
provided an equilibrium relation for the charac-
teristic dimension ¢ (half the crack length) for
the propagation stage, assuming that a well-
developed median crack extends under centre-
loading conditions as P/c*? = B,K, (¢ = a),
where f, is an indenter constant. The value of
this constant best fitted to the data is 7 [7] for a
Vickers indenter. (Fig. 1).

Though the process of crack initiation is
highly complex, the key feature of the ¢(P) func-
tion appropriate to the initiation stage of a crack
is a minimum in the load at P* = 1 K (K ,/H)’,
with a characteristic ¢* = u,(K,/H)*, where A,
and p, are constants whose value best fitted to
experimental data are 1.6 x 10*and 120 respec-
tively, as given by Lawn and Marshall [7].

Direct observation of the indentation process
has shown that the radial cracks attached to the
corners of the indentation mark start from
favourable surface flaws [16] in the near-surface
plastic zone. The lateral cracks are understood
to start from favourable sub-surface flaws at the
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Figure I Schematic diagram showing a cracked microinden-
tation impression.

clastic-plastic boundary, and are propagated by
the rather high tensile unloading stress [17-20].
The median cracks initiate from sub-surface
nucleation centres in the vicinity of the elastic—
plastic boundary under the tensile stress of
indentation stress fields [21]. The subsequent
propagation is believed to be due to the wedging
action of the indenter.

Brittleness, which in a general sense implies
the relative susceptibility of a material to two
competing mechanical responses, deformation
and fracture, is an important property as far as
the mechanical behaviour of a material is con-
cerned. It depends on various factors like tem-
perature, rate of loading and atmosphere. Lawn
and Marshall [7] have suggested the indentation
technique to evaluate the largely empirical
brittleness factor of a material, taking the ratio
H/K, as a simple index to brittleness with a view
to providing a basis for material classification.

The indentation analysis presented in this
paper consists in (a) the study of the variation of
hardness with load on (00 1) and (1 10) planes
using a Vickers pyramidal indenter; (b) analys-
ing the validity of the equilibrium relation at the
propagation stage of the crack and showing that
the radial crack is the threshold event in crack
formation; and (c) determining the value of H/K,
as a simple index of brittleness for classifying
DAHC crystals.

2. Experimental details

DAHC single crystals were grown from aqueous
solution at constant temperature by slow
evaporation. The crystals were then taken out,
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washed and dried. Indentations were made on
the as-grown (001) face with the indenter
diagonal along [0 10] and [1 0 0] directions, and
on the cleavage (110) face with the indenter
diagonal along [110] and [001] directions.
These indentations were made on dislocation-
free regions using a Hanemann microhardness
tester Model D32, In this model a Vickers
pyramid diamond indenter is fixed to the front
lens of the reproducing objective, whose optical
data are those of standard 32 x /0.65 apochro-
mats. The hardness tester, which is provided
with an optical device to indicate the testing
load, was attached to an incident-light micro-
scope (Epityp 2, Carl Zeiss, Jena), with the verti-
cal illuminator replacing a standard objective.
An indentation load as low as 0.2 g can be used
for this model, which makes the study of the
deformation and fracture of materials possible
at low loads. The indentation impression was
measured using a micrometer eyepiece which
resembled the standard micrometer eyepiece in
design, with a least count of 10 um. For the
measurement of the diagonal of the impression
and the length of the crack a high-power objec-
tive was used in the place of a reproducing objec-
tive of the indenter. A number of samples
(approximately 10mm x 3mm x 2mm) were
indented and corresponding to different loads in
the range of interest, at least ten indentations
were made and the average diagonal length of
the indentation obtained for each load. At first
the load was applied for a time T = (¢, + ?),
where 7, = Ssec is the sinking time of the dia-
mond pyramid, varying the actual load resting
time t from 5 to 300sec at constant load. The
permanent impressions for these and subsequent
trials were measured after a time lapse of 30 min
to allow for any elastic recovery. Since the area
of the impression did not bear any observable
dependence on loading time for the constant
load used, ¢ was taken as 15sec for all subse-
quent trials.

To study the nature of the threshold crack on
(001) and (110) faces, the indented specimens
were viewed under an optical microscope for
different loads from 0.5g to the point when
well-developed cracks formed. The indented sur-
face was also observed after etching with a suit-
able etchant to detect the initiation of cracks. To
confirm the above observations, another set of
indentations in the same load range was made
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Figure 2 Variation of hardness with load in the load region
0.5t0 12.5g: A, (001) face; O, (010) face.

and the surface studied under a microscope after
gradual surface removal.

3. Results and discussion

The variation of hardness with load is given in
Fig. 2. Values of load up to 12.5g are used for
hardness measurements, since the incidence of
cracking does not seem to influence the defor-
mation mechanics as long as the impression
remains reasonably well defined and the crack
does not extend considerably compared to the
impression diagonal [22]. The special feature of
the variation is the sharp increase in hardness
with increase in load. The major contribution to
the increase in hardness with load in DAHC is
attributed to the high stress required for homo-
geneous nucleation of dislocations in the small
dislocation-free regions indented [23]. Also in
the case of DAHC, microcracks (¢ < a) appear
below 12.5 g. Thus a part of the applied stress is
utilized for nucleation and propagation of these
cracks and does not contribute to any increase in
deformed area beneath the indenter, resulting in
an increase in hardness value.

For loads greater than about 12.5 g the cracks
are large compared with the impression
diagonal, and hence the toughness parameter
comes into play. The plot of P against ¢** for
loads up to 25g, where the slope suddenly
changes, is shown in Fig. 3. Loads beyond 25¢g
were not used for the evaluation of toughness as
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Figure 3 Variation of 2/3 power of semicrack length with
load: a, (001) face; O, (110) face.

chipping of material occurs sometimes above
this load. Niihara [24] has suggested the
Palmgqvist crack length / (Fig. 1) instead of the
median crack length ¢ in the low-load region for
the evaluation of fracture toughness, and
recommends 1/a as a more appropriate nor-
malization parameter than c/a for toughness
evaluation. But in the case of DAHC single
crystal for loads above 12.5g well-developed
median cracks are formed (Fig. 4) although c/a
~2to 5. The preference of ¢ over /in the present
case is further supported by Lankford [25] who

Figure 4 Sample indentation mark at a load above 12.5g on
(001) face, showing halfpenny configuration around the
indentation mark.
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Figure 5 Variation of toughness with load: a, (001) face; O,
(110) face.

has shown that the ¢/a normalization parameter
“most nearly approaches universality”.

The toughness value calculated is found to
increase with increase in load in a regular man-
ner as seen from Fig. 5. The hardness, toughness
and brittleness values for (00 1) and (11 0) faces
are given in Table 1. For the purpose of classifi-
cation and comparison with the corresponding
values of well-known materials, the average
values of hardness, toughness and brittleness for
the two planes is calculated and presented in
Table II. This procedure is justified since there is
no remarkable variation in these values for the
two planes investigated, and the directional
dependence of hardness and toughness is
negligibly small.

Chemical etching is a useful technique by
which slip traces and crack system around a
microindentation can be easily observed. In
order to show that cracks, if they are formed due
to indentation, should be visible under the micro-
scope, two indentation marks, one with visible
cracks (Fig. 6a) and the other without visible
cracks (Fig. 7a) on the (001) face were etched
with a suitable etchant. The position of the

TABLE 1 Hardness, toughness and brittleness of
DAHC
Faces Load range Hardness Toughness Brittleness
(® (GPa) (MPa m'?)  (um~'?)
(001) 0.5t0 12.5 0.628 - -
125t0 250 - 0.154 4.08
(110) 05to12.5 0.738 - -
125t0 250 - 0.185 3.99
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TABLE 11 Hardness, toughness, brittleness and threshold load and crack length values of DAHC presented with the

corresponding values of some well-known materials

Material Deformation/fracture parameters Threshold parameters
Hardness Toughness Brittleness Load Load Crack length Crack
(GPa) (MPam'?) (um~"%)  (theory) (experiment)  (theory) length
N) (N) (um) (experiment)
(uurm)
NaCl* 0.24 0.5 0.48 7.11 14.7 120.0 100.0
C¢H,,N,0, 0.68 0.17 4.04 0.04 0.04 7.43 6.1
ZnSe' 1.1 0.9 1.2 8.0 - 80.0 -
ZnS' 1.9 1.0 2.0 2.0 - 30.0 -
Fe' 5.0 50.0 0.1 800000 - 12000 -
MgF;} 5.8 0.9 6.0 0.05 - 3.0 -
Si0} 6.2 0.7 9.0 0.02 - 1.5 -
Ge* 9.0 0.46 19.56 0.01 0.02 0.14 0.25
Si* 10.0 0.6 16.66 0.02 0.04 0.2 0.65
ALO,* 12.0 4.0 3.0 0.25 0.24 5.0 3.0
Si; N, 16.0 5.0 3.0 2.0 - 12.0 -
Sic* 19.0 4.0 4.7 0.07 0.09 2.0 1.0
wC' 19.0 13.0 1.4 70.0 - 60.0 -

*Data from Lankford [25].
"Data from Lawn and Marshall [7)].

cracks visible earlier in the indentation marks
are now shown by the four arms at the corners
(Fig. 6b) whereas the indentation without visible
cracks shows no trace of cracks (Fig. 7b). Fig. 8a
shows two indentation marks with cracks at
different loads. After removal the crack lines
have disappeared (Fig. 8b), which clearly indi-
cates that the cracks are radial and originate
from the surface. For the smaller load, only
radial cracks are formed indicating that a radial

crack is the threshold event in crack formation
in DAHC. As the load is increased lateral cracks
are observed around the impression (Fig. 9a).
The lateral crack system is clearly seen in the
etched pattern (Fig. 9b). The lateral cracks seem
to extend well below the plane of indentation
pyramidal apex, as can be seen from Fig. 9c,
where the indentation impression is completely
removed; the cracked area is still visible. At
higher loads lateral cracks take the shape of

Figure 6 (a) Indentation micrographs showing threshold cracks on (00 1) face; (b) etch figure of the indentation mark in (a),

showing four arms in the directions of the cracks.
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Figure 7 (a) An indentation mark at the threshold load without any visible crack; (b) etch figure of the indentation mark in

(a) which verifies the absence of a crack.

median cracks, forming a well-developed half-
penny configuration around the indentation
mark (Fig. 4).

4. Conclusions

1. Hardness, toughness and brittleness values
of DAHC are found to be 0.68 GPa, 0.17 MPa
m'? and 4.04m~'? respectively.

2. The hardness and toughness of DAHC are
found to vary with load.

l{a)

3. The threshold crack in the case of DAHC
is radial, growing into lateral and median cracks
as the load is increased step by step.
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Figure &8 (a) Indentation marks at two different loads showing the crack system on the (00 1) face; (b) the area in (a) after

surface removal.
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