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Ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ ìåõàíè÷åñêèõ õàðàêòåðèñòèê ìîíîêðèñòàëëîâ àëþ-

ìèíàòà ñàìàðèÿ (SmAlO3) ïóòåì èíäåíòèðîâàíèÿ â äèàïàçîíå ñæèìàþùèõ íàãðóçîê 0,098...

...0,98 Í. Óñòàíîâëåíà íåëèíåéíàÿ çàâèñèìîñòü ìèêðîòâåðäîñòè îò óðîâíÿ íàãðóçêè, êîòîðàÿ

ñîîòâåòñòâóåò çàêîíó Õåéçà–Êåíäåëëà. Èñïîëüçîâàíèå ýòîãî çàêîíà ïîçâîëÿåò ðàññ÷èòàòü

çíà÷åíèå òâåðäîñòè, èíâàðèàíòíîå ê óðîâíþ íàãðóçêè. Ïðè èíäåíòèðîâàíèè ìèêðîêðèñòàëëîâ

òðåùèíîîáðàçîâàíèå íàáëþäàåòñÿ òîëüêî ïðè âûñîêèõ íàãðóçêàõ (�0.686 Í), ïðè÷åì êîíôèãó-

ðàöèÿ èíèöèèðóåìûõ òðåùèí îòíîñèòñÿ ê òèïó Ïàëìêâèñòà. Äëÿ ìîíîêðèñòàëëîâ SmAlO3 ïî

ðåçóëüòàòàì èçìåðåíèÿ òâåðäîñòè è ðàñòðåñêèâàíèÿ ïðè èíäåíòèðîâàíèè îöåíåíû âÿçêîñòü

ðàçðóøåíèÿ Kc, ïîêàçàòåëü õðóïêîñòè Bi è ïðåäåë òåêó÷åñòè � ò .

Êëþ÷åâûå ñëîâà: ìèêðîïðî÷íîñòü, òðåùèíà, ðàçðóøåíèå, ìîíîêðèñòàëë àëþ-

ìèíàòà ñàìàðèÿ SmAlO3.

Introduction. Aluminates are interesting series within which at room

temperature there exist compounds belonging to at least two different structure

types. Rare earth based oxides occupy an important place among the materials

having high temperature application [1]. Rare earth aluminates serve as neutron

absorber, flux suppressers and high temperature container materials. These

materials are also of considerable interest on account of their magnetic and optical

properties [2]. Thermal conductivity of the aluminates of samarium and dysprosium

was investigated employing laser flash technique covering a temperature range

from 673 to 1373 K [3]. Raman spectra of an oriented single crystal of SmAlO3

have been obtained at temperature 10–970 K [4]. Etching kinetics and assessment

of defect was carried out by Bamzai et al. [5] at different temperatures viz., 443 to

523 K on ErAlO3 crystal where as fracture mechanics, crack propagation and

hardness on ErAlO3 as well as DyAlO3 crystals were also reported by the same

author [6, 7].
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Microhardness is one of the important mechanical property of materials and
its measurement include diverse properties like Young’s modulus, bulk modulus,
dislocation contents and their configuration etc. It is now well-accepted fact that
hardness is a measure of the resistance that a lattice offers to the motion of
dislocations and deformation. As the hardness properties are related to the crystal
structure of the material [8], so microhardness studies have been applied to
understand the strength and deformation characteristics of the material. The interest
in the microhardness studies does not only result from a technical point of view but
also from the opportunity to characterize the degree of lattice order of single
crystalline material by microhardness. Indentation-induced microhardness testing
studies provide useful information about the mechanical behavior of different
materials. It is also strongly related to structure and composition of solids. It is
well-known that the microhardness of crystalline material is influenced by the
following factors [9]:

1. Solid solution effects connected with the chemical nature of the implanted
atoms.

2. Defects aggregates and amorphous region.
3. Point defects, which hinder the motion of dislocations.
The above factors suggest that hardness is a strength microprobe. Kotru et al.

[10] carried out microhardness measurement on the crystals of flux-grown rare
earth perovskite (RFeO3, R = Gd, Ho, Tb, Dy, Er, and Yb; RCrO3, R = La, Eu, and
Dy; RAlO3, R = La, Eu, Gd, and Ho). They re-affirmed the application of the idea
of material resistance pressure in the law proposed by Hays and Kendall [11] in the
explanation of hardness results. To the best of our knowledge, no results regarding
microhardness, crack propagation, fracture toughness and brittleness index of
SmAlO3 crystals have been reported. The aim of the present investigation is to
report the detailed analysis of microhardness and the laws governing the variation
of hardness with applied load. In addition, the present study also discusses the
indentation-induced crack propagation; thereby giving values of the fracture
toughness, brittleness index and yield strength.

1. Experimental.
1.1. Sample Preparation. The single crystals of SmAlO3 have been grown by

flux technique [12] using PbO, PbF2 as flux, heated in a crucible upto 1290�C,
soaked for 24 h and then allowed to cool. Flux grown SmAlO3 single crystal
belongs to distorted orthorhombic with lattice parameter a� 5.285Å, b� 5.290Å,
and c� 7.473Å with 208.9Å3 as volume per unit cell [13]. Flux-grown SmAlO3

single crystals, microscopically free from sign of any damage, were selected and
properly cleaned with CCl4 and then mounted on galva for indentation purposes.

1.2. Indentation Tests. The indentations were performed at room temperature
(25�C) using Vickers’ microhardness tester (mhp-100) equipped with diamond
indenter attached to an incident light camera microscope (Neophot-2 of Carl Zeiss,
Germany). On having confirmed that hardness is independent of time, loads
ranging from 0.098 to 0.98 N were used for indentation, keeping the indenter at
right angle to the surface for 10 s in all cases. At least five indentations were
performed for each load on each sample. The distances between two consecutive
indentations were kept more than five times the diagonal length of indentation
mark to avoid the surface effects. Precautions were taken to ensure that the axis of
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the indenter was at right angle to the plane of crystals. Diagonal lengths of these
marks were measured using filar micrometer eyepiece at a magnification of �500
and averages of the diagonal lengths were computed for calculations. The micro-
hardness value (HV ) was calculated using formula

H P dV � �2 68 2sin ( ) (1)

or

H P dV �18544 2. ( ), (2)

where P is the applied load (in N) and d is the average diagonal length of

indentation mark (in �m). The error on HV was estimated through the relation

� � �H P Y P Y YV � �18544 2 2 1 2. [( ) ( )] ,/
(3)

where Y d� 2 , � �Y d d�2 , �P , �Y , and �d denote errors on P , Y , and d,

respectively.

For each measurement only well-defined cracks developed during indentations
were considered and the average crack lengths of all such cracks were taken for a
particular indentation impression. The crack length was measured from the centre
of the indentation mark to the tip of crack. A program in Fortran 77 using the least
square method was written and run on computer to calculate the values of various
parameters listed in Table 1.

The fracture toughness (K c), the brittleness index (Bi ), and the yield strength
( )�Y were determined using the relevant expressions.

2. Results and Discussion.
2.1. Effect of Indentation Time on Vickers’ Microhardness. Hardness of some

crystals are reported to be independent of time [14], where as in some others it is
shown to be dependent on time [15–17]. In the present case, the impression
obtained with a constant load of 10 s, 30 s, 60 s, 2 min, 4 min, 8 min, and 10 min
on the selected faces lead to the conclusion that the microhardness in this case is
independent of loading time at room temperature.

2.2. Load Dependence of Hardness. Various materials behave differently so
far as the dependence of their microhardness on applied load is concerned. It is
reported that microhardness is:
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T a b l e 1
Results of Microhardness Analysis for SmAlO3

HV ,

GN m� 	2

nK nHK K1 ,

GN m� 	2

W K1 ,

10 12 2	 	m

K K2 1 K2 ,

GN m� 	2

W ,

N

12.45–16.69 1.75 1.92 12.62 3.24 0.52 6.59 0.0409

Comment: nK represents the value of n on operation of Kick’s law (P K dn� 1 ) and nHK represents

the value of n on operation of the Hays–Kendall law (P W K d	 � 2
2).



(i) independent of load [18];

(ii) increases or decreases with load [19, 20];

(iii) shows complex variation with change in load [21, 22];

(iv) increases at low loads and decreases at high loads [23].

It is interesting to find how the materials under investigation (SmAlO3)

behave with change in load.

Figure 1 shows the micrographs of the indentation impression taken at various

loads (i.e., lower as well as higher). It is clear from Fig. 1 that size of the

indentation mark increases with the increase in applied load. Figure 2 is a graph

showing variation of microhardness value with applied load. This value of

microhardness HV is found to vary from 16.69 to 12.45 GN m
 �2 at the load

ranging from 0.098–0.98 N. The curve in the graph shows that microhardness

value decreases nonlinearly as the applied load increases until about 0.686 N of

applied load after which microhardness value tends to attain saturation. This

particular behavior can be qualitatively explained on the basis of the indenter

penetration depth. At small load, the indenter penetrates layers which are nearer to

the exposed surface under indentation, and small volumes are stressed. However,

as the depth of the penetration increases, the effect of inner layers become more

and more prominent and larger volume are stressed resulting into a more or less

constant value of hardness with load [24]. This explanation is also favored by

Brookes [16], who associated the hardness increase at low loads with early stages

of plastic deformation.
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Fig. 1. Micrographs showing indentation impressions at different loads.
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2.3. Application of the Hays–Kendall Law. This type of nonlinear behavior is

explained by the Hays–Kendall law [11], which is a modification of Kick’s law

[25],

P K d n� 1 , (4)

where K1 is the standard hardness constant and n is Mayer’s index (or work-

hardening coefficient), which is assumed to be equal to 2. However, in case of

SmAlO3 crystal, the value of n was found to be less than 2 (i.e., n�1 75. ). This

discrepancy was explained by using the Hays–Kendall law which implies that

P W K d� � 2
2 , (5)

where W is the sample resistance pressure and represents the minimum load that

causes an indentation, K 2 is a constant, and n�2 is the logarithmic index.

From (5) we have

W P K d� � 2
2 . (6)

Substituting the value of (4) in (6), we have

W K d K dn� �1 2
2

or
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Fig. 2. Graph between microhardness (HV ) and load (P) showing the nonlinear behavior of the

SmAlO3 single crystal.
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d K K d W Kn � 	( ) .2 1
2

1 (7)

A graph of log P versus log d is shown in Fig. 3. From this graph slope n

and intercept K1 is calculated. The values of K 2 and W can be calculated from a

graph between d n and d 2 as shown in Fig. 4. The values of these constants have

been determined by using the least square fitting method using a software program

in Fortran language. A plot of log( )P W� vs. log d as shown in Fig. 5 yields the

value of n�2 thereby involving concept of resistance pressure (W ) as proposed by

Hays and Kendall. The data on nK (on application of Kick’s law), nHK (on

application of the Hays–Kendall law), K1 , K 2 , and W thus determined is given in

the Table 1.

The application of the Hays–Kendall law leads us to a modified formula of

Eq. (1), which gives load-independent value of microhardness ( ) .HV l i :

( ) . ( ).H P W dV l i � �18544 2
(8)

or

( ) . ..H KV l i �18544 2 (9)

Knowing the value of K 2 , the load independent values are calculated using

the above relation which comes out to be 12.23 GN m
 �2 . This load-independent

value is in quite good agreement with the experimental values where the saturation

in the values of hardness is obtained at higher loads.
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Fig. 3. A linear graph logP vs. logd giving the value of slope n and intercept K1.
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2.4. Fracture Mechanics. There are two modeling approaches to the crack

systems, which can develop in material as a result of indentation. These are:

(i) median or half penny cracks and (ii) Palmqvist cracks system shown

schematically in Fig. 6, respectively.

Thus, depending upon which of those two modules they are based on, various

indentation toughness equations in the literature are referred to as half penny or
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Fig. 4. Graph dn vs. d2 giving the value of slope K2 and intercept W K1.

Fig. 5. Graph log( )P W� vs. logd giving the value of slope n � 2.

Fig. 4 Fig. 5

Fig. 6. Geometries of median (a) and Palmqvist crack (b) around Vickers indentation.

a b
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Palmqvist equations. Resistance to fracture indicates the toughness of material. The

fracture toughness (K c) determines the fracture stress level applied under uniform

loading and is important property for selection of materials for application where

the load exceeds the limit or yield point.

In the flux-grown SmAlO3 crystal, no cracks are detected at loads less than

0.588 N. The indentation load for crack initiation reflects the intrinsic deformation

and fracture properties of the material [26–28]. The crack developed in a crystal

determines the fracture toughness K c . If P is the applied load (in N) and c is the

crack length (in �m), then under equilibrium conditions [29]:

K P cc � �0
3 2/ for c d 2. (10)

Here �0 is numerical constant that depends upon the indenter geometry. For

Vickers’ indenter �0 is equal to 7. However, this equation gives a satisfactory

value of the fracture toughness only if c a2 5. (where a d� 2), that is for

median cracks [30, 31]. The crack system with c a�2 5. is a Palmqvist or radial

crack. The fracture toughness for a Palmqvist crack system may be calculated by

K P alc � �0
1 2/ , (11)

where l is the mean Palmqvist crack length [32], l c a� � .

Table 2 gives the c a value for SmAlO3 crystal. As the ratio of c a in the

present case is found to be less than 2.5, the cracks developed are Palmqvist in

nature. Accordingly Eq. (11) is used to calculate the value of fracture toughness

K c . The value K c in case of SmAlO3 crystal has been found to vary between 5.06

to 2 31 10 2. 
 � GN m
 �3 2/ for the loads ranging from 0.686 to 0.98 N and is given in

Table 2.
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T a b l e 2

Vickers’ Hardness Value (HV ), Nature of Cracks, Fracture Toughness (Kc),

Brittleness Index (Bi), and Yield Strength (�Y )

P, N HV ,

GN m
 �2

c a Nature

of crack

Kc ,

10 2 3 2� �
GN m /

Bi ,

m�1 2/

�Y ,

GN m
 �2

0.098 16.69 – – – – 5.56

0.196 15.78 – – – – 5.26

0.294 14.65 – – – – 4.88

0.392 14.02 – – – – 4.67

0.490 13.85 – – – – 4.62

0.588 13.77 – – – – 4.54

0.686 12.98 1.06 Palmqvist 5.06 2565 4.33

0.784 12.67 1.12 Palmqvist 3.64 3476 4.22

0.882 12.65 1.26 Palmqvist 2.52 5019 4.22

0.980 12.45 1.32 Palmqvist 2.31 5373 4.15
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A graph of crack length c versus load P is shown in Fig. 7, which indicates

the dependence of crack length on applied load. It is clear that the crack length

increases with the increase in applied load.

2.5. Brittleness Index. Another important mechanical parameter is the brittleness

index that affects the mechanical behavior of a material and gives an idea about the

fracture induced in a material without any appreciable deformation. The value of

brittleness index (Bi ) is calculated by using relation [31]

B H Ki V c� . (12)

The value of Bi is found to vary between 2565 to 5373 m�1 2/ for the load

ranging from 0.686 to 0.98 N, respectively, and is given in Table 2.

2.6. Yield Strength. From the hardness value, the yield strength (�Y ) can be

calculated [33].

For Mayer’s index n�2, the yield strength is given by

�Y V
nH n n n� � � � � � �2 9 1 2 12 5 2 1 2 2. [ ( )]{ . ( ) ( )} . (13)

For Mayer’s index n�2 [34], the yield strength becomes:

�Y VH� 3. (14)
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Fig. 7. Graph between crack length and load shows increase in crack length with increase in applied

load.
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Since, in the present case, n is less than 2 (i.e., n�192. ), the Eq. (14) is
applied to calculate the value of yield strength and the above values vary from 5.56
to 4.15 GN m� �2 in the load range from 0.098 to 0.98 N and are given in Table 2.

Table 2 contains compiled data including Vickers’ hardness value, nature of
crack, fracture toughness, brittleness index and yield strength in case of SmAlO3

crystal.

C o n c l u s i o n s

1. The variation of microhardness with applied load is non linear and fits into
the concept of Newtonian resistance pressure as proposed by the Hays–Kendall
law. The Vickers’ hardness value of SmAlO3 crystals in the load range of 0.098 to
0.98 N is of the order of 16.69 to 12.45 GN m� �2 .

2. Application of the Hays–Kendall law suggests that the load-independent
value of microhardness HV for SmAlO3 crystals is 12.23 GN m� �2 . The calculated

load-independent values of microhardness fit very well with the experimental ones.
3. The crack is initiated at an applied load of 0.686 N and the nature of cracks

is of Palmqvist type for loads ranging from 0.686 to 0.98 N.
4. The fracture toughness value varies from 5 06 10 2. � � to 2 31 10 2. � � GN m� �3 2/

for the load ranging from 0.686 to 0.98 N, respectively, whereas the brittleness
index in this load range varies from 2565 to 5373 m�1 2/ , respectively.

5. The value of yield strength as calculated from HV 3 comes out to be 5.56
to 4.15 GN m� �2 in the load range of 0.898 to 0.98 N, respectively.

Acknowledgements. The authors are thankful to Defense Research and
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Ïðåäñòàâëåíî ðåçóëüòàòè âèçíà÷åííÿ ìåõàí³÷íèõ õàðàêòåðèñòèê ìîíîêðèñòà-

ë³â àëþì³íàòó ñàìàð³þ (SmAlO3) øëÿõîì ³íäåíòóâàííÿ â ³íòåðâàë³ íàâàíòà-

æåííÿ ñòèñêîì 0,098...0,98 Í. Óñòàíîâëåíî íåë³í³éíó çàëåæí³ñòü ì³êðîòâåð-

äîñò³ â³ä ð³âíÿ íàâàíòàæåííÿ, ÿêå â³äïîâ³äàº çàêîíó Õåéçà–Êåíäåëëà. Çà äîïî-

ìîãîþ öüîãî çàêîíó ìîæíà ðîçðàõóâàòè çíà÷åííÿ òâåðäîñò³, ³íâàð³àíòíå äî

ð³âíÿ íàâàíòàæåííÿ. Ïðè ³íäåíòóâàíí³ ì³êðîêðèñòàë³â òð³ùèíîóòâîðåííÿ ìàº

ì³ñöå çà âèñîêîãî íàâàíòàæåííÿ (�0,686 Í), ïðè÷îìó êîíô³ãóðàö³ÿ ³í³ö³éîâà-

íèõ òð³ùèí â³äíîñèòüñÿ äî òèïó Ïàëìêâ³ñòà. Äëÿ ìîíîêðèñòàë³â SmAlO3 çà

ðåçóëüòàòàìè âèì³ðþâàííÿ òâåðäîñò³ ³ ðîçòð³ñêóâàííÿ ïðè ³íäåíòóâàíí³ îö³íå-

íî â’ÿçê³ñòü ðóéíóâàííÿ Kc , ïîêàçíèê êðèõêîñò³ Bi ³ ãðàíèöþ òåêó÷îñò³ � ò .
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