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ABSTRACT 

 

K1c Values that are environment – sensitive were obtained.  Flow and fracture resulting from 

Vickers indentation testing of {100} have been studied. Plastic flow occurred in calcite; they are 

anisotropic and environment - sensitive. Fracture in calcite occurred in lateral, median, and 

subsurface models.  Meyer’s indices were determined and they also are environment – sensitive, 

they were found to be n < 2. 

 

KEYWORDS: Vickers indentation; flow and fracture; Meyer’s index; environment-sensitive; 

anisotropy. 

 

 

 

1. INTRODUCTION 

 

Microindentation technique has been used by various authors to study near-surface deformation 

behaviour of ceramic materials, using Vickers or Knoop indentor by applying low loads [1-4]. 

However, fracture toughness, often perceived as the limiting factor for ceramics applications, is 

being improved to make ceramics competitive as engineering materials. It has been reported that 

flaws that cause fracture of ceramic materials are smaller than 50µm in most cases [4]. 

  

Quenching temperature has been found to affect the microhardness of rhombohedral single 

crystal when studies were carried out on freshly cleaved crystal surfaces of calcite [5]. 
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Etch-pit morphology has also been studied on calcite cleavages by using different concentrations 

of glacial acetic acid; where it is found that lateral reaction rates are less at high concentrations 

as well as low concentrations of glacial acetic acid [6]. 

  

The aim of this work is to estimate K1c   for calcite in the media (buffer solutions - 

Na2HPO4/NaH2PO4) at room temperature; to investigate the anisotropy of microhardness (hence 

K1c) in the media; to estimate the Meyer indices, and finally to study the flow and fracture as 

they occur in calcite. 

 

2. EXPERIMENTAL DETAILS 

  

Calcite samples from Igbeti in south-western Nigeria, were annealed in a micro-furnace at 480
o
C 

(753K) for 5 hours in air.  This was undertaken to minimise error in the analysis of the material 

due to intrinsic and extrinsic defects.   

  

Vickers indentation experiments were undertaken in air and in the phosphate (Na2 HPO4/Na2 

HPO4) buffer solutions, at room temperature. 

  

The indentation load was varied in this order: 0.01N, 0.015N, 0.020N, 0.025N, 0.030N and 

0.035N; average indent sizes were recorded for each load.  In order to obtain self consistency 

within a given experiment, the indentations were all made in one session using same indenter, 

and the indents were evenly spaced approximately twice the length of the diagonal [7]. 

  

The solutions were applied on the surface of the samples, and then the indentations were made.  

This was repeated for every indent. 

  

Microhardness as a function of pH facilitates the investigation of the flow mobility or behaviour 

as a function of pH values referred to as chemomechanical effect [8, 9, 10 & 11]. 

 

Load as a function of indent size relationship, given as  

          

)1.....(................................................................................n
adP = , 

(where 'a' is a materials constant, d is the indentation size and n is the Meyer’s index), reveals 

whether the material's hardness increases with decrease in load (i.e. when n < 2), or that the 

hardness is load-independent (i.e. n = 2), or that hardness number increases with increase in load 

(i.e. n > 2). Grade II Gold (Au) was evaporated on the surface of the samples to enhance sharp 

and clear photomicrographs. 
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3. RESULTS AND DISCUSSION 

  

Microhardness numbers obtained from tests conducted on Beuhler Micromet microhardness 

tester by using a standard Vickers Diamond indenter with axis aligned along <100> on the {100} 

test surface can be presented as a Meyer’s plot for each environment, or alternatively represented 

by equation (1) as shown above. 

  

Vickers Hardness number decreased with increasing load (and indentation size) as is typical of 

ceramic materials [12].  This variation is large in Calcite as reflected in Table 1. The variation in 

SiC has been found to be 44.22MPa at 0.49N to 38.33MPa at 4.9N in air [13]; that of Beryl is 

12.29MPa at 0.49N to 11.47MPa at 4.9N also in air [13].  

 

Table 1. pH Dependence of K1c in Calcite. 

 

Environment Air pH 6.5 pH 7.0 pH 7.5 pH 8.5 pH 8.8 

P = ad
n
 0.0642d

1.808
 0.0722d

1.807
 0.1496d

1.629
 0.1405d

1.555
 0.1183d

1.625
 0.1226d

1.633
 

VHN (0.10N) 319GPa 53.5GPa 46.5GPa 49.9GPa 129.4GPa 62.4GPa 

VHN (0.35N) 87.5GPa 30.3GPa 26.3GPa 31.0GPa 40.1Gpa 28.3Gpa 

(E/H)
1/2

 8.9086 8.3600 7.5101 9.0120 8.7382 8.4198 

E(GPa) 54.11 54.11 54.11 54.11 54.11 54.11 

H(GPa) 0.6818 0.7742 0.9593 0.6662 0.7086 0.7632 

K1c(MPam
1/2

) 0.0217 0.0088 0.0067 0.0094 0.0126 0.0095 

 

 

Flow and fracture patterns were observed and are environment sensitive. Pin-cushion indentation 

as observed in Figures 1d and 1f is indicative of irreversible deformation in Calcite, which had 

also been observed in Beryl tested in air [13]. 

  

It can now be deduced that (i) plastic flow occurs in calcite and is environment – sensitive and 

(ii) plastic flow in calcite is anisotropic as well, suggesting the existence of a well defined slip 

system, similar to the case of Beryl [13]. 

  

The above conclusion, emanating from the consequence of Sinking-in being associated with 

anisotropic flow [14], has been observed to  manifest in the characteristic and observed pin-

cushion effect [14,15] in Figures 1d and 1f. 

  

Fracture in Calcite has occurred in the lateral and median model (Figures 1i, 1o and 1p), while 

incidence of sub-surface cracking is observed in Figure 1a, for example.  Fracture rarely 

emanated from the indents except in Figures 1j and 1e, but there are instances of fracture activity 

away from the indent (e.g. Figures 1a and 1p). 
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                                     a                                                                     b  

 

                    
 

                                     c                                                                        d  

 

                    
 

                                       e                                                                     f                   

Fig. 1 (a-p). Photomicrographs of cracks in Calcite. a. Calcite in Air under-10gm load: 

Subsurface cracking (Sb): b. Calcite in PH 6.5 30gm load: Lateral Cracks stepped (Ls); c. 

Calcite in PH 7.5 under 35gm load: Lateral cracks stepped (Ls); d. Calcite in PH 7.0 under 

30gm load: Sinkin-in(S) and lateral cracks (L);  e. Calcite in PH 8.8 under 15gm load; 

Fracture (Fr); f. Calcite in PH 8.8 under 30gm load; Lateral cracks (L) and Sinkin–in(S); 
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                                     g                                                                       h         

 

                    
      

                                       i                                                                      j  

 

                     
 

                                       k                                                                     l  

 

(Fig. 1, continued) g. Calcite in PH 8.5 under 20gm  load; Peeling off effect due to 

interaction of lateral cracks with change in PH (P); h. Calcite in PH 8.5 under 30gm load; 

Lateral cracks (L); i. Calcite in PH 6.5 under 35gm load; Sinkin –in(S), Lateral cracks (L) 

and medium cracks (M); j. Calcite in PH 7.0 under 25gm load; Lateral cracks stepped (Ls) 

Parallel to test   surface; k. Calcite in PH 7.0 under 30gm load; Fringes (Fri) that are 

anisotropic, which denotes cleavage; l. Calcite in Air under 15gm load; Flow pattern; 
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                                    m                                                                     n  

 

                    
 

                                    o                                                                        p  

 

(Fig. 1, continued) m. Calcite in PH 8.5 under 25gm load; Cleavage direction(C) parallel to 

test surface n. Calcite in PH 8.8 under 35gm load; sinkin –in (S); o. Calcite in PH 8.8 under 

30gm load; Lateral cracks (L) medium cracks (M), and Fringes (F);  p. Calcite in Air under 

30gm load; Medium cracks (M). 

 

 

 

A plot of P Vs CR
3/2

 is given in Figure 2 as a function of increasing load and environment.  From 

the relation 

  

   ( ) )2......(..................................................)(
2/1

3/2

2/31 HECot
P

cK
R

r

RC




 Ψ= ζ  

 

Where ζr
R 

is a constant evaluated to be 0.032±0.002, CR is the radial crack length, the indenter 

cone half angle, ψ = 74° for Vickers indenter, K1c is the stress intensity factor, (E/H) is the ratio 

of Young’s modulus to hardness which is reflected in Table 1, and the value of E is 54.11 Gpa 

[17]. 
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Fig. 2. Applied load P against crack parameter CR 

3/2
 as a function of environment.

     
 

 

 

Calcite was found to have maximum hardness at neutral pH, while minimum hardness was 

observed at pH 7.5 (i.e. in basic medium), as shown in Figure 3. Further examination of 

Calcite in 2-Propanol and in air revealed that there is a definite orientation dependence of 

hardness in the former medium, denoting dislocation activity (Table 2, Figure 4), but the 

dependence is less marked in air, in the trigonal Calcite. 
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Fig. 3.  Dependence of Vickers Hardness number at specific load on pH. 

 

  

Table 2. Orientation Hardness No. dependence of Calcite in air and in 2-propanol. 

 

Calcite in Air Calcite in 2-Propanol 

Orientation 
0° 30° 60° 

Orientation 
0° 30° 60° 

X
-3/2

(x10
-4

m) 3.77 2.90 3.10 X
-3/2

(x10
-4

m) 2.63 1.94 2.47 

Crack length 

X (µm) 
52.2 43.8 45.8 

Crack length 

X (µm 
41.0 33.5 39.4 

Hardness 

Number 
10.21 14.43 13.26 

Hardness 

Number 
16.55 24.79 17.92 
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Fig. 4.  Orientation dependence of hardness no. of Calcite in Air and 2-propanol.  

 

 

A notable mechanism for Rebinder effect, in which changes in surface charge influences near-

surface plastic deformation of surfaces and thereby the hardness, was observed in this study as 

well [18]. 

  

This is as a result of some of the environments that facilitate flow in the near-surface region i.e. 

softens it, and also reduced fracture strength, while others do not facilitate flow in the near 

surface regions i.e. hardens it, and also increases the fracture strength.   

  

At this point it is reasonable to suppose that a significant amount of plastic deformation 

necessarily occurs in a “flow-zone” immediately around the indenter edge.  Since material in this 
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zone cannot readily escape around the edge of the indenter, strain accumulates, rapidly 

exhausting the limited work-hardening capacity of the material.     

              

The environment-sensitivity of dislocation mobility in Calcite, an ionic solid, appears consistent 

with the interpretation of the basic mechanism suggested earlier by Westwood et al [19]; electron 

transfer during chemisorptions causes changes in the electronic structure and electrostatic 

potential of the near surface region of the solid. In crystalline materials, this causes alterations in 

the state of ionisation of near surface dislocation and point defects; consequently, the 

electrostatic interactions between moving near-surface point defects and between dislocations, 

and intrinsic and extrinsic point defects, and between dislocations and lattice, are changed.  Since 

these are the factors that control dislocation mobility (and hence hardness) in ionic materials, the 

near surface of such crystals is environment-sensitive [16]. 

 

4. FRACTURE (MORPHOLOGY) 

  

Cracking in all the environments on the test surface occurred for the entire load from 0.1N to 

0.35N.  The rectangular nature of the indents, denoting orientation dependence, suggests 

cleavage rather than conchoidal fracture. Median cracks were observed in Figure 1p. Lateral 

cracking stepped are seen in Figures 1b, 1c, and 1j. 

 

The relation in equation (2) was plotted and a least square-fit analysis of results undertaken as it 

can be observed in Figure 2. A linear plot was obtained for P-CR
3/2

 thus confirming the universal 

applicability of the relation in the estimation of K1c for crystals, as already reported for alumina 

[15] SiC [16] and Beryl [13]. 

  

H in the (E/H) in equation (2) was obtained by taking the averages of Vickers indentation 

diagonals “d” using the relations 

                

              )3....(................................................................................
2 2α

P
H =  

  

Where  d
2

1=α  

 

An instance of peeling-off effect as a result of interaction of lateral cracks with environment is 

seen in Figure 1g. Sinking-in was observed for PH 8.8 and 6.5. 

 

Calcite has a hardness profile that is orientation dependent in 2- Propanol, this is shown in Figure 

4. The dependence of Critical stress intensity factor K1C on pH is exhibited in a near sinusoidal 

form, with a minimum value at pH 7, and peaks at pH 8.5; this is shown also in Figure 5. 
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Fig. 5.  pH dependence of Critical Stress Intensity factor K1C in Calcite on {100}. 

 

 

5. CONCLUSION 

 

K1c values are found to be environment – dependent and that flow and fracture occur in calcite. 

Flow and fracture are anisotropic. The Vickers microhardness value demonstrates both 

orientation and environment dependence. This work interestingly has implication for faceting, 

polishing and other technological processes requiring surface and near surface materials 

transport. This latter obviously forms the basis for further work. 
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