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The fracture toughness is a good asset that identifies a one of the im-
portant properties, namely, a brittleness of the hydroxyapatite material 
and the fracture strength. The applied load and the crack geometry are 
independent values for measuring the fracture toughness by using Vickers 
indentation technique. The kind of cracks observed in the hydroxyapatite 
sample is median–radial cracks at different ranges of applied loads using 
Vickers indentation method. The scanning electron microscope is used to 
observe and measure the crack length and visualize the crack tip and its 
development. The residual stress on the hydroxyapatite sample surface is 
identified from measuring fracture toughness, which is affected by small 
subcritical cracks, which are created under loading. The scanning electron 
microscope is used in this technique for showing the crack tip with high 
quality as well as crack profile and this process, which give a high accu-
rate for calculating the fracture toughness. The mechanical properties of 
the hydroxyapatite samples are measured. Young’s modulus and Poisson’s 
ratio are measured using ultrasonic method and are used for calculation 
of the accuracy fracture-toughness values, and hardness is measured us-
ing Vickers indentation. Vickers crack opening displacement is measured 
from the mechanical properties (fracture toughness and Young’s modulus) 
and the crack length, which give a good predication for measuring frac-
ture toughness of the hydroxyapatite sample. 

В’язкість руйнування є хорошим активом, який ідентифікує одну з 
важливих властивостей, а саме, крихкість гідроксиапатитного матерія-
лу та міцність на перелом. Прикладене навантаження та геометрія 
тріщин є незалежними значеннями для міряння в’язкости руйнування 
за допомогою техніки визначення твердости удавлюванням за Віккер-
сом. Вид тріщин, що спостерігаються в зразку гідроксиапатиту, — це 
серединно-радіяльні тріщини за різних діяпазонів прикладних наван-
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тажень методом визначення твердости удавлюванням за Віккерсом. 
Сканувальний електронний мікроскоп використовується для спостере-
ження і міряння довжини тріщини та візуалізації кінчика тріщини і її 
розвитку. Залишкове навантаження на поверхню гідроксиапатиту ви-
значається мірянням в’язкости руйнування, на яку впливають невели-
кі підкритичні тріщини, які створюються за навантаження. Сканува-
льний електронний мікроскоп використовується в цій техніці для відо-
браження кінчика тріщини з високою якістю, а також профілю тріщи-
ни та цього процесу, які дають високу точність для розрахунку 
в’язкости руйнування. Міряються механічні властивості зразків гідро-
ксиапатиту. Модуль Юнґа та Пуассонове співвідношення міряються за 
допомогою ультразвукової методи та використовуються для розрахунку 
значень точности в’язкости руйнування, а твердість міряється за допо-
могою удавлювання за Віккерсом. Зміщення кінців (розкриття) тріщи-
ни за Віккерсом міряється за механічними властивостями (за в’язкістю 
перелому та модулем Юнґа) і довжиною тріщини, які дають хороший 
предикат для міряння в’язкости руйнування зразка гідроксиапатиту. 
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erties, fracture toughness, Vickers crack opening displacement. 
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1. INTRODUCTION 

The bioceramics materials has a low fracture strength and it was iden-
tified by fracture toughness or called critical stress intensity factor in 

mode I (opening mode) of the bioceramic materials [1, 2]. For measur-
ing fracture toughness, there are different types of methods for iden-
tified and calculating fracture toughness. One of most techniques for 

measuring fracture toughness uses notches for creating initial cracks. 
There is different method for measuring fracture toughness using 

notches for example single edge notch beam, chevron notch beam, and 

the Vickers indentation [3–5]. The indentation technique was used to 

measure KIC depending on the kind of the materials, for example, ce-
ramic materials, bioceramics [6–8]. 
 There are many advantages for using Vickers indentation, for ex-
ample, starting materials, simple equipment, and the sample finishing 

for this technique is fast and easy. The fracture toughness was meas-
ured using indentation technique directly by measuring the cracks 

length, which initiated after applied indenter on the sample surface 

[9–12]. 
 Vickers indentation technique is not fracture the initial-cracked 
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sample and this technique related to the impression indenter on the 

finished sample surface [13, 14]. The area beneath of the indenter was 

deformed plastically and created the cracks at the four corners of the 

indent and then measuring the crack length. Dependences on the Vick-
ers load, crack length, Young’s modulus, hardness, and the size of in-
dentation diagonal are used for calculating the fracture toughness 

[13]. 
 Fracture toughness is resistance of the materials to develop the 

crack propagation. The microstructure of the ceramic materials is af-
fected by the voids and pores on the samples surface and these defects 

are influence on the material resistance to the fracture. The profile of 

the defects in the ceramic materials takes into explanation, which used 

in the Griffith equations [15–17]. 
 The fracture toughness was assessed by using the Vickers indenta-
tion technique, and the crack length measured directly from the indent 

corner. This method obtained attention for using in biomaterials to 

calculate KIC. The cracks beneath the indent were created due to elastic 

plastic behaviour, which had given the type of the crack in this materi-
als and this type is radial–median cracks because the tensile strength 

after unloading, and the fracture toughness equation as shown below 

[18, 19]: 

 
 

  
 

1/2

3/2IC

E P
K

H c
. (1) 

This fracture toughness is according to the Anstis’s equation on the 

Young’s modulus, hardness, crack length, Vickers applied load.  is 

the constant for calibration and depends on the kind of cracks; for the 

radial–median crack, the value for this constant is 0.016 [18, 19]. 
 There are four kinds of cracks initiated, which depend on the mate-
rials as shown in Fig. 1. Figure 1, a shows the radial crack, which dif-
fuses from the regions close to the edges of the indent and spread 

down. Figure 1, b shows the median cracks; this kind of crack spread 

from the loading direction under the elastic–plastic zone as circular 

form. Figure 1, c shows the redial–median crack; this kind of crack 

  

Fig. 1. The types of cracks, which initiated through applied Vickers load; the 

hatched area show the plastic regions [20]. 
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diffuses beneath the indent and merge with the cracks at the corner of 

the indent to form this crack. Figure 1, d shows the last type of kind of 

cracks and is called lateral crack, which is parallel to the indenter sur-
face after unloading and may cause chipping [17, 20]. 
 The purpose of this paper is to use Vickers indentation technique to 

measure the fracture toughness of the local hydroxyapatite material. 
In addition, using method to identify the kind of cracks, they were ra-
dial–median cracks. Mechanical properties of the local hydroxyapatite 

materials were studied, for example, hardness, Young’s modulus, and 

Poisson’s ratio by using ultrasonic method. The aim of this paper to 

obtain the high-accuracy values of fracture toughness and using Vick-
ers indentation with low cost, which used for the hydroxyapatite mate-
rials used in different applications. 

2. EXPERIMENTAL WORK 

2.1. Sample Preparation 

The hydroxyapatite powders were supplied form the local market in 

Iraq. The powders of hydroxyapatite were mixed with poly-vinyl-
alcohol at 2% weight for binding. The method was used for compaction 

the sample is semi-dry process with dimensions 1584 mm for Vickers 

indentation. The samples were compacted under applied pressure of 

about 140 MPa and sintered at firing temperature of 1200C. Then, the 

samples for indentation process were prepared by using grinding and 

polishing by diamond paste. 

2.2. The Indentation Method 

The technique was used for measuring the fracture toughness of hy-
droxyapatite sample by Vickers indentation using diamond pyramid 

tester. After applied Vickers load, which leads to showing the impres-
sions of the indenter on the sample surface, then using optical micro-
scope to observe the crack tip and crack length. 
 The cracks on the upper hydroxyapatite surface were shown by us-
ing this method as shown in Fig. 2. The applied Vickers loads of 2.9 N, 
4.9 N, and 9.8 N were used in this process, the period of indentation 

was 10 sec, and the number on indents for each load was 4 indents. 

2.3. Calculation of Mechanical Properties 

The Young’s modulus and Poisson’s ratio were measured by using ul-
trasonic device CSI type CCT-4 at the Polymer Department Engineer-
ing in Materials Engineering, University of Babylon. The number of 
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specimens, which were used for calculating the mechanical properties, 
was three samples used for this test having dimensions in diameter of 

10 mm and height of 45 mm. The Young’s modulus and Poisson’s ratio 

were calculated by using Eqs. (2) and (3) [21]: 
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where Cl is velocity of longitudinal sound wave, Cs is velocity of shear 

sound wave,  is the specimen density, E is Young’s modulus, and  is 

Poisson’s ratio. 

2.4. Fracture Toughens 

Vickers indentation technique was used for measuring the fracture 

toughness of the hydroxyapatite sample under Vickers loads of 2.9 N, 
4.9 N, 9.8 N, and there are 4 readings for each loads. Anstis’s equation 

is used to calculate the fracture toughness as shown in Eq. (4) [19]: 
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where E—Young’s modulus, H—the projected hardness number as 

shown below, P—the Vickers load, c—the radial crack length. 
 The kind of cracks observed on the hydroxyapatite sample was radi-
al–median cracks, which are represented by crack length c, which is 

 

Fig. 2. The impressions and crack on the hydroxyapatite sample under Vickers 

load of 9.8 N. 
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used in the fracture toughness equation as shown in Fig. 3. The crack 

length was measured from the centre of the indent to the crack tip. 
Figure 3 represents the Vickers indentation and shows the Vickers 

load, P, the crack length, c, and the plastic of impression, a. The hard-
ness, H, is measured by using simple analysis as shown in Eq. (4) [19]: 

 
 2

o

P
H

a
, (4) 

where o—Vickers indenters constant (o2), a—the half-diagonal of 

impression. 

2.5. Test of Vickers Crack Opening Displacement 

Irwin’s equation was found relationship between the critical stress in-
tensity factor K1C, crack opening displacement u(r), and the type of 

crack. This equation was used to evaluate the fracture toughness of the 

ceramic materials. 
 Crack opening displacement was measured using different method, 

for example, atomic force microscope and scanning electron micro-
scope, but Fett has used analytical equation depending on the mechani-
cal properties and crack length for measuring it as shown in Eq. (5) 
[18]: 
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where Ktip is the critical stress intensity factor, u(r) is the crack open-
ing displacement, r is the distance of the contact area, and c is the 

 

Fig. 3. Schematics of the indentation technique with kind of cracks [19]. 
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crack length, E is the modulus of the plane strain. 

3. RESULTS AND DISCUSSION 

3.1. Vickers Indentation 

With increasing Vickers load through Vickers indentation, there is ob-
servation within the propagation of the cracks around the indent. At 

low forces, the indent starts with no cracks in the hardness impression, 

and, after increasing Vickers load, there four cracks begin at the cor-
ners of the indent, and the cracks continued underneath the impres-
sion. 
 The hydroxyapatite sample surface was prepared for observing the 

Vickers indent and cracks profile under optical microscope, which was 

used to identify the accurate values for the crack lengths. The curva-
ture of the hydroxyapatite sample was small according to the Vickers 

indent. The kind of the cracks was radial–median cracks, which con-
tinued beneath the impression to the end of the crack tip, and they not 

clear sometimes, which needed high magnification technique. For 

avoiding the chipping onto sample surface, the Vickers load was ap-
plied to create cracks, and they developed to c2a. 

3.2. Cracks Observation 

The radial–median of cracks and crack length were shown clearly on 

the hydroxyapatite sample by painting the sample surface with thin 

film of the ink material. The sample surface with indentation was ex-
amined by using scanning electron microscope for observing the whole 

area of the Vickers test (plastic deformed area and cracks) as shown in 

Fig. 4, a. Figure 4, a on the right-hand side shows expanded region of 

the crack with red hidden area showing the crack opening after unload-
ing; Figure 4, b shows the whole crack length, which is measured for 

calculating fracture toughness, but the image on the right-hand side 

shows the crack tip at high magnification in the hydroxyapatite sam-
ples. 
 The kind of the cracks created on the hydroxyapatite surface after 

applied load as identified in Fig. 5 were redial–median cracks devel-
oped radially from indent region. These kinds of cracks were diffused 

beneath the Vickers indent after sample preparation. 
 The Vickers technique was affected and limited to kind of materials, 

which performed their indent response, for example, materials with 

coarse grain size, monocrystalline ones, and soft ceramics. The kind of 

cracks was correlated with the ceramic materials nature and the profile 

of the cracks. Crack length was measured from the centre of the indent 
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to the end of the crack tip by using scanning electron microscope. The 

type of the cracks was identified from removing the indent as shown in 

Fig. 5. The cracks diffused beneath the Vickers indent to form the ra-
dial–median crack or half-penny crack on the sample surface developed 

elsewhere other cracks to plastic deformed region due to the residual 
stresses at the indent, the influence of the other kinds of cracks may be 

neglected [18]. 
 Figure 6 shows the relationship between the crack length and ap-
plied load; the crack was developed with increasing the applied load. 
 Figure 7 shows the relationship between the crack length–diagonal 
of indent, c/a versus the Vickers load. The c/a ratio decrease with in-
creasing the applied load using Vickers indentation due to increasing 

diagonal size at 9.8 N, which is closed to the crack length. 

 
a 

 
b 

Fig. 4. a) The Vickers indent with create the crack on the edge of the indent 

and then magnify the red hidden region to observe the crack opening at Vick-
ers loads of 9.8 N; b) the whole crack length and the hidden red region shows 

the crack tip with high magnification at Vickers loads of 9.8 N. 
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3.3. Mechanical Properties: Young’s Modulus E and Poisson’s Ratio ν 

The Young’s modulus and Poisson’s ratio were measured of the hy-
droxyapatite sample using ultrasonic technique as shown in Table 1. 
Increasing in the mechanical properties, KIC and H, due to the increas-
ing of the hydroxyapatite densification after sintering with high tem-
perature of 1200C, which enhanced the sample density and decreased 

in the sample porosity, as shown in scanning electron microscope im-
ages. These factors plays important role to improve the mechanical 

 

Fig. 5. The radial–median cracks on the hydroxyapatite surface and the red 

hidden line shows the cracks continued beneath the Vickers indent to the end 

of the crack tip at Vickers load of 9.8 N. 

 

Fig. 6. The crack development with increasing the applied load of the hydrox-
yapatite sample. 
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properties. 
 Figure 8 shows the relationship between the Vickers hardness and 

applied load. The hardness increase with increasing load due to the in-
dent and the crack length and tip were very clear at 9.8 N. The stand-
ard deviations was presented by using error bars and it calculate for a 

lowest four samples for each Vickers load and the values for error bars 

are small to observe in this figure. 

3.4. Fracture Toughness 

The quantity of the fracture toughness was measured after the trans-
mitting the impression sample to the optical technique to observe the 

subcritical cracks. The relationship between the fracture toughness 

against applied Vickers load as shown in Table 1 and Fig. 9. The data in 

this figure was plotted depending on the Anstis’s equation as men-
tioned in experimental section and the fracture toughness values were 

 

Fig. 7. The relationship between the c/a ratios against the Vickers load of the 

hydroxyapatite sample. 

TABLE 1. The mechanical properties and the Vickers load as a function of the 

P/c3/2
 for the hydroxyapatite sample. 

Vickers 
load, N 

No. 
of indentations 

a, m c, m H, GPa E, GPa 
KIC, 

MPam1/2 

2.94 4 22.75 55.10 1.96 104 0.33 7.38·10
1 

4.9 4 33 65.55 2.107 104 0.33 8.40·10
1 

9.8 4 74 111.5 3.528 104 0.33 1.04·10
01 
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effectively change according to applied load and with measuring the 

crack length. The fracture toughness increase with increasing crack 

length at Vickers load is of 9.8 N due to the measuring the crack length 

is clear and perfect as shown in scanning electron microscope images. 
 The simplicity and economy of the Vickers indentation technique 

versus of the accuracy of this method can be adopt to measure the frac-

ture toughness of the ceramic materials. In addition, the materials 

properties, loading rate, crack length, Vickers load are a function of 

 

Fig. 8. The relationship between the hardness and Vickers load of the hydrox-
yapatite sample. 

 

Fig. 9. The fracture toughness of the hydroxyapatite sample at different ap-
plied Vickers load. 
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the development in crack extension as shown in Fig. 6 [22]. Anstis’s 

equation was used to calculate the fracture toughness for radial–

median crack size as shown in Table 1 [19]. The development in the 

crack propagation is maximum influence on the fracture toughness 

values as shown in Fig. 6. The indentation Vickers method offers vi-
sion to the conception for the fracture toughness at the level of the 

cracks, which were created using Vickers load and shown under scan-
ning electron microscope. 

 The uncertainty in the relationship between the Young’s modulus to 

hardness were un-significant and the fracture toughness was effected 

by the elastic (E) and plastic (H) parameters, and those parameters are 

not known. The fracture toughness was related with crack length, when 

increasing crack length leads to increase the fracture toughness. The 

reasons for this relation related to adhesion loads at the surfaces of the 

crack, and these forces increases the KIC and the effects of friction. An-
other reason is the subcritical cracks and branching of cracks, which 

caused to increase the fracture toughness [22]. The cracks branching 

and secondary cracks play important role in toughening mechanisms to 

dissipate the crack energy and improving the fracture toughness. 

3.5. Vickers Crack Opening Displacement 

The Vickers crack opening displacement was related to the mechanical 
properties (Young’s modulus, Poisson’s ratio, and fracture toughness) 

and the crack length, which initiated using Vickers indentation of the 

hydroxyapatite sample as shown in Table 2. There is good point for us-
ing VCOD; this method did not need to calibrate for using the VCOD 

equation. Another point for using the VCOD technique, this method 

not needs hardness values for measuring it. This method was a good 

method for measuring fracture toughness for ceramic materials [18]. 
 Figure 10 shows the relationship between the Vickers loads against 

the Vickers crack opening displacement for hydroxyapatite sample. 
The VCOD increase with increasing the applied load due to the crack 

length and indent were clear and perfect for measuring the crack 

length and diagonal of crack at Vickers load is of 9.8 N. 

TABLE 2. The relationship between the mechanical properties and Vickers 

crack opening displacement. 

Vickers 
load, N 

a, m c, m E, GPa  E, GPa 
KIC, 

MPam1/2 
VCOD, m 

2.94 22.75 55.10 104 0.33 117 7.38·10
01 0.269 

4.9 33 65.55 104 0.33 117 8.40·10
01 0.297 

9.8 74 111.5 104 0.33 117 1.04·10
01 4.246 
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4. CONCLUSIONS 

The crack tip and development in the crack propagation was observed 

using scanning electron microscope which they initiated using Vickers 

load. 
 The mechanical properties, Young’s modulus and Poisson’s ratio, 
were measured using ultrasonic method and the hardness was meas-
ured using Vickers indentation of the hydroxyapatite samples, and the 

accuracy value at 9.8 N is of 3.528 GPa. 
 The kind of the cracks were observed in the hydroxyapatite sample 

was radial–median cracks that means the cracks are diffused under-
neath the indent to the crack tip. 
 Vickers indentation method was economy, sufficient sensitivity, 

simplicity, and optimization for measuring fracture toughness in the 

hydroxyapatite samples and the accuracy value is of 11.04 MPam1/2
 

and load is of 9.8 N. 
 The Vickers crack opening displacement was matched with the frac-
ture toughness and that means COD is one the factor for measuring 

and predication of the fracture toughness values. 
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