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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.

B’askicTh pyHHYBaHHS € XOPOIIMM aKTHUBOM, SAKWH imeHTuhiKye omHy 3
Ba'KJIMBUX BJIACTHUBOCTEI, a caMe, KPUXKIiCTh TiIpOKCHMAaIaTUTHOTO MaTepisd-
Jy Ta MinzicTh Ha nepesoMm. IIpukiazeHe HaBaHTaKeHHsA Ta TreoMeTpid
TPIIUH € He3aJeKHUMU 3HAUEHHAMHU [ MipAHHA B SA3KOCTU PYHHYBaHHA
3a MOIIOMOTOI0 TeXHiKM BU3HAUEHHS TBEPAOCTH yIaBJIIOBAHHAM 3a Bikkep-
com. Bup Tpimuu, 110 crocTtepiraroTbcsa B 3pasKy TrifpokcuamaTuTy, — Iie
CcepequHHO-PANIANbHI TPIIMHN 3a PiSHUX OifdIIa30HIiB NPUKJIATHUX HaBaH-
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TayKeHb METOIOM BM3HAUEHHS TBEPIOCTH YAABJIOBAHHAM 3a Bikkepcom.
CranyBaJbHUH €JIEKTPOHHUI MiKPOCKOII BUKODPUCTOBYETHCS IJIA CIOCTEDPE-

POSBUTKY. 3aJUIIKOBE HABAaHTAKEHHS HA IIOBEPXHIO TipOKCUANATUTY BU-
3HAUAETHCSA MIpAHHAM B’fABKOCTH PYHHYBAaHH#A, Ha SKY BILINBAIOTH HEBEJU-
Ki migKpuTwuHi TPIilMUHMN, AKi CTBOPIOIOTHCS 3a HaBaHTakeHHs. CKaHyBa-
JBHUY €JIEKTPOHHUIN MiKPOCKON BUKOPHMCTOBYETHCA B Iifl TexHimi mysa Bigo-
OpaskeHHA KiHUMKa TPINMHU 3 BUCOKOIO AKiCTIO, a TaKoyK Impodisio Tpimiu-
HM Ta IOT0 IIPOIEeCy, $Ki [JaoTh BUCOKY TOUHICTH MOJIA PO3PAXYHKY
B’A3KOCTH pyiiHyBaHHA. MipdaioThcad MexXaHIiuHiI BJIaCTHMBOCTI 3pasKiB rimpo-
kcuamatuty. Moayap IOura ta IlyaccoHoBe cHiBBigHOIIIEHHS MipsSOThCS 3a
JIOTIOMOT'0I0 YJIBTPAa3BYKOBOI METOAU Ta BUKOPUCTOBYIOTHCA [JIsI PO3PAXYHKY
3HAUEeHb TOUYHOCTU B’A3KOCTU PYHUHYBAHHA, a TBEPAiCTh MipseThCA 3a IOIO-
MOTOI0 yAAaBJIIOBaHHA 3a BikKepcom. 3mimleHHS KiHIIIB (POBKPHUTTA) TPilu-
HU 3a BikKepcoMm MipseThbcs 3a MeXaHIYHMMU BJIACTUBOCTAMU (3a B’sABKiCTIO
mepesomMy Ta moxyiaem IOHTa) i HOBMKHHOIO TPIITMHU, AKiI JalOTh XOPOIITHMA
IpeguKaT IJd MipAHHA B’ SI3KOCTH PYMHYBaHHSA 3pasKa TiJIpoKcuamaTUTy.

Key words: hydroxyapatite, Vickers indentation method, mechanical prop-
erties, fracture toughness, Vickers crack opening displacement.
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XaHiuHi BIacTUBOCTi, B’ABKiCThL PYyHHYBaHHA, PO3SKPUTTA TpimumHu 3a Bik-
KEepCoM.
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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 K, 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 K .. 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]:
EN* P
KIC = G(Ej W . (1)
This fracture toughness is according to the Anstis’s equation on the
Young’s modulus, hardness, crack length, Vickers applied load. a 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, ¢ shows the redial-median crack; this kind of crack

(a) Radial (b) Median (¢) Radial-Median (d) Lateral
N h . " -5 -
s e
™., o N S —
T _—

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 15x8x4 mm for Vickers
indentation. The samples were compacted under applied pressure of
about 140 MPa and sintered at firing temperature of 1200°C. 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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Fig. 2. The impressions and crack on the hydroxyapatite sample under Vickers
load of 9.8 N.

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 Eqgs. (2) and (3) [21]:

vel-— 1 @)
2_2[03}
Cl
E=2pC?(1+V), (3)

where C, is velocity of longitudinal sound wave, C, is velocity of shear
sound wave, p is the specimen density, E is Young’s modulus, and v 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,
4.9N, 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]:

1/2
E P

K . =0.016 — 4

= 0.016 1 @

3/2°
c/

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 ¢, which is
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Fig. 3. Schematics of the indentation technique with kind of cracks [19].

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

P

H = 5
o,a

, (4)

where a,—Vickers indenters constant (a,= 2), 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 K,., 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]:

8(c—r) , E

u(r)z& —’E: ’ (5)
E' T 1-+V2

where K, 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
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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 ¢ > 2a.

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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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.

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, ¢/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.
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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.
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Fig. 6. The crack development with increasing the applied load of the hydrox-
yapatite sample.

3.3. Mechanical Properties: Young’s Modulus E and Poisson’s Ratio v

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, K;; and H, due to the increas-
ing of the hydroxyapatite densification after sintering with high tem-
perature of 1200°C, 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
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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? for the hydroxyapatite sample.

\1212(:1{? I‘NS of indeNnOt.ations @, pmc, pm |[H, GPa | E, GEa v Mlgg-ir,ll/ 2
2.94 4 22.75 55.10 1.96 104 0.33 7.3810"
4.9 4 33 65.55 2.107 104 0.33 8.40-10
9.8 4 74 111.5 3.528 104 0.33 1.04-10""

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
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Fig. 8. The relationship between the hardness and Vickers load of the hydrox-
yapatite sample.
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Fig. 9. The fracture toughness of the hydroxyapatite sample at different ap-
plied Vickers load.

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
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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 K- 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 , K,

load, N a,um | ¢c,um |E,GPa| v |E’,GPa MPal-inl/z VCOD, pm
2.94 22.75 55.10 104 0.33 117 7.38-107% 0.269
4.9 33 65.55 104 0.33 117 8.40-107™ 0.297

9.8 74 111.5 104 0.33 117 1.04-10"* 4.246
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Fig. 10. The relationship between the Vickers load and Vickers crack opening
displacement of the hydroxyapatite sample.

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 MPa-m'/?
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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