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Abstract Dislocations were introduced at room temper-

ature by a Vickers indentation into a biological ceramic,

apatite. Two types of apatite, a single crystal of fluorapatite

and a sintered polycrystal of hydroxyapatite, were studied.

Specimens prepared using a focused-ion-beam technique

were examined by transmission electron microscopy.

Natures of dislocations were determined by the conven-

tional g � b criterion, where the weak-beam method was

also applied. The slip system in fluorapatite apatite was

determined to be ½0001[= 10�10ð Þ:

Introduction

Hydroxyapatite [HA; Ca5(PO4)3OH] is one of the most

important biomedical ceramics. HA crystallizes in hexag-

onal; P63/m. HA is used as a bone-grafting material

because of its bioactivity. The bioactivity or the enhance-

ment of bone–tissue formation rates and bone–tissue

bonding of HA ceramics depends on its microstructure, and

in particular on defects [1]. Among the defects, disloca-

tions are shown to have an important role in in vivo

dissolution and in crystal maturation [2]. Some attempts

have been made to observe directly dislocations in HA by

transmission electron microscopy (TEM). Nelson et al. [3]

observed edge-like dislocations with Burgers vector

b = h0001i in lattice imaging micrographs. Porter et al.

[4] used the conventional diffraction contrast method and

showed the evidence for the presence of screw- or mixed-

type dislocations in sintered HA. They claimed that the

presence of dislocations is a result of sintering process and

not from the mechanical process involved in specimen

preparation process.

Needless to say, dislocations play a crucial role in

determining mechanical properties of crystalline materials.

This is the case for metals and alloys, semiconductors,

minerals, and ceramics [5–7]. Among them the latter three

materials are brittle at room temperatures, and the dislo-

cations investigated by TEM were mainly introduced at

high temperatures, where these materials are ductile

enough to be deformed plastically by conventional tensile,

compression, and bending tests. Thus, the natures of dis-

locations introduced at and below room temperature in

most of the brittle materials remained to be studied.

One way to introduce dislocations into the brittle

materials at low temperatures is by indentation, where

dislocations can be introduced, albeit in a localized region

underneath the image of indentation. However, to carry out

TEM observation on the indented area, foil specimens with

electron transparency must be prepared from the very

indented region. Needless to say, preparation of TEM

specimens with such site specificity is not easy with con-

ventional specimen preparation techniques such as electro/

chemical polishing and ion milling. However, recent

development of focused-ion-beam (FIB) technique [8] has

allowed us to prepare TEM specimens from pre-selected

areas at and/or around the indented materials with at a

pinpointing accuracy [9, 10].

The purpose of the present study is to study dislocations

in apatite. Apatite is calcium phosphate with a chemical

form of Ca5(PO4)3(OH,F,Cl). Ca5(PO4)3OH is called HA,

Ca5(PO4)3F is called fluorapatite, and Ca5(PO4)3Cl is

called chlorapatie. In the present study, HA and fluorapatite

were studied.
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Experimental procedures

Two types of apatite were used in the present study. One

was a single crystal of fluorapatite and the other was a

polycrystalline compact of HA. The latter was sintered at

1,150 �C and had a density ranging from 2.83 to 3.14 g/cm3

(90–99% of the theoretical density). These samples of

apatite were indented by a Vickers indenter with a load of

50 g at room temperature (in the case of the single crystal

of fluorapatite the indented surface was (0001)). Three

hundred micrometer thick slices that contained the images

of indentation were sectioned with a wheel saw. These

slices were thinned mechanically to 30–50 lm and trans-

ferred to a FIB milling apparatus to prepare specimens for

TEM observation. The particular FIB that we used was a

Hitachi FB2000 operating at an accelerating voltage of

30 kV. The TEM specimens were examined in Hitachi

9000NAR and Hitachi HU-1000D microscopes at accel-

erating voltages of 300 and 1,000 kV, respectively.

Results and discussion

Single crystal of fluorapatite

Figure 1 shows the crystal structure of apatite. Apatite

crystallizes in hexagonal; P63/m. The crystal structure of

hyroxyapatite is quite similar to that of fluorapatite.

Figure 2 shows a low-magnification micrograph of the

defect structure beneath an image of a Vickers indentation.

The outermost black layer, denoted by W, is a protective

layer of tungsten that was deposited prior to FIB thinning.

Many lateral cracks are observed. In addition to the lateral

cracks, a high density of lattice defects can be seen just

underneath the image of the indentation. Some of the

defects extended in the form of trains vertically into a

deeper region, as labeled by A, B, C, D, and E.

Figure 3 shows the part indicated by A in Fig. 2 imaged

under different reflection vectors at a higher magnification.

It is evident that most of defects introduced by indentation

are indeed dislocations. All the dislocations shown here

appear strongly in g = 0002, �1�121; and 1121; while they

disappeared in g ¼ 1120: Therefore, the Burgers vector b

of these dislocations must be perpendicular to g ¼ 1120:

Many of the dislocations shown in Fig. 3 apparently lie in

single planes. Thus, it is natural to assume that these dis-

locations lie in single-slip planes that are inclined to the

specimen surface. The projected width of the slip plane is

hydroxyapatite fluorapatite

Composition Ca10(PO4) 6(OH) 2 Ca10(PO4)6F2

a (nm) 0.94282 0.93684

c (nm) 0.68777 0.68841

a γ = 120°

Ca
F or
OH

PO

c

a

Fig. 1 Crystal structure of apatite. Hexagonal: P63/m

Fig. 2 Low-magnification micrograph of defect structure beneath an

image of indentation performed on fluorapatite with a load of 50 g at

room temperature
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about 230 nm, while the thickness of the specimen is

around 450 nm, as estimated by the image during FIB

thinning. This leads to the conclusion that the slip plane is

inclined by *60� to the foil normal, as shown in Fig. 4a.

Figure 4b shows the stereo projection of the normals of

some crystallographic planes around B ¼ 1100 direction. It

is apparent that the slip plane under consideration corre-

sponds to 1010
� �

plane. Thus, the Burgers vector of these

dislocations is determined to be [0001]-edge type. In other

words, the slip system in fluorapatite is [0001]/ 1010
� �

:

Porter et al. [4] analyzed Burgers vector of dislocations

in HA in the as-sintered state. They identified the Burgers

vectors of the dislocations to be of h0001i screw type or

(1/3)h2113i mixed type. This result is slightly different

from that obtained in this study. Apart from the obvious

difference in materials (HA versus fluorapatite), one pos-

sible explanation for the difference is that those

dislocations analyzed by Porter et al. were introduced at

high temperatures during sintering, while those in the

present study were introduced by plastic deformation at

room temperature. It is not surprising that the nature of

dislocations introduced at high temperature be different

from those introduced at room temperature.

Figure 5a, b shows micrographs taken under the

reflection vectors of g ¼ 1121 and g = 0002 in the weak-

beam imaging mode [11]. No evidence was obtained for

dissociation into partials at least within the resolution that

is allowed by the weak-beam method.

Fig. 3 Dislocations in

fluorapatite imaged with

different reflection vectors g; (a)

0002, (b) 1121; (c) 1120; and

(d) 1121: Insets show

diffraction patterns. Arrows

indicate the directions of the

reflection vectors excited. The

dislocations disappeared in

g ¼ 1120 (c)
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Sintered polycrystalline HA

Figure 6 shows a low-magnification micrograph of the

defect structure beneath an image of a Vickers indentation

in a polycrystalline HA. The profile of the image of

indentation can be seen clearly. Two types of crack are

evident: one is vertical (indicated by the white arrow) and

the other is lateral (indicated by the black arrow). In

addition to these cracks, there is a severely damaged region

just beneath the image of indentation, as indicated by the

semicircle. The damaged region extends to several

micrometers from the bottom of the image of the indenter.

[000-1>

[0001>

[11-20> [-1-120>

(1-10-1)

(1-101)

(-1-12-1)(11-2-1)

(11-21) (-1-121)

[1-100>(10-10) (0-110)

t

d

θ

[1120>

b=[0001>

B=[1100>
(a)

(b)

Fig. 4 (a) Geometry of

dislocations shown in Fig. 3. (b)

Stereo projection of the relevant

crystallographic planes and

orientations in apatite around

[1100[ direction
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Figure 7 shows a typical microstructure of the border

between the severely damaged region and undamaged

region. In the damaged region, complex contrasts can be

seen inside grains. These contrasts must result from lattice

defects themselves and also the elastic buckling of the foil

caused by the defects. Outside the damaged region, how-

ever, individual grains with no apparent defects can be

observed clearly. Near the border between the severely

damaged and undamaged regions some grains contain

moderate density of defects, which can be resolved clearly.

Figure 8 shows two damaged grains, A and B, which lie

Fig. 5 Weak-beam electron micrographs of dislocations in fluorap-

atite imaged in g ¼ 1121 (a) and g = 0002 (b)

Fig. 6 Low-magnification micrograph of defect structure beneath an

image of indentation performed on HA with a load of 50 g at room

temperature

Fig. 7 Micrograph showing the boundary between the severely

damaged region and undamaged region. Enlargement of the squared

region in Fig. 6
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just in the periphery of the damaged region, imaged in the

strong dark-field mode. In grain B, which is closer to the

center of the damaged region than A, many dislocations

can be seen. In grain A, less density of dislocations is seen.

Anyway, it is clear that dislocations are introduced by

indentation at room temperature into HA.

The Burgers vector of dislocations shown in Fig. 8

could not be determined because the grain was too small

for the contrast experiment to be carried out. However,

judging from the similarity of the crystal structure between

fluorapatite and HA, it would be reasonable to assume that

the dislocations in HA have a slip system of [0001]/ 1010
� �

.

Concluding remarks

It is rather surprising that dislocations can be introduced at

room temperature into apatite. This has brought out the

possibility to enhance fracture toughness of apatite, which

is as low as 0.7–1.2 Pa m1/2. Moon et al. [12, 13] have

shown that the fracture toughness of ceramic materials can

be enhanced substantially by introducing dislocations by

indentation or shot peening. This toughening technique

may be applied to apatite, a very important biological

ceramic.
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Fig. 8 Defect structures in grains A and B, just at the periphery of the

damaged region. Enlargement of the squared region in Fig. 7.

Dislocations are evident
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