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Abstract Morphological control on hydroxyapatite crystals has attractive prospects in research to clarify the effects of crystal

planes on biological performance. Hydrothermal processing is known as a typical type of processing for fabricating well-grown

crystals with unique morphology. The purpose of the present study is to examine the feasibility of well-crystallized crystals with

oriented structures through hydrothermal treatment of calcite. A single crystal of calcite was applied to hydrothermal treatment

in a phosphate solution at 160oC. Rod-shaped hydroxyapatite crystals with micrometer-size were formed on the {100} face of

calcite after treatment, while nanometer-sized hydroxyapatite crystals were formed on the (111). The hydroxyapatite crystals

formed on each plane were not morphologically changed with increasing treatment periods. An oriented structure of rod-shaped

hydroxyapatite was constructed after hydrothermal treatment of {100} planes on the calcite single, while such orientation was

not observed on the (111) plane after the treatment. The layer of hydroxyapatite formed on the {100} plane was thicker than

that of the (111) plane. The {100} plane of calcite shows a higher reactivity than that of the (111) plane, which results in rapid

crystal growth of hydroxyapatite. The difference in the morphology of the formed hydroxyapatite was governed by the reactivity

of each crystal plane exposed to the surrounding solution.
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1. Introduction

Hydroxyapatite(HAp) is a main mineral of human bone

and teeth. Bone is a composite material with organized

structure, which is composed of HAp and collagen.1,2) The

biological and mechanical properties of the bone tissues

depend on the morphology and organized structure of HAp

crystals. Therefore fabrication of oriented structure of HAp

crystals is one of very important prospects on develop-

ment of bioactive ceramic materials. To construct oriented

structure consisting of HAp crystals, magnetic field3,4) and

electrospinning technique5) were reported to the fabrication

processing. In these processing, synthesized HAp crystals

could be oriented during the processing. In these process-

ing, it is however difficult to fabricate oriented structure of

micrometer-sized crystals. Hydrothermal processing allows

to fabrication of well-crystallized and micrometer-sized

crystals of HAp. So it is worth investigating feasibility of

oriented structure derived by organized crystal growth of

HAp, since rod-shaped HAp single crystal could be obt-

ained by a hydrothermal processing.6,7) Morphology of HAp

crystals formed under hydrothermal condition are affected

by some factors such as solubility of starting material,

processing temperature,8) pH of solvent9) and additives in

the solvent.10) In this study, we focused on homogeneous

reactivity of crystal plane of calcite single crystal, to achieve

spontaneous formation of oriented crystals of HAp through

uniform reaction of calcium of calcite with phosphate ions

in the surrounding fluid. According to the previous re-

port,11) a kinked face of a crystal involves the formation of

strong bond of ions or molecules more than flat face and

stepped face. In other words, the kinked face of a crystal is

harder to dissolve than its flat face. In case of calcite, flat

and kinked faces are {100} and (111) plane, respectively,

as shown Fig. 1. The two types of crystal planes of calcite

will give different dissolution rate. 

Fig. 1. Illustration of the calcite single crystals with (a) {100} and

(b) (111) plane used in this study.
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The aim of this study is to investigate the effects of the

types of crystal plane of calcite single crystal on the for-

mation behavior and morphology of HAp in a phosphate

solution under a hydrothermal condition to archive HAp

orientation. Calcite single crystals with either {100} or (111)

plane was used as starting materials. After hydrothermal

treatment of the calcites, the formed HAp was charac-

terized.

2. Experimental Procedure

Calcite single crystal having either {100} or (111) plane

was used as starting materials for hydrothermal reaction.

One of the specimen that exposed {100} plane was as-

received natural single crystal of optically clear calcite

(Chihuahua, Mexico), the other was the specimens which

was obtained by cutting and polishing of the natural

calcite to make (111) plane, followed by washing with

ultra-pure water. 

The calcite single crystals with 10 × 10 × 1 mm in size

were placed in polytetrafluoroethylene-lined autoclaves,

with 30 cm3 of 1 mol·dm−3 diammonium hydrogen phos-

phate((NH4)2HPO4, Nacalai Tesque, Japan) solution. The

pH of the solution was adjusted to 9.8 by 25% ammonia

solutions(NH4OH, Nacalai Tesque, Japan). The autoclaves

were then sealed tightly and heated at 160oC for 3~24 h.

After the withdrawal of the autoclaves, they were cooled

immediately with a fan. The samples were removed from

the solution, washed with ultra-pure water and acetone to

terminate any further reaction and kept at 40oC to be dried.

The specimens were characterized by a scanning elec-

tron microscope(SEM, JSM5600, JEOL Ltd., Japan) to

observe the morphology of their surfaces and cross-

sections. X-ray diffraction(XRD, RINT PC 2100, Rigaku

Co., Japan) was used to identify the change in crystal

phases through the dissolution-precipitation reaction.

Transmission electron microscopy(TEM, H-800, Hitachi

Ltd., Japan) was used to evaluate the morphology and

structure of reacted parts.

3. Results

Fig. 2 shows SEM photographs of the surfaces of the

calcite single crystal with {100} plane before and after

hydrothermal treatment(HT) for 12 and 24 h. Single crystal

of calcite had smooth surface before hydrothermal treat-

ment, while rod-shaped crystals were observed on the

surfaces after hydrothermal treatment for 12 h. The rod-

shaped crystals were randomly grown up and their

lengths are about 6 µm. The rod-shaped crystals on the

surfaces showed almost similar morphology and size

even after 24 h.

Fig. 3 shows XRD patterns of the surfaces of the single

Fig. 2. SEM photographs of the surfaces of the calcite single crystal

with {100} plane (a) before and after hydrothermal treatment(HT) for

(b) 12 and (c and d) 24 h. 

Fig. 3. XRD patterns of the surfaces of the single crystal with

{100} plane and after hydrothermal treatment(HT) for 3 and 24 h.

Fig. 4. SEM photographs of the surface of the calcite with (111)

plane (a) before and after hydrothermal treatment(HT) for (b) 12 and

(c and d) 24 h.
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crystal with {100} plane before and after hydrothermal

treatment for 3 and 24 h. The XRD profile of the calcite

with {100} plane before hydrothermal processing showed

only one peak assigned to 104 reflection of calcite. After

hydrothermal processing for 3 h, the peaks assigned to

HAp were detected. The intensity of the peaks assigned

to HAp increased with increasing the periods of hydro-

thermal processing. The peak intensity of 300 reflection

against 002 reflection of HAp was increased significantly

with increasing reaction periods.

Fig. 4 shows SEM photographs of the surface of the

calcite with (111) plane before and after hydrothermal

processing for 12 and 24 h. While the surface of calcite

was smooth before hydrothermal processing, small par-

ticles were observed on the surface after hydrothermal

processing for 12 h. The small particles on the surface

were similar in their morphology and size even after the

periods for 24 h. Fig. 5 shows XRD patterns of the surface

of the calcite with (111) plane after the hydrothermal

processing. Before the hydrothermal processing, no peak

assigned to calcite was detected. The peaks assigned to

HAp appeared after hydrothermal treatment for 3 h. In-

tensity of the peaks assigned to HAp increased with

increasing treatment period.

Fig. 6 shows SEM photographs of the cross-section of

calcite single crystal with {100} plane, hydrothermally

treated for 3, 6, 12 and 24 h. Oriented rod-shaped crystals

were distinctly observed at the cross-sectional view perpen-

dicular to the surface of {100} plane, while randomly

formed crystals of HAp were observed at the surface (see

Fig. 2). Thickness of the formed HAp layer increased

with increasing the treatment periods. The oriented rod-

shaped HAp crystals were grown up and their sizes are

about 110 µm after hydrothermal treatment for 24 h. How-

ever, the change in width of the crystals was hardly

Fig. 7. SEM photographs of the cross-section of the calcite with

(111) plane after hydrothermal processing(HT) for (a and c) 6 and (b

and d) 24 h.

Fig. 8. Change in thickness of the formed HAp on the calcites after

hydrothermal processing as a function of reaction periods.

Fig. 5. XRD patterns of the surface of the calcite with (111) plane

after hydrothermal treatment(HT) for 3 and 24 h.

Fig. 6. SEM photographs of the cross-section of calcite with {100}

plane after hydrothermal processing(HT) for (a) 3, (b) 6, (c) 12 and

(d) 24 h.
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observed with increasing the reaction period. Fig. 7 shows

SEM photographs of the cross-sections of the calcite

crystal with (111) plane after hydrothermal treatment for

6 and 24 h. The formed HAp layer was 2-3 µm after

hydrothermal processing for 6 h. The area of HAp forma-

tion looked zigzag-shaped at the interface of HAp and

calcite. The angle of zigzag at the interface was 100o.

With increasing the treatment periods, the transformed

HAp layer increased up to 10 µm. 

Fig. 8 shows the change in thickness of HAp layer on

calcite single crystal by hydrothermal treatment with in-

creasing reaction periods. In case of the calcite with {100}

plane, the thickness of the formed HAp increased rapidly

up to about 100 µm after the hydrothermal treatment for

12 h and later on, continued to increase slowly. The

thickness of the HAp on the (111) plane increased up to

10 µm after hydrothermal processing for 24 h. 

Fig. 9 shows SEM photographs of the corners of the

calcite single crystal with {100} plane after hydrothermal

treatment for 6 and 24 h. HAp crystals formed at a right

angle to surfaces of calcite even at the edge. It was ob-

served that HAp crystals were grown up and terminated

Fig. 10. SEM, TEM photographs and electron diffraction patterns of the oriented HAp on the calcite with {100} plane after hydrothermal

processing for 24 h. The SEM photographs of the cross-section of (a) near the surface and (b) the inside. (c) electron diffraction pattern

of the oriented HAp crystal. 

Fig. 9. SEM photographs of the corners of the calcite with {100} plane after hydrothermal processing for (a) 6 and (b) 24 h. 
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by HAp crystal with different growth direction at the edge.

Fig. 10 shows SEM and TEM photographs of the trans-

formed HAp on the {100} plane after hydrothermal treat-

ment for 24 h. The electron diffraction pattern was also

shown in the TEM photograph. The HAp crystals were

grown randomly near the surface. With increasing treatment

periods, the HAp crystals were grown almost perpendicu-

larly to the {100} plane of calcite. The oriented HAp

crystals were observed after hydrothermal treatment for

24 h. From the electron diffraction pattern, the oriented

HAp crystal was single crystal and grown with c-axis

direction.

4. Discussion

The results obtained in this study demonstrated that

oriented structure of HAp crystal can be constructed after

hydrothermal treatment of calcite single crystal with {100}

plane. The behavior of HAp formation on calcite surface

is varied by the types of crystal plane of calcite. From

SEM photographs of the surfaces of calcite, the rod-

shaped HAp crystals on the calcite with {100} plane grew

up to about 6 µm, although the HAp particles on the

calcite with (111) plane were less than 100 nm in size.

From these results, it was confirmed that the reactivity of

calcite with {100} plane is higher than that of calcite

with (111) plane. This trend was also observed at the

cross-sectional view of the formed HAp crystals. The

rod-shaped HAp layer on the {100} plane of calcite grew

up to about 110 µm, while the HAp crystal on the (111)

plane was grown up to about 10 µm after hydrothermal

treatment for 24 h. This means that the reactivity of the

{100} plane is higher than that of (111) plane in the pho-

sphate solution under the hydrothermal conditions. Accord-

ing to the Hartman-Perdok theory,11) F(flat) face ({100}

plane in this study) involves a relatively small amount of

bond energy of molecular comparing with K(kinked) face

((111) plane in this study). In other words, the dissolution

rate of calcium ion on the {100} plane is higher than that

on (111) plane. Consequently, the HAp crystal growth is

caused from the dissolution rate of calcium ion. The

difference in thickness of HAp layer depends not only on

the reactivity of each crystal face of calcite, but also on

growth direction of HAp crystal. 

From the Fig. 9, the growth direction of HAp crystal

was headed to inside of calcite. If the HAp crystals are

grown up from the surface of calcite, the crystals could

not meet at the corner of the calcite crystal. Thus the

HAp formation on calcite proceeds through dissolution of

calcium ion from the calcite, followed by reaction with

phosphate ions to grow in the calcite. The SEM photo-

graphs (Fig. 6 and 7) of the cross-section of the calcite

indicate that the rod-shaped HAp crystals formed on the

{100} plane of calcite is oriented perpendicular to its

surface. 

The HAp crystal formed on the (111) plane of calcite

grew up randomly. The interface of HAp and calcite was

zigzag-shaped. The angle between (010) and (100) planes

of calcite is 100o. The angle of the zigzag-shaped interface

was evaluated as 100o, as shown on Fig. 7. So, the two

faces of interface are estimated as {100} plane. Thus HAp

crystals seemed to grow up to {100} plane. This phenom-

enon might be caused by the difference in reactivity of

calcite surface, namely HAp on (111) plane of calcite

grows up to {100} plane which is more reactive than

(111) plane of calcite. This phenomenon is schematically

shown as Fig. 11. After the exposure to the calcite single

crystal to phosphate solution under hydrothermal condition,

HAp crystals were formed randomly on the surface of

calcite regardless of the crystal faces. The difference in the

reactivity of each crystal face resulted in the difference of

their amounts of the formed HAp crystals. Among the

randomly grown HAp crystals, only the crystals could

grow in direction to inside of the calcite, due to suppres-

sion of crystal growth each other, as well as dissolution

of calcium ion from the calcite. The HAp crystals growing

inside of calcite met at a point. This contact leads the

termination of HAp crystal growth. The HAp crystal

formed at the {100} plane at a certain direction from the

surface of calcite would grow without any disturbance,

when calcium and phosphate ions are supplied continu-

ously. As a result, the HAp crystal kept to grow up to the

surface of the parent calcite using calcium ions released

from the calcite surface. HAp crystal on the (111) plane

will grow to {100} plane of calcite. HAp crystals from

each direction, to meet each crystal. At the point, the

other HAp crystal will grow and terminated by another

HAp crystal with different growth direction. So, the

formed HAp layer on the (111) plane was less than that

on the {100} plane of calcite. 

Fig. 11. Illustration of the HAp crystal growth on the calcite with

different crystal planes; (a) {100} plane and (b) (111) plane.
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5. Conclusion

We proposed a new processing for fabrication of orien-

tated structure of HAp crystals under hydrothermal con-

dition. While the rod-shaped hydroxyapatite crystals were

oriented perpendicularly to the surface of the calcite with

{100} plane, the small hydroxyapatite crystal formed on

the calcite with (111) plane, to grow to the {100} plane.

The difference in the morphology and crystal growth of

the HAp was governed by reactivity of each crystal face.
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