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Abstract The mechanochemical transformation of

Ca(OH)2–(NH4)2HPO4 with different Ca/P ratios 1; 1.5;

1.67 and 1.75 was carried out for different periods of time

from 10 min to 24 h in a horizontal vibration mill using

steel and agate vials and balls. The phase transformations

obtained at each milling stage were characterized by X-ray

diffraction, infrared spectroscopy and transmission electron

microscopy. Complete transformation to hydroxyapatite

took place during the first 5 h of milling, for Ca/P ratios 1.5

to 1.7, when milling was carried out with steel vials and

balls. The contamination was not significant for the periods

of milling studied for both milling media.

1 Introduction

Ceramic materials based on calcium phosphates such

as hydroxyapatite (HAp) and b-tricalcium phosphates

(b-TCP) have a wide range of potential applications for

bone substitutes. These bioceramics favor bone recon-

struction due to high properties of resorbability for b-TCP

and good osteoconductivity for HAp. Hydroxyapatite is

widely used in reconstructive orthopedic and dental

surgery, both as massive filling of bone gaps and as a

surface coating. In the latter case, it promotes adhesion

between prostheses and bone [1].

Multiple techniques have been used for preparation of

HAp powders by wet methods [2–13] and solid-state

reactions [14–18]. Mechanochemistry is a solid-state syn-

thesis method that takes advantage of the perturbation of

surface-bonded species by pressure to enhance thermody-

namic and kinetic reactions between solids [19]. Pressure

can be applied at room temperature by different milling

equipment ranging from low energy ball mills to high-

energy stirred mills. The product obtained by the different

authors depended on the method employed, the type of vial

and the energy of the mill. Therefore, products with dif-

ferent morphology, stoichiometry, and level of crystallinity

can be obtained by mechanochemical processes depending

upon the technique and the milling materials used. The

main advantages of this synthesis are simplicity and low

cost. The chemical processes occurring during mechanical

action on solids turned out to be more specific and versatile

than they have been considered so far. This has stimulated

the development of investigation in the field of mechano-

chemistry, a rapid developing area of chemical science. In

the present work, the synthesis of calcium phosphate by

mechanochemical transformation with different Ca/P ratios

1; 1.5; 1.67 and 1.75 has been carried out at different

milling periods and the effect of using different milling

materials such as agate and steel vials and balls in a hori-

zontal vibrating mill has been studied.

2 Materials and methods

The solid reactants used were calcium hydroxide Ca(OH)2,

(96,7%, sigma Aldrich), ammonium biphosphate (NH4)2HPO4
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(99,99% sigma Aldrich). The mechanochemical transfor-

mation of Ca(OH)2–(NH4)2HPO4 with different Ca/P ratios

was carried out for different periods of time, from 10 min to

24 h in a horizontal vibration mill using steel and agate vials

and balls. A Retsch vibratory Mill, Type MM-2 was used.

FTIR spectra were obtained using a Nicolet 560 spectrom-

eter. The process was monitored for each period by X-ray

diffraction (XRD) and transmission electron microscopy

(TEM). The X-ray diffraction was a Siemens D-500 difrac-

tometer with Cu-Ka radiation. The TEM observations were

performed in a Phillips model CM12. Inductively Coupled

Plasma optical emission spectroscopy (ICP-OES) was used

for the determination of Ca and P in each product obtained

using a Perkin Elmer spectrometer, model Optima 3000.

3 Results and discussion

The phase transformations obtained at each milling stage

with each milling material used were characterized by

X-ray diffraction, infrared spectroscopy and transmission

electron microscopy analysis. The results are shown in

Figs. 1–8. Table 1 shows the Ca/P ratio of the products,

determined by ICP-OES, after the different milling periods

with each milling material tool employed.

3.1 Grinding of reactants for the Ca/P ratio 1

Figure 1 shows the XRD pattern for this Ca/P ratio. It can

be seen that the pattern varied with grinding time. The

intensity of the peaks of the starting materials gradually

decreased as a function of grinding time and the HAp phase

begins to form as an incipient phase after grinding for

30 min. The XRD pattern also shows the formation of

NH4CaPO4�H2O from 5 h and remains present up to 24 h.

Although, it is not expected the formation of HAp for a

Ca/P molar ratio of 1, however, during milling a hetero-

geneous mixture is present and part of the reactants might

reach a stoichiometric ratio corresponding to HAp. The

initial reactants remain present up to 24 h, in steel as well

as in agate vials. In general, the reactions taking place in

both milling tools are very similar. The IR spectra (Fig. 2)

for this mixture at the different milling periods show bands

corresponding to phosphates and ammonium vibrations.

The bands in the region 1100–1045, 963, 873, 604 and

562 cm-1 are attributed to phosphate vibrations. The bands

at 1094, 1027 and 874 cm-1 could be attributed to the

presence of HPO4
-2 groups, Koutsopoulos [20] attributes

the 1027 cm-1 band to the presence of crystal imperfec-

tions and HPO4
-2 groups in nonstoichiometric HAp, the

1045 cm-1 vibration corresponds to the asymmetric P–O

vibrating mode and the band at 963 cm-1 to the symmetric

P–O vibrating mode. The bands at 604 and 562 cm-1

correspond to the U4 bending mode of the O–P–O bonds.

Also, the bands characteristic of ammonium U4 (NH4)

group are seen in the regions 3300–2800 cm-1 and 1400–

1500 [21]. In agate vials after 5 h of milling, a clear

splitting of the U4 (NH4) modes is observed, this was

attributed to lowering of the site symmetry of the ammo-

nium ion [21]. For this period, the formation of NH4Ca-

PO4�H2O compound is observed. When steel vials were

used the formation of this compound was observed after

only 1 h. The band observed at 1650 cm-1 is probably

adsorbed water [22, 23].

The FTIR results are in good agreement with the XRD

patterns showing the presence of remaining starting mate-

rial (NH4)2HPO4, a new phase of calcium ammonium

phosphate hydrate NH4CaPO4�H2O, and HAp, even after

Fig. 1 XDR of Ca/P = 1

mixture milled during different

periods. (Asterisk) HAp, (filled
square) Ca(OH)2, (filled circle)

(NH4)2�HPO4, (filled rhombus)

CaNH4PO4�H2O
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milling for 24 h. Similar results were obtained in agate and

steel vials.

3.2 Grinding of reactants in the Ca/P ratio 1.5

Figure 3 shows the XRD results for the Ca/P ratio 1.5 for

the different milling periods.

Formation of Ca-deficient HAp was obtained after 24 h

of milling in steel and in agate vials. It can be notice that

the effect of grinding tools material on the phase trans-

formations with milling time was more efficient in steel

than in agate vials. HAp was formed from 1 h onwards in

both milling media, however, when using steel after 5 h

grinding time the reaction was complete and not remaining

initial reactants were observed; however, when using agate

vials even after 24 h milling time a small amount of the

initial reactants and the NH4CaPO4�H2O compound was

still present. Therefore, steel milling tools are more effi-

cient than agate tools to induce the phase transformations.

Figure 4 shows the infrared spectra as a function of the

grinding time. For agate tools from 30 min up to 24 h the

vibration bands corresponding to NH4 groups were present

at 1456 and 1401 cm-1 and in the region 3300–2800 cm-1.

Also, the characteristic phosphate bands (1094, 1045, 963,

Fig. 2 FT-IR spectra of Ca/P = 1 mixture milled during different periods

Fig. 3 XDR of Ca/P = 1.5

mixture milled during different

periods. (Asterisk) HAp, (filled
square) Ca(OH)2, (filled circle)

(NH4)2�HPO4, (filled rhombus)

CaNH4PO4�H2O
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874, 604 and 562 cm-1) were observed and the vibration

bands of the hydroxyl groups at 3550 and 631 cm-1. On

the other hand, when milling was carried out in steel vials

after 10 h the presence of NH4CaPO4�H2O compound

completely disappears and a calcium deficient HAp was the

only phase observed by XRD and FTIR. In order to verify

that calcium deficient HAp is effectively formed, the

products obtained, after milling in both media for 24 h,

were calcined at 800�C for 2 h as suggested by Ishikawa

et al. [24] and Mostafa [25]. b-Tricalcium phosphate was

formed after such thermal treatment, in agreement with the

expected results (Fig. 5). The same result was obtained for

both grinding materials.

3.3 Grinding of reactants in the Ca/P ratio 1.67

Figure 6 shows the XRD patterns for the different milling

periods for Ca/P = 1.67, for both milling media. When

milling was carried out in an agate vial, the compound

NH4CaPO4�H2O together with calcium deficient HAp was

obtained and remained present up to 48 h of milling, indi-

cating that the reaction in this milling material did not

proceed completely. However, milling in steel resulted in

formation of HAp, as the only product obtained. These

differences in the products obtained using the different

milling materials is attributed to the different impact energy

generated by each material during the milling process.

The reaction is steel vials was completed after 5 h of

milling by the total consumption of the initial reagents. The

crystal size was 20 nm, measured from the XRD patterns

applying the Scherrer equation:

d ¼ Kk
b cos h

where k is the wavelength, b the width of peak at half

maximum intensity, h the diffraction angle, d the crystal

size, and K = 0.9.

Fig. 4 FT-IR spectra of

Ca/P = 1.5 mixture milled

during different periods:

a agate, b steel

Fig. 5 DRX and FTIR of calcined samples at 800�C, Ca/P 1.5 milled

in agate vials or steel vials
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This result was in very good agreement with the

observation by transmission electron microscopy (Fig. 7),

which shows long narrow needle-shape and rounded crys-

tals of average crystal size of 20 nm. Figure 8 shows the

XRD of the calcined samples milled in steel and agate

media, indicating that stoichiometric HAp was formed in

steel milling media but calcium deficient HAp was

obtained in agate vial, due to the presence of b-tricalcium

phosphate after calcination.

Fig. 6 XDR of Ca/P = 1.67 mixture milled during different periods. (Asterisk) HAp, (filled square) Ca(OH)2, (filled circle) (NH4)2�HPO4, (filled
rhombus) CaNH4PO4�H2O

Fig. 8 DRX of calcined samples at 800�C, Ca/P = 1.67 milled in a
agate vials showing the presence of b-tricalcium phosphate, b steel

vials showing the presence of HAp

Fig. 7 Transmission electron microscopy bright field image of

Ca/P = 1.67 mixture showing hydroxyapatite crystals formed after

5 h of milling
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The FTIR absorption spectra for these experiments

(Fig. 9) showed some differences between the products

obtained with both milling media, specially the presence of

the NH4 vibration bands in the regions, 3300–2800 cm-1

and 1400–1500 cm-1, were observed in the products mil-

led in agate vials up to 48 h, due to the presence of the

initial reagents and the NH4CaPO4�H2O compound, but not

in the products milled in steel vials, after 1 h of milling.

Also, a marked difference between both milling media was

observed in the bands corresponding to the hydroxyl

groups. The vibration band at 3570 cm-1 assigned to the

hydroxyl group of HAp [20] was observed in the products

milled in steel vials, from 1 h onwards. However, the OH

vibration band at 3642 cm-1, assigned to Ca(OH)2, was

observed in the products milled in agate vials, indicating

that some remaining Ca(OH)2 was still present, in agree-

ment with the XRD results. The characteristic HAp bands

(1094, 1045, 963, 631, 604 and 562 cm-1) are observed in

both milling media.

3.4 Grinding of reactants in the Ca/P ratio 1.75

For Ca/P = 1.75 (Figs. 10, 11) milling in agate materials

showed the formation of HAp after 5 h. However, a small

amount of NH4CaPO4�H2O compound and remaining

unreacted Ca(OH)2 were present up to 24 h of milling.

Milling in steels media showed the formation of HAp after

only 1 h, and further milling resulted in total consumption

of any remaining product, showing the presence of HAp as

the only phase obtained after 5 h.

Therefore, the results obtained for the different Ca/P

ratios using both milling materials clearly show that the

milling materials nature strongly affect the final products

obtained. For all Ca/P ratios studied milling in steel tools

was more efficient than milling in agate, suggesting that the

impact energy generated with steel tools is higher than the

energy produced when using agate tools, resulting in higher

energy transference to the compounds during the process

and thus accelerating the kinetic of the phase

Fig. 9 FT-IR spectra of

Ca/P = 1.67 mixture milled

during different periods

Table 1 Ca/P ratios of products milled in steel or agate vials for different periods, determined by ICP

Time Ca/P

1 1.5 1.67 1.75

Agate Steel Agate Steel Agate Steel Agate Steel

10 min 1.01 ± 0.01 1.21 ± 0.07 1.58 ± 0.01 1.59 ± 0.05 1.69 ± 0.07 1.68 ± 0.01 1.77 ± 0.01 1.78 ± 0.01

30 min 1.19 ± 0.02 1.08 ± 0.02 1.52 ± 0.02 1.59 ± 0.02 1.69 ± 0.02 1.68 ± 0.02 1.73 ± 0.03 1.68 ± 0.01

1 h 1.27 ± 0.05 1.15 ± 0.04 1.54 ± 0.01 1.60 ± 0.04 1.68 ± 0.03 1.71 ± 0.04 1.79 ± 0.03 1.71 ± 0.01

5 h 1.15 ± 0.02 1.16 ± 0.08 1.56 ± 0.02 1.56 ± 0.02 1.68 ± 0.02 1.66 ± 0.01 1.81 ± 0.05 1.73 ± 0.01

10 h 1.13 ± 0.06 1.20 ± 0.08 1.59 ± 0.06 1.58 ± 0.03 1.67 ± 0.06 1.67 ± 0.08 1.79 ± 0.02 1.71 ± 0.01

24 h 1.25 ± 0.05 1.17 ± 0.09 1.59 ± 0.05 1.59 ± 0.04 1.67 ± 0.05 1.68 ± 0.09 1.85 ± 0.05 1.75 ± 0.01

2254 J Mater Sci: Mater Med (2009) 20:2249–2257

123



transformations induced by milling. This could be attrib-

uted to the intrinsic physical properties of the milling

materials employed, mainly to the elastic modulus that

would have an effect on the impact energy produced during

the milling process and therefore in the reactions taking

place and in the final transformation of the reactants.

ICP measurements to detect the amount of possible

contamination due to milling were carried out. The con-

centration of 14 elements analyzed was below the detection

limit (50 lg/g). Tables 2 and 3 show the ICP results of the

products milled in agate and steel vials, respectively, for

the different milling periods.

Fig. 10 XDR of Ca/P = 1.75

mixture milled during different

periods. (Asterisk) HAp, (filled
square) Ca(OH)2, (filled circle)

(NH4)2�HPO4, (filled rhombus)

CaNH4PO4�H2O

Fig. 11 FT-IR spectra of Ca/

P = 1.75 mixture milled during

different periods
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4 Conclusions

The synthesis of nanometric hydroxyapatite was obtained

after only 5 h of milling when steel vial were used for the

Ca/P ratio of 1.67 and 1.75. For a Ca/P of 1.5 calcium

deficient HA was obtained that transformed to b-tricalcium

phosphates after heating at 800 �C.

This mechanochemical method, used to produce HAp,

presents the advantage that the powder obtained is nano-

crystalline with an average crystals size of 20 nm wide and

80 nm length. Formation of the products was more efficient

when milling was carried out using steel tools.

Contamination of the products in any of the milling

materials was below 50 ppb.
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