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Abstract 

This investigation determined the effects of reaction 
temperature and bulk composition on the microstructural 
features of hydroxyapatites (HAp) synthesized from re
action between particulate CaHP04 ·2H20 and 
Ca4(P04h0. These data were used in combination with 
previous work to further elucidate the mechanistic reac
tion path taken by these calcium phosphate cements. 
HAps having two different compositions (Ca/P = 1.50 
and 1.67) were synthesized between 15.0 and 70.0°C. 
All reactions reached completion as indicated by X-ray 
diffraction. Single point nitrogen absorption was per
formed on all samples to determine specific surface 
areas. The HAp which is approximately stoichiometric 
(Ca/P = 1.67) had a surface area equal or greater than 
that of calcium-deficient HAp (Ca/P = 1.50) synthesized 
at the same temperature. All surface areas were equal 
to or greater than those typically reported for bone and 
were in accord with average crystallite sizes as deter
min,ed by dark field transmission electron microscopy 
(TEM) for all but one sample. Observations using scan
ning electron microscopy support previous X-ray diffrac
tion studies and indicate the reactivity of Ca4(P04h0 
limited the rate of HAp formation. Electron diffraction 
by TEM verified the presence of very small proportions 
of an electron amorphous phase. The proportion of this 
phase increased with a decrease in reaction temperature, 
and it was more prevalent in the calcium-deficient HAp. 
Two distinct morphologies, plates and nodules, were 
observed by TEM. The nodules contained more amor
phous material, while the plates were determined to have 
the c-axis approximately perpendicular to the plate face. 

Key Words: Calcium phosphate cements, brushite, 
ltetracalcium phosphate, hydroxyapatite, microstructure, 
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microscopy, surface area. 
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Introduction 

Calcium phosphate cements (CPCs) are a relatively 
new class of materials that have many possible applica
tions in dentistry and orthopaedics. These cements have 
numerous advantages over materials presently used. 
CPCs can be formulated to have initial consistencies that 
range from an injectable fluid to a stiff paste. This 
property would allow a high degree of flexibility during 
implantation. Upon reaction, CPCs will harden into 
monoliths that effectively fill complex voids and bond 
both mechanically and eventually chemically to native 
hard tissue. It has been demonstrated that in vivo place
ment of calcium phosphate cement induces minimal ad
verse tissue reactions in endodontic procedures in mon
keys (Hong et al., 1991) and craniofacial studies on cats 
(Costantino et al, 1992; Friedman et al., 1991). These 
studies have also demonstrated that normal anatomic 
contours were maintained with new bone formation at 
the progressive implant-bone interface. 

Another advantage of CPCs is the inherent flexibil
ity of their chemistry and kinetics. There are a number 
of calcium phosphates, when combined in the proper 
stoichiometries, that can react together or hydrolyze sep
arately at physiologic temperature to form monolithic 
hydroxyapatite {HAp, Ca10_x(HP04>x(P04)6-x(0Hh-x}· 
These include: 

(1) monocalcium phosphate monohydrate, MCPM 
{Ca(H2P04h-H20}; 

(2) brushite or DCPD {CaHP04 ·2H20}; 
(3) monetite or DCP {CaHP04}; 

(4) octacalcium phosphate or OCP 
{Ca8(HP04h(P04)4·5H20}; 

(5) a-tricalcium phosphate or a-TCP {Ca3(P04h}; 
and (6) tetracalcium phosphate or TetCP { Ca4(P04h0}. 

These compounds are typically characterized by 
their Ca/P molar ratios. HAp does not have a fixed 
composition; rather, it exists over a range of Ca/P 
ratios. While Ca/P ratios between -1.33 and 1.67 have 
been reported (Heughebaert et al. , 1990; Nancollas, 
1989; Zawacki et al., 1990) for precipitated HAp in the 
CaO-P20 5-H20 ternary system, the lowest Ca/P ratio 
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achieved for a calcium phosphate cement that reacts to 
completion to form HAp is 1.50 (Brown, 1992; Martin 
and Brown, 1994, 1997; TenHuisen et al., 1995). 

Compositional variability, combined with the ability 
of apatites to substitute a variety of cations and anions 
into their structure, allows a high degree of flexibility in 
tailoring the chemistry and kinetics of the cement forma
tion and properties of the resultant product. Variability 
in composition greatly affects the solubility and the mi
crostructure of HAp. Both the solubility of the apatite 
and its microstructure ultimately influence the rate of 
ingrowth and resorption that would occur in vivo. De
creasing the Ca/P ratio from 1.67 to 1.50 in the absence 
of substituents increases the solubility of the HAp 
(TenHuisen and Brown, 1997; Zawacki et al. , 1990). 
It has been shown that the incorporation of carbonate in
creases the solubility of HAp due to the distortion of the 
lattice (Nelson et al. , 1989). Alternatively, fluoride sub
stitution decreases the apatite solubility as reflected in a 
smaller solubility product and extends its stability range 
to lower pH values (Chin and Nancollas, 1991; Moreno 
et al. , 1974, 1977). Another important factor to con
sider is the effect of surface area on the apparent solubil
ity. High surface areas usually result in higher apparent 
solubilities due to higher initial dissolution rates and 
surface effects. 

Extensive electron microscopy studies have been 
performed on biological apatites (Bres et al., 1990, 
1993; Daculsi et al., 1984; Jackson et al. , 1978; 
Nakahara and Kakei, 1984) and synthetic apatites (Iijima 
et al., 1992a, 1992b; Meyer et al. , 1972; Nelson et al., 
1986), investigating morphology, crystallite orientation, 
and lattice parameters and defects. To date, an in depth 
investigation of the microstructural features of HAp 
formed by CPC reactions has not been performed. In 
the present study, we have investigated the microstruc
ture and surface area of HAp formed by reacting DCPD 
and TetCP as a function of reaction temperature and 
Ca/P ratio. Such investigation is intended to give insight 
into the ways HAp formed by these types of reactions 
might interact in vivo. Understanding the mechanistic 
reaction paths taken is also essential to tailoring these 
cements for in vivo use. Determining changes in micro
structure and surface area assists in establishing these 
mechanisms. 

Materials and Methods 

TetCP and DCPD synthesis 

TetCP was synthesized by a high temperature solid 
state reaction between reagent grade monetite (CaHP04; 

Fisher Scientific, Pittsburgh, PA) and precipitated 
calcium carbonate (CaC03, Fisher). Equimolar quanti
ties of monetite and calcium carbonate were homoge
nized by milling and then fired at 1400°C for two hours. 
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The fired product was ground by hand and then milled 
to a particle size of -2.5 I-'m as determined by light 
scattering particle size analysis. X-ray diffraction was 
used to confirm phase purity . No evidence of hydroxy
apatite or lime (CaO) was observed. 

DCPD (300 g) was precipitated via an acid-base 
reaction between calcium hydroxide and monocalcium 
phosphate monohydrate (MCPM, Ca(H2P04h-H20). 
To prepare calcium hydroxide, precipitated calcium car
bonate (Fisher) was calcined at 1l00°C for two hours to 
CaO and then ground in a mortar and pestle. A calcium 
hydroxide slurry was prepared by the addition of 48.435 
g of CaO to 750 rnl of deionized water in a sealed 1 liter 
Nalgene bottle (obtained from Fisher Scientific, Pitts
burgh, P A). This slurry was added to a slurry of 
217.71 g of reagent grade MCPM (J.T. Baker, Phillips
burg , NJ) in 2250 rnl of deionized water. The suspen
sion was stirred for 15 minutes and then filtered through 
#5 Whatman (Springfield Mill, UK) filter paper. The 
precipitate was dispersed in acetone (2500 rnl) and again 
filtered to remove excess water. The precipitate was 
dried under vacuum (- 4 x w-2 torr) using a cold trap 
to capture the acetone. X -ray diffraction confirmed 
phase pure DCPD. No HAp was present on the sur
faces of the DCPD as observed by scanning electron 
microscopy (SEM) . 

HAp Synthesis 

DCPD and TetCP powders were combined in 2-to-1 
and 1-to-1 molar ratios and milled together to constitute 
initial mixtures with Ca/P molar ratios of 1.50 and 1.67. 
Reactions 1 and 2 show the formation of calcium-defi
cient HAp (Ca/P = 1.50, CDHAp) and HAp which is 
approximately stoichiometric (Ca/P = 1.67, SHAp) 
from these reactants. 

H20 
6CaHP04 ·2H20 + 3Ca4(P04h0 -+ 

2C~(HP04)(P04)50H + 13H20 (1) 

H20 
2CaHP04 ·2H20 + 2Ca4(P04h0 -+ 

Ca10(P04)6(0Hh + 4Hp (2) 

The reactant powders were reacted with deionized 
water at a liquid-to-solids weight ratio of 1-to-1 within 
an isothermal calorimeter to monitor the evolution of 
heat as a function of reaction time (TenHuisen and 
Brown, 1996). Reactions were performed at the follow
ing temperatures: 15, 20, 25, 30, 33.5, 37.4, 40, 45, 
50, 55, 60, 65, and 70°C. The reactant powder and 
deionized water were separately equilibrated to each 
reaction temperature before reaction initiation. Upon 
reaching thermal equilibrium, the water was injected 
onto the powder. After complete reaction was reached, 
as indicated by the absence of further heat evolution, the 
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samples were frozen in liquid nitrogen and freeze-dried 
to remove excess water. 

Characterization 

All samples were characterized by X-ray diffraction 
and surface area analysis. Powder X-ray diffraction in
dicated complete reaction to HAp occurred for both stoi
chiometries at all reaction temperatures. A Scintag pow
der diffractometer (PAD V, Scintag Inc. , Sunnyvale, 
CA) with CuKa radiation was utilized. All samples 
were scanned over a two theta (28) range of 10°-35° at 
a rate of 2 o 28 per minute with a step size of 0.02 o . 

Selected samples were scanned over a 28 range of 
3°-35° to check for the presence of octacalcium 
phosphate (OCP). 

Single point nitrogen absorption (Monosorb MS-12, 
Quantachrome Corp. , Syosset, NY) was used to deter
mine the surface areas of the HAp. All samples were 
dried at 150°C overnight prior to outgassing for 45 min
utes at 150°C. A 30/70 mixture of N2/He was used. 
All samples were run in triplicate, and their values 
averaged. The values of each triplicate were all within 
± I m2/g of one another. 

Selected samples were observed in a scanning elec
tron microscope (ISI-DS 130; Topcon Technologies, Pa
ramas, NJ) . Sample were coated with gold. Scanning 
elec tron photomicrographs were obtained in the second
ary electron image mode. 

Sample;s observed by SEM were also observed in a 
transmission electron microscope (TEM; JEOL 2000, 
JEOL Ltd. , Tokyo, Japan). Samples were ground in an
hydrous methanol and sonicated for approximately 60 
seconds. These suspensions were filtered through 0.2 
~m polycarbonate membranes and then coated with car
bon. The polycarbonate membranes were dissolved in 
chloroform, and the carbon film containing the samples 
were placed onto copper grids for TEM observation. 
The camera constant was determined using the first five 
diffraction rings from a gold standard. 

Results and Discussion 

Surface area 

Figure 1 plots surface areas of SHAp and CDHAp 
as a function of reaction temperature. The surface areas 
recorded are relatively high and range between -75-165 
m2/g. These surface areas are in the range of values 
reported for deproteinized bone (Misra et a/. , 1978). A 
prior calorimetric study of these systems indicated HAp 
formed from DCPD and TetCP by a nucleation and 
growth mechanism (TenHuisen and Brown, 1996). The 
large change in surface area with reaction temperature is 
consistent with the high temperature dependence 
observed for the kinetics of these reactions. 

The surface areas vary with temperature, showing 

253 

Surface Area ( m ~/g) 
170.0 .--r--.--.-.-.,--1.-r--.--.--.----.---, 

• 
150.0 f-

130.0 f-

0 
11 0.0 f-

0 

90.0 1-

70.0 I 

0.0 15.0 

• 

• • 

0 r SHAp 

0 0 

0 • 
0 
r.CDHAp 

0 

• • 
0 

I I I 

30.0 45.0 60.0 
T('C) 

-

-

-

-

0 

• 
75.0 

Figure 1. Surface areas of CDHAp and SHAp formed 
from DCPD and TetCP plotted as a function of reaction 
temperature. 

two trends with a transition occurring at approximately 
physiologic temperature. In the higher temperature 
range (- 35 to 70°C), the surface areas for SHAp and 
CDHAp decrease with increasing temperature. SHAp 
formed at 33 .5°C attains the maximum surface area 
observed ( -165 m2/g) ; CDHAp attains a maximum of 
-130m2/gat 37.4 °C. Reductions in surface areas with 
increasing temperature in this range indicate a decrease 
in the nucleation/ growth rate ratio (i.e., the ratio of the 
nucleation rate to growth rate) even though the overall 
rate of HAp formation rapidly increases with increasing 
temperature. At the elevated reaction temperatures (55° 
to 70°C), there are only small differences between the 
surface areas of the two compositions. This is due to 
the extreme! y high rate of HAp formation which reaches 
completion within 0.5 hour for CDHAp and SHAp at 
70°C (TenHuisen and Brown, 1996). 

At temperatures close to physiologic, SHAp displays 
increasingly greater surface areas compared to CDHAp. 
SHAp formation occurs at pH values higher than 
CDHAp (TenHuisen and Brown, 1997; Zawacki et al., 
1990). Previous work has also shown than an inter
mediate noncrystalline calcium phosphate phase (NCP) 
precipitates in DCPD-TetCP reactions which subsequent
ly transforms to apatite (TenHuisen and Brown, 1997). 
A greater nucleation density at higher pH values should 
occur in the calcium phosphate system because the 
solubilities of both NCP and SHAp decreases as the pH 
rises, thus resulting in a higher degree of supersaturation 
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and nucleation density. Others (Blumenthal and Posner, 
1972) have reported an increase in the surface area with 
increasing pH for NCP formation, supporting the present 
observations. The relative proportion of the NCP inter
mediate formed in DCPD-TetCP reactions is independ
ent of reaction temperature for a given bulk composition 
(TenHuisen and Brown, 1996), and only very small 
quantiies of it were observed by TEM (discussed subse
quently) upon complete reaction. Therefore, the meas
ured surface area results from the crystalline HAp; the 
NCP has a negligible contribution. 

Very different surface area trends occur at reaction 
temperatures below physiologic for the two HAp com
positions. SHAp maintains a relatively constant surface 
area of -165 m2/g below 37.4 °C, independent of the 
reaction temperature. Therefore, the nucleation/growth 
rate ratio must remain nominally constant between 15° 
and 37.4 °C, although the overall rate of SHAp forma
tion continuously decreases with decreasing temperature. 
After reaching a maximum in surface area at physiologic 
temperature, the surface area of CD HAp decreases with 
decreasing temperature. This indicates the nuclea
tion/growth rate ratio must then decrease with de
creasing temperature. 

The differences in CDHAp and SHAp surface areas 
at temperatures below physiologic is also related to the 
relatively larger proportion of DCPD in the initial reac
tant mixture with Ca/P = 1.50. It has been shown that 
reactions involving DCPD and TetCP form a noncrystal
line calcium phosphate intermediate (TenHuisen and 
Brown, 1997); electron microscopy and electron diffrac
tion evidence for this will be discussed in a later section. 
Relatively more of the NCP intermediate is formed when 
the initial Ca/P = 1.50. The proportion of this phase 
was observed to be independent of the reaction tempera
ture for a given bulk stoichiometry (TenHuisen and 
Brown, 1996, 1997). Thus, the trend observed in the 
surface area is likely related to the HAp that forms from 
the transformation of this larger proportion of NCP in
termediate. As the reaction temperature is decreased, 
the NCP transforms to HAp (Boskey and Posner, 1973) 
more slowly, resulting in larger apatite crystals. 

Scanning electron microscopy 

SEM investigations were performed on samples syn
thesized at the maximum and minimum reaction temper
atures of this study (15° and 70°C) and at the transition 
temperatures dividing the two surface area trends 
(37.4°C for CDHAp and 33.5°C for SHAp). Figures 
2-4 compare the SEM microstructures of CDHAp and 
SHAp formed at 70°C. The microstructural features of 
the two samples are quite similar and characterized by 
irregularly shaped thin plates (see Fig. 2). These plates 
appear to be less than -50 nm in thickness and less 
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than -400 run across . The great similarity in micro
structure correlates with similar kinetics of formation 
(TenHuisen and Brown, 1996) and almost identical sur
face areas. 

The spatial relationship between the initial reactant 
particles and the HAp formed can be seen at lower mag
nifications (Figs. 3 and 4). Pseudomorphs of the initial 
TetCP appear as irregularly shaped spheres composed of 
multiple plates. These spheres are connected to one 
another via interparticulate precipitates. This interpar
ticulate connectivity is lowest at the elevated reaction 
temperatures. This finding suggests that the reactions 
forming the HAp occur in close apposition to the TetCP 
surfaces, resulting in less precipitation of HAp between 
TetCP particles. This finding supports pH values 
observed as a function of reaction temperature, time, 
and stoichiometry (TenHuisen and Brown, 1997). The 
steady-state pH values during reaction decreased with 
increasing temperature, suggesting that the TetCP be
comes overgrown more rapidly as the reaction tempera
ture increases. This is likely due to the retrograde 
solubility of SHAp (McDowell et al., 1977) and the epi
taxial relationship between TetCP and HAp (Dickens and 
Schroeder, 1980). 

In general, the microstructural features become 
more irregular as the teaction temperature is decreased. 
Figures 5 and 6 show microstructures typical of SHAp 
(33.5°C) and CDHAp (37 .4°C), respectively. SHAp 
shows prominent differences compared to that formed at 
70°C. The plate-like features apparent at 70°C have be
come more interconnected with one another and ribbon
like. They also appear to be smaller than the plates 
formed at 70°C. Overall, the microstructure appears 
more interconnected. A prominent feature in this sam
ple is the presence of shell structures or "donuts." This 
microstructural feature is more prevalent in SHAp and 
increases as the reaction temperature decreases. These 
donuts result from the overgrowth of TetCP with HAp, 
resulting in the consumption of TetCP from the inside of 
the particles. This observation supports previous 
findings showing that TetCP is the rate limiting reactant 
(TenHuisen and Brown, 1997). The presence of shells 
and finer features result in an increase in the surface 
area as previously discussed. 

CD HAp formed at 37.4 °C also shows large changes 
in its microstructural features from that formed at 
70.0°C. Not only is it more irregular, the features are 
much finer (see Fig. 6). The overall morphology shows 
complete integration of the initial reactant particles into 
a structure that is highly interconnected. The pseudo
morphs of the TetCP particles are coated with very fine 
needles and plates, resulting in the maximum surface 
area for this composition. The interparticulate connec
tivity appears to reach a maximum at this temperature 
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for the CDHAp. Few donut-like features occur in this 
sample due to the lower proportion of the rate limiting 
reactant, TetCP. 

SHAp formed at l5°C exhibits a maximum in inter
particulate connectivity (see Fig. 7). This is evident as 
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Figures 2-6. Representative microstructures of: 
Figure 2. CDHAp and SHAp formed at 70°C charac
terized by distorted hexagonal plates. Figure 3. SHAp 
formed at 70°C showing the platey microstructure and 
the relationship between the initial precursor particles 
and formed HAp. Figure 4. Microstructure of CD HAp 
formed at 70°C showing the platey microstructure and 
the relationship between the initial precursor particles 
and formed HAp. Figure 5. Microstructure of SHAp 
formed at 33.5°C illustrating a more interconnected 
structure than at 70°C and the appearance of shell 
structures or "donuts." Figure 6. Microstructure of 
CDHAp formed at 37.4°C showing a high degree of 
interparticulate bonding and finer features than reaction 
at 70°C. Bars = 0.5 ttm (Fig. 2) and 1 ttm (Fig. 3-6). 

ribbon-like plates and needles formed between the arti
facts of the TetCP particles. Shells or donuts are preva
lent again as a result of the overgrowth of the rate limit
ing reactant, TetCP. The most discernible microstruc
tural differences are the features present at the interiors 
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Figures 7-9. Microstructures (formed at l5°C) of: 
Figure 7. SHAp showing a maximum in interparticulate 
connectivity for this composition and a high frequency 
of "donuts." Figure 8. SHAp showing the fine features 
present within the remnants of the TetCP particles. 
Figure 9. CDHAp; the interparticulate connectivity 
appears less than that occurring in samples formed at 
37.4 °C and the features are not as fine. Bars = 1 14ID. 
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- -
Figure 10. Representative platey morphology observed 
in all samples. Bar = 50 nm. 

of the shells. Extremely fine needles showing preferred 
alignment occur (Fig. 8). This alignment results from 
slow epitaxial growth of HAp on the TetCP surface. 

The characteristic microstructure of CD HAp formed 
at 15°C is shown in Figure 9. There is again a high 
degree of interconnectivity, although it appears to be 
slightly less than that at 37.4 °C. The structural features 
are not as fine as those in the 37.4°C sample. Although 
not shown in Figure 9, shells also become apparent in 
the CD HAp and occur due to the slower kinetics of the 
system resulting in some overgrowth of the TetCP. In 
comparing the microstructures of CDHAp and SHAp 
formed at 15°C, it is difficult to explain the large differ
ence in surface area. The most significant difference is 
the greater frequency of shells present in SHAp. Thus, 
the additional area may result from this inner surface 
and the extremely small crystallites observed. 

Transmission electron microscopy 

Samples imaged by SEM were also observed by 
TEM. Three primary microstructural features were ob
served: plates, needles, and nodules (see Figs. 10-12). 
These structural features were observed at both stoichio
metries over the entire temperature range of this study. 
As shown in Figure 10, the plates are extremely thin. 
Preliminary observation suggested that needles were 
present in the samples (Fig. 11). For example, Figure 
13 shows what appears to be a needle. Plates are also 
apparent in the background. Upon tilting this location 
by 40° , the true morphology, a plate on edge, was re
vealed (Fig . 14). Thus, the three apparent microstruc
tural features illustrated in Figures 10-12 are actually 



An SEM and TEM study on variable composition HAp 

11 

12 

- -
Figure 11. Representative needle morphology observed 
in all samples. This morphology was later shown to 
result from plates on edge. Bar = 50 nm. 

Figure 12. Representative nodular morphology ob
served in all samples and characterized by ribbon-like 
and spherical features . Bar = 50 nm. 
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Figure 13. Microstructure at 0° tilt showing what was 
originally believed to be needles. Bar = 50 nm. 

Figure 14. Microstructure at 40° tilt showing that 
needles are actually plates-on-edge. Bar = 50 nm. 
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Figures 15 and 16. Electron diffraction pattern of a plate-on-t>-dge (Fig. 15) and a plate-on-flat (Fig. 16). The camera 
constant is 23.50 mm-A. Bar = 1 em. 

only two: plates (and plates-on-edge) and nodules. The 
thicknesses of these plates range between -2 and 15 nm 
(Fig. 11). The plates were more prevalent as the reac
tion temperature increased. This suggests that higher 
temperatures favor a more defrned plate-like structure, 
even though the overall kinetics are much faster. 

An analysis of diffraction patterns from plates-on
edge compared to plates-on-flat was performed. The 
analysis confirmed the structure to be pseudohexagonal 
as given by JCPDS card 9-432 (Joint Committee on 
Powder Diffraction Standards, Philadelphia, 1967). It 
was observed that only certain planes diffracted when 
the plates were on edge (Fig. 15) compared to plates-on
flat (Fig. 16) as shown in the diffraction patterns in 
Figures 15 and 16. This preliminary analysis indicates 
that the c-axis of the perpendicular£ of the flat plate. 

Figure 12 shows the second morphological feature 
observed in the HAp samples. These nodules are irreg
ular and poorly defined, but appear to be composed of 
small agglomerates, ribbon-like features, and possibly 
small plates. Electron diffraction was performed on re
gions where the plates and nodules formed separately. 
The diffraction rings of the nodules appear much more 
diffuse than those of the plates. This suggests that 
the platey regions are more crystalline. The appearance 
of lower "crystallinity" in the nodules can be attributed 
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to one of two factors: the presence of a second amor
phous phase and/or much smaller crystallites. 

The nodular regions showed a lower crystalline con
tent by dark field imaging. This is consistent with the 
presence of a nondiffracting or noncrystalline phase. 
While X-ray diffraction is not the most sensitive tech
nique for detecting amorphous phases in the presence of 
nanocrystalline material, previous work (TenHuisen and 
Brown, 1997) has indicated the presence of an amor
phous phase as an intermediate of these reactions. In 
the precipitation of HAp from neutral salts, intermediate 
compounds, such as amorphous calcium phosphate 
(ACP) and OCP, can form. The precipitation of these 
intermediates depends on the solution conditions, i.e., 
supersaturation, pH, and extraneous ions. 

In this study, TEM verified the presence of a com
pletely electron amorphous phase (see Fig. 17) with a 
morphology typical of ACPl (Christoffersen et al., 
1990). The morphology of ACP1 is characterized by 
spherical plates and that of ACP2 by an acicular struc
ture; neither produces an electron diffraction pattern. 
Figure 18 is the electron diffraction pattern of the ACP1 
shown in Figure 17 and shows the absence of any dif
fraction resulting from a crystalline material. The faint 
diffuse rings observed in Figure 17 result from the car
bon support and is a preparative artifact. 
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Figure 17. Representative microstructural evidence for 
the presence of an amorphous calcium phosphate phase 
observe in all samples. The flat spherical morphology 
of this electron amorphous phase is characteristic of 
ACP. Bar = 50 nm. 

Figure 18. Electron diffraction pattern of ACP shown 
in Figure 17. The faint diffuse rings result from the 
carbon used during sample preparation. 
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Figure 19. Representative microstructure illustrating the 
morphology of regions characterized by intermixed nod
ules and plates. This morphology is characteristic of 
that resulting fro m the conversion of ACP to HAp. Bar 
= 200 nm. 

In many areas of the samples, t.he nodular structure 
was intermixed with plates (Fig. 19). The structure 
shown in Figure 19 is very similar to the microstructure 
observed when ACP is converted to HAp (Eanes and 
Meyer, 1977). This is further microstructural evidence 
of the formation of amorphous intermediates from 
DCPD-TetCP reactions. Although observed in all sam
ples, the proportion of this amorphous phase was quite 
small in comparison to that of HAp, and its presence re
sulted from the reaction being quenched slightly before 
completion. Aging these apatites in their mother liquor 
for extended times resulted in the disappearance of this 
intermediate phase. 

Although statistical analyses were not performed, 
visual observations indicate the nodular and ACP mor
phologies were more prevalent at lower reaction temper
atures and in CDHAp. The higher stability of ACP 
with decreasing temperature and previous calorimetric 
(TenHuisen and Brown, 1996) and solution chemistry 
(TenHuisen and Brown, 1997) data on this system are in 
accord with these TEM observations. The pH range in 
which CDHAp (Ca/P = 1.50) forms (TenHuisen and 
Brown, 1997) indicates that the HAp forming during the 
initial part of the reaction has a Ca/P > 1.50 (Zawacki 
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Table 1. Crystallite sizes as a function of stoichiometry 
and temperature. 

Temperature Bulk Average Range of 
(OC) Ca/P ratio Crystallite Crystallite 

Size (nm) Sizes (nm) 

70.0 1.67 35 5-47 

70.0 1.50 48 4-100 

37.4 1.67 24 4-44 

37.4 1.50 23 2-47 

15.0 1.67 23 4-53 

15.0 1.50 24 4-52 

et al., 1990). This, in combination with the preferential 
dissolution of the acidic reactant, DCPD, indicates that 
a secondary phase, with a Ca/P < 1.50 must be pre
sent. Because OCP was not observed, formation of an 
NCP with a Ca/P < 1.50 would be expected and should 
be more prevalent in the CDHAp samples. 

Table 1 shows the distribution of crystallite sizes 
observed in each sample. To determine the crystallite 
size, dark field images of each sample were examined 
and the size of the diffracting crystallites measured. 
Representative dark field images used for crystallite size 
determinations are shown in Figures 20 and 21. Be
cause only the features diffracting electrons at a chosen 
position will be highlighted in a dark field image, the 
feature must be crystalline, be oriented in a particular 
manner, and be a single phase. These analyses are qual
itative in nature. The number of crystallites is quite 
large, and only a limited number of crystallites were 
measured (approximately 50 crystallites for each sample 
at each temperature). The dark field data indicate a 
larger crystallite size for CDHAp and SHAp formed at 
the highest temperature (70°C) as compared to the lower 
reaction temperatures. This agrees with the surface area 
data (Fig. 1) previously discussed in that CDHAp and 
SHAp show the lowest surface areas when formed at 
70°C. The crystallite sizes are approximately the same 
for both CDHAp and SHAp formed at 37.4° (CDHAp)/ 
33.5° (SHAp) and 15.0°C. This is also consistent with 
surface area trends for the SHAp sample; the surface 
area is both constant over the temperature range of 33 .5 
to 15.0°C and larger than for reaction at 70°C. Based 
on the surface area measurements a larger crystallite size 
would be expected for CDHAp formed at 15.0°C than 
at 37.4 °C. However, there is a complex relationship 
between crystallite size and surface area for CDHAp 
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which is complicated by the formation of the NCP inter
mediate, its subsequent conversion to HAp, and the 
complex microstructure of the apatitic product. The fine 
crystallite sizes observed by TEM at 37.4° (CDHAp), 
33.5° (SHAp), and 15°C (SHAp) are consistent with the 
structures observed by SEM previously discussed. 

Conclusions 

Particulate DCPD and TetCP mixed at Ca/P molar 
ratios of 1.50 and 1.67 reacted to completion to form 
CDHAp and SHAp, respectively, at all temperatures in
vestigated. Small proportions of a noncrystalline cal
cium phosphate phase were observed by TEM and veri
fied by electron diffraction. Although present is small 
amounts, the proportion of NCP was observed to in
crease with decreasing temperature and was more preva
lent in CD HAp. These findings are consistent with pre
vious calorimetric and solution chemistry data indicating 
its formation and eventual conversion to apatite. Two 
predominant morphological features were observed by 
TEM, plates and nodules. Analysis of the plate ori
entation indicates the c-axis to be approximately per
pendicular to the plate surface. Dark field imaging indi
cated dimensions of the crystallites to be on the order of 
th0se in bone and that the nodular regions were "less 
crystalline" than the platey regions. SEM analysis 
showed a general increase in microstructural regularity 
and decrease in interparticulate connectivity with in
creasing temperature. These observations in part result 
from the retrograde solubility of HAp and partial over
growth of the TetCP particles. The observations of an 
increasing number of "shells" or "donuts" with decreas
ing temperature and their higher frequency in the SHAp 
support earlier findings that TetCP is the rate limiting 
reactant when DCPD and TetCP react to form HAp. 
The surface areas of the HAp formed could be related to 
its average crystallite size, the exception being the 
CDHAp sample formed at 15.0°C. 

The results of this study indicate that the rates of 
HAp formation will be most affected by varying the 
TetCP particle size. Although present in small propor
tions, the verification of presence of a NCP phase sup
ports the proposed mechanism for reaction between 
DCPD and TetCP in which a NCP intermediate phase is 
formed. Both CDHAp and SHAp had surface areas 
equivalent to or greater than those typically observed in 
deproteinated bone. Forming HAp at near physiologic 
temperature with high surface areas should facilitate re
sorption in vivo provided the macroporosity is properly 
tailored. The high degree of interparticulate connectivity 
that occurs near physiologic temperature indicates that 
the mechanical properties of these cements can be 
optimized at these temperatures. 
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Figure 20 and 21. Representative dark fi eld images for CD HAp used to determine the average crystallite size of HAp 
formed at 37.4 oc (Fig. 20) and at 70°C (Fig. 21). Note the significant increase in crystallite size at 70°C compared 
to CDHAp formed at 37.4°C. Bars = 200 nm. 
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Discussion with Reviewers 

G. Daculsi: How is SEM able to demonstrate that no 
HAp was present in the DCPD that you synthesized in 
the Materials and Methods section? Morphological 
data are not enough. 
Authors: SEM was used in combination with X-ray dif
fraction. X -ray diffraction has a sensitivity, at best, of 
-2% by weight. When HAp is present in combination 
with DCPD, it can be observed by SEM as a surface 
phase on the DCPD crystals. It can be observed long 
before it can be detected by either wet chemical analysis 
techniques or by diffraction techniques. The pH of the 
final solution also indicates that only DCPD should be 
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present, as it was below the invariant point pH between 
DCPD and HAp. Therefore, SEM was used as a com
plimentary technique in determining the phase purity of 
this reactant. 

G. Daculsi: The final apatites were scanned over a 28 
range of 10° to 35 o, this is too limited. A 28 range of 
10 to 45° would be better. Please comment. 
P. Li: X-ray diffraction data of the starting materials 
and the resultant products should be given in the paper 
with the scanning range extending at least to 28 of 40° 
because they are important to understand the cementing 
reaction and the microstructure of the resultant products. 
D.G.A. Nelson: The sample were scanned over a range 
that was too narrow (10° to 35°). This misses a strong 
OCP peak at 1.84 om at around 4°-5° (28). A more 
suitable range should go out to 50°-60° (28). The 
presence of other phases might have been missed. 
E. Bres: How do the authors know that no OCP but an 
N CP is formed? 
Authors: While a 28 range of 10° to 35° is limited, all 
of the major calcium phosphate reflections occur over 
this range. Scanning out to 45° does not assist in identi
fying any additional calcium phosphate phases in the 
present system. If we were determining lattice parame
ters, a larger scan range would have been necessary, but 
we were only interested in phase identification in this 
study. We did scan selected samples (those prepared 
below 50°C) down to 3° to determine if any OCP was 
present. Upon complete reaction, only the reflections 
resulting from HAp were observed. There also was no 
evidence by electron diffraction of the 1.84 nm reflect
ion characteristic of OCP. Evidence for NCP is shown 
in Figures 17-19 and discussed in the text. 

G. Daculsi: Have you performed tests on the kinetics 
of dissolution in buffer and/or physiologic fluid? 
Authors: We have not performed any such tests on the 
final apatite formed by these reactions. Our immediate 
goal was to obtain a better understanding of the reaction 
path taken by these CPCs. Our group has investigated 
the effects of calf serum and albumin on the reaction 
path taken during HAp formation from DCP (CaHP04) 

and TetCP (Martin and Brown, 1994). Eidelman et al. 
(1987) have also investigated the phase transformations 
and solution conditions of various calcium phosphate 
phases in serum. 

G. Daculsi: Have you determined the compressive 
strength of the material obtained? 
Authors: Not in the present study. Our group has 
shown that these types of reactions result in compressive 
strengths equal to those obtained from HAp synthesized 
by high temperature techniques at equal porosities 
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(Martin and Brown PW, 1995). L.C. Chow has also re
ported compressive strength values for CPCs ranging 
between 34 MPa and 51 MPa (Chow, 1991). 

G. Daculsi: The work published in Science {Constantz 
BR, Ison IC, Fulmer MT, Posner RD, Smith ST, Van
Wagoner M, Ross J, Goldstein SA, Jupiter JB, Rosen
thal DI (1995) Skeletal repair by in situ formation of the 
mineral phase of bone. Science 267: 1796-1799} on 
CPCs (SRS Norian, Cupertino, CA) was not cited. Can 
you comment on the differences? 
Authors: While Norian's SRS product is a calcium 
phosphate cement, the formation reaction is quite differ
ent than the CPC discussed in the present work. The 
SRS cement formulation is more complex than DCPD
TetCP. According to the Science paper, SRS contains 
CaC03, MCPM [Ca(H2P04h·2H20], and a-TCP 
[Ca3(P04h] which are dry mixed prior to the addition 
of a sodium phosphate solution. Thus, different react
ants are used. Differences in the kinetics and the 
mechanistic paths taken in the two systems appear to 
depend on the selection of reactants. NCP formation 
accompanies reaction of DCPD and TetCP whereas for
mation ofDCPD as an intermediate undoubltedly accom
panies the hydrolysis of MCPM. 

D.G.A. Nelson: The decrease in surface area at low 
temperatures for CDHAp samples is explained by the 
presence of an amorphous precursor phase. Would not 
an amorphous phase have a very high surface area? Are 
there no other explanations for these results (agglomer
ates, sampling errors, electron beam amorphization, 
etc.)? 
Authors: While our microscopy study indicates NCP 
formation, the quantity of this intermediate remaining 
upon complete reaction is relatively small. Its main 
contribution to the surface area results from differences 
in the surface area of HAp formed from its conversion 
in comparison to the apatite directly precipitated from 
the two reactant calcium phosphate powders. This, of 
course, may not be the only reason for the observations 
in surface area made in this investigation, but it is a 
plausible explanation for the results observed. Sampling 
error should be minimal as the samples were run in trip
licate; all values were within ± 1 m2/g of one another. 
Electron beam amorphization is irrelevant because the 
samples were measured prior to imaging. Agglomera
tion and pore structure could affect the measured surface 
area, but only if closed pores are present in the samples. 
At this time, we do not know the degree of closed por
osity in our samples, or if this changes with composition 
and reaction temperature. 

D.G.A. Nelson: What size of field-limiting aperture 
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was used for the electron diffraction patterns? 
Authors: The aperture size was 20 Jlm . Due to the 
dispersion of the particles, the diffraction aperture could 
be offset so as not to pickup diffracted beams from un
wanted crystallites/orientations. Only the diffracted 
beams from the crystallites of the desired orientation 
were in the field. 

D.G.A. Nelson: Even though the diffraction pattern 
looks more diffuse for the nodules, spots and rings were 
still observed indicating the presence of crystalline 
material with a smaller fundamental particle size (i.e., 
coherently diffracting domains) than the reference 
material. What evidence is there that an amorphous 
phase exists? 
Authors: The absence of a complete, well-defined dif
fraction ring and the observation that not all material can 
be made to "light-up" in dark-field imaging (regardless 
of sample orientation) are evidence of an amorphous 
phase. There could well be sub-angstrom sized coherent 
domains present in the material, but this level of order 
is approaching that of an amorphous material. 

D.G.A. Nelson: What diffracted beams were used in 
the dark-field imaging? The dark-field imaging process 
only uses a few of the diffracted beams in the imaging 
process. Thus, not all crystallographic domains will 
"light-up" in a dark-field image such as those shown in 
Figures 20 and 21, only those in the correct orientation. 
Also crystal thickness can affect the contrast of a dif
fracting domain. The images do not verify the existence 
of an amorphous phase. They are precisely what is ob
served for an agglomerate of small crystallites. 
Authors: Figures 20 and 21 were shown to illustrate 
the size of the individual crystals. The exact diffracted 
beams for these are unknown, but for our study this is 
not an issue. If any diffracted beam is used for the 
dark-field images, entire crystals with that particular ori
entation will "light-up." By moving the aperture from 
diffracted beam to diffracted beam, one can qualitatively 
ascertain how much of the material is amorphous or 
crystalline. As the diffracted beam is varied, we see 
some areas of the sample "light-up," indicating crystal
line regions, while other areas never "light-up," indica
ting they are electron amorphous. 

E. Bres: Does the TEM sample preparation used 
(grinding in anhydrous methanol and dissolution in 
chloroform) damage the ·samples? Would it not be 
simpler to use water and to let the sample dry? 
Authors: One must always be concerned about the ef
fects of preparation technique on the sample. The sam
ples were suspended in alcohol in order to obtain a bet
ter dispersion of the particles. The problem with using 
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water as a medium, and especially evaporation for its 
removal, is that the sample agglomerates making disper
sion of the particles difficult if not impossible. The 
effect of grinding on the sample would be more likely to 
alter the sample than short exposures to alcohol or 
chloroform. It has been shown that grinding and milling 
can result in localized temperatures that are hundreds of 
degrees higher than that of the surrounding. At worst, 
these liquids would remove residual free water in the 
system. The presence of anhydrous polar solvents has 
been shown to have negligible effects on calcium phos
phates such as OCP [Ca8(HP04MP04kSH20], DCPD, 
and amorphous calcium phosphate when used for rins
ing/removal of residual free water. The ideal prepara
tive technique would involve no solvents, chemical etch
ants, mechanical energy, or ion milling. This of course 
is impractical for almost all samples. 

E. Bres: As for the orientation of the crystal planes 
with respect to the crystal faces, the best approach 
would be to make a single diffraction pattern of a crystal 
oriented along the [0001] axis and compare it to an 
image of the same crystal. The arguments put forward 
by the authors are weak since planes at an angle to the 
beam would also diffract. 
Authors: Our purpose was not to characterize the exact 
orientation of the crystal planes with respect to the 
crystal faces . Rather, it was to perform a preliminary 
study on a number of different aspects of a CPC system. 
We attempted to determine an approximate orientation. 
This can be accomplished by looking at the prevalent 
diffracting planes with respect to crystal orientation. 
One can also say that crystal planes at an angle to the 
incident beam will diffract less well than those parallel 
to the incident beam and this fits the data and our 
present interpretation. 

M. Iijima: Is the chemical formula for HAp correct? 
HAp has a fixed composition, Ca 10(P04M0Hh. The 
stoichiometry of HAp strongly depends on the method of 
synthesis. It is difficult to obtain HAp with a Ca/P = 

1.67. That is why "HAp" sometimes does not show the 
characteristic Ca/P of 1.67. However, this does not 
mean that HAp does not have a fixed composition. 
Authors: The chemical formula for HAp 
(Ca10-x(HP04)x(P04)6-x(0Hh.x) is correct. Regardless 
of whether or not one believes that thermodynamically 
stable HAp of variable composition exists, it has been 
shown in the literature by a large number of researchers 
that variable composition apatite will form with the com
positional relationship shown above. We have esta
blished thermodynamically stable HAp that can have 
more than a single composition. The Ca/P of stable 
HAp will decrease with decreasing pH. Reactions in the 
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CPC system support this. We have shown in numerous 
previous works that CPC reactions between DCP 
(CaHP04) and TetCP having a bulk Ca/P ratio of 1.5 
react to completion. In these reactions, the TetCP is 
consumed prior to the DCP indicating that the initial 
HAp that forms has a Ca/P > 1.5. In the absence of 
the formation of a thermodynamically stable calcium de
ficient hydroxyapatite, there would be absolutely no 
driving force for further reaction. In that instance, the 
remaining DCP and the HAp initially formed should ap
proach an invariant condition. This does not occur; 
rather, the previously formed HAp reacts with the re
maining DCP to form HAp with a Ca/P of -1.5. 
There is a large number of materials known to have var
iable compositions that are all thermodynamically stable. 
A number of different oxides show this characteristic 
(Ti02_x, Zr02_x, F~OJ-x• etc. ; Levin and McMurdie, 
1975; Levin et al., 1964). While these are oxides, they 
are analogous to HAp. The stable compositions of these 
materials are functions of the activity of 0 2. Thus, 
there is a functional relationship between composition 
and activity. The functional relationship in the HAp 
system is between composition and the activity of H+. 
The acti ity or concentration of H+ (pH) affects the 
concentration/activity of the different phosphate species 
in solution and thus the amount of HP04

2· thermody
namically stable in the apatite structure. Another mater
ial that has been shown to exhibit anomalous behavior is 
calcium silicate hydrate. This material has reproducible 
solubility curves and been shown to have stable compo
sitions with Ca0/Si02 molar ratios of 0.833 to 1.7 
(Taylor, 1990). 

M. lijima: When NCP formed and remained after reac
tion, are the chemical equations shown in Reactions 1 
and 2 correct? The formula might change depending on 
the quantity of NCP and the reaction temperature. 
Authors: Rigorously, your comment is correct. It 
should be emphasized though, that the quantity of this 
NCP phase was quite small in relation to the total 
amount of crystalline HAp observed, and this phase is 
metastable and reacts over time to form a crystalline 
HAp. Reactions 1 and 2 show the reactants going to the 
final products. These equations were not intended to 
show the mechanistic reaction path in detail. Our calori
metric study on these CPCs suggest that the quantity of 
NCP formed as an intermediate is approximately con
stant over the temperature range investigated (TenHuisen 
and Brown, 1996). It is not possible to quantify how 
much intermediate NCP forms due to the variable com
position of HAp, the amorphous character of the NCP, 
and multiple reactions occurring simultaneously. 

M. Iijima: How long did it take to complete each 
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reaction? 
Authors: A detailed discussion on the kinetics of these 
reactions has recently been published (TenHuisen and 
Brown, 1996). The rate of reaction was shown to exhi
bit a high thermal dependence over the temperature 
range investigated (15-70°C) with complete reaction 
being reached between 0.5 and 35 hours. 

M. lijima: Was the TEM observation performed with 
a cool stage? If not, was it possible that the amorphous 
electron diffraction pattern was caused by beam damage? 
Authors: TEM analysis did not use a cooled stage. We 
did see beam damage when the beam was concentrated, 
that is at very high magnifications or during EDS acqui
sitions. Therefore, the beam was kept very diffuse; this 
resulted in no observable damage to the particles. 

M. Iijima: The increase in surface area with the de
crease in temperature was explained by the pH depen
dence of SHAp formation. It is not clear to me how the 
pH dependence supported the present observation? Did 
the temperature affect surface area in the same manner 
as solution pH did? If so, please explain. 
Authors: As the temperature decreases, the effects of 
solution conditions on the surface area (due to nucleation 
and growth rates) increase due to slower kinetics. 
SHAp formation occurs at higher pH values than does 
CDHAp for reactions between DCPD and TetCP 
(TenHuisen and Brown, 1997). As the reaction temper
ature decreases, the pH value at any given stage of these 
reactions increases. Since the ion concentrations meas
ured in solution during these formation reactions were of 
the same order of magnitude for both CDHAp and 
SHAp, and the solubility of HAp is lower at higher pH 
values, the driving force for precipitation should be 
greater for the SHAp system due to the elevated pH. 
This in tum would produce a higher nucleation density 
and ultimately a larger surface area. We always ob
served greater surface areas for SHAp than for CDHAp 
at temperatures where there were differences in the ki
netics ( < 55°C). Therefore, in a way, the temperature 
affected the surface area in the same manner as the so
lution pH. 

M. Iijima: The authors concluded that the relative rates 
of nucleation versus growth of CDHAp decreased with 
decreasing temperature (below approximately physiolog
ic) while that of the SHAp was constant; this is rather 
confusing. Is there any data of the temperature depen
dence of the nucleation and growth rates of SHAp and 
CD HAp? 
M. Markovic: Do you have any experimental data on 
rate of nucleation and crystal growth in the DCPD/ 
TetCP/water system? 
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Authors: For surface area to remain constant as the 
temperature is changed (SHAp below physiologic), the 
rate at which nucleation occurs in relation to the rate at 
which growth occurs must remain approximately con
stant. Since the actual rate of both are decreasing with 
decreasing temperature, as reflected in slower kinetics, 
the ratio of the two must be approximately constant to 
result in a similar surface area. This also explains the 
observations made in the CDHAp (below approximately 
physiologic) in that the decrease in the rate of growth 
must be occurring more slowly than the decrease in the 
rate of nucleation to result in a larger particle size 
(smaller surface area) with the lowering of reaction tem
perature. These arguments are of course simplistic in 
that multiple reactions are occurring simultaneously. 
There is a fair amount of literature discussing the rates 
of nucleation and growth of apatites in much more dilute 
systems. We do not feel that previous results can be ex
trapolated to our system for this reason and due to the 
fact that these other systems have extraneous cationic 
and anionic species present, all of which influence 
speciation, driving force, etc. 

M. lijima: With regard to diffraction, there is no 002 
diffraction plane in a crystal. Note that the 002 reflec
tion is caused by the secondary diffra::tion of a 001 
plane, not by a 002 plane. 
Authors: There is a (002) in hydroxyapatite. The 
(002) refers to the plane of atoms in a crystal that 
crosses the c-axis at 0,0, 1/2. This is an entirely dif
ferent plane of atoms than those corresponding to the 
(001). The presence of an (002) results in a new dif
fraction condition, thus resulting in the presence of a 
new diffraction peak. 

M. Iijima: How was the change in the connectivity of 
the CPC with temperature explained? 
Authors: The interparticulate connectivity increased 
with decreasing temperature. This is related to the 
changes in the reaction kinetics, rate of nucleation, rate 
of growth, and solubility properties of the apatite. As 
temperature is increased the solubility of HAp decreases 
(i.e., it is retrograde). This, combined with the epitaxial 
relationship between TetCP and HAp, result in more 
HAp formation on or near the TetCP particulate sur
faces. The greater degree ofTetCP overgrowth at lower 
temperatures is supported by lower pH values during 
any stage of the reaction (TenHuisen and Brown, 1997) 
and the presence of more donut or shell structures. 

M. Iijima: Did the difference in surface area with tem
perature correlate with that in interparticulate connectiv
ity? 
Authors: In general, the interparticulate connectivity in-
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creased as the surface area decreased. Finer microstruc
tural features appeared to favor bonding between the ini
tial TetCP particles. 

M. Iijima: Which factor had a greater effect on the 
surface area, the quantity of NCP or microstructure and 
size of apatite? 
Authors: The surface area was most definitely affected 
by changes in the microstructural features of the apatite. 
We need to emphasize that, while we discussed the pres
ence of NCP in our samples in great detail, upon reach
ing complete reaction, the quantity of it in our samples 
was quite small in comparison to the quantity of apatite. 

P. Li: There is no evidence supporting that one apatite 
is Ca-deficient, and another is stoichiometric. On the 
contrary, the results of the paper indicate that both apa
tites are non-stoichiometric. This is consistent with the 
observation that a non-crystalline calcium phosphate 
(NCP) exists with an apatite phase in the mixture. 
Hence, the Ca/P ratio of the formed apatite could not be 
determined unless the quantity and the Ca/P ratio of the 
NCP are known. 
M. Markovic: The name stoichiometric hydroxyapatite 
(SHAp) for the precipitate resulting from the initial reac
tant mixture with a Ca/P = 1.67 could be misleading, 
implying that its Ca/P ratio is 1.67. The majority of 
HAps previously synthesized under similar conditions 
contained HP04 ions and therefore Ca/Ps < 1.67. 
Authors: These apatites were synthesized at a liquid-to
solids ratio of 1-to-1 (v/w). The solubility of HAp is 
low, resulting in a liquid with a low ionic strength. 
Therefore, if the bulk stoichiometry of the cement reac
tants results in a Ca/P molar ratio of 1.67, and the reac
tion consumes all of these calcium phosphate reactants, 
the final apatitic product must have a Ca/P molar ratio 
very close to 1.67. If the apatite were significantly cal
cium-deficient, mass balance dictates that a phase with 
a Ca/P ratio greater than 1.67 also exists. All of our re
actions reach completion as indicated by X-ray diffrac
tion analysis, which has a sensitivity of -2% by weight. 
The quantity of NCP present is quite small; its presence 
was used to explain the formation of an intermediate 
amorphous calcium phosphate phase. The SHAp may 
have a small amount of HP04 ions present in the struc
ture, but the Ca/P ratio of the final apatite must be ex
tremely close to the bulk. For this reason, we call the 
product from this reaction SHAp. Although any HAp 
with a Ca/P < 1.67 is referred to as calcium-deficient, 
in this study we have defined a specific Ca/P ratio (1.5) 
for calcium-deficient HAp (CDHAp). 

P. Li: As indicated in the paper, NCP serves as an in
termediate phase during the apatite formation. The 
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authors try to relate the surface area of the reacted 
products to the rates of hydroxyapatite nucleation and 
growth. The reviewer feels such relation is arbitrary. 
Authors: We know that NCP forms as an intermediate 
phase in the formation of our apatites. It is well docu
mented in the literature that this phase can form first 
during the precipitation of HAp (depending on solution 
conditions). It has also been extensively published that 
this phase transforms within a matter of hours into apa
tite in the absence of other extraneous ions such as Mg, 
P20 7, citrate, etc. Although we observed this intermedi
ate phase, its quantity is small in relation to the apatite. 
It would not have been observable if we had let the sam
ples react for slightly longer times. Although NCP 
forms as an intermediate in our reactions, calorimetrical
ly, its quantity is constant for a given bulk stoichiometry 
(TenHuisen and Brown, 1996). The amount of NCP 
that forms as an intermediate is a function of the bulk 
stoichiometry, but is not affected by the reaction temper
atures investigated. This has been previously published 
and referenced in the present manuscript (Martin and 
Brown, 1995; TenHuisen and Brown, 1997). Therefore, 
our discussion on the relative rates of nucleation versus 
growth of the final apatitic product holds true. 

P. Li: The discussion on the kinetics of apatite forma
tion is not convincing because it is merely based on 
SEM/TEM observation. 
Authors: The kinetics of these reactions have been 
thoroughly discussed in our prior publications. It has 
been shown both by calorimetry (TenHuisen and Brown, 
1996) and by X-ray diffraction studies (TenHuisen and 
Brown, 1997) that the basic calcium phosphate reactant, 
TetCP, is consumed prior to the acidic reactant, DCPD, 
in our systems. This was extensively discussed and ref
erenced throughout this manuscript. Indeed, the micro
graphs presented in this work support our previous find
mgs. 

M. Markovic: What was the particle size of the 
DCPD? 
Authors: We did not measure or report a particle size 
for the DCPD used in this study. The morphology of 
the DCPD used in this study consists of extremely thin 
plates (- 5-10 J!m across and < 0.1 J!m thick) . After 
intergrinding the DCPD with the TetCP, the DCPD par
ticles are drastically reduced in size due to their relative 
softness. 

Reviewer VII: The authors believe that NCP first 
formed in the course of cementing reaction and then 
transformed to hydroxyapatite. However, the authors 
also use the concept of nucleation/growth of hydroxy
apatite and their relation to solution chemistry to in
terpret their observation. The authors should clarify 
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how nucleation and growth rates of hydroxyapatite cor
relate to the solution chemistry if hydroxyapatite is 
transformed from NCP. The authors try to explain their 
data with the relation of nucleation of hydroxyapatite to 
the supersaturation degree. Such explanation is not con
vincing because the growth rate of hydroxyapatite also 
increases with supersaturation degree. Therefore, it is 
hard to determine the relationship between the super
saturation degree and the nucleation/growth rate, a 
determinant of surface area. 
Authors: We see no inconsistency here. It must be 
remembered that HAp and NCP formation are competi
tive. Thus, both can form together. However, the NCP 
which does form eventually converts to HAp. 

Reviewer VII: There is no scientific evidence to sup
port the relationship between the NCP proportion and 
the reaction temperature. The statement that "the pro
portion of NCP was observed to increase with decreas
ing temperature and was more prevalent in CDHAp" is 
not well supported because: (1) TEM analysis is not 
quantitative study; (2) TEM gives very local informa
tion; and (3) the resultant products are not uniform in 
terms of morphology and perhaps the chemical compo
sition. 
Authors: We believe the microstructural features 
discussed in the paper to be representative. 

Reviewer VII: There is no argument that cementing re
action and resultant product largely depend on the size 
of calcium and phosphate particles, their relative 
amount, temperature and the type and amount of the sol
ution. This means that morphology of apatite is related 
to the particle size of DCPD and TetCP particles. 
Therefore, the particle size ofDCPD should be analyzed 
and included in your report. 
Authors: This is true; we only studied one size so it is 
not possible to make such an argument. However, the 
reviewer's suggestion that HAp morphology is related to 
the particle size of the reactants is an assumption. The 
ultrastructure of the HAp is unaffected. On the meso
scale, there is a relationship between the pore structure 
and overall microstructure which is related to the 
amount of water and the particle sizes of the reactants. 
We have discussed these aspects in earlier publications 
{Fulmer M, Brown PW (1991) The Kinetics of hydroxy
apatite formation at low temperature. J Am Ceram Soc 
74: 934-940; and Brown PW, Hocker N, Hoyle S 
(1991) The solution chemistry of hydroxyapatite forma
tion at low temperature. J Am Ceram Soc 74: 1848-
1855). 
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